Identification and analysis of human erythropoietin
receptors on a factor dependent cell line. TF-1
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ABSTRACT

We have recently established a novel cell line, TF-1, from bone
marrow cells of a patient with erythroleukemia, that showed an absolute
growth dependency on each of three hematopoietic growth factors:
erythropoietin, granulocyte-macrophage colony-stimulating factor and
interleukin 3, Erythropoietin stimulated the proliferation of TF~1 cells
even at the physiological concentration (0.03 units/ml).

We performed binding experiments on TF-1 cells using radioiodinated
erythropoietin. The binding of radioiodinated erythropoietin to TF-1
was specific, time- and temperature-dependent and saturable. Scatchard
analysis of the saturation binding data suggested the existence of a
single class of binding sites (Kd = 0.40 nM; number of binding sites =
1630/cell). TF-1 cells were usually maintained in RPMI 1640 containing
10 3 fetal bovine serum and 5 ng/ml granulocyte-macrophage colony-
stimulating factor. The Kd and the number of the erythropoietin
receptors were not changed by incubating the cells with interleukin 3,
although culturing the cells in the presence of erythropoietin resulted
in down-modulation of erythropoietin receptors. The chemical cross-
linking study demonstrated that two molecules with apparent molecular
weights of 105 KD and 90 KD were the binding components of
erythropoietin., Present data suggest that human erythropoietin
vreceptors are very similar to the previously reported murine

erythropoietin receptors.



INTRODUCTION

Erythropoietin (EPO) is a hematopoietic growth factor which induces

proliferation and differentiation of erythroid cellsl'z. Recently, cDNA

3'40 A

for human EPO has been cloned and expressed in mammalian cells
large amount of recombinant human EPO (rHuEPO) has made it possible to
investigate the receptors for EPO, Up to now the receptors for EPO
have been analyzed mainly in murine systems such as in Friend murine

5-11

erythroleukemic cells s Mmouse spleen cells12

and fetal mouse liver
cellsl3r 14,
More recently, human EPO receptors have been studied using purified

£)15, ana

erythroid precursor cells (colony-forming unit-erythroid: CFU-
an erythroleukemic cell line, K56216. The impurity of target cells and
the existence of intrinsic EPO, however, have been the major problems
for CFU-E system and the extremely low number (4-6 sites/cell) of EPO
receptors expressed on K562 presents an obstacle for further
investigation such as cross-linking studies.

We have recently established a novel cell line, designated as TF-1,
from bone marrow cells of a patient with erythroleukemia that showed a
definite growth dependency on EPO, granulocyte-macrophage colony-

stimulating factor (eM-csF) 17

and interleukin 3 (IL-3) (Kitamura et al,,
manuscript submitted). In the present paper, we outline an

investigation into the biophysical and biological features of functional

EPO receptors expressed on TF-1.

MATERIALS AND METHODS

Cells A factor-dependent human cell line, TF-1, (tri-factor-dependent),

117

which was previously designated as MFD- , was established from the



bone marrow cells of a patient with erythroleukemia. It was cultivated
in RPMI 1640 medium (Gibco, Grand Island, NY) containing 10 % fetal
bovine serum (Hyclone, Logan, UT) and 5 ng/ml GM-CSF at 37°C in humid
air containing 5% COo,. The culture period was over 13 months at the
time we submitted the paper.

The establishment and characterization of this cell line will be
published elsewhere (Kitamura et al., manuscript submitted). Briefly,
TF-1 is a unique cell line that shows a growth dependency on each of

three hemopoietic growth factors; GM-CSF, EPO17

and IL-3. Morphological
features, cytochemical studies (PAS positive, peroxidase negative and
esterase negative) and surface markers of the cells (My 7, My 9, My 10
and HLA-DR positive, glycophorin negative) suggested the very immature
erythroid origin of TF-1. Moreover, c¢lonal chromosonal abnormality
(54X) and monotonous surface markers indicated the clonality of TF-1
cells.

Growth factors Purified rHuEPO (180,000 unit/A280) was kindly supplied
by Kirin-Amgen Inc. (Thousand Oaks, CA)4. Purified recombinant human

7

GM-CSF (4 x 10 U/mg) was wirmfuly furnished by Sumitomo Pharmaceutical

Co. (Tokyo, Japan)ls. Purified recombinant human IL-3 (2-4 x 107 U/mg)
was generous gift from Dr, Steven C. Clarklg.

Assay of cell proliferation The proliferation of cells was examined by
two methods. First, colorimetric assay for cell growth was performed

essentially as described by Mosmann et al.20

. To summarize, after
culturing the cells in a 96-flat bottom-well microtiterplate (Falcon)
for 48 hr in the presence or absence of rHuEPO at various
concentrations, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium

bromide (MTT, Sigma) was added (final concentration: 0.5 mg/ml), and the

incubation was continued for the following 6 hr., The insoluble purple



reaction product, which was produced by MTT reduction, was then
dissolved in isopropanol containing 0,04 N HCl, and the absorbance was
measured with an Titertek Multiscan MC Autoreader (Flovaaboratories)
using test and reference wavelengths of 570 and 630 nm respectively.
MTT reduction is proportional to the number of viable cellszo.

Second, tritiated thymidine (3H-TdR) uptake was also performed as a
measure of the number of the cells in cell cycle. 1In brief terms, cells
that had been deprived of growth factors for 4 hr were cultured in the
presence or absence of rHuEPO, and the culture was continued for the
following 24 hr in the presence of SH-TdR (0.1 uci /10% cells, 6.7
Ci/mmol; New England Nuclear). The culture was harvested with an
automatic cell harvester and the amounts of radicactivity associated
with cellular DNA were measured with a scintillation counter,
Radioiodination of EPO Purified rHuEPO was labeled with 125I—sodium
iodide (1.87 Ci/mmol, Amersham Japan Inc., Tokyo, Japan) using the
chloramine-T method?! with a minor modification as described8'13.

Specific activities of iodinated rHuUEPO (leI—EPO) obtained through our

procedure was 30-55 pCi/pug without loss of biological activity as

described8.
Binding method of 125I—EPO Binding was performed as described
previously8'10'13'14. In short, cells were incubated with 12SI—EPO in

the presence or absence of a 200-fold excess of unlabeled EPO and were
separated using n-butyl phthalate after the incubation time. The
radioactivity of the cell pellets was counted by fy-ray counter
(Clinigamma, L.K.B.-Wallac). Nonspecific binding was defined as bound
125I—EPO that remained in the presence of the 200-fold excess of

unlabeled EPO. Specific binding was determined by subtracting the

nonspecific binding from the total binding. Nonspecific binding was



found to be less than 10 % of the total binding (data not shown).
Dissociation of bound 12SI—EPO In order to examine the reversibility
of 12°1-EPO binding, TF-1 cells, which had been incubated with L251-Epo
for 2 hr at 15°C were divided into two aliquots, with an excess amount
of unlabeled EPO being added to one aliquot to a final concentration of
170 nM.

Modulation of EPO receptors by incubating with EPO and IL-3 TF-1 cells
grown in the presence of 5 ng/ml GM-CSF were washed three times and
cultured for various interval in the presence of 5 unit/ml (5 U/ml) EPO,
5 ng/ml GM-CSF or 5 ng/ml IL-3, or in the absence of growth factors.
After this culturing period, acid-wash was performed to clear off the
surface-bound EPO as described 8 with minor modifications. In short,
the cells were suspended in 50 mM glycine buffer (pH 3.0) containing 150
mM NaCl, and immediately Hanks' balanced salt solution containing 20 mM
HEPES, pH 7.4 (HBSS) was added to the cell suspension. The cells were
washed by HBSS for additional two times and 125I—binding experiments
were performed on these acid-washed cells. To examine the efficiency of

the acid-wash procedure, we conducted an experiment to wash the

previously 12SI-EPO—labeled cells by this procedure and found that there
was little 125I—EPO associated with the cells after the acid-wash
procedure.,

Chemical cross-linking studies Cells (1 x 107) were incubated with
125I—EPO (750 pM) with and without a 200-fold excess of unlabeled EPO at
15°C for 90 min. The cells were then washed three times with HBSS, and
resuspended in 400 pul of HBSS. The cell suspension was kept on ice, and
disuccinimidyl suberate (DSS; Pierce Chemical Co., Rockford, IL) was

added to a final concentration of 200 uM. After 15 min of incubation on

ice, the cross-linking reaction was quenched by the addition of 1 ml of



ice-cold 50 mM Tris HC1l (pH 8.0) containing 150 mM NaCl and 2 mM EDTA,
The cells were subsequently pelletted by centrifugation at 4,000 x g for
30 sec. The resulting cell pellet was solubilized in 0.5 % NP-40, 20 mM
Tris HCl (pH 7.4), 1 mM phenylmethylsulfonyl fluoride and 500 units/ml
aprotinin, After 10-min incubation on ice, the soluble fraction was
collected by centrifugation at 15,000 x g for 10 min. These samples
were mixed with 1/5 volume of 5-fold-concentrated Laemmli's sample

buffer22

containing 100 mM dithiothreitol (DTT), boiled for 5 min and
were analyzed by NaDodSO4/PAGE22 The dried gels were finally exposed to
Kodak XAR-5 film with a Dupont Lightning Plus Screen for 7 days at -70°

c.



RESULTS
Proliferation of TF-1 cells TF-1 cells proliferated in the presence of
rHuEPO in a dose—-dependent manner (Fig. 1), and deprivation of rHuEPO
from culture media resulted in their rapid death within 2 to 3 days

3H-TaR

(data not shown). The colorimetric assay correlated well with
uptake and half-maximum stimulation of the cell proliferation was
obtained at about 0.3 U/ml (U/ml). Stimulation of the cell growth was
observed in the presence of EPO at low concentrations (0.03 U/ml).

Binding of 125I—-EPO to TF-1 cells To clarify whether the biological
effect of EPO was mediated through the specific receptor for EPO, we

1251-EPO. The

conducted binding experiments on TF-1 cells using
specific binding paralleled to the number of cells (data not shown).
The binding of 125I-—EPO to TF-1 required 60 min at 15°C to reach
equilibrium (Fig. 2). A slow dissociation of bound 1257 gpo was
observed by the addition of an excess amount of unlabeled EPO to the
cells that had been incubated with 12°I-EPO at 15°C for 2 hr (Fig 2).

As shown in Fig. 3, 1251—EPO binding decreased when incubated with
increased concentrations of unlabeled EPO. The other growth factors and
lymphokines, including human GM-CSF, G-CSfF, IL-1, IL-2, IL-3,

transferrin and insulin, did not compete the 125

I-EPO binding to TF-1 at
15°C and at 37°C even when added to the binding mixture at the
concentration of at least 50-fold molar excess (data not shown).

When TF-1 cells were incubated with 1251*8?0 at increasing
concentrations, the specific binding was saturable (Fig. 4, inset),

23 of the saturation binding data exhibited a 1linear

Scatchard analysis
form, suggesting the existence of a single class of binding sites (Fig.

4), The value of the apparent dissociation constant (Kd) was 0.40 +

0.08 nM, and the calculated number of binding sites was 1630 + 90 per



cell from five separate experiments,

Down modulation of EPO receptors on TF-1 cells We next conducted
several experiments to investigate the modulation of EPO receptors by
human IL-3, GM-CSF and EPO. As shown in Table I, culturing cells in the
presence of 5 U/ml EPO for 24 hours diminished the number of EPO
receptors down to the level of two-thirds without modulating the Kd of
the EPO receptors, compared with cells maintained in the presence of GM-
CSF. The down-modulation of the EPO receptors on TF-1 cells started at
least 30 minutes after the start of incubation with EPO, reached to a
maximal level within 3-6 hours (50 % suppression) and reversed to a
lower level after 24 hours (30 % suppression). Factor deprivation or
culturing the cells in the presence of 5 ng/ml IL-3 for 24 hr, however,
did not alter the binding capacity of the cells (Table I).

£ 125

Cross—linking study o I-EPO to TF-1 cells The cross-linking of

125I—EPO to TF-1 revealed two major radioactive bands corresponding to a
molecular mass of 140 KD and 125 KD under reduced conditions (Fig. 6,
lane A). These bands were not found when binding was carried out in the
presence of a 200-fold excess of unlabeled EPO as shown in lane B.
Another radioactive band corresponding to a molecular mass of 60 KD was
not competed by adding an excess of unlabeled EPO (Fig. 6), suggesting

£ 125 1

that this might be due to a nonspecific binding or aggregation o
EPO. Therefore, the molecular weights of EPO binding component were
calculated to be about 105 KD and 90 KD, We performed the cross-linking
studies threetimes with the same results except for the fuzzy band seen

in lane B at approximately 75 Kd. This fuzzy band was not seen in the

other two eperiments and was thought to be an artifact.



DISCUSSION

Human EPO is well known to cross-react with mouse EPO receptors,

EPO receptors expressed on murine cells were analyzed using radiolabeled
rHuEPOS*14. There have been no appropriate systems for analysis of
human EPO receptors., EPO receptors expressed on K562 were in extremely
116,

low abundance and were not functiona Purified CFU-E was considered

to be a very good tool for investigating the physioclogical human EPO
receptors 15, but it featured two problems; the impurity of target
cells of EPO binding and the existence of EPO in the culture system. 1In
the present study, we investigated the functional human EPO receptors
expressed on a factor-dependent cell line, TF—117, that was cultivated
in the presence of GM-CSF but not EPO using radioiodinated rHuEPO. Our
investigation included Scatchard analysis of binding data, down-
modulation of EPO receptors and chemical cross-linking studies,
Scatchard analysis of the binding data showed the existence of a

single class of binding sites (Kd = 0.40 nM; number of binding sites =

1630/cell). This value of apparent Kd is almost identical to that of

14 5

the MEL cell reported by us and by Mayeux et al.”, and that of murine

spleen cells reported by Mufson and Gesnerlz. More recently, Fraser et
al, demonstrated high-affinity EPO receptors were expressed on the human
erythroleukemic cell line, KS6216. Although the Kd value (0.,27-0,29 nM)
of EPO receptors expressed on K562 was similar to that of TF-1 reported
here, the number of EPO receptors was extremely low (4—6/ce11)16. This
difference probably accounts for the distinctive effects of EPO on K562
and TF-1. Specifically, EPO stimulates short-term proliferation of TF-1
at a concentration as low as 0,03 U/ml, which is in the physiological

24,25

concentration range In contrast, K562 cells do not respond to EPO

even at a higher concentration, and proliferate independently.

10



Sawyer et al., have recently demonstrated the existence of two
classes of EPO receptors on Friend virus-infected mouse spleen cells
which could be induced to differentiate into mature erythroid cells.
They reported that the Kd of EPO receptor having the higher affinity was

0.09 nM 7. We also reported the existence of two classes of murine EPO

13

receptors on fetal mouse liver cells and another Friend murine

810, both of which were induced to

erythroleukemic cell clone TSaA
differentiate into more mature erythroid cells and the Kd of EPO
receptors with the higher affinity is 0.25-0.45 nM. Although the
implication of the existence of two classes of receptors with different
affinities is far from understood at all; other molecules, associated
with EPO receptors, might modulate the affinity of EPO receptors as was
the case in the IL-2 receptor system26. Other research has surfaced
indicating that some IL-3 dependent mouse cell lines responded to EPO

and expressed EPO receptorsz7'28.

It is interesting to note that TF-1
cells, which show growth-dependency on human IL-3 (Kitamura et al.,
manuscript submitted) as well as these IL-3 dependent mouse cell lines
proliferate in the presence of EPO and possess only a single class of
EPO receptors. These IL-3-dependent immature cells possibly have EPO
receptors in premature forms. In our preliminary data, hemin or -
aminolevlic acid induced hemoglobin synthesis of TF-1, although EPO
could not induce it. We are now trying to investigate the modulation of
EPO receptors in the differentiation course of TF-1.

Chemical cross-linking studies have indicated that murine EPO
receptors appeared to consist of two species with estimated molecular
masses of 110 and 95 KD14. In this article, we analyzed the human EPO

receptors expressed on TF-1, and demonstrated that EPO bound to two

kinds of molecules, which had molecular weights almost identical with

11



those of murine EPO receptors as previously reported14. These results
suggest that human EPO receptors have a very similar structure with
murine EPO receptors,

In some subclones of TF-1 cell line, the numbers of EPO receptors
were about twice that compared with the parent TF-1 cells in spite of
the invariable Kd and molecular weight of EPO receptors {(data not
shown). Such clones will be useful for further analysis or
purification of human EPO receptors. Moreover, a confirmed strict
growth-dependency of TF-1 cells on EPO would facilitate an investigation
into the signal transduction of EPO receptors, and would be of interest
to study the modulation of growth factor receptors as a model system for

hematopoietic progenitor cells,
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Table I Modulation of EPO receptors on TF-1 cells

*
Factors

GM-CSF IL-3 EPO No factor
*2 *4
K4 Exp.l 0.32 0.35 0.35 0.31
2 0.37 0.40 0.38 0.38
Number*3 Exp.1l 1640 1580 1080 1600
2 1820 1720 1120 1720

1. Cells are usually cultured in the presence of 5 ng/ml GM-CSF.
The Scathard analyses were performed after after cells were
cultured in the presence of 5 ng/ml IL-3 or 5 unit/ml EPO,
or in the absence of any factors.

2. Dissociation constant of EPO receptors on TF-1 cells

3. Number of EPO receptors on TF-1 cells

4. Two independent experiments (Exp. 1 and 2) were performed

17



FIGURE LEGENDS:

Fig. 1 Growth dependency of TF-1 cells on rHuEPO. Cells (1x104) were
cultured for two days in RPMI 1640 containing 20 % FCS with and without
rHUEPO at various concentrations., Closed circles: the number of viable
cells was examined by MTT reduction as described in the "Materials and
Methods" section. Open circles: the number of the cells in cell cycle

3

was examined by “H-TdR uptake. Briefly, cells that had been deprived of

growth factors for 4 hr were cultured in the presence or absence of

rHuEPO, and 3

H-TdR (0.1 uCi) was added in the following 24 hr. The
cultured cells were then harvested, caught onto glass fiber filters and
counted in a scintillation counter. The results shown are the mean + SD
of triplicates.

125

Fig. 2 Time course of changes in I-EPO binding and dissociation.

h 12571-Epo (1.5 nM; 2.0 x 10° cpm) at

Cells (2 x 10°) were incubated wit
15°c. Specific binding is defined as the difference between cpm bound
in the absence of unlabeled EPO, and in the presence of a 200-fold
excess of unlabeled EPO. The cells were divided into two aliquots after
a 2 hr-incubation at 15 C; a 300-fold excess of unlabeled EPO was then
added to one aliquot, with incubation being continued for the following
four hours (broken line). The results shown are the mean + SD of
triplicates. The experiment was performed twice with similar results.

Fig. 3 Competition for 12°

I-EPO binding by unlabeled EPO. Cells (2 x
10°) were incubated with 12°I-EPO (1.5 nM; 2.0 x 10° cpm) with and

without various amounts of unlabeled EPO at 15°C for 90 min. The

results shown are the mean + SD of triplicates.
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£ 125

Fig. 4 Scatchard analysis of the saturation binding o I-EPO to TF-1

f 125I—EPO were incubated with TF-1 cells (2 x

cells, Various amounts o
10°) at 15°C for 90 min with and without unlabeled EPO. Scatchard
transformation of the binding data is shown. Each point is the mean of
duplicate determinations. Inset: Saturation binding data of the same

experiment. The experiment was repeated five times with similar

results,

Fig. 5 Time course of down-modulation of EPO receptors expressed on TF-

1 cells by EPO., 125

I-EPO binding to TF-1 cells was examined after
culturing the cells in the presence of 5 U/ml EPO for the indicated
periods. The results shown are the mean of duplicates. This figure is
a representative of three separate experiments.

125I-EPO to TF-1 cells. Radioiodinated

Fig., 6 Cross-linking of
EPO (750 pM, 1.0 x 105 cpm) was cross-linked to TF-1 cells (2 x 106)
with (lane B) and without (lane A) a 200-fold excess of unlabeled
EPO by incubating with DSS (200 uM). Subsequent NaDodSO4/PAGE was

performed under reduced conditions.
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