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ABSTRACT HIV-1 infection of the central nervous sys-
tem (CNS) frequently causes dementia and other neurological
disorders. The mechanisms of CNS injury in HIV-1 infection
are poorly understood. Apoptosis of neurons and astrocytes is
induced by HIV-1 infection ir vitro and in brain tissue from
AIDS patients, but the apoptotic stimuli have not been iden-
tified. We report herein that HIV-1 infection of primary brain
cultures induces the receptor tyrosine kinase protooncogene
c-kit and that high levels of c-Kit expression are associated
with astrocyte apoptosis. Overexpression of c-Kit in an as-
trocyte-derived cell line in the absence of HIV-1 induces rapid
apoptotic death. The apoptotic mechanism requires the c-Kit
tyrosine kinase domain. The mechanism of c-kit induction by
HIV-1 involves transactivation of the c-kit promoter by the
HIV-1 Nef protein. These studies demonstrate that c-Kit can
induce astrocyte apoptosis and suggest that this mechanism
may play a role in CNS injury caused by HIV-1 infection. We
propose that c-Kit can serve dual functions as a growth factor
receptor or apoptosis inducer.

HIV-1 infection of the central nervous system (CNS) fre-
quently causes AIDS dementia and other neurological disor-
ders (1). The major target cells for HIV-1 infection in the brain
are macrophages and microglia (1-3). Astrocytes are also
infected, but only at a low level due to restricted HIV-1 gene
expression (4-6). The mechanisms of CNS injury in HIV-1
infection are poorly understood. Neurons are not directly
infected by HIV-1, suggesting that neuronal loss is caused by
indirect mechanisms. Several factors have been proposed to
contribute to CNS injury caused by HIV-1 infection. These
include soluble forms of the HI'V-1 gp120 and Tat proteins and
factors secreted by HIV-1-infected macrophages and micro-
glia, such as tumor necrosis factor «, platelet activating factor,
oxygen free radicals, nitric oxide, and excitatory amino acids
(7). However, the in vivo role of these factors in contributing
to CNS injury has not been established.

Apoptosis of neurons and astrocytes is induced by HIV-1
infection in vitro (8) and in brain tissue from AIDS patients
(8-11), but the apoptotic stimuli have not been identified.
Apoptosis plays a critical role during CNS development but in
the adult brain is only associated with pathological conditions
such as stroke and Alzheimer disease. To identify candidate
genes for apoptosis inducers in HI'V-1 infection of the CNS, we
used differential display (12) to identify induced mRNAs in
HIV-1-infected primary brain cultures compared with unin-
fected cultures. We report herein that HIV-1 infection of
primary brain cultures induces the protooncogene c-kit. Our
studies demonstrate that overexpression of c-Kit can induce
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astrocyte apoptosis and provide evidence that this mechanism
may play a role in CNS injury caused by HIV-1 infection.

METHODS

Cell Culture and HIV-1 Infection. Primary human brain
cultures were prepared from fetal abortuses (13-18 weeks),
plated in 24-well plates (200,000-250,000 cells per well), and
maintained in DMEM containing 10% calf serum for 10-20
days prior to infection as described (8, 13). Tissue was procured
in accordance with institutional regulations. These cultures
contain a mixture of astrocytes (70-90%), neurons (10-30%),
microglial cells (1-5%), and fibroblasts (1-5%) (8). Infection
with HIV-1g9 ¢ (14) was performed by incubation with 100,000
reverse transcriptase (RT) units of virus stock for 16 h at 37°C.
A 50% medium change was performed every 4-7 days. Pro-
ductive HIV-1 infection was confirmed by monitoring RT
activity in the culture supernatants every 5-7 days (8). The
human astrocyte-derived U87 and human embryonic kidney
fibroblast 293 cell lines were maintained in DMEM with 10%
fetal calf serum.

Plasmids. The c-Kit expression plasmid pcKit was con-
structed by subcloning the human c-kit DNA (15) into
pCDNAS3 (Invitrogen). The c-Kit deletion mutants were made
in pcKit using the ExSite PCR-based site-directed mutagenesis
kit (Stratagene). The following oligonucleotides were used:
AED, 5'-TGTCTGGACGCGAAGCAGTAGGAG-3' and 5'-
CTCTTCACTCCTTTGCTG-3'; AID, 5'-CAGAATCATCA-
CAATAATGCACATCATGC CAGC-3’ and 5'-TTGGCCA-
ACTGCAGCCCCAA-3'; ATKDI, 5'-GGGAAACTC-
CCATTTGTGATC-3' and 5-AGAAAACGTGATTCAT-
TCATATGTTCAAAGCA-3'; ATKDII, 5'-GGCCAACT-
CGTCATCCTCCATGAT-3' and 5-TTGGCCAACTG-
CAGCCCCAA-3"; ATKD, 5'-GGGAAACTCCCATTTGT-
GATC-3' and 5'-TTGGCCAACTGCAGCCCCAA-3';
AABM, 5'-GGTTTTCCCAAAACTCAGCC-3" and 5'-GT-
TGAGGCAACTGCATATGG-3'. The mutants were con-
firmed by dideoxynucleotide DNA sequencing. The pCD161
chloramphenicol acetyltransferase (CAT) reporter gene plas-
mid contains the human c-kit promoter (positions —20 to
—2094) (16) subcloned into a Bluescript II (Stratagene) bac-
terial CAT reporter gene plasmid. The NL4-3, SG3.1, and
YU2 plasmids encode full-length HIV-1 proviral DNAs (17,
18). The Nef(Eli) and Nef(Bru) plasmids encode nef alleles of
the Eli and Bru HIV isolates (19, 20). The 239nef and YEnef
plasmids encode pathogenic and nonpathogenic simian im-
munodeficiency SIV nef alleles (21). The HXE-EIi, -Yul0, and

Abbreviations: CNS, central nervous system; TUNEL, terminal de-
oxynucleotidyltransferase-mediated dUTP nick end labeling; RTK,
receptor tyrosine kinase; CAT, chloramphenicol acetyltransferase;
RT, reverse transcriptase; RT-PCR, RT-coupled PCR; SIV, simian
immunodeficiency virus.
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Fic. 1. Induction of c-kit by HIV-1 infection is associated with
astrocyte apoptosis. Primary human fetal brain cultures (BC) were
infected with HIV-1g96 or mock-infected, and c-Kit expression was
examined by RT-PCR (a), Northern blot (b), and Western blot (c)
analyses and immunofluorescence staining (d—f) at 30 days after
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-YU21 plasmids encode full-length HXB2 HIV-1 proviral
DNA containing nef alleles derived from the Eli, YU10, or
YU21 HIV-1isolates (19). HXE-Eli.AX#%ol contains a deletion
of Eli nef (19).

Differential Display. Differential display was performed as
described (12), with the following modifications. Total RNA
was isolated by using the RNA Prep kit (Oncor) and treated
with RNase-free DNase (Boehringer Mannheim) to remove
residual genomic DNA. cDNA synthesis was performed with
Ti2VM primer (Operon Technologies, Alameda, CA) and
Superscript II RNase H-RT (GIBCO/BRL). One-tenth of the
cDNA synthesis reaction products was amplified by PCR with
AmpliTaq (Perkin-Elmer Cetus) in the presence of >*S-labeled
dATP by using different combinations of arbitrary 10-mers in
conjunction with anchored oligo(dT) primers (Operon) for 40
cycles at 94°C for 45 sec, 40°C for 90 sec, and 72°C for 30 sec.
The 33S-labeled PCR products were denatured, resolved on 8%
DNA sequencing gels, and subcloned into pCRII (TA Cloning
Kit, Invitrogen) for DNA sequencing.

RT-Coupled PCR (RT-PCR) and Northern Blot Analysis.
For RT-PCR analysis, total RNA was isolated as described
above and 0.2 ug was used for cDNA synthesis using T1,VM
primer and Superscript II RNase H-RT (GIBCO/BRL). One-
tenth of this reaction product was used for PCR amplification
(c-kit primers, 5'-AGGGGAAAACACCATAAG-3' and 5'-
GGAACAGGTACAGTCAGATGAG-3'; B-actin primers,
5'-CAGGTCATCACCATT GGCAATGAG-3’ and 5'-
CAGCACTGTGTTGCGTACAGGTC-3") for 40 cycles at
94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. For
Northern blot analysis, c-kit mRNA was detected by probing
with the 3?P-labeled random-primed (Boehringer Mannheim)
662-bp RT-PCR product obtained with c-kit primers.

Western Blot Analysis. Cells were lysed in 50 mM Tris-HCl,
pH 8.0/2 mM EDTA/1% Nonidet P-40/137 mM NaCl/10%
glycerol/2 mM NazVO4/100 uM leupeptin/l mM phenyl-
methylsulfonyl fluoride. One milligram of protein was immu-
noprecipitated with rabbit anti-c-Kit (Oncogene Science) and
analyzed by Western blotting with the same antibody by using
the ECL system (Amersham).

Immunofluorescence Staining. Cells were fixed in 4% para-
formaldehyde in phosphate-buffered saline (PBS) for 30 min.
Double immunofluorescence staining with primary antibodies
followed by fluorescein isothiocyanate- or rhodamine-
secondary antibodies (Sigma) was performed as described (8).
The dilutions for the primary antibodies were as follows:
mouse anti-c-Kit monoclonal, 1:50 (PharMingen); rabbit anti-
glial fibrillary acidic protein, 1:500 (Sigma); rabbit anti-Nef,
1:1,000 (19).

infection. Endogenous c-Kit is detected in HEL and U87 cells but not
in Jurkat, CEM, and 293 cells (b and c¢). (a) RT-PCR analysis of c-kit
and B-actin transcripts. (b) Northern blot analysis of c-kit mRNA (5.5
kb) in total RNA (30 pg) isolated from mock- and HIV-1-infected
brain cultures. The positions of 18S and 28S ribosomal RNA are
indicated. (¢) Western blot analysis of c-Kit (145 kDa). The two forms
of c-Kit detected in U87 cells most likely correspond to the 120-kDa
precursor and 145-kDa mature forms (25). (d-f) Double immunoflu-
orescence staining of HIV-1-infected cultures with the primary anti-
bodies indicated followed by fluorescein isothiocyanate- or rhodamine-
secondary antibodies. (d) c-Kit colocalizes with the astrocyte-specific
marker anti-glial fibrillary acidic protein. (e) Apoptosis in c-Kit-
positive cells detected by TUNEL staining (arrows). (f) Apoptotic
nuclear morphology in c-Kit-positive Nef-positive astrocyte (arrows)
detected by nuclear staining with Hoechst 33342. (Left) Lower row is
a double exposure. Cultures shown in f were treated with recombinant
tumor necrosis factor « (10 ng/ml) for 48 h, which was necessary to
permit detection of Nef in astrocytes (26). Treatment with tumor
necrosis factor a did not change the expression of c-Kit or the relative
number of apoptotic astrocytes in mock- versus HIV-1-infected cul-
tures. Original magnifications: X200 (d), X300 (e), and X400 (f).
Results in a—f were similar in two or three experiments.
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Detection of Apoptosis. Terminal deoxynucleotidyltrans-
ferase-mediated dUTP nick end-labeling (TUNEL) staining
was performed with the Apoptag kit (Oncor). Hoechst 33342
staining (1 pg/ml for 10 min at 37°C) was used to detect
apoptotic nuclear morphology. Propidium iodide staining was
performed by incubation of a fixed cell suspension in 3 mM
sodium citrate buffer (pH 7.0) containing propidium iodide at
50 pg/ml and 0.1% Triton X-100 for 1 h at 37°C. The
percentage of apoptotic cells was determined by propidium
iodide staining and counting the number of nuclei with mor-
phologic features characteristic of apoptosis (chromatin con-
densation and nuclear fragmentation) by using a X20 objec-
tive. For analysis of DNA fragmentation on agarose gels,
soluble cytoplasmic DNA fragments were isolated as described
(22), separated by electrophoresis in 1% agarose gels, blotted
onto Hybond-N membrane (Amersham), and hybridized with
32P-labeled EcoRI-digested human genomic DNA as a probe.

RESULTS

To identify candidate genes for apoptosis inducers in HIV-1
infection of the CNS, we used differential display (12) to
identify induced mRNAs in a panel of cDNAs derived from
HIV-1-infected primary human fetal brain cells compared
with uninfected cells. Primary brain cultures were infected
with HIV-1g96 and total RNA was isolated on day 30 after
infection. We have demonstrated (8) that apoptosis of neurons
and astrocytes is significantly induced by HIV-1g9 ¢ infection at
this time. A 216-bp partial cDNA induced by HIV-1 infection
was identified with the 5’ primer TTCCGAACCC and 3’
primer TTTTTTTTTTTTVA (where V is an equimolar
mixture of dA, dC, and dG). Dideoxynucleotide DNA se-
quencing and a GenBank search showed that the partial cDNA
was identical to the human protooncogene c-kit, which encodes
a transmembrane receptor tyrosine kinase that binds stem cell
factor (23, 24). Marked induction of c-kit mRNA and protein
in HI'V-1-infected primary brain cultures was demonstrated by
RT-PCR, Northern blot, and Western blot analyses (Fig. 1
a—c). In control cultures, c-kit expression was very low or
undetectable.

The c-Kit receptor mediates diverse physiological responses,
including cell proliferation, differentiation, and survival. c-Kit
is normally expressed in hematopoietic cells, mast cells, me-
lanocytes, and germ cells and is essential for normal hemato-
poiesis, melanogenesis, and gametogenesis (27). c-Kit is also
expressed in astrocytes and some neuronal subpopulations in
the CNS, where its normal function and role in development
have not been defined (24, 27, 28). We investigated which cell
populations in HI'V-1-infected primary brain cultures showed
induction of c-Kit to determine whether there was a correla-
tion between infected cells and c-Kit expression. The induction
of c-Kit in HI'V-1-infected brain cultures occurred exclusively
in astrocytes (Fig. 1 d—f). c-Kit staining did not colocalize with
neuron- or microglial-specific markers and was not detected in
mock-infected cultures (data not shown). The HIV-1 Nef
protein has been used as a marker for HI'V-1-infected astro-
cytes, because Gag and Env expression are prevented by a
cellular block in Rev function (4, 5, 26, 29). Overexpression of
endogenous c-Kit was detected in HIV-1 Nef-positive astro-
cytes (Fig. 1f). High levels of endogenous c-Kit in this astro-
cyte subpopulation were associated with a marked increase in
the frequency of apoptosis as determined by TUNEL staining
to detect DNA fragmentation and Hoechst 33342 staining to
detect apoptotic nuclear morphology (Fig. 1f). The frequency
of apoptosis in c-Kit-positive HIV-1 Nef-positive astrocytes
(Fig. 1f) was 25 = 3% versus 1.2 * 0.2% of astrocytes in
mock-infected cultures (mean £ SEM, n = 3, P < 0.01 by
Student’s ¢ test). The frequency of apoptosis in the total
c-Kit-positive astrocyte population in HI'V-1-infected cultures
(Nef-positive and Nef-negative; Fig. 1e) was 2.2 = 0.4% versus
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Fic. 2. Apoptosis induced by overexpression of c-Kit. U87 cells
(5 X 10° cells) were transfected with 2.5 ug or the indicated amount
of pcKit (O) or the pcDNA3 vector (®) by lipofection with N-[1-(2,3-
dioleoyl)propyl]-N, N, N-trimethylammonium methyl sulfate (DOTAP;
Boehringer Mannheim). The transfection efficiency was 80-90% as
determined by transfection with pCMV-Bgal. (a) Cell survival was
determined by counting the number of cells that excluded trypan blue.
(b) The percentage of apoptotic cells was determined by analysis of
nuclear morphology after staining with propidium iodide. (¢ and d)
Analysis of DNA fragmentation on agarose gels. Soluble cytoplasmic
DNA was isolated from cells transfected with pcKit at the indicated
time points (c) or 48 h (d) after transfection. Apoptosis induced by
staurosporine (0.1 mM for 16 h) gave the same pattern of DNA
fragmentation as that shown in ¢ and d, lanes 4-6 (data not shown).
(e) Hoechst 33342 staining demonstrates apoptotic nuclei (arrows) in
cells transfected with pcKit but not the control vector pPCDNA3. (f)
Apoptotic nuclei in c-Kit-positive cells (solid arrows) demonstrated by
Hoechst 33342 staining. A normal nucleus is indicated by the open
arrow. For e and f, cells were fixed at 48 h after transfection. Data in
a and b are the means = SD for duplicate determinations. Results
shown are representative of at least two experiments.

0.7 = 0.2% of astrocytes in mock-infected cultures (mean =
SEM, n = 3, P < 0.05). These results demonstrate that HIV-1
infection results in marked induction of c-Kit and provide
evidence that overexpression of endogenous c-Kit is associated
with astrocyte apoptosis.
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To investigate the link between c-Kit overexpression and
astrocyte apoptosis, we transfected the astrocyte-derived cell
line U87, which expresses endogenous c-Kit (30) (Fig. 1 b and
¢), with the c-Kit expression plasmid pcKit. The c-kit trans-
fected cells began to show loss of adherence and evidence of
cell death at 24 h after transfection, and cell viability was
reduced to 10% of control levels by 48 h (Fig. 2a). Cell death
in the c-kit transfected cultures was due to apoptosis, which was
induced in a time-dependent manner and correlated directly
with the amount of transfected c-kit DNA (Fig. 2 b-f).
However, apoptosis was not induced by overexpression of c-Kit
in transfected 293, COS-1, or Hela cells, which do not express
endogenous c-Kit (data not shown). Thus, induction of apo-
ptosis by c-Kit is cell-type-specific. These results indicate that
overexpression of c-Kit is sufficient to induce astrocyte apo-
ptosis in the absence of HIV-1.

We then examined which domains of c-Kit are required for
induction of apoptosis. The c-Kit receptor is related to the
platelet-derived growth factor receptor family and the macro-
phage colony-stimulating factor receptor, which constitute
type III receptor tyrosine kinases (RTKs) (23, 24, 27). The
unique features of this RTK subclass are an extracellular
ligand-binding domain that contains five Ig-like repeats and an
intracellular tyrosine kinase domain that is split by a hydro-
philic kinase insert domain (27). Based on sequence homolo-
gies and studies of other RTK subclass III receptors, we
constructed a series of deletion mutants to determine which
region(s) of c-Kit are required for induction of apoptosis (Fig.
3a). Mutant c-Kit proteins of the predicted relative molecular
masses were expressed at levels similar to wild type, except for
the ATKDII mutant, which was expressed at lower levels (Fig.
3b). Transfection of the c-kit mutants into U87 cells showed
that deletion of the extracellular domain, intracellular domain,
tyrosine kinase domain II, or entire tyrosine kinase domain
resulted in loss of apoptosis induction (Fig. 3 ¢ and d). Deletion
of tyrosine kinase domain I or the ATP-binding motif had no
significant effect. Thus, the extracellular domain and an intact
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tyrosine kinase domain are both required for induction of
apoptosis by c-Kit.

We then investigated the mechanism of c-kit induction by
HIV-1. To determine whether HIV-1 transactivates the c-kit
promoter, the HIV-1 NL4-3 proviral DNA was transfected
into 293 cells with the CAT reporter construct pCD161 driven
by the human c-kit promoter. HIV-1 NL4-3 transactivated
CAT expression up to 9-fold, an activity that correlated
directly with the amount of cotransfected HIV-1 DNA (Fig.
4a). Similar results were obtained using HIV-1 proviral DNAs
from three different viral isolates (Fig. 4b). We then deter-
mined which HIV-1 gene products were responsible for the
transactivation activity. Cotransfection of HIV-1 Nef, Tat,
Vpr, or Rev expression plasmids with the pCD161 reporter
construct showed that Nef induced CAT activity by approxi-
mately 6-fold (Fig. 4c). In contrast, Tat, Vpr, and Rev showed
only weak transactivation activity (1.5- to 2-fold) (Fig. 4c). To
further test the transactivation activity of Nef, we cotrans-
fected pCD161 with different HIV-1 or SIV Nef expression
plasmids or HIV-1 proviral DNAs bearing different HI V-1 nef
alleles (Fig. 4d). The transactivation activity of Nef was similar
regardless of the nef allele tested. There was no significant
difference in transactivation activity between pathogenic and
nonpathogenic SIV nef alleles or between nef alleles of brain-
derived (YU10 and YU21) and non-brain-derived (Eli and
Bru) HIV-1 isolates (Fig. 4d). The deletion of nef in the
HXE-Eli.AXhol provirus significantly reduced transactivation
activity compared with its wild-type counterpart HXE-Eli
(Fig. 4d). These results demonstrate that Nef is responsible for
most of the HIV-1 transactivation activity and provide an
explanation for the high level of c-Kit induction and apoptosis
in Nef-positive astrocytes.

DISCUSSION

These studies demonstrate that c-Kit can induce astrocyte
apoptosis and provide evidence that this mechanism may play
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F1G. 3. Induction of apoptosis by c-Kit requires an intact tyrosine kinase domain. (¢) Schematic diagram of c-Kit deletion mutants (AED,
extracellular domain; AID, intracellular domain; AABM, ATP-binding motif ATKDI, tyrosine kinase domain I; ATKDII, tyrosine kinase domain
II; ATKD, entire tyrosine kinase domain). (b) Expression of c-Kit mutants. Each plasmid at 20 ug was transfected into 293 cells by the calcium
phosphate method. Immunoprecipitation of 500 ug of cellular protein followed by Western blotting with anti-c-Kit was performed at 48 h after
transfection. (¢ and d) Induction of apoptosis by c-Kit mutants. Each plasmid at 2.5 ug was transfected into U87 cells as in Fig. 2. The cytoplasmic
DNA fragmentation assay (c) and quantitation of apoptosis (d) were performed at 48 h after transfection as in Fig. 2 b—d. Data in d are the means =
SD for duplicate determinations. Results were similar in two or three experiments.
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or 20 ug (d) of plasmid encoding full-length HI'V-1 proviral DNA (NL4-3, SG3.1, YU2, or HXE) or HIV-1 Nef, Rev, Vpr, or Tat expression
plasmids. Cell lysates prepared 48 h after transfection were assayed for CAT activity (20). All determinations were normalized to the activity of
cotransfected pCMV-Bgal. (a) pCD161 was cotransfected with different amounts of pNL4-3 HIV-1 proviral DNA. (b-d) Transactivation of the
c-kit promoter by different HIV-1 isolates (b), HIV-1 proteins (c), or nef alleles (d). The Nef(Eli) plasmid was used in c. The relative activity above
the basal level is shown at the top of each thin layer chromatography plate or bar graph. In d, the cpm were from converted acetylated
chloramphenicol. Results shown are from single experiments that were repeated two or three times with similar results.

a role in CNS injury caused by HIV-1 infection. Our studies
show that HIV-1 infection of primary brain cultures results in
marked induction of c-Kit and that overexpression of endog-
enous c-Kit is associated with astrocyte apoptosis. Moreover,
we demonstrate that overexpression of c-Kit in an astrocyte-
derived cell line is sufficient to induce apoptosis in the absence
of HIV-1. Astrocyte cell death may contribute indirectly to
neuronal injury or other CNS pathologies associated with
HIV-1infection (1, 8, 9), since astrocytes provide neurotrophic
support, protect against excitatory amino acid neurotoxicity,
and maintain the normal homeostasis of the extracellular fluid.

Our data suggest that the mechanism of c-kit induction by
HIV-1 involves transactivation of the c-kit promoter by HIV-1
Nef. The c-kit promotor contains potential binding sites for
Spl, Myb, AP-2, basic helix-loop-helix proteins, Ets family
proteins, and GATA-1 (16, 31). However, little is known about
the mechanisms that activate c-kit transcription. The true
function of Nef is unknown. Nef enhances HIV-1 replication
but has not been shown to directly activate transcription.
Effects of Nef include down-regulation of CD4, alteration of
T cell activation pathways, and enhancement of virion infec-
tivity (for review, see ref. 32). It is possible that Nef may
activate the c-kit promoter by an indirect mechanism, such as
altered signaling due to its interactions with cellular kinases
(21, 33, 34).

Our mutagenesis studies suggest that induction of apoptosis
by c-Kit is mediated by signaling through its kinase domain.
c-Kit is normally activated by binding to its ligand, which
induces receptor dimerization, tyrosine autophosphorylation,

enhanced tyrosine kinase activity, and interaction with specific
src-homology 2 domain-containing signaling molecules. How-
ever, we found that stem cell factor (100 ng/ml) failed to
enhance or prevent apoptosis induced by c-Kit overexpression
in transfected U87 cells (J.H. and D.G., unpublished data),
suggesting that apoptosis induction in this system occurs by a
ligand-independent mechanism. One possibility is that the
high levels of c-Kit in transfected U87 cells induce constitutive
receptor dimerization and activation. This would be consistent
with our finding that the extracellular domain, which contains
the dimerization signal, and the kinase domain are both
required for induction of apoptosis. Deletion of the ATP
binding domain did not result in loss of apoptosis induction.
However, this finding may reflect transphosphorylation be-
tween endogenous and mutant c-Kit receptors within heter-
ologous dimers (25, 27).

The demonstration that c-Kit can serve dual functions as
both a growth factor receptor and apoptosis inducer has
implications for understanding the diverse biological roles of
growth factor receptors. The c-Kit ligand prevents apoptosis in
hematopoietic cells, mast cells, and natural killer cells (35-37).
These findings and our results suggest that c-Kit can both cause
and prevent cell death. This dual phenotype of c-Kit may be
shared with other type III RTKs, since the platelet-derived
growth factor receptor has been shown to induce apoptosis in
growth-arrested cells (38). Similarly, a recent study demon-
strated that the nerve growth factor receptor p75 can both
cause and prevent apoptotic cell death during normal devel-
opment (39). The induction of apoptosis by certain growth
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factor receptors is a mechanism that may regulate cell number
during development or normal tissue homeostasis and may be
subverted by certain pathological stimuli such as HI'V-1 infec-
tion. Whether the signal is directed to cell growth or apoptosis
may depend on factors such as the ability of cells to progress
through the cell cycle, the presence of other growth factors, or
the coexpression of specific signaling molecules (38). Under-
standing these mechanisms may provide insights that are
relevant to therapies for AIDS and other diseases.
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