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PI3K/AKT/mTOR pathway inhibitors inhibit the growth of melanoma cells with mTOR
H2189Y mutations in vitro
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ABSTRACT
mTOR is an important therapeutic target in many types of cancers. In melanoma, the mTOR
nonsynonymous mutation rate is up to 10.4%. However, mTOR inhibitors have shown limited effects in
clinical trials of melanoma. Because mTOR mutations are distributed, not selecting patients with specific
mTOR mutations may be the main reason for therapeutic failures. Our previous research found that
mutations in the mTOR P2213S and S2215Y kinase domains resulted in gain-of-function and were
sensitive to specific inhibitors. The purpose of this study was to test the effect of heterozygous/
homozygous H2189Y mutations on downstream pathways and sensitivity to inhibitors. mTOR kinase
activity was analyzed by western blot and a K-LISATM mTOR activity kit. The sensitivity of melanoma cells
to inhibitors was tested by a proliferation assay. The expression of downstream pathway proteins was also
analyzed by western blot. The results showed that heterozygous/homozygous H2189Y mutations
were gain-of-function. The heterozygous H2189Y mutation was sensitive to the AKT inhibitor, AZD5363,
and the phosphoinositide 3-kinase inhibitor, LY294002. The homozygous H2189Y mutation was sensitive
to the mTOR inhibitor, everolimus, and the AKT inhibitors AZD5363 and MK-2206 2HCL,and
the phosphoinositide 3-kinase inhibitor, LY294002. These results indicated that homozygous mutations
in the kinase domain have a greater effect on protein function than heterozygous mutations. The mTOR
kinase domain may play an important role in mTOR kinase activity and may be the target of selective
inhibitors. Our study can facilitate the selection of appropriate inhibitors for patients in clinical trials.
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Introduction

Melanoma is an aggressive cancer with a low five-year survival
rate. Globally, the incidence of melanoma is increasing.1,2 In
recent years, targeted therapy has shown promising clinical effi-
cacy in melanoma treatment. For example, BRAF, KIT, and
MEK inhibitors performed better than dacarbazine in enhanc-
ing progression-free and overall survival for patients harboring
specific mutations.3-6 However, these validated targets cannot
benefit all melanoma patients, and resistance to these inhibitors
is common. This prompted an increasing number of preclinical
studies and clinical trials seeking new targets for pathway
inhibitors.

Mammalian target of rapamycin (mTOR) is an important
serine/threonine protein kinase involved in transcriptional reg-
ulation, protein synthesis, metabolism, and apoptosis.7-10

Therefore, mTOR has been considered as a key target for treat-
ing many cancers. mTOR inhibitors include rapamycin and a
new generation of derivatives such as RAD001, temsirolimus,
and ridaforolimus. Combined with FK-506-binding protein 12,
mTOR inhibitors can inhibit mTOR activity and arrest tumor
cells in the G1 phase, thus inhibiting tumor cell growth and
causing apoptosis. However, mTOR inhibitors showed limited

effects in clinical trials in melanoma.11-13 Considering the com-
plex structure of mTOR, not selecting patients with specific
mTOR mutations may be the main reason for these therapeutic
failures.

Multiple sequencing studies have shown that there are few
driver genes in the tumor genome, and hot-spot mutations
such as BRAF V600E are even less frequent.14 The majority of
driver gene mutations are distributed. For example, the inci-
dence of KIT somatic mutations was 10.8% in Asia, of which
50% were distributed.3 Although the coding sequence of the c-
Kit gene is covered by 21 exons, patients with mutations in
exons 11 and 13 have a better response to imatinib. This sug-
gests that finding the functional mutation is meaningful in
selecting appropriate therapy.

Our previous study showed that 10.4% of Asia melanoma
patients harbored mTOR missense mutations. mTOR missense
mutations in acral and mucosal melanoma are 11.0 and 14.3%,
respectively. mTOR H1968Y and P2213S mutations are
functional acquired mutations that are sensitive to specific
inhibitors.15 In the current study, we examined another mTOR
mutation, H2189Y, and constructed stable heterozygous/
homozygous HEK293T cells using transcription activator-like
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effector nucleases (TALENs). Downstream signaling pathway
proteins expressing kinase activities in these cells, as well as
their sensitivity to phosphoinositide 3-kinase (PI3K)-AKT-
mTOR pathway inhibitors, were evaluated.

Results

Expression levels of mTOR pathway proteins

Western blotting was used to investigate the effects of mTOR
H2189Y mutants on the expression of PI3K/AKT/mTOR path-
way proteins. Wild-type HEK293T cells were used as the nega-
tive control. mTOR S2215Y and P2213S cells were used as
heterozygous and homozygous positive controls.15, 16

Heterozygous/homozygous H2189Y mutant cells had a sig-
nificantly higher expression level of phospho-mTOR, phospho-
p70 ribosomal protein S6 kinase (p70S6K), phospho-AKT, and
phospho-4EBP1 than those in wild-type HEK293T cells
(Fig. 1). Differences ranged from 4- to 16-fold. Compared with
mTOR S2215Y and P2213S cells, the expression levels of phos-
pho-mTOR, phospho-p70S6K, phospho-AKT, and phospho-
4EBP1 were slightly lower in heterozygous/homozygous
H2189Y mTOR mutants (Fig. 1). These results indicate that
mTOR heterozygous/homozygous H2189Y mutations may be
new gain-of-function mutations.

mTOR kinase activity of mTOR mutations

mTOR kinase analyses were performed in these cells using the
K-LISA method. As illustrated in Fig. 2, heterozygous and
homozygous H2189Y mutant cells all showed significantly
higher mTOR kinase activities in comparison with wild-type
cells, and lower mTOR kinase levels compared with their

respective positive controls (Fig. 2). These results were consis-
tent with the western blotting findings (Fig. 1).

Sensitivity of mTOR mutants to PI3K-AKT-mTOR pathway
inhibitors

To analyze the sensitivity of mTOR mutants to PI3K-AKT-
mTOR pathway inhibitors (everolimus, AZD5363, MK-2206,
LY294002, and Wortmannin), cell proliferation assays were
performed. Heterozygous H2189Y mutant cells were sensitive
to AKT (AZD5363, P D 0.015) and PI3K (LY294002,
P D 0.047) inhibitors, compared with the negative control.
Everolimus, MK-2206, and Wortmannin had no significant
effect on proliferation.

Proliferation of homozygous H2189Y mutant cells was sig-
nificantly inhibited by the mTOR inhibitor everolimus (P D
0.018), the PI3K inhibitor LY294002 (P D 0.016), and the AKT
inhibitors AZD5363 (P D 0.009) and MK-2206 (P D 0.003).
The PI3K inhibitor Wortmannin had no significant effect on
proliferation in these five cell lines (Fig. 3).

Phosphorylation levels of mTOR, p70S6K, AKT, and 4EBP1
were examined by western blot after drug treatments for
24 hours. For everolimus and MK-2206, phosphorylation levels
of mTOR, p70S6K, and 4EBP1 induced by the homozygous
H2189Y mutant were inhibited remarkably more than the
other four cell lines (Fig. 4). For AZD5363, expression of
phospho-mTOR, phospho-p70S6K, phospho-AKT, and phos-
pho-4EBP1 in heterozygous H2189Y and P2213S cells, and
homozygous H2189Y and S2215Y cells, was significantly
decreased compared with the control group. For LY294002,
phosphorylation levels of p70S6K, AKT, and 4EBP1 in homo-
zygous H2189Y cells were significantly inhibited compared

Figure 1. Protein Expression Levels of mTOR Mutations.HEK293T cells stably expressing mTOR mutants (H2189Y, P2213S and S2215Y) were constructed by TALEN. After
nutrient starvation, wild type or mutated HEK293T cells were lysed.The phosphorylation levels of mTOR, p70S6K, AKT and 4EBP1 were examined by Western blot (A).
Results in (B-E) were quantified by measuring the relative intensity of phosphorylated protein bands to corresponding total protein bands with the method of mean §
SD of 3 scans.
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with the other groups. These expression levels were consistent
with the cell proliferation results (Fig. 4).In order to verify the
reliability of the experimental results in vitro, we conducted
experiments in the nude mouse xenograft model.As shown in
Fig. 5,this results were consistent with cell experiments.

Discussion

In the era of precision medicine, finding and targeting the
driver gene is an important approach to treat cancer. As a key
molecule downstream of the PI3K/AKT pathway, mTOR
makes an important impact on cell transcriptional regulation,
protein synthesis, cell proliferation, and apoptosis.8-10 In mela-
noma, the mTOR somatic nonsynonymous mutation rate is up
to 10.4%.15 Therefore, mTOR may be an important therapeutic
target for melanoma.

To obtain stable phenotypes, the present study used TAL-
ENs technology to construct model cells carrying heterozy-
gous/homozygous mTOR mutations. TALENs is a genomic
editing technique that can introduce a stable single base muta-
tion by changing the genetic code artificially.17 Compared with
transient transfection, TALENs operates at the DNA level
which can better simulate the impact of mutations on the func-
tions of signaling pathways, and the responses to different
inhibitors. Thus, the current study differs from others in the
choice of gene editing technique.18

mTOR consists of several independent and conserved
domains: HEAT, FAT, FRB, kinase, and FATCs.19 The
kinase domain is an important mTOR structure that medi-
ates serine/threonine phosphorylation. mTOR mutants acti-
vated in the kinase domain contribute to apoptotic
resistance, and might contribute to cellular transforma-
tion.20 Construction of the S2215Y point mutation in the
wild-type mTOR kinase domain could increase mTOR
kinase activity and activate the p70S6K pathway.16 Our pre-
vious research found that both P2213S and S2215Y muta-
tions in the mTOR kinase domain resulted in gain-of-
function and were sensitive to selective inhibitors. These
findings indicated that the mTOR kinase domain may be a
key target for melanoma treatment.

H2189Y is a new repeated missense mutation found in Chi-
nese melanoma patients that is located in the mTOR kinase
domain. In our study, mTOR kinase activity was significantly
increased in H2189Y cells, indicating that H2189Y mutations
located in the kinase domain result in gain-of-function. Cell
proliferation and western blot assays showed that the effect of a
homozygous H2189Y mutation on downstream pathways was
more significant than that of the heterozygous H2189Y muta-
tion. The heterozygous H2189Y mutation was only sensitive to
AZD5363 and LY294002, which was similar to P2213S and
S2215Y mutations.15 However, homozygous H2189Y cells were
sensitive to multiple inhibitors, including the mTOR inhibitor
everolimus and the AKT inhibitor MK-2206. In contrast, previ-
ous mutations in the mTOR kinase domain were insensitive to
everolimus. This is the first mutation in the kinase domain
resulting in sensitivity to everolimus, pointing out the necessity
of screening for specific mutations in preclinical studies.

Figure 2. mTOR kinase activity of mTOR mutants.HEK293T cells stably expressing
mTOR mutants (H2189Y, P2213S and S2215Y) were constructed by TALEN. After
nutrient starvation, wild type or mutated HEK293T cells were lysed, and the activa-
tion of mTOR kinase were examined by K-LISATM mTOR (Recombinant) Activity Kit.

Figure 3. Protein Expression Levels of mTOR mutations after PI3K-AKT-mTOR inhibitors treatment. HEK293T cells stably expressing mTOR mutants (H2189Y, P2213S and
S2215Y) were constructed by TALEN. After nutrient starvation, wild type or mutated HEK293T cells were treated with indicated inhibitors or vehicle for 24 hours. The acti-
vation of indicated molecules was examined by Western blot.
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mTOR has two distinct complexes, mTORC1 (mTOR-Rap-
tor) and mTORC2 (mTOR-Rictor). mTORC2 plays an impor-
tant role in the phosphorylation of AKT.21 When PI3K or AKT
are activated, mTORC1 expression is elevated. Activation of
mTORC1 may phosphorylate the downstream molecule,
p70S6K1, and eukaryotic initiation factor 4EBP1, which affect
mRNA translation and protein synthesis. Current mTOR
inhibitors affect mainly mTORC1 rather than mTORC2. Clini-
cal trials of mTOR inhibitors might be limited by a lack of
mTORC2 inhibition and selecting for sensitive mTOR muta-
tions.22 By integrating our findings with previous research, we
found that mTOR H2189Y, P2213S, and S2215Y cells were all
sensitive to the AKT inhibitor, AZD5363, and the PI3K inhibi-
tor, LY294002. Homozygous H2189Y cells were sensitive to
multiple inhibitors, including the mTOR inhibitor, everolimus.
Thus, for some mTOR mutation patients, PI3K-AKT inhibitors
may have a stronger effect than mTOR inhibitors. However,
the use of mTOR inhibitors requires screening for specific
mutations such as in the phase II clinical trial, NCT01960829.23

In summary, our study provides evidence that the mTOR
kinase domain may play an important role in mTOR kinase
activity, and may be the target of selective inhibitors. The
results of the study can facilitate the development of clinical tri-
als by directing the selection of appropriate inhibitor(s) for each
patient.

Materials and methods

Construction of single base mutation HEK293T cell lines

We selected the mTOR missense mutation, H2189Y, from
DNA sequencing analysis results of Chinese melanoma
patients.15 Single-base mutation HEK293T cell lines were con-
structed using a single base substitution method mediated by
TALENs. Briefly, a TALEN binding pair, TALEN-L and
TALEN-R , were designed on both sides of the 6565 locus in
the mTOR gene. A single-base mutation single-stranded

oligodeoxynucleotide (from C to T) in locus 6565 was also
designed. All three mutations were co-transfected into
HEK293T cells using FuGENE HD and positive clones were
chosen by culturing with puromycin. The positive clones were
then proliferated and purified. After DNA sequencing analysis,
heterozygous/homozygous single-base mutation 293T cell lines
on the mTOR gene 6565 locus (from C to T, H2189Y) were
obtained.

Cell culture and cell lysate preparation

HEK293T cells (catalog no. ACC-635) obtained from Leibniz
Institute DSMZ were used as the negative control. Mutant
S2215Y (mTOR c6644a)16 and P2213S (mTOR c6637t)
HEK293T cells15 were used as positive heterozygous and
homozygous controls. All cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen) containing 10%
fetal bovine serum (FBS, Hyclone) and 1% penicillin/strepto-
mycin (Invitrogen). When the proportion of adherent cells
reached 70 to 80%, cells were partially serum-starved in
DMEM containing 0.1% FBS and 1% penicillin/streptomycin
for 15 h, and then completely serum-starved in Dulbecco’s
phosphate-buffered saline (Thermo Fisher Scientific) for 4 h.
After that, cells were incubated with inhibitors or DMSO for 24
h.Cells were then collected and lysates prepared by adding pre-
chilled PhosphoSafe Extraction Reagent (EMD Millipore). The
cell lysates were used for western blot and mTOR kinase
activity analyses.

Western blotting

Western blotting was performed with the prepared cell lysates
and the following antibodies: anti-mTOR (Cat #ab134903,
Abcam), anti-phospho-mTOR (Cat#ab109268, Abcam),
anti-p70 S6 kinase (49D7) (Cat #2708, Cell Signaling
Technology), anti-S6K1 (phospho T421CS424) (Cat #ab32525,

Figure 4. Sensitivity of gain-of-function mTOR mutations to PI3K-AKT-mTOR inhibitors. HEK293T cells stably expressing mTOR mutants (H2189Y, P2213S and S2215Y)
were constructed by TALEN. After nutrient starvation, wild type or mutated HEK293T cells were treated with indicated inhibitors or vehicle.The proliferation of HEK293T
cells was evaluated by CellTiter-Glo� Luminescent Cell Viability Assay, and the results were presented as mean § SD of 3 independent experiments.

Figure 5. Sensitivity of xenograft models to inhibitors in vivo. When the tumor size reached approximately 200 mm3, mice were treated with buffer control or inhibitors
daily. Tumor volume was evaluated as % of the tumor volume on day 0 and presented as mean § SD. The data are representative of these independent experiments.
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Abcam), anti-AKT1 [Y89] (Cat #ab32505, Abcam), anti-AKT1
(phospho Ser473) (Cat #ab66134, Abcam), anti-4E (eIF4E)
binding protein-1 (4EBP1) [Y330] (Cat #ab32130, Abcam),
and anti-phospho-4EBP1 (Thr37/46) (Cat #2855, Cell Signal-
ing Technology).

mTOR kinase activity analyses

The K-LISATM mTOR (recombinant) activity kit (Cat #CBA104)
was purchased from EMD Millipore. Cell lysates were prepared
frommTORwild-type andmutant HEK293T cells as described in
the previous section. Cell lysates were used immediately to immu-
noprecipitate mTOR. mTOR in vitro kinase analyses were per-
formed according to the protocol recommended by the
manufacturer. Absorbance was measured at 450 nm.

PI3K-AKT-mTOR pathway inhibitors and cell proliferation
assays

Everolimus (Cat #S1120), AZD5363 (Cat #S8019), MK-2206-
2HCl (Cat #S1078), LY294002 (Cat #S1105), and Wortmannin
Cat (#S2758) were purchased from Selleck Chemicals. Everoli-
mus is an mTOR inhibitor. AZD5363 and MK-2206 are AKT
inhibitors. LY294002 and Wortmannin are PI3K inhibitors. All
inhibitors were dissolved in dimethyl sulfoxide and diluted
with DMEM containing 0.1% FBS (Hyclone) to reach specific
concentrations. Corresponding concentrations of dimethyl
sulfoxide in DMEM supplemented with 0.1% FBS were used as
controls.

mTOR wild-type or mutant HEK293T cells were seeded into
96-well plates at a density of 3 £ 103 cells per well. Cells were
cultured in DMEM containing 10% FBS and 1% penicillin/
streptomycin for 24 h. Cells were then partially serum-starved
in DMEM containing 0.1% FBS and 1% penicillin/streptomycin
for 15 h, and then completely serum-starved in Dulbecco’s
phosphate-buffered saline (Thermo Fisher Scientific) for 4 h.

After that, cells were incubated with varying concentrations
of inhibitors or DMSO for 24 h. Cell proliferation was evalu-
ated using the CellTiter-Glo� Luminescent Cell Viability Assay
(Promega) according to the manufacturer’s instructions. All
cell proliferation experiments were repeated three times.

Xenograft models and treatment

mTOR wild-type(HEK293T cells) or mutant HEK293T cells
(heterozygous/homozygous H2189Y) were digested into single
cell suspensions with more than 90% living cells.The cells were
subcutaneouslys injected under the skin of the nude mice to
establish the xenograft model.

When the tumor size reached approximately 200 mm3, mice
were randomized (treatment arm versus control arm) and
treated with control buffer or different inhibitors . For Everoli-
mus treatment, mice received Everolimus (1.5 mg/kg) via oral
gavage daily.23 For AZD5363 treatment, mice received
AZD5363 (250 mg/kg) via oral gavage daily.24 For LY294002
treatment, mice received LY294002 (80 mg/kg) via intraperito-
neal injection daily.25 For MK-2206 HCL2 treatment, mice
received MK-2206 HCL2 (120 mg/kg) via oral gavage daily.26

For Wortmanmia treatment, mice received Wortmanmia

(0.7 mg/kg) via intraperitoneal injection daily.27 Tumor sizes
were measured every 3 days and tumor volume calculated using
the formula: volume D length�width2/2. The treatment lasted
for 14 days. The above experiments were repeated twice.

Statistical analysis

Statistical analyses were performed using SPSS 20.0 software.
All statistical analyses were two-sided, and P <0 .05 was con-
sidered as statistically significant.The differences in protein
expression were analyzed by T test.The results of cell prolifera-
tion were analyzed by repeated measurements of variance.
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