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ARTICLE INFO ABSTRACT

Keywords: The mammalian target of rapamycin (mTOR) pathway converges diverse environmental cues to support the lung
Lung cancer cancer growth and survival. However, the mTOR-targeted mono-therapy does not achieve expected therapeutic
Notch 3 effect. Here, we revealed that fangchinoline (FCL), an active alkaloid that purified from the traditional Chinese
cMYC medicine Stephania tetrandra S. Moore, enhanced the anti-lung cancer effect of mTOR inhibitor everolimus
iI:(i)I:osis (EVE). The combination of EVE and FCL was effective to activate Notch 3, and subsequently evoked its

downstream target c-MYC. The blockage of Notch 3 signal by the molecular inhibitor of y-secretase or siRNA of
Notch 3 reduced the c-MYC expression and attenuated the combinational efficacy of EVE and FCL on cell
apoptosis and proliferation. Moreover, the c-MYC could bind to the C/EBP homologous protein (CHOP) pro-
moter and facilitate CHOP transcription. The conditional genetic deletion of CHOP reduced the apoptosis on
lung cancer cells to the same degree as blockage of Notch 3/c-MYC axis, providing further evidence for that the
Notch 3/¢-MYC axis regulates the transcription of CHOP and finally induces apoptosis upon co-treatment of FCL
and EVE in lung cancer cells. Overall, our findings, to the best of our knowledge, firstly link CHOP to Notch 3/c-
MYC axis-dependent apoptosis and provide the Notch 3/c-MYC/CHOP activation as a promising strategy for
mTOR-targeted combination therapy in lung cancer treatment.

1. Introduction

The mammalian target of rapamycin (mTOR) pathway converges
the effects of growth factors and availability of nutrients and energy for
the regulation of cellular growth and proliferation metabolism [1,2]. It
is well established that mTOR signaling pathway is a central oncogenic
pathway during the development of lung cancer [3-5]. Indeed, the
mTOR signal is frequently dysregulated and overactive to stimulate cell
proliferation [6]. Many mTOR inhibitors, including the allosteric mTOR
inhibitors (e.g., rapamycin) and catalytic mTOR inhibitor (e.g.,
AZD8055), have been actively developed [7-10]. As the derivative of
rapamycin and one of the most famous mTOR inhibitors, everolimus
(EVE), has been therapeutic option for the patients with the advanced
kidney cancer, breast cancer and lung original neuroendocrine tumors,
and investigated in many clinical trials for patients with lung cancer.
Although mTOR inhibitors are expected to provide great benefits for
patients in the clinical treatment, unfortunately, they are showing slight
therapeutic effect when used as mono-therapy. Consequently, the

further knowledge of the molecular mechanisms governing cancer
progression is essential to dissect and develop novel combinative ap-
proach for mTOR-targeted therapy.

The natural products and their derivatives have been a continuing
source for drug discovery [11-16]. Fangchioline (FCL) is an active al-
kaloid that purified from the dried root of the traditional Chinese
medicine Stephania tetrandra S. Moore. It possesses a wide range of
biological properties, such as anti-diabetic [17], anti-inflammatory
[18,19], as well as anti-cancer activities [20]. In our previous work, FCL
was identified as a regulator of autophagy in lung cancer cells, how-
ever, whether FCL is an inducer or inhibitor depends on the treatment
period. FCL mediated the autophagosome generation and stimulated
autophagy in the early stage by promoting the TEFB nuclear translo-
cation, while it restrained the autophagosomes degradation and in-
hibited autophagy in the late stage by blocking the autophagosome-
s-lysosomes fusion and lysosome function [21].

We here first discovered that the natural product FCL amplified the
anti-lung cancer effect of the mTOR inhibitor EVE and that an activated
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Notch 3-mediated apoptosis is essential for the combinative efficiency.
Specifically, we also observed a strong link between ¢c-MYC and CHOP
for the modulation of apoptosis. Eventually, we demonstrated a novel
Notch 3/c-MYC/CHOP pathway participating apoptosis induction in
lung cancer cells, thus providing novel therapeutic approach for the
mTOR-targeted combination therapy.

2. Materials and methods
2.1. Reagents

EVE (> 98%, PubChem CID: 57369482) was purchased from
Selleck Chemicals (Houston, TX, USA), and FCL (> 98%, PubChem
CID: 73481) were bought from the National Institutes for Food and
Drug Control (Beijing, China). Compounds were dissolved in di-
methylsulfoxide (DMSO) at a concentration of 40 mM, and stored at
-20 °C as stock solutions. The compounds were then diluted in a culture
medium containing final DMSO with concentrations not exceeding
0.1% before each experiment. Bovine serum albumin (BSA), MTT,
chloroquine (CQ), 3-Methyladenine (3-MA), DMSO, phenylmethane-
sulfonyl fluoride (PMSF) were obtained from Sigma (Saint Louis, MO,
USA). Roswell Park Memorial Institute (RPMI) 1640 medium, peni-
cillin, streptomycin, fetal bovine serum (FBS), and phosphate-buffered
saline (PBS) were obtained from Gibco Life Technologies (Grand Island,
NY, USA). The protease and phosphatase inhibitor cocktail was bought
from Thermo Fisher Scientific Inc. (Waltham, MA, USA). RIPA buffer,
cleaved (ADP-ribose) polymerase (PARP), and c-caspase 3 antibodies
were purchased from Beyotime Biotechnology (Shanghai, China). Z-
VAD-FMK (zVAD), and Avagacestat (AVA) was purchased from Selleck
Chemicals (Houston, TX, USA). Primary antibodies against Notch 1,
Notch 3, c-MYC, CHOP, HES-1, p-4E-BP1 (S65), 4E-BP1, GAPDH, and
anti-rabbit IgG HRP-conjugated secondary antibody were all purchased
from Cell Signaling Technology (Beverly, MA, USA). Primers were
prepared by Invitrogen Life Technologies (Shanghai, China) and the
small interfering RNA (siRNA) were synthesized by GenePharma
(Shanghai, China).

2.2. Cell lines and culture

Human lung cancer cells (A549, NCI-H1299, NCI-H358, HCC827,
and NCI-H1975), and the human embryonic kidney cells (HEK293T)
were obtained from American Type Culture Collection (ATCC,
Rockville, MD, USA). The NCI-H1975/0SIR cells were the same as our
previous study [22]. All lung cancer cell lines were grown in RPMI 1640
medium, and the HEK293T were maintained in the DMEM medium,
both mediums were supplemented with 10% (v/v) FBS and antibiotics
(100 units/mL penicillin and 100 pg/mL streptomycin). All cells were
cultured in an incubator at 37 °C, 5% CO, and the 95% relative hu-
midity according to the guidelines provided by the vendors.

For c-MYC-overexpressed NCI-H1975 cells, the related primers were
designated with the restriction sites of EcoR I and Not I. The human c-
MYC coding sequence (CDS) was amplified accordingly, and cloned into
the EcoR I/Not I sites of the pCDH-puro plasmid. HEK293T cells were
transfected with the pCDH-c-MYC-puro or empty vector. After 60 h
incubation, the lentiviral particles were collected from supernatant and
used to infect NCI-H1975 cells. Infected cells were then selected
for > 7 days by incubation with puromycin and the c-MYC expression
was verified by quantitative reverse transcriptase-PCR (qQRT-PCR) and
western blot assays. The stable c-MYC-overexpressed cells were main-
tained in medium containing 5 pug/ml puromycin.

2.3. MTT assay
Cells were plated into 96-well plates at a density of 6,000 cells per

well. After 24 h adhesion, cells were treated with different concentra-
tions of compounds diluted in a medium containing 0.5% FBS for
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another 12 h or 24 h. After that, 1 mg/mL MTT was added into the wells
and incubated for 4 h. The medium was then discarded, and DMSO was
added to dissolve the violet formazan crystals. The absorbance of the
solution at 570 nm was recorded with a microplate reader (Perkin
Elmer, 1420 Multilabel Counter Victor3, Wellesley, MA, USA).

2.4. Colony formation assay

Cells were planted into 6-well plates at a density of 500 cells per
well. After 24 h of adhesion, cells were treated with compounds diluted
in a medium containing 0.5% FBS for another 12 h. The supernatant
was removed and the cells were then cultured in a medium containing
10% FBS for 1 week with renewal every 2 days. The cells were then
stained by crystal violet and observed with an Axiovert 200 inverted
microscope (Carl Zeiss, Jena, German).

2.5. Western blot analysis

Cells were planted into the 6-well plates for 24 h, and adhesive cells
were treated with compounds diluted in a medium containing 0.5% FBS
for another 24 h. The proteins were initially lysed with a RIPA buffer
containing inhibitors. The specific protein bands were visualized with
an ECL advanced Western blot assay detection kit (GE Healthcare,
Uppsala, Sweden) as previously described [15].

2.6. Annexin V/PI staining

Cells were seeded into a 6-well plates and maintained in an in-
cubator for 24 h and then treated with different concentrations of
compounds diluted in the medium containing 0.5% FBS for 12 h or 24 h
before harvested. Annexin V-FITC/PI apoptosis detection kit (BioVision,
CA, USA). was used to detect the apoptotic cells in accordance with the
manufacturer’s instruction.

2.7. RNA isolation and qRT-PCR assays

TRIzol reagent (Invitrogen, NY, USA) was used to extract total RNA
from the cells and SuperScriptTM III first strand cDNA synthesis kit
(Toyobo, Osaka, Japan) was used to reverse-transcribe the extracted
total RNA into single stranded cDNA. gqRT-PCR was performed using
SYBR Green PCR Master Mix (Applied Biosystems, NY, USA) on a
Stratagene Mx3005P multiplex quantitative PCR system (Agilent
Technologies, CA, USA). GAPDH was used as an internal control, and
2724CT yalues were normalized to control levels. Each sample was
analyzed in triplicate. The primer sequences used were presented in
Table 1.

2.8. Transfection assay

Cells were seeded overnight in a 6-well plates the day before
transfection and then cells were transfected with the specific siRNAs
using Lipofectamine™ 2000 transfection reagent (Invitrogen Corp.,
Carlsbad, CA, USA) according to the manufacture’s protocol. After that,
cells were treated with defined compounds and the relative protein or
mRNA levels were further measured. The sequences of targeted siRNAs
were presented in Table 1.

2.9. Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed on 10° NCI-
H1975 cells that treated with or with 20 uM EVE and 10 uM FCL for 3 h.
ChIP experiments were performed using Pierce™ Chromatin Prep
Module Kit (Thermo Fisher Scientific Inc., RD, USA) according to the
procedures provided by the manufacturer starting using normal rabbit
IgG (Cell signal technology, #3900) or anti-c-MYC (Cell signal tech-
nology, #9402). The purified DNA precipitates were then used as
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Table 1

Primer sequences.
Primer Sequence
RT-qPCR primers
NOTCH3 forward TGACCGTACTGGCGAGACT
NOTCH3 reverse CCGCTTGGCTGCATCAG
JAG1 forward AGCGACCTGTGTGGATGAG
JAGI reverse GGCTGGAGACTGGAAGACC
JAG2 forward TCTCTGTGAGGTGGATGTCG
JAG2 reverse CAGTCGTCAATGTTCTCATGG
DLL1 forward ACTCCTACCGCTTCGTGTGT
DLL1I reverse ATGCTGCTCATCACATCCAG
DLL3 forward TGAGCATGGCTTCTGTGAAC
DLL3 reverse CATTCAAAGGACCTGGGTGT
DLL4 forward GCACTCCCTGGCAATGTACT
DLL4 reverse CTCCAGCTCACAGTCCACAC
c-myc forward AAACACAAACTTGAACAGCTAC
c-myc reverse ATTTGAGGCAGTTTACATTATGG
Hes1 forward GAAGCACCTCCGGAACCT
Hes1 reverse GTCACCTCGTTCATGCACTC
CHOP forward TGGTATGAGGACCTGCAAGAG
CHOP reverse AGTCAGCCAAGCCAGAGAAG
GAPDH forward GCGACACCCACTCCTCCACCTTT
GAPDH reverse TGCTGTAGCCAAATTCGTTGTCATA
siRNA primers
Notch 3 sense GCAGCGAUGGAAUGGGUUUTT
Notch 3 antisense AAACCCAUUCCAUCGCUGCTT
¢-MYC sense GGACUAUCCUGCUGCCAAG
¢-MYC antisense CCUGAUAGGACGACGGUUC
CHOP sense GUUUCCUGGUUCUCCCUUGGUCUUTT

CHOP antisense
ChIP-qPCR primers

AAGACCAAGGGAGAACCAGGAAACTT

CHOP Primer Set 1 forward CGACTAGGGGCGACCAAGGC
CHOP Primer Set 1 reverse CTTCACGGAGGAGGTGGGTG
CHOP Primer Set 2 forward AGACCTGTCATTGCCACACC
CHOP Primer Set 2 reverse TGTGAAGGTAAAATGAGAAC
CHOP Primer Set 3 forward CCCTGCCCCGCCCCAAAGGC
CHOP Primer Set 3 reverse CAAGGCCGGTTGTGACTGGA

templates in qPCR reactions. The qPCR primer sequences were designed
and used to amplify the DNA regions of human CHOP promoter: Set 1
(-214 to —452 containing the putative site at —327 to —338), Set 2
(-1444 to — 1659 containing the putative site at —1545 to —1556), and
Set 3 (-1618 to —1886 containing the putative site at —1759 to 1769).
The sequences of the ChIP-qPCR primers were present in Table 1.

2.10. Statistical analysis

All experiments were repeated at least three times. Data were ex-
pressed as means *+ SD. Statistical analysis was performed using Graph
Pad Prism 8 (GraphPad Software, Inc., CA, USA). The protein bands and
the colony forming cells were quantified using ImageJ software (1.49v,
MD, USA). The P value stands for “statistically significant,” and the “ns”
stands for “not statistically significant.” The P value stands for “statis-
tically significant”, for instance, *P < 0.05: significant difference from
control by analysis of variance, **P < 0.01: very significant difference
from control by analysis of variance, ***P < 0.001: highly significant
difference from control by analysis of variance. “ns” stands for “not
statistically significant”.

3. Results

3.1. The natural compound FCL enhances the anti-cancer effect of mTOR
inhibitor EVE

The natural product FCL has been shown previously to be an au-
tophagy regulator [21]. Given that the mTOR is the key factor of au-
tophagy initiation, autophagy is reported to be triggered by the in-
hibition of mTOR activity and acts as a cell survival-promoting
mechanism for tumors upon mTOR-targeted therapy [23,24]. We
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postulated that the autophagy regulator FCL could influence the anti-
cancer potential of mTOR inhibitor. Several lung cancer cells lines,
including NCI-H1975, HCC827, NCI-H358, NCI-H1299, A549, and the
osimertinib (OSIR)-resistant NCI-H1975/0SIR cells, were firstly ex-
posed to EVE and FCL and the cell proliferation was detected after in-
dicated time points. As shown in Fig. 1A, co-treatment of mTOR in-
hibitor EVE and FCL obviously suppressed cell proliferation against
these lung cancer cells, upon 24 h co-treatment. Elevated inhibitory
effect on cell colony formation was also observed in the NCI-H1975
cells with this co-treatment (Fig. 1B). We next tested the sensitivity of
NCI-H1975 cells to FCL and other mTOR inhibitors, such as temsir-
olimus and Torin 1, and found that the co-incubation of mTOR in-
hibitors and FCL also showed enhanced anti-cancer property in NCI-
H1975 cells when compared with the mono-incubation of EVE or FCL
during 24 h period (data not shown).

In line with a previous report, we uncovered that the autophagy
marker LC3-II was increased after a single treatment with EVE or FCL
and even more when combined, which indicates that single or com-
bined treatment of FCL or EVE can regulate autophagy (Fig. 1C). To
investigate if autophagy is causal to this combination, we tested whe-
ther pharmacological suppression of autophagy could reverse sensi-
tivity to the combination of EVE and FCL in NCI-H1975 cells. However,
the addition of autophagy inhibitors, CQ and 3-MA, did not reverse the
combination-mediated growth inhibition, indicating the increasing
sensitivity of cancer cells to the mTOR-targeted therapy is autophagy-
independent (Fig. 1D).

Apoptosis is important type of programmed cell death [25,26]. We
further evaluated whether apoptosis participated in the combinative
effect of EVE and FCL. The cleaved caspase 3 and its downstream target
PARP were classic apoptotic biomarkers [27,28], the apoptotic effect of
FCL and EVE co-treatment was clearly detected with enhanced c-cas-
pase 3 and c-PARP. In contrast, neither EVE nor FCL mono-treated lung
cancer cells were detected with increased caspase 3 and PARP cleavage
(Fig. 1E). In addition, by using Annexin V-FITC/PI staining assay, we
observed that FCL or EVE alone had little effect on apoptosis, while the
combination of EVE and FCL induced a visible apoptosis in a time-de-
pendent manner (Fig. 1F). Validating this, the addition of the pan-
caspases inhibitor zVAD attenuated the apoptotic promotion and pro-
liferative inhibition mediated by the combination of EVE and FCL
(Fig. 1G, 1H and 1I). Taken together, the ability of FCL to potentiate
EVE-caused cell proliferative suppression depends on the regulation of
cell apoptosis.

3.2. Notch 3 correlates with EVE and FCL-mediated anti-lung cancer effect

Besides autophagy, another well-known mechanism underlying the
resistance of mTOR targeted therapy is the feedback increased expres-
sion of some membrane receptors [29-35]. First of all, the mTOR
target, 4E-BP1, was significantly inhibited by EVE treatment and
slightly inhibited by FCL treatment, but was not further affected by the
combination of EVE and FCL, which indicates that in this study, the
inhibitory activity on mTOR may not be so important for FCL function,
nor is it the main reason for the enhanced efficacy of this combination
(Fig. 2A). Epidermal growth factor receptor (EGFR), a common mutant
and driven gene in lung cancer [36,37], is one of the classic mTOR
feedback factors [14,38], but no further increase in expression was
found in the combination group (data not shown). Other membrane-
bound receptors have also been reported to be associated with mTOR
resistance. For example, Notch 1 has been described as contributing to
the resistance of mTOR inhibitors [39], and certain family members,
especially Notch 3, appear to be key molecules that are frequently
overexpressed in lung cancer cells [40,41]. We thus investigated whe-
ther Notch signal influences the combinative capability in lung cancer
cells. As shown in Fig. 2B, Notch 1 and Notch 3 were slightly inducible
upon either mono-treatment of EVE or FCL, however, it was Notch 3
that further increased upon the co-treatment of EVE and FCL.
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Fig. 1. FCL enhances the anti-cancer effect of mTOR inhibitor EVE. Lung cancer cells were treated with the indicated concentrations of EVE with or without FCL for
24 h. The cell viability was evaluated by MTT assay (A). NCI-H1975 cells were treated with the indicated concentrations of EVE and FCL, the cell colony formation
activity was evaluated (B), and the levels of relative proteins were analyzed using Western blotting assay (C and E). NCI-H1975 cells were pre-treated with autophagy
inhibitors, 3-MA and CQ, for 1 h, and co-treated with EVE and FCL for another 12 h, and the cell proliferation was evaluated using MTT assays (D). NCI-H1975 cells
were treated with EVE and/or FCL, and the apoptotic cells were then analyzed (F). NCI-H1975 cells were pre-treated with pan-caspases inhibitor Z-VAD-FMK (10 uM)
for 1 h, and co-treated with EVE and FCL for another 12 h. The levels of relative proteins were analyzed using Western blotting assay (G), apoptotic cells were stained
with Annexin V/PI and analyzed by flow cytometry (H), and the cell proliferation was evaluated using MTT assays (I). *P < 0.05, **P < 0.01, and ***P < 0.001.
The “ns” stands for “not statistically significant”. The lane without EVE and FCL is vehicle group.

To confirm whether the upregulation of Notch 3 was related to the
increased transcriptional activity, we detected the mRNA levels of
Notch 3 and found that neither mono-treatment nor co-treatment with
EVE and FCL could affect the transcriptional level of Notch 3 by using
the qQRT-PCR assay (Fig. 2B). Of interest, the Notch 3 activity at known
gene transcription, such as HesI and c-myc [42-44], was modulated by
the combination of EVE and FCL (Fig. 2C). The significantly increased
HES-1 and c-MYC protein levels were also confirmed with the EVE and
FCL co-incubation (Fig. 2B), validating the specific effects of EVE and
FCL combination on the Notch 3 activity.

Using specific siRNAs to mediate the depletion of Notch 3, we set
out to determine the need for Notch 3 in the combined activity of EVE
and FCL. As expected, knockdown of Notch 3 led to marked reduction
of apoptotic effect with EVE and FCL co-treatment, as evidenced by the
decreased levels of apoptotic markers, i.e. c-caspase 3 and c-PARP, and
reduced percentage of apoptotic cells (Fig. 2D and 2E). The attenuated

apoptotic effect resulted in decreased proliferative suppression
(Fig. 2F). Therefore, the membrane receptor Notch 3 may play a key
role in the regulation of apoptosis mediated by co-treatment of EVE and
FCL.

3.3. The EVE and FCL-mediated anti-cancer effect is correlated with the vy-
secretase activity

This Notch pathway is initiated between neighboring cells via the
interaction of ligand-receptor [45]. We first wanted to uncover if the
increased activity of Notch 3 was related to the increased level of Notch
ligands. Of note, the exposure to the EVE and FCL, alone or together,
did not severely impacted the levels of Notch ligands (Fig. 3A).

We next assessed whether the pharmacological inhibition of y-se-
cretase, which mediates the Notch 3 cleavage and activation, could
abolish the anti-cancer effect of the combination of EVE and FCL. We
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Fig. 2. Notch 3 correlates with EVE and FCL-mediated anti-lung cancer effect. The NCI-H1975 cells were treated the indicated concentrations of EVE and FCL. The
levels of relative proteins were analyzed using Western blotting assay after 12 h treatment (A and B), the mRNA levels relative proteins were analyzed using qRT-PCR
after 3 h treatment (C). Upon the knockdown of Notch 3 using specific siRNA, the NCI-H1975 cells were co-treated with EVE and FCL for 12 h. The levels of relative
proteins were analyzed using Western blotting assay (D), The apoptotic cells were stained with Annexin V/PI and analyzed by flow cytometry (E), and the cell

proliferation was evaluated using MTT assays (F).

pre-treated NCI-H1975 cells with the y-secretase inhibitor AVA [46] for
1 h before the addition of EVE and FCL. As shown in Fig. 3B, the AVA
pre-treatment could inhibit the activity of Notch 3 pathway with re-
duction of Notch 3, HES-1 and c-MYC. Inhibition of the Notch 3 by AVA
resulted in the reversal of EVE and FCL combination-mediated apop-
tosis as determined by the decreased c-caspase 3 and c-PARP (Fig. 3C)
and the reduced apoptotic cells (Fig. 3D). Subsequently, a statistically
significant reduction in cell viability inhibition in EVE and FCL co-
treated cells was observed (Fig. 3E). Consistent with the above data, the
AVA pre-treatment could inhibit the activity of Notch 3 pathway, led
the reversal of apoptosis in other lung cancer cell lines, including NCI-
H1975/0SIR, HCC827 (data not shown). Overall, these results de-
monstrate that the Notch 3 was probably induced by the y-secretase
activation upon EVE and FCL treatment.

3.4. ¢-MYC is an essential operator of Notch 3-controlling anti-cancer effect

The ¢-MYC is a well-known target of Notch family [47], as well as a
pioneer transcription factor playing critical roles in cell apoptosis [48],
which promoted us to interrogate the role of c-MYC in the Notch 3-
mediated apoptosis. Indeed, knocking down c¢-MYC by using targeted
siRNA diminished the EVE and FCL co-treatment-induced cell apoptosis

to a similar level as the Notch 3 blockade did in NCI-H1975 cells
(Fig. 4A and 4B). The attenuated apoptotic effect by the c-MYC deletion
eventually reduced the inhibition effect on cell viability by the co-
treatment of EVE and FCL (Fig. 4C).

To test the positive correlation between c-MYC expression and anti-
lung cancer activity of EVE and FCL, we established a c-MYC-over-
expressed NCI-H1975 cell line and detected whether c-MYC expression
influenced cell sensitivity to EVE and FCL. In keeping with our above
findings, NCI-H1975 cells with higher c-MYC level were more suscep-
tible to cell apoptosis in the co-treatment of EVE and FCL (Fig. 4D and
E). In the end, the amplified apoptosis caused an enhanced anti-lung
cancer effect of EVE plus FCL. The abovementioned results demon-
strated that the Notch 3-induced combinative effect of the co-treatment
of EVE and FCL relies on the downstream factor c-MYC.

3.5. CHOP is the downstream of Notch3-c-MYC axis

Having confirmed that the Notch 3/c-MYC signal correlates with the
combinative activity of EVE and FCL, we next interrogated the down-
stream factor of Notch 3/c-MYC axis. By screening several c-MYC re-
lated factors, we happened to observe that c-MYC positively associated
with the cellular level of CHOP, which is a core effector of programmed
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Fig. 4. c-MYC is an essential operator of Notch 3-controlling anti-cancer effect.

for 12 h. The levels of relative proteins were analyzed using Western blotting

After knockdown of ¢-MYC, the NCI-H1975 cells were treated with EVE and/or FCL
assay (A), the apoptotic cells were stained with Annexin V/PI and analyzed by flow

cytometry (B), and the cell proliferation was evaluated using MTT assays (C). The c-MYC-overexpressed NCI-H1975 cells were treated with EVE and/or FCL for 12 h.

The levels of relative proteins were analyzed using Western blotting assay (D),
(E), and the cell proliferation was evaluated using MTT assays (F).

cell death. Knockdown of c-MYC decreased both the mRNA level and
protein level of CHOP, while knockdown of CHOP did not significantly
influence the levels of Notch 3 and ¢-MYC (Fig. 5A and B).

Our finding that c-MYC-controlled the level of CHOP promoted us to

the apoptotic cells were stained with Annexin V/PI and analyzed by flow cytometry

determine if c-MYC plays a direct role in the transcription of CHOP.
Firstly, three c-MYC binding motifs within the CHOP promoter were
predicted, suggesting that the c-MYC shows potential that binds to the
CHOP promoter (Fig. 5C). The chromatin immunoprecipitation assay
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with an anti-c-MYC antibody was then performed. As showed in the
Fig. 5D, endogenous c-MYC precipitated with the genomic CHOP pro-
moter sequence surrounding at only one of the predicted binding sites.

Collectively, these observations suggest that c-MYC binds the CHOP
promoter during the co-treatment of EVE and FCL and may play a role
in its induced transcriptional expression, and that CHOP was further
confirmed as a positive target of c-MYC.

3.6. A functional Notch 3/c-MYC/CHOP axis is required for the
combinative effect of EVE and FCL

Indeed, the co-treatment of EVE and FCL elevated the CHOP at both
mRNA and protein levels remarkably (Fig. 6A and B). As expected, the
elevated CHOP was found to be reduced by the Notch 3 inhibition
(Fig. 6C). To ascertain the need of CHOP in the apoptosis induced by
Notch 3/c-MYC signaling, we used the siRNA to knock down CHOP in
NCI-H1975 cells. Consistent with the previous established role as
downstream of Notch 3-c-MYC, we found that knockdown of CHOP
suppressed the combinative activity of EVE and FCL, as determined by
the reduced c-PARP and c-caspase 3 levels (Fig. 6D) and apoptotic cells
(Fig. 6E), which eventually led to an attenuated anti-lung cancer effect
(Fig. 6F). Together, these data establish that CHOP contributes to anti-
proliferative and apoptotic effect mediated by the co-treatment of EVE
and FCL.

4. Discussion

In this study, we revealed that Notch 3 activation in lung cancer
cells results in exquisite susceptibility to the combination of mTOR
inhibitors (e.g, EVE, temsirolimus and Torin 1) and the natural product
FCL. Our study also highlighted a functional role of Notch 3/c-MYC/
CHOP signal as an essential effector of cell apoptosis. We first showed
that the combination of mTOR inhibitor and FCL is sufficient to inhibit
growth of lung cancer cells. And the membrane receptor Notch 3 reg-
ulates c-MYC expression and activation of c-MYC-dependent apoptosis
is essential for the Notch 3-mediated growth of lung cancer cells. In
addition, this c-MYC regulatory activity is reflected by the transcription

of CHOP, possibly highlighting a novel mechanism involved in cell
apoptosis.

The mTOR inhibitor was reported to activate Notch 1 in breast
cancer cells, which helped the cancer cells escape death and led to
limited efficiency of mTOR inhibitor [39]. It is tempting to speculate
that the potential benefits of combining both current Notch 1 and
mTOR inhibitors would lead to a better treatment of cancer. Here, we
surprisingly found that it was the Notch 3, but not the closely related
Notch 1 or other Notch receptors, was significantly associated with lung
cancer cell apoptosis. Even though the four mammalian Notch re-
ceptors, Notchl, Notch 2, Notch 3, and Notch 4 are thought to mediate
the core Notch signal in evolutionarily and mechanistically conserved
manner, the increasingly evidence has suggested that they exhibit dis-
tinct non-overlapping functions [49-54]. In fact, the co-treatment of
EVE and FCL did not further affect the Notchl, Notch 2 and Notch 4
(data not shown), instead, facilitated Notch 3 when compared to the
mono-treatment of EVE and FCL. In lung cancer, the outcome of Notch
3 activation has been reported to be closely linked to the cellular
context, indicating both oncogenic and tumor suppressed abilities of
Notch 3 [42,55-58]. In our study, blockade of Notch 3 by either siRNA
or by the related inhibitor attenuated the apoptotic response and re-
versed cell proliferative inhibition in various lung cancer cell lines,
indicating that Notch 3 plays a crucial role in regulating cell apoptosis,
and contributes to tumor suppression in lung cancer.

¢-MYC, a classic downstream of the Notch pathway [47], was in-
deed regulated by Notch 3 in this study, and its effects on apoptosis and
cell growth were similar to Notch 3. Lung cancer cell lines with in-
creasing c-MYC seemed to be more sensitive to the co-treatment of EVE
and FCL, which was in line with the previous reports that c-MYC is
related to the regulation of cell apoptosis [48,59,60]. However, other
findings also showed that c-MYC is an oncogene in some tumor cells
and respond to cellular stimuli to control cell survival and growth [60].
How elevated c-MYC levels can have two opposite effects on cell growth
is thus interesting. Multiple evidences suggests that c-MYC acts as an
amplifier of expression at universal genes, and regulates cell growth
primarily through this global protein transcription [61,62]. Therefore,
when different downstream targets are activated in response to cellular
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cell proliferation was evaluated using MTT assays (F).

stimuli, the role of c-MYC will be different. Previous studies have sug-
gested that c-MYC functions upstream of CHOP and is inversely corre-
lated with the CHOP transcription [63,64]. Strikingly, our results in-
dicated that the c-MYC binds the CHOP promoter and positively
regulate the CHOP transcription during the co-treatment of EVE and
FCL. This novel finding in our study is that CHOP can also be a positive
target of c-MYC. It was then shown that increased CHOP transcription
contributes to subsequent apoptosis and is a major molecular compo-
nent of Notch 3/c-MYC signaling. This study thus revealed an un-
expected function of c-MYC and underscored a paradigm shift from
Notch 3 to CHOP as being the master regulator of cell apoptosis during
lung cancer treatment. Given the positive association between c-MYC
and CHOP, detection of CHOP may be a potential indicator for c-MYC
function and specifically targeting the Notch 3/c-MYC/CHOP could
offer a novel therapeutic avenue for lung cancer management.

In summary, our findings uncovers a novel mechanism by which
Notch 3 drives the apoptosis via modulating the downstream c-MYC
and CHOP, therefore firstly linking CHOP to Notch 3/c-MYC axis and
providing the Notch 3/c-MYC/CHOP activation as a promising strategy
for mTOR-targeted combination therapy in lung cancer treatment.
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