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ABSTRACT

Metabolic requirements of malignant cell lines derived from patients
with chronic myelogenous and acute lymphoblastic leukemias were com
pared to those of proliferating normal cells (mitogen-stimulated human
lymphocytes) and circulating blasts from acute myeloblastic and acute
lymphoblastic leukemias. Requirements were judged by degree of amino
acid (AA) utilization in short-term cultures and assessed by the effect of
selective AA deprivation on cell growth. Cell growth was measured by
DNA synthesis and growth rate analysis. Six AAs (serine, threonine,
methionine, valine, phenylalanine, and lysine) were appreciably utilized
(52-87%) by IM-9, (KM. MOI I 4. and K-562 cells, but little or no
utilization of these or any other AAs were noted in HSB cells, in leukemic
blasts, or in mitogen-stimulated normal lymphocytes in short-term cul
ture. Omission of lysine from culture media greatly inhibited cell growth
(DNA synthesis by 91 %X and cell density (by 83%) of IM-9 cells.
However, omission of lysine, valine, serine, threonine, methionine, or
phenylalanine had less of an effect on CEM and MOLT-4 cell lines.
These observations demonstrate that under the conditions used the IM-
9 cell line is uniquely dependent on extracellular lysine levels in contrast
to the other cell lines studied. This suggests that human malignancies
other than acute lymphoblastic leukemia which exhibits an obligate
dependence on extracellular asparagine might be manageable by enzy
matic degradation in vivo or by dietary restriction of indispensable AAs.

INTRODUCTION

The metabolic requirements of certain malignant cells have
been shown to differ from those of normal cells in several
human and animal studies. Dietary deprivation of methionine
or phenylalanine selectively affects the growth of tumors in rats
whereas deprivation of other AA3 does not (1-2). Likewise, the

proliferation of murine leukemia cells in culture media is ad
versely influenced by omission or enzymatic degradation of
either methionine or phenylalanine (3-7). In human systems a
phenylalanine, serine, cysteine, methionine and to a lesser
extent leucine, alanine, glycine, valine, and arginine require
ment has been demonstrated for certain tumors and leukemic
cells (8-16). However, the best known AA dependency in hu
man malignancy is that of ALL cells for asparagine (17-20).
This selective AA dependency can be clinically exploited by
enzymatically depleting the in vivo leukemic cell environment
of asparagine by asparaginase infusion. This approach has
become standard therapy for a subset of ALL patients leading
to disease remission (21). A number of well-characterized cell
lines that mimic the proliferative pool of human malignancies
have been derived from cancer patients (22-24). These cells can
be used as models to explore the possibility that certain human
malignancies might have therapeutically exploitable unique
metabolic requirements.
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In this report we have investigated AA utilization by cell lines
derived from patients with chronic myelogenous leukemia and
ALL and compared the response with that of PHA-stimulated
normal cells and of nonproliferative leukemic blasts. Differen
tial AA requirements of malignant cells were documented by
monitoring AA depletion in media during short-term culture
and confirmed by assessing the effect on cell growth by omitting
specific AAs from culture media.

MATERIALS AND METHODS

Cells. Normal lymphocytes and blasts from AML and non-T, non-B
ALL patients were prepared from heparinized peripheral blood by using
a Ficoll-Hypaque gradient. The procedure was modified to remove
monocytes (25). Cell lines included IM-9 (a B-cell line derived from
chronic myelogenous leukemia in blast crisis), a gift from Dr. J. Roth,
NIH, Bethesda, MD; CEM, MOLT-4, and HSB cells (T-cell lines
derived from ALL) obtained from Dr. S. Hsia of the Medical College
of Georgia, Augusta, GA, Dr. S. Balcerzak of Ohio State University,
Columbus, OH, and the American Type Culture Collection, Rockville,
MD, respectively; and K-562 cells (a pluripotent stem cell derived from
chronic myelogenous leukemia in blast crisis), a gift from Dr. B. Lozzio
of the University of Tennessee, Knoxville, TN. Cell lines (passage 16
from original seed) were stored in liquid nitrogen and thawed prior to
use in studies.

Cultures. Cells were cultured in a 37"C incubator at 5% CO2 (Forma
Scientific, Marietta, OH) and were seeded at 2 x 10* cells/ml (unless

otherwise noted) in complete or AA deficient RPMI 1640 media
(GIBCO, Grand Island, NY) supplemented with 10% PCS (MA Bio-
products, Walkersville, MD), 1 HIMglutamine (GIBCO), and 0.1 mg/
ml gentamycin (Schering Pharmaceutical Corp., Kenilworth, NJ). In
complete RPMI 1640 media deficient in one or more AA were prepared
with the GIBCO Selectamine kit (GIBCO). At the termination of
cultures (3 days) the cells had reached an average density of 2 x IO6

cells/ml.
AA and Glucose Analyses. AA and glucose contents of complete and

incomplete media were ascertained prior to culture and in spent media
for each experiment. AA and glucose concentrations were determined
in triplicate by published procedure (26) using a standard high perform
ance liquid Chromatographie instrument (Waters Associates, Milford,
MA), and an Astia X analyzer (Beckman Instruments, Inc., Fullerton,
CA), respectively. These determinations were conducted at the Core
Nutrition Research Unit of the Georgia Institute of Human Nutrition
at the Medical College of Georgia.

DNA Synthesis. Aliquots of normal lymphocytes, cell lines, or leu
kemic blasts in 0.2 ml of complete or incomplete RPMI 1640 media
supplemented with 10% FCS were added to 96-well microtiter plates
(Costar, Cambridge, MA) at 2 x IO4 cells/well. Normal lymphocytes
were stimulated with 1 Mg/well of PHA-P (DIFCO Laboratories, De
troit, MI). Unstimulated lymphocytes served as controls. After 68-h
incubations all cultures were pulsed 4 h with 1 /tCi/well (specific
activity, 20 Ci/nmol) of [methyl-}H]thymid\ne (Amersham, Arlington

Heights, IL). Cells were then harvested on glass filters (MA Bioprod-
ucts) using a Mash II cell harvester (Microbiological Associates, Wash
ington, DC) and washed with an excess of distilled water. Filters were
transferred to scintillation vials containing 0.1 ml/vial of tissue solu-
bilizer (Nuclear Chicago, Chicago, IL). After I h incubation at 37'C, 5

ml/vial of a toluene-based scintillation fluid were added, further incu
bated overnight in the dark, and counted in l S 15(1liquid scintillation
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counter (Beckman Instruments, Inc., Irvine, CA) with counting effi
ciency of 45% (SE, 1%).

Cell Density. Cell counts prior to and following culture in complete
and incomplete media were determined by a standard hemocytometer
using light microscopy. The viability of the cells as determined by
tr>pan blue exclusion was routinely 95% or greater.

RESULTS

AA Utilization by Malignant versus Normal Cells. The AA
compositions of fresh RPMI 1640 media (Table 1) were mea
sured to be within 20% range of concentrations reported by the
manufacturer. The means of these values were used as the basis
for comparison of all experimental values from spent media of
the various cell cultures. The AA content of 10% PCS was also
determined and its AA contribution to the media was minimal.
For these experiments we elected not to use dialyzed PCS since
the AA contribution was small and it was felt that other
essential growth factors might be lost during dialysis which
would adversely affect cell growth. In later experiments, how
ever, dialyzed PCS was utilized for completeness and no differ
ences in response were noted (see below). Since glutamine is an
obligatory AA for cell culturing and is known to be unstable in

Table I Amino acid composition of fresh RPMI 1640 (Â¡0%FCS) and of
10% FCS

Means and SEs were derived from six experiments done in triplicate.

AAAspartic

acidGlutamic
acidAsparagineSerineGlutamineHistidineGlycineThreonineAlanineArginineTyrosineMethionineValineTryptophanPhenylalanineIsoleucineLeucineLysineMean

Â±SE
(MM)131

Â±14165
Â±18285
Â±20247
Â±223208
Â±256104

Â±6163
Â±25151

Â±1292
Â±9786

Â±11984
Â±576

Â±5176
Â±932
Â±482

Â±5312Â±3I302

Â±7168
Â±1910%

FCS408402788136828950003801210250

culture media (27), no comparisons of glutamine utilization
between cell lines were attempted. However, rigorous attention
was paid to providing glutamine and glucose in excess so as not
to become a growth limiting factor in these studies. Except for
decreasing glutamine content, no alterations were seen in the
AA composition of fresh media without cells maintained par
allel to cultures under comparable conditions (data not shown).

As shown in Table 2 no significant AA utilization was dem
onstrated for the PHA-stimulated normal lymphocytes included
as controls despite an average glucose consumption of 30%.
Likewise, HSB cells and blasts from patients with AML or
ALL exhibited only slight AA utilization after a 3-day culture.
Increased levels of aspartic acid, glutamic acid, and alanine
were noted in several cultures. AA utilization of the remaining
malignant cell lines (IM-9, CEM, Molt-4, and K-562) are
shown in Table 3. Six AAs including serine, threonine, methi-
onine, valine, phenylalanine, and lysine were significantly de
pleted in some or all cell cultures (an arbitrary value of >60%
depletion in one or more cell lines was considered significant).
Serine and lysine were consistently utilized to the greatest
extent by all cell lines (serine, 89-95%; lysine, 66-87%). Glu
tamine and glucose levels were 10-30% of initial values in spent
media.

Cell Growth in AA-depIeted Media. The extent to which the
six AAs utilized by IM-9, CEM, MOLT-4, and K-562 are
obligatory for optimal cell growth was ascertained by DNA
synthesis and cell density studies as follows: (a) DNA synthesis
by IM-9, CEM, MOLT-4, and K-562 cells cultured in complete
medium was compared to DNA synthesis in incomplete me
dium (lacking serine, threonine, methionine, valine, phenylal
anine, or lysine). AA analyses of incomplete medium in each
case demonstrated the total absence of the particular AA omit
ted. Results of two sets of experiments are shown in Table 4.
Omission of serine from culture media did not impair DNA
synthesis appreciably except in the case of the K-562 cells. This
observation contrasts with the extensive utilization of serine by
all cell lines. Depletion of lysine, however, greatly inhibited
DNA synthesis in IM-9 (91 %), MOLT-4, and K-562 cells (72%
each) but not appreciably in CEM cells (24%). Lack of valine
inhibited DNA synthesis of IM-9 (82%) and MOLT-4 cells
(84%) but not of CEM or K-562 cells (<35%). Depletion of
threonine, methionine, and phenylalanine did not have a dra-

Table 2 Amino acid utilization by cultured cells
Peripheral blood lymphocytes from normal individuals and blasts from patients with AML and ALL were seeded at 10" cells/ml of culture. HSB cultures were

seeded at 2 x 10*cells/ml. Peripheral blood lymphocytes were stimulated with PHA. Residual AA concentrations after 3-day cultures are expressed as >imol/liter and
as fractions of initial concentrations, respectively. Values are means of four separate experiments each done in triplicate.

AA

Peripheral blood
lymphocyte AML ALL HSB

Residual Fraction Residual Fraction Residual Fraction Residual Fraction

AsparticacidGlutamic
acidAsparagineSerineGlutamineHistidineGlycineThreonineAlanineArginineTyrosineMethionineValineTryptophanPhenylalanineIsoleucineLeucineLysine2023173262602901

(11221116813878377

(781873694328355198.54.92.15.051.9.07.29.12.491.92.02.06.13.14.05.17.1717820331228936371192621921518321008219026

<85309

(349117

1.36.23.1.17.13.14.6.27.63.06.19.08.08).81.04).99.15).72323062722082725104156132113605606516341852983182471.771.850.960.840.8510.950.881.220.770.710.850.931.281.040.951.051.47182286246132175083193119305588704912829642462401121.391.730.870.530.550.81.180.793.30.750.830.650.730.90.780.790.80.67
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Table 3 Amino acid utilization by cultured cells
All cultures were seeded at 2 x KP cells/ml. Residual amino acid concentrations after 3-day cultures are expressed as Â¿mini/IJUTand as fractions of initial

concentrations, respectively. Values are means of four separate experiments each done in triplicate.

IM-9 CEM MOLT-4 K-562

AAAspartic

acidGlutamic
acidAsparagineâ€¢Serine'GlutamineHistidineGlycine'ThreonineAlanineArginineTyrosine*Methk>nineâ€¢ValineTryptophanâ€¢PhenylalanineIsoleucineLeucineâ€¢LysineResidual144298249155335615058212579362751352317013922Fraction1.11.80.880.060.170.530.920.392.30.740.430.350.291.080.280.540.460.13Residual98370216187985612623244340371855393216814638Fraction0.752.240.760.070.250.540.771.540.470.430.440.230.311.220.40.540.480.23Residual182331242127286112865366589443268243023219536Fraction1.3920.850.050.230.590.780.433.960.750.520.410.390.740.370.740.640.22Residual1623192702815676218082122546503284273720318258Fraction1.231.930.950.110.490.591.10.551.330.690.590.420.480.840.450.650.60.34

*, AAs depleted >60% in one or more cell line.

Table 4 DNA synthesis of susceptible cell lines grown in media lacking one AA
Cultures were seeded at 2 x 10s cells/ml media lacking one of the listed AAs.

After 68 h incubation, cultures were pulsed with | ' 11|i h>midiiu- to ascertain DNA

synthesis. Values are means of two experiments in triplicate and are expressed as
the percentage of DNA synthesis of homologous cells cultured in whole media.

AALysine

Serine
Threonine
Methionine
Valine
PhenylalanineIM-9992

98
8818

50CEM76

70
80

100
81
91%ofMOLT-428

97
70
60
16
73K-56228

38
61
33
65
56

Table 5 DNA synthesis and density of cells cultured in media
lacking specific AAs

DNA synthesis and density of cells cultured in whole media or media lacking
lysine, valine, or both are expressed as the percentage of values obtained from
each set of cells cultured in whole media.

%ofCellsIM-9CEMMOLT-4MediaRPMIRPMI

-lysineRPMI
-valineRPMI
-bothRPMIRPMI

-lysineRPMI
-valineRPMI
-bothRPMIRPMI

-lysineRPMI
-valineRPMI
- bothDNAtoo96014100598042100476346Density100189091007011060100607652

Peripheral blood lym
phocytes

RPMI

RPMI - lysine
RPMI - valine
RPMI - both

100

100
100
100

100

100
100
100

matic effect on DNA synthesis in any cell line, (b) Based on
these results, DNA synthesis and cell density assays of IM-9,
CEM, and MOLT-4 cells were assessed in five experiments
after 48 h in complete media or in media lacking lysine, valine,
or both (AA shown to be the most important nutrients). The
most significant effects were noted for the IM-9 cells in lysine-
depleted media (Table 5). Both DNA synthesis and cell density
were inhibited 91 and 82.5%, respectively. CEM and MOLT-4

cells were less inhibited by deprivation of lysine. In contrast to
previous results valine depletion did not affect cell growth as
dramatically as before. Normal peripheral blood lymphocytes
were also unaffected by depletion of either or both AA. As
expected, a good correlation was observed in the magnitude of
inhibition of DNA synthesis and of cell density by selective or
combined AA depletion in all experiments (Fig. 1).

Cell Growth as a Function of Lysine Concentration. The effect
of lysine concentrations (0 to 168 Â¿/moI/Iher) on IM-9 and
CEM cell growth was ascertained in five separate experiments.
The possible contribution to the medium of lysine in fetal calf
serum was minimized by overnight dialysis of the serum prior
to use. Fig. 2 shows the DNA synthesis dose response curve. It
is evident that the growth of IM-9 cells is greatly inhibited by
lack of lysine but recovers with as little as 10% lysine (17 /umol/
liter) added to the medium. It should be noted that the amount
of inhibition at 0 concentrations of lysine in medium with
dialyzed FCS was not significantly different from previous
results with nondialyzed FCS in the medium. At 20% lysine
(34 /umol/liter) concentrations, the growth of IM-9 cells is
virtually normal. CEM cells are only moderately affected in

no-100

-90

-80

-70-50

-

40 -

30-

20 -

10-

fi -__.-.1-,Ã•
C V L VL

MEDIA COMPOSITION
Fig. 1. Effect of AA-deficient media on cell proliferation. IM-9, CEM, and

MOLT-4 cells (left, middle, and right, respectively) were cultured in complete
RPMI 1640 (O or in RPMI 1640 media lacking valine (V), lysine (L), or both
valine plus lysine ( VL). DNA synthesis (â€¢)and cell density (1J)achieved by each
cell line in each medium at the end of the culture period are expressed as the
percentage of DNA synthesis and density achieved in whole medium. Data shows
average of triplicate determinations.
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0.2 0.6 0.8

LYSINE CONCENTRATIONS

Fig. 2. Effect of lysine depletion on DNA synthesis by susceptible cells. CEM
(â€¢)and IM-9 (â€¢)cells were cultured in KI'MI 1640 containing 0 (0.0) to 100%
( 1.0) of the concentrations of lysine found in whole RPMI 1640. DNA synthesis
achieved by each cell line in each medium at the end of the culture period is
expressed as the percentage of DNA synthesis achieved in whole medium. Points,
average of triplicate determinations.

lysine-depleted media and recover to nearly normal levels with
17 /imol/liter lysine.

DISCUSSION

The intent of this study was to compare the nutritional
requirements of several malignant cell types with that of I'11A
stimulated normal lymphocytes in short-term cultures. The
criteria for a relative nutrient requirement were: (a) depletion
of AA (as demonstrated by high performance liquid Chromato
graphie analysis of the medium), and (b) an appreciable effect
on cell proliferation (cell density and DNA synthesis) by omis
sion of selected AAs. These studies were not conducted to
determine essential versus nonessential AAs but rather to com
pare relative growth requirements of each cell type under mod
erate conditions.

Several points need to be addressed in studies of this kind:
(a) AA utilization among different cell types was assessed under
conditions of optimal cell growth provided by RPMI 1640
which was considered simpler than performing individual sat
uration curves for each AA (28-30). The media were supple
mented with glutamine and glucose to maintain sufficient cell
growth; (b) the average proliferative phase (three to four pop
ulation doublings) was studied rather than the clonal growth
phase (minimum of six doublings) of each cell type (31). Fur
thermore, the low initial density of the cells at the beginning of
cultures would preclude any contribution to the culture media
of ini nicolIular AA due to "leakage" (32).

Our studies identified a greater relative utilization of six AAs
(serine, threonine, methionine, valine, phenylalanine, and ly
sine) by certain leukemic cell lines of diverse origin in compar
ison to that of proliferative normal cells. This requirement was
common to four (IM-9, CEM, MOLT-4, and K-562) of five
cell lines studied. No significant AA utilization was noted in
circulating blasts from patients with AML or ALL. This, how
ever, was not surprising considering the fact that >95% of
circulating leukemic cells are in the nonproliferative pool (33).
In addition there was an observed net increase in aspartic acid,
glutamic acid, and alanine in the majority of the cultures which
might be a product of glutamine metabolism, pyruvate produc
tion, or Krebs cycle activity (31). BÂ¡Â«syntheticpathways vary
among cell types and are affected positively or negatively by

culture conditions including the intra- and extracellular concen
trations of AAs, other media components, inhibitors, and by
the cell cycle. No attempt was made here to address these
aspects regarding the net increase in aspartic acid, glutamic
acid, and alanine although this would certainly be an area to
explore further.

Selective omission of each of the six AAs identified in the
previous experiments from culture media affected each cell line
differently in terms of DNA synthesis in preliminary experi
ments. Both IM-9 and MOLT-4 cells were significantly affected
by depletion of either lysine or valine whereas K-562 cells were
inhibited by lysine, serine, or methionine depletion. CEM cells
were not greatly affected by depletion of any of these AAs. Not
surprisingly, omission of serine, a nonessential AA (34), did
not affect DNA synthesis except in the case of K-562 cells.

When these experiments were repeated monitoring both
DNA synthesis and cell density concomitantly, abrogation of
IM-9 cell growth was observed at lysine concentrations less
than 34 /Â¿mol/liter.Similarly the growth of CEM cells was
inhibited at levels less than 17 Â¿imol/literof lysine in the media.
In contrast valine depletion had only a moderately inhibitory
effect and did not enhance the inhibitory effect of lysine deple
tion. Similarly, MOLT-4 cells were not as affected by lysine
depletion as seen previously.

The selectivity and magnitude of AA utilization by the various
cell lines and the effect of specific AA depletion on their
respective proliferation in short-term culture suggest unique
metabolic requirements by certain cells. AA deprivation affected
growth of proliferating cell lines regardless of cell origin (B-,
T-, or pluripotent stem cell) suggesting that the effect is more
a function of neoplastic transformation than the type or origin
of the tumor. Discrepancies between AA utilization and the
effect of AA depletion on metabolism and proliferation of the
various cell lines might reflect differences in either the intracel-
lular pools of AA or in the cells' capability to synthesize specific

AAs. Whichever the case, the dependency of certain human
leukemic cell lines on extracellular sources of selective AAs as
exemplified in this report suggests dietary restriction or in vivo
enzymatic degradation of selective AAs as therapeutic alterna
tives for the management of human leukemia.
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