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ABSTRACT

The mRNAs encoding the c-kit protooncogene tyrosine kÃ¬nasereceptor

and its ligand, hemopoietic stem cell factor, are coexpressed in the major
ity of small cell lung cancer cell lines, suggesting that an autocrine growth
loop may exist. Functional c-kit protein levels correspond well with mRNA

levels in these cells. We have observed that those cell lines which express
the c-kit gene also express either the L- and N-myc genes; those cell lines
which express the c-myc gene do not express the c-kit gene. We have
determined, by analyzing several small cell lung cancer cell lines trans-
fected with a c-myc expression vector, that heterologous expression of
c-myc correlates with a marked down-regulation of c-kit expression. Regu
lation of c-kit expression by the myc gene family may be partly responsible

for the differing biological properties of cell lines and tumors which ex
press N- and L-myc versus those that express c-myc.

INTRODUCTION

Growth deregulation in human small cell lung cancer has been
attributed to many genetic abnormalities, including mutation/deletion
of tumor suppressor genes, the existence of multiple autocrine growth
loops, and the amplification and transcriptional deregulation of the
myc family of nuclear oncogenes (1). It is likely that these and other
as yet undescribed genetic changes act in concert, rather than as
independent events, to produce the aggressive clinical entity we know
as small cell lung cancer. The aim of this study was to begin to
characterize a link between two potential mechanisms of growth de
regulation, coexpression of the c-kit tyrosine kinase growth factor

receptor and its ligand, hemopoietic stem cell factor, and deregulation
of myc family expression.

The amplification and overexpression of any one of the three char
acterized members of the myc gene family is a unique feature of
SCLC4 biology (1). Anywhere from 30 to 50% of established SCLC

cell lines have amplified copies of either c-, N-, or L-myc, with a
roughly equal number distributed among the three genes (2, 3). Over-
expression of these genes may occur without amplification (4â€”6),and

taking into account both amplified and nonamplified lines, overex
pression of a myc family member (when compared to expression in
fetal lung) is a feature of over 95% of SCLC cell lines (3). Amplifi
cation and expression levels in established cell lines appear to reflect
those seen in tumor specimens (3, 7). The mechanism by which
overexpression occurs is varied and may occur by gene amplification,
increased transcriptional initiation, or through loss of transcriptional
attenuation (8). The result of myc overexpression on the behavior of
SCLC cells has not been well defined, however, c-myc amplification

Received 3/24/93; accepted 7/7/93.
The costs of publication of this article were defrayed in part hy the payment of page

charges. This article must therefore he hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported in part by a Merit Review Award from the Department of
Veterans Affairs (G. K.); USPHS Grant 2T32CA-09564 (H. P., J. C.); USPHS Grants
Al-25537, AI-00949. and AI-2X532 (T. H.); and by USPHS Grant CA-16509 to the
Massey Cancer Center (Nucleic Acid and Molecular Biology Core Facilities).

2 Present address: Food and Drug Administration, Rockville, MD.
3 To whom requests for reprints should be addressed, at McGuire VA Medical Center,

Room 5A-12S, 1201 Broad Rock Road. Richmond, VA 23249.
4 The abrÃ©viationsused are: SCLC, small cell lung cancer; SCF, stem cell factor;

cDNA. complementary DNA.

is associated with a variant phenotype with fewer neuroendocrine
features, a faster growth rate (9), and poorer patient prognosis (2), but
the biological mechanisms which result in this change have yet to be
worked out. There is ample evidence that elevated myc gene expres
sion is associated with cell proliferation and can help induce a trans
formed phenotype, but the precise function of this family of nuclear
phosphoproteins has not been defined (10). By virtue of their adjacent
basic region-helix-loop-helix/leucine zipper domains they share ho-

mology with a class of transcription factors (11, 12). They can all form
a heterodimer with a small, apparently regulatory, protein called max,
which has been shown to allow c-myc to bind DNA in a sequence-

specific fashion with high affinity (13, 14). It is presumed that these
proteins modulate proliferation by functioning as transcription factors,
but their target genes have yet to be identified.

The autocrine stimulation of growth has been a popular hypothesis
used to explain deregulated SCLC growth. Evidence exists for auto
crine loops involving gastrin-releasing peptide and insulin-like growth

factor 1 (for review see Ref. l). Recently, there has been a suggestion
that another autocrine loop may be functional in some SCLC cell
lines. Researchers at the Aichi Cancer Center have demonstrated that
a relatively high percentage of SCLC cell lines and tumor specimens
express the mRNA encoding the c-kit protooncogene (15). This is the
transforming gene of a feline sarcoma virus (16) and encodes a trans-

membrane tyrosine kinase growth factor receptor in the same family
as the receptors for platelet-derived growth factor and colony stimu

lating factor 1 (17). Its ligand, alternatively known as stem cell factor,
mast cell growth factor, kit ligand, or steel factor, is a hemopoietic
growth factor which, in conjunction with other hemopoietic growth
factors, supports the proliferation and differentiation of multiple he
mopoietic cell lineages from early precursors (18-20). Consistent with
this observation, CD34+ cells from human bone marrow, enriched for

early hemopoietic progenitors, express the c-kit gene and require its

continued expression for proliferation (21). Recent evidence indicates
that some SCLC cell lines and tumors express the mRNA for both the
c-kit gene and its ligand, stem cell factor (22), suggesting that these

gene products could mediate autocrine growth.
While studying c-kit expression in hemopoietic progenitors (21) we

became interested in c-kit expression by SCLC because of the frequent

metastasis of this tumor to the hemopoietic environment of bone
marrow. In this study we have screened existing SCLC cell lines for
expression of both c-kit and stem cell factor mRNA and noted a strong
correlation between expression of the c-kit gene and differential ex

pression of myc family members. We have pursued this observation by
analyzing a series of transfectants which demonstrate suppression of
c-kit expression in the presence of enhanced c-myc expression.

MATERIALS AND METHODS

Cell Culture. Cell lines were maintained in RPMI 1640 supplemented with
2 HIML-glutamine and 10% fetal calf serum (Gihco/BRL, Gaithershurg, MD).

Analysis of Gene Expression. Cellular RNA was isolated and Northern
blotting was performed as described previously (8). Polyadenylated RNA was
isolated from total cellular RNA hy either oligodeoxythymidylate cellulose
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Fig. I. Northern blot analysis of c-kil, SCF, and
myc gene expression. Ten >ig of polyadenylated
RNA isolated from the indicated cell lines was elec-
trophoretically resolved, blotted, and successively
probed for c-kit. SCF. actin. and c-, L-, and N-myr

expression. The first nine lanes represent SCLC
cell lines (H82-H249); MCF 7 is a breast cancer
cell line: HepG2 is a hepatoma cell line; K562 is a
chronic myelogenous leukemia cell line; LAN-5 is
a ncuroblastoma cell line. Exposure times for c-kit
and SCF probes were 16 h; that for actin and myc
probes was 2 h.
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chromatography (23) or by biotinylated oligodeoxythymidylate/streptavidin-
magnetic bead separation (PolyA-Tract; Promega, Madison, WI) with equiva
lent results. Northern blots were probed with the following gene-specific
nick-translated (24) probes: c-kit, a 1.2-kilobase 5' partial cDNA clone (17)

(ATCC clone 59493); c-myc (exon 3 Clal-EcoR\ fragment), N-rnvr (exon 2
EcoRi-BamHl fragment), L-myc (exon 2-3 partial cDNA), and ÃŸ-actin

(cDNA) probes were as previously described (8). The SCF probe was a
0.5-kilobase partial cDNA clone representing sequences encoding soluble SCF,
derived by screening a HepG2 cDNA library (Stratagene, LaJolla, CA) with an
oligonucleotide probe deduced from the sequence of Martin et al. (18) (nucleo-
tides 645â€”676);the complete properties of this clone will be reported else
where.5

Analysis of c-kit Protein Expression, c-kit proteinexpression was ana
lyzed using an assay for specific binding of biotin-labeled SCF (R & D
Systems, Minneapolis, MN). The assay was performed according to the sup
plier's protocol, with the exception that streptavidin-phycoerythrin (Jackson

Laboratories, West Grove, PA) was substituted for avidin fluorescein as the
detection agent to increase sensitivity. Cell surface binding of hiotin-labeled
SCF was detected using a Becton-Dickinson FACScanflow cytometer; 10.000
cells were analyzed per assay. Cell size was analyzed using linear amplification
of forward scatter and a four decade logarithmic amplification of side scatter.
The forward and side scatter dot plot was used to eliminate aggregates from the
analysis. Fluorescence signals were measured using a four decade logarithmic
amplifier. List mode data were analyzed using FACScan Research software.

Expression of a Heterologous c-myc Gene. A c-myc expression vector
was constructed by taking a genomic Xhol-EcoRi fragment of the c-myc gene
containing most of exon 1 and all of exons 2 and 3 (25) and cloning it between
the SalÃ¬and f,'roRI sites in the polylinker of the cytomegalovirus promoter-

driven eukaryotic expression vector pJ7fi (26) (ATCC 37724). This construct
was cotransfected with pSV2neo into H209 cells using lipofectin (Gibco/BRL)
as described in the product literature for suspension cells. Selection of stable
transfectants was performed using G418 (800 /ng/ml; Gibco/BRI.) over a
period of 4-6 weeks.

5 J. I.eftwich, J. Catlett. and T. Huff, manuscript in preparation.

RESULTS

Expression of c-kit and SCF mRNA. Northern blot analysis was

performed on samples of polyadenylated RNA isolated from nine
representative SCLC cell lines and four human tumor cell lines other
than SCLC. This blot was sequentially probed with a c-kit probe
derived from the 5' portion of the mRNA (17) and a 0.5-kilobase

portion of a partial SCF cDNA clone, representing sequences encod
ing the soluble portion of SCF. Fig. 1 illustrates that the tumor cell
lines other than SCLC contained either c-kit (K562, LAN 5) or SCF

(MCF 7, HepG2) mRNA, but not both. On the other hand the majority
of SCLC cell lines expressed both the receptor and the ligand at
varying levels. Cell lines H209, H432, and H69 expressed both c-kit

and SCF at high levels, relative to the hemopoietic cell line K562
(c-kit) and HepG2. from which the human SCF cDNA clone was
originally obtained (18). Cell lines H128 and H187 expressed c-kit at

high levels and SCF at relatively low levels, while H249 expressed
both at relatively low levels; low levels of expression are not readily
seen on the photographic reproduction of the autoradiograms. The
exceptions to coexpression are: HI46, which expressed SCF without
c-kit; H510, which expressed c-kit without SCF; and H82, which
expressed neither, even on 7-10-fold longer exposures than those

illustrated.
Using a flow cytometric assay, we have been able to demonstrate

that c-kit mRNA levels correspond well to levels of functional c-kit
protein (Fig. 2). HI46, which does not express detectable c-kit mRNA,

lacks any binding of biotinylated SCF, while H209, which expresses
high levels of c-kit mRNA, binds a readily detectable quantity of

biotinylated SCF. H69, which produces an intermediate amount of
c-kit, mRNA binds an intermediate quantity of biotinylated SCF. This

assay extends earlier data by Turner et ai., who demonstrated specific
binding of iodinated SCF by SCLC cell line H69; in addition, these
investigators also demonstrated the presence of immunologically re
active SCF on the surface of these cells (27).
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H209

Fig. 2. Flow cylometric analysis of c-kil prolein expression. Cells were incubated in either phosphate-buffered saline ( ) or phosphate-buffered saline containing biotin-labeled
SCF ( ). Binding of biotinylated SCF was measured by flow cytometric detection of fluorescence after incubation of saline and biolinylated SCF treated samples with
strcptavidin-phycoerythrin. Ordinale, cell number; abscissa, fluorescence intensity.

Correlation of c-kit Expression with Differential myc Family
Expression. During our initial studies of c-kit expression in SCLC,

we noticed that there appeared to be a pattern emerging with regard to
myc family expression. Those cell lines which expressed c-myc (H82,
H146) did not express c-kit; those cell lines which expressed either L-
(H128, H209, H432, H510) or N-myc (H69, H187, H249) expressed
c-kit. The lower portion of Fig. 1 illustrates this phenomenon by

showing the results of probing for expression of the individual myc
family members in the nine cell lines screened for c-kit expression.
While c-iiV expression correlates with L- and N-myc expression, there
is no apparent correlation between the absolute level of L- or N-myc
mRNA expression and the level of c-kit mRNA expression. These

lines are maintained in our laboratory in part because of their distinct
patterns of myc expression; thus we were concerned that with a small
sample number we had biased our results. We, however, found that
workers from the Aichi Cancer Center had published the levels of
expression of myc family members (3) and c-kit (15) in a different

subset of SCLC cell lines. Table 1 is a compilation of their published
data as well as our own, including three cell lines not illustrated in Fig.
1 (H378, H526, WB). Of the 19 independent lines, 18 are consistent
with our observation that c-myc expression correlates with lack of
c-kit expression and L- and N-myc expression correlates with c-kit
expression. The exception, NCI-N231, which expresses c-myc and
c-kit, is interesting. This cell line, originally derived as a nude mouse

xenograft, was adapted to growth in cell culture and in the process a
subclone, NCI-N417, was derived which had a 9-fold increase in

Table l Correlation of c-kit unii invc famil\ expression in SCLC cell lines

Cell line anyc L-myc N-myr c-kil

Present study
NC1-H82
NCI-H146
NCI-HI 28
NCI-H2OT
NCI-H378
NCI-H432
NCI-H5K)
NCI-H69
NCI-H187
NCI-H249
NCI-H526
MCV-WB

Aichi Cancer Center''

SCLC-SK3
NC1-N231'
NCI-N417'

NCI-N857
SCLC-SLI
SCLC-TM1
SCLC-OTI
NCI-H69

-t

^

" +, ability to detect expression on Northern blot; -. absence of detectable expression

on Northern blot.
h Compiled from Refs. 3 and 15.
''N417 is a subclone of N231 which has undergone a 9-fold increase in c-myc

amplification, with subsequent loss of c-kil expression (4).

c-myc amplification (4). As can be seen in Table l, N417 does not
express c-kit, suggesting that increased c-myc expression is associated
with the loss of c-kit expression.

Heterologous Expression of c-myc Results in Suppression of
c-kit Expression. The above data correlates L- and N-wryc expression
with c-kit expression and c-myc expression with the lack of c-kit

expression. These correlative data do not indicate whether this is a
direct or indirect relationship, nor do they give much insight into the
potential mechanisms responsible for this relationship. Numerous in
terpretations of this observation are possible. Stimulation of the c-kit
receptor by endogenous SCF may result in the stimulation of either N-
or L-myc expression by a mechanism similar to that responsible for
the stimulation of c-myc expression by the platelet-derived growth
factor and colony-stimulating factor 1 receptors (28). On the other
hand high level N- or L-myc expression, mediated in some cases by
gene amplification, could result in c-kit expression as a direct or

indirect result of their potential action as transcription factors. Also
possible is that while c-kit expression may be necessary for the growth
of those cell lines which express N- and L-myc, high level c-myc
expression bypasses the requirement for expression of c-kit and may

suppress the expression of this gene in SCLC cells. This hypothesis is
based in part on the observation made on the N417 subclone of cell
line N231, in which further c-myc amplification and increased expres
sion was associated with the loss of c-kit expression.

We have begun to test these hypotheses, first by determining
whether c-myc expression could repress c-kit expression. Cell line
H209, which expresses high levels of c-kit, had already been trans-
fected with an expression vector containing a genomic c-myc gene

driven by its own promoter (29). Johnson et al. had isolated stable
subclones which integrated various plasmid copy numbers and con
sequently expressed varying amounts of c-myc mRNA. We obtained

two of these subclones: clone A, which expressed relatively low levels
of c-myc mRNA due to integration of a single copy of the genomic
c-myc gene; and clone E, which expressed relatively high levels of
c-myc mRNA due to integration of six copies of the c-myc gene.
Northern blot analysis of c-kit expression (Fig. 3A ) of clone A dem
onstrates that c-kit mRNA levels are markedly repressed, relative to

that seen in the parental cell line. This repression of mRNA is reflected
in decreased c-kit protein production to the point at which it is unde-

tectable in our flow cytometric assay (Fig. 3ÃŸ).We also noted that
L-myc expression was repressed in the c-myc transfectant, but by
densitometric evaluation the magnitude of repression of c-kit was
approximately 5-fold greater than that of L-myc.

Clone E, which expresses c-myc at higher levels than clone A, has
still lower expression of c-kit mRNA (Fig. 4). Furthermore, while
clone E has significantly higher levels of c-myc expression, the level
of L-myc expression is not significantly different from that of clone A.
This indicates that the repression of c-kit expression correlates better
with the increase in c-myc expression, rather than any decrease in
L-m>>cexpression. In an attempt to generate stable transfectants with
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c-kit

L-myc

c-myc

DISCUSSION

It is likely that human malignancies result from multiple genetic
defects acting cooperatively to induce complete loss of growth con
trol. Small cell lung cancer cell lines have served as an excellent
model system to define individual genetic defects which may be
involved in the pathogenesis of this and other tumors (1). In this study
we have demonstrated that 6 of 9 SCLC cell lines coexpress the
mRNA encoding c-kit and SCF, confirming the observation of Hihi et

al. (22), who also demonstrated that these genes were coexpressed in
fresh tumor specimens. We have extended these observations by dem
onstrating that the relative levels of functional c-kit protein (capable of

specifically binding SCF) are consistent with the relative levels of
c-kit mRNA.

Furthermore, we have established that there is a linkage between
c-kit expression and myc family expression in SCLC. Among the 19

independent cell lines that we and others have studied, 18 follow the
rule that c-kit expression occurs in those lines which express N- or
L-myc and c-kit expression is absent in those lines which express
c-myc. The single exception, NCI-N231, was important in giving us

some insight into the potential reasons for this relationship. We inter
preted the observation that an increase in c-myc expression in a
subclone of N231 (N417) was associated with loss of c-kit expression

to indicate that an important component of this relationship could be
suppression of c-kit expression by c-myc. Because of this observation
we initially analyzed subclones of an L-myc and c-tÃ²-expressing cell

Act in

H209
H209/c-myc

Fig. 3. Expression of an exogenous c-myc gene suppresses c-kit expression, c-kit
expression of cell line H209 Iransfeeted with a c-myc expression vector (clone A) (29) is
compared to the parental cell line. In A, Northern blot of 10 ^.g of polyadenylated RNA
illustrates that c-kit mRNA levels drop dramatically in the transfected cell line. In B. flow
cytometric analysis of specific biotinylated-SCF binding illustrates that this drop in
mRNA is paralleled by drop in c-kit protein. , saline control; , biotinylated SCF.

higher levels of c-myc expression we constructed an expression vector
with the cytomegalovirus promoter (pJ7ii) (26) driving a promoter-
less genomic c-myc gene, cotransfected it into H209 with pSV2neo,

and generated a stable transfectant clone by selection with G418.
Unfortunately this transfectant expressed levels of c-myc mRNA in

termediate between clone A and clone E. However, in this independent
transfection, the c-myc-transfected cell line also demonstrated a
marked repression of c-kit expression relative to control cells trans

fected with the expression vector alone, proving that this repression is
reproducible in an independent transfection with a different expres
sion construct and is not a consequence of the transfection or selection
procedure itself (Fig. 5).

c-kit

L-myc

c-myc

Act in

Fig. 4. Suppression of c-kit expression is proportional to the level of c-myc expression.
c-kit expression was compared in H209/c-mvc clone A, which contains a single integrated
copy of the transfected c-myc gene, and H209/c-mvr clone E. which contains six inte

grated copies of the transfected gene (29). The Northern blot is of 10 ng of polyadenylated
RNA. Note that the levels of L-myc expression in the two transfectants are approximately
equal.
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Fig. 5. Suppression of c-kit expression can be reproduced using a second c-myc
expression construct. H209 cells were transfected with an expression construct containing
a genomic c-myc gene driven by the cytomegalovirus promoter and with the expression
vector (pJVii) alone. The Northern blot is of 10 u.g of polyadenylated RNA. L-myc
expression (not shown) in the c-myr transfectant was decreased (relative to the control) to
approximately the same extent as in Fig. 3.

line transfected with a c-myc expression vector by Johnson et al. (29).
These subclones of H209 showed suppression of c-kit expression
proportional to the level of c-myc expression. To make certain that

these results were not related to the transfection procedure or selection
process, we generated another set of c-myc transfectants using a

different vector and obtained essentially the same results. These data
indicate that c-myc expression directly or indirectly suppresses c-kit

expression in SCLC cells. We note that this observation may or may
not be extendable to other cell types. We have noted that c-kit and
c-myc coexpression occurs in the K562 hemopoietic cell line. Some

variability among different cell types can be expected, especially if
myc proteins are regulating kit expression in their potential capacity as
transcription factors. Evidence indicates that to specifically bind
DNA, they must heterodimerize with other proteins (13, 14); thus
variations in the activity of these cofactors may account for a varied
response among different cell types independent of myc expression.

The expression of c-myc in SCLC has been associated with a

variant morphology and a decreased expression of neuroendocrine
markers (29, 30). This is interesting in light of the fact that c-kit is

normally expressed in the central nervous system (31, 32) and may be
part of the neuroendocrine phenotype displayed by SCLC. We note,
however, that Johnson et al. found no change in the expression of
selected neuroendocrine markers in their c-myc-transfected clones
(29), indicating that the relationship between c-myc and c-kit expres
sion may be more direct than between c-myc and gastrin-releasing
peptide or L-dopa decarboxylase expression. Johnson et al. did, how

ever, note that the morphology of their transfectants was altered. The
spheroidal, tightly adherent cellular aggregates of the classic parental
line did convert to a more loosely adherent, smaller, irregular aggre
gate, characteristic of naturally occurring c-/w_yc-expressing variant
cell lines. It has been demonstrated the interaction between c-kit and
membrane-anchored SCF can mediate cellular adhesion (33), bringing
up the intriguing possibility that c-kit-SCF interactions may be in part

responsible for the dense cellular SCLC aggregates seen in vitro and
in vivo (34).

While it is clear that enhanced c-myc expression correlates with
suppression of c-kit expression, it is not clear whether N- or L-myc
expression plays a role in regulating c-kit expression as well. The
correlative data detailed in Table 1 suggest that N- or L-myc could
positively regulate c-kit expression. It appears, from our studies of
transfectants, that suppression by expression of c-myc is dominant
over any positive role played by L-myc. It is not clear, however,
whether c-myc acts to suppress c-kit expression directly or indirectly
by affecting L-myc expression. In some transfectants, an increase in
the expression of c-myc is associated with a decrease in the expression
of L-myc, illustrating the phenomenon of "cross-regulation" of myc

family members previously noted by other investigators (35). How
ever, the 6-fold increase in c-myc expression in clone E compared to
clone A is accompanied by a marked decrease in c-kit expression
without any change in L-myc expression, demonstrating that suppres
sion of c-kit expression correlates better with increases in c-myc rather
than decreases in L-myc expression. To further explore this relation

ship between myc family members we have performed some prelimi
nary studies transfecting an N-wyc expression construct into H146
cells. No reactivation of c-kit expression was seen, but the level of
N-wyc expression relative to endogenous c-myc expression was small.
If the negative effect of c-myc is dominant over any positive effect of
N- or L-myc, as our c-myc transfections suggest, then we may not see
any positive effect of N- or L-myc expression until we can greatly
excede the levels of endogenous c-myc activity.

We have demonstrated that the expression of c-kit is correlated with
the expression of N- and L-myc and is actively suppressed, on a direct
or indirect basis, by the expression of c-myc. N- and L-myc expression

has been correlated with a classic SCLC phenotype consisting of
small, tightly aggregated cells having prominent neuroendocrine fea
tures, whereas c-myc expression has been correlated with a variant

phenotype, consisting of larger cells in looser aggregates, with fewer
neuroendocrine features and a faster growth rate (30, 34). The effect
of myc family expression on the expression of c-kit may play a role in

determining the different biological properties of cell lines and tumors
which express N- and L-myc versus those that express c-myc.
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