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Amyloid precursor protein cooperates with ¢-KIT
mutation/overexpression to regulate cell apoptosis in
AMLI1-ETO-positive leukemia via the
PI3K/AKT signaling pathway
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Abstract. It has been reported that amyloid precursor
protein (APP) promotes cell proliferation and metastasis
in various types of solid cancers. In our previous study, we
showed that APP is highly expressed and regulates leukemia
cell migration in AMLI1-ETO-positive (AE) leukemia.
Whether APP is involved in the regulation of AE leukemia
cell proliferation or apoptosis is unclear. In the present study
we focused on the correlation of APP with c-KIT mutation/
overexpression and cell proliferation and apoptosis in AE
leukemia. APP and c-KIT expression detected by quantita-
tive real-time (QPCR) method, and ¢-KIT mutations screened
using PCR in bone marrow cells from 65 patients with AE
leukemia before their first chemotherapy, were simultaneously
assessed. Furthermore, the Kasumi-1 cell line was chosen as
the cell model, and the APP gene was knocked down using
siRNA technology. The correlation of cell cycle distribution
and apoptosis and c-Kit expression with APP expression levels,
as well as the regulation of the PI3K/AKT signaling pathway
by APP were analyzed in the Kasumi-1 cell line. The results
showed that peripheral white blood cell counts (P=0.008)
and bone marrow cellularity (P=0.031), but not bone marrow
blasts, were correlated with APP expression. Moreover, the
patients with APP high expression had a significantly higher
incidence of ¢-KIT mutations (P<0.001) and increased levels
of c-KIT expression (P=0.001) and poorer disease outcome.
In the Kasumi-1 cell line, as compared with the wild-type
and negative control cells, cell apoptosis, both early (P<0.001)
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and late (P<0.001), was significantly increased when the
APP gene was knocked down, concomitant with reduced
levels of anti-apoptotic protein Bcl-2 and increased levels of
caspase-3 and -9, however, no apparent change was observed in
the cell cycle distribution (P>0.05). Moreover, the knockdown
of APP markedly decreased c-KIT expression at both the tran-
scription (as evidenced by qPCR analysis) and translation (as
confirmed by CD117 assay and western blot analysis) levels, as
well as p-AKT and its downstream targets including NF-«xB,
p53 and Bcl-2. In conclusion, APP may cooperate with c-KIT
mutation/overexpression in the regulation of cell apoptosis but
not proliferation in AE leukemia via the PI3K/AKT signaling
pathway.

Introduction

The AMLI-ETO (AE) fusion protein, which originates from
the t(8;21) chromosomal rearrangement, is one of the most
frequent translocation products found in de novo acute myeloid
leukemia (AML) (1). Murine experiment data have demon-
strated that AE alone is not sufficient to induce leukemia (2-4),
but requires altered signal transduction pathways for leukemia
progression (5), suggesting a model of AML pathogenesis in
which the two groups of genetic alterations are required for
the induction of the full-blown disease. c-KIT mutations are
considered as one of the most important subsequent events (up
to 48%) in leukemia cases harboring AE, and have adverse
effects on the disease outcome (5-7). Furthermore, synergism
between c-KIT mutation and AE in the induction of AML has
been demonstrated (8-9). A recent study (10) further revealed
that activated c-KIT upregulates the PI3K/AKT signaling
pathway and reverts AE-induced DNA damage and apoptosis,
which accounts for the increased chemo-resistance observed in
t(8;21)-positive AML patients with activated c-KIT mutations.
However, the reason for the high incidence of c-KIT mutations
and the exact mechanisms involved in the synergism of AE
with mutated-c-KIT in AE leukemia remain unclear.
Amyloid precursor protein (APP), a type I integral
membrane protein, generated by the APP gene which is located
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Table I. Clinical characteristics of the AML1-ETO-positive leukemia patients.
Characteristics APP-H (n=33) APP-L (n=32) P-value
Median age (range), in years 30 (5-69) 28.5 (4-58) 0.890
Gender, male/female (ratio) 22/11 (2.0) 18/14 (1.3) 0.388
WBC (x10%/1) (range) 22.3(3.1-97.6) 12.4 (1.7-70.3) 0.008
Marrow blasts, % (range) 38.0 (12.0-94.0) 33.5(12.0-93.0) 0.423
Bone marrow cellularity, % (range) 91.0 (47.0-99.0) 83.0 (52.0-98.0) 0.031
¢-KIT mutations/total cases 15/33 2/32 <0.001
¢-KIT expression level (range) 0.00424 (0.00001-0.08479) 0.00057 (0.00004-0.01418) 0.001

APP-H, amyloid precursor protein high expression; APP-L, amyloid precursor protein low expression; WBC, white blood cells.

on 21g21.3, is implicated in synapse formation and plasticity.
One of the processed APP products, f-amyloid, is directly
related to the pathogenesis of neurodegenerative disorders
such as Alzheimer's disease (11). APP is also ubiquitously
expressed in nonneuronal tissues, and may also be involved
in the growth of various cell types in both physiological and
abnormal states. It has been shown that APP promotes cancer
cell proliferation and metastasis and its overexpression in oral
squamous cell carcinoma, pancreatic and colorectal cancer
has an adverse effect on prognosis (12-15). Moreover, APP
is also highly expressed in AML harboring complex karyo-
types or t(8;21) (16,17). Notably, APP plays an important role
in AE leukemia and its overexpression enhances migration
of Kasumi-1 cells by MMP-2 (18). In the present study, we
showed that, from the results obtained from the clinical obser-
vation, APP was positively correlated with c-KIT mutations/
overexpression and had prognostic predictive value; from the
data obatined from the cell model experiment, APP regulated
cell apoptosis but not proliferation and was involved in the
regulation of c-Kit expression and the PI3K/AKT signaling
pathway, in AE leukemia. Our study indicates that APP may
cooperate with c-KIT mutations/overexpression in the regula-
tion of cell apoptosis via the PI3K/AKT signaling pathway
in AE leukemia, suggesting that APP overexpression in AE
leukemia may be the reason for the high incidence of c-KIT
mutations and APP may be involved in the synergism of AE
and c-KIT mutations to induce leukemia.

Materials and methods

Patient samples.Sixty-five bone marrow samples were obtained
from AE leukemia patients admitted between February 2006
and June 2013 at Nanfang Hospital and used for the analysis
of APP and c-KIT mRNA expression and c-KIT mutations.
Characteristics of the patients are documented in Table I. All
samples were obtained upon approval of the Nanfang Hospital,
Southern Medical College of Medicine Institutional Review
Boards.

Quantitative real-time polymerase chain reaction (qPCR)
analysis. For each patient, a bone marrow sample was
collected at diagnosis and mononuclear cells were enriched
by density gradient centrifugation with Ficoll solution. Total
RNA extraction and cDNA synthesization were carried out,

Table II. Sequences of the PCR primers for each gene.

Gene Primers Sequences
APP F 5'-TGGCCCTGGAGAACTACATC-3'
R 5'-AATCACACGGAGGTGTGTCA-3'
c-KIT F 5-CACCGAAGGAGGCACTTACAC-3'
R 5'-GGAATCCTGCTGCCACACA-3'
B-actin F 5'-CGTCTTCCCCTCCATCG-3'
R 5'-CTCGTTAATGTCACGCAC-3'

APP, amyloid precursor protein; F, forward; R, reverse.

Table III. Sequence of PCR primers for c-KIT mutation
detection.

Gene Primers Sequences
KIT
Exon 8 5'-CTCCCTGAAAGCAGAAAC-3'

5'-CAGAAAGATAACACCAAAATAG-3'

5-GCAAAGGCATATTAGGAACTC-3'

F
R
Exon 17 F
R 5'-GTTGTAGTAATGTTCAGCATACC-3'

F, forward; R, reverse.

and PCR primer sequences for APP, ¢c-KIT and (-actin are
presented in Table II. APP and c-KIT mRNA expression as
assessment by qPCR was previously described (18).

Molecular analysis. DNA from mononuclear cells, isolated
from the 65 patient bone marrow samples obtained at diagnosis,
was extracted using a DNA extraction kit (Qiagen) according
to the manufacturer's instructions. The screening of the c-KIT
(exon 8 and 17) mutations was performed by PCR and direct
Sanger sequencing. PCR primers are presented in Table III.
The total reaction volume of 25 pl contained 2 1 DNA (100
ng), 1 ul of each primer (50 pmol), 12.5 ul PCR mix (Takara)
and 8.5 ul ddH, 0. Purified PCR products were sequenced with
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Figure 1. Amyloid precursor protein (APP) is positively correlated with c-KIT mutations/overexpression in AMLI-ETO-positive leukemia patients. (A) APP
was expressed significantly higher in the patients with c-KIT mutations, with the median at 0.15427 (range 0.07432-3.18640), as compared with the expression
noted in the cases without c-KIT mutations, with the median at 0.09132 (range 0.00041-1.19080) (P=0.008). (B) Pearson rank correlation analysis showed a
positive correlation of c-KIT relative expression with APP relative expression (r=0.621, P<0.001).

Sanger sequencing. The results were analyzed with Chromas
software (Technelysium Pty Ltd.).

Cell cycle distribution, apoptosis and c-KIT mutation/
expression assays in Kasumi-1 cells. To further analyze
the correlation of cell proliferation and apoptosis with
APP expression, the Kasumi-1 cell line, which harbors the
AMLI-ETO fusion gene, a c-KIT mutation (19), and has high
expression of APP (17), was chosen as a cell model. According
to our previous study (18), APP was silenced in the Kasumi-1
cells by lentivirus transduction, and the cells were defined
as siRNA-APP-treated (siAPP) Kasumi-1 cells; in the same
manner, another group of Kasumi-1 cells was transfected with
scramble siRNA (TTCTCCGAACGTGTCACGT) and served
as a negative control (NC). Using flow cytometric analysis, we
assessed the expression of CD117, the cell cycle distribution
and apoptosis in the siAPP, NC and wild-type Kasumi-1
cells. Using the PCR method, the screening of mutations and
expression levels of c-KIT were assessed.

Western blot analysis. The proteins, resolved from the siAPP,
NC and wild-type Kasumi-1 cells, respectively, underwent
centrifugation and quantification, and were used for western
blot analysis as previously described (18). The analysis of
Bcl-2 (Abcam, Cambridge, MA, USA), c-Kit and p-AKT (both
from Cell Signal Technology; CST), p53 and NF-kB (both
from Abcam), caspase-3 and caspase-9 (both from CST), with
their relative primary monoclonal antibodies was performed
following the manufacturer's instructions, and GAPDH
(Abcam) was chosen as the standard control.

Statistical analysis. SPSS 17.0 software (SPSS Inc., Chicago,
IL, USA) was used for the statistical analysis. Data are
expressed as the means + standard deviation. Statistical
analysis was performed by one-way ANOVA followed by
Fisher's post hoc test procedure for assessment of significance
(P<0.05).

Results

APP is correlated with c-KIT mutations/overexpression and
is indicative of poor disease outcome in patients with AE
leukemia. The 65 patients were divided into an APP high
expression (APP-H) group (n=33, with the level of APP greater
than the median level) and an APP low expression (APP-L)
group (n=32, with the level of APP less than the median level)
according to the median value of APP relative expression
levels. The results from analysis of the clinical characteristics
of the patients in the APP-H and the APP-L group showed that
a significantly higher peripheral white blood cell (WBC) count
(29.243.9x10°/1 vs. 17.9+2.9x10°/1, P=0.008) and bone marrow
cellularity (86.7+1.7 vs. 80.3+2.3%, P=0.031) were observed in
the APP-H patients when compared with these values in the
APP-L patients, while there was no statistical difference in the
bone marrow blasts. Moreover, APP was correlated with c-KIT
mutations/overexpression, in that 15 out of 17 c-KIT-mutated
cases belonged to the APP-H group (15/33), whereas only two
mutations were observed in the APP-L group (2/32, P<0.001,
Table I). Meanwhile, APP was expressed apparently higher in
the c-KIT-mutated patients (P=0.008,Fig. 1A) and its expression
levels were positively correlated with c-KIT mRNA expression
(r=0.621, P<0.001, Fig. 1B). In addition, APP overexpression
indicated poor disease outcome, in that both the relapse-free
survival (RFS) rate (36.8+5.4 vs. 72.5+7.3%, P<0.001) and the
overall survival (OS) rate (49.7+7.1 vs. 78.0+6.5%, P=0.027)
were significantly lower in the APP-H group than that in the
APP-L group (Fig. 2).

APP is involved in the regulation of cell apoptosis but not
proliferation in Kasumi-1 cells. As APP promotes cell prolif-
eration in some solid cancers (12,14,15), we compared the cell
cycledistribution of single vs. double oncogene-expressing cells
during the course of ex vivo expansion. Notably, no obvious
differences were observed among the siAPP, NC and wild-type
cells (Fig. 3D), indicating that proliferation was not correlated



YU et al: APP REGULATES CELL APOPTOSIS IN AMLI-ETO-POSITIVE LEUKEMIA

1.0

0.81

06 .
R

041

Cum survival

P<0.001
0.0

Patients with APP-L (n=31)

. Patients with APP-H (n=31)

L

RFS (month)

L RN RN NN EEE S
0 12 24 36 48 60 7

ed ..

T
96

B
104 =
- _‘._~LL‘L_I Paients with APP-L (n=31)
= B
2 061 *,  Patients with APP-H (n=31)
m 1‘.'“.':
assffeanpassans +
g 04+
(@]
021
P=0017
004
1 ] 1 1 T 1 1 T ]
0 12 24 36 48 60 72 84 %
0OS (month)

1629

Figure 2. APP overexpression is an indicator of poor disease outcome in AMLI-ETO-positive leukemia patients. Notable differences in (A) relapse-free
survival (RFS) and (B) overall survival (OS) existed between patients in the APP-H and the APP-L groups. APP, amyloid precursor protein; APP-H, amyloid
precursor protein high expression; APP-L, amyloid precursor protein low expression.
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Figure 3. Amyloid precursor protein (APP) regulates cell apoptosis but not cell proliferation in Kasumi-1 cells. (A and B) Flow cytometric analysis showed that
both the early (Q4-2) and late apoptosis (Q2-2) rates in the siRNA/App-treated (siAPP) Kasumi-1 cells increased significantly when compared with the rate
in the wild-type and negative control (NC) Kasumi-1 cells (early apoptosis rate: P<0.001; late apoptosis rate: P<0.001). (C) Western blot analysis showed that
anti-apoptosis protein Bcl-2 decreased while caspase-3 and -9 increased markedly in the siAPP Kasumi-1 cells compared with the wild-type and NC Kasumi-1
cells. (D) No obvious difference in cell cycle distribution was observed in the wild-type, NC and siAPP Kasumi-1 cells with cell cycle analysis (P>0.05).
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Figure 4. c-KIT mutation (N822K) exists in Kasumi-1 cells. (A) The U937
cell line without c-KIT mutations was chosen as the negative control.
(B) ¢-KIT mutation (N822K) was detected by PCR analysis in the Kasumi-1
cells, as indicated by the arrow.

with APP expression in AE leukemia. However, cell apoptosis,
both early and late, as estimated by analyzing Annexin-V,
increased significantly when APP was knocked down in the
Kasumi-1 cells, in that the early and late apoptosis rates in the
siAPP cells were 29.00+0.98 and 19.80+1.51%, respectively;
when compared with 21.43+0.86 and 12.33+0.75% in the wild-
type cells and 21.67+0.78 and 12.90+1.25% in the NC cells,
respectively, there were statistical differences (early apoptosis:
F=71.927, P<0.001; late apoptosis rate: F=35.239, P<0.001,
respectively, Fig. 3A and B). In parallel, western blotting
analysis (Fig. 3C) revealed reduced levels of the anti-apoptotic
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protein Bcl-2 and increased levels of activated caspase-3 and
caspase-9 in the siAPP cells, which also implied an increase in
the basal apoptosis rate.

Knockdown of APP downregulates c-KIT expression. It is
known that Kasumi-1 cells harbor ¢c-KIT mutation (19) and
mutated c-KIT upregulates c-KIT expression and decreases
AE leukemia cell apoptosis (10). Our PCR assay veri-
fied the fact that a c-KIT mutation (N822K) (Fig. 4B) and
c-KIT overexpression existed in the Kasumi-1 cell line. In
accordance with the correlation of APP with c-KIT muta-
tions/overexpression in our clinical observations, we further
analyzed the difference in CDI117 or c-KIT mRNA expres-
sion levels among the siAPP, NC and wild-type cells and
found that both CD117 (by flow cytometric analysis, siAPP:
80.66+£0.69%, wild-type: 93.30+£0.89%, NC: 91.28+0.42%,
respectively; F=78.71, P=0.006, Fig. 5A) and c-KIT mRNA
expression levels (by gPCR analysis, siAPP: 0.05273+0.00873,
wild-type: 0.09008+0.00712, NC: 0.08707+0.00676, respec-
tively; F=22.46, P=0.002, Fig. 5B) in the siAPP Kasumi-1
cells decreased significantly, as compared with those in the
wild-type and NC Kasumi-1 cells. The result of western blot-
ting analysis revealed (Fig. 5C) that c-Kit protein decreased
when APP was knocked down further confirming the involve-
ment of APP in the regulation of c-KIT expression.

SiIRNA-APP downregulates the PISK/AKT signaling pathway.
As the PI3K/AKT pathway, enhanced by activated c-KIT (10),
is an intracellular signaling pathway which is important in
the regulation of cell apoptosis in AE leukemia (20,21), we
evaluated the correlation of APP expression levels with the
PI3K/AKT pathway using western blot analysis. The data
revealed decreased levels of AKT phosphorylation concomitant
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Figure 5. Knockdown of amyloid precursor protein (APP) downregulates c-KIT expression. c-KIT expression levels were observed to be significantly decreased
in the siRNA/APP-treated (siAPP) Kasumi-1 cells, as compared with the levels noted in the wild-type and negative control (NC) Kasumi-1 cells, as determined
by (A) the data of the CD117 expression analysis using flow cytometric analysis and (C) c-KIT mRNA expression levels as detected by qPCR method and
(C) protein c-KIT expression as assessed with western blot analysis.
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Figure 6. Knockdown of amyloid precursor protein (APP) downregulates
the expression of the PI3K/AKT signaling pathway. Western blot analysis
showed that the expression of p-AKT, concomitant with the downstream
effector molecules of the PI3K/AKT signaling pathway including NF-«xB, p53
and Bcl-2 were significantly decreased in the siRNA/App-treated (siAPP)
Kasumi-1 cells.

with reduced transcription factors p53 and NF-«kB, both of
which are important downstream receptors in the PI3K/AKT
pathway and play a vital role in the regulation of cell apoptosis
(22-24), in the siAPP Kasumi-1 cells, as compared with
the levels in the NC and wild-type Kasumi-1 cells (Fig. 6),
suggesting that APP mediates Kasumi-1 cell apoptosis via the
PI3K/AKT pathway.

Discussion

It is known that APP promotes cancer cell proliferation and
metastasis and has an adverse effect on disease outcome in
various solid cancers (12-15). The effect of APP on migration
and prognosis in AE leukemia was reported in our previous
study (18). In this study, we showed that APP decreased cell
apoptosis but did not promote cell proliferation, in accordance
with the finding that APP may lead to leukemia progression
due to abnormal apoptosis (16); knockdown of APP increased
cell apoptosis but did not significantly affect cell proliferation
in AE leukemia. In parallel, from the clinical data, we observed
significantly a higher peripheral WBC count and bone marrow
cellularity in the APP-H patients than these parameters in
the APP-L cases, while there was no apparent difference in
the bone marrow blasts between the two groups. We also
determined that APP is correlated with c-KIT mutations/over-
expression in AE leukemia patients. In an in vitro study, we
further demonstrated the involvement of APP in the regulation
of c-KIT expression and the PI3K/AKT signaling pathway,
which play important roles in cell apoptosis regulation.
Notably, our clinical data demonstrated that c-KIT muta-
tions were frequent in the APP-H patients and the expression
levels of APP and c-KIT were positively correlated at the
transcription levels (as evidenced by qPCR analysis). This
suggests that APP is closely correlated with c¢-KIT mutation/
overexpression. The correlation of APP with ¢-KIT expression
was further confirmed at both the transcription (as evidenced
by qPCR analysis) and translation (as confirmed by CDI117
assay and western blot analysis) levels in the Kasumi-1 cell
experiment. c-KIT mutations which are considered as one
of the most important subsequent events and that are highly

1631

expressed (up to 48%), cooperate with full length AMLI-ETO
to induce leukemia, and adversely affect the disease outcome,
in AE leukemia. Since the APP gene is located on 21q21.3
and expresses highly in t(8;21), the correlation of APP with
c-KIT mutations in our data may explain the high incidence
of ¢-KIT mutations in this subtype of leukemia and indicate
the involvement of APP in the progression of AE leukemia.
Furthermore, activating c-KIT mutations upregulate c-KIT
expression and reverse AMLI-ETO-induced DNA damage
and apoptosis. Based on these data, we report that APP may
cooperate with c-KIT mutation/overexpression in the regula-
tion of cell apoptosis in AE leukemia cells.

The PI3K/AKT signaling pathway is of central importance
in AE leukemia and plays an important role in processes
critical for leukemia progression (20,21). AKT is a major
downstream effector molecule of the PI3K/AKT pathway (25)
and increased AKT phosphorylation implies activation of
the PI3K pathway (26). AKT plays a central role in apop-
tosis inhibition through its regulatory effects on various
downstream targets such as anti-apoptotic Bcl-2 (27) and
activated caspase-3 and -9 and transcription factors NF-kB
and p53 (22-24). In the present study, we silenced the APP
gene and found that p-AKT and its downstream targets Bcl-2,
NF-«xB and p53 were significantly reduced while caspase-3
and caspase-9 were increased, suggesting that APP regu-
lates cell apoptosis via the PI3K/AKT signaling pathway.
Moreover, activating c-KIT mutations upregulatd the PI3K/
AKT pathway and the PI3K inhibitor increased cell apoptosis
in AE leukemia. These results further support the cooperation
of APP with c-KIT mutation/overexpression in the regulation
of cell apoptosis via the PI3K/AKT pathway in AE leukemia.

In conclusion, APP regulates cell apoptosis but not cell
proliferation in AE leukemia. The regulatory mechanism may
involve the synergism of APP and c¢-KIT mutation/overexpres-
sion to decrease cell apoptosis via the PI3K/AKT pathway. Its
exact mechanisms require further in-depth study. Moreover,
our findings suggest that APP may be a new biomarker for
targeted therapy in AE leukemia.
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