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Combined inhibition of ACK1 and AKT shows potential
toward targeted therapy against KRAS-mutant non-
small-cell lung cancer
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ABSTRACT

Non-small-cell lung cancer (NSCLC) with Kirsten RAt Sarcoma 2 viral oncogene homolog (KRAS) mutation has become a clinical challenge
in cancer treatment as KRAS-mutant tumors are often resistant to conventional anti-tumor therapies. Activated CDC42-associated kinase 1
(ACK1), an activator of protein kinase B (AKT), is a promising target for KRAS-mutant tumor therapy, but the downstream ACKz1 signaling
remains poorly understood. The aim of this study was to evaluate the effectiveness of combined ACK1/AKT inhibition on the proliferation,
migration, invasion, and apoptosis of KRAS-mutant NSCLC cell lines (NCI-H23, NCI-H358, and As49). The cells were treated with an inhib-
itor of either ACK1 (dasatinib or sunitinib) or AKT (MK-2206 or GDC-0068), and the optimal concentrations of the two yielding synergistic
tumor-killing effects were determined by applying the Chou-Talalay equation for drug combinations. We showed that combined administra-
tion of ACK1 and AKT inhibitors at the optimal concentrations effectively suppressed NSCLC cell viability and promoted apoptosis while
inducing cell cycle arrest at the G2 phase. Moreover, NSCLC cell migration and invasion were inhibited by combined ACK1/AKT inhibition.
These phenomena were associated with the reduced phosphorylation levels of ACK1 and AKT (at Ser473 and Thr308), as well as alterations
in caspase-dependent apoptotic signaling. Collectively, our results demonstrate the promising therapeutic potential of combined ACK1/AKT
inhibition as a strategy against KRAS-mutant NSCLC. Our findings provide the basis for the clinical translation of biological targeted drugs

(ACK1 and AKT inhibitors) and their rational combination in cancer treatment.
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INTRODUCTION

Lung cancer is the most prevalent cancer worldwide, with
estimated 228,000 newly diagnosed cases and causing 135,000
cancer-related deaths in the US in 2018 [1]. Most cases of lung
cancer are classified as non-small-cell lung cancer (NSCLC),
which constitutes approximately 85% of all cases, while the
remaining 15% is identified as small-cell lung cancer [2]. In
the past decade, two important sources of mutations in lung
cancer have been discovered, namely Kirsten RAt Sarcoma
2 viral oncogene homolog (KRAS) and epidermal growth
factor receptor (EGFR) mutations [3,4]. These mutations are
the most common ones in lung cancer, especially NSCLC.
Tumors with KRAS mutations generally have poor prognosis
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as they appear to be resistant to most available systemic ther-
apies, making KRAS a key target for cancer treatment [5-7].
There is currently no approved KRAS-specific inhibitor for
clinical use. Nevertheless, studies have shown that the combi-
nation of conventional chemotherapy with inhibitors of MEK,
B-cell lymphoma-extra large (BCL-XL), and phosphoinositide
3-kinase is a promising method for the prevention and treat-
ment of KRAS-mutant lung cancer [8,9].

Activated CDCg2-associated kinase 1 (ACK1) is a widely
expressed non-receptor tyrosine kinase that integrates and
delivers signals from multiple tyrosine kinases, such as EGFR
and platelet-derived growth factor receptor (PDGF-R) [10]. It
has been shown to activate protein kinase B (AKT) by phos-
phorylating it at Tyr176 [11] and was also reportedly overex-
pressed and amplified in the tumorigenesis of different tis-
sues such as stomach [12], prostate [13], and lung tissues [14].
In addition, ACK1 promotes the degradation of the tumor
suppressor WW domain-containing oxidoreductase gene
(WWOX), thus showing oncogenic properties [15,16]. The
current evidence suggests that ACK1 overexpression is related
to various tumors, including NSCLC, and that inhibiting
ACK1 suppresses tumor cell invasion and metastasis [17,18].
The findings implicate that ACK1 is a promising target for
tumor therapy, but the downstream ACKz signaling remains

poorly understood. The identification of an effective inhibitor
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of ACK1 and an understanding of its mechanism of action
will provide a strong basis for the development of targeted
treatment against KRAS-mutant NSCLC based on ACK1
inhibition.

The purpose of this study was to investigate effective tar-
geted therapies for KRAS-mutant NSCLC. We combined
inhibitors of ACK1 and AKT to suppress the over-activation
of downstream signaling caused by KRAS mutation, thereby
inhibiting tumor progression. We hypothesized that this com-
bination is effective in inhibiting KRAS-mutant NSCLC cell
growth and aimed to explore the specific molecular signaling
pathways involved therein.

MATERIALS AND METHODS

Cell culture and drug treatment

The KRAS-mutant NSCLC cell lines NCI-H23, NCI-
H3s8, and As49 were acquired from the cell bank of the
Chinese Academy of Sciences (Shanghai, China). NCI-H23
and NCI-H3s8 cells were cultured in RPMI-1640 medium
(SH30809.01B, Hyclone, Carlsbad, CA, USA) containing 10%
fetal bovine serum (FBS, 10270-106, Gibco, Waltham, MA,
USA) and 1% penicillin-streptomycin, whereas A549 cells were
cultured in F12K medium (21127-022, Gibco, Waltham, MA)
containing 10% FBS and 1% penicillin-streptomycin. All cells
were maintained at 37°C in an incubator containing 5% CO,
For individual drug treatment, each cell type was incubated
with inhibitors of ACK1 (dasatinib, A3017, APExBio, Houston,
TX, USA; sunitinib, Bio4s, APExBio) or AKT (MK-2206,
HY-10358, MCE; GDC-0068, A3006, APEXBIi0). For combined
drug treatment, NCI-H23 and NCI-H358 cells were incubated
with sunitinib and GDC-0068 (both at IC25) while As49 cells
were incubated with dasatinib and MK-2206 (both at ICZS).

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay

An MTT assay (M1o2s, Solarbio, Beijing, China) was per-
formed to identify the IC,_and IC_| (quarter and half maximal
inhibitory concentration, respectively) of each drug in each
KRAS-mutant NSCLC cell line. Cells were seeded in 96-well
plates at 5 x 10° cells per well and allowed to grow overnight
at 37°C in an atmosphere containing 5% CO . Thereafter, the
cells were subjected to individual or combined drug treatment
at the specified drug concentrations. After 48 hours of culture
with the drug(s), 20 uL of MTT reagent (5 mg/mL) was added
to each well and the plate was further incubated for 4 hours.
The liquid was removed from the wells and 150 pL of dimethyl
sulfoxide was added to each well. After 10 minutes of gentle
shaking, the absorbance of the wells was measured using a plate
reader (AMR-100, Allsheng, Hangzhou, China) at 490 nm.
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Flow cytometry

Flow cytometry was performed to assess the percentage
of apoptotic cells and the proportion of cells in each phase
of the cell cycle. The Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) apoptosis assay kit (556547,
BD Biosciences, Franklin Lakes, NJ, USA) was applied for
the examination of apoptosis. Treated cells were trypsinized,
centrifuged at 400 x g for 5 minutes at 4°C and resuspended
in phosphate-buffered saline (PBS) at 1 x 10° cells/mL. This
step was repeated twice, after which 200 UL of binding buf-
fer was added to the cells. Annexin V-FITC and PI (10 uL of
each) were added to the cells and gently mixed. After 30 min-
utes of incubation at 4°C in the absence of light, 300 uL of
binding buffer was added and the cells were immediately sub-
jected to flow cytometry using a Novocyte apparatus (ACEA
Biosciences, Inc., San Diego, CA). To evaluate cell cycle pro-
gression, treated cells were trypsinized and centrifuged at
400 x g for 5 minutes. The supernatant was discarded and
the cells were resuspended in 300 UL of PBS. Then, 700 pL
of anhydrous ethanol was added and the cells were fixed for
24 hours at -20°C. The fixed cells were centrifuged at 700 x g
for s minutes, the supernatant was removed, and the cells were
washed twice with cold PBS. The cells were then resuspended
in 100 pL of 1 mg/mL RNAse A and incubated at 37°C for
30 minutes. Then, 400 uL of 50 ug/mL PI was added to the
cells. After 10 minutes of staining in the absence of light, DNA
content in the cells was measured using flow cytometry to
assess the proportion of cells in various phases of the cell cycle.
All flow cytometry results were analyzed using NovoExpress
software (ACEA Biosciences, San Diego, CA, USA).

Transwell assay

Transwell assays were carried out to evaluate the migration
and invasion of treated cells. For the invasion experiments,
Transwell inserts (Corning Inc., Corning, NY, USA) were first
placed into the wells of a 24-well plate and coated with 8o pL
of Matrigel (354230, BD Biosciences) at 37°C for 30 minutes
(this step was not performed for migration experiments).
Cells were treated accordingly and cultured for 24 hours in
serum-free medium. They were then seeded in 500 UL of the
medium into the top chamber of the Transwell inserts at 1 x 10°
cells per mL. Meanwhile, 750 uL of medium containing 10%
FBS was added to the bottom chamber. The cells were then
incubated at 37°C for 48 hours and the medium was removed.
Thereafter, the cells were fixed in 1 mL of 4% paraformalde-
hyde in each well for 10 minutes at room temperature. The fix-
ative was removed, the cells were washed once with PBS, and
1 mL of 0.5% crystal violet solution (PAB180004, Bioswamp,
Wuhan, China) was added to each well. The cells were stained
for 30 minutes and washed 3 times with PBS. Cells that have
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migrated or invaded to the bottom Transwell chambers were
counted using an optical microscope.

Western blot

Cells were washed twice with cold PBS and lysed at 4°C
using radioimmunoprecipitation assay buffer containing pro-
tease and phosphatase inhibitors. The lysates were heated
for 10 minutes at 95°C and centrifuged at 12,000 x g for
10 minutes, after which protein content was quantified using a
bicinchoninic acid assay kit. For western blot, 20 pg of protein
sample was loaded for sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The separated proteins were transferred
to polyvinylidene difluoride membranes that were pre-soaked
in acetone for 5 minutes and cold electrophoresis buffer for
2 minutes. The membranes were blocked in 5% skim milk over-
night at 4°C, incubated with primary antibodies overnight at
4°C, and incubated in horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibodies (1:20000, SAB43714,
Bioswamp) for 1 hour at room temperature. Between each
incubation, the membranes were washed 3 times with PBS/
Tween 20 for 5 minutes each. After secondary antibody incu-
bation, the membranes were subjected to enhanced chemilu-
minescent detection (WBKLSoo1o, Millipore, Billerica, MA,
USA) using a Tanon-5200 analyzer (Tanon, Shanghai, China).
Protein bands were visualized using Tanon GIS software. The
following primary antibodies were used for western blot: phos-
phorylated (p)-ACK1 (1:1000, PAB405s90, Bioswamp), ACK1
(1:1000, PAB36364-P), p-AKT (Thr3o8) (1:1000, PAB43323-D,
Bioswamp), p-AKT (Ser473) (1:1000, 43181-F, Bioswamp),
AKT (1:1000, PAB30596, Bioswamp), pro-caspase 3 (1:10000,
ab32499, Abcam, Cambridge, UK), cleaved caspase 3 (1:1000,
MAB37300, Bioswamp), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, 1:1000, PAB36269, Bioswamp).

Statistical analysis

All experiments were performed in triplicate (n = 3) and
the results are presented as the mean + standard deviation
(SD). Comparisons between control and treatment groups
were performed using the one-sample t-test using OriginPro
8.0 (OriginLab Corporation, Northampton, MA, USA). A
value of p < 0.05 indicates statistical significance.

RESULTS

Dose-dependent effect of single ACK1 and AKT
inhibition on NSCLC cell viability

The downstream effects of ACK1 and/or AKT inhibition
were investigated in three KRAS-mutant NSCLC cell lines
(NCI-Ha3, NCI-Hs358, and As49). The inhibitors of ACK1
(dasatinib and sunitinib) and AKT (MK-2206 and GDC-0068)
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were selected as model drugs for this purpose. We first evalu-
ated the individual effects of each drug on NSCLC cell viability
by treating each cell line separately with each drug at various
concentrations (0, 1, 2, 5, 10, and 20 UM for dasatinib and suni-
tinib; 0, 0.2, 0.5, 1, 2, and 5 WM for MK-2206 and GDC-0068).
As demonstrated in Figure 1, the inhibitors of both ACK1 and
AKT induced a sharp decrease in the viability of NCI-H23,
NCI-H3s8, and As49 cells in a concentration-dependent
manner. Accordingly, we calculated the IC and IC_ values
of each drug pertaining to each cell line from the cell viability
curves (Table 1).

Selection of optimal drug combination using the
Chou-Talalay equation

We next employed the Chou-Talalay method [19] to exam-
ine the effect of drug combination and to calculate the opti-
mal combination of ACK1 and AKT inhibition in suppressing
NSCLC cell growth. The Chou-Talalay equation yields the
combination index (CI) of two drugs and is defined as:

Cl=D1/D1 +D2/D2 .+ (D1 x Dz)/(D1IC;0 X Dzl(?sn)
(Eq.1)

Where D1 and D2 represent the applied concentrations
of the two drugs and D1 and D2, represent the IC_ val-
ues of the two drugs. For this study, we combined an ACK1
inhibitor with an AKT inhibitor, resulting in four drug com-
binations (dasatinib + MK2206, dasatinib + GDC-0068, suni-
tinib + MK-2206, and sunitinib + GDC-0068). Using Eq. 1, we
calculated the CI of all drug combinations by substituting D1
and D2 with the respective IC_and IC_ values of each indi-
vidual drug (Table 2). Further, because CI < 1 indicates a syn-
ergistic relationship between two drugs [20], we screened for
the optimal drug combination by selecting the lowest CI for
each cell line. For both NCI-H23 and NCI-H358, the combina-
tion of sunitinib (S) at IC,_and GDC-0068 (G) at IC_yielded
the lowest Cl value (0.71 and 0.64, respectively). For As49, the
combination of dasatinib (D) at IC_and MK-2206 (M) at IC _
yielded a CI of 0.80. These combinations of drug concentra-
tions were applied in the subsequent experiments.

Effect of combined ACK1 and AKT inhibition on
NSCLC cell viability

Using the calculated concentrations for each drug com-
bination that exhibit the most optimal synergistic effect, we
evaluated the effect of combined ACK1 and AKT inhibition
on the viability of NSCLC cells (Figure 2). For NCI-H23 and
NCI-H358 cells, sunitinib at IC25 (2.03 WM and 1.98 UM,
respectively) combined with GDC-0068 at IC,_(1.08 uM and
0.80 UM, respectively) significantly suppressed cell viability
by 42.7% and 43.9%, respectively, after 48 hours of treatment.
For As49 cells, dasatinib at IC25 (3.88 uM) combined with
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FIGURE 1. Individual effect of activated CDC42-associated kinase 1 (ACK1) and protein kinase B (AKT) inhibition on non-small-
cell lung cancer (NSCLC) cell viability. NSCLC cell lines NCI-H23, NCI-H358, and A549 were treated individually with inhibitors of
either ACK1 (dasatinib, sunitinib) or AKT (MK-2206, GDC-0068) at various concentrations (0, 1, 2, 5, 10, and 20 uM for dasatinib
and sunitinib; 0, 0.2, 0.5, 1, 2, and 5 pyM for MK-2206 and GDC-0068). Cell viability was evaluated using MTT assay after 48
hours of culture with each drug. Inhibitors of both ACK1 and AKT induced a sharp decrease in the viability of NCI-H23, NCI-H358,
and A549 cells in a concentration-dependent manner. The results are shown as the mean + SD (n = 3, t-test). IC,, and IC, rep-
resent quarter and half maximal inhibitory concentration, respectively; a.u.: arbitrary units.
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FIGURE 2. Combined effect of activated CDC42-associated kinase 1 (ACK1) and protein kinase B (AKT) inhibition on non-small-
cell lung cancer (NSCLC) cell viability. NSCLC cell lines NCI-H23, NCI-H358, and A549 were treated with combinations of an ACK1
inhibitor (dasatinib, D; sunitinib, S) and an AKT inhibitor (MK-2206, M; GDC-0068, G) at the calculated optimal concentrations.
Cell viability was evaluated using MTT assay after 48 hours of culture with each drug combination. For NCI-H23 and NCI-H358
cells, sunitinib at IC, (2.03 uM and 1.98 pM, respectively) combined with GDC-0068 at IC,, (1.08 uM and 0.80 uM, respectively)
significantly suppressed cell viability by 42.7% and 43.9%, respectively, after 48 h of treatment. For A549 cells, dasatinib at IC,
(3.88 uM) combined with MK-2206 at IC,, (0.99 uM) significantly suppressed cell viability by 43.1% after 48 h of treatment. The
results are shown as the mean + SD (n = 3, t-test), *p < 0.05 vs. control. IC, represents the quarter maximal inhibitory concen-
tration; a.u.: arbitrary units.

TABLE 1. IC, and IC, values of ACK1 and AKT inhibitors in NCI-H23, NCI-H358, and A549 cells

Inhibitor NCI-H23 NCI-H358 A549

IC,. (uM) IC,, (kM) IC,. (kM) IC,, (kM) IC,, (uM) IC,. (uM)
Dasatinib 3.95 14.16 3.95 14.16 3.88 3.88
Sunitinib 2.03 7.83 2.03 7.83 3.08 3.08
MK-2206 1.28 348 1.28 348 0.99 0.99
GDC-0068 1.08 297 1.08 297 1.07 1.07

ACK1: Activated CDC42-associated kinase 1; AKT: Protein kinase B. IC,, and IC_, represent quarter and half maximal inhibitory concentration,
respectively.
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TABLE 2. Cl of the effect of combined ACK1 and AKT inhibition
in NCI-H23, NCI-H358, and A549 cells, calculated using the
Chou-Talalay equation

Combined treatment Cell type
NCI-H23 NCI-H358 A549
Dasatinib + MK-2206
D(IC,) + M (IC,) 075 0.92 0.80
D (IC,) + M (IC,) 1,56 1.75 172
D (IC,) + M (IC,) 1.74 1.80 1.65
D (IC,) + M (IC,) 3.00 3.00 3.00
Dasatinib + GDC-0067
D (ICES) +G (ICB) 0.74 0.74 0.83
D(IC,) + G (IC,) 1.56 175 1.72
D(IC,) + G (IC,) 1.72 153 168
D(IC,) +G(IC,) 3.00 3.00 3.00
Sunitinib + MK-2206
S(C,) +M(IC,) 072 081 083
S(C,) +M(IC,) 226 229 238
S(IC,) + M (IC,) 1.74 1.80 1.65
S(C,) +M(IC,) 3.00 3.00 3.00
Sunitinib + GDC-0068
S(C,) +G(IC,) 071 0.64 085
S(C,) +G(IC,) 152 159 1.76
S(C,) +G(IC,) 172 153 168
S(IC,)+G(C,) 3.00 3.00 3.00

50

Cl < 1, synergistic effect; Cl = 1, additive effect; Cl > 1, antagonis-
tic effect. D: Dasatinib; S: Sunitinib; M: MK-2206; G: GDC-0068;

Cl: Combination index; ACK1: Activated CDC42-associated kinase 1;
AKT: Protein kinase B. IC,, and IC_ represent quarter and half maxi-
mal inhibitory concentration, respectively.

MK-2206 at IC _ (0.99 uM) significantly suppressed cell via-
bility by 43.1% after 48 hours of treatment.

Effect of combined ACK1 and AKT inhibition on
NSCLC cell apoptosis and cell cycle progression

We then assessed the effect of combined ACK1 and AKT
inhibition on NSCLC cell apoptosis and cell cycle progression.
The results of flow cytometry revealed that combined treat-
ment with ACK1 and AKT inhibitors at optimal concentra-
tions significantly increased the late-apoptotic population of
NCI-H23, NCI-H358, and As49 cells (Figure 3). Meanwhile,
a shift was observed in the proportions of cells in each phase
of the cell cycle (Figure 4). With combined ACK1 and AKT
inhibitor treatment, the percentage of NSCLC cells in the G1
phase was decreased, whereas that in the G2 phase showed a
clear increase. These results indicate that combined ACK1and
AKT inhibition promoted apoptosis by inducing cell cycle
arrest at the G2 phase.

Effect of combined ACK1 and AKT inhibition on
NSCLC cell migration and invasion

We next investigated the effect of combined ACK1 and
AKT inhibition on the ability of NSCLC cells to migrate and

invade (Figure 5). Using Transwell assays, we observed that
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the combined treatment with ACK1 and AKT inhibitors at
optimal concentrations caused significantly impaired migra-
tion of NCI-H23, NCI-H358, and As49 cells by 30.1%, 25.8%,
and 50.5%, respectively, compared to that of control cells.
Meanwhile, invasion of these cells was reduced by 62.2%,

51.2%, and 68.0%, respectively.

Signaling pathways involved in the effect of ACK1
and AKT inhibition on NSCLC cell behavior

Finally, we examined whether the combined inhibition of
ACKi1 and AKT yielded an effect on the expression of proteins
involved in the ACK1/AKT pathway and apoptotic signaling.
For ACK1/AKT signaling, we evaluated the effect of drugs
on protein phosphorylation, which is an indication of signal-
ing pathway activation (Figure 6A). In all cases, the combined
treatment with the optimal concentrations of ACK1 and AKT
inhibitors reduced the level of ACK1 phosphorylation with
respect to the total ACK1 protein content. Similarly, the phos-
phorylation of AKT at the Thr3o8 and Ser473 sites showed a
significant decline with respect to the total AKT protein con-
tent. In terms of apoptotic signaling, we looked closely at the
relative levels of pro-caspase 3 and cleaved caspase 3 before and
after the combined inhibitor treatment (Figure 6B). Consistent
with the results of apoptosis obtained by flow cytometry, the
expression of pro-caspase 3 was downregulated by drug treat-
ment, whereas that of cleaved caspase 3 was upregulated.
These findings implicate that the combined ACK1 and AKT
inhibition exerted a drastic effect on NSCLC cell apoptosis by
regulating the ACK1/AKT signaling pathways.

DISCUSSION

Recent strategies in lung cancer treatment have shifted
attention to targeted therapy as an alternative to traditional
modalities in an attempt to develop selective and effective
treatment schemes. The identification of “driver genes” and
oncogenic driver mutations is critical for such purpose [21,22].
In the case of NSCLC, the KRAS mutation has emerged as a
clinical challenge to be addressed, as KRAS-mutant lung can-
cer often causes complications in systemic anti-cancer drug
therapy [23]. Therefore, the search for an effective method of
overcoming drug resistance associated with the KRAS muta-
tion has become an important area of research.

Activated ACK: has been identified as an oncogene in a
variety of cancers, including prostate, ovarian, and lung cancer
[18]. Its activity is closely linked to that of AKT, the activation
of which is widely implicated in many malignancies. ACKi-
induced activation of AKT is a prominent factor not only in
lung cancer but also in gastric cancer [24], breast cancer [11],

and hepatocellular carcinoma [25]. Because of the promising
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FIGURE 3. Combined effect of activated CDC42-associated kinase 1 (ACK1) and protein kinase B (AKT) inhibition on non-small-
cell lung cancer (NSCLC) cell apoptosis. NSCLC cell lines NCI-H23, NCI-H358, and A549 were treated with combinations of an
ACK1 inhibitor (dasatinib, D; sunitinib, S) and an AKT inhibitor (MK-2206, M; GDC-0068, G) at the calculated optimal concen-
trations. Cell apoptosis was evaluated using flow cytometry after 24 hours of culture with each drug combination. Bar graphs
illustrate the percentage of late apoptotic cells (the upper right quadrant in the flow cytometry plot). The results of flow cytometry
revealed that combined treatment with ACK1 and AKT inhibitors at optimal concentrations significantly increased the late-apop-
totic population of NCI-H23, NCI-H358, and A549 cells. The results are shown as the mean + SD (n = 3, t-test), *p < 0.05 vs.
control. IC25 represents the quarter maximal inhibitory concentration; FITC: fluorescein isothiocyanate; Pl: propidium iodide.

therapeutic potential of AKT inhibition in cancer treatment,
drugs thatact as inhibitors of AKT, such as MK-2206 and GDC-
0068 used in this study, have undergone clinical trial [26,27].
The successful inhibition of AKT is evaluated by assessing
the phosphorylation of AKT at Ser473 or Thr3o8 [18]. In the
same manner, inhibition of ACK1 is expected to exert a thera-
peutic effect against lung cancer, but the ideal ACK1 inhibitor
remains elusive. It is worth nothing that dasatinib and sunitinib
are not specific inhibitors of ACK1. While dasatinib blocks
ACKj, it also inhibits Src family kinases and EphA2 receptor
tyrosine kinase to suppress human melanoma cell migration
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and invasion [28]. Sunitinib inhibits a variety of other receptor
tyrosine kinases, including vascular endothelial growth factor
receptors 1-3 and PDGF-R, and has been approved for the
treatment of imatinib-resistant tumors [29].

In this study, we treated three NSCLC cell lines with dasat-
inib or sunitinib [18,30,31] in combination with MK-2206 or
GDC-0068. The Chou-Talalay method was employed to assess
the difference in the effect of drug combination and to deter-
mine the optimal concentrations of ACK1 and AKT inhibitor
for NSCLC treatment. Using the Chou-Talalay method to cal-
culate the CI of two drugs, we were able to identify whether
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FIGURE 4. Combined effect of activated CDC42-associated kinase 1 (ACK1) and protein kinase B (AKT) inhibition on cell cycle
progression in non-small-cell lung cancer (NSCLC) cells. NSCLC cell lines NCI-H23, NCI-H358, and A549 were treated with combi-
nations of an ACK1 inhibitor (dasatinib, D; sunitinib, S) and an AKT inhibitor (MK-2206, M; GDC-0068, G) at the calculated optimal
concentrations. Cell cycle progression was evaluated using flow cytometry after 48 hours of culture with each drug combination.
With combined ACK1 and AKT inhibitor treatment, the percentage of NSCLC cells in the G1 phase was decreased, whereas that
in the G2 phase showed a clear increase. The results are shown as the mean + SD (n = 3, t-test). IC, represents the quarter

maximal inhibitory concentration; PI: propidium iodide.

this drug combination at specific concentrations exhibits
additive (CI = 1), synergistic (CI < 1), or antagonistic (CI > 1)
effects [20]. Having screened for the optimal combination of
ACK1/AKT inhibitors that yielded the lowest CI in the three
KRAS-mutant NSCLC cell lines tested (NCI-H23, NCI-H3s8,
and As49), we proceeded to evaluate the effect of the drug
combinations on various cell behaviors. We observed that the
combined ACK1/AKT inhibition significantly suppressed the
viability, migration, and invasion of NSCLC cells while pro-
moting apoptosis. As expected, these phenomena were asso-
ciated with the simultaneous decline in the phosphorylation
levels of ACK1 and AKT (at both Ser473 and Thr308), as well
as in the enhanced expression of cleaved caspase 3.
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Our findings are supported by those of Tan et al, who
found that inhibition of ACK1 using bosutinib had an inhib-
itory effect on the migration and invasion of NSCLC cell
lines [17]. Interestingly, the inhibitory effect seemed to be
only present in KRAS-mutant cells and not KRAS-wild type
cells, suggesting the specificity of ACK1 inhibition against
the KRAS mutation. However, the results of our study seem
to contradict those of Rao et al., who reported that inhibition
of AKT1 signaling using MK-2206 promoted KRAS-mutant
lung cancer cell invasion and metastasis [32]. This may be
due to the conflicting role of AKT in various cancers under
different circumstances, which have been vastly reported in
the literature. AKT is generally known to be highly expressed
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FIGURE 5. Combined effect of activated CDC42-associated kinase 1 (ACK1) and protein kinase B (AKT) inhibition on non-small-
cell lung cancer (NSCLC) cell migration and invasion. NSCLC cell lines NCI-H23, NCI-H358, and A549 were treated with combina-
tions of an ACK1 inhibitor (dasatinib, D; sunitinib, S) and an AKT inhibitor (MK-2206, M; GDC-0068, G) at the calculated optimal
concentrations. Cell migration and invasion were evaluated using Transwell assay after 48 hours of culture with each drug combi-
nation. The combined treatment with ACK1 and AKT inhibitors at optimal concentrations caused significantly impaired migration
of NCI-H23, NCI-H358, and A549 cells by 30.1%, 25.8%, and 50.5%, respectively, compared to that of control cells. Meanwhile,
the invasion of these cells was reduced by 62.2%, 51.2%, and 68.0%, respectively. Scale bar = 100 um. The results are shown as
the mean + SD (n = 3, t-test), *p < 0.05 vs. control. IC, represents the quarter maximal inhibitory concentration.
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FIGURE 6. Combined effect of activated CDC42-associated kinase 1 (ACK1) and protein kinase B (AKT) inhibition on protein
expression in non-small-cell lung cancer (NSCLC) cells. NSCLC cell lines NCI-H23, NCI-H358, and A549 were treated with combi-
nations of an ACK1 inhibitor (dasatinib, D; sunitinib, S) and an AKT inhibitor (MK-2206, M; GDC-0068, G) at the calculated optimal
concentrations. Protein expression was evaluated using western blot after 24 hours of culture with each drug combination. (A)
The phosphorylation levels of ACK1 and AKT (at Thr308 and Ser473) are expressed relative to the total protein level of ACK1 and
AKT, respectively. (B) The protein levels of pro-caspase 3 and cleaved caspase 3 are expressed relative to that of GAPDH as an
internal control. The combined ACK1 and AKT inhibition exerted a drastic effect on NSCLC cell apoptosis by regulating the ACK1/
AKT signaling pathways. The results are shown as the mean + SD (n = 3, t-test), *p < 0.05 vs. control. IC, represents the quarter
maximal inhibitory concentration. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.

in cancer and reportedly mediates important processes such  decreased tumor invasion and motility [35,36]. The applied
as cell survival and cell cycle progression [33,34]. However, in  dose of the AKT inhibitor MK-2206 may also play a role in
some cases, overexpression of AKT may surprisingly lead to  determining cell behavior. As suggested by Rao et al, low
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doses of MK-2206 exerted a promoting effect on NSCLC cell
invasiveness, whereas high doses significantly reduced cell

(12]
viability [32]. In our study, the combined inhibition of ACK1

and AKT exhibited a potent synergistic effect against NSCLC

survival, migration, and invasion. Given that AKT is activated

by ACK4, it is reasonable to propose that ACK1 inhibitionacts  [13]

as an enhanced mechanism of suppressing the oncogenic role

of AKT, along with MK-2206 as an inhibitor of AKT.

Taken together, our results support the therapeutic poten-

tial of combined ACK1/AKT inhibition as a strategy against [14]

KRAS-mutant NSCLC. Our findings provide the basis for

the clinical translation of promising biological targeted drugs

(ACK1 and AKT inhibitors) and their rational combination in [15]

cancer treatment.
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