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ABSTRACT

To examine whether human leukemic cells produce growth
factor(s), a protein-free culture line of human erythroleukemic
cells (K-562T1) has been established. This unique cell line has
been continuously propagated in protein-free Ham's F-10 me

dium without any supplement for 5 yr. Growth-promoting activity
was determined by measuring [3H]thymidine incorporation into
DMA in serum-deprived chick embryo fibroblasts. The condi
tioned medium of K-562T1 contained the growth-promoting ac
tivity against chick embryo fibroblasts, mouse 3T3-L1 cells, and
K-562 human leukemic cells. This leukemia-derived growth-pro

moting activity was heat and acid stable and trypsin sensitive.
The activity was destroyed by dithiothreitol. Size exclusion chro-

matography revealed three peaks of activity, with apparent mo
lecular weights of 13,500, 6,300, and 2,400, respectively.

INTRODUCTION

Learning how cells of multicellular animals control their prolif
eration rates has been a key objective of experimental biology.
Nutritionally simple microbes offer several advantages for bio
chemical studies on animal tissues. Compared to Escherichia
coli, our knowledge of the structural organization and biochem
istry of eukaryotic cells is still pitifully meager. Now almost all
productive approaches to the control mechanisms governing cell
proliferation utilize the in vitro growth of cells in culture. In
general, the growth in culture requires not only a well-defined

collection of amino acids and vitamins but also depends upon
protein factors present in the serum. In the absence of such
growth-promoting factors, most cells enter a resting state of the

GÃ¬phase of the cell cycle, with a substantial reduction of cell
number or complete cell death within a few days. However, the
complex nature of such growth-promoting factors in the serum

represents an undefined variable when assessing the biochemi
cal changes within the cells during proliferation or differentiation.
To circumvent this problem, long-term cultivation of human leu
kemic cells (K-562T1) has been established in a protein-free
chemically defined medium (1). K-562T1 cells have been contin
uously propagated in a protein-free synthetic medium without
serum or any growth-promoting factors. It is of great interest to

see whether the cells produce growth factor(s) that may support
their own growth in the protein-free medium. The present study

describes production of growth factor(s) by this unique human
cell line.
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MATERIALS AND METHODS

Cell Culture

A human erythroleukemic cell line (K-562T1 ) has been established in
a protein-free chemically defined medium as described previously (1).
The cells have been continuously propagated in protein-free F-10 syn

thetic medium with about 30 h of population doubling time, and they can
synthesize hemoglobin in response to hemin. Conditioned medium was
harvested from dense cultures (1 x 106 cells/ml) of K-562T1 and stored
at -20Â°C until use.

Assay for Growth-stimulating Activity

Serum-deprived, subconfluent chick embryo fibroblasts were prepared

by trypsinizing secondary cultures of chick embryo fibroblasts. Chick
embryo fibroblasts were obtained from the body walls of 12-day old

chicken embryos and cultured according to methods described by Temin
(2). Replicate secondary cultures containing 3.3 x 10s cells/well (24-
multiwell; Nunc) were prepared in 1 ml of F-10 medium with 0.4% FBS3

(Flow Laboratories, Inc., Rockville, MD), and they were incubated at
37Â°C in a humidified atmosphere of 5% CO2 in air. After 3 days of
incubation, medium was changed into Eagle's MEM without serum, and

samples were added just after medium renewal. Sixteen h after the
addition of samples, 3H-labeled thymidine (6.7 Ci/mmol [methyl-3H]lhy-

midine; New England Nuclear, Boston, MA) (0.5 ^Ci/ml) was added, and
the cells were pulse labeled for 1 h. The acid-insoluble fraction was

precipitated with 10% cold TCA, and the radioactivity was counted by a
liquid scintillation counter. The mouse fibroblastic cell line 3T3-L1 (3) and
rat lung fibroblasts (4) were also used for determination of growth-

promoting activities. Assays were routinely performed in triplicate, and
the data were expressed as [3H]thymidine incorporation (mean cpm) per

culture well.

Characterization of Leukemia-derived Growth-promoting Activity

K-562T1-conditioned medium was concentrated 1300-fold with an
Amicon follow-fiber apparatus, using a type H1P5 filter. The concentrate

was dialyzed against 1% acetic acid using a Spectrapor membrane and
clarified by centrifugation. This material was lyophilized and used for
characterization studies.

Trypsin. The samples were incubated for 30 min at 37Â°Cwith trypsin

(50 Mg/ml; type IX, hog pancreas; Sigma) with or without soybean trypsin
inhibitor (100 /Â¿g/ml;Sigma; type IS).

Thermal Effects. Samples were incubated at various temperatures
for 30 min.

Other Treatments. Samples were exposed to dithiothreitol (60 mivi;
Sigma) for 60 min at room temperature. To remove dithiothreitol, samples
were lyophilized, subjected to a PD-10 column (Pharmacia), and assayed

for bioactivity. Samples were incubated with antisera to EGF, NGF
(Collaborative Research), or somatomedin C kindly donated by the
National Institute of Arthritis, Diabetes, and Digestive and Kidney Dis
eases and by the National Hormone and Pituitary Program. Residual
activity was measured after 60-min incubations at 37Â°C.

3The abbreviations used are: FBS, fetal bovine serum; EGF, epidermal grpwth

factor; NGF, nerve growth factor; LGF, leukemia growth factor; MEM, minimal
essential medium; TCA. trichloroacetic acid.
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Gel Filtration Chromatography

The conditioned medium (4000 ml) was lyophilized, resuspended in
60 ml of distilled water, and applied to a Biogel P-6 column (100-200
mesh) (1100-ml bed volume) equilibrated with 0.05 M phosphate buffer,

pH 7.O. Active fractions around the void volume region were pooled and
concentrated to 4 ml and applied to a Biogel P-60 column (100-ml bed

volume) equilibrated with the same buffer. To estimate the molecular
weights of each active fraction obtained by Biogel P-60 column chro-
matography, fractions from each peak were applied to a Sephadex G-
50 superfine column (100-ml bed volume) equilibrated with the same
buffer. The column was calibrated using 7-globulin (M, 160,000), cyto-

chrome c (M, 12,400), insulin (M, 5,700), and bacitracin (M, 1,450).

RESULTS

Protein-free Culture. A protein-free culture line of human
erythroleukemia cells has been established from the original K-
562 cells in F-10 synthetic medium (1). The cells (K-562T1) have
been propagated continuously in F-10 medium without any sup
plement for 5 yr. Population-doubling time was about 30 h, and
the saturation density was more than 1 x 106cells/ml of medium

(Figs. 1 and 2).
Production of Growth-promoting Activity by K-562T1 Cells.

Conditioned medium of K-562T1 cells was pooled, lyophilized,
and subjected to a Biogel P-6 column. Growth-promoting activity
was noted in the void volume region (Fig. 3). The active fractions
were pooled and assayed against chick embryo fibroblasts and/
or 3T3-L1 fibroblasts. The active fractions stimulated DNA syn
thesis of both chick embryo fibroblasts and 3T3-L1 cells in a
dose-dependent manner (Fig. 4). The kinetics of growth factor
production was studied by comparing the amounts of growth-
promoting activity generated by K-562T1 cells. Fig. 2 shows the
results of an experiment in which K-562T1-conditioned media
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Fig. 1. Growth curve of K-562T1 cells in a protein-free medium. The cells of
passage 95 were grown in 2 ml of protein-free F-10 medium. The medium was
changedevery day. Points, mean from two dishes.

were collected continuously for 24, 36, 48, 60, and 72 h and
assayed for growth-promoting activity. The activity in the condi
tioned media increased in a time-dependent manner. As shown
in Fig. 5, the amount of growth-promoting activity produced by
K-562T1 cells, cultured for 24 h in F-10 synthetic medium, was
proportional to cell density over a range of 1-15 x 10scells/ml.

Characterization of the Leukemia-derived Growth-promot
ing Activity. The growth-promoting activity was not lost after
dialysis against 1% acetic acid, suggesting that the activity is
acid stable (Fig. 6). The activity was destroyed by trypsin at
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Fig.3. Gel filtration profile of K-562T1-conditioned medium on Biogel P-6.
Activities were assayed on serum-deprivedchick embryo fibroblasts.

r
Ã•

i 05 an o I2S o
Protein. 0g/Â«J

Fig.4. Stimulation of [3H]thymidineincorporation into DNA in serum-deprived
3T3-L1 cells by the active fractions of Biogel P-6. 3T3-L1 cells were prepared by
plating 2 X 10* cells in 24 multiwells (Nunc) in Dulbecco's MEM containing 10%
FBS. After 5 h, the medium was removed and replaced with 1 ml of Dulbecco's

MEM containing 0.4% FBS per well. One day later, 0.1 ml of sample was added
without changingthe medium.After 16 h, the cells were exposed for 1 h to 0.5 */Ci
of [3H]thymidine.The acid-insolublefraction was precipitated with 10% cold TCA,
and the radioactivity was counted by a liquid scintillationcounter.
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Fig.2. Kinetics of growth factor release by K-562T1 cells growing in a protein-
free medium.The cells were cultured at 37Â°Cfor the time indicated. For each time
point, supematants were assayed for the growth-promoting activity against chick
embryo fibroblasts. [3H]Thymidineincorporation by fibroblasts in the absence of
growth factor was subtracted from each data point. Points, meanfrom three wells.
â€¢,LGF activity; A, growth curve (cell number/ml).

1000

500-

200
235

Cell Density

Fig. 5. Dependenceof growth factor releaseon concentration of K-562T1cells.
K-562T1 cells were incubated at various concentrations in 50 ml of F-10 medium
for 48 h. The conditioned medium was lyophilized and applied to a Biogel P-6
column. The active fractions were pooled and assayed against chick embryo
fibroblasts. Points, mean from three wells.
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Fig. 6. Effect of dialysis on the activity against 1% acetic acid. O, before dialysis;
, after dialysis.
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Fig. 7. Treatment of growth factor with trypsin. O, with trypsin (+T>p); â€¢ â€¢,
without trypsin (-Trp, -SBTI); 9- â€¢-â€¢,with trypsin and soybean trypsin inhibitor

(SB77)(+7Vp, +SB7Ã•).Points, mean from three wells.

37Â°C for 30 min (Fig. 7). Loss of the activity occurred with

dithiothreitol treatment (Fig. 8). These data suggest that the
growth factor(s) is a protein (trypsin sensitive), which appears to
contain at least one essential disulfide bond (dithiothreitol sen
sitive). The activity was stable at 80Â°Cfor 30 min (Fig. 9). Table

1 shows the effects of antisera to epidermal growth factor, nerve
growth factor, or somatomedin C on the growth-promoting ac

tivity. These antisera did not inhibit the activity.
Gel Filtration Chromatograph/. To estimate the molecular

size of the LGF, the active fractions obtained from Biogel P-6
(Fig. 3) were pooled, lyophilized, and applied to a Biogel P-60

column. As shown in Fig. 10, three apparent peaks (A to C) of
the activity were noted. Three peak fractions were pooled,
respectively, and they were further subjected to a Sephadex G-
50 superfine column. From the elution patterns in Fig. 11, the
molecular weights (Peaks I to ///) were estimated as 13,500,
6,300, and 2,400, respectively.

DISCUSSION

Although many malignant or nonmalignant cells have been
reported to produce growth factors in culture (5-9), the major

difficulty in showing the direct evidence that the cells produce
growth factors is the contamination of growth factors by calf
serum (2). All of the studies cited above used cells that had been
cultured in serum-containing medium. Numerous growth factors

are indeed present in the bovine serum. Even after vigorous
washing of the cells, many factors which had been sequestrated
on the cell surface or incorporated into cytoplasm may be
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Fig. 8. Treatment of growth factor with dithiothreitol. O, with dithiothreitol
(+D7T); â€¢,without dithiothreitol (-077). Points, mean from three wells.
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Fig. 9. Heat stability of growth factor. A concentrate of the active fractions from
Biogel P-6 was incubated at various temperatures for 30 min. Points, mean from
three wells.

Table 1

Effects of antibodies to NGF, EGF, and somatomedin C
Samples were incubated with each diluted antiserum for 60 min at 37Â°C.The

residual activity was assayed against chick embryo fibroblasts. The percentage of
control equals cpm (culture well with LGF and each antiserum) minus cpm (culture
well without LGF) divided by cpm (culture well with LGF) minus cpm (culture well
without LGF). Values are mean of three wells.

Antibody

[3H]Thymidine incorporation

(% of control)

None
NGF
EGF
Somatomedin C

100
157
137
152
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Fig. 10. Gel filtration profile of Biogel P-6 active fractions on Biogel P-60. The
active fractions from Biogel P-6 were pooled, lyophilized, and loaded on a Biogel
P-60 column. Growth-promoting activity was determined by measuring ['HJthymi-
dine incorporation into DNA in serum-deprived chick embryo fibroblasts. A, B, C,
three apparent peaks of activity; â€”, growth-promoting activity; , AMD.

released into serum-free medium used for purification of the

aimed growth factors. To exclude this troublesome possibility,
the use of cells established in a protein-free culture system
provides a great advantage for the demonstration and purifica-
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Fig. 11. Gel filtration profile of active fractions
from Biogel P-60 on Sephadex G-50 super fine.
To determine the molecular weights of each of
the three active peaks (A, B, C) in Biogel P-60
chromatography, they were applied to a Sepha
dex G-50 superfinecolumn. The growth-promot
ing activities were assayed against serum-de
prived chick embryo fibroblasts. Standards in
cluded >-globulin (M, 160,000),cytochrome c (M,
12,400),insulin(Mr5,700),andbacitracin(Mr1,450).
â€”, growth-promoting activity; , AMO.
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Fig. 12. Effect of leukemia-derivedgrowth factor(s) on K-562 leukemic cells.
Serum-deprivedK-562 cells were prepared by plating 2 x 105cells in 96-multiwell
plates (Coming) in RPMI-1640 medium without FBS. After 3 days of serum-free
incubations. LGF from Biogel P-6 fractions was added without changing medium.
After 16 h, the cells were exposed for 5 h to 0.1 ^Ci of [3H]thymidine.The acid-
insoluble fraction was precipitated with 10% cold TCA, and the radioactivity was
counted with a liquid scintillationcounter.

tion of growth factors produced by the cells. K-562T1 cells have
been well propagated in a protein-free chemically defined medium

for 5 yr (1). No supplements were used in the culture. It is
therefore apparent that growth factors present in the conditioned
medium of this cell line are produced by the cells themselves.
The present study described production and characterization of
growth factor(s) from human erythroleukemic cells that had been
continuously propagated in a protein-free medium. The growth
factor(s) stimulated DNA synthesis of serum-deprived chick em
bryo fibroblasts, mouse 3T3-L1 cells, and rat lung fibroblasts
(data not shown). It is of great interest to learn how K-562T1
cells can be propagated in a protein-free medium without addition
of any growth factor. The growth factor(s) from K-562T1 cells
has been shown to stimulate DNA synthesis of the original K-

562 leukemic cells (Fig. 12). These observations suggest that
the growth factor(s) from K-562T1 cells may support their own
growth in the protein-free culture medium.

The LGF was heat and acid stable and trypsin sensitive. The
activity was destroyed by dithiothreitol. These data suggest that
LGF is a protein, which appears to contain at least one essential
disulfide bond. The results that the activity was not inhibited by
antisera to NGF, EGF, or somatomedin C suggest that LGF
differs from these well-known growth factors. Our preliminary
studies showed that LGF did not have an insulin-like activity,

measured by glucose oxidation in isolated rat adipocytes (10)
(data not shown). Thus, LGF does not appear to be an insulin-

somatomedin family of growth factors (11). Size exclusion chro
matography revealed that LGF had apparent molecular weights
of 13,500,6,300, and 2,400. The molecular size of LGF suggests
that LGF is different from platelet-derived growth factor with an

approximate molecular weight of 30,000 (12). LGF failed to
stimulate the colony formation of normal rat kidney fibroblasts in
soft-agar culture medium (data not shown), suggesting that LGF

was distinct from transforming growth factor (13). These obser
vations suggest but do not indicate that LGF differs from these
well-characterized growth factors. Whether LGF is a novel

growth factor or is related to these growth factors will have to
be ascertained by further studies. Purification studies are under
way in our laboratory.
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