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(Background: Phosphorylation of Tyr-823 in the A-loop of c-Kit is not required for kinase activity but might have other
Results: Mutation of Tyr-823 in c-Kit causes alterations in downstream signaling and a reduction in ligand-dependent cell

Conclusion: Phosphorylation of Tyr-823 regulates c-Kit stability.
Significance: This provides a function for the activation loop tyrosine of c-Kit.
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The receptor tyrosine kinase c-Kit, also known as the stem cell
factor receptor, plays a key role in several developmental pro-
cesses. Activating mutations in c-Kit lead to alteration of these
cellular processes and have been implicated in many human
cancers such as gastrointestinal stromal tumors, acute myeloid
leukemia, testicular seminomas and mastocytosis. Regulation of
the catalytic activity of several kinases is known to be governed
by phosphorylation of tyrosine residues in the activation loop of
the kinase domain. However, in the case of c-Kit phosphoryla-
tion of Tyr-823 has been demonstrated to be a late event that is
notrequired for kinase activation. However, because phosphory-
lation of Tyr-823 is a ligand-activated event, we sought to inves-
tigate the functional consequences of Tyr-823 phosphorylation.
By using a tyrosine-to-phenylalanine mutant of tyrosine 823, we
investigated the impact of Tyr-823 on c-Kit signaling. We dem-
onstrate here that Tyr-823 is crucial for cell survival and prolif-
eration and that mutation of Tyr-823 to phenylalanine leads to
decreased sustained phosphorylation and ubiquitination of
c-Kit as compared with the wild-type receptor. Furthermore,
the mutated receptor was, upon ligand-stimulation, quickly
internalized and degraded. Phosphorylation of the E3 ubiquitin
ligase Cbl was transient, followed by a substantial reduction in
phosphorylation of downstream signaling molecules such as
Akt, Erk, p38, Shc, and Gab2. Thus, we propose that activation
loop tyrosine 823 is crucial for activation of both the MAPK and
PI3K pathways and that its disruption leads to a destabilization
of the c-Kit receptor and decreased survival of cells.

c-Kit belongs to the family of type III receptor tyrosine
kinases and is known for its critical role in hematopoiesis, pig-
mentation, and reproduction. It is also important for survival,
proliferation, and differentiation of hematopoietic progenitor
cells (1, 2). Several activating mutations in c-Kit lead to a dereg-
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ulation of the signaling cascades, causing malignancies such as
acute myeloid leukemia, gastrointestinal stromal tumors, and
testicular seminomas (3— 6). Architecturally, c-Kit is comprised
of five extracellular immunoglobulin-like domains, a trans-
membrane domain, a juxtamembrane region, a kinase domain
split into two parts by a kinase insert, and a carboxyterminal
tail. The activation loop is present in the C-terminal lobe of the
kinase domain. Activation of the receptor is initiated by binding
of its ligand, stem cell factor (SCF)?, which leads to receptor
dimerization and transphosphorylation on specific tyrosine
residues. These phosphorylated residues serve as docking sites
for signal transduction molecules containing SH2 (Src homol-
ogy 2) domains such as Cbl, Gab2, Shc, and SHP2. They are
activated upon phosphorylation and/or binding to the receptor
and mediate signaling downstream of the receptor that eventu-
ally leads to various cellular responses. Many receptor tyrosine
kinases undergo monoubiquitination or polyubiquitination fol-
lowing ligand stimulation, which targets them for degradation
in the lysosomes or proteasomes, respectively. Members of Cbl
family of ubiquitin E3 ligases play a crucial role in ubiquitina-
tion of ¢-Kit (1, 7, 8).

In many tyrosine kinases, phosphorylation of tyrosine resi-
due(s) in the activation loop is a crucial early event that leads to
activation of the kinase. Examples of this type of receptors
include the insulin receptor and the FGFR1 (9, 10). However, in
the case of c-Kit, the phosphorylation of tyrosine residues in the
juxtamembrane region is the most important activating event.
In the absence of phosphorylation of the juxtamembrane
region, it is inserted into a cleft between the N-terminal and
C-terminal lobes of the kinase domain. Thereby, the so-called
C-helix is disrupted, and the DFG motif is prevented from
establishing an active conformation. Upon phosphorylation of
the tyrosine residues in the juxtamembrane region, it is released
together with the activation loop from the active site. The C-he-
lix can move into position in the active site and, thereby, cor-
rectly orient the DFG residues that are important for catalytic
activity (11, 12).

2 The abbreviations used are: SCF, stem cell factor; JM, juxtamembrane.

VOLUME 288+NUMBER 31-AUGUST 2, 2013



Phosphorylation of Tyr-823 Is Crucial for c-Kit Signaling

Kinetic studies on recombinant c-Kit in vitro using mass
spectrometry revealed that phosphorylation of Tyr-823 is a late
event that was observed when 90% of the kinase was already
phosphorylated (13). Mutation of Tyr-823 to a phenylalanine
residue did not impair kinase activity. Further, Mol et al. (11)
showed that, in a crystal structure of inactivated enzyme, Tyr-
823 is bound to the catalytic base Asp-792, blocking the access
of substrates to the catalytic site. Therefore, phosphorylation of
Tyr-823 may disengage the activation loop from its inhibitory
state. Another possibility is that phosphorylation and dephos-
phorylation of Tyr-823 stabilizes the receptor structure and
downstream signaling without being directly involved in kinase
activity. However, the role of Tyr-823 and its effects on c-Kit
signaling have not been studied until now.

In this study, we investigated the cellular and biochemical
effects of mutating Tyr-823 to phenylalanine (Y823F). We show
that Tyr-823 is crucial for cell survival and proliferation. Cells
expressing the Y823F mutant of c-Kit showed much lower pro-
liferation and survival as compared with cells expressing the
wild-type receptor despite the fact that the kinase activity was
intact. Furthermore, the Y823F mutant receptor was internal-
ized and degraded much faster than the wild-type receptor. A
reduction in phosphorylation of the adaptor proteins Cbl, Shc,
and Gab2 was also seen. The PI3-kinase/Akt, Ras/Erk, and p38
pathways were also affected in that the phosphorylation of Akt,
Erk, and p38 was very transient and not sustained as in wild-
type c-Kit. Taken together, this study adds a novel perspective
toward understanding the role of the activation loop tyrosine in
c-Kit that is related to downstream signaling rather than kinase
activity.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—The transfection reagent Lipo-
fectamine 2000 was from Invitrogen, and jetPEI was from
Polyplus. Cycloheximide was purchased from Sigma. Human
recombinant SCF and murine recombinant IL-3 were obtained
from ProSpec Tany Technogene (Rehovot, Israel). Rabbit poly-
clonal anti-c-Kit serum was raised against a synthetic peptide
corresponding to the carboxyterminus of c-Kit and purified as
described (14). The anti-Cbl antibodies have been described
elsewhere (15). The phospho-tyrosine antibody 4G10 was pur-
chased from Millipore, and ubiquitin antibody was purchased
from Covance Research Products. Antibodies against phospho-
p38, p38, and Shc were from BD Transduction Laboratories.
Phycoerythrin-labeled c-Kit antibody was from BD Biosci-
ences. Anti-phospho-Akt antibody was from Epitomics. Poly-
clonal anti-Gab2, anti-Akt, anti-phospho-Erk, anti-Erk, and
horseradish peroxidase-coupled secondary anti-goat antibod-
ies were purchased from Santa Cruz Biotechnology. Secondary
horseradish peroxidase-coupled anti-mouse and anti-rabbit
antibodies were from Invitrogen.

Cell Culture—Ba/F3 cells and M07e cells were cultured in
RPMI 1640 medium containing 10% heat-inactivated FBS, 100
pg/ml streptomycin, 100 units/ml penicillin, and 10 ng/ml
recombinant murine IL-3 or 10 ng/ml recombinant human IL3,
respectively. Kasumi-1 cells were cultivated in the above
medium lacking IL-3. Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS, 100 wg/ml streptomycin, and 100
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units/ml penicillin was used to culture COS-1 and EcoPack
cells.

Expression Constructs—The pcDNA3-c-Kit-WT, and
pMSCV-c-Kit-WT constructs were described previously (1, 8).
The pcDNA3-c-Kit Y823F and pMSCV-c-Kit-Y823F con-
structs were generated by site-directed mutagenesis using the
QuikChange mutagenesis XL kit (Stratagene). All plasmids
were verified by sequencing.

Transient and Stable Transfection—Transient transfection
of COSI cells was performed using the transfection reagent
JetPEI according to the instructions of the manufacturer.
Transfected cells were incubated for about 30 h before they
were serum-starved overnight. Cell stimulation, lysis, and
immunoprecipitation were performed essentially according to
Ref. 16. Stable transfections were performed essentially as
described (17). Cells expressing wild-type c-Kit or c-Kit Y823F
were confirmed by flow cytometry.

Immunoprecipitation and Western Blotting—Cell lysis,
immunoprecipitation, and Western blotting were performed as
described (16). Immunodetection was performed by enhanced
chemiluminescence using horseradish peroxidase substrate
(Millipore Corp., Billerica, MA), and the signals were detected
by a CCD (charge-coupled device) camera (LAS-3000, Fuyjifilm,
Tokyo, Japan). Signal intensities were further quantified by
Multi-Gauge software (Fujifilm).

In Vitro Kinase Activity Assays—COS-1 cells transfected
with the pCDNA3-cKit-WT and pCDNA3-c-Kit-Y823F plas-
mids were starved of serum overnight. Cells were stimulated
with 100 ng/ml SCF ligand, and cell lysates were prepared. The
c-Kit receptor was immunoprecipitated and processed for in
vitro kinase reaction essentially as described (18), except that 5
pg of myelin basic protein was used as exogenous kinase sub-
strate. The reaction mixture was incubated at room tempera-
ture for variable periods of time, and the reaction was stopped
with 2X sample buffer. Samples were heated at 95 °C for 5 min
and separated by SDS-PAGE and transferred onto an Immo-
bilon P membrane. Phosphorylation signals were detected
using a phosphorimager (FLA-3000, Fujifilm, Tokyo, Japan).
Equal loading was verified by Western blotting with a c-Kit
antibody. To eliminate background phosphorylation on phos-
phoserine, alkali treatment of filters was performed essentially
according to Ref. 19.

Cell Proliferation and Survival Assay—Ba/F3 cells were
washed three times with RPMI 1640 medium and seeded in
24-well plates (70,000 cells/well). Cells were then incubated
either with 100 ng/ml SCF without cytokine or with 10 ng/ml
IL-3 for 48 h. Viable cells were counted using the trypan blue
exclusion method. Alternatively, cells were stained with a
Click-iT 5-ethynyl-2’-deoxyuridine Alexa 647 (Invitrogen) cell
proliferation kit employing the protocol of the manufacturer.
Stained cells were then analyzed by flow cytometry (BD
FACSCalibur). Apoptosis was measured using an annexin V/7-
amino-actinomycin D kit (BD Biosciences) according to the
instructions of the manufacturer. Double negative (annexin
V)/(7-amino-actinomycin D) cells represent viable cells.

Internalization Experiment—For internalization assay,
Ba/F3 cells were incubated with 100 ug/ml of cycloheximide
and starved for 4 h at 37 °C in RPMI 1640 medium lacking
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serum and cytokines. Cells were stimulated with 100 ng/ml SCF
for the indicated periods of time. To assess internalization, cells
were stained with a phycoerythrin-labeled anti-c-Kit antibody,
and surface expression of the c-Kit receptor was determined by
flow cytometry. Alternatively, receptor internalization was ver-
ified by Western blotting. A freshly prepared solution of 0.2
mg/ml EZ-Link sulfo-NHS-biotin (Thermo Scientific) dis-
solved in PBS was added to cells. The cells were then incubated
on ice for 40 min to allow biotinylation of cell surface proteins.
After incubation, excessive biotin was removed by washing
once with cold PBS. In addition, 50 mm cold Tris was added to
the cells to block excessive reactive biotin. After 5 min of block-
ing, cells were lysed and processed for pull-down with immobi-
lized avidin-agarose (Thermo Scientific). The supernatant
obtained after centrifugation was subjected to immunoprecipi-
tation with anti-c-Kit antibody. c-Kit from both fractions was
detected by Western blotting.

Degradation Experiments—Ba/F3 cells were incubated with
100 ug/ml of cycloheximide and starved, followed by stimula-
tion with SCF for the indicated periods of time. For protein
degradation experiments, ligand stimulation was followed by
lysis and immunoprecipitation with a c-Kit antibody. Cell
lysates obtained after stimulation were subjected to immuno-
precipitation followed by detection of c-Kit by Western blotting
using an antibody against c-Kit.

RESULTS

The Activation Loop Y823F Mutation Accelerates Receptor
Phosphorylation—The kinase domain of c-Kit is known to
interact with juxtamembrane (JM) domain to maintain the
kinase in an inhibitory state. When four tyrosine residues of the
JM domain (at positions 547, 553, 568, and 570) are phosphor-
ylated upon ligand stimulation, The JM domain is released from
the kinase domain, and the substrate can interact with the cat-
alytic site. In addition, the activation loop transits from the
DFG-out to the DFG-in state in transition from the inactivated
state to the activated state. Together these two changes make
the kinase catalytically active (13). We wanted to assess the
changes in kinase activity of the receptor if the activation loop
tyrosine, Tyr-823, was mutated. Therefore, we generated the
Y823F mutant of c-Kit and stably transfected it into Ba/F3 cells.
Ba/F3 is an immortalized murine bone marrow-derived pro-B
cell line that is dependent on IL-3 for its growth (20). We have
used Ba/F3 cells in this study because this cell line does not
express c-Kit endogenously and, therefore, can be used to over-
express both the wild-type and mutant forms of human c-Kit.
We also performed experiments with wild-type c-Kit and
Y823F c-Kit by transient transfections in Cos1 cells. Both cells
lines were tested for cell surface expression of c-Kit by flow
cytometry (Fig. 14). To verify that overexpression of c-Kit WT
and c-Kit Y823F was comparable with endogenous expression
of ¢-Kit, we used two leukemic cell lines, Mo7e and Kasumi, as
controls (Fig. 1B). We further observed that both the wild-type
c-Kit as well as Y823F c-Kit are phosphorylated rapidly after
stimulation with SCF. However, the onset of phosphorylation
in the mutant was faster and stronger than in wild-type c-Kit. It
rapidly declined in the Y823F mutant, whereas wild-type c-Kit
showed a more sustained response (Fig. 1C). This suggests that
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FIGURE 1. The Y823F mutation leads to enhanced and faster phosphory-
lation of the c-Kit receptor. A, stably transfected Ba/F3 cells were labeled
with phycoerythrin-conjugated anti-c-Kit antibodies or an isotype control
and analyzed by flow cytometry. The black peak indicates cells labeled with
the isotype control, and the gray peak corresponds to the cells labeled with
anti-c-Kit antibody. B, the Mo7e and Kasumi cell lines expressing endogenous
c-Kit and Ba/F3 cells expressing c-Kit and c-Kit/Y823F were lysed and sub-
jected to immunoprecipitation with anti-c-Kit antibody. c-Kit expression lev-
els were detected by Western blotting. C, Ba/F3 cells were stably transfected
with the Ba/F3-c-Kit and Ba/F3-c-Kit/Y823F constructs. Cells were serum-
starved overnight at 37 °C and stimulated by SCF for the indicated time peri-
ods. Cell lysates were prepared, immunoprecipitated with anti-c-Kit anti-
body, and analyzed by Western blotting. Total receptor phosphorylation was
detected using phosphotyrosine (pY) antibody, and c-Kit was used as a load-
ing control.

there is either a conformational change in the Y823F mutant or
that the mutant c-Kit stability is altered.

Ubiquitination and Degradation Are More Rapid in the
Y823F Mutant Than in Wild-type c-Kit—It has been shown
previously that receptor tyrosine kinases, upon ligand stimula-
tion, undergo monoubiquitination or polyubiquitination that
targets them to be internalized and degraded in the lysosomes
or the proteasomes, respectively (1). Previous studies demon-
strate that Cbl, which belongs to a family of ubiquitin E3 ligases,
is crucial for ubiquitination of ¢-Kit (1, 7, 8). Furthermore, Cbl
can either directly interact with c-Kit at Tyr-568 and Tyr-936
(1) or indirectly through the adapter protein Grb2 (8). This
leads to monoubiquitination of c-Kit and targets it for degrada-
tion in lysosomes. We wanted to investigate whether mutation
of Tyr-823 in the activation loop of c-Kit affects the phosphor-
ylation of Cbl, which could result in changes in ubiquitination
that, in turn, could affect receptor degradation. Cbl was immu-
noprecipitated from both wild-type and Y823F mutant c-Kit
following ligand stimulation, and the extent of phosphorylation
of Cbl was analyzed. The results demonstrate clearly that Cbl is
phosphorylated already after 2 min. of SCF stimulation in both
c-Kit WT and c-Kit-Y823F but that the mutant is unable to
sustain the phosphorylation (Fig. 24). To assess the degree of
ubiquitination, c-Kit was immunoprecipitated, and Western
blotting was performed using an antibody against ubiquitin. In
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FIGURE 2. The Y823F mutant of c-Kit mediates increased phosphorylation of Cbl concomitant with increased ubiquitination and degradation of c-Kit.
A, Ba/F3-c-Kit and Ba/F3-c-Kit/Y823F cells were serum-starved and stimulated with 100 ng/ml SCF for the indicated times. Cells were lysed, and lysates were
immunoprecipitated (/P) with anti-Cbl antibody, followed by Western blotting with phosphotyrosine antibodies and with a c-Kit antibody. B, lysates from
serum-starved Ba/F3-c-Kit and Ba/F3-c-Kit/Y823F cells were immunoprecipitated with anti-c-Kit antibody. Ubiquitination (Ub) of the receptor was detected
using anti-Ub antibody. C, receptor degradation was assessed by serum starvation of Ba/F3-c-Kit and Ba/F3-c-Kit/Y823F cells for 4 h at 37 °Cin the presence of
100 ug/ml of cycloheximide. Cells were then stimulated with 100 ng/ml SCF for indicated periods of time, and cells were immediately placed on ice. Cell lysates
were prepared and subjected to immunoprecipitation with c-Kit antibodies, followed by immunodetection using c-Kit antibody. D, signal intensities from two
independent experiments were quantified using Multi-Gauge software to calculate the percentage of receptor degradation.

agreement with the Cbl phosphorylation data, ubiquitination of
c-Kit Y823F is very strong after 2 min of SCF stimulation but
then declines rapidly. In contrast, ubiquitination of wild-type
c-Kit is weaker but increases over a longer period of time (Fig.
2B). Degradation of c¢-Kit was analyzed by starving Ba/F3
cells in the presence of cycloheximide, an inhibitor of pro-
tein synthesis, for 4 h, followed by immunoprecipitation and
detection using anti-c-Kit antibody. Degradation of the c-Kit
receptor was analyzed for up to 30 min of SCF stimulation.
We observed that in wild-type c-Kit-expressing cells, c-Kit is
detectable for up to 30 min, whereas in cells expressing the
Y823F mutant, c-Kit is degraded before 15 min of SCF stim-
ulation (Fig. 2, C and D).

A change in Activation Loop Tyr-823 to Phenylalanine
Causes the Receptor to Internalize Faster—It is known that,
together with the JM domain, the activation loop also plays a
role in maintaining the receptor in an inactivated state.
Phosphorylation of Tyr-823 and of tyrosine residues in the
JM domain is crucial to maintain the receptor in an active
state. Moreover, previous reports show that Cbl, in addition
to regulating the degradation of receptor tyrosine kinases,
also regulates their internalization. Thus, we analyzed the
pattern of receptor internalization in response to ligand acti-
vation. Ba/F3 cells were serum-starved in the presence of
cycloheximide for 4 h and stimulated with SCF for the indi-
cated periods of time. Cells were stained with a phycoeryth-
rin-labeled anti-c-Kit antibody, and surface expression was
determined by flow cytometry (Fig. 34). As an alternative
method, we verified the rate of internalization of cell surface
c-Kit compared with the total c-Kit by Western blotting (Fig.
3, B and C). The data clearly demonstrate that the Y823F
mutant of c-Kit is more rapidly internalized than wild-type
c-Kit.
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Mutation of Activation Loop Tyrosine 823 Has No Effect on
Kinase Activity—Activation of c-Kit by its ligand triggers acti-
vation of numerous downstream signal transduction mole-
cules. Some of these molecules are tyrosine kinases by them-
selves, e.g. Src family kinases such as Lyn and the Fes kinase
(21, 22), and have been demonstrated to be able to phospho-
rylate c-Kit (23). Thus, the phosphorylation status of c-Kit in
living cells could be influenced by factors other than the
intrinsic kinase activity of c-Kit itself. Therefore, we wanted
to evaluate the kinase activity of wild-type c-Kit and the
Y823F c-Kit mutant in an in vitro assay. To test whether
activation loop tyrosine has an effect on kinase activity, both
wild-type and Y823F mutant c-Kit were transiently trans-
fected into Cosl cells and stimulated with SCF. Immunopre-
cipitates of c-Kit from these cells were incubated with myelin
basic protein as an exogenous substrate, and an in vitro
kinase reaction was performed. No change in kinase activity
was observed between the wild-type and the Y823F mutated
c-Kit receptor (Fig. 4, A and B), which is in agreement with
previous reports (13).

Mutation of Tyr-823 Negatively Affects the Akt and Erk
Downstream Signaling Pathways—Activation of c-Kit upon
ligand stimulation initiates sequential recruitment of several
signaling molecules that form a network between the receptor
and the cell nucleus. This networking is governed by several reg-
ulatory signal pathways, including the Ras/Erk, p38, and PI3K/Akt
pathways (24). To investigate how mutation of Tyr-823 affects sig-
nal transduction, the phosphorylation of Akt, Erk, and p38 was
examined by Western blotting using respective phosphospecific
antibodies. Although Ba/F3 cells expressing wild-type c-Kit
responded to SCF stimulation with phosphorylation of Akt that
persisted for a longer time, activation of Ba/F3 cells expressing the
Y823F mutant of c-Kit showed a strong but transient phosphory-
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FIGURE 3. The Y823F mutation of the activation loop of c-Kit enhances receptor internalization. Ba/F3-c-Kit and Ba/F3-c-Kit/Y823F cells were serum-
starved for 4 h at 37 °Ciin the presence of cycloheximide and stimulated with 100 ng/mI SCF for the indicated times. A, cells were transferred to ice followed by
incubation with phycoerythrin-conjugated anti-c-Kit antibody. The c-Kit surface expression level was analyzed by flow cytometry. Internalization of c-Kit was
quantified at various time points compared with unstimulated cells. To determine mean fluorescence intensities of the wild-type receptor and the mutated
receptor, FloJo software was used. B, cells were labeled with sulfo-NHS-biotin and incubated on ice for 40 min to allow biotinylation of cell surface proteins.
Cells were lysed and processed for pull-down with immobilized avidin. The supernatant obtained after centrifugation was subjected to immunoprecipitation
with anti-c-Kit antibody. c-Kit from both fractions was detected by Western blot analysis. C, internalization of c-Kit was quantified at various time points and
analyzed statistically using GraphPad Prism. ***, p < 0.001.

lation of Akt (Fig., 5, A and B). A similar trend was observed with  tion and cell survival. SCF stimulated Ba/F3 cells were sub-

Erk and p38 phosphorylation (Fig. 5, A and B).

Effect of the Y823F Mutation on Phosphorylation of Adapter
Proteins—Adaptor proteins such as Cbl, Shc, SHP2, and Gab2
are known to regulate the signal transduction through c-Kit
either directly or through other adaptor proteins that, in turn,
affect the downstream signaling pathways (24). We further ana-
lyzed the upstream adapter proteins that affect cell prolifera-
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jected to immunoprecipitation using specific antibodies, and
phosphorylation of each adaptor protein was detected using
phosphospecific antibodies. We observed that phosphorylation
of Cbl, Shc, and Gab2 was reduced in cells expressing Y823F
c-Kit compared with cells expressing wild-type c-Kit, whereas
SHP2 phosphorylation was not affected significantly by Y823F
mutation (Fig., 6, A and B).
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FIGURE 5. The Y823F mutation in c-Kit alters downstream signaling.
Ba/F3-c-Kit WT and Ba/F3-c-Kit/Y823F cells were serum-starved and treated
with or without100 ng/ml SCF for the indicated periods of time. A, total cell
lysates (TCL) were separated by SDS-PAGE, electrotransferred to an Immo-
bilon P membrane, and probed with phospho-Akt (pAkt), phospho-Erk1/2
(pErk), and phosphor p38 (P-p38) antibodies. Antibodies against Akt, Erk, and
p38 were used as loading controls. B, signal intensities from three indepen-
dent experiments were quantified using Multi-Gauge software to calculate
the reduction, and GraphPad Prism was used to calculate significance. ns, not
significant. **, p < 0.01.

Mutation of Y823 Leads to a Significant Decrease in Both Cell
Survival and Proliferation—We wanted to ascertain whether
the mutation of activation loop tyrosine in c-Kit had an effect
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FIGURE 6. The phosphorylation mutant Y823F negatively regulates acti-
vation of adaptor proteins. A, Ba/F3-c-Kit-WT and Ba/F3-c-Kit/Y823F cells
were serum-starved and incubated in the presence or absence of SCF for the
indicated periods of time. Cell lysates were subjected to immunoprecipita-
tion with antibodies against Gab2, Shc, Cbl, and SHP2, respectively. Proteins
were separated by SDS-PAGE, electrotransferred to Immobilon P membranes
and probed either with phosphospecific antibodies or general phosphoty-
rosine antibodies. B, Signal intensities from three independent experiments
were quantified with Multi-Gauge software and statistical analysis was done
using GraphPad Prism. Values above each bar indicate the respective p
values.

on the survival and proliferation of cells. The cells lacking Tyr-
823 showed a significant reduction in proliferation, as con-
firmed by 5-ethynyl-2’-deoxyuridine incorporation in prolifer-
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FIGURE 7. Cells expressing the Y823F mutant of c-Kit display reduced cell proliferation and cell survival in response to SCF stimulation. Ba/F3-c-Kit WT
and Ba/F3-c-Kit/Y823F cells were grown for 48 h in the presence or absence of SCF and IL-3. A, cells were incubated with 5-ethynyl-2’-deoxyuridine (EdU) for 2 h,
fixed, labeled with Alexa Fluor 647, and analyzed by flow cytometry. B, viable cells were counted by trypan blue exclusion method. C, cells were labeled with
annexin V and 7-aminoactinomycin D, and living cells were measured by flow cytometry. IL-3 was used as a positive control. Quantification of labeled cells was
obtained with FloJo software, and results from three independent experiments were analyzed statistically using GraphPad Prism. ns, not significant. **, p <

0.01; *** p < 0.001.

ating cells and trypan blue exclusion method (Fig. 7, A and B).
The effect of the Y823F mutation of c-Kit on cell survival was
also examined by staining the cells with annexin V and 7-amino
actinomycin D and analysis by flow cytometry. Ba/F3 cell
expressing the Y823F mutant of c-Kit showed almost a 60%
reduction in cell survival compared with cells expressing wild-
type c-Kit (Fig. 7C).

DISCUSSION

The activation loop of c-Kit spans about 20 —25 amino acids
in the C-lobe of the kinase domain and, together with the jux-
tamembrane domain, maintains the kinase in an autoinhibitory
state. Studies indicate that two key processes are required for
activation of kinase, one is the release of the JM domain that
exposes the catalytic site to the substrate, and the second is the
activation loop coming to the DFG-in state. We have observed
that c-Kit phosphorylation is not hampered by the Y823F muta-
tion. Tyr-823 is the only tyrosine phosphorylation site in the
activation loop, and yet the previous structural studies point to
its irrelevance in the kinase activation process. So what is Tyr-
823 doing in the activation loop? Does it have any role in down-
stream signaling through the c-Kit receptor?

Except for being involved in regulation of kinase activity, lit-
tle is known about the role of activation loop tyrosines in other
receptor tyrosine kinases. In non-receptor tyrosine kinase, Syk
phosphorylation of activation loop tyrosines is described as
being crucial for the propagation of signaling through the
immunoreceptor but does not affect the kinase activity of Syk
(25). In an early report from Serve et al. (26), Tyr-821 in murine
c-Kit (homologous to Tyr-823 in human c-Kit) was shown to be
of importance for proliferation and survival in murine bone
marrow-derived mast cells without affecting PI3-kinase,
p2lras, or Erk activation. However, the discrepancy with our
data on Erk activation could be explained by the use of different
cell systems. The EGF receptor Tyr-845, analogous to Tyr-823
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in c-Kit, was demonstrated to be required in mitogenic path-
ways and as a mediator for an association between CoxII and
the EGF receptor crucial for cell survival (27, 28). In both c-Kit
Tyr-821 and EGF receptor Tyr-845, a phenylalanine mutant
showed reduced cell survival. In the PDGF receptor, activation
loop Tyr-857 was shown to be crucial for in vitro kinase activity
and for cell proliferation but did not affect internalization (29).
In this study, we show that Y823F affects downstream signaling
pathways of ¢c-Kit, that it is fully dispensable for kinase activity,
and that the mutated receptor is internalized and degraded at a
much accelerated rate compared with the wild-type receptor.
Mutation of Tyr-823 to Y823F further significantly reduced cell
proliferation and survival. Thus, this study adds new perspec-
tives to the existing knowledge about the role of activation loop
tyrosine (Tyr-823) in c-Kit signaling.

Previous studies on the kinetics of phosphorylation of c-Kit
have provided valuable information on the role of Tyr-823 in
c-Kit activation (13). However, those studies were performed
on arecombinant intracellular fragment of c-Kit, and, thus, was
lacking the ligand-binding domain. Furthermore, in a cell-free
system, the other tyrosine kinases and molecules that affect
c-Kit signaling (such as Src and Fes) are lacking, and their con-
tribution to phosphorylation of the receptor is not seen. Phos-
phorylation, ubiquitination, and degradation experiments on
ligand-induced c-Kit activation demonstrate that the Y823F
mutant of c¢-Kit is able to transduce a phosphorylation signal
but at a much accelerated rate and is considerably more tran-
sient in its nature compared with wild-type c-Kit. Cbl, a ubiq-
uitin E3 ligase is known to regulate ubiquitination and degra-
dation of receptor tyrosine kinases. We observed that
phosphorylation of Cbl increases when we increase the ligand
stimulation time in the wild type receptor, whereas it decreases
in Y823F. The effect on short-lived ubiquitination and faster
degradation could also be due to instant dephosphorylation
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after a brief phosphorylation of Cbl. The mutant receptor is also
internalized much faster than the wild-type receptor. This
could again be explained by the phosphorylation status of Cbl,
which is known to regulate internalization (1). Thus, the effects
on ubiquitination, internalization, and degradation could be
the consequence of Cbl inactivation, which can interact with
c-Kit either directly or through activation of Src kinases. Fur-
ther, phosphorylation of adaptor proteins such as Gab2 and Shc
is also reduced in Y823F as compared with the wild-type recep-
tor. These molecules are downstream of Src family kinases,
which directly interact with c-Kit (30, 31). Gab2 and Shc are
connected to the Akt and Erk pathways downstream (21, 24).
Therefore, a reduction in Akt and Erk1/2 phosphorylation
could be explained by altered Shc and Gab2 signaling mole-
cules. Reduced Akt and Erk1/2 phosphorylation reduce cell
survival and cell proliferation, which are linked to the Akt and
Erk pathways. Similar observations have been made in the
PDGER receptor, where the activation loop Y857F mutation
hampers complete activation of Akt and Erk (29). On the con-
trary, Y857F also led to reduced SHP2 activation, which was not
the case with Y823F in c-Kit. A reduction in SHP2 phosphory-
lation has been proposed to lead to reduction in Erk phosphor-
ylation. Since SHP2 is not affected in our case, there is likely to
be an alternate pathway affecting Erk signaling (29, 32). One
likely candidate for this is the adapter protein Shc because we
have shown previously that Src-phosphorylation of Shc is
essential for the ability of c-Kit to mediate activation of Erk (21).
Similarly, transient phosphorylation of p38 could also be
caused by a reduction in Src-mediated Shc phosphorylation
(33, 34). Its role in cell migration has also been described pre-
viously (35). Thus, mutation in activation loop tyrosine Tyr-823
affects multiple signaling pathways, as also described for Syk
kinase, where activation loop tyrosines are crucial for sustained
downstream signaling without being involved in catalysis (36,
37). On the basis of previous studies and our own data, a per-
spective toward function of activation loop tyrosine is that
when the c-Kit receptor dimerizes and autophosphorylates, the
potential tyrosine residues on the JM domain are phosphory-
lated and release the autoinhibitory state. Next is the phosphor-
ylation of activation loop tyrosine that, upon phosphorylation,
makes the loop in the DFG-in state and locks the kinase from an
inactivated state into an activated state. However, when Tyr-
823 is mutated to Phe-823, there is a conformational change
and a destabilization of the kinase so that the activated state is
no longer maintained. It could be due to this reason that signal-
ing through the mutated receptor initiates normally but is not
sustained because of a destabilized receptor, which leads to a
faster internalization, degradation, and a marked reduction in
cell viability and cell proliferation capacity. However, a change
in conformation is suspected, but it excludes the domain bind-
ing to kinase inhibitor sunitinib. As proposed by DiNitto et al.
(13), the Y823F mutation could render the enzyme more flexi-
ble so that, after activation, it comes back to the DFG-out inac-
tivated state preferred by most kinase inhibitors.

It turns out that the effect of mutating Tyr-823 is very much
dependent on which amino acid replaces the tyrosine at posi-
tion 823. DiNitto et al. (13) demonstrated in their in vitro cell-
free system that Y823 A and Y823D were devoid of kinase activ-
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ity, while the Y823F mutant has full activity. It is interesting that
the Y823D mutation of c-Kit has been described in human tes-
ticular seminomas (38), malignant melanomas (39), gastroin-
testinal stromal tumors (40), and pediatric core factor-binding
acute myeloid leukemia (41). The Y823D mutant was found to
be constitutively active in living cells (38). This apparent dis-
crepancy in results might be attributable to the fact that, in the
living cell, c-Kit has access to accessory molecules that are miss-
ing in a cell-free system and that are necessary for its signaling.
Furthermore, the Y823C (38) and Y823N (42) mutants have
also been identified in tumors, but no data are available as to
whether these mutations are also activating. Thus, the signaling
outcome is determined by which amino acid replaces the tyro-
sine residue. In one case (Y823A), the receptor will lack kinase
activity; in another (Y823F), the kinase activity is unaffected;
and in a third (Y823D), the kinase is constitutively active.

In view of our results, Tyr-823 appears to be a good target for
cancer therapy. Y823F makes the receptor not only more sen-
sitive to therapeutic targets such as sunitinib and imatinib but
also destabilizes the receptor so that activation of Akt, Erk1/2,
and p38isreduced. This, in turn, leads to a significant reduction
in cell proliferation and cell survival. Thus, a therapy targeting
Tyr-823 so that its phosphorylation is prevented could, in com-
bination with chemotherapy, provide an improved treatment
option for tumors caused by c-Kit mutations. This study exem-
plifies that even when the sequence of kinase domains is highly
conserved across members of the receptor tyrosine kinase fam-
ily, point mutations of various receptors play divergent roles in
cellular outcomes and in the mechanism of signal transduction.
This underlines the importance of investigating further point
mutations in c-Kit and the mechanisms by which they influence
cell signaling to improve our current understanding of the asso-
ciation of receptor mutations with cancer prognosis.
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