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ABSTRACT. During erythropoiesis, replication and maturation are tightly coupled processes. Here, we show 

that the immunosuppressant rapamycin inhibited basal- as well as erythropoietin-stimulated proliferation of the 
erythroid cell line J2E. In addition, it enhanced the antiproliferative effect of sodium butyrate. Although 
rapamycin suppressed erythroid cell division, it did not affect terminal differentiation induced by erythropoietin 
or sodium butyrate. The proliferative status of J2E cells correlated well with the activity of the ribosomal S6 

kinase p70S’jk, an enzyme effectively blocked by rapamycin. It was concluded from this study that erythroid 

maturation proceeded normally despite the rapamycin-induced inhibition of mitosis and of ~70~~~ activity. 
These data provide further evidence that separate signalling pathways for proliferation and differentiation exist 
in erythroid cells. BIOCHEM PHARMACOL 51;9:1181-1185, 1996. 
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Production of red blood cells is mainly regulated by EPO,$ 
a hematopoietic growth factor promoting survival, prolifer- 
ation, and terminal differentiation of immature erythroid 
progenitor cells [l, 21. EPO action is mediated through 
binding of the hormone to a specific cell surface receptor, a 
member of the cytokine receptor superfamily [3]. The sig 
nalling cascades triggered by the stimulated receptor still 
require complete elucidation (reviewed in [4]; in particular, 
the relationships between putative signalling pathways in- 
volved in the induction of proliferation and differentiation 
remain to be deciphered. 

The erythroid cell line J2E, generated by the transforma- 
tion of immature progenitors with the raflmyc-containing 
J2 virus and immortalized at the basophilic erythroblast 
stage [5], provides a useful model for studying terminal dif- 
ferentiation. In response to EPO stimulation, the cells un- 
dergo enhanced proliferation and maturation, whereas the 
chemical inducer sodium butyrate uncouples these pro- 
cesses by stimulating terminal differentiation while inhib- 
iting replication [6]. In the past, studies on the EPO-de- 
pendent regulation of erythropoiesis have been impaired by 
the lack of suitable EPO-responsive cell lines; primary cul- 
tures of bone marrow, spleen, or murine fetal liver cells 
consist of heterogeneous cell populations and provide lim- 
ited numbers of cells. The major advantage of the erythroid 
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cell line J2E, used in this study, is that the cells show 
virtually the same biological responses to EPO stimulation 
as normal erythroid progenitors (i.e. elevated cell division, 
hemoglobin synthesis, and morphological maturation). 

Rapamycin is an immunosuppressive drug blocking T- 
cell activation and growth by interfering with IL-2 or IL-4 
induced signals [7, 81. Rapamycin-treated T lymphocytes 
are arrested in the Gl phase of the cell cycle [9, lo]. How- 
ever, the drug has been shown to suppress the proliferation 
of other mammalian cells, including endothelial cells, fi- 
broblasts following FGF-beta-stimulation [l 11, and primary 
bone marrow cells after exposure to hematopoietic growth 
factors such as GM-CSF and IL-3 [12]. The mode of action 
of rapamycin after binding to its intracellular receptor 
FKBP12 [13], an immunophilin that also interacts with the 
structurally related immunosuppressant FK506 [14], is only 
partially understood so far. FKBP12-FK506 complexes as- 
sociate with the Ca2’/calmodulin-dependent phosphatase 
calcineurin and induce an inhibition of the enzyme [15], 
whereas FKBPlZ-rapamycin binds to a distinct intracellular 
target, the lXAP/RAFTl protein [16, 171. 

Rapamycin was shown to inhibit the activation of the 
ribosomal S6 kinase ~70~~~ [ 18, 191 and cyclin-dependent 
kinases (Cdk’s) ~34’~“ and ~33’~~’ [9, 201. Furthermore, it 
was demonstrated that the drug blocks both the IL-2-me- 
diated elimination of the ~27~‘~‘- and the IL-2-dependent 
induction of the p21 Cdk inhibitors [21]. 

Here, we show that rapamycin suppressed the prolifera- 

tion of the erythroid cell line J2E, in the presence and 
absence of EPO, and augmented the antiproliferative effect 
of sodium butyrate without affecting terminal differentia- 
tion of the cells. These results indicated that the rapamy- 
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tin-sensitive pathway regulates replication, but not matu- 

ration. Experiments designed to investigate the role of 
p70= in the proliferation and differentiation of J2E cells 
revealed that cell growth correlated with enzyme activity, 

whereas maturation proceeded despite the rapamycin-in- 
duced inhibition of p70 S6 kinase. 

MATERIAL AND METHODS 
Reagents 

Recombinant human EPO was obtained from Boehringer 

Mannheim (Germany). Rapamycin, a product of Calbio- 
them (Bad Soden, Germany), was stored as a stock solution 

at -20°C and diluted appropriately in ethanol prior to use. 

The peptide RRRLSSRA derived from the S6 sequence 

(referred to as S6 peptide) as well as the polyclonalp70S6k 
antibody (from rabbit) were supplied by Santa Cruz Bio- 

technology (Santa Cruz, CA, U.S.A.). ECL-reagents were 
purchased from Amersham (Bucks, U.K.). 

Cell Culture 

J2E cells were grown in Dulbecco’s modified Eagle’s me- 

dium (DMEM) (GIBCO-BRL, Gaithersburg, MD, U.S.A.) 
supplemented with 10% fetal calf serum, penicillin 100 

U/mL and streptomycin 100 p,g/mL. Logarithmic phase 
growth was maintained by resuspending the cells each day 

at 1.5 x lo5 cells/ml. Terminal differentiation induced by 

EPO or sodium butyrate was assayed by benzidine staining 
of hemoglobin [22] 48 hr later. If rapamycin was applied in 

combination with EPO or sodium butyrate, it was added 30 
min before the induction of maturation. 

Cell Proliferation 

J2E cells were washed free of serum and cultivated for 4 hr 
in serum-free DMEM. Without this pretreatment, the ef- 

fects described were less pronounced, but still detectable 

(data not shown). Thirty minutes prior to the readdition of 
serum, cells were plated into 24-well plates and exposed to 

rapamycin as indicated. EPO, or sodium butyrate was added 
together with the serum, with each well containing 7.5 x 
lo4 cells in a total volume of 0.5 mL. After an incubation 
period of 20 hr, DNA synthesis was measured; three 90-p,L 
aliquots were transferred from each well to a 96-well plate 
and 0.6 pCi [3H] thymidine (83 Ci/mmol [methyl 3H] thy 
midine; Amersham) in 10 FL culture medium was added to 
each sample. Incubation was continued for an additional 4 
hr before [3H] thymidine incorporation into DNA was 
quantified by liquid scintillation counting. Simultaneously, 
the Trypan Blue exclusion test was performed to check cell 
viability. 

P70S6k Assay 

J2E cells were exposed to EPO, sodium butyrate, or rapam- 
ycin, or left untreated for the indicated periods of time. 

Aliquots of 2 x lo6 cells were lysed in 500 FL ice-cold lysis 
buffer (20 mM Tris-HCl, pH 7.4, 137 mM NaCl, 0.1% 
SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 10% 
glycerol, 2 mM EDTA, 1 mM phenylmethylsulphonylfluo- 

ride, 0.15 U/mL aprotinin, 1 mM sodium orthovanadate 
and 25 mM B-glycerophosphate), frozen immediately in 

liquid nitrogen and stored at -70°C until assayed. The sam- 
ples were thawed on ice, centrifuged for 10 min at 10,000 g, 
and the supernatant incubated with the ~70~~~ antibody 
prebound to protein A-sepharose beads (0.5 kg antibody/5 
p,L beads per sample) for 2 hr at 4°C. After washing the 

immunoprecipitates 3 times with lysis buffer and once with 
kinase buffer (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 2 

mM dithiothreitol, 10 mM MgCl, and 25 mM B-glycero- 

phosphate), the ~70~~~ assay was started by resuspending 
the beads in a total volume of 30 p,L of kinase buffer sup- 
plemented with 100 p,M ATP (Boehringer Mannheim), 5 
p.Ci [r-32P] ATP (>5000 Ci/mmol, Amersham) and 250 

FM S6 peptide. The samples were incubated for 30 min at 
37°C before reactions were terminated by a short centrifu- 
gation at 10,000 g and by spotting 2 15-FL aliquots of the 

supernatant onto phosphocellulose discs. Thereafter, the 
filters were washed once in 1% acetic acid and 3 times in 
HzO, and the S6 peptide-associated y-32P radioactivity 

bound to the phosphocellulose was quantified by Cerenkov 
counting. 

hnunoblotting 

Cell extracts were prepared by boiling 1 x lo6 cells of each 
sample in 100 FL hot SDS sample buffer (50 mM Tris pH 
6.8, 10% glycerol, 1.5% SDS, 4.2% mercaptoethanol, 
0.01% bromophenolblue). Lysates were resolved by 8% 
SDS-PAGE and transferred to nitrocellulose filters (Hy- 

bond-ECL, Amersham, U.K.). Nonspecific binding sites on 
the filter were blocked by incubation in PBS pH 7.5 + 0.1% 
Tween 20 (PBS-T) + 1% bovine serum albumin. Then 200 

ng of the ~70~~~ antibody was added to 10 mL of the so- 
lution and the incubation continued overnight at 4°C. Af- 

ter washing with PBS-T and incubation with a horseradish 
peroxidase-labelled antirabbit Ig antibody, blots were washed 

again and developed with ECL. 

RESULTS 

To investigate the effect of rapamycin on proliferation, J2E 
cells were exposed to various concentrations of the drug 
alone or in combination with EPO or sodium butyrate for 
24 hr before [3H]-thy ml me uptake was measured (Fig. la). ‘d’ 
Rapamycin inhibited the normal growth of J2E cells in a 
dose-dependent manner. The maximum effect, a decrease 
in DNA-synthesis by more than 50%, was observed for 
concentrations of 1 ng/mL or above. Significantly, rapa- 
mycin displayed no cytotoxic effect even at high concen- 
trations (cell viability > 95%). 

Although EPO was able to stimulate DNA synthesis by 
approximately 40% (Fig. la), rapamycin was still capable of 
inhibiting hormone-initiated proliferation. Given that the 



Rapamycin Inhibits Growth but not Differentiation of J2E Cells 1183 

b 70 

1 +Sodium Bulymte. OS mM 
-- 

+ EPO. 5 UlmL 

0 10 100 0 IO ID0 
Rapamycin ng/mL Rapamycln ng/mL 

FIG. 1. Rapamycin inhibits proliferation without affecting terminal differentiation of J2E cells. (a) Effects of rapamycin on the 
proliferation of J2E cells in the presence of EPO (5 UlmL, + ), sodium butyrate (0.5 mM, T) and in the absence of inducers 
(*) were determined by measuring [‘H ] thymidine uptake; untreated control = lOOoh. (b) JZE cells were cultured for 48 hr in 
the presence of rapamycin, EPO, sodium butyrate, or in combination as indicated, and terminally differentiated cells were 
detected by benzidine staining of hemoglobin. Data are the mean f: SEM of 3 independent experiments. 

cells were dividing more rapidly with EPO, the degree of 
inhibition was similar to that of control cells, and the two 

curves changed in parallel. In contrast to EPO, sodium 

butyrate restricted the replication of J2E cells (Fig. la), but 
rapamycin impeded cell division even further. Thus, under 
these experimental regimes, rapamycin effectively sup- 

pressed the proliferation of J2E cells. 
Next, we examined the effect of rapamycin on erythroid 

maturation of J2E cells by determining the percentage of 
benzidine-positive cells (Fig. lb). Rapamycin itself, at 10 
and 100 ng/mL, did not affect hemoglobin production by 

the cells. Although EPO and sodium butyrate induced al- 
most 30 and 60% differentiation, respectively, rapamycin 

did not interfere with this process. Therefore, rapamycin 

was shown to reduce mitogenic activity of J2E cells (Fig. 
la), but had no impact on hemoglobin synthesis (Fig. lb). 

Among the biochemical effects of rapamycin described, 

inhibition of the ribosomal 5% kinase ~70’~~ is well estab- 
lished 118, 191. In J2E ce 11 s, rapamycin (10 ng/mL) induced 

a rapid and strong inhibition of ~70~~~ activity, which was 
maintained for at least 24 hr (Fig. 2). The presence of EPO 
or sodium butyrate on these cultures did not alter the in- 
hibitory effect (data not shown), indicating that erythroid 

differentiation of J2E cells (Fig. lb) may occur in the ab- 
sence of active p70s6k. 

Interestingly, the activity of ~‘70~~~ correlated well with 

the proliferative status of the cells (Fig. 2). When cells 
underwent enhanced proliferation with EPO, ~70~~~ activ- 
ity rose. On the other hand, the enzyme’s activity fell as 
sodium butyrate reduced cell division. Moreover, the level 
of p7OS”k protein decreased continuously when cells were 
cultured in the presence of sodium butyrate, to become 
almost undetectable after 72 hr (Fig. 3a), but did not 
change significantly during EPO-induced differentiation 
(Fig. 3b). 

DISCUSSION 

The immunosuppressive drug rapamycin has been shown to 

inhibit T-cell growth and activation [7, 81, as well as to 

block the cytokine-driven proliferation of other cell types 
[ll, 12, 231. The suppression of cell growth by inducing a 

Gl-arrest 19, 101 is the best characterized, but not the only 
biological effect of the drug, because rapamycin also stim- 
ulated differentiation in a myogenic cell line [24]. 

Investigating the effect of rapamycin on the proliferation 
of J2E cells, we found a dose-dependent inhibitory effect of 
the drug both in the presence and absence of EPO. Addi- 

tionally, a marked increase was found in the antiprolifera- 
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FIG. 2. Effects of EPO, sodium butyrate, and rapamycin on 
p70Sbk activity. J2E cells were exposed to EPO (5 UlmL, + ), 
sodium butyrate (0.5 mM, T), or rapamycin (10 ng/mL, *) 
for the indicated periods of time followed by cell lysis, imq 
munoprecipitation of p70S6k, and assay of S6 peptide phase 
photransferase activity. Values represent the mean t SEM 
of at least 3 independent experiments. 
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FIG. 3. Sodium butyrate (a) but not erythropoietin (b) in- 
duces a downregulation of the ~70%~ protein level. J2E cells 
were incubated with sodium butyrate (0.5 mM) or erythro- 
poietin (5 UlmL) and lysates from an equal number of cells 
taken after 0,24,48, and 72 hr were resolved by SDSZAGE 
and ~70%~ detected by Western blotting using a specific 
antibody. The experiments are typical of 3 performed. 

tive effect of sodium butyrate, a chemical inducer of termi- 
nal differentiation [6]. Although replication of J2E cells 
was severely restricted by rapamycin, the drug had no ef- 
fect on the capacity of the cells to undergo terminal differ- 
entiation. Thus, rapamycin blocked cell division, but mat- 
uration was not impeded. This observation indicates that 
proliferation and differentiation in erythroid cells may be 
activated by distinct intracellular pathways. 

During the process of EPO-induced differentiation of J2E 
cells, the initial period of enhanced replication is followed 
by a cessation of cell division as maturation proceeds [25, 
261. Sodium butyrate blocks proliferation, and terminal dif- 
ferentiation occurs more rapidly than in EPO-stimulated 
cultures [6]. These data suggest that reducing the replica- 
tion rate might facilitate the maturational process, a hy- 
pothesis that is further supported by the observation that 
the Na’/H’ antiport-blocker amiloride suppresses prolifer- 
ation but potentiates the EPO-initiated differentiation of 
J2E cells [27]. Therefore, it is striking that rapamycin also 
inhibited replication without affecting the EPO-induced 
erythroid differentiation of J2E cells. Although the mech- 
anisms by which the EPO receptor induces different signals 
leading to proliferation and differentiation have yet to be 
fully identified, several studies have shown that distinct 
regions in the cytoplasmic domain are essential for the in- 
duction of mitogenesis [28, 291. It is still unknown, how- 
ever, whether or not a specific differentiation domain exists 
in the EPO receptor. 

Despite progress, in the characterization of the FRAP/ 
RAFT1 protein as the intracellular target of the FKBPlZ- 
rapamycin complex [16, 171, many details concerning the 
mode of action of the drug are poorly understood. Never- 
theless, two main effects have been established. First, the 
immunosuppresant was shown to interfere with the activa- 
tion of cyclin-dependent kinases involved in the regulation 

of the Gl-phase of the cell cycle. For example, rapamycin 
suppressed the IL-2 induced activation of ~34’~‘~ and 

P33 cdk2 in T lymphocytes [9, 201. Second, rapamycin blocks 
the mitogen-induced activation of the ribosomal S6 kinase 
~70~~~ [18, 191, an enzyme shown to be essential for Gl 
progression [30]. A recent analysis, in mutant clones of a 
T-cell lymphoma with altered sensitivities to rapamycin, 
revealed a strong correlation between the growth-inhibi- 
tory effect of rapamycin and ~70~~~ activity [31]. In this 
study with J2E cells, rapamycin effectively suppressed both 
p70= activity and cell division. Furthermore, inhibition of 
cell proliferation by sodium butyrate was accompanied by 
reduced ~70~~~ activity and downregulation of the ~70~~~ 
protein content. In contrast, EPO stimulated cell growth 
and induced an increase in enzyme activity. We have 
shown, elsewhere, that EPO-induced activation of ~70~~~ is 
much more pronounced in a hematopoietic cell line, which 
strictly depends on the presence of the growth factor for its 
proliferation [32]. Together, these data demonstrate a 
strong correlation between proliferation of erythroid cell 
lines and ~70~~~ activity. In addition, the observation that 
J2E cells differentiate despite almost completely suppressed 
p70= activity indicates that an active ~70~~~ pathway is 
not essential for the process of erythroid maturation. Fur- 
thermore, our data suggests that the recently identified tar- 
get of the FKBP12-rapamycin complex, the FRAP/RAFTl 
protein [16, 171, might be involved in the regulation of 
replication, but not differentiation, of erythroid cells. 
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