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ts-Oncogene-Transformed Erythroleukemic Cells:
A Novel Test System for Purifying and Characterizing

Avian Erythroid Growth Factors

E. Kowenz 2, A. Leutz 2, G. Déderlein !, T. Graf!, and H. Beug?

A. Introduction

An emerging, important characteristic of
many leukemic cell types is their altered de-
pendence on and/or response to hemato-
poietic growth factors [6, 17]. In mammals,
many of these growth-regulatory proteins
have been purified and the respective genes
molecularly cloned [16, 26], but the mecha-
nism by which they regulate growth and dif-
ferentiation of normal hematopoietic pre-
cursors is still poorly understood. This is due
partly to the fact that such hematopoietic
precursors do not self-renew in vitro and
constitute only a minor fraction of bone
marrow cells, precluding their purification
in large numbers [25]. One particularly suc-
cessful approach to circumventing this prob-
lem was the use of avian retroviral onco-
genes that transform hematopoietic precur-
sors [10].

For instance, avian retroviruses contain-
ing tyrosine kinase oncogenes such as v-
erbB, v-sea, or v-src, as well as the v-Ha-ras
oncogene, readily transform avian erythroid
progenitor cells [late BFU-E (burst-forming
unit erythroid) to early CFU-E (colony-
forming unit erythroid)] from chick bone
marrow [8, 11]. By transformation, these
precursors are induced to self-renew and
thus to grow into mass cultures of immature,
precursor-like cells. The transformed cells,
however, retain the ability to undergo termi-
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nal differentiation at low frequency [3, 7, 12].
At the same time, they become independent
of an activity present in anemic chicken
serum that induces CFU-E-like colonies in
chicken bone marrow and probably repre-
sents avian erythropoietin (EPO) [1, 21].

Recently, our laboratory described the
use of erythroblasts transformed with tem-
perature-sensitive mutants of v-erbB (Is
AEV) and v-sea (ts S13) containing retro-
viruses as novel systems for studying differ-
entiation of normal and leukemic erythroid
cells. Upon a shift to the nonpermissive tem-
perature, ts-AEV and £s-S13 erythroblasts
are induced to differentiate synchronously
into erythrocytes. At the same time, the cells
regain their dependence on a factor(s) from
anemic chicken serum [1-3] (H. Beug et al.,
unpublished work).

Since little information was available on
the nature of this avian erythropoietin-like
factor(s) and its possible relationship to
mammalian erythropoietin [5, 20], we were
interested in using ts-oncogene-transformed
erythroblasts to attempt its purification and
characterization. Here we describe two
simple assay systems for avian erythroid
growth factors and their use in partially pur-
ifying and characterizing chicken erythro-
poietin, which is shown to be a glycoprotein
of 38 kd, resembling mammalian EPO in
many respects.

B. Materials and Methods
I. Viruses and Cells

A temperature-sensitive mutant of the S13
strain of avian erythroblastosis virus [2], re-
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ferred to as ts1-S13, was obtained from Peter
Vogt (Los Angeles) and biologically cloned
by preparing nonproducer erythroblasts [2].
Its properties will be described elsewhere
(Knight et al., manuscript in preparation).
ts1-S13 erythroblast clones were generated
as described below and grown in CFU-E
medium [19] in the absence of anemic
serum.

II. Selection of ¢5s-S13 Test Cell Clones

Colonies of ts1-S13-transformed erythro-
blasts were induced from infected SPAFAS
chick bone marrow cells as described earlier
[2]. A large number of colonies were picked
into CFU-E medium and clones were propa-
gated for 3 days in 96-well plates (Falcon).
Equal aliquots of each clone were then dis-
tributed to two 96-well plates; one was kept
at 37 °C in CFU-E medium, whereas the
other was kept at 42 °C after addition of dif-
ferentiation medium plus anemic serum (see
below). Three days later, a small aliquot of
each clone was stained for hemoglobin with
acid benzidine [9]. Clones exhibiting >95%
benzidine-positive cells were centrifuged
onto slides, stained with neutral benzidine
and histological dyes, and evaluated for the
presence of terminally differentiated cells, as
described earlier [1]. Finally, those clones
that contained more than 95% erythrocytes
plus late reticulocytes [1] were tested for
their response in both EPO assays (see be-
low) and for their in vitro lifespan by re-
peated passage (1 in 3) in CFU-E medium.
One clone (clone 30), which showed a par-
ticularly prominent response to anemic
serum in both assays and exhibited a life-
span of >45 generations in vitro, was frozen
in many aliquots in liquid nitrogen and used
for the experiments described in this paper.

III. Production of Anemic Serum

Chickens (5-12 months, SPAFAS) were
made severely anemic by bleeding them by
heart puncture on 3 consecutive days (15-30
ml/day/kg). They were then bled on day 4 to
generate anemic serum. Since EPO titers
generated by this method proved to be
highly variable, we changed to phenylhy-
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drazine injection. Four grams of phenylhy-
drazine (p.A., Merck, Darmstadt) were dis-
solved in 400 ml of aq bidest, the pH was ad-
justed to 7.0 with 2N NaOH, and the solu-
tion was immediately frozen and kept at
—40 °C. Thawed solutions were used for in-
jection within 15 min. Chickens were in-
jected i.m. with 2 ml solution/kg on day 1,
with 1 ml/kg on day 2, with 0.3-0.5 ml/kg on
day 3, and were bled on day 4. Sera were al-
lowed to clot for only 1-2 h and the clots
were then spun at 40000 g (15000 rpm, SS34
for 30 min) to obtain the anemic serum.

IV. Assays for Erythropoietin Activity
from Anemic Serum

In both assays, anemic serum or test samples
(for instance column fractions) appropri-
ately diluted with modified Iscove’s DMEM
(see below) were applied to the wells of 96-
well multidishes (Falcon) in duplicate or
triplicate, not exceeding a volume of 10 pl.
Then 90 pl of differentiation medium were
added [comsisting of 16.4ml of Iscove’s
modification of Dulbecco’s modified Eagles
(Iscove’s DMEM, Gibco, minus mercap-
toethanol and selenite; salt concentrations
changed according to the recipe for
DMEM); 4.28 ml sterile distilled water;
32 ul 107! M mercaptoethanol; 150 pl iron-
saturated ovotransferrin (15 mg/ml; Conal-
bumin, Sigma); 690 pl detoxified BSA (20%
w/v solution; Behring-Werke, Marburg/
Lahn {2]); 920 pl NaHCO;, 5.6%; 3 ml fetal
calf serum (pretested batch); and 12 pl por-
cine insulin (Actrapid, Bayer-Leverkusen,
1.7 mg/ml), if not stated otherwise]. Then
the test cells (z5-S13 c130) were separated
from spontaneously differentiated cells by
centrifugation through Percoll (density
1.072) and 30000-50000 cells were seeded
per well, suspended in 5-10 pl differenti-
ation medium,.

For the DNA synthesis assay, SH-thy-
midine (0.2-0.4 pCiin 5 pl DMEM per well)
was added after 4048 h of incubation at
42 °C and 5% CO,. The labeled cells were
then harvested onto fiberglass filters using a
Skatron cell harvester, the filters were dried,
and the cells were counted in a beta-counter
(Fig.2).



For the photometric hemoglobin assay
(measuring accumulated hemoglobin in vi-
able cells) cells were incubated for 50-72 h at
42 °C and 5% CO,. They were then transfer-
red to 96-well, V-bottomed microtiter plates
and washed twice with Hanks’ balanced salt
solution containing 0.1% detoxified BSA.
Cells were lysed in 20 pl H,O for 20 min,
and 200 pl of developing reagent was added
(0.5 mg/ml 0-phenylenediamine in 0.1 M ci-
trate/phosphate buffer, pH 5.0, containing
5 ul/ml 30% H,0O, added just prior to use).
The color was allowed to develop for 15—
30 min in the dark at room temperature, and
the solutions were transferred to a flat-bot-
tomed 96-well microtiter plate containing
30 pl of 4 M sulphuric acid per well to stop
the reaction and enhance the color. Absor-
bances were read at 492 in a Kontron
SLT210 ELISA photometer, using 630 mm
as the reference wavelength (Fig. 1).

V. Partial Purification
of Chicken Erythropoietin

We centrifuged 200 ml of pooled anemic
chicken sera for 90 min at 150000 g (Ti45
rotor Beckman, 40000 rpm). The clear
supernatant was then applied to a Sephadex
G25 column (Sephadex G25 fine; 5 cm in di-
ameter, 50cm long, equilibrated with
50 mM (NH,),CO, buffer, pH 8.0). Pro-
tein-containing fractions eluting before or at
the exclusion volume were then directly ap-
plied to a DEAE ion-exchange column
(DEAE Sephacel; 6 cm in diameter, 25 cm
long, equilibrated with 50 mAM (NH,),CO,
buffer, pH 8.0). After washing with 500 ml
of starting buffer the column was eluted
with a linear gradient of 50-400 mA/
(NH,),CO,; pH 8.0; gradient volume 2 1.
Active fractions eluting at 150-200 mM
(NH,),CO; were combined and lyophilized.
For size-exclusion chromatography, the
lyophilized fractions from DEAE ion-ex-
change chromatography were dissolved in
10 ml of 50 mM (NH,),CO; buffer, pH 8,
and applied to a size-exclusion column (Bio-
gel P60, BioRad; 200-400 mesh, 5 cm in di-
ameter, 90 cm long, 20 ml/h). The activity
eluted behind the main protein peak (at a
mol. wt.) range of 50000-30000). Active
fractions were pooled and lyophilized.

For affinity chromatography, the lyophi-
lized material was dissolved in 50 ml phos-
phate-buffered saline plus 0.1 mM MnCl,
and 0.1 mM CaCl,, pH 7.4, and applied to
two connected columns containing immobi-
lized lentil-lectin (Affi-Gel P10, 8 mg lentil-
lectin/ml gel, column volume 50 ml) and im-
mobilized wheat-germ agglutinin (WGA,
Pharmacia, Sepharose 4B, 10 mg lectin/ml
gel, column volume 20 ml). After applica-
tion of the sample and washing with 11 of
the above buffer, the two columns were sep-
arated. The lentil-lectin column was eluted
with 100 mAM  methyl-alpha-D-manno-
pyranoside, the WGA column with 200 mM
N-acetyl glucosamine in the same buffer. No
biological activity was found in the flow-
through of both columns or in the lentil-lec-
tin eluate. The WGA eluate containing all
the biological activity was concentrated by
ultrafiltration (Amicon, PM10), dialyzed
against 50 mM (NH,),CO;, and lyophi-
lized. It was then dissolved in PBS and chro-
matographed on a small Sephadex G25 col-
umn (10 ml) in PBS to remove traces of N-
acetyl glucosamine, which were toxic in the
bioassays.

VI. Characterization of Chicken
Erythropoietin by High-pressure
Liquid Chromatography (HPLC)

1. Reversed-phase HPLC

An aliquot of partially purified chicken EPO
(250 ul from a total of 5 ml) was adjusted to
100 mM Tris-HCI, pH 6.8, and applied to a
C-3 column (Ultrapore, RPSC, Altex,
0.5 ml/min). The column was washed conse-
cutively with HPLC-water and 0.1% trifluo-
roacetic acid (TFA) in water (buffer A) and
eluted with an acetonitrile gradient as fol-
lows: 10 min 0%—-45% buffer B (75% aceto-
nitrile in 0.1% TFA), 60 min 45%-70%
buffer B. Fractions (2 ml) were collected
during the second phase of the gradient elu-
tion, lyophilized, and dissolved in DMEM
for testing of their activity.

2. Size-exclusion HPLC

Another aliquot of partially purified EPO
was adjusted to 100 mM sodium phosphate
buffer, pH 6.8, and applied to two coupled
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size-exclusion columns (Pre-column, LKB
TSK 4000, 0.7 cm in diameter, 10 cm long,
plus two separation columns, LKB, TSK
3000, 0.7 cm in diameter, 60 cm long). Col-
umns were eluted at 0.5 ml/min and frac-
tions (1 ml, 2 min/fraction) were collected
40 min after injection. Fractions were di-
luted appropriately with DMEM before
testing in both available EPO assays.

C. Results and Discussion

I. Assay Systems for Avian Erythroid
Growth Factors Using zs-Oncogene-
transformed Leukemic Erythroblasts

Previous work had shown that erythroblasts
transformed by temperature-sensitive mu-
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Fig. 1. Differentiation of 75-S13 erythroblasts in
the presence and absence of anemic serum. ts-S13
erythroblasts (clone 30) were incubated at 42° in
differentiation medium plus or minus anemic
serum. At the times indicated, aliquots were cy-
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tants of v-erbB or v-sea required factors in
anemic chicken serum for terminal differ-
entiation in vitro after a shift to the nonper-
missive temperature. Pilot experiments de-
signed to test the usefulness of these cells in
possible assay systems for erythroid growth
factors quickly demonstrated that zs-sea ery-
throblasts were much more suitable for such
assays than ts-erbB cells (probably because
of the presence of v-erbA in the latter) [13].
In addition, it soon became evident that suit-
able test-cell clones had to be selected, ex-
hibiting the potential for complete in vitro
differentiation as well as an extended in vitro
lifespan [1] (see Materials and Methods).
Investigation of the differentiation behav-
ior of such a selected #5-S13 erythroblast
clone (clone 30) after shift to 42 °C with and
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tocentrifuged onto slides, stained with neutral
benzidine plus histological dyes, and photo-
graphed under blue light (480 pm) to reveal histo-
chemical hemoglobin staining [1]. Arrowheads in-
dicate lysed and moribund cells
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Fig. 2. Essential features of two assay systems for
chicken erythroid growth factors employing ts-
S13 erythroblasts. Erythroblasts (open circles) are
seeded into 96-well tissue culture plates with
(+ EPO) or without (— EPQ) anemic serum or
samples to be assayed. After 48 h at 42 °C the cells
start to differentiate (dotted circles) but still pro-
liferate in the presence, but not in the absence of
EPO, allowing assessment of EPO activity by
measurement of 3H TdR incorporation (DNA-
synthesis assay). After 72 h at 42 °C, cells have
differentiated into late reticulocytes in the pres-
ence of EPO, whereas they have mostly disinte-
grated (broken circles) in the absence of EPO and
therefore released their hemoglobin into the
supernatant. At this point, photometric determi-
nation of hemoglobin accumulated in viable cells
therefore constitutes a second, independent mea-
surement of EPO activity (photometric assay)

without anemic serum revealed that the cells
continued to proliferate in the presence of
anemic serum for at least 2 days, whereas
they rapidly withdrew from the cell cycle in
the absence of anemic serum, being es-
sentially at rest after 3648 h. Furthermore,
in the presence of anemic serum, very few
cells died during differentiation, whereas
anemic serum-deprived cells mostly disinte-
grated within 24-48 h after shift, then being
at the early-to-late reticulocyte stage (Fig. 1).
However, for those cells which survived in
the absence of anemic serum differentiation
into erythrocytes was only slightly slower
than for control cells in the presence of ane-
mic serum (Fig. 1) [24].

These observations enabled us to devise
two assay systems for avian erythroid
growth factors, the principles of which are
schematically depicted in Fig. 2. The first as-
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Fig. 3. Time course of proliferation and hemoglo-
bin accumulation during differentiation of ¢s-S13
erythroblasts at 42 °C. ts-S13 cells were incubated
in the presence (closed symbols) or the absence
(open symbols) of anemic serum and assayed for
3H TdR incorporation (e—@) or hemoglobin ac-
cumulation (A—a) at the times indicated, using
the two assay systems described in legend to
Fig.2. Data were normalized with respect to the
maximum values obtained in the two assays after
48 and 72 h respectively

say exploited the fact that anemic serum
stimulates cell proliferation of z5-S13 cells
for 48-55 h, whereas cells kept without ane-
mic serum ceased to proliferate after 24-30 h
(Fig. 3). The second assay was based on the
observation that anemic serum-treated ts-
S13 erythroblasts reached a maximum of he-
moglobin accumulated in viable cells at a
time when most of the cells that were shifted
to 42 °C in the absence of anemic serum had
lysed and therefore released their accumu-
lated hemoglobin into the medium (Figs. 2
and 3; see Materials and Methods).

The availability of these two different as-
say systems for erythroid growth factor(s)
facilitated the study of whether the initial
proliferation and the terminal differenti-
ation of #5-S13 erythroblasts are regulated
by one or more than one active molecule in
anemic serum. To simplify matters, we have
assumed in the following that the putative
avian erythropoietin, like mammalian he-
matopoietic growth factors, stimulates both
proliferation and differentiation. In most ex-
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periments, we have therefore used the more
rapid and simple EPO assay based on quan-
titating anemic serum-induced cell prolifer-
ation. However, all important conclusions
derived from these measurements have been
checked by using the second EPO assay
based on measuring terminal erythroid dif-
ferentiation by hemoglobin production.

II. Normal Serum Components
Influencing Erythroid Differentiation

Before being able to use the above assay sys-
tems to purify avian erythropoietin, we had
to determine which other factors present in
chicken serum that would be separated from
the hypothetical EPO during purification
would affect proliferation/differentiation of
ts-sea erythroblasts. An obvious candidate
was avian transferrin, since erythroid differ-
entiation requires massive iron uptake medi-
ated through iron-saturated transferrin [24].
Furthermore, we had observed that insulin
seemed to stimulate proliferation/differenti-
ation of both normal and ts-oncogene-trans-
formed erythroid cells (J. Schmidt, personal
communication; H. Beug et al., unpub-
lished). We therefore titrated the effects of
these two proteins, either alone or in combi-
nation with each other and with anemic
serum, using a medium devoid of other
chicken proteins and containing as essential
components detoxified bovine serum albu-
min, mercaptoethanol, and a preselected
batch of fetal calf serum that did not stimu-
late erythroid differentiation on its own (see
Material and Methods). The essential fea-
tures of these results are summarized in
Table 1. As expected, high concentrations of
avian, iron-saturated transferrin were abso-
lutely essential for both proliferation and
differentiation of ts-sea erythroblasts. On its
own, however, transferrin exhibited only
weak, if not absent growth factor-like activ-
ity. Similarly, insulin had only a weak
growth-promoting ability in the absence of
anemic serum, but it significantly enhanced
erythroid cell proliferation in the presence of
anemic serum (Table 1). More careful in-
spection of this phenomenon revealed that
insulin enhanced early proliferation of ts-sea
erythroblasts shifted to 42 °C and prolonged
their lifespan in the absence of anemic
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Table 1. Effects of avian transferrin and insulin

Additions Percent maximal
*H TdR incorpora-
tion
Minus Plus 2%
anemic anemic
serum serum

None < 0.2 1

Transferrin

10 pg/ml 4 20
150 pg/ml 16 69
Insulin 1 pg/ml 29 100
plus transferrin
150 pg/ml
Insulin plus transferrin 25 94

plus normal chicken
serum (10%)

* Many batches of normal chicken serum were
toxic at this concentration.

serum, leading to disintegration of the cells
at the late rather than the early reticulocyte
stage and to formation of some malformed
erythrocyte-like cells (data not shown).

To test whether we had in fact optimized
our test conditions sufficiently to rule out ef-
fects of normal chicken serum proteins, we
titrated a high-titer batch of anemic chicken
serum (Table 1) or purified chicken erythro-
poietin (data not shown) in the presence or
the absence of 10% normal chicken serum.
From more than 20 batches tested, no serum
could be found that further stimulated ¢s-sea
erythroblast proliferation/differentiation in
the presence or absence of anemic serum,
many batches being in fact inhibitory
(Table 1).

II1. Partial Purification
of an Erythropoietin-like Activity
from Anemic Serum

Adult chickens were made anemic by re-
peated heart puncture (or, more recently, by
injection of phenylhydrazine; see Materials
and Methods), and the anemic sera obtained
were tested individually for activity. High-
titer anemic sera were then pooled, ultracen-
trifuged to remove aggregated protein, and
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Fig. 4. Partial purification of chicken erythropoie-
tin. Unfractionated anemic serum (@) and pooled,
active fractions after DEAE ion-exchange and
size-exclusion chromatography (a) and after com-
bined lentil — lectin~-WGA affinity chromatogra-
phy (m) were assayed for their biological activity
by titration in the photometric EPO assay and
plotted against protein concentration

consecutively subjected to DEAE ion-ex-
change chromatography, size-exclusion
chromatography, and affinity chromatogra-
phy on plant lectins (see Materials and
Methods). The main difficulty in these ex-
periments was substantial loss of EPO activ-
ity during the first steps of the purification
procedure. This was probably due to pro-
teases liberated by platelets during serum
clotting (data not shown) and could be par-
tially overcome by addition of protease in-
hibitors, rapid performance of the purifica-
tion steps, and use of lyophilizable buffers
for concentration of column fractions.
Figure 4 shows the result of a typical puri-
fication procedure. Starting with about
200 ml of anemic serum, the erythropoietin-
like activity could be purified about 80-fold,
recovering 25% of the original activity. The
most effective purification step was the com-
bination of lentil-lectin and wheat — germ —
agglutinin affinity chromatography (see
Materials and Methods). Most serum glyco-
proteins, but not EPO, bound to the first
column, containing immobilized lentil lec-
tin, whereas the EPO activity was effectively

bound to the second column, containing im-~
mobilized WGA, from which it could be
eluted with N-acetyl glucosamine.

IV. EPO Activity in Anemic Serum

Probably Due to a Single Glycoprotein
of About 38 kd

The partial purification of chicken erythro-
poietin described above yielded enough ac-
tivity to further characterize this avian ery-
throid growth factor by HPLC. Figure 5a
demonstrates that the activity eluted as a
single sharp peak after separation of the par-
tially purified EPO preparation of a re-
versed-phase HPLC column (see Materials
and Methods). Figure 5a also shows that re-
versed-phase HPLC resulted in a further 20-
fold purification of chicken EPO without
further significant losses of biological activ-
ity.

In a different approach, two aliquots of
partially purified EPO were separated by
size-exclusion HPLC in two separate experi-
ments. Fractions from the first size-exclu-
sion run were assayed by the photometric
EPO assay, whereas those from the second
run were assayed by the DNA-synthesis as-
say. Figure 5b shows that the EPO activity
again eluted as a single sharp peak at about
38 kd, regardless of whether ts-S13 erythro-
blast proliferation or differentiation was
used to determine EPO activity. Further-
more, size-exclusion HPLC also resulted in a
20-fold further purification of chicken EPO.

Titration of the HPLC-purified EPO
preparation on ts-sea erythroblasts together
with unfractionated anemic serum demon-
strated that the activity in the purified mate-
rial was indistinguishable from the activity
in anemic serum in both assay systems
(Fig. 6a). Furthermore, the purified EPO al-
lowed formation of healthy, mature erythro-
cytes to an even larger extent than anemic
serum did (Fig. 6b), indicating that a single,
acidic glycoprotein of approximately 38 kd
is responsible for the erythropoietin-like ac-
tivity in anemic chicken serum. Finally, the
purified EPO preparation stimulated the
formation of normal erythroid colonies
(CFU-E) from chick bone marrow at dilu-
tions similar to those active on #s-S13 ery-
throblasts (data not shown), further con-
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Fig.5a,b. Characterization of
chicken EPO by HPLC. a Par-
tially purified chicken EPO was
separated by reversed-phase
HPLC as described under Ma-
terial and Methods. Protein
was measured at 280 nm (—).
Biological activity was deter-
mined in the photometric EPO
assay (e—e). b Two aliquots
of partially purified chicken
EPO were separated by size-ex-
clusion HPLC as described in
Material and Methods. Protein
was determined at 280 nm
(——; the elution profile of only
one run is shown, the second
profile being virtually indistin-
guishable). Biological activity
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firming that the growth factor required by
temperature-induced ts-sea erythroblasts in-
deed represents chicken EPO.

V. Chicken EPO Is Species Specific
and Acts Like a Typical Hematopoietic
Growth Factor

Comparison of purified chicken EPO with
mammalian EPO reveals several striking
similarities: Like human EPO, the chicken
factor represents an acidic glycoprotein of
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34-39 kd that binds to wheat-germ lectins,
but not to concanavalin A or lentil lectin [22,
23]. It was therefore interesting that, despite
this similarity, the chicken EPO was unable
to induce CFU-E colony formation in
mouse bone marrow cultures under condi-
tions where human EPO was fully active.
Conversely, human and mouse EPO were
completely inactive in chicken CFU-E as-
says, even at high concentrations (>10 U)
(data not shown), indicating major differ-
ences in the receptor binding domain(s) of
both molecules.
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Fig.6a,b. Comparison of the biological activities
of anemic serum and purified chicken erythropoi-
etin. a Unfractionated anemic serum (A—a),
purified EPO (after reversed-phase HPLC; e——
@), and normal chicken serum (m——m) were ti-
trated for biological activity by measuring hemo-
globin accumulation (photometric assay, left
panel) or *H-TdR incorporation (DNA-synthesis

Our studies using homogeneous, syn-
chronously differentiating erythroid cells as
targets for chicken EPO demonstrate, how-
ever, that chicken EPO acts like a typical he-
matopoietic growth factor, in that it is re-
quired for both survival and proliferation of
hormone-dependent progenitor cells pre-
programmed to undergo erythroid differ-
entiation. In addition, the studies presented
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assay, right panel). b Phase-contrast micrographs
of 15-S13 erythroblasts kept for 3 days at 42 °Cin
the presence (highest concentrations shown in a)
of purified EPO (left panel), anemic serum (middle
panel), or normal chicken serum (right panel) are
shown. Note well-differentiated erythrocytes
formed in purified EPO and anemic serum (ar-
rows)

here help to resolve some ambiguities in the
literature concerning avian EPO. Our find-
ing that differentiating avian erythroid cells
absolutely require high concentrations of
avian Fe-transferrin explains why this mole-
cule was claimed to represent an avian ery-
throid growth factor in a nonoptimized test
system [5]. For the same reason, the possibil-
ity cannot be excluded that an EPO-like ac-

207



tivity of 60 kd found in anemic serum [20] re-
presents transferrin, or more probably a
mixture of this molecule with avian EPO.
Finally, our assay systems made it possi-
ble to demonstrate that avian erythroid pro-
genitors respond to other growth-promoting
factors than EPO. First, insulin cooperates
with avian EPO, probably by lowering the
concentration of EPO required for promot-
ing growth/differentiation of ts-oncogene-
transformed erythroblasts (Beug et al., un-
published). A similar cooperativity of insu-
lin with growth factors was reported for
PDGF [18] and IGFII [14] and has also been
observed for cMGF, an avian growth factor
active on myelomonocyte progenitors [15]
(A. Leutz and H. Beug, unpublished). In ad-
dition, we have recently identified an ery-
throid growth factor secreted by avian leu-
kemic pre-B, pre-T cells (REV;-lym-
phoblasts; [1] that stimulates early prolifer-
ation of ts-sea erythroblasts and promotes
terminal erythroid differentiation only in the
presence of low concentrations of chicken
EPO (A. Leutz and H. Beug, unpublished).

T .
D. Conclusions

In this paper we have shown that ts-onco-
gene-transformed erythroleukemic cells can
be successfully used to assay, purify, and
characterize avian erythroid growth factors.
Although these erythroid leukemic cells ap-
pear to be completely growth-factor inde-
pendent at the permissive temperature, when
the oncogene is fully active, they become de-
pendent for survival, growth, and differenti-
ation on specific erythroid growth factors as
soon as the oncogene product is temperature
inactivated. Our studies also clearly show
that chicken EPO does not induce or modu-
late the erythroid differentiation program,
but rather controls the cell’s ability to
undergo a series of preprogrammed differ-
entiation events. Since no growth factor de-
tectable in the two assay systems described
or in CFU-E assays is secreted by the leu-
kemic cells [2, 3], the oncogene seems to in-
duce factor independence by an intrinsic
mechanism, for instance by producing a
constitutive signal normally generated by
the EPO receptor after ligand binding [4].
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Although it appears difficult at present to
achieve a complete purification of chicken
EPO, due to the limited availability of ane-
mic chicken serum, purification of other ery-
throid growth factors secreted by cell lines is
currently underway, using the assay systems
described. In the long run, we hope to iden-
tify the respective growth factor receptors in
order to be able to study how tyrosine kinase
oncogenes such as v-erbB or v-sea can by-
pass signaling pathways employed by ery-
throid-specific growth factor receptors, with
the outcome of fatal leukemia.

s
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