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A membrane receptor [or erythropoietin was identified in various erythmpoietin-unresponsive mouse 
erythroleekemla cells. Scatelmrd analyses of the binding of human lZSl,labeled erythropoietin to T3CIL-2-0, 
K-i ,  G M ~  and 707 cells showed the Isresence of a single dam of binding sites with apparent K e values of 
0.27-0.78 nlVl, which are slightly higher than those of erytiuropoielln-responsive cuss. The number of 
binding sites vmied from 110 to 930 per cell, Crosslinking of t~I,erythrolmlefin to its binding sites with 
disuceinimidyl suhe~te revealed the existence of a single binding protein with molecular mass of 63 kDa, 
No binding siles with higher molecular mass, as observed in erythropoletin-re~onsive cells, were detected~ 
nor was any specific binding observed to the non-erythroid hemalopoiefie cell or to the human erythroleu- 
kemia cel~ examined, 

InLax, duetion 

Erythropoiet/.n (EPO) is a glycoprotein factor 
that acts specifically on relatively mature erythroid 
progenitor cells and induces their differentiation 
i.'~to mature erythrocytes [1]. EPO has been part- 
fled to homogeneity from the urine of patients 
¢.~th aphstic  anemia [2]. Clones of complementary 
and genomie DNA encoding human EPO, and of 
mouse genomi¢ EPO DNA were isolated, and 
their molecular structures were determined [3-6]. 
Very little, however, is known about the molecular 
mechanism of the erythroid cell differentiation 
indugeA by this h o ~ o n e .  

We and others have characterized the mem- 
brane receptor for EPO on EPO-responsiu¢ cells, 
i.e., on mouse erythroleukemia SKT6 cells [7] and 
on mo~se spleen cells irdected v~'th nacre/a-induc- 
ing Friend virus ¢ompIex [8]. The results suggested 
the existence of a complex subunit structure of 
EPO-receptor molecules. EPO-unresponsive mouse 
erythroleukemia cells, on the other hand, have 
single binding sites for EPO [7]. Here, we describe 
the results of detailed anaiyses of the EPO-recep- 
tot molecules in various EPO-unresponsive Friend 
erythroleukemia cells, and discuss the relationship 
between EPO-receptor activity and its subanit 
strtl~ture. 

Materials and Methods 
Abbreviations: 1=__PO, erythrapoielin; HEL, human erythroleu- 

kemia. Binding o f  t ~ l - E P O  to cells 
Purified recombinant human l~PO (over 70000 CorrespOndence: K~ Todokoro. Tsnkuba Life Science Center, 

The Institute of Physical a~d Chemical Research. 3.1-1. unils/mg, M r 34000) was kindly supplied by Drs. 
Kohyadal, Tsukuha, Ibaraki 305, Japan. T. Kaneko and J. Koumegawa (Kirin Brewery), 
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Fig. l .  Binding of |~I-EPO to K-1 ¢ell~. Cells (5.1O 5 ee|ts/t0O 
pl} were in©ubated at ]O°C for 4 h. Specific binding was 
de~n~a.in~ by s-ublraeting the bindia8 in the pre~enoe of 0+2 
pM unlabeled EPO from obmrved total binding. (A) Binding 
carves: total bindin~ (o); ncmpe~ir~ binding (~); sr~-ifw 
binding (0), (B) S¢~Ichatd plot of the specific binding data. 

Each points represent an average of fou,r determinations, 

and was radiolabeled using IODO-GEN (Pierce) 
and cartier.free N a t a l  (Amersham) [9]. n~I-EPO 
was purified using Sephadex G-25 equilibrated 
with phosphate-buffered saline containing 0.02~ 
Tw~n-20. The specific radioactivity of ~2~I-EPO 
was 9 .5 - l0  s Bq/Fg.  1~I-EPO retained full bio- 
logical activity when assayed by measuPd~g the 
hemoglobinized colony formation of SKT6 cells 
[7]. EPO-unresponsive mouse erythrolcukemia cell 
lines K-1 [10], T3C1-2-0 (GM979) [10], GM86 
(745) [11] and 707 [111 were maintmned in Ham's 
F-12 medium containing 10% fetal calf serum. 
Eqdifibrium binding of z2~I-EPO to cells was men- 
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sured as described [7]. Briefly. cells (5- 106) were 
incubated with ~251-EPO in 1049 FI of Ham's F-12 
medium containing 10% fetal calf serum with or 
without 0.2 ~M (40-fold or more molar excess) of 
unlabeled EPO at 10°C for 4 h. Aliquots of cells 
were filtered through Whatman G F / A  glass filters, 
and the filters were w~sbed with phosphate- 
buffered ~alin¢. The radioactivity remaining on 
the filters was counted. 

Crossfinking of ~z~I-EPO re the receptor 
Affinity crossiinking of 1~I-EPO to membrane 

receptor was done essentially as described by Pilch 
and Czech [12]. Cells were incubated with 0.75 nM 
t~Sl-EPO with or without 75 nM unlabeled EPO 
for 30 rain at 37c'C, washed with phosphate- 
buffered saline twice at 4°C,  and the.~ affinity 
erosslinked with 0.3 ram disuceinimidyl suberat¢ 
for 90 rnin at 4°C.  After washing with 50 mM 
Tris-HCI (pH 6.8), cells were sclubilized in 50 mM 
Tris-HCl (pH 6.8) containing 1.55 Triton X-100 
in the presence of 10 izM pepstatin, 10 ~tM 
leupeptin, 10/ tM antipain and 2 mM phenylmeth- 
ylsulfonyl fluoride. 125I-EPO-crossfinked com- 
plexes were analyzed by 10~ SDS~potyacrylamide 
gel etectrophoresis and subsequent autoradiogra- 
phy. 

R e s u l t s  

Specific binding of ;251-EPO to EPO-unresponsi~e 
celft 

mI-EPO bound specifically to various EPO, 
unresponsive mouse crythroleukemia cell lines, 
K-l ,  T3C1-2-0 (GM979), GM$6 (745) and 707. 
The binding at IO°C increased durin 8 approxi- 
mately the first 4 h of  incubation and re~nained 
stable thereafter, The plateau reflected ap equi- 
librium state of reversible binding, since the ad- 
clifton of unlabeled EPO ied to a large decrease h~ 
the specifically bound radioactivity (data not 
shown). Fig. 1 illustrates typical equilibrium bind- 
ing data for 125I-EPO (truly the data for K-I cells 
are shown here). The binding was strongly in- 
hibited by a large molar excess of  unlabeled EIK) 
(Fig. IA). A Scatchard plot of the data (Fig. 1B) 
gave a single line, indicating the existen'~e of a 
single class of affinity for binding sit¢~, The ap- 
parent dissociation constants (K~) and numbers 
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TABLE II 

BINDING PARAMETERS OF 12S[-EPO TO CULTURED CELL LINES 

Equilibrium binding curves were determined on the indi~sled eel] l/xl~, Snatchal"d analyges were then performed as shown in Fig. 1. 
D a t a  rep resen t  m e . o n : k S . E ,  f o r  f o u r  d e t e r m i n a t i o n s ,  

Ceils Chara~tefisfies .g,t Number of bhlding 
(nM) sites per ceil 

Mooge 
K-] etytlu-olea kemia 0.2g:t: 0~03 930 el: 140 
T3C1-2-0 eq, throleakemia 0.62 :i:0.0? 690 :t: 160 
GM86 erythroIeukemia 0.27=1:0.07 110:1:20 
707 erythroleukemia 0.784-0.08 120-1- 30 
WEHI-3 myeloraanoeyle none 
1C-2 lL-3-depandent P cells none 
F'VTCT reticutnm cell sarcoma none 
14-1 NIH/3T3 ~:[b cxptgslsing F~iend 

spleen focus*forming virus - none 

Human 
K562 etythroleokeraia - none 
HEL ~¢ythrolenkerata - none 
HL60 mydoid - none 

of binding sites per cell were obtained from four 
independent experiments, and the results are sum- 
marized in T~.b]e L The cell lines examined here 
had approx. 110-930 binding sites per cell (Table 
!), mad dissociation constant (Ka) values were in 
the range of 0.27-038 riM. 

The t:sI-EPO did not bind to the other mouse 
and hi,man hematopoietic cell lines examined: 
IC2 (mouse IL-3--dependent P cells) [13], WEHI-3 
(mouse myelomonccytes) [14], IC_.562 and HEL 
(humazL erytl~xoleukemia cells) [15,16], and HL60 
(humat  myeloid cells) [17]. In order to exclude the 
possibility that Friend virus gene products are 
directly involved in the bi~ding of t2~I-EPO, we 
examined the binding of t2SI-EPO to FVTCT cells 
(cells of a mouse reticulum sarcoma indtw.ed by 
Friend virus) [18] and 14-1 cells (mouse NIH/3T3  
fibroblast call transfceted with polyeythemia-in- 
ducing Friend spleen focus-forming virus). No 
binding to these cells was observed (Table I), 

Affinity crosstinking 
]2~I-EPO was etosslink.¢cl io intact K-l, T3C1- 

2-0, GM86 and 707 cells with disuccinimidyl sub- 
crate. The complex thus formed migrated on 
SDS-poiyacrylamide gel as a single distinctive 
band with a molceular mass of 97 kDa under both 

reducing ( F g  2, lanes a, d, e, g) and nonreducing 
(Fig. 2, lanes h, i) conditions. As for the results 
under nonreducing conditions, only those for K-1 
and T3C1-2-0 cells are shown. All cell lines gave 
the same pattern. [t should be noted that the 
intensities of the bands in aa/oradiographs reflect 
the number of binding sites pet cell The complex 

+MSH -MSH 
O b C . d  e f g 13 i 

& -  .I, - - ÷ -.-.-.- .$ - @ - + + 4, '--t, 

• -.. - , ,  - 

]F/g. 2.  A W m i t y  c roas l i c~dng  o [  F 'PO r e c e p t o ] s  i n  va, '~ons c e l l  

linP,~, CoU$ w e R  ¢tltowlN~ to ~Jn~ 12J|-EPO and then cross- 
linked wit.h dlssccJnimJdyl sulxa'ate. Ceil lysates were applied 
to 10% ~D~PAG~ and the autorarltograpbe are show'a. + and 
-indlc.a!e the presence and absence of unlabeled ElK) during 
the binding reacticm, Arrow indicales the position of minor 
band or 250 EDL Lanes a-g; 2-mercaptoethano| (MSH) was 
inclndcd in the landla~ buffer. Lanes h and i, in the absence of 
a reducing reagent, Lanes a and h, T3Cl-2-0 ~¢lls; lanes b, IC2 
cells; lane ¢, 14-1 cells; lanes d and i, K-I cells; lane e, ?07 

cells; lane f, FVTCT cells; lane g, GM86 cells. 
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was not detected when excess unlabeled EPO was 
included during the reaction. Assuming that this 
band represented a receptor crosslinked to one 
~ I - E P O  molecule, the apparent molecular mass 
of the receptor was 63 kDa. The band with a 
molecular mass of 34 kDa represents nonocross- 
linked t2sI-EPO. Another minor band with a high 
molecular mass (approx. 250 kDa) was observed 
on gels both in the presence and absence of reduc- 
ing reagent (Fig. 2). This band, however, was not 
detected in EPO-responsive SKT6 cells [7]. t251- 
EPO did not fo.,an a covalent complex when in- 
eubated with the other cell lines mentioned above 
(Fig. 2, lanes b, c, t). 

i~seussk~ 

The present study clearly indicated the pres- 
ence of  EPO-binding sites on various EPO-un~- 
sponsive mouse erythroleukemia cells. The dissoci- 
ation constant (Ko) values of I2SI-EPO binding to 
EPO-unresponsive cells ranged from 0.27 to 0.78 
nM, which is slightly higher than that of EPO-re~ 
sponsive SKT6 cells (0.15 nM) [7], Recently, 
Sawyer et at. [191 reported that spleen cells in- 
f¢cted with anemia-inducing Friend virus had high- 
and low-affinity receptors for EPO, but EPO-un- 
responsive mouse erythroleukemia cells (clone 745) 
had only the low.affinity binding site. We did not 
detect the two classes of EPO receptor ifi EIPO-re- 
sponsive SKT6 cells, but the K d value of SKT6 
cells (0.15 nM) corresponds to the K 4 values of  
their higher-affinity sites of EPO-responsive splec~ 
cells (0.07-0.18 nM) [7,19]. Sawyer et at. stated 
that the K d values of the lower-affinity binding 
sites ranged from 0.55 to 1.33 nM, which is similar 
to the values of E P O - ~ o n s i v e  cells examined 
here (0.27-0.78 riM). They also reported that 745 
cells had 760 bindhtg sites per cell with a K d of 
1.3 nM. In contrast to this, our results here showed 
that GM86 cells (originally a cell line identical to 
clone 745) had 110 binding sites per cell with a Kd 
of 0.27 riM, which is close to the K d of  their 
higher-affinity site. These discrepancies may be 
due to the differences in experimental conditions 
(e.g., incubation temperature and time, and EPO 
concentrations) and cells used (heterogeneous 
primary spleen cell suspension vs. established cell 
linesL Furthermore, sialidase-treated EPO binds 

to target cells with higher affinity than does un- 
trcattul EPO [20], indicating that loss of term;.nal 
siaUe acid of EPO increases the binding affinity to 
the receptor. These data do not allow us to make a 
conclusion as to the existence of high and low 
affinity in the EPO receptor. 

According to Fraser et al. [21] human erythro- 
leukemic K562 cells e.,cpressed 4-6  EPO-hinding 
sites per cell. Detection of such a small number of 
binding ~ites in the presence of b_igh background 
requires great care. Here, we concluded that there 
c~dsted no specific binding of  t~I-EPO to either 
K.562 or HEL cells. These HEL cellz do ac t  have 
membrane receptors for EPO, and therefore may 
be El~-unresponsive. On the contrary, all mouse 
erythroleukemia cells examined here are totally 
EPO-unresponsive while they do have EFC,-bi)~d- 
ins sites. 

Crossllnking studies demonstrated that all 
EPO-unresponsive erythroleukemia cells examined 
here had the same single EPO-binding site with a 
molecular mass of 63 kDa, but no other species 
with higher molecular mass as was observed in 
EPO-responsive cells. Sawyer et al. de.~ribed that 
the EPO re.ceptor on EPO-um-esponsiv¢ 745 cells 
was identical to that on EPC~responsive cell~ 
although no data were shown [8]. Sasald et al. [22], 
hewer s ,  detecaed different crosslhxked products 
in the same 745 cells, i.e., the molecular mass of  
EPO-binding sites was $1mi|~r to that wlfieh we 
have ~ r t e d  here, The following facts strongly 
indicate that 63 kDa species are the specific EPO- 
binding sites. Firstly, the distinctive crcesiinked 
materials were detected in all mouse erythroieu- 
kemia cells only in the absence of unlabeled EPO 
(Fi 8, 2). Secondly, the intensity of the cro.~linked 
bands correlated well with the number of EPO- 
binding site~ per cell (Fig. 2 and Table I). Thirdly, 
a mixture of proteinase inhibitors was included 
during sample preparations, as described in 
Materials and Methods, and thus the 63 kDa 
species are not the degradation products of  high 
molecular mass receptors. Finally. no crosslinked 
band was detected in cells which have no ~ - b i -  
riding sites (Fig. 2, lanes b0 c and 0, and therefore 
it is obvious that the 63 kDa species is not serum 
albumin or any other protein present in the bind- 
ing buffer. 

The biologically active form of the EPO recep- 
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tor  seems 'to be composed of EPO-b ind ing  sub-  
un i t s  and  effector subuni ts  speclf ical ly associa ted 
wi th  the EPO-b ind ing  suburdt.  Signal t ransduc-  
f ion on  E P O - r e c ~ t o r - m e d i a t e d  erythroid  cell  dif- 
ferent ia t ion may  be  performed with this  type of  
sophis t icated EPO,receptor  complex.  On the con-  
trary,  EPO-bind in  8 sites on  EPO-unrespons ive  
e ry thro leukemia  cells exist in a complete ly  differ-  
en t  form, and  thus they may  be  funct ional ly  inac-  
five. I1 was  recent ly  repor ted that EPO s t imula tes  
adenyla te  cyctase act ivi ty  of  the  membranes  of 
crythroblas ts  [23], W e  found that  pro te in  k inase -C 
act iv i ty  is no t  affected b y  the add i t ion  of  E P O  to 
EPO-respons ive  SKT6 cells (Todokoru,  K.  and  
Sugimoto,  Y., unpub l i shed  data).  

Fur the r  analyses  are awai ted  to def ine the bio- 
chemical  and  physiologic,,d funct ions of  the 
EPO-recep tor  complex.  Molecular  c loning  of  the 
gene  coding  for the EPO receptor  may  be done  by  
us ing  these mouse  e ry thro leukemia  ceils and  will  
reveal  the Free s t ructure  and  the funct ions  of this  
ho rmone  receptor.  
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