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ABSTRACT

Expression of the macrophage colony-stimulating factor CSF-1 and
its receptor, the product of the protooncogene c-fms, was detected in cell
line 1-128,originally derived from a patient with nodular sclerosis Hodg
kin's disease, and its two sublines L428KS and L428KSA. While all

lines expressed membrane-associated and soluble CSF-1 proteins,
L428KSA secreted 30-fold greater amounts of CSF-1 than the other
cells. Three transcripts for CSF-1 (4.4,3.7,3.4 kilobases) were expressed
in all lines and an additional 2.1-kilobase message in L428KSA. Restric
tion enzyme fragment analysis did not reveal any gross rearrangements
of the CSF-1 gene. IA28 and L428KS contained a 4.4-kilobase message
for c-fms, whereas I42XKS V expressed a smaller 3.8-kilobase c-fms
transcript. The c-fms gene structure appeared to be unaltered in all lines
by restriction enzyme fragment pattern analysis. Monoclonal anli-c-/Â»Â»
antibody precipitated from all cells a A/, 120,000/130,000 doublet and
two lower molecular weight phosphoproteins; however, only L428KSA
cells showed evidence for an autocrine growth regulation by CSF-1. DNA
ploidy and proliferation kinetic studies suggested that L428KSA were
derived from the actively proliferating mononuclear Hodgkin's cell pop

ulation of the parental cell line. Since the simultaneous expression of
CSF-1 and c-fms is a characteristic feature of mononuclear phagocytes,
these results suggest that Hodgkin's cells are affiliated with the mono-

cyte/macrophage lineage or, at least, derived from a hemopoietic cell
type with the capability for aberrant expression of a monocyte-specific
growth factor and its receptor.

INTRODUCTION

The etiology of HD-1 and the precursor identity of its pre

sumed malignant component, the multinucleated Reed-Stern-
berg and the mononuclear Hodgkin's cells, have remained

uncertain. Various cell types have been proposed as the origi
nator cell for HD (l). Immunological and molecular genetic
studies in vivo and in vitro have yielded conflicting results in
that data both in favor (2-5) and against a clonal lymphoid
origin of HD cells have been obtained (6-10). Several immu-
nological (9-11) and physiological features (9, 12-14) have
been found to be shared by HD cells and mononuclear phago
cytes suggesting this cell lineage as the alternative origin for
HD cells.

The pathogenesis of HD is even more elusive. Immunodefi
ciencies due to activation of the immune system (15) or viral
infections (16) have been suggested to be involved in the etiology
of HD. Studies on the activation of oncogenes in HD have been
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limited and inconclusive. A search for mutations of the ras gene
family in cultured and fresh HD cells has been negative (17),
whereas overexpression of the ras gene was suggested from the
presence of the ras-encoded M, 21,000 protein in lymph nodes
from HD patients (18). We have recently found the c-myc gene
in cultured HD-cells to be unaltered (10) despite the finding of
increased levels of c-myc specific mRNA (19). These in vitro
data are consistent with the increased expression of the c-myc
product in HD-involved tissues (18). High levels of message for
c-fms have been reported in one patient with Hodgkin's disease

(20). Transcripts for c-fms have never been found in non-
Hodgkin's lymphomas (21), lymphoid leukemias (22, 23), nor

mal lymph nodes (22), or normal peripheral blood lymphocytes
(21, 24). Expression of this gene in hemopoietic tissues appears
to be restricted to normal mononuclear phagocytes (21, 24, 25)
and nonlymphoid leukemias (21, 23, 26) consistent with its role
as the receptor for the macrophage colony-stimulating factor,
CSF-1 (also referred to as M-CSF) (27).

We have studied one of the few established HD-derived cell
lines (28), L428, and its two sublines L428KS and L428K.SA
for the expression of c-fms and its ligand CSF-1. The parental
line (L428) has been established from the pleural effusion of a
female nodular schlerosis HD patient and the derivation of the
cell line from the malignant HD cell population has been
verified by morphology, surface antigen phenotyping, cytoge-
netics, and gene rearrangements (1,3, 10, 28). We found that
all three lines expressed CSF-1 and c-fms; however, only subline
L428KSA showed evidence for autocrine growth regulation by
this growth factor. We have previously reported that L428KSA
cells are immunopheno- and genotypically identical to the
parental line (10). In this study we extended this observation
by including DNA ploidy and proliferation kinetic studies which
suggested that L428KSA cells were derived from the prolifer-
atively active, hyperdiploid mononuclear cell population of the
parental line. These results suggest CSF-1 as a candidate en
dogenous growth stimulator for HD cells.

MATERIALS AND METHODS

Cell Lines and Patient Material. HD line L428 and its variants
(L428KS, L428KSA) (29) are not clonal. L428KS cells arose sponta
neously after adaptation of L428 from bovine to fetal calf serum;
L428KSA cells were established by a 3-week exposure to L428KS cells
to PMA 7 years ago. L428 and L428KS cells grow in suspension
culture but contain subpopulations of cells with adherent properties.
L428KSA form confluent monolayers shedding viable cells into the
medium. Cultures of all HD and leukemia cell lines were maintained
in RPMI 1640 (GIBCO, Grand Island, NY) supplemented with 20%
fetal bovine serum, 2 mM i.-glutamine, and antibiotics (growth me
dium). Uninfected (CCL) and SM feline sarcoma virus-infected mink
cells (189 II) were grown in Dulbecco's modified Eagle's medium

containing 10% fetal bovine serum, 2 mM i.-glutamine. and antibiotics.
CSF-1 Assay and Binding Studies. CSF-1 activity in medium condi

tioned by L428 and L428KS seeded at 10* cells/10 ml of medium or
by a confluent monolayer of L428KSA cells in a T-150 culture flask
(approximately 10* cells/10 ml of medium) for 3 days was measured
by a RIA that only detects biologically active CSF-1 (30). Binding of
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'"I-labeled human CSF-1 to HD cells or PMA-induced HL-60 cells

(positive control) was carried out as described (31).
Growth Inhibition Studies with Anti-CSF-1 Antibody. HD cells (IO5/

ml) were grown for 24 to 120 h in growth medium containing rabbit
anti-human urinary CSF-1 (30, 32) or preimmune rabbit serum at 1:500
to 1:50 dilutions, harvested with 0.005% Zwittergent (Calbiochem, La
Jolla, CA) in PBS to detach adherent cells (32) and counted with a
Coulter Counter. Control growth curves were established under iden
tical conditions but in the absence of antibody or preimmune serum.
[3H]Thymidine incorporation was measured by pulsing HD cells after
48 h of culture for an additional 24 h with 1 ^Ci/ml of [6-'Hjthymidine

(specific activity, 6.7 Ci/mmol; New England Nuclear, N. Billerica,
MA). Cells were harvested by detaching adherent cells with 0.1 M
Na2HPO4 (pH 7.2)-l HIM EDTA-1% Nonidet P-40. Trichloroacetic
acid (5%)-insoluble radioactivity was trapped on Whatman glass fiber
filters (Whatman Int. Labs, Maidstone, United Kingdom), washed with
water and methanol and counted for radioactivity in 10 ml of Hydro-
fluor (National Diagnostics. Somerville, NJ). Results were obtained as
the arithmetic mean of triplicate cultures.

Cell Cycle Analysis, Bromodeoxyuridine Uptake, and Chromosome
Analysis. Cells were stained with AO (33) to determine the number of
cells in GO/I,S, and G2-M phases and to quantitate stainable RNA per
cell. Lymphocytes were used to establish control diploid DNA values.
Cells suspended in PBS at 0.2-0.4 x 10' were mixed with 0.4 ml of
0.05 N HC1-0.15 M NaCI-0.1% Triton X-100 (v/v) for 30 s before 1.2
ml of 0.2 M Na2HPO4, 0.1 M citric acid (pH 6), 1 mivi sodium EDTA,
0.15 M NaCl, and 6 ^g/ml AO (Polysciences, Inc., Warrington, PA)
were added. DNA index was determined from the median value of
DNA for GO/Icells of test cells compared to the median DNA of G0
lymphocytes used as control (DNA index, 1.0). The RNA content of
cells in GO/Iwas expressed as the RNA index defined as the mean RNA
content of G0/i cells of the test cells divided by the median RNA content
of the control lymphocytes. A computer-interfaced research cytofluo-
rograph (modified model FC 201; Ortho Instruments, Westwood, MA)
was used to obtain simultaneous measurements of light scatter and
fluorescence signals of individual cells passing through the focus of the
argon ion laser (Lexel model 75) in two separate wavelengths [F530
(green fluorescence) and F>6oo(red fluorescence)] by separate photo-
multipliers. The pulse width was used to distinguish single cells from
cell aggregates. The fluorograph was interfaced to a Nova 1220 mini
computer and programs developed by T. K. Sharpless were used for
data analysis via a Tektronix terminal. To simultaneously measure
uptake of BrdUrd and cellular DNA content (34), cells (5 x 10') were

suspended in 10 Â¿tg/mlBrdUrd (Sigma) in growth medium for l h at
37"C, washed in Hanks' balanced salt solution, fixed in cold 70%

ethanol, washed, and incubated in 0.5 Mg/ml RNase (Worthington
Biochemical Co., Cochranville, PA) for 20 min at 37Â°C.After a washing
with distilled water, the cells were resuspended in water, heated at 85Â°C

for 10 min, cooled rapidly, pelleted, resuspended in anti-BrdUrd anti
body (IU4) and diluted 1:5,000 in PBS containing 0.5% Tween 20 and
0.5% bovine serum albumin at room temperature for 20 min. The cells
were washed in PBS-0.5% Tween 20, resuspended in fluorescein-
conjugated goat anti-mouse IgG (Cappel, Cochranville. PA) for 20 min
at room temperature and counterstained for DNA with propidium
iodide (10 Mg/ml) in PBS. The BrdUrd-linked green fluorescence was
measured flow cytometrically by using a 514-nm band pass filter; red
fluorescence emission (DNA) was measured at 630 nm. [3H]Thymidine

incorporation was measured as described above after culturing the cells
for 72 h. Cytogenetic analyses were performed after synchronization
with methotrexate, as described (10).

Radiolabeling and Immunoprecipitations. Radioiodination of cell sur
faces was performed using a lactoperoxidase/glucose oxidase-catalyzed
system, as described previously (35). Cells were labeled metabolically
with ("Sjmethionine (35) and cell lysates or cellular material secreted

into the medium during the labeling period was analyzed. Labeled cells
were lysed in 20 mM Tris (pH 7.5), 50 mM NaCl, 0.5% NP-40, 10 ml
aprotinin (3 units/ml; Sigma), 0.5% sodium deoxycholate, and 0.05%
NaNj (lysis buffer), and lysates were cleared by centrifugation at 12,000
x g for 30 min at 4Â°C.To the medium of metabolically labeled cells,

an equal volume of lysis buffer was added. For immunoprecipitation,
20 Â«Iof monoclonal rat anti-mouse CSF-1 antibody YYG-106 (5 jig

IgG) (32) or preimmune rat serum were used. Immune complexes were
bound with protein A-Sepharose CL-4B (Pharmacia Fine Chemicals,
Uppsala, Sweden) precoated with rabbit anti-rat IgG (Sigma). Immune
precipitations were washed as described by Woolford et al. (25) except
for two initial washes in lysis buffer before one wash each in l M MgCl2-
10 mivi Tris [pH 7.5] in high-salt buffer [2 M NaCl-IO mivi Tris (pH
7.5)-l% NP-40-0.5% deoxycholate], in low-salt buffer (potassium- and
magnesium-free PBS-0.5% NP-40-0.1% SDS], and in 10 miviTris [pH
7.5J-50 mM NaCl-0.5% NP-40. Proteins were released from the Seph-
arose into SDS-containing loading buffer (with or without 5% ÃŸ-
mercaptoethanol) by boiling for 5 min and resolved on 5-20% SDS
gradient gels which were fluorographed as described (35).

Phosphor) latinn and Irnmunoprecipitation of the CSF-1 Receptor. For
"P labeling, 2 x IO7HD-cells were washed in phosphate-free medium,
incubated at 37Â°Cfor 3 h in 3 ml of phosphate-free medium containing
2 mCi/ml of "PÂ¡(New England Nuclear) and 2% L428KSA conditioned
medium (approximately 600 units of CSF-1) to stimulate the ligand-
dependent tyrosine kinase activity of the receptor (25, 27), washed in
cold magnesium- and calcium-free PBS plus 100 Â¿IMsodium ortho-
vanadate and lysed in lysis buffer containing 400 ^M sodium orthov-
anadate and 10 mM EDTA. Immunoprecipitations were carried out
with 10 ^1 of monoclonal mouse antibody 2E8 raised against the
internal fragment of \-fms expressed as a fusion protein in bacteria
(provided by V. Rothwell) or hybridoma fusion medium. Immune
complexes were processed as described above.

DNA Blot Analysis. Genomic high-molecular-weight DNA was iso
lated according to standard procedures (36) and cleaved with restriction
endonucleases (Promega Biotec, Madison, WI; Bethesda Research Lab
oratory, Gaithersburg, MD), and the digests were electrophoresed on
1% agarose gels. The gels were denatured, and the DNA fragments
transferred to Nytran membranes (Schleicher & Schull, Keene, NH).
The filters were baked, prehydridized. hybridized, and washed under
high-stringency conditions according to the manufacturer's recommen

dations.
RNA Blot Analysis. Total cellular RNA was isolated by the guanidine

isothiocyanate method (37) and polyadenylated RNA was selected by
oligodeoxythymidylate chromatography (38). Approximately 10-20 ng
of mRNA were fractionated on 1% agarose gels containing 5.4%
formaldehyde and transferred to Nytran membranes. For hybridization
and washing conditions the manufacturer's recommendations were

followed.
For CSF-1 gene analysis, DNA and RNA blots were probed with

pcCSF-17 cDNA probe which contains the entire CSF-1 coding se
quence (39). For c-fms gene analysis, the 1234-base pair c-fms cDNA
insert from plasmid pcfms 104 (40) was used.

RESULTS

CSF-1 Gene Expression. Northern blot analysis of HD-cell
polyadenylated RNA with the pcCSF-17 cDNA probe detected
multiple mRNA species of 4.4, 3.7, and 3.3 kilobases in all
lines and an additional 2.1-kilobase transcript in L428KSA
mRNA either prepared from suspension or monolayer cells. As
shown in Fig. 1, mRNA from early passage L428KSA cells
(Fig. 1, Lane A) contained greater amounts of the 3.3-kilobase
CSF-1 transcript and less of the 4.4- and 3.7-kilobase tran
scripts than did mRNA from line L428KS (Fig. 1, Lane B) or
L428 (Fig. 1, Lane C). In later cultures of L428KSA cells the
intensities of the higher molecular size transcripts were identical
in all three lines, but L428KSA cells maintained the expression
of the small 2.1 -kilobase transcript. Estimation of mRNA quan
tities by comparing signal intensities after actin hybridization
showed that considerably more L428KSA mRNA had been
loaded on this gel than mRNA from L428 and L428KS cells.
This was reflected in a shorter exposure time for the L428KSA
lane necessary to obtain band intensities comparable to those
in the L428 and the L428KS lanes (see legend to Fig. 1).
Quantitation of CSF-1 transcripts by slot-blot analysis sug
gested that the three lines contained comparable amounts of
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Fig. I. Expression of CSF-1 transcripts by cultured HD-cells. mRNA was
selected from HD-cell lines L428 (Lane C), L428KS (Lane B), and L428KSA
(Lane A) and analyzed by Northern blotting. Hybridization was carried out with
the pcCSF-17 plasmid under high-stringency conditions. Exposure times were 1
and 24 h for Lane A and Lanes B and C respectively. Inset, signals after reprobing
the same blot with an actin cDNA clone, which gives an estimate of the amounts
of mRNA elcctrophoresed and excludes that degradation of the analyzed mRNAs
accounted for the multiple CSF-1 transcripts detected.

-43

-30

CSF-1 message (not shown). Since PMA, which had been used
to establish line L428KSA (29), has been shown to induce
multiplicity of CSF-1 mRNA species after a 48-h treatment of

pancreatic cell lines (39, 41 ), we treated L428 and L428KS cells
with 10~9M PMA for 48 h (greater than 90% of cells viable by

trypan blue exclusion). PMA treatment did not change the
CSF-1 transcript pattern in either cell line (data not shown).

By Southern blot analysis of restriction enzyme fragment
length polymorphisms for Hindlll, EcoR\, Pst\, Bgll, and
BamHl, the structure of the CSF-1 gene appeared to be iden

tical in all lines and unaltered as compared to several normal
human adult tissues from various individuals (not shown).

CSF-1 Secretion by HD Cells. Using a RIA that detects only
biologically active CSF-1 (30), L428KSA conditioned media
contained approximately 39,000 Â±7,000 (SD) units/ml of CSF-
1 at first testing 3 years ago and decreasing amounts during the
past year of continuous culture (13,000 Â±1,500 units/ml).
Lines L428 and L428KS produced lower but still significant
amounts of the growth factor (850 to 1,700 units/ml) as com
pared to unconditioned medium (5 units/ml, which is the limit
of detection) or to medium conditioned by the unrelated leu
kemia cell line HL-T (44 units/ml).

Synthesis of Membrane-bound and Soluble CSF-1. The release
of CSF-1 by the cultured HD cells as indicated by RIA was
confirmed by immunoprecipitation with monoclonal anti-CSF-
1 antibody from the medium of metabolically labeled cells (Fig.
2). In the absence of reducing agents, the cells secreted CSF-1
proteins which migrated at about M, 80,000 (a faint band visible
only after longer exposure), 160,000, and approximately
200,000 on SDS-polyacrylamide gel electrophoresis (Fig. 2,
Lane A). All specific CSF-1 species were altered by reduction
yielding bands at Mr 100,000 and 40,000 (Fig. 2, Lane C).
Previous studies in other tissues have reported the presence of
M, 200,000/100,000/88,000 and 40,000 bands containing im-
munoreactive CSF-1 (42-45).

To identify a cell surface-bound form of CSF-1, lysates from
surface-iodinated HD-cells were immunoprecipitated with anti-
CSF antibody. In the absence of reducing agents, a M, 68,000-

2051

Fig. 2. Synthesis of CSF-1 by HD-cell line L428KSA. Cells were metabolically
labeled with |"S]methionine for 3 h before detergent lysis and immunoprecipita
tion with monoclonal rat anti-mouse CSF-1 antibody (Lanes A and f") or with

h>InÂ¡il,ini.i Insilili medium (Lanes B and [)). Proteins were resolved in the absence.
(Lanes A and B) or presence (Lanes C and /)) of reducing agents. Right ordinate,
electrophoretic mobilities of the protein standards of known molecular weight
l A/)- thousands). Exposure time was 3 days.
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Fig. 3. Cell surface expression of CSF-1 by HD cell line L428KSA. Cells were
surface radioiodinated (ml) with lactoperoxidase before detergent lysis and im
munoprecipitation with either monoclonal rat anti-mouse CSF-1 antibody (Â¡Mnes
B and D) or hybridoma fusion medium (Lane* A and C). Proteins were resolved
in the absence (Lanes A and B) or presence (Lanes C and 0) of reducing agents.
Arrows, positions of anti-CSF-1 antibody-recognized proteins. Left ordinate.
electrophoretic mobilities of the protein standards of known molecular weight
(kD. thousands). Exposure times were 1 day (Lanes A and B) and 2 days (Lanes
CandO).
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70,000 protein was apparent (Fig. 3, Lane B). After reduction,
a M, 35,000 band appeared (Fig. 3, Lane D) suggesting the
dissociation of the CSF-1 homodimer of M, 70,000. No obvious
qualitative difference in the soluble or the membrane-associated
forms of CSF-1 were observed between the HD cell lines.

CSF-1 Receptor (c-fms) Expression. CSF-1 has been demon
strated to bind to a single class of high-affinity receptors (46)
which is identical with the c-fms protooncogene product (25,
27). By Northern blot analysis, the parental line and L428KS
contained a 4.4-kilobase c-fms message, whereas L428KSA cells
expressed an apparently smaller 3.8-kilobase transcript (Fig.
4). In the particular blot shown in Fig. 4, lesser amounts of
L428 and L428KS mRNA were loaded than of L428KSA
mRNA. However, the observed size difference between c-fms
transcripts in L428KSA as compared to the two other lines was
highly reproducible. Control mRNA selected from the CSF-1 -
dependent murine macrophage cell line BAC1.2F5 (47) con
tained a c-fms message of identical size (3.8 kilobases) as
expressed by L428KSA cells (Fig. 4). This identity in size and
the fact that signals of comparable intensity were detected after
high-stringency hybridization when approximately equal
amounts of mRNA from each cell line were analyzed (see the
result of rehybridization with actin in Fig. 4) strongly suggest
that the pcfms probe detected a true c-fms message in the HD-
cells. The structure of the c-fms gene as evaluated by restriction
enzyme fragment analysis using the enzymes Â£coRI, Pstl,
BamH\, Hindlll, Bgl\, and Rsal, appeared to be unaltered in
all three lines as compared with normal peripheral blood lym
phocytes and unstimulated monocytes. Digestion with the
methylation-sensitive enzyme HpaU revealed some differences
in the mei li\ lai ion stage of the CSF-1 gene in L428KSA as
compared to L428 and L428KS cells on Southern blot analysis
of the respective DNAs (not shown).

HD cells were then examined for the presence of phospho-
proteins reactive with monoclonal antibody 2H8 raised against
the internal fragment of a recombinant DNA encoded \-fms

A B C D

- c-FMS
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9.5-
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Fig. 4. c-fms gene expression in cultured HD cells. mRNA from Ihe parental
HD cell line L428 (Lane C) and its variants. L428KS (Lane B) and L428KSA
(Lane D). was analyzed by Northern blotting in comparison to mRNA from the
CSF-1-dependent murine macrophage cell line BAC.2F5 (Lane A) by hybridiza
tion with the human c-fms probe under high-stringency conditions. Equivalent
amounts of BAC.2F5 and L428KSA mRNA but relatively less L428 and L428KS
than L428KSA mRNA was loaded on this blot as apparent after rehybridization
of the same blot with an actin cDN A clone which gives an estimate of the amounts
of mRNA electrophoresed (inset). Exposure time was 5 days for the c-fms
hybridized blot and 24 h for the actin blot. Arrows on right larger size c-fms
transcript detected in lines L428 and L428KS |4.4 kilobases (kb). as determined
by comparison to RNA size standards from Bethesda Research Laboratory] and
the prototype 3.8-kilobase c-fms transcript detected in L428KSA and the control
mRNA.

polypeptide. In feline sarcoma virus-infected SM mink cells,
this antibody specifically detected bands corresponding to the
well-described (25, 31) gpl20fms, gp!40flm, and gp 1SO""8fms.In
lysates from 32Prlabeled HD cells, a M, 120,000/130,000 doub

let was precipitated from L428 (Fig. 5, Lane B) and L428KSA
cells (Fig. 5, Lane D). This protein doublet is probably analo
gous to the Mr 128,000/135,000 c-fms proteins detected in
human monocytes and PMA-treated myeloblastic leukemia
cells, ML-1 (25). The identity of additional higher and lower-
molecular-weight bands precipitated by the anti-CSF-1 receptor
antibody 2H8 is presently unclear; these proteins might repre
sent differentially glycosylated or proteolytically processed
products of the receptor. The level of c-fms protein expression
was at least 10 times lower in L428 than in L428KSA cells, as
estimated from the required length of exposure of the autora
diogram to obtain identical intensities of protein bands in the
3 lines.

To detect the expression of c-y/m-encoded proteins on the
cell surface, binding of radioiodinated human urinary CSF-1 to
intact HD-cells was studied but could not be detected with any
of the HD cell lines even when cells had been grown in the
presence of anti-CSF-1 antiserum for 48 h prior to the binding
studies.

Growth Inhibition by Anti-CSF-1 Antibody and Growth Char
acteristics of HD Cells. The coexpression of CSF-1 and its
receptor by the cultured HD cells suggested a possible autocrine
growth regulation. To test for CSF-1 responsiveness, HD cells
were cultured at 105/ml with polyclonal rabbit anti-human CSF-

1 antiserum (30, 32). This antiserum neutralized at a dilution
of 1:500 a near optimal concentration of human CSF-1 in the
murine bone marrow colony-forming assay. Anti-CSF-1 anti-
serum did not affect the growth of either the parental or the
L428KS line, whereas it inhibited the proliferation of late-
passage L428KSA cells by 40, 60, and 70% at dilutions of
1:500, 1:100, and 1:50, respectively, after 96 h of culture (Fig.

A B C D

-43

Fig. 5. SDS-polyacrylamide gel electrophoresis analysis of phosphoproteins
precipitated by anti-c-/m.i antibody from L428 and L428KSA cells. Lysates from
"Prlabelcd L428 (Lanes A, B) and L428KSA cells (Lanes C, I)} were immuno-
prccipitatcd with monoclonal antibody 2H8. generated against the internal frag
ment of baoterially expressed v-fms protein (Lanes B, D) or with control hybrid-
oma fusion medium (Lanes A, C). The electrophoretic mobilities of protein
standards of known molecular weight are indicated in thousands i A/)i (right
ordinate). Arrows. M, 120.000/130.000 doublet detected by the antibody. The
exposure time was 4 days for Lanes A and B and 10 h for Â¡MnesC and D.
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Fig. 6. Growth inhibition of L428KSA cells by rabbit anti-human urinary
CSF-1 antiscrum. L428KSA cells were seeded at 10' cells/ml of culture medium
containing various dilutions of rabbit antiserum or prcimmune scrum. Cell counts
were determined after 24 to 120 h. The cell number in the presence of preimmune
rabbit serum was considered as 100% and that in the presence of anti-CSF-l
antiserum was expressed as percentage of this control cell number. The data
represent average cell numbers of triplicate cultures for each dilution from one
experiment for time points 24 and 120 h and the mean Â±SD (kars) from two
experiments for the other time points.

6). At earlier time points, only 10-15% decrease in growth was
seen in the presence of antiserum, and longer incubation times
with anti-CSF-l antiserum (120 h) did not markedly enhance
the inhibitory effect achieved after 96 h. Comparatively, the
antiserum at 1:100 inhibited pHjthymidine incorporation by
L428KSA cells by 57 Â±22% after 72 h of culture which was
reflected in the decrease of cell number only 24 h later (Fig. 6).
Preimmune rabbit serum had no effects on cell growth. Growth
kinetics obtained in the absence of antiserum indicated that the
time point at which significant inhibition by anti-CSF-l anti-
serum was observed coincided with the time point at which
L428KSA cells started to grow as established by an increase in
[3H]thymidine incorporation (after 72 h of culture). This indi

cated that the initial lag period in the proliferation of L428KSA
cells was due to conditioning of the culture medium by endog
enous growth factors and that CSF-1 might be one of these
factors required for L428KSA growth. Furthermore, DNA
synthesis ceased between 96 and 120 h in the absence of anti-
CSF-l antiserum suggesting that the failure of anti-CSF-l
antiserum to produce increasing growth inhibition over pro
longed incubation time was due to a plateauing of the actively
proliferating cell population. Moreover, the incomplete growth
inhibition by anti-CSF-l antiserum might reflect a heteroge-
nerous dependence on this factor within the nonclonal
L428KSA cell population.

We have previously shown that the L428 parental cells and
subline L428KSA are identical with respect to immunopheno-
type and antigen receptor gene rearrangements (10). Although
most of the characteristic cytogenetic aberrations found in L428
cells are also detected in the variant cells (e.g., tan dup[l]-
[p22p32], inv[2][p25q33], del[5][q31], t[5;5][pl5;q21], dup[7]-
[q22q36], etc.), we now report that a striking difference exists,
however, in DNA ploidy between line L428 (tetraploidy in 90%
of metaphases) and line L428KSA (hyperdiploidy with 51 chro
mosomes in all metaphases). This difference in DNA content
was confirmed by flow cytometry showing a DNA index of 2.75
for L428 cells versus 1.36 for L428KSA cells, and also a
markedly higher RNA content of G0/i L428 (RNA index 65.7)
versus L428KSA cells (RNA index 32.3). By AO staining and
BrdUrd incorporation, the percentage of cells in S phase was
34-48% for L428 and 30-34% for L428KSA. However, the
DNA synthesis rate, calculated as the mean fluorescence of
incorporated BrdUrd, was much higher for L428KSA than for
the parental cells (538 versus 468 arbitrary units of mean

fluorescence, respectively). Taken together, our data suggest
that L428KSA cells represent an outgrowth of rapidly prolif
erating mononuclear HD cells from the parental line, which
consists mostly of Reed-Sternberg-like multinucleated cells. It
might be of significance in this respect that only the mononu
clear L428KSA HD cells showed partial growth regulation by
autocrine CSF-1 secretion.

DISCUSSION

We have characterized the expression of CSF-1 and its recep
tor (c-fms) in Hodgkin's disease-derived cell lines. Line L428

is among the few cell lines which have been accepted to be
representative of Hodgkin's cells based on their neoplastic

origin and their unique phenotype (1, 28). Because activated
monocytes but not lymphocytes produce their lineage-specific
CSF (24, 48), our data suggest an affiliation of HD cells with
mononuclear phagocytes. In view of immunological and im-
munogenetic evidence for lymphoid features of HD-cells (see
"Introduction"), expression of c-fms and its ligand by these

cells represents another example of the proposed close relation
ship between lymphoid (probably B-lymphoid) and myeloid
cells, especially of the monocyte/macrophage lineage (49-53).
Alternatively, HD cells might express CSF-1 and c-fms aber
rantly. Aberrant expression of c-fms in myeloid leukemias (21,
23, 26) and in some solid tumor cells (54-56) could result from
the activation of a cellular c-fms promoter (23, 57), for instance,
through gene rearrangements. The genes for CSF-1 and its
receptor have both been localized to the long arm of chromo
some 5 at 5q33.1 and 5q33.2-33.3, respectively (58). Although
L428 cells and their variants contain chromosomal breaks at
5q21 and 5q31, restriction enzyme analysis of their DNAs did
not indicate a gross DNA rearrangements of either the c-fms
or the CSF-1 gene.

In the HD cells, multiple CSF-1 transcripts were detected
including the well-described (26, 48) 4.0-4.4-kilobase message
plus two to three lower-molecular-weight CSF-1 mRNAs. Mul
tiple CSF-1 transcripts have been found in ovarian carcinoma
cell lines (59) and following treatment with PMA in human
pancreatic cell lines (41 ) and the HL-60 promyelocytic leukemia
cell line (59). Such mRNAs of smaller size than the full-length
4.0- to 4.4-kilobase major transcript have been presumed to be
biologically inactive (41) and their appearance has been attrib
uted to differential splicing of a single, large primary transcript,
influenced by cell type and culture conditions (45, 60). Sugges
tive correlative evidence that the lower-molecular-weight CSF-
1 transcripts encode biologically active CSF-1 was obtained in
L428KSA cells in which the spontaneous shift from the 3.3-
kilobase to the 4.4-kilobase message as the major CSF-1 mRNA
species during the past year of culture was paralleled by a
decrease in growth factor release. Production and release of
biologically active CSF-1 has been correlated with the appear
ance of smaller CSF-1 transcripts in pancreatic carcinoma cell
lines (41). In the pregnant mouse uterus, preferential expression
of a smaller CSF-1 mRNA rather than the 4.6-kilobase message
expressed in fibroblasts has been suggested to be due to cell
type-specific regulation of mRNA splicing in favor of a CSF-1
transcript that might be longer lived (61). Analogously, produc
tion of CSF-1 by L428KSA cells was highest at the time these
cells expressed a 3.3-kilobase small CSF-1 transcript as the
predominant mRNA species. At later passage of L428KSA
cells, the large 4.4-kilobase CSF-1 transcript became predomi
nant and this development was paralleled by a decrease in CSF-
1 secretion.

Cultured HD cells expressed both soluble and membrane-
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associated CSF-1 proteins. Minor molecular weight differences
between HD cell-synthesized CSF-1 proteins and those previ
ously reported from other cell types are most likely due to
differential cellular processing of these highly glycosylated pro
teins (43-45). The M, 200,000 CSF-1 protein secreted by HD
cells which upon disulfide reduction shifted to a M, 100,000
band appears to be analogous to the heterogeneous form of
CSF-1 secreted by the PANC-1 cell line (45). This unexpected
CSF-1 protein has been suggested to represent a hyperglyco-
sylated species (45), a new variant CSF-1 protein resulting from
differential mRNA splicing (44), or an unusually stable complex
containing CSF-1 protein (45). Treatment of the HD cell sur
face-bound CSF-1 with reducing agents halved its apparent size
confirming a homodimeric nature which is required for the
biological activity of the growth factor (42).

All three HD cell lines produced significant levels of CSF-1.
Production of biologically active CSF-1 by monocytes (24, 48)
or non-lymphoid leukemia cells (26) is dependent upon expo
sure to certain inducers such as -y-interferon, granulocyte-mac-
rophage colony-stimulating factor, or PMA. The constitutive
release of CSF-1 by the cultured HD cells without in vitro
activation supports immunological evidence that HD cells are
activated leukocytes (3, 10, 11). L428KSA cells secreted 10-30
times more CSF-1 than the parental cells although gene expres
sion at the RNA level was comparable. It is unlikely that the
excessive production of CSF-1 by L428KSA cells is directly
related to the short-term PMA treatment used to establish this
cell line (29). The continued release of CSF-1 by L428KSA
cells in the absence of PMA rather suggests the selection of a
high CSF-1 producing clone from the parental cells. L428 cells
have recently been cloned and various subclones were found to
differ in the production of transforming growth factor ÃŸ(62),
supporting clonal inhomogeneity within this line.

We have been unable to detect binding of CSF-1 to the surface
of the HD cells. However, the absolute requirement for CSF-1
in the detection of phosphorylated c-fms proteins by antibody
2H8 indicates the presence of functional CSF-1 receptors in
these cells. Lack of surface binding might be due to a dilution
effect of exogenous radiolabeled with endogenous cold growth
factor. Alternatively, c-/ws-coded molecules detected in HD cell
lysates might represent the immature, intracellular forms of the
receptor (31, 43). The mature M, 150,000 cell surface c-fms-
encoded product has been found to be rapidly down-regulated
by exogenous or endogenous CSF-1 (31, 43), so that in cultured
HD cells, which release significant amounts of CSF-1, the
mature receptor might not be detectable under the assay con
ditions chosen. Finally, internal association of the CSF-1 recep
tor with its growth factor, as evidenced, for instance, for the
platelet-derived growth factor (review in Ref. 63), might be the
mode of autocrine loop existent in HD cells. L428KSA but not
the parental cell line showed evidence for a partial autocrine
growth regulation by CSF-1. At present, we have no explanation
for the lack of growth inhibition by anti-CSF-1 antiserum of
L428 and L428KS cells, since all three lines expressed c-fms-
encoded proteins analogous to those reported for the functional
CSF-1 receptor (25). One possible explanation lies in the larger
size of the c-fms transcript in L428 and L428KS as compared
to L428KSA cells which might reflect differential splicing of a
common precursor mRNA resulting in a functionally impaired
CSF-1 receptor.

Our DNA ploidy and cell cycle kinetic data indicate that
subline L428KSA represents the outgrowth of mononuclear
HD cells. These cells originally dominated the L428 line (64),
while upon long-term culture the majority of L428 cells have
developed into multinucleated Reed-Sternberg cells (our data)

which have impaired proliferative capacity (65). Although pre
liminary, our observation of an apparently selective responsive
ness of L428KSA cells to CSF-1 may indicate a role for this
factor as an autocrine growth stimulator of the proliferatively
active subpopulation of HD cells. A relationship between CSF-
1 synthesis and the abnormal growth behavior of HD cells must
now be proved through other studies, e.g., by in situ hybridiza
tion studies for CSF-1 and c-fms expression in HD-involved
tissues.

ACKNOWLEDGMENTS

We would like to thank V. Diehl, University of Cologne, Federal
Republic of Germany, for providing the Hodgkin's cell lines; P. Besmer,

Memorial Sloan Kettering Cancer Center, New York, NY, for the mink
cell lines; and R. Gallagher in our Department for HL-60 cells. We
thank for their gifts of reagents: P. Ralph and E. S. Kawasaki, Cetus
Inc., Emeryville, CA, for the CSF-1 cDNA containing plasmid pcCSF-
1; M. Czaja at the Albert Einstein Cancer Center, Bronx, NY, for the
actin-specific probe; A. Ullrich, Genentech Inc., South San Francisco,
CA, for the c-fms cDNA probe; V. Rothwell, Fred Hutchinson Cancer
Research Center. Seattle, WA, for supplying us with the monoclonal
anti-/ms antibody 2E8; and Dr. F. Dolbeare, Lawrence Livermore
National Laboratory, Livermore, CA, for the anti-BrdUrd antibody,
IU4. We are grateful to J. Haimi at Memorial Sloan Kettering Cancer
Center, for his help in the flow cytometric analyses of the Hodgkin's

cells.

REFERENCES

1. Drexler, H. G., Amlot, P. L., and Minowada, J. Hodgkin's disease-derived
cell linesâ€”conflicting clues for the origin of Hodgkin's disease? Leukemia
(Baltimore). /: 629-637, 1987.

2. Falini, B., Stein, H., Pileri. S., Canino, S., Farabbi, R., Martelli, M. F.,
Grignani, F., Fagioli, M., Minelli, O., Ciani, C., and Flenghi, L. Expression
of lymphoid-associated antigens on Hodgkin's and Reed-Sternberg cells of
Hodgkin's disease. An immunocytochemical study on lymph node cytospins
using monoclonal antibodies. Histopathology, //: 1229-1242, 1987.

3. Drexler, H. G., Leber, B. F., Norton, J., Yaxley, J., Tatsumi, E., Hoffbrand,
A. V., and Minowada, J. Genotypes and immunophenotypes of Hodgkin's
disease-derived cell lines. Leukemia (Baltimore). 2: 371-376. 1988.

4. Griesser. H.. and Mak, T. W. Immunogenotyping in Hodgkin's disease.
Hematol. Oncol.. 6: 239-245, 1988.

5. Herbst. H.. Tippelmann, G., Anagnostopoulos, I., Gerdes, J., Schwarting,
R., Boehm, T.. Pileri, S., Jones. D. B., and Stein, H. Immunoglobulin and
T-cell receptor gene rearrangements in Hodgkin's disease and Ki-1-positive

anaplastic large cell lymphoma: dissociation between phenotype and geno
type. Leuk. Res.. 13: 103-116, 1989.

6. Olsson, L., and Behnkc. O. Phenotypic attributes of the malignant cell
population in Hodgkin's disease indicate a monocyte macrophage origin.
Cancer Surv..* 421-438, 1985.

7. Kamesaki. H.. Fukuhara, S., Tatsumi, E., Uchino, H., Yamabe, H., Miwa,
H.. Shirakawa. S., Hatanaka, M., and Honjo, T. Cytochemical, immunologie,
chromosomal, and molecular genetic analysis of a novel cell line derived
from Hodgkin's disease. Blood. 68: 285-292, 1986.

8. Roth, M. S.. Schnitzer, B., Bingham. E. L., Harnden, C. E.. Hyder, D. M.,
and Ginsburg, D. Rearrangement of immunoglobulin and T-cell receptor
genes in Hodgkin's disease. Am. J. Pathol.. 131: 331-338, 1988.

9. Hsu, S.-M-. and Hsu, P.-L. Aberrant expression of T cell and B cell markers
in myelocyte/monocyte/histiocyte-derived lymphoma and leukemia cells. Is
the infrequent expression of T/B cell markers sufficient to establish a lymph-
oid origin for Hodgkin's Reed-Sternberg cells? Am. J. Pathol., 134: 203-

212, 1989.
10. Athan, E. S.. Paietta. E., Papenhausen, P. R.. Augenlicht, L., Wiernik, P.

H.. and Gallagher. R. E. Stability of multiple antigen receptor gene re
arrangements and immunophenotype in Hodgkin's disease-derived cell line
L428 and variant sublinc L428KSA. Leukemia (Baltimore), 3: 505-510,
1989.

11. Pfreundschuh. M., Mommertz. E.. Meissner, M., Feller, A. C., Hassa, R..
KrÃ¼ger.G. R. F., and Diehl. V. Hodgkin and Reed-Sternberg cell associated
monoclonal antibodies HRS-1 and HRS-2 react with activated cells of
lymphoid and monocytoid origin. Anticancer Res., 8: 217-224, 1988.

12. Ford, R. J., Mehta, S.. Davis, F., and Maizel, A. L. Growth factors in
Hodgkin's disease. Cancer Treat. Rep.. 66: 633-638. 1982.

13. Paietta. E., Stocken, R. J.. Racevskis, J.. and Wiernik, P. H. A new T-
lymphocyte adhesion molecule expressed by cultured Hodgkin's (HD) cells.

J. Cell Biol.. 707: 552a, 1989.
14. Ellis, T. M., McMannis, J. D.. Chua. A. O., Gubler, U., and Fisher, R. I.

Interleukin-I-independent activation of human T lymphocytes stimulated by

2054

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/7/2049/2442892/cr0500072049.pdf by guest on 19 M

ay 2023



CSF-1 AND ITS RECEPTOR IN CULTURED HODGKIN'S CELLS

anti-CD.1 and a Hodgkin's disease cell line with accessory cell activity. Cell.
Immunol., 116: 352-366, 1988.

15. Maggi, E., Parronchi, P., Macchia. D.. Bellesi, G., and Romagnani. S. High 41.
numbers of CD4+ T cells showing abnormal recognition of DR antigens in
lymphoid organs involved by Hodgkin's disease. Blood. 71:1503-1506,1988.

16. Weiss. L. M., Mohaved, L. A., Warnke, R. A., and Sklar. J. Detection of
Epstein-Barr viral genomes in Reed-Sternberg cells of Hodgkin's disease. N. 42.
Engl. J. Med.. 320: 502-506. 1989.

17. Steenvoordcn. A. C. M.. Janssen. J. W. G., Drexler, H. G., Lyons, J.. Tesch, 43.
H., Binder. T., Jones. D. B., and Bartram. C. R. ras mutations in Hodgkin's
disease. Leukemia (Baltimore), 2: 325-326, 1988.

18. Milani, S.. Sugawara, L, Shiku. H., and Mori, S. Expression of c-myc 44.
oncogene product and rai family oncogene products in various human
malignant lymphomas defined by immunohistochemical techniques. Cancer
(Phila.), 62: 2085-2093. 1988. 45.

19. Tesch. H., Jucker, M.. Falk. M. H.. Bornkamm, G. W., Jones, D. B., and
Diehl, V. Molecular analysis of Hodgkin's disease-derived cell lines. Hema-
tol.Oncol., 6:223-231, 1988.

20. Slamon, D. J.. deKernion. J. B.. Verma. I. M., and Cline. M. J. Expression 46.
of cellular oncogenes in human malignancies. Science (Wash. DC), 224:256-
262, 1984.

21. Dubreuil, P., Torres, H., Courcoul, M.-A., Birg, F., and Mannoni. P. c-fms 47.
expression is a molecular marker of human acute myeloid leukemias. Blood,
72: 1081-1085, 1988.

22. Muller, R., Tremblay. J., Adamson, E., and Verma. I. Tissue and cell type 48.
specific expression of two human c-onc genes. Nature (Lond.), 304: 454-
456. 1983.

23. Ashmun, R. A., Look, A. T., Roberts, W. M., Roussel, M. F., Seremetis, S., 49.
Ohtsuka, M., and Sherr. C. J. Monoclonal antibodies to the human CSF-I
receptor (c-fms proto-oncogene product) detect epitopes on normal mono-
nuclear phagocytes and on human myeloid leukemic blast cells. Blood. 73: 50.
827-837. 1989.

24. Rambaldi. A.. Young. D. C., and Griffin. J. D. Expression of the M-CSF
(CSF-1) gene by human monocyles. Blood. 69: 1409-1413. 1987.

25. Woolford. J.. Rothwell, V., and Rohrschneider. L. Characterization of the 51.
human c-fms gene product and its expression in cells of the monocyte-
macrophage lineage. Mol. Cell. Biol., 5: 3458-3466. 1985.

26. Rambaldi. A., Wakamiya, N.. Vellenga, E., Horiguchi. J., Warren, M. K., 52.
Kufe, D., and Griffin, J. D. Expression of the macrophage colony-stimulating
factor and c-fms genes in human acute myeloblastic leukemia cells. J. Clin.
Invest.. */: 1030-1035, 1988. 53.

27. Sherr, C. J.. Reltenmier, C. W., Sacca, R.. Roussel, M. F., Look, A. T.. and
Stanley, E. R. The c-fms proto-oncogene product is related to the receptor
for the mononuclear phagocytic growth factor. CSF-1. Cell, 41: 665-676, 54.
1985.

28. Schaadt, M.. v. Kalle, C. Tesch, H., Burrichter, H.. and Diehl. V. Immuno
logie, functional and molecular genetic properties of Hodgkin-derived cell 55.
lines. Cancer Rev., 10: 108-122, 1988.

29. Diehl. V.. Kirchner, H. H., Burrichter, H., Stein. H.. Fornatsch, C.. Gerdes.
J., Schaadt. M., Heit. W.. Uchanska-Ziegler. B.. Ziegler. A.. Heim/, F.. and 56.
Sueno, K. Characteristics of Hodgkin's disease-derived cell lines. Cancer
Treat. Rep.. 66: 615-632. 1982.

30. Das, S. K., Stanley. E. R., Guilbert. L. J.. and Forman, L. W. Human colony-
stimulating factor (CSF-1) radioimmunoassay: resolution of three subclasses
of human colony-stimulating factors. Blood. 58: 630-641. 1981. 57.

31. Rettenmier, C. W.. Sacca. R.. Furman, W. L.. Roussel, M. F.. Holt, J. T..
Nienhuis, A. W., Stanley, E. R., and Sherr, C. J. Expression of the human
c-fms proto-oncogene product (colony-stimulating factor-1 receptor) on pe- 58.
ripheral blood mononuclcar cells and choriocarcinoma cell lines. J. Clin.
Invest., 77: 1740-1746, 1986.

32. Stanley, E. R. The macrophage colony stimulating factor, CSF-1. Methods
Enzymol., 116: 564-587,1985.

33. Andreeff, M., Darzynkiewicz, Z., Sharpless, T. K., Clarkson, B. D., and
Melamed, M. R. Discrimination of human leukemia subtypes by flow cyto- 59.
metric analysis of cellular DNA and RNA. Blood. 55: 282-293, 1980.

34. Dolbeare, F., Gratzner, H., Pallavicini, M. G., and Gray. J. W. Flow
cytometric measurement of total DNA content and incorporated bromode-
oxyuridine. Proc. Nati. Acad. Sci. USA, 80: 5573-5577, 1983. 60

35. Paietta, E., Stocken, R. J., Morell, A. G., Diehl, V., and Wiernik. P. H.
Unique antigen of cultured Hodgkin's cells. A putative sialyltransferase. J.
Clin. Invest.. 78: 349-354, 1986. 61

36. Maniatis, T.. Fritsch. E. F.. and Sambrook. J. Molecular Cloning. Cold
Spring Harbor. NY; Cold Spring Harbor Laboratory. 1982.

37. Chirgwin, J. M.. Przybyla, A. E., MacDonald, R. J., and Rutter. W. J. 62
Isolation of biologically active ribonucleic acid from sources enriched in
ribonuclease. Biochemistry, 18: 5294-5299, 1979.

38. Aviv. H.. and Lcder. P. Purification of biologically active globin messenger 63
RNA by chromatography on oligothymidylic acid-cellulose. Proc. Nail. Acad.
Sci. USA, 69: 1408-1412. 1972. 64

39. Kawasaki, E. S.. Ladner, M. B., Wang, A. M.. Van Arsdell, J., Warren, M.
K., Coyne, M. Y., Schweickarl, V. L., Lee, M.-T., Wilson, K. J.. Boosman.
A., Stanley, E. R., Ralph, P., and Mark. D. F. Molecular cloning of a
complementary DNA encoding human macrophage-specific colony-stimulat- 65
ing factor (CSF-1). Science (Wash. DC), 230: 291-296, 1985.

40. Coussens. L., Van Beveren, C., Smith. D.. Chen. E.. Mitchell. R. L.. Isacke.
C. M., Verma, I. M., and Ullrich, A. Structural alteration of viral homologue

of receptor proto-oncogene fms at carboxyl terminus. Nature (Lond.), 320:
277-280, 1986.
Ralph. P., Warren, M. K., Lee. M. T., Csejtey. J.. Weaver. J. F.. Broxmeyer,
H. E., Williams. D. E.. Stanley, E. R., and Kawasaki. E. S. Inducible
production of human macrophage growth factor, CSF-1. Blood. 68: 633-
639, 1986.
Das, S. K., and Stanley, E. R. Structure-function studies of a colony stimu
lating factor (CSF-1). J. Biol. Chem., 257: 13679-13684. 1982.
Rettenmier, C. W., and Roussel. M. F. Differential processing of colony-
stimulating factor 1 precursors encoded by two human cDNAs. Mol. Cell.
Biol.. 8: 5026-5034. 1988.
Manos. M. M. Expression and processing of a recombinant human macro
phage colony-stimulating factor in mouse cells. Mol. Cell. Biol., 8: 5035-
5039. 1988.
Shadlc, P. J., Aldwin, L., Nitecki, D. E., and Koths, K. Human macrophage
colony-stimulating factor heterogeneity results from alternative mRNA splic
ing, differential glycosylation. and proteolytic processing. J. Cell. Biochem.,
40:91-107. 1989.
Guilbert. L. J.. and Stanley. E. R. The interaction of '"l-colony-stimulating
factor-1 with bone marrow-derived macrophages. J. Biol. Chem., 267:4024-
4032, 1986.
Morgan, C., Pollard, J. W., and Stanley, E. R. Isolation and characterization
of aclonal growth factor dependent macrophage cell line, BAC1.2F5. J. Cell.
Physiol., 130: 420-427. 1987.
Horiguchi, J., Sariban, E.. and Kufe. D. Transcriptional and posttranscrip-
tional regulation of CSF-1 gene expression in human monocytes. Mol. Cell.
Biol., A:3951-3954. 1988.
Boyd. A. W.. and Schrader, J. M. Derivation of macrophagc-likc lines from
the pre-B lymphoma ABLS 8.1 using 5-azacytidine. Nature (Lond.), 297:
691-693, 1982.
Bauer. S. R.. Holmes, K. L., Morse, H. C, III. and Potter. M. Clonal
relationship of the lymphoblastic cell line P388 to the macrophage cell line
P388D1 as evidenced by immunoglobulin gene rearrangements and expres
sion of cell surface antigens. J. Immunol.. 136: 4695-4699, 1986.
Klinken. S. P.. Alexander, W. S.. and Adams. J. M. Hemopoietic lineage
switch: v-ra/oncogene converts Eu-mj'f transgenic B cells into macrophages.
Cell. 53: 857-867, 1988.
Davidson, W. F.. Pierce, J. H.. Rudikoff, S.. and Morse, H. C., III. Relation
ships between B cell and myeloid differentiation. J. Exp. Med.. 168: 389-
407. 1988.
Hanecak. R.. Zovich. D. C.. Pattengalc. P. K.. and Fan. H. Differentiation
in rilro of a leukemia virus-induced B-cell lymphoma into macrophages. Mol.
Cell. Biol.. 9: 2264-2268. 1989.
Motoo, Y., \l.Him.>mli M.. Osther. K.. and BollÃ³n,A. P. Oncogene expres
sion in human hepatoma cells PLC/PRF/5. Biochem. Biophys. Res. Com
mun., 135: 262-268, 1986.
Horiguchi. J.. Sherman. M. L., Sampson-Johannes. A., Weber, B. L., and
Kufe, D. W. CSF-1 and c-fms gene expression in human carcinoma cell lines.
Biochem. Biophys. Res. Commun.. 1S7: 395-401. 1988.
Kacinski. B. M., Carter. D.. Mittal. K., Kohorn. E. !.. Shacffer Bloodgood.
R., Donahue. J.. Donofrio. L.. Edwards. R.. Schwartz, P. E.. Chambers, J.
T., and Chambers, S. K. High level expression of/m.c protooncogene mRNA
is observed in clinically aggressive human endometrial adenocarcinomas. Int.
J. RadiÃ¢t.Oncol. Biol. Phys.. 15: 823-829. 1988.
Roberts. W. M.. Look, A. T., Roussel. M. F.. and Sherr, C. J. Tandem
linkage of human CSF-1 receptor (c-fms) and PDGF receptor genes. Cell,
55:655-661. 1988.
Le Beau. M. M., Pettenati. M. J., Lemons, R. S., Diaz, M. O., Westbrook.
C. A., Larson. R. A.. Sherr. C. J.. and Rowley, J. D. Assignment of the GM-
CSF, CSF-I. andy/M.vgenes to human chromosome 5 provides evidence for
linkage of a family of genes regulating hematopoiesis and for their involve
ment in the deletion (5q) in myeloid disorders. Cold Spring Harbor Symp.
Quant. Biol., 51: 899-909. 1986.
Ramakrishnan. S.. Xu. F. J.. Brandt. S. J., Niedel. J. E.. Bast. R. C.. Jr.. and
Brown, E. L. Constitutive production of macrophage colony-stimulating
factor by human ovarian and breast cancer cell lines. J. Clin. Invest.. S3:
921-926. 1989.
Ladncr, M. B., Martin, G. A., Noble, J. A., Nikoloff, D. M.. Tal, R.,
Kawasaki, E. S., and White. T. J. Human CSF-I: gene structure and alter
native splicing of mRNA precursors. EMBO J.. 6: 2693-2698, 1987.
Pollard, J. W., Bartocci. A., Arceci, R., Orlofsky. A., Ladner. M. B., and
Stanley. E. R. Apparent role of the macrophage growth factor, CSF-1, in
placenta! development. Nature (Lond.). 330: 484-486. 1987.
Newcom. S. R.. Kadin. M. E.. and Phillips. C. L-428 Reed-Sternberg cells
and mononuclear Hodgkin's cells arise from a single cloned mononuclear
cell. Int. J. Cell Cloning. 6: 417-431, 1988.
Browder, T. M., Dunbar, C. E.. and Nienhuis. A. W. Private and public
autocrine loops in ncoplastic cells. Cancer Cells, /: 9-17, 1989.
Fonatsch. C., Diehl. V.. Schaadt. M.. Burrichter. H.. and Kirchner. H. H.
Cytogenetic investigations in Hodgkin's disease: I. Involvement of specific
chromosomes in marker formation. Cancer Genet. Cytogenct., 20: 39-52,
1986.
Hsu, S.-M., Zhao, X., Chakraborty, S., Liu, Y.-F.. Whang-Peng, J.. Lok, M.
S., and Fukuhara. S. Reed-Sternberg cells in Hodgkin's cell lines HDLM, L-
428, and KM-H2 arc not actively replicating: lack of bromodeoxyuridine
uptake by multinuclcar cells in culture. Blood. 71: 1382-1389, 1988.

2055

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/7/2049/2442892/cr0500072049.pdf by guest on 19 M

ay 2023


