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ABSTRACT

To test the feasibility of using the human epidermal growth factor
receptor (EGFR) as a model for growth factor receptor action in human
hematopoietic cells, we infected Burkitt lymphoma cells (Namalwa) with
a recombinant amphotrophic retrovirus containing a thymidine kinase
promoter-driven human EGFR complementary DNA and the neomycin
resistance gene. Neomycin-resistant cells expressing surface EGFR were
selected by cell sorting using anti-EGFR monoclonal antibody 225. The
selected cells expressed a M, 170,000 protein immunoprecipitated by
monoclonal antibody 225 and apparently identical to EGFR from A431
carcinoma cells. Infected Namalwa cells expressed 42,000 epidermal
growth factor (EGF) binding sites/cell, and Scatchard analysis showed
two affinities (KÂ¿~ 5 n\i and ~0.5 nM). EGFR autophosphorylation was
detected using antiphosphotyrosine antibodies after 5 min exposure to
EGF. EGF binding induced rapid EGFR internalization u, , = 9 min)
and mobilization of transferrin receptors to the cell surface within 1 min.
In fetal bovine serum-containing and serum-free cultures, EGF did not
stimulate Namalwa cell proliferation. However, in the presence of 1.25%
dimethyl sulfoxide (DIVISO), EGF caused a dose-dependent increase in
DNA synthesis. DMSO induced a cell cycle block in G,, which was
partially reversed by EGF. DIVISO induced changes in some B-cell
markers suggesting cellular differentiation and increased surface EGF
receptor number. Cells grown in DMSO and EGF were established as
an EGF-dependent cell line for >12 weeks, whereas cells grown in DMSO
without EGF died within 1-2 weeks. Namalwa cells expressing EGFR
demonstrated more rapid tumor growth in athymic mice. These studies
demonstrate expression of functional 1 (, I K mediating early biochemical
and growth responses in a human hematopoietic cell, and indicate that
EGFR can be used as an effective model in human hematopoietic cells.
Results using DMSO are consistent with studies in other human leukemia
cells indicating that agents inducing differentiation can restore growth
factor dependence in previously factor-independent leukemia cells.

INTRODUCTION

Human hematopoietic cell growth is controlled by an enlarg
ing number of growth factors and their specific receptors (re
viewed in Refs. 1 and 2). Although considerable information
has emerged on the actions of recombinant growth factors,
detailed studies of biochemical and genetic responses in human
cells have been hampered by a lack of growth factor-dependent
cell line models, and incomplete data regarding the structure
and function of growth factor receptors.

In murine systems, factor-dependent blood cell lines are
powerful models for studying growth factor action (e.g., Refs.
3 and 4). Several lines of evidence suggest that growth factors
may share common biochemical and genetic pathways for
growth stimulation, and this concept has been tested by intro
ducing heterologous receptors into factor-dependent murine
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cell lines (5, 6). The erbB oncogene is highly homologous to
the epithelial EGFR1 (7), but in susceptible avian cells induced

factor-independent erythroblastosis (8, 9). It was logical, there
fore, to test effects of the well-characterized EGF-EGFR system
in hematopoietic cells. When the human EGFR was introduced
into factor-dependent murine hematopoietic cells, EGF com
pletely (10, 11) or partially (12) replaced hematopoietic growth
factors in their maintenance. Conversely, coexpression of trans-
fected CSF-1 (M-CSF) and CSF-1 receptor (c-fms) genes in
murine fibroblasts resulted in cell transformation (6). These
studies suggest a "plasticity" in cellular responses such that

heterologous growth factors and their receptors may contribute
to cell transformation and growth in epithelial and blood cells.

To test the feasibility of using the EGFR as a model in human
hematopoietic cells, we infected the Burkitt lymphoma cell line
Namalwa (13) with a recombinant retrovirus containing the
gene for the human EGFR (14-16). The selected Namalwa
cells express biochemically intact, functional EGFR-mediating
characteristic biochemical responses. Although EGFRs had no
effect on proliferation of factor-independent cells grown with
fetal bovine serum, Namalwa cells expressing EGFR cells were
growth stimulated by EGF and established as an EGF-depend
ent cell line after treatment with DMSO. The present studies
are consistent with previous studies of DMSO-treated HL60
myelocytic leukemia cells, which showed that DMSO-induced
differentiation was accompanied by increased responsiveness to
gm-CSF (17, 18). The current studies show that functional

EGFRs can be expressed in human leukemia cells, and can be
used as a model for studying growth factor responses.

MATERIALS AND METHODS

Construction of Recombinant Retrovirus. The structure of the retro-
viral vector NTK/EGF containing the human EGFR cDNA is shown
in Fig. 1. Briefly, the plasmid pLSX (6) was digested with Xhol, the
3.9-kilobase EGFR cDNA isolated by gel purification, and inserted
into the unique Xho\ site of the NTK retrovirus (19) downstream from
the TK promoter in the same transcriptional orientation as the viral
transcriptional unit. NTK was derived by fusing the TK promoter to
the parental vector N2 (20), which consists of two LTRs from the
Moloney murine leukemia virus, the Neo resistance gene from the Tn5
transposon, and a viral packaging signal. The recombinant NTK/EGF
DNA was transfected into the amphotrophic packaging cell line PA
317 (21). Transfected cells were selected in l mg/ml G418 (neomycin),
and Neo-resistant colonies were expanded and tested for virus produc
tion. Supernatant viral titers were determined by infection of NIH 3T3
cells with serial dilutions of viral supernatants and scoring Neo-resistant
colonies. A titer of approximately 1 x 106cfu/ml of virus was generated.

Infection of Cells and Culture Conditions. The human Burkitt lym
phoma cell line Namalwa (13) was originally obtained from the Amer-

' The abbreviations used are: EGFR. epidermal growth factor receptor; CSF.
colony-stimulating factor; DMSO. dimethyl sulfoxide; EGF, epidermal growth
factor; FBS. fetal bovine serum; IL, interlcukin: MAb, monoclonal antibody;
Neo, G418 neomycin; TK. thymidine kinase; cDNA. complementary DNA; dThd,
thymidine: TGF-n. transforming growth factor-Â«.

150

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/150/2443156/cr0510010150.pdf by guest on 19 M

ay 2023



HEMATOPOIETIC CELL EGF RECEPTORS

MoMuLV

N2

CD-
LTR gag pol

LTR NEO LTR

- E Ã‹C
; o oo
u o OU
X lu lu UJ

â€¢nv LTR

DC OC K â€”
O O 01
O O UÃ€
IU U UJ X

LTR
5'

NEO" TK hEGFR LTR
3'

Fig. 1. Structure of NTK/EGF retroviral vector. The N2 vector carrying the
G418 Neo (NEO) resistance gene was derived from the Moloney murine leukemia
virus (19). The full-length human EGFR cDNA fused to the TK promoter of
herpes simplex I virus was spliced into the Xho\ restriction site of N2. creating
an 8.3-kilobase vector. EcoRl and Xbal restriction sites are shown.

Â¡canType Culture Collection (Rockville, MD) and maintained in RPMI
1640 supplemented with 5% FBS (Hyclone, Logan, UT) at 37"C in

7.5% CO2. Log-phase cells were incubated in cell-free supernatant
containing NTK/EGF virus for 16 h with 4/ig/ml polybrene. Following
infection, cells were incubated for 24 h in FBS and medium, and then
Neo-resistant cells were selected in l mg/ml G418 (Gibco, Grand
Island, NY) for 7 days. The Neo-selected cells did not produce infectious
virus detected by transfer of Neo resistance to 3T3 cells incubated with
Namalwa-conditioned media.

Surface display of EGFR was detected by immunofluorescence stain
ing as previously described (22) using anti-EGFR murine MAb 225,
which recognizes a polypeptide epitope of the human EGFR (23). The
10-15% of cells exhibiting highest fluorescence intensity were selected
by fluorescence-activated cell sorting using an Ortho Cytofluorograph
IIS, model 50H (Ortho Diagnostic Systems, Westwood, MA). A total
of 3 sorts were performed, and the resultant cells were designated
NamEGF. Namalwa and NamEGF cells were grown in RPMI 1640/
FBS or in serum-free media containing ethanolamine, transferrin,
insulin, and selenium as described previously (22).

DNA and RNA Analysis. High molecular weight DNA from retro-
virus-infected Namalwa cells, uninfected Namalwa cells (control), and
human placenta (germ-line) was digested with Â£coRIor Xbal (BRL,
Gaithersburg, MD), which detect an internal EGFR cDNA fragment
within the virus and the intact retrovirus respectively, and electropho-
resed in 0.6% agarose gels. Southern blotting to Nytran filters
(Schleicher & Schuell, Keane, NH) was performed by standard methods
(24). Total cellular RNA was isolated using guanidium isothiocyanate
as previously described (25) and electrophoresed in formaldehyde/1%
agarose gels. RNA was transferred to Nytran filters by vacuum blotting
(Vacugene 2016; LKB, Bromma, Sweden). Gene expression was as
sessed at intervals ranging from 30 min to 7 days after EGF stimulation
of control or NamEGF cells. Northern and Southern blots were probed
with the full-length 3.9-ldlobase human EGFR cDNA, an SST-1 cDNA
fragment containing exon II of c-myc, /3-actin, or a full-length TGF-a
cDNA (25).

EGF Binding and Internalizaron. Receptor grade recombinant human
EGF (Amgen; Thousand Oaks, CA) was radiolabeled with '"I to a
specific activity of approximately 5 x IO4cpm/ng using chloramine T

as described previously (26). Binding of labeled EGF to Namalwa or
NamEGF cells was performed as described previously (22, 26). Cells
were incubated for 90 min at 4Â°Cwith various concentrations of '"I-

labeled EGF, and nonspecific binding was determined by adding 50x
unlabeled EGF. Binding constants were determined by Scatchard analy
sis (22, 26). Radiolabeled EGF internalization was assessed using acid
elution of residual surface-bound ligand as described previously (27).

To detect EGF-stimulated protein tyrosine phosphorylation, IO7

Namalwa, NamEGF, and A431 cells were prepared by incubation for
16 h at 37Â°Cin serum-free media, then stimulated with 30 nM EGF for

5 min after preincubation for 30 min in 10 MMsodium o-vandate. Cell

lysis and immunoblotting with anti-phosphotyrosine antibodies were
performed as described (28) or using '"I-labeled anti-phosphotyrosine
MAb PY-20 (ICN Immunobiologicals, Costa Mesa, CA). Some cell
lysates were immunoprecipitated with anti-EGFR MAb 225 or 528
(23) before electrophoresis and blotting.

Cell Growth and Proliferation. Response to growth factors was as
sessed by ['HjdThd incorporation or viable cell counts. NamEGF cells
at 2 x IO5cells/ml were aliquoted into 96-well culture plates (Costar,
Cambridge, MA) in serum-containing or serum-free media Â±1.25%
DMSO for 72 h. ['HjdThd incorporation was assessed as described

previously (18). For studies utilizing DMSO, responses were expressed
as percent increase in cell growth compared with cells grown with
DMSO alone:

of increase = 100 x
(cell growth - DMSO control)

DMSO control

Alternatively, Namalwa or NamEGF cells were cultured in 25-cnr
flasks at an initial concentration of 2 x IO5 cells/ml in RPMI 1640/

FBS, in RPMI/FBS and 1.25% DMSO, or with RPMI/FBS/DMSO
and 1 nM EGF. Viable cell counts were determined using trypan blue
dye exclusion every 2-3 days.

Surface Marker and Cell Cycle Analysis. Surface antigen expression
by NamEGF cells cultured for 5 days with FBS, DMSO, or DMSO
and 10 nM EGF was assessed by immunofluorescence staining using
fluorescein or phycoerythrin-conjugated monoclonal antibodies to com
mon acute lymphocytic leukemia antigen (CD 10), Leu 12 (CD 19), Leu
16 (CD20), and human lymphocytic antigen-DR (Becton-Dickinson,
Mountain View, CA) or fluorescein-conjugated goat anti-mouse anti
body to detect anti-PCA-1 (Coulter Immunology, Hialeah, FL). Cell
cycle distribution was estimated using an Ortho Diagnostic 2150 Com
puter System program (25).

Tumorigenicity. Six 7-week-old female ailumic mice (Simonsen,
Gilroy, CA) were given s.c. injections of 2 x IO7Namalwa or NamEGF

cells in 0.3 ml of sterile buffered saline. Tumor growth was assessed by
serial measurements as described (29).

Growth Factors and Antibodies. Recombinant EGF and insulin-like
growth factor-I were purchased from Amgen, Inc. (Thousand Oaks,
CA). Monoclonal anti-EGF receptor antibodies 225 and 528 (23) were
kindly provided by Dr. John Mendelsohn, Memorial Sloan-Kettering
Cancer Center, New York, NY. Crystalline porcine insulin was pur
chased from Eli Lilly Co. (Indianapolis, IN). Recombinant granulocyte/
macrophage-CSF, IL-3, and IL-4 were kindly provided by Dr. Steven
Gillis (Immunex Corp., Seattle, WA). Recombinant colony-stimulating
factor-1 (M-CSF), IL-5, and IL-6 were kindly provided by Dr. Steven
Clark (Genetics Institute, Cambridge, MA). Ultrapure IL-1 was pur
chased from Genzyme Corp. (Boston, MA) and IL-2 was purchased
from Cellular Products (Buffalo, NY).

Statistics. Differences in growth of xenograft tumors were assessed
using a modified analysis of variance as described previously (30).

RESULTS

Establishment of EGFR Expressing Namalwa (NamEGF)
Cells. The Burkitt lymphoma cell line Namalwa was infected
with NTK/EGF virus by incubation in cell-free supernatant
(Fig. 1). Following G418 (Neo) selection, approximately 23%
of the infected cells expressed surface EGFR detected by im
munofluorescence staining with MAb 225. After 3 serial cell
sorts, 93% of cells stained positively with MAb 225 (data not
shown). All further studies were conducted using these selected
cells (NamEGF cells). Southern blots of DNA from NamEGF
probed with a full-length human EGFR cDNA showed integra
tion of a unique 2.1-kilobase EcoRl fragment from the EGFR
cDNA and an 8-kilobase Xbal fragment consistent with intact
retrovirus (Fig. 2A). Transcription of the EGFR gene was
assessed by Northern analysis. Transcripts of approximately
8.0 kilobases (genomic) and 4.7 kilobases (subgenomic) were
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detected using the full-length EGFR cDNA as a probe (Fig.
2B). The bands are of approximately equal intensity, suggesting
equal steady-state mRNA expression from the viral long ter
minal repeat and the internal TK promoter.

Analysis of Expressed EGFR: Immunopreeipitation and Bind
ing. To confirm the presence of the full-length EGFR protein
on NamEGF cells, radiolabeled surface proteins were immu-
noprecipitated with anti-EGFR MAb 225. Fig. 2C shows that
MAb 225 immunoprecipitated apparently identical surface pro
teins of M, 170,000 from NamEGF and A431 carcinoma cells,
whereas control Namalwa cells expressed no such protein.

When radiolabeled EGF binding was assessed, Namalwa
control cells showed no specific 125I-labeled EGF binding (not

shown). In contrast, NamEGF cells showed specific and satu
rable binding of I25l-labeled EGF (Fig. 3A). Consistent with

studies in other cell systems (e.g., Ref. 31), Scatchard analysis
showed two major EGF binding classes (Fig. 3Ã„). The
NamEGF cells exhibited approximately 7000 high-affinity re
ceptors with a dissociation constant of 0.5 nivi and approxi
mately 35,000 lower affinity receptors with a dissociation con
stant of 5.4 n\i. After treatment with 1.25% DMSO for 72 h,
surface EGF binding sites increased by approximately 50%.

EGFR Expressed on NamEGF Cells Mediate Early Biochem
ical Responses. EGFRs are rapidly autophosphorylated on ty-
rosine residues after EGF binding, and stimulate tyrosine phos-
phorylation of other proteins (reviewed in Refs. 14 and 32). We
utilized rabbit polyclonal or murine monoclonal antiphospho-

tyrosine antibodies to detect NamEGF proteins phosphorylated
on tyrosine after EGF stimulation. Incubation of NamEGF and
A431 cells with EGF for 5 min resulted in appearance of
tyrophosphoproteins, including a M, 170,000 protein consistent
with the EGFR (Fig. 4). Immunopreeipitation of cell lysates
with MAb 528 before imrnunoblotting with antiphosphotyro-
sine MAb confirmed that the M, 170,000 protein was immu-
nologically detectable EGFR (not shown). EGF also stimulated
tyrosine phosphorylation of proteins of approximately M,
55,000 and 48,000 in both NamEGF and A431 cells and M,
115,000 in NamEGF cells.

Following ligand binding, occupied EGF receptors cluster in
coated pits and undergo rapid internalization by receptor-me
diated endocytosis (14, 33). Fig. 5A shows that 125I-labeledEGF
was rapidly internalized by NamEGF cells, with half-maximal

internalization in 9 min. An additional early biochemical effect
of EGF-EGFR binding is the rapid and transient mobilization
of transferrin receptors from intracellular compartments to the
cell surface (26, 34). We assessed the capacity of the EGFR
expressed by NamEGF cells to mobilize transferrin receptors
by determining radiolabeled transferrin binding following EGF
exposure. After incubation with 10 nvi EGF, surface transferrin
binding increased by 148 Â±3% at I min (Fig. 5B). The effect
was transient, and transferrin receptor display returned to base
line by 10 min. This response was qualitatively similar to the
response of fibroblasts and carcinoma cells to EGF (26, 34).

Stimulation of Cell Growth Mediated through EGFR in
NamEGF Cells. Namalwa cells grown in FBS and medium are
not dependent on exogenous growth factors. Using [%H]dThd
incorporation or cell growth assays in serum-containing and
serum-free media, no growth responses by NamEGF cells were
elicited by EGF, insulin, insulin-like growth factor-I, gm-CSF,
IL-1, IL-2, IL-3, IL-4, IL-5, or IL-6 (data not shown). In
cultures containing RPMI-1640/FCS and 1.25% DMSO, cell
growth and basal DNA synthesis were inhibited in NamEGF
cells. EGF stimulated DMSO-treated cells in a dose-dependent
manner (Fig. 6/4). Maximal responses by DMSO-treated
NamEGF cells to EGF in short-term culture gave [5H]dThd

incorporation rates nearly equivalent to FBS controls (FBS
control cells 65,122 Â±10,617 cpm, mean Â±SE, 3 experiments;
DMSO control cells 18,450 Â±420; DMSO-treated cells + 10
nM EGF, 56,133 Â± 10,717). Half-maximal stimulation of
DMSO-treated cells was obtained at 200 pM EGF, a value
consistent with the ED50 for EGF-stimulated fibroblast growth
(e.g., Ref. 35). The response to EGF by DMSO-treated
NamEGF cells was specific and was not observed with the other
growth factors tested.

The proliferative response of NamEGF cells to EGF in the
presence of DMSO was also evaluated using serial cell counts
(Fig. 6B). The doubling time of NamEGF cells grown with 5%
FBS was 16-24 h, similar to that of control Namalwa cells.
NamEGF or control cells grown in 5% FBS + 1.25% DMSO
initially proliferated with a slower doubling time, then ceased
cell growth and died within 2 weeks. In 4 experiments, there
was no evidence for emergence of NamEGF cells resistant to
DMSO. In contrast. NamEGF cells grown in DMSO with 1
nM EGF proliferated indefinitely with a doubling time of 36-

Fig. 2. A, Southern analysis of DNA from
virus-infected cells. High molecular weight
DNA from human placenta (germ-line). Na
malwa control, and NamEGF cells was di
gested with EcoRl or A'Aal and probed with

full-length human EGFR cDNA. Arrows show
a unique Â£coRIfragment of 2.1 kilobases from
the EGFR cDNA and a .Veal fragment of 8.0
kilobases in NamEGF cells corresponding to
intact viral DNA. B, Northern blot analysis of
NTK/EGF virus-infected cells. Total cellular
RNA from Namalwa control and NamEGF
cells was probed with human EGFR cDNA.
Transcripts of approximately 8 and 4.7 kilo-
bases are present in NamEGF cells. C. Im
munopreeipitation of EGFR. Namalwa con
trol, NamEGF and A431 cells (positive con
trol) were radiolabeled with I2*l and
immunoprccipilated with anti-EGFR MAb
225 or murine IgG as a control. A similar
protein of approximately M, 170.000 was de
tected on NamEGF and A431 cells, but not
control Namalwa cells.
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Fig. 3. A, Saturation binding curve of '"I-labeled EGF to NamEGF cells.

Specific binding was obtained by subtracting nonspecific binding determined in
the presence of 50x unlabeled EGF. B, Scatchard analysis of '"I-labeled EGF
binding. The two lines were determined by best-fit linear regression, with a
correlation coefficient of 0.87 for the high-affinity points and 0.98 for the lower
affinity lines. Points represent the means of 3-5 experiments.
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Fig. 4. Tyrosine phosphorylation of EGFR and other proteins in response to
EGF. Proteins phosphorylated on tyrosine after exposing cells to EGF for 5 min
were detected by immunoblotting with antiphosphotyrosine antibodies. Lane 1,
A43I cells, EGF stimulated; Lane 2, Namalwa control cells, O min EGF; Lane 3,
Namalwa cells. 5 min EGF: Lane 4, NamEGF cells. Omin EGF; Lane 5. NamEGF
cells, 5 min EGF.

48 h, but remained strictly EGF-dependent. Withdrawal of EGF
in the presence of DMSO at any time resulted in cell death
within 2 weeks (3 experiments).

Incubation with DMSO had a marked effect on NamEGF
cell cycle distribution (Fig. 7). After 5 days, 9% of DMSO-

80
Ik
O

E
- 40

o Acid Stable
â€¢Acid Dissociable

10 20 30

Time (min)

140

= 130

U

120

m
_ 110

1O'

Time

Fig. 5. A. intcrnalization of '"I-labeled EGF by NamEGF cells. Following
binding of saturating quantities of radiolabcled EGF at 4Â°C,NamEGF cells were
warmed to 37'C for 4-60 min, and at varying times residual surface ligand was
removed by acetic acid elution (26). Total cell-associated radioactivity and acid-
stable (internalized) radioactivity were determined by gamma counting. The
difference betw-een these two measurements is plotted as residual acid dissociable

(surface bound) radioactivity. Points represent the mean of 2 experiments. B,
transferrin receptor mobilization after stimulation of NamEGF cells by EGF.
Cells were incubated for the indicated times with EGF. then immediately chilled
on ice with sodium azide and binding of '"I-labeled transferrin (Tf) assessed.
Results shown are means Â±SE of 3 experiments.

treated cells were in S-phase and 12% in Gi/M-phase, com
pared with 31 and 28% of control cells, respectively (means of
3 experiments). A further shift to G, occurred by the seventh
day of DMSO treatment, by which time a larger fraction of
cells was nonviable (note shoulder to the left of the G, peak).
Cells incubated with DMSO plus EGF showed less inhibition
of progression to S-phase (17%) or G,-M (23%) at day 5 and
increased viability. These changes persisted at lower levels
through day 7.

We conducted several studies to elucidate the mechanism by
which EGF reverses DMSO-induced growth inhibition. Prelim
inary studies showed that gm-CSF and EGF increase c-myc
expression in DMSO-treated HL60 cells (42). Northern analy
sis of RNA from DMSO-treated Namalwa cells showed that
DMSO reduced Namalwa c-myc expression to 10-20% of
control. However, EGF had no effect on c-myc expression by
control or NamEGF cells. TGF-Â«transcripts, which are also
induced by EGF in some epithelial or mesoderma! cells (43),
were not detected in Namalwa or NamEGF cells either before
or after EGF stimulation.

NamEGF cells grown under control conditions or in the
presence of 1.25% DMSO or DMSO and 1 nM EGF for 5 or 7
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Fig. 6. .-Ã•,['HjdThd ([^Â¡IjTar) incorporation following EGF stimulation of

NamEGF cells. Cells were exposed to various doses of EGF continuously for 72
h in 5c-c FBS alone (â€¢)or with 1.25% DMSO (â€¢).Results are expressed as
percent of FBS or DMSO control counts without added EGF (see "Materials and
Methods"). Means and SE of 3-6 experiments are shown. B, proliferation of

NamEGF cells in FBS. FBS + 1.25% DMSO, or FBS/DMSO + 1 nM EGF.
Cells grown with DMSO alone died within 2 weeks, as did cells grown with
DMSO/EGF if EGF was withdrawn. Cells were passaged every 2-3 days in fresh
medium and additives. Results are means of 3 experiments.

days were evaluated for changes in surface marker expression,
which might indicate differentiation. Expression of markers of
early B cell maturation decreased markedly after DMSO treat
ment. Under control conditions, 80% of cells expressed CD10,
whereas only 12% of cells treated with DMSO expressed this
antigen (means of 3 experiments). Similarly, 92% of control
cells and 46% of DMSO-treated cells expressed CD 19. Expres
sion of HLA-DR was slightly lower in DMSO-treated cells
(96% versus 83%). DMSO induced expression of the B-cell
antigen CD20; only 9% of control cells exhibited this marker,
compared with 36% of DMSO-treated cells. However, no in
duction of the plasma/cell-associated antigen detected by PCA-
1 was detected. The continuous presence of EGF influenced
DMSO-induced surface antigen changes. In the presence of
DMSO and EGF, expression of CD 19 (91%) was preserved,
but CD 10 expression decreased (9%), and CD20 was induced
(56%). Thus, EGF had mixed effects on these cells, preserving
expression of some antigens (e.g., CD19), but not others
(CD 10).

Expression of EGFR Enhances Tumorigenicity of Namalwa
Cells. Increased EGFR expression is associated with increased

tumorigenicity of epidermoid and other carcinoma cells (36).
To determine whether EGFR increased tumorigenicity of blood
cells, Namalwa or NamEGF cells were injected s.c. into unir-
radiated female athymic mice, and tumor growth was monitored
as described (29, 30). Tumor growth occurred with both Na
malwa control and NamEGF cells, but animals receiving im
plants of NamEGF cells showed significantly (P < 0.01) larger
tumors when analyzed over the course of the entire experiment
(Fig. 8).

DISCUSSION

In the current studies, functional EGFRs were expressed by
the Burkitt lymphoma cell line Namalwa after infection with a
recombinant retrovirus. Heterologous EGFR expressed by
NamEGF cells showed dual binding affinities and other bio
chemical properties similar to EGFR expressed by epithelial
cells (6, 31 ). Our results indicate that NamEGF cells apparently
process and express the EGFR protein in a manner similar to
epithelial and murine hematopoietic cells, and that early bio
chemical signals triggered by EGF binding elicit similar re
sponses in epithelial and blood cells.

The human EGFR has previously been expressed in murine
bone marrow cells and hematopoietic cell lines (10-12). Al
though proliferation of primary bone marrow cells was not
supported by EGF alone, synergy with IL-3 was seen (11). In
murine factor-dependent hematopoietic cell lines expressing
EGFR, EGF elicited growth responses, and could replace IL-3
in supporting proliferation (10, 11). In the present studies, EGF
stimulated DNA synthesis and supported long-term cell prolif
eration only under a specific growth-inhibitory condition (i.e.,
DMSO treatment). Thus, under these conditions even highly
passaged, factor-independent Namalwa cells contain the bio
chemical and genetic intracellular pathways for growth stimu
lation by heterologous EGFRs.

Treatment of HL60 myelocytic leukemia cells with DMSO
induces gm-CSF responsiveness (17, 18). Originally, Namalwa
and NamEGF cells were treated with DMSO to serve as a
control for experiments designed to evaluate EGF responsive
ness of HL60 cells expressing EGFR (42). We found that
DMSO treatment of both highly passaged cell lines causes
growth inhibition, which is partially reversed by a specific
growth factor. In HL60 cells, DMSO induces terminal granu-
locytic differentiation and increased gm-CSF responsiveness
(17, 18). Differentiation of Namalwa cells after DMSO treat
ment was incomplete but was sufficient to render these cells
growth-responsive to EGF. In HL60 cells, postdeterministic
proliferation after DMSO treatment is increased by gm-CSF,
but the cells terminally differentiate and die. In NamEGF cells,
EGF allowed not only short-term proliferation of DMSO-
treated cells but also their continuous propagation in DMSO.

Although the mechanism remains unclear, DMSO induces
G, arrest of several human B-cell lines, including the Burkitt
lymphoma line Raji (37). NamEGF cells were also arrested in
G i by DMSO (Fig. 7), but this effect was partially reversed by
EGF. The mechanism of this response remains to be elucidated.
Preliminary studies showed no effects of EGFR on c-myc (38-
41 ) or TGF-Â«expression either before or after EGF stimulation.
Expression of these genes increases in epithelial cells after EGF
stimulation (43). In contrast to the early biochemical responses
induced through the EGFR, our findings suggest that EGFR-
induced genetic responses by blood and solid tumor cells may
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Fig. 7. DNA content of NamEGF cells grown in RPMI 1640/5% FBS alone (control) or with 1.25% DMSO or DMSO plus 10 nM EGF. Cells were maintained
at densities of 0.2-1.2 X 10' cells/ml; 10' cells were aliquoted on the days indicated, stained with propidium iodide, and analyzed by flow cytomctry. Results from I

of 3 representative experiments are shown.
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Fig. 8. Growth of Namalwa or NamEGF cells as xenografts in nude mice.
Results are the means of 2 experiments with 5-7 animals in each group.

differ, although the receptor stimulates growth in both cell 5.
types.

NamEGF tumors grew more rapidly in unirradiated athymic 6
mice than did Namalwa control cells, indicating increased tu-
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morigenicity by EGFR-expressing cells. These findings suggest
that the EGFRs expressed by Namalwa cells also modulate in
vivo biological behavior, and are similar to effects of increased
EGFR expression by solid tumor cells. Our data suggest that
this in vivo response is not mediated by autosecretion of TGF-
a. Thus, the presence of EGFR may confer an in vivo growth
advantage on a variety of cell types. A mechanism whereby
normal growth factor/growth factor receptor activity might
interfere with immune responses in the nude mouse has been
postulated (44), and this matter is under further study.
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