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Stromal Cell-dependent Growth of Leukemic Cells from Murine Erythroblastic
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Transplantable erythroblastic leukemia was induced by 300-rad irradiation of C3H mice.
Conditions for in vitro growth of the leukemic cells were studied. None of interleukin-3,
granulocyte/macrophage colony-stimnlating factor and erythropoietin could support the growth of
the cells in vifro. In contrast, the leukemic cells grew into a stroma-dependent cell line, ELM-D,
in close contact with the stromal cell layer of 900-rad-irradiated long-term bone marrow culture.
A stroma-independent cell line, termed ELM-I-1, was further established from the non-adherent
population in the co-culture of the leukemic cells, ELM-D, with stromal cells. Reverse tran-
scriptase activity was not detectable in ELM-D or ELM-I-1 cells. Studies on hinding and
cross-linking of lzsI-.erythmpoietin showed that ELM-I-1 cells had erythropoietin receptors, and
two major radiolabeled protein products with molecular weights of 120 kDa and 140 kDa were
detected on sodium dodecyl sulfate/polyacrylamide gel electrophoresis under reducing conditions.
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Studies on leukemia in vivo have often been
complicated by the use of mixed populations
of normal and leukemic cells. A number of
attempts have been made to establish cell lines
which grow in vitro to overcome this problem
and to clarify the character of the leukemic
cells. Some leukemic cells could be adapted to
grow in culiures in vitro. However, this does
not necessarily imply that these cells are in-
dependent of the regulatory sysitem of
hemopoiesis. A possible approach to deter-
mine whether leukemic cells are subject, even
in part, to the normal regulatory system of
hemopoiesis would be to define the conditions
necessary for the leukemic cells to grow in
Vitro.

A transplantable erythroblastic leukemia in
C3H mice" is available as a model for human

** To whom correspondence/reprint requests

should be addressed: The First Division, Depart-
ment of Internal Medicine, Faculty of Medicine,
Kyoto University, Shogoin-Kawaramachi, Sakyo-
ku, Kyoto 606.

79(8) 1988

leukemia. Reverse transcriptase activity was
not detectable in the spleen or the liver of the
mice, or in various kinds of human leukemia
cells.” We have now established transformed
erythroid precursor cell lines derived from
this leukemia. This paper reports some char-
acteristics of the leukemic cell lines and the
conditions for leukemic cell growth in vitro.

MATERIALS AND METHODS

Mice and Erythroblastic Leukemia Mice of C3H/
HeNSle strain were purchased from Shizuocka
Animal Farm (Shizuoka), housed under specific
pathogen-free conditions, and used at 8-10 weeks
of age.

Erythroblastic leukemia was induced by irradia-
tion of C3H mouse with 300 rads of X-rays.”
Spleen cells of the leukemia-bearing mice were
transferred to syngemeic mice, and the leukemia
has been maintained in our laboratory.
Establishment of Stromal Cell Layer Long-term
bone marrow culture was established as described
previously.* Cells from femora and tibiae were
flushed into 7 ml of alpha-minimum essential
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medium (@-MEM)*® supplemented with 20%
horse serum (Nippon Bio-Supply Center, Tokyo),
100 U/ml penicillin, 50 gg/ml streptomycin and
2 107" M hydrocortisone-succinate in a flask with
a base area of 25 cm® (Falcon 3013, USA). The
cultures were maintained at 37° in an atmosphere
of 5% CO, in air, and were fed at weekly intervals
by replacing half the medium with fresh growth
medium. Two weeks later, cultures were washed
with growth medium and irradiated with 900 rads
of X-rays to deplete hemopoietic cells. These cul-
tures were used for experiments as stromal cell
layer.
Preparation of Colony-stimunlating Factors (CSFs)
Conditioned medium from an interleukin-3 (IL-3)-
producing cell line, WEHI-3,” was prepared as
follows. WEHI-3 cells were incubated at a concen-
tration of 1X10° cells/ml in RPMI-1640 sup-
plemented with 10% fetal calf serum (FCS). Me-
dium was harvested after 48 hr of incubation and
stored at —20° until use. The conditioned medium
(WEHI-3-CM) was used as a source of IL-3.
Murine abdominal wall-conditioned medium
(AWCM) was prepared as described previously,
and was used as a source of granulocyte/macro-
phage colony-stimulating factor (GM-CSF).
Erythropoietin Recombinant  erythropoietin
(r-Epo) was produced by ¢2 cells” harboring the
human Epo gene as described elsewhere.®
Leukemic Cell Culture Spleen cells from the mice
bearing erythroblastic leukemia were suspended in
a-MEM supplemented with 109% FCS at a concen-
tration of 2 10° cells/mi, and were cultured in a
flask with a base area of 25 cm® at 37° in humidified
air. To some flasks, either 10% (v/v) WEHI-3-
CM, 109 AWCM, or 2 U/ml of r-Epo was added.
The cells were also seeded onto the stromal cell
layer without WEHI-3-CM, AWCM, and r-Epo.
These cultures were fed at weekly intervals as
described for stromal cells. Numbers of viable cells
were counted every week.
Assay of Reverse Transcriptase and Other DNA
Polymerases Reverse transcriptase and other
DNA polymerase activities of the cell extract were
measured by using phosphocellulose column chro-
matography as described elsewhere.*®

*§ Abbreviations: @-MEM, alpha-minimum essen-
tial medium; IL-3, interlenkin-3; FCS, fetal calf
serum; WEHI-3-CM, WEHI-3 celis conditioned
medium; AWCM, murine abdominal wall-condi-
tioned medium; GM-CSF, granulocyte/macro-
phage colony stimulating factor; r-Epo, recom-
binant erythropoietin; RT, reverse transcriptase;
PBS, phosphate-buffered saline; BSA, bovine
serum albumin; Kd, dissociation constant; Epo-R,
erythropoietin receptor; SDS/PAGE, sodium do-
decyl sulfate/polyacrylamide gel electrophoresis.
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Binding and Cross-linking of Radioactive Erythro-
poietin to Cells Recombinant-Epo was labeled
with "I by the iodogen method,® and was used for
binding and cross-linking studies as described else-
where.” The specific radioactivity of "I-Epo was
40 uCi/ug Epo.

For binding studies, 100 ul of cell suspension
(3x10° cells) was mixed with 50 ul of Ca®*-,
Mg**-free phosphate-buffered saline (PBS) con-
taining 60maA Hepes, 0.3% bovine serum albumin
(BSA), 0.6% NaN;, and "I-Epo in a 1.5 ml tube.
After incubation for 1 hr at 37°, the cells were
pelleted, washed, re-suspended in 200 ul of PBS
and layered on 800 ¢1 of PBS containing 10% BSA.
The cells were separated from the unbound radio-
active ligand by centrifugation at 400g for 5 min,
The tube contents were frozen in solid CO,/etha-
nol, and the tips were cut off. The radioactivity of
the tips was counted on a y-counter, Specific bind-
ing was calculated by subtraction of non-specific
binding (in the presence of 200-fold unlabeled
Epo) from total binding (in the absence of un-
labeted Epo). The number of receptors and their
dissociation constants {Kd) were determined by
Scatchard analysis.

For covalent binding of I-Epo to its cellular
receptor, 2% 1Y cells were incubated at 37° for 1
hr in 300 gzl of RPMI-1640 containing 2% BSA,
20mM Hepes, 0.2% NaN;, and 23 ng of '""I-Epo
(2% 10° cpm) in the absence or the presence of
unlabeled Epo. After incubation, the mixture was
cooled on ice and then the cells were washed three
times. The cells were re-suspended in 600 i1 of PBS
and mixed with 6 gl of disuccinimidyl suberate, a
reagent for cross-linking, freshly dissolved in
dimethylsuifoxide. The mixture was incubated at
0° for 1 hr, and the cells were washed twice with
cold PBS and re-suspended in 80 gl of 20mM
Hepes containing 1% Triton X-100, 2mM
phenylmethylsulfonyl fluoride, 10u M pepstatin, 10
uM leupeptin, 104 M antipain and 2mM EGTA.
After incubation for 30 min at room temperature,
insoluble material was removed by centrifugation
at 12,0009 for 10 min. The supernatant was ana-
lyzed by sodium dodecyl sulfate/polyacrylamide
gel electrophoresis’™ with a separating gel contain-
ing 7.5% acrylamide. The gels were dried and
subjected to autoradiography at —70° with X-ray
films and intensifying screens.

REsuULTS

Conditions for in vitroc Growth of the
Leukemic Cells Spleen cells of the leukemic
mice died out rapidly in the conventional cul-
ture (a-MEM+10% FCS). Almost all cells
died within 2 weeks. After 3 weeks of culture,
fibroblastic (adherent) cell layers were estab-
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Table I,

Primary Cultures of the Leukemic Spleen Cells under Various Conditions

Number of cells/ml

Culture conditios

weeks of culture

o? 1 3 6
Growth medium (109 FCS) 2x10° 2.3x10° <10* L.3x10*°
Growth medium +IL-3% 2X 108 1.8 x 10" <10 ND*
Growth medium -+ GM-CSF? 2% 108 2.1x10 <10 ND
Growth medium + Epo? 2X 10 2.0x10* < 10* ND
Growth medium
+ stromal cell layer? 2x10° 2.5x10* 1.5x10* 5.8x10°#

a) All cultures were started at a concentration of 2 X 10° leukemic spleen cells/ml.
b5y WEHI-3-CM (109 v/v) was added as a source of IL-3.
c} AWCM (10% v/v) was added as a source of GM-CSF.

d) r-Epo (2 U/ml) was added.

¢) These cells did not induce leukemia in host mice.
) After pipetting, non-adherent cells were counted. These cells induced leukemia in host mice.
£) Establishment of stromal cell layer was described in “Materials and Methods.”

A1) Not counted (very few).

Fig. 1.
layer. (X 100)

lished, but these cells did not induce leukemia
in host mice. None of IL-3, GM-CSF and Epo
could support the growth of the cells in vitro
(Table I).

The number of viable cells also showed an
initial decrease when spleen cells were seeded
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Phase-contrast photomicrograph. The cells (ELM-D cells) grow on top of the stromal cell

on top of a stromal cell layer. However, some
cells began to grow after 3 weeks of culture.
As shown in Fig. 1, the cells grew on top of
the stromal cell layer with some cells being
detached from the layer. The growth was so
rapid that cultures were fed with fresh
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medium twice or three times a week after 5
weeks of culture. Non-adherent cells were
re-suspended every week in fresh growth
medium without IL-3, GM-CSF, Epo or
stromal cells. Non-adherent cells from 4-6
weeks of culture did not grow for a long time
without stromal cells, However, transfer of
the suspended (non-adherent) cells from 7
weeks of culture into new flasks resulted in a
stroma-independent growth of leukemic cells.
An intravenous injection of the cells induced
leukemia in C3H mice. The cells were main-
tained in a-MEM supplemented with 10%
FCS, and a cell line, designated as ELM-I-1,
was thus established.

The cultures of leukemic cells which grew
on top of the stromal cell layer were also
maintained. The cultures were fed 3 times a
week with fresh growth medium (a-MEM +
10% FCS) and were subcultured by using
0.25% trypsin plus 0.02% EDTA in PBS, or
by seeding the cells onto other stromal cell

125|-gpo Bound (cpmx10"3)

i | | I |
0.20.4086 1.2 2.4

125 £po (M)

Fig. 2. Concentration-dependent binding of I-
Epo to ELM-I-1 cells. Specific binding was calcu-
lated by subtraction of non-specific binding (in the
presence of 200-fold unlabeled Epo) from total
binding (in the absence of unlabeled Epo). The
inset shows a Scatchard plot [ordinate (B/F), spe-
cific binding/free ligand; abscissa (B), specific
binding].
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layers. These stroma-dependent cells were
designated as ELM-D.

Character of ELM-1I-1 Cells The doubling
time of ELM-I-1 cells is about 24 hr in
a-MEM supplemented with 10% FCS.

When these cells were intravenously in-
jected into C3H mice at the dose of 10%, 10° or
10° cells per mouse, leukemia was induced in
all cases. ELM-D cells also induced leukemia
in host mice when they were injected as above.
Epo Receptors (Epo-R) en the Surface of
ELM-I-1 Cells Epoc promotes the growth of
erythroid precursors and supports the differ-
entiation to erythroblasts, in which globin
synthesis starts. The action of Epo is known to

unlabeled Epo <4+ ~

210 -

(kDa)

Fig. 3. Analysis of "I-Epo covalently cross-
linked to ELM-I-1 cells by SDS/PAGE under
reducing conditions, Procedures for the cross-link-
ing study were as described in “Materials and
Methods.” For binding of I-Epo, the ligand was
incubated with ELM-I-1 cells in the presence (+)
or absence (—) of 260-fold unlabeled Epo for 1 hr.
Arrows («) indicate two major radioclabeled prod-
ucts of 120 kDa and 140 kDa.
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be mediated by its binding to specific recep-
tors on the surface of erythroid precursor
cells.'" ' In order to elucidate whether or not
ELM-I-1 cells have Epo-R on their surface,
binding of Epo to ELM-I-1 cells and cross-
linking of '""I-Epo to ELM-I-1 cells were
studied.

Figure 2 shows a ligand-saturation curve
of ELM-I-1 cells, and Scatchard analysis of
the data shows that the number of binding
site/cell is 1,730 with a Kd of 364pM. A
cross-linking study revealed two major bands
with molecular masses of 120 kDa and 140
kDa under reducing conditions (Fig. 3).
These data show that ELM-I-1 cells have Epo-
R on their cell surface.

0

—

-t

3 27 6] 52

nM

©

o

—

\

- 4+20

£ B

o0

>~

£ ™~

0

e -

+ B [+o}

v d —~

m ~ 1

(Y o~

[ = —

~ U En

vl o]

R

o 27110 ~ F1 M
=% :
[o =) bt g
2,

H * 0
g ¢ i
S =
- 3 Q
-l 0.5 2
[a 1

=

=

T

o] g

~ 0 Co-angT : 0

0 10 20

Fraction Number

Fig. 4. Phosphocellulose column chromatogra-
phy of the cell extract from ELM-I-1 eells. Prepa-
ration of the cell extract, procedures for
chromatography and RT and DNA polymerase
assays were carried out as described by Ono ef gl.*®
DNA polymerase activities were measured with
activated calf thymus DNA (O), (rA)e(dT) i
(&) and (rCm}.-(dG)ie (@ ). KCl concentration
(—).
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Reverse Transcriptase (RT) Activity We
have reported previously that this erythroblas-
tic leukemia is clearly distinguishable from
those reported by Friend'” or Rauscher,'
since no RT activity was detected in the
spleen or the liver of the mice."

In the present study, we have also con-
firmed that RT activity was not detectable in
ELM-I-1 cells as well as in the culture media.
Figure 4 shows a typical example of phospho-
cellulose column chromatography of the ex-
tract from ELM-1 cells. High activities of
celtular DNA polymerases were clearly seen,
while RT activity assayed with (rCm),
(dG);;y5s was at the background level
throughout all the fractions.

Discussion

Tumor cells are generally regarded as being
more adaptable to in vitro growth than their
normal counterparts, and this has been inter-
preted as reflecting their capacity to prolifer-
ate dominantly in vivo. However, only a very
small population of leukemic cells actually
adapted to in vitro growth in many attempts to
establish tumor cell lines, Thus, growth of
tumoral cells in vitro may also depend on the
mechanisms which support normal hemo-
poiesis in vivo. Several studies have demon-
strated that not only hemopoietic growth
factor(s), but also stromal cells play an im-
portant role in normal hemopoiesis. Depend-
ence of lenkemic cell proliferation on a spe-
cific growth factor was demonstrated for T-
cell leukemia,'” acute myeloid leukemia'®'®
and acute lymphoblastic leukemia cells,'
The importance of stromal cells in culture of
lymphoblastic leukemia cells was also re-
ported.X*2?

Genetically anemic mice of S$1/819 strain
demonstrate the importance of the micro-
environment in vivo,”” and adherent stromal
cells of murine long-term bone marrow cul-
ture are essential in maintaining hemopoiesis
in vitro.*® One aim of this study was to clarify
the role of stromal cells in the proliferation of
leukemic cells.

In the present study, we have demonstrated
the importance of stromal cells for in vitro
growth of the leukemic cells from erythro-
blastic leukemia. The leukemic cells, termed
ELM-D, grow only in close contact with
stromal cells (as shown in Table I and Fig. 1),
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and the conditioned medium from stromal
cell layers did not support the growth of leu-
kemic cells (data not shown). These findings
suggest that cell-to-cell interaction between
stromal cells and leukemic cells is prerequi-
site for proliferation of leukemic ELM-D
cells, as in normal hemopoiesis.”> Stroma-
independent ELM-I-1 was established from
these stroma-dependent cells after 7 weeks
of culture on top of marrow stromal cells.
Thus, stromal cells appear to be essential for
the first few weeks in the culture of erythroid
precursor cells. Such a role of the normal
hemopoietic microenvironment has previously
been demonstrated in Friend virus-induced
erythroleukemia by Mager e al*®

For clear discrimination and identification
of the reverse transcriptase (RT) from cel-
lular DNA polymerases, a combination of
phosphocellulose column chromatography
and species-specific template-primer(s) was
shown to be useful in analyzing intracellular
RT.>® Organ distribution of RT in Friend
virus-infected mice” and RT activity of
Rauscher murine leukemia virus-infected cul-
ture cells” were studied in detail by using this
method. Since RT activity was negative in
ELM-I-1 cells, which induce leukemia in host
mice, it is confirmed that our erythroblastic
leukemia is clearly distinct from those re-
ported by Friend or Rauscher.

Epo is known to promote and differentiate
erythroid precursor cells. Krantz and
Goldwasser™ and Sasaki et al® presented
evidence that Epo becomes attached to bind-
ing sites on the cell surface, Cross-linking of
12-Epo to TSAS cells from Friend leukemia
and fetal liver cells has demonstrated the
presence of two major radiolabeled products
(120 kDa and 140 kDa) on sodium dodecyl
sulfate/polyacrylamide electrophoresis (SDS/
PAGE) under reducing conditions.” In the
present study, we also showed that Epo
becomes attached to binding sites on the sur-
face of ELM-I-1 cells, and two major species
of the cross-linked preducts with molecular
masses of 120 kDa and 140 kDa were detected
on SDS/PAGE under reducing conditions.
These data are consistent with the previous
reports® and show that ELM-I-1 cells have
Epo-R on their surface.

(Received April 25, 1988/ Accepted June 30, 1988}
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