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Abstract

Starvation for a single essential amino acid induced differentiation
of the human promyelocytic leukemia line HL-60 into morpho-
logically and functionally mature granulocytes. Differentiation
occurred when protein synthesis was inhibited up to 90% but
was not simply secondary to growth arrest or protein synthesis
inhibition, because neither glucose starvation nor treatment with
protein synthesis inhibitors induced differentiation. Induction of
differentiation by an aminoacyl tRNA synthetase inhibitor and
the effect of cycloheimide and puromycin on amino acid-starved
cells suggested an important regulatory role of tRNA molecules
during differentiation.

Introduction

During cellular differentiation, quantitative and qualitative
changes in gene expression occur. The underlying regulatory
mechanisms are poorly understood but operate at the transcrip-
tional, translational and posttranslational levels (1, 2). A better
understanding of these regulatory mechanisms could lead to new
forms of therapy of acute human leukemias where the cells are
arrested at different stages of maturation (3). The human pro-
myelocytic leukemic cell line HL-60 is an established model for
studying hematopoietic cell differentiation in vitro (4, 5). These
immature cells can be induced by various compounds to differ-
entiate along either the granulocytic or monocytic lineage into
functionally and morphologically mature nonproliferating cells
(4, 5).

Wefound that starvation for a single essential amino acid
induced granulocytic differentiation of HL-60 cells. Changes in
tRNA molecules appeared to play an important regulatory role
in the differentiation process because (a) the degree of differ-
entiation correlated with the degree of amino acid starvation
(tRNA aminoacylation varies with amino acid availability), (b)
histidinol, an aminoacyl tRNA synthetase inhibitor, induced
differentiation, and (c) cycloheximide prevented differentiation
in amino acid-starved cells whereas puromycin had a much
weaker effect.
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Methods

Origin of cell line and culture conditions. The human promyelocytic cell
line HL-60 was obtained from Dr. Karen Willard-Gallo of the Inter-
national Institute of Cellular and Molecular Pathology, Brussels, Belgium;
she had previously obtained it from the American Type Culture Collec-
tion, Rockville, MD. The cells were routinely grown in RPMI-1640 me-

dium (Irvine Scientific Co., Irvine, CA) supplemented with 2 mMglu-
tamine and 10% fetal bovine serum (FBS) (Irvine Scientific Co.); they
were diluted biweekly to a density of 0.15 X 1O6 cells/ml.

Cells were recovered by centrifugation from the growth medium and
resuspended at a density of 0.15 X 106 cells/ml in experimental medium
consisting of RPMI-1640 medium lacking one amino acid or glucose
that was supplemented with 2 mMglutamine, 5 ng/ml sodium selenate
and 10%6Y horse serum (Irvine Scientific Co.) that had been heat-inactivated
at 560C for 30 min and extensively dialyzed against 0.9% NaCl. The
amino acid or glucose was added to the desired concentration. When
this concentration was the same as in the formulation for RPMI- 1640
medium, the medium was referred to as complete experimental medium.
The cells were cultured in 6-well cluster dishes at 370C in a 95% air/5%
CO2 humidified atmosphere. Cycloheximide, emetine, puromycin, or
dimethyl sulfoxide (DMSO) was added to some ofthe cultures in complete
experimental medium at time zero.

Measurement of HL-60 differentiation. Differentiation of HL-60 cells
along the myelocytic series requires 4-7 d (4, 5). In fully differentiated
HL-60 cells, as in normal granulocytes, membrane perturbation (e.g.,
by phorbol-12-myristate-13-acetate [PMA]1) stimulates a number of
biochemical reactions collectively referred to as the phagocytic "respi-
ratory burst" (6). These reactions include superoxide anion production
and increased glucose oxidation via the pentose phosphate pathway; they
can be assessed by counting the number of nitroblue tetrazolium (NBT)
reducing cells or by measuring "4CC2 release from [1-'4C]glucose, re-
spectively (6). Unless otherwise noted, measurements of HL-60 differ-
entiation were performed on day 6 of culture.

For the studies with NBT, which assesses functional maturity on an
individual cell basis, 1 X 106 cells were incubated for 30 min at 37°C in
0.5 ml phosphate-buffered saline with 1 mg/ml NBT, 100 ng/ml PMA,
and 20%dialyzed FBS. At least 200 cells were evaluated per culture and
only cells containing at least three blue-black precipitates were counted
as positive.

For the measurement of [1-'4C]glucose oxidation, which quantita-
tively measures functional maturation of the cell population, 5 X 106
cells were recovered by centrifugation from each of the duplicate cultures.
They were resuspended at a density of 1.5 X 106 cells/ml in glucose-free,
Hepes-buffered RPMI-1640 medium supplemented with 2 mMglutamine
and 2 mg/ml dialyzed bovine serum albumin. Two l-ml aliquots of this
cell suspension were transferred to 16 X 100-mm glass tubes, and PMA
was added to one aliquot at a final concentration of 50 ng/ml. After 5
min at 37°C in a shaking water bath, 0.4 MCi of [1-'4C]glucose (final

1. Abbreviations used in this paper: NBT, nitroblue tetrazolium; PMA,
phorbol- 1 2-myristate- 1 3-acetate.
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concentration I mM;Amersham Corp., Arlington Heights, IL) was added,
and the reaction was terminated 20 min later by adding perchloric acid.
'CO2 was collected and counted as previously described (7). The assay
was linear to 30 min and at cell densities between 0.5 to 2.5 X 106 cells/
ml. The data are expressed as nmol of 14CO2 released per 30 min per
106 cells. PMA-stimulated [1-'4C]glucose oxidation was the difference
in values between the presence and absence of PMA.

Morphological maturation was determined by Wright's stain; at least
200 cells were counted and slides were reviewed in a blinded fashion by
a hematologist. The percent of cells that had differentiated into meta-
myelocytes and granulocytes correlated approximately with the percent
NBTpositive cells.

Measurement of cell growth and protein synthesis. Cell increment
was calculated from the cell density at day 0 and day 4 measured by
Coulter counter (Coulter Electronics, Hialeah, FL); the control cultures
grew exponentially during this time. Whencontrol cultures were fed on
day 3 by a 1:6 dilution with fiesh medium, exponential growth continued
until day 6; cell viability and the degree of spontaneous differentiation
on day 6 were similar in the nonfed and fed control cultures. Cell viability
was determined by trypan blue exclusion and exceeded 85%in all cultures.
Protein synthesis was measured after 48 h of culture by I h of [3H]leucine
incorporation into acid-precipitable material as described previously (8).
Protein synthesis in amino acid-deficient or glucose-deficient cultures
decreased until this time, remaining relatively constant thereafter. In
preliminary experiments we found no difference in [3H]leucine incor-
poration when control cells were incubated in their original medium or
fresh medium, thus indicating little change in the leucine concentration
over the first 48 h of culture.

Results

HL-60 differentiation during amino acid starvation. WhenHL-
60 cells were cultured in experimental medium that contained
a growth-limiting concentration, 3-10 MM, of an essential amino
acid, a large proportion of the cells differentiated into morpho-
logically and functionally mature metamyelocytes and granu-
locytes after 6 d (Fig. 1). Similar results were obtained at 3 uM
of these three amino acids or with 10 MMof arginine, isoleucine
or lysine. The concentration of these latter three amino acids in
complete medium is 1.15 mM, 380 AM, and 274 MM, respec-
tively. Differentiation was not observed when a nonessential

amino acid, e.g., proline or serine, was either omitted from the
medium or present at 10 MM. Whenthe effect of starvation for
different essential amino acids was compared, there was a no-
ticeable correlation between the degree of growth and protein
synthesis inhibition and the degree of differentiation (Fig. 1).
The degree of differentiation during valine starvation was similar
to that obtained with 1%DMSO,an established and very effective
inducer of HL-60 differentiation (5). Cycloheximide, puromycin,
or emetine, at concentrations that inhibited growth and protein
synthesis to similar degrees as did amino acid starvation, did
not induce differentiation (Fig. 1). Moreover, when cells were
incubated in growth-limiting glucose concentrations, 10-500
,MM, growth and protein synthesis were inhibited similarly as for
cells in amino acid-deficient medium, but differentiation was
not observed (results with 100 MMglucose are shown in Fig. 1).
Thus, differentiation during amino acid starvation was not sim-
ply secondary to growth or protein synthesis inhibition but ap-
peared related to some factor unique to amino acid starvation
that correlated with the degree of starvation.

Time course of HL-60 differentiation during amino acid
starvation. A significant increase in PMA-stimulated [1-
'4C]glucose oxidation was detected as early as 48 h after initiation
of cultures in either tyrosine-free medium or in medium con-
taining 3 uM tyrosine (Fig. 2, open squares and circles, solid
lines). At this time, tyrosine had to be added to the tyrosine-free
cultures to prevent cell death; - 50-60% of cells in these ty-
rosine-added cultures were NBT reducing at days 5-6 when
PMA-stimulated [l-'4C]glucose oxidation was maximal (Fig. 2,
closed squares, dotted lines). In cells cultured in medium con-
taining 10 MMtyrosine (open triangles, solid lines), maturation
lagged -1 d behind that of cultures in 3 MMtyrosine (open
circles, solid lines), but by day 7 both were as morphologically
and functionally mature as cells cultured in 1-1.2% DMSO.

Commitment to terminal differentiation occurred during
amino acid starvation with the time to commitment dependent
on the initial amino acid concentration. In cells cultured in 3
MMtyrosine, commitment occurred between 48 and 72 h. Thus,
when 50 MuMtyrosine was added at 48 h, PMA-stimulated [1-
'4C]glucose oxidation was maximal on day 5 (Fig. 2, solid circles,
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Figure 1. Effect of amino acid starvation,
protein synthesis inhibitors, glucose starva-
tion, and DMSOon HL-60 cells. Top,
growth and protein synthesis; bottom, dif-
ferentiation. Cultures were initiated at a
density of 0.15 X 106 cells/ml in either
complete experimental medium containing
72 uM histidine, 110 MMtyrosine, 400 gM
valine, and 10 mMglucose, or in otherwise
complete medium containing either 10 gM
histidine, 10 MMtyrosine, 10 MMvaline, or
100 MMglucose. Cycloheximide (Cycl),
emetine (Emet), puromycin (Puro), or
DMSOwas added at the indicated concen-
tration at time zero to cultures in complete
medium. Cell growth, protein synthesis,
and functional maturation, as assessed by
PMA-stimulated [1-'4Clglucose oxidation
and NBT reduction, were measured as de-
scribed fully under Methods. All values are

the mean±SDof at least three independent
experiments performed in duplicate.
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Figure 2. Time course of HL-60 differentiation
in tyrosine-deficient medium. Cells were cul-
tured in otherwise complete medium that was
lacking tyrosine as described in the legend to
Fig. 1. At time zero tyrosine was added to the
following concentrations: 110 MAM(X); 10 uM
(triangles); 3 MM(circles); and no tyrosine
added (squares). Someof the cultures received
no additional tyrosine (solid lines, open sym-
bols) whereas 50 MMtyrosine, which is suffi-
cient to support completely normal growth,
was added to others at either 48 h (dotted lines,
closed symbols) or 72 h (dashed lines, closed
symbols). After 48 h, cultures in medium with-
out tyrosine had 25% trypan blue positive cells;
in all other cultures > 85% of the cells excluded
trypan blue. Differentiation was determined by
measuring PMA-stimulated 14CO2 release from
[I-'4C]glucose as described under Methods.
The values are the means of two independent
experiments performed in duplicate.

dotted lines) with only - 40-50% of the cells reducing NBT.
The decrease in PMA-stimulated [I-'4C]glucose oxidation after
day 5 could be explained by the continued growth of the un-

differentiated cells (data not shown). In contrast, addition of 50
,MM tyrosine at 72 h did not inhibit differentiation (Fig. 2, closed
circles, dashed lines). In cells cultured in 1-0 uM tyrosine com-

mitment lagged -1 d behind that of cells in 3 MMtyrosine.
Thus, 50 AMtyrosine added at 48 h completely prevented dif-
ferentiation (Fig. 2, closed triangles, dotted lines), but when added
at 72 h a time course of PMAstimulation (Fig. 2, closed triangles,
dashed lines) and NBTreduction was found that was similar to
that observed in the 3 MMtyrosine cultures that had 50 AM
tyrosine added at 48 h. These findings are in agreement with
previous observations that the portion of cells that become com-

mitted to differentiation is dependent on inducer exposure time
and concentration (9).

HL-60 differentiation during histidinol treatment. Histidinol
is a specific histidine aminoacyl tRNA synthetase inhibitor and
consequently causes nonaminoacylated (uncharged) tRNAHis to
accumulate (10, 11). When 1 mMhistidinol was added at day
0 to cells in complete experimental medium, which contains 72
MAM histidine, PMA-stimulated [1-14C]glucose oxidation was

15.2±1.9 nmol/30 min/ 106 cells on day 6, and - 71±11% of
the cells reduced NBT(values are means±SD of three indepen-
dent experiments performed in duplicate). This degree of dif-
ferentiation was slightly greater than that found when cells were

incubated in 10 MMhistidine (Fig. 1) but approximated that
found when cells were incubated in 3 uM histidine (data not
shown). Induction of differentiation by histidinol was competitive
with the medium histidine concentration with a ratio of

- 12:1 generally yielding maximal differentiation.
Effect of cycloheximide and puromycin on HL-60 differen-

tiation during amino acid starvation. Cycloheximide and pu-

romycin inhibit protein synthesis by different mechanisms. Cy-
cloheximide inhibits ribosomal peptidyl synthetase activity
whereas puromycin allows peptide bond formation to proceed
with release of incomplete peptides (12). In amino acid-starved
cells cycloheximide increases the degree of tRNA aminoacylation
whereas puromycin does not (13, 14). Wefound that cyclohex-

imide added to cultures in medium containing 3 ,M or 10 IAM
tyrosine completely prevented differentiation without affecting
cell growth or viability whereas puromycin only partly prevented
differentiation of these starved cells (Table I).

Discussion

It is remarkable that the numerous morphological and functional
changes associated with differentiation can occur during amino
acid starvation when protein synthesis is < 10%Yo of control values
(as measured at 48 h when cultures were initiated in 10 IAM
valine [Fig. 1] or 3 MAMtyrosine [data not shown]). This suggests
efficient regulation of gene expression. Amino acid starvation
decreases rRNA and tRNA synthesis with little change initially
in mRNAsynthesis (10, 14, 15). In HeLa cells amino acid an-
alogues, which partially mimic the effect of amino acid starvation,
initiate a stress response with preferential translation of stress-
related mRNAsand inhibition of translation of nonstress-related

Table I. Effect of Protein Synthesis
Inhibitors on Amino Acid-starved Cells

PMA-stimulated %NBT
[1-_4C~glucose positive

Culture condition oxidation cells

nmol/10' cells/30 min %of total

Control 0.44±0.22 6±3
10AMTyr 19.4±1.95 80±4
10 AMTyr + 1 AMcycloheximide 0.94±0.25 9±6
10 AMTyr + 0.4O Mpuromycin 10.9±2.2 42±12

Cultures were initiated in experimental medium containing 110 AM
tyrosine (control), or 10 MMtyrosine in the presence or absence of
protein synthesis inhibitors; after 6 d, the degree of differentiation was
assessed as described under Methods. Cycloheximide had no addi-
tional inhibitory effect on cell growth in tyrosine-deficient media
whereas puromycin decreased the final cell count by - 10%. Amount
of protein synthesis inhibition was similar with both drugs.
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mRNAs(16). Similar mRNAdiscrimination may be operative
during amino acid starvation of HL-60 cells and this may be
one of the mechanisms controlling gene expression during my-
eloid cell differentiation.

In addition to changes in RNAsynthesis, a variety of other
metabolic changes occur when mammalian cells are deprived
of an essential amino acid. Most of these also occur during pro-
tein synthesis inhibitor treatment or glucose starvation (7, 8,
17). However, decreased aminoacylation of the cognate tRNA
with uncharged tRNA accumulation is unique to amino acid
starvation (1 1, 13) suggesting that uncharged tRNA molecules
were involved in HL-60 differentiation during amino acid star-
vation. Two other pieces of evidence also suggest that uncharged
tRNA molecules were important in the induction of HL-60 dif-
ferentiation by amino acid starvation: first, the induction of dif-
ferentiation by histidinol with the inverse correlation between
the degree of differentiation and the medium histidine concen-
tration, and second, the differential effect of cycloheximide and
puromycin on differentiation during amino acid starvation.

Significant qualitative and quantitative changes in tRNA
isospecies occur during differentiation of plant cotyledons, insect
larvae, amphibian embryos, and mouse erythroleukemia cells,
thus suggesting an important regulatory role of tRNA during
cellular differentiation (18, 19). Amino acid starvation can cause
unequal aminoacylation of the cognate tRNA isospecies (18),
and because of tRNA hypomodification can cause changes in
both cognate and noncognate tRNA isospecies (20). Changes in
the intracellular availability of certain aminoacylated tRNA
isospecies can lead to mRNAdiscrimination (21, 22). Amino
acid starvation of HL-60 cells may allow further elucidation of
the mechanisms involved in the regulation of gene expression
during human myeloid differentiation and, in particular, the
role of tRNA molecules.
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