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ABSTRACT

Synthesis of new ribosomes is an energy costly and
thus highly regulated process. Ribosomal protein
synthesis is controlled by regulating translation of
the corresponding ribosomal protein (rp)mRNAs. In
mammalian cells a 5′-terminal oligopyrimidine tract
(TOP) is a conserved feature of these mRNAs that has
been demonstrated to be essential for their transla-
tional regulation. Translation of TOP mRNAs has
been proposed to be regulated by phosphorylation of
ribosomal protein S6, which is a common effect of
mitogenic stimulation of cells. However, as demon-
strated here, S6 phosphorylation is not detectable in
murine erythroleukemia (MEL) or other hematopoietic
cells. The absence of S6 phosphorylation appears to
be due to the action of a phosphatase that acts down-
stream of S6 kinase, presumably on S6 itself. Despite
the absence of changes in S6 phosphorylation, transla-
tion of TOP mRNAs is repressed during differentiation
of MEL cells. These data demonstrate the existence of
a mechanism for regulating S6 phosphorylation that is
distinct from kinase activation, as well as the existence
of mechanisms for regulating translation of TOP
mRNAs that are independent of S6 phosphorylation.

INTRODUCTION

During growth and proliferation a substantial proportion of
total cellular energy is devoted to the synthesis of new ribo-
somes (1,2). Thus, synthesis of both the RNA and protein
components of the ribosome is highly regulated. Ribosomal
protein synthesis is primarily regulated by translational regulation
of ribosomal protein (rp)mRNAs. In mammalian cells a short
sequence of 5–15 pyrimidine nucleotides immediately
following the m7GTP cap (the 5′-terminal oligopyrimidine
tract or TOP) is an invariant feature of rpmRNAs. This

sequence has been demonstrated to be essential for trans-
lational regulation of these mRNAs in response to different
growth stimuli, including mitogens, amino acid starvation and
differentiation, and mutation of this sequence abrogates this
regulation (for a review see 3). Thus, coordinate regulation of
ribosomal protein synthesis appears to be due to the presence
of a TOP sequence on these mRNAs.

Phosphorylation of ribosomal protein S6 is a common effect
of mitogens and has been proposed to regulate translation of
TOP mRNAs (4–6). S6 phosphorylation requires activation of
the S6 kinase, S6K (S6K1 or its isoform S6K2) (7,8), which is
dependent upon activation of both phosphatidylinositol
3-kinase (PI3K) and the mammalian target of rapamycin
(mTOR) (9–11). This latter kinase has also been demonstrated
to phosphorylate S6K1 in vitro at a physiologically relevant
site (12), suggesting that it directly regulates S6K activity.
Exposure of cells to the mTOR inhibitor, rapamycin, inactivates
S6K (13) and results in translational repression of TOP
mRNAs (4,5). Embryonic stem cells that lack S6K are viable
but grow at a reduced rate (14). S6 is not detectably
phosphorylated in these cells and translational regulation of
TOP mRNAs in these cells in response to rapamycin and
serum deprivation is nearly absent. In addition, translation of
these mRNAs under optimal growth conditions also appears to
be reduced (14). These data suggest that S6K is required for
translational regulation of TOP mRNAs.

While mitogens increase translation rate (15), translation is
generally decreased during cell differentiation (16–21). In
differentiating murine erythroleukemic (MEL) cells a 2-fold
decrease in translation rate occurs (16–18). While little is
known regarding the regulation of translation in differentiating
MEL cells, the acuteness of this change (18) suggests that
inducers may affect normal cell signaling pathways, such as
those used by mitogenic receptors to stimulate translation (for
a review see 22). In MEL cells the erythropoietin receptor
(EpoR) exhibits ligand-independent activation (23), raising the
possibility that inducers might affect signaling initiated by this
receptor. However, in previous studies we determined that
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inducers had no effect upon initiation factor phosphorylation,
including eIF2α, eIF2β, eIF4E and eIF4B (J.O.Hensold,
R.Duncan, J.Hershey and D.Barth-Baus, unpublished observa-
tions). This suggests that inducers do not affect EpoR signaling to
the pathways that regulate phosphorylation of these initiation
factors.

During previous analyses of the translational effect of
inducers of MEL cell differentiation it was demonstrated that
mRNAs possessing a TOP were primarily affected (18,24,25).
Since this suggests that inducers affect S6 phosphorylation this
possibility was investigated. The present study demonstrates
that S6 is not phosphorylated in MEL cells under either normal
growth conditions or following inducer exposure. This is
not a unique property of MEL cells but also occurs in other
hematopoietic cell lines, as well as in primary granulocytes.
Thus, S6 phosphorylation is regulated in a lineage-specific
manner in hematopoietic cells. In MEL cells S6 phosphoryl-
ation appears to be repressed by a phosphatase that acts down-
stream of S6K since: (i) PHAS I (4EBP1), which shares
upstream activation pathways with S6K, is constitutively phos-
phorylated; (ii) S6K is constitutively phosphorylated and
active; (iii) S6 phosphorylation is easily detectable if the cells
are exposed to a phosphatase inhibitor during metabolic labeling.
Further, despite the absence of changes in S6 phosphorylation,
TOP mRNAs are translationally repressed in MEL cells in
response to differentiation signals. These data demonstrate that
S6 phosphorylation is not an absolute requirement for trans-
lational regulation of TOP mRNAs and that alternative mecha-
nisms of regulation exist.

MATERIALS AND METHODS

Materials

Tissue culture supplies were from Life Sciences (Grand
Island, NY), except fetal bovine serum, which was obtained
from Intergen (Purchase, NY). Biochemical reagents were
from Sigma (St Louis, MO), except acrylamide, which was
from Life Sciences. Membranes for immunoblotting were from
Millipore (Bedford, MA) and immunoblot detection reagents
from Amersham/Pharmacia Biotech (Piscataway, NJ). [32P]ortho-
phosphate and [γ-32P]ATP were obtained from ICN (Costa Mesa,
CA). The inhibitors of signal transduction pathways, PD98059,
LY294002 and bis-indolylmaleimide, were obtained from Alexis
(San Diego, CA). Rapamycin was from Calbiochem (San Diego,
CA) and calyculin A from Sigma. Recombinant erythropoietin,
stem cell factor (SCF) and G-CSF were obtained from Amgen
(Thousand Oaks, CA) and GM-CSF from Immunex (Seattle,
WA). Antibodies for cell surface analysis of expanded CD34+

cells were obtained from Becton Dickinson Immunocytometry
Systems (San Jose, CA).

Cell culture

Da3 cells that expressed a wild-type EpoR cDNA (Da3/EpoR)
(26) were obtained from Taolin Yi (Cleveland Clinic Research
Foundation) and maintained in RPMI 1640 medium containing
10% fetal bovine serum and 10% WEHI-3 conditioned
medium. To assess the effects of erythropoietin on S6 and
PHAS I phosphorylation cells were grown overnight (16 h) in
medium containing 0.5% serum in the absence of other

mitogens. The following morning the cells were transferred to
serum-free medium and incubated for an additional 30 min.
Erythropoietin was then added at a concentration of 5 U/ml and
incubations continued for the indicated times. Where
indicated, kinase inhibitors were added at the following
concentrations: rapamycin, 20 ng/ml; LY294002, 25 µM;
PD98059, 20 µM; bis-indolylmaleimide, 2 µM. MEL cells
were maintained in DMEM supplemented with 12% fetal
bovine serum. Conditions for assessing S6 and PHAS I
phosphorylation were similar to those described above,
excepting the addition of erythropoietin. Inducers of differenti-
ation, DMSO (1.6%) or A23187 (0.75 µg/ml), were added as
indicated (27). BaF3 cells that expressed a wild-type EpoR
cDNA (BaF3/EpoR) were obtained from Alan D’Andrea
(Dana Farber Cancer Institute) and maintained in RPMI 1640
medium containing 10% fetal bovine serum and 0.5 U/ml
erythropoietin. To assess the affects of erythropoietin, cells
were preincubated in medium containing 0.5% serum without
erythropoietin for 6 h, followed by 30 min incubation in
serum-free medium. Erythropoietin was then added at 2 U/ml
for 30 min.

Normal human CD34 cells, obtained from the University/
Ireland Cancer Center Stem Cell Facility, were purified by
immunoaffinity using a VarioMACS separation column
(Miltenyi Biotec, Auburn, CA), as described by the manufac-
turer. The cells were split into two equal aliquots and grown in
Iscove’s modified Dulbecco’s medium, supplemented with
20% fetal bovine serum and either SCF (10 ng/ml) and
erythropoietin (5 U/ml) or GM-CSF (10 ng/ml) and G-CSF
(5 U/ml). Fresh growth factors were added every 3 days. After
8 days the cells were washed and resuspended in medium
containing serum and either erythropoietin (5 U/ml) or G-CSF
(5 U/ml) and incubated for an additional 24 h. Cell phenotype
was determined by surface marker expression on ∼1 × 105 cells
and the remainder used to assess S6 phosphorylation. For
phenotyping the cells were incubated for 20 min in RPMI at
room temperature with the indicated monoclonal antibody
(5 µg/ml), then washed twice in phosphate-buffered saline,
resuspended in 400 µl of the same buffer and analyzed on a
FACScalibur flow cytometer using Cellquest software (Becton
Dickinson). The monoclonal antibodies used in these studies
were directed against CD13, CD14, CD33 and CD71. Back-
ground staining was determined using isotype-matched control
antibodies.

Determination of PHAS I phosphorylation

PHAS I phosphorylation was detected by gel shift (28). Cell
extracts were prepared by boiling in Laemmli sample buffer
and sonicated to reduce viscosity. Proteins were separated by
electrophoresis in 12.5% polyacrylamide Laemmli gels and
transferred to PVDF membranes in 10 mM CAPS buffer at
400 mA for 20 min. Membranes were blocked by incubation in
phosphate-buffered saline, 5% (w/v) milk, 0.2% Tween-20 and
0.05% Antifoam A, antisera to PHAS I added at a dilution
of 1/1000 and incubated for 3 h at room temperature. Bound
antibody was detected with horseradish peroxidase-conjugated
goat anti-rabbit antisera and visualized by chemiluminesence.
Antisera to PHAS I was a gift of J. Lawrence (University of
Virginia).
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Determination of ribosomal protein S6 phosphorylation

Cells were incubated for 2 h in phosphate-free medium lacking
serum or growth factors then loaded with [32P]orthophosphate
(500 µCi/ml) for 2 h. The [32P]phosphate-loaded cells were
then split into equal aliquots and either erythropoietin (5 U/ml)
(for Da3/EpoR or BaF3/EpoR cells) or inducers (MEL cells)
added to one of the aliquots and incubations continued for an
additional 30 min. Where indicated, anisomycin (500 nM) or
calyculin A (100 nM) were added for the final 30 min incubation.
Cells were pelleted in a pre-cooled centrifuge, washed three
times in ice-cold phosphate-buffered saline and lysed in TMK
buffer (100 mM KCl, 5 mM MgCl2, 10 mM Tris pH 7.5, 2 mM
dithiothreitol) containing 1% Triton X-100 and 0.5%
deoxycholate in the presence of protease, phosphatase and
RNase inhibitors (0.25 µM phenylmethylsulfonyl fluoride,
2 µg/ml aprotinin, 20 mM p-nitrophenyl phosphate, 1 U/µl
RNasin). The nuclei were pelleted by a 5 min centrifugation in
a refrigerated microcentrifuge. The supernatants were removed
and layered onto 22% sucrose cushions in an Sw50.1 rotor and
centrifuged at 49 000 r.p.m. for 7.5 h. Gradient composition
was as previously described (18), but with inclusion of 20 mM
p-nitrophenyl phosphate. As indicated in the figure legends, in
later experiments the gradient KCl concentration was
increased to 500 mM to decrease recovery of phosphoproteins
that were loosely associated with the ribosomes. Ribosomal
pellets were resuspended in ice-cold TMK buffer and proteins
extracted with 2 vol glacial acetic acid. Soluble ribosomal
proteins were precipitated with 5 vol acetone, resuspended in
Laemmli sample buffer and analyzed by electrophoresis in
12% polyacrylamide Laemmli gels. Phosphoproteins were
identified by autoradiography.

To assess S6 phosphorylation in unfractionated cytosolic
lysates, phosphoproteins were metabolically labeled with
[32P]orthophosphate as described above. Cytosolic lysates
were prepared from equal numbers of control and calyculin
A-treated cells in TMK lysis buffer as described above. Glacial
acetic acid (2 vol) was added directly to these preparations and
acid-insoluble material removed by two consecutive 20 min
centrifugations in a refrigerated microcentrifuge. The acid-
soluble proteins were precipitated with acetone and separated
by electrophoresis in 12–15% polyacrylamide Laemmli gels.
Gel loads were standardized for input cell number. Phospho-
proteins were identified by autoradiography.

Determination of S6K activity

Quiescent and erythropoietin-stimulated Da3/EpoR and
serum-starved MEL cells were washed three times in ice-cold
phosphate-buffered saline and the cell pellets lysed by incubation
for 25 min on ice in MLB (250 mM NaCl, 5 mM EDTA, 1 mM
dithiothreitol, 50 mM MOPS, 0.1% IGEPAL CA-630, pH 7.0)
containing both protease (2.5 µg/ml leupeptin, 2.5 µg/ml
aprotinin and 50 µg/ml phenylmethylsulfonyl fluoride) and
phosphatase (10 mM NaF, 5 mM Na4P2O7, 1 mM Na3VO4 and
10 mM β-glycerol phosphate) inhibitors. Lysates were
clarified by centrifugation for 10 min at 13 000 r.p.m. in a
refrigerated microcentrifuge. S6K was immunoprecipitated
from the cleared lysates by incubation for 4 h at 4°C with 20 µl
of an 80% slurry of protein A–Sepharose coupled to a rabbit
polyclonal anti-S6K IgG (CWR23) recognizing a synthetic
C-terminal peptide. The immunoprecipitates were washed with

MLB containing protease and phosphatase inhibitors and 2 M
lithium chloride and then washed twice in 1 mM dithiothreitol,
50 mM Tris, pH 7.4. The wash in lithium chloride removes a
contaminating kinase activity commonly found in the immuno-
precipitates.

In vitro kinase assays were performed on the immunoprecipitates
by adding 20 µl of kinase buffer (20 mM MgCl2, 1 mM dithio-
threitol, 20 µM ATP, 10 µCi [γ-32P]ATP, 40 mM Tris, pH 7.4)
to 2 µg rabbit 40S ribosomal subunits (a gift of William
Merrick, case Western Reserve University School of Medi-
cine, Cleveland, OH) and incubating at room temperature for
30 min. Reactions were terminated by adding an equal volume
of 2× Laemmli sample buffer and the proteins separated by
electrophoresis in 12.5% polyacrylamide gels. The proteins
were electroblotted to membranes and the radiolabeled protein
detected with a Packard Instant Imager. To assess phosphory-
lation of the immunoprecipitated S6K the blotted proteins were
incubated with the antibody described above and bound anti-
body detected by an alkaline phosphatase-conjugated anti-
rabbit IgG. S6K phospyhorylation was detected by gel shift, as
the phosphorylated isoforms migrate more slowly during
electrophoresis in SDS gels.

Assessment of translation of TOP mRNAs by gradient 
sedimentation

To analyze the effects of wild-type and mutant TOP sequences
on translational regulation in MEL cells, previously described
reporter constructs were used (29,30). In both constructs a
human growth hormone (HGH) cDNA was cloned 3′ to the
rpS16 promoter and 5′-UTR. For the mutant TOP construct a
single C→A mutation at the cap-proximal nucleotide (the first
transcribed nucleotide) had been introduced. Plasmid DNAs
containing the wild-type or mutant TOP constructs were stably
introduced into MEL cells by electroporation. The effect of
A23187 on translation of the expressed HGH mRNAs was
determined by assessing distribution in translating polysomes
and non-translating subpolysomal fractions. Extracts were
sedimented for 4 h in 10–50% sucrose gradients containing
500 mM KCl, as previously described (18,31). Fractions were
collected with continuous monitoring of UV absorbance at
254 nm. RNA was extracted from the fractions with phenol
and chloroform, precipitated with ethanol and analyzed by
northern blotting. Results were quantified with a phosphorimager.

RESULTS

S6 phosphorylation is repressed in MEL cells at a step 
distal to S6K activation

A 50–70% decrease in translation rate is a common effect of
inducers of MEL cell differentiation (16–18), although the
mechanisms regulating this decrease are unknown. We have
previously demonstrated that rpmRNAs are translationally
repressed following inducer exposure (18,24,25). Since
phosphorylation of ribosomal protein S6 has been proposed to
regulate the translation of these mRNAs, we determined if
inducers affected S6 phosphorylation. Cellular phospho-
proteins were metabolically labeled with [32P]orthophosphate.
The ribosomes were washed and pelleted by sedimentation
through sucrose, the associated proteins extracted and
S6 phosphorylation assessed by gel electrophoresis and
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autoradiography. Unexpectedly, S6 phosphorylation was not
detectable in logarithmically growing MEL cells or in cells
exposed to inducers, either A23187 (Fig. 1) or DMSO (data not
shown). This was not due to constitutive S6 phosphorylation
with the resultant inability to incorporate additional phosphate
experimentally, since phosphorylation could not be detected
even with [32P]orthophosphate incubation times of up to
23 h (approximately two generation times) (data not shown).
In addition, phosphorylation was detected in the acidic ribosomal
proteins P1 and P2, demonstrating that the inability to detect
S6 phosphorylation was not due to excessive phosphatase
activity in the extracts. To determine if EpoR activation was
capable of stimulating S6 phosphorylation, a growth factor-
dependent Da3 cell line that expresses a wild-type EpoR was
utilized. In these cells a 30 min exposure to erythropoietin
resulted in a >12-fold increase in S6 phosphorylation (Fig. 1).
Thus, S6 phosphorylation is repressed in MEL cells, despite
constitutive activation of the EpoR.

The pathways leading to activation of S6K are similar to
those that result in phosphorylation of PHAS I (9,10). There-
fore, we determined if PHAS I phosphorylation was also
repressed in MEL cells. Phosphorylated isoforms of PHAS I
have distinct mobilities during electrophoresis in SDS-
containing gels (28) and this mobility shift was utilized to
examine PHAS I phosphorylation in both Da3/EpoR and MEL
cells. Western blotting detected a shift from the most rapidly
migrating, unphosphorylated α-isoform to the more slowly
migrating β- and γ-isoforms as early as 5 min following
erythropoietin exposure of Da3/EpoR cells (Fig 2A). As
determined by metabolic labeling, this reflected a 3-fold
increase at 30 min, compared with the unstimulated Da3/EpoR

cells (data not shown). In MEL cells PHAS I was constitutively
phosphorylated and exposure to inducers of differentiation
(DMSO or A23187) did not alter this phosphorylation
(Fig. 2B). Exposure to kinase inhibitors for ERK (PD98059),
PI3K (LY294002), mTOR (rapamycin) and protein kinase C
(bis-indolylmaleimide) had similar effects on PHAS I
phosphorylation in these two cell types (Fig. 2C and D),
suggesting that this phosphorylation was regulated by similar
mechanisms in the two cells.

To determine where the regulation of S6 and PHAS I
phosphorylation diverged in MEL cells, S6K activation was
assessed by determination of its phosphorylation state and by
in vitro kinase assay. Immunoprecipitated S6K was almost

Figure 1. Ribosomal protein S6 is not phosphorylated in MEL cells. Da3/EpoR
and MEL cells were incubated overnight in medium containing 0.5% serum,
then washed and resuspended in phosphate-free medium for 4 h with
[32P]orthophosphate added for the final 2 h of incubation. The cultures were
then split into two equal aliquots and erythropoietin added to one of the Da3/
EpoR aliquots and A23187 to one of the MEL aliquots. Following an additional 30
min incubation extracts were prepared from the cells. Ribosomes were isolated
by sedimentation through sucrose and the recovered ribosomal proteins sepa-
rated by electrophoresis in 15% polyacrylamide Laemmli gels and visualized
by autoradiography. The labels above the lanes indicate the cell type and treat-
ment relevant for the isolated proteins. The positions of migration of the
molecular size markers are shown at the left of the autoradiograph. Ribosomal
protein S6 has previously been demonstrated to migrate at 32 kDa. The doublet
near the 17.9 kDa molecular size marker is the acidic ribosomal phosphoproteins,
P1 and P2.

Figure 2. PHAS I is constitutively phosphorylated in MEL cells. (A) Quiescent
Da3/EpoR cells were exposed to erythropoietin for the times indicated. Cell
extracts were prepared and the proteins separated by electrophoresis in 12.5%
polyacrylamide gels under denaturing conditions. The separated proteins were
transferred to PVDF membranes and PHAS I proteins detected by immuno-
blotting. Immunoreactive proteins were visualized by chemiluminscence. The
most rapidly migrating α-isoform is unphosphorylated while the β- and γ-isoforms
represent singly and doubly phosphorylated forms of PHAS I. (B) MEL cells
were maintained overnight in 0.5% serum, then switched to serum-free
medium and incubated for an additional 60 min. For the final 30 min
incubation inducers of differentiation, either DMSO or A231287, were added
as indicated. For reference, an extract of Da3/EpoR cells that had been exposed
to erythropoietin for 5 min was included in the left-most lane of the gel that
included the MEL cell extracts. (C) Quiescent Da3/EpoR cells were exposed
to the indicated inhibitors for 30 min prior to the addition of erythropoietin
(Epo). Following an additional 30 min incubation in the presence of both
erythropoietin and the indicated inhibitor, cell extracts were prepared and ana-
lyzed by western blotting, as previously described. The inhibitors are indicated
above the relevant lanes: LY, LY294002; Rap, rapamycin; PD, PD98059; BIM,
bis-indolylmaleimide. (D) MEL cells were deprived of growth factors, as
described previously, and exposed to signal transduction inhibitors. Extracts
were prepared and PHAS I phosphorylation assessed as described above.
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completely inactive in unstimulated Da3/EpoR cells, as
assessed by the ability to phosphorylate S6 in purified 40S
ribosomal subunits. Exposure to erythropoietin resulted in
kinase activation and an increase in S6K phosphorylation, as
demonstrated by the presence of the more slowly migrating
isoforms (Fig. 3A, right). As expected, kinase activation was
inhibited by LY294002 and rapamycin (Fig. 3B). In MEL cells
maintained under conditions identical to the unstimulated
Da3/EpoR cells S6K was constitutively active, as assessed by
in vitro kinase assay, and its phosphorylation state was similar
to that in erythropoietin-stimulated Da3/EpoR cells. S6K
activation in MEL cells was also inhibited by LY294002 and
rapamycin. Thus, similar to the results obtained for PHAS I
phosphorylation, activation of S6K in MEL cells is constitutive
and dependent upon the activity of the signaling pathways that
normally regulate this kinase.

In addition to mitogens, exposure to translational inhibitors,
such as cycloheximide and anisomycin, can also induce S6
phosphorylation (32). To determine if this alternative means of
activation could induce S6 phosphorylation in MEL cells,
phosphoproteins were metabolically labeled as described
above, with anisomycin added for the final 30 min incubation.
Ribosomal proteins were recovered and analyzed by gel

electrophoresis. As demonstrated in Figure 4, this did not
result in S6 phosphorylation in MEL cells.

The preceding results suggest that the inhibition of S6
phosphorylation in MEL cells occurred downstream of kinase
activation. Since S6K is constitutively active in the absence of
mitogen exposure, S6 itself might be dephosphorylated by a
constitutively active phosphatase. In that case exposure to a
phosphatase inhibitor during metabolic labeling should result
in S6 phosphorylation. Therefore, MEL cell phosphoproteins
were metabolically labeled in the absence of mitogens and
exposed to an inhibitor of serine/threonine phosphatases
(calyculin A) for the final 30 min labeling. As demonstrated in
Figure 4A, S6 phosphorylation was readily detected when
metabolic labeling was performed under these conditions.

The preceding data suggest that in MEL cells S6 phosphory-
lation is suppressed by the action of a phosphatase. However,
since the preceding experiments utilized a prolonged
sedimentation to partially purify the ribosomal proteins, it is
possible that dephosphorylation occurred during preparation.
To address this possibility, S6 phosphorylation was assessed in
unfractionated cytosolic lysates, enriching for ribosomal
proteins by extraction in 67% glacial acetic acid. As
demonstrated in Figure 4B, no phosphoprotein was observed at
the expected position of S6 in acid-extracted cytosolic proteins

Figure 3. S6K is constitutively active in MEL cells. Quiescent Da3/EpoR cells
were stimulated with erythropoietin for 30 min. MEL cells were maintained
under similar conditions, without added erythropoietin. (A) The 70 kDa
ribosomal protein S6 kinase (p70 S6k) was immunoprecipitated from cell
extracts as described in the text. Kinase activity was assessed using purified
40S ribosomal subunits as substrate (left). Phosphorylation of S6K was
assessed by immunoblotting the precipitated protein and is shown on the right.
The phosphorylated isoforms of the kinase are detected by their slower
mobility during electrophoresis. (B) Cells were grown in the presence of the
indicated inhibitor for 60 min prior to extract preparation and p70s6k activity
assessed by in vitro kinase assay. The extent of S6 phosphorylation is indicated
graphically, relative to the corresponding extract prepared from cells that had
not been exposed to inhibitors. Kinase activity in MEL cells was standardized
to that in the erythropoietin-stimulated Da3/EpoR cells in the absence of
inhibitors, which was arbitrarily set at 100.

Figure 4. Calyculin A exposure of MEL cells results in S6 phosphorylation.
(A) MEL cells were incubated for 4 h in phosphate-free medium with
[32P]orthophosphate added for the final 2 h of incubation. The culture was then
split into three equal aliquots and anisomycin (Anis) or calyculin A (Cal)
added to two of the aliquots. The remaining aliquot served as the untreated
control (Con). Following an additional 30 min of incubation, extracts were
prepared from the cells and ribosomes were obtained by sedimentation through
sucrose. The recovered ribosomal proteins were separated by electrophoresis
in 15% polyacrylamide gels under denaturing conditions and visualized by
autoradiography. Due to the increase in background phosphorylation in the
calyculin A-treated cells, the amount of material loaded in this lane was
reduced by 50%, to allow for a more balanced exposure of the autoradiograph.
The mobility of the indicated molecular size markers are shown to the left of
the autoradiograph. The two phosphoproteins near the 17.9 kDa molecular size
marker are the acidic ribosomal phosphoproteins, P1 and P2. (B) MEL cell
phosphoproteins were metabolically labeled with and without the addition of
calyculin A (Cal). Acid-soluble cytosolic proteins were extracted, separated by
electrophoresis in 12% polyacrylamide gels and phosphorylated proteins
identified by autoradiography. To identify the position of migration of
ribosomal protein S6, a partially purified ribosomal preparation from cells that
had been metabolically labeled with [32P]orthophosphate in the the presence of
calyculin A was run in an adjacent gel lane. (C) BaF3 proteins were labeled
with [32P]orthophosphate. Calyculin A and erythropoietin were added for the
final 30 min incubation, as indicated. The r-proteins were recovered as
described above, except that the concentration of KCl in the sucrose buffer was
increased to 500 mM to reduce background due to loosely adherent proteins.
Under these conditions the acidic ribosomal proteins are lost in the supernatants.
The recovered r-proteins were analyzed by electrophoresis and autoradiography.
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from control cells. However, in lysates prepared from cells that
had been incubated with calyculin A for the final 30 min metabolic
labeling, a phosphoprotein was observed that co-migrated with
S6. In addition, while calyculin A generally increased protein
phosphorylation, several proteins in addition to S6 also
appeared to be specifically affected by this treatment. Thus, the
inability to detect S6 phosphorylation in MEL cells was not
simply an artifact of ribosome preparation. Rather, the
preceding experiments provide evidence that the upstream
pathways necessary for S6K activation are active in MEL cells
and that the lack of S6 phosphorylation appears to be due to the
action of a phosphatase that rapidly dephosphorylates S6.

S6 phosphorylation is repressed in a lineage-specific 
manner in hematopoietic cells

The inability to phosphorylate S6 in MEL cells could reflect a
lineage-specific effect, neoplastic transformation or a defect
unique to these cells. Therefore, S6 phosphorylation was
examined in other hematopoietic cell lines. As demonstrated in
Figure 4C, S6 phosphorylation could not be detected in
BaF3/EpoR cells following stimulation with erythropoietin.
However, similarly to MEL cells, S6 phosphorylation was
easily detected when these cells were exposed to calyculin A
during metabolic labeling. Since erythropoietin exposure of
BaF3/EpoR cells also resulted in PHAS I phosphorylation
(data not shown), S6 and PHAS I phosphorylations were also
uncoupled in these cells. Similarly, S6 phosphorylation was
not observed in 32Dcl3 myeloid cells exposed to either a
mitogen (IL3) or induced to differentiate with G-CSF (data not
shown). Thus, repression of S6 phosphorylation is not unique
to MEL cells.

The preceding data demonstrate that S6 phosphorylation is
not an invariant result of mitogen receptor activation but is
cell-type dependent. Assignment of a specific lineage is
complicated for hematopoietic cell lines since establishment
frequently results in aberrant expression of lineage-restricted
gene products. Therefore, to determine if S6 phosphorylation
was a normal response to erythropoietin receptor activation, S6
phosphorylation was assessed in primary cell cultures.
Multipotential hematopoietic progenitor (CD34+) cells were
obtained from normal donors and grown in the presence of
SCF and erythropoietin to allow for expansion of erythroid
cells. In the absence of their specific cytokines, primary
hematopoietic cells undergo apoptosis (33) and thus the cells
are enriched by both positive and negative selection. Myeloid
cells were similarly expanded from the same CD34 population
by growth in GM-CSF and G-CSF. Following 8 days in culture
the cells were washed and then grown for an additional 24 h in
either erythropoietin or G-CSF alone. Phenotype was
determined by analysis of surface marker expression. The cells
expanded in erythropoietin were ∼98% erythroid, while those
expanded in G-CSF were essentially 100% myeloid (Fig. 5A).
Thus, a highly enriched population of differentiating progenitors
of restricted hematopoietic phenotype was obtained.

Phosphorylation of S6 was assessed in the primary cell
cultures as previously done for the cell lines. Phosphorylation
was readily detectable in the primary erythroblasts (Fig. 5B).
In contrast to the results previously obtained with Da3/EpoR
cells, S6 phosphorylation was not acutely dependent on growth
factor exposure in the primary erythroid cells. While we
speculate that this may be due to the fact that overnight growth

in low serum medium was omitted for the primary cell
cultures, this possibility was not directly assessed in these
experiments. However, this result provides evidence that
suppression of S6 phosphorylation is not a general feature of
erythroid cells.

In contrast to the results obtained with the primary erythroid
cells, S6 phosphorylation was not detected in the cells
expanded in GM-CSF and G-CSF. However, cell expansion in
the presence of the myeloid cytokines was ∼2-fold less than for
cells expanded in erythropoietin. Therefore, the recovered
proteins were analyzed by staining to ensure that the inability
to detect S6 phosphorylation in the myeloid cells was not due
to significant differences in the amount of recovered protein.
As shown in Figure 5C, the amount of protein recovered from
the myeloid cells was slightly less than that recovered from the
erythroid cells. However, this was insufficient to account for

Figure 5. S6 phosphorylation is suppressed in primary myeloid but not
erythroid cells. Normal human CD34+ cells were expanded by incubation in
medium containing either erythropoietin (EPO) or G-CSF, as described in the
text. (A) Cell phenotype was assessed by FACS analysis using the following
myeloid cell surface markers: CD13, CD14 and CD33. CD71 was used as an
erythroid marker. (B) S6 phosphorylation was assessed by metabolic labeling
as previously described. Erythropoietin (EPO) was added to an aliquot of the
expanded erythroid cells and G-CSF added to the expanded myeloid cells for
the final 30 min incubation, as indicated above each lane. Ribosomal proteins
were recovered by sedimentation through sucrose containing 500 mM KCl,
separated by electrophoresis and visualized by autoradiography. Ribosomal
protein S6 is indicated by the arrow. As previously described, the acidic
ribosomal phosphoproteins are not recovered during sedimentation at this
concentration of KCl. (C) The recovered ribosomal proteins were visualized
by silver staining.
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the lack of detectable phosphorylation in the myeloid cells.
Further, even with more prolonged exposures S6 phosphorylation
was not detected in primary myeloid cells.

Translation of TOP mRNAs is repressed in differentiating 
MEL cells in the absence of changes in S6 phosphorylation

We previously demonstrated that exposure of MEL cells to
inducers of differentiation resulted in a decrease in the translation
of rpmRNAs (18). Similarly, translational repression of
rpmRNAs also occurs in 32D myeloid cells in response to a
stimulus to differentiate (G-CSF) (S.Kroll and J.O.Hensold,
unpublished observations) and S6 phosphorylation is also
undetectable in these cells. This suggests that translational
regulation of TOP mRNAs is independent of changes in S6
phosphorylation. To specifically address the role of the TOP in
the translational regulation of rpmRNAs in MEL cells, a HGH
reporter cDNA that was cloned downstream of the S16
promoter and 5′-UTR was utilized. As a control, a similar
construct that differed only by introduction of a point mutation
into the TOP was used. These cDNAs were introduced into
MEL cells and stable clones selected. Translation of the wild-
type and mutant TOP transcripts was assessed by northern blot
hybridization of cytosolic RNA that had been fractionated by
sedimentation in sucrose gradients. Since we had previously
demonstrated that a significant percentage of MEL cell
mRNAs accumulate in a salt-labile, translationally inactive
80S complex (18), the fractionations were performed in 500 mM
KCl, to more clearly separate translating, polysomal mRNA
from non-translating, subpolysomal mRNA. As demonstrated
in Figure 6, under normal growth conditions the wild-type
TOP mRNA was less efficiently translated than the mutant
TOP mRNA (56 versus 88% of the mRNA in polysomes).
Following exposure to the inducer of differentiation A23187,
translation of the wild-type TOP mRNA was reduced by 43%
(from 56 to 32% of the mRNA in polysomes). For the mutant
TOP mRNA the decrease in translation in response to A23187
was 19% (from 88 to 71% of the mRNA in polysomes). Thus,
while the mutant TOP mRNA was subject to translational
repression in response to the inducer, this was >2-fold less than
the repression observed for the wild-type TOP mRNA. As
previously shown, this occurs in the absence of changes in S6
phosphorylation.

DISCUSSION

The results presented here provide evidence for a novel form of
regulation of S6 phosphorylation, whereby S6 phosphorylation
is dissociated from activation of its kinase, S6K, by the
apparent action of a phosphatase that acts downstream of S6K.
This activity is subject to developmental regulation as S6
phosphorylation is repressed in normal myeloid, but not
erythroid, cells. However, despite lack of detectable S6
phosphorylation, TOP mRNAs are translationally regulated in
response to induction of cell differentiation. This latter result
demonstrates that translational regulation of 5-TOP mRNAs is
not absolutely dependent upon phosphorylation of ribosomal
protein S6 and thus provides evidence for the existence of
alternative pathways for regulating the expression of these
proteins.

S6K and PHAS I share similar upstream activation pathways
and the constitutive phosphorylation of PHAS I and activation

of S6K in MEL cells is presumably due to constitutive
erythropoietin receptor activation in these cells (23). However,
S6 phosphorylation is not detectable in MEL cells unless the
cells are exposed to a phosphatase inhibitor during metabolic
labeling. This provides evidence for the existence of a
phosphatase that acts downstream of S6K. This appears
distinct from the PP2A phosphatase regulation of S6K recently
reported in TGFβ-treated cells (34) or shown to associate with
S6K in Jurkat I cells (35). In both of these reports the phos-
phatase plays a role in S6K activation. In contrast, the data
presented here provides evidence for a phosphatase that acts
independently of S6K activation. In the absence of evidence to
suggest an intervening step between kinase activation and S6
phosphorylation, the most likely target of this phosphatase is
S6 itself.

Substrate specificity for serine/threonine phosphatases is
typically imparted by different regulatory subunits that asso-
ciate with these enzymes (36). The data presented here suggest
that such a subunit is expressed in MEL, BaF3/EpoR and 32D
cells, but not in Da3/EpoR cells. Conversely, phosphorylation
of S6 is detected in primary cultures of erythroid, but not
myeloid, cells. The most reasonable explanation for these
observations is that suppression of S6 phosphorylation is a
lineage-specific event that is repressed in a transformation-
dependent manner in MEL cells. In this regard it is noteworthy
that one of the key transforming events in MEL cells is over-
expression of PU.1 (37,38), which is a primary regulator of
myeloid gene expression (39). This may account for the lack of
S6 phosphorylation in MEL cells while it is easily detectable in
normal erythroid cells.

Phosphorylation of ribosomal protein S6 has been proposed
to regulate translation of mRNAs that contain a TOP (4,6,14).
Consistent with this, in the absence of rpS6 phosphorylation in
MEL cells, translation of a wild-type TOP mRNA is repressed
relative to the identical mRNA containing a mutant TOP.
However, translation of the wild-type TOP mRNA is further
repressed relative to the mutant TOP mRNA in inducer-
exposed cells and this also occurs in the absence of S6
phosphorylation. Thus, translational regulation of TOP
mRNAs in differentiating MEL cells is independent of changes
in phosphorylation of S6. While this does not exclude the
possibility that S6 phosphorylation regulates translation of
TOP mRNAs, it does demonstrate that independent
mechanisms exist for regulating their translation. Since we
have not assessed S6K activation under all conditions
analyzed, we cannot exclude the possibility that regulation of
TOP translation is mediated by S6K, via phosphorylation of
alternative substrates. However, this appears to be unlikely
since in MEL cells PHAS I is phosphorylated in response to
inducers and this phosphorylation shares activation pathways
with S6K. In addition, the only other protein that has been
suggested to be a substrate of S6K is eIF4B (F.Peiretti and
J.Hershey, University California-Davis, Davis, CA, personal
communication) and this protein is constitutively phosphor-
ylated in MEL cells both under normal growth conditions and
in inducer-exposed cells (J.O.Hensold, R.Duncan and
J.Hershey, unpublished observations). Consistent with this,
translational repression of TOP mRNAs in response to amino
acid deprivation has been determined to be regulated inde-
pendently of S6K (40).
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These results raise questions regarding the function of cell-
specific suppression of S6 phosphorylation. Cytokine receptors in
different hematopoietic cells transmit functionally equivalent
signals (41). Thus, differential expression of an S6 phosphatase
provides a means to achieve cell-specific differences in gene

expression despite the activation of similar upstream path-
ways. Additional evidence that translation is differentially
regulated in hematopoietic cells is provided by the observation
that ribosomal protein S19 mutations have been found in 25%
of patients with Diamond–Blackfan anemia (DBA) (42). Since

Figure 6. Inducers of MEL cell differentiation repress translation of TOP mRNAs. A HGH cDNA that had been ligated 3′ to the rpS16 promoter and 5′-UTR was
stably expressed in MEL cells. As a control a similar construct in which the TOP had been mutated (C→A) was similarly expressed. Cytosolic RNAs were
fractionated by sedimentation through sucrose gradients and HGH mRNA identified by northern blot hybridization of the gradient fractions as described in
Materials and Methods. Translation of each transcript was assessed under normal growth conditions and following 8 h exposure to the inducer of differentiation
A23187. Results were quantified with a phosphorimager. The northern blots are displayed in the bottom panels and distribution of the mRNAs in gradient fractions
is shown graphically at the top (plotted as a percentage of total HGH hybridization signal). Ethidium stained gels shown below each northern blot demonstrate the
effect of the inducer on the amount of polyribosomes as well as providing a reference point for the sedimentation of 40S and 60S subunits (as indicated by the peak
accumulation of 18S and 28S rRNA). The fractions corresponding to the position of sedimentation of individual 40S and 60S ribosomal subunits, as well as the
disomes, trisomes and higher order polysomes (as determined by UV absorbance tracings of the fractionated material) are indicated above the northern blots. (Note
that under these salt conditions the monosome peak is too small to be well visualized.) Arrows placed above the graphs similarly indicate positions of sedimentation
of fractions containing 40S and 60S subunits as well as disomes, trisomes and higher order polysomes.
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the DBA defect is largely confined to erythroid cells, this
suggests that these cells may be uniquely dependent upon a
function of this ribosomal protein. Thus, it appears likely that
specific differences in translational regulation contribute to
lineage-specific differences in gene expression by affecting the
translation of mRNAs with specific structural or sequence
characteristics.
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