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Background: Noscapine is an opium alkaloid that has recently been shown to potentiate
anti-cancer therapeutic effects by inducing apoptosis in various malignant cells without any
detectable toxicity. However, the mechanism by which noscapine induces apoptosis in colon
cancer cells remains unclear.

Materials and Methods: In this study, we explored the anti-cancer activity of noscapine in
5-fluorouracil (5-FU)-resistant human colon cancer cell lines HT29/5-FU and LoVo/5-FU
and investigated the possible underlying mechanism. The apoptosis and mitochondrial
morphology of cells were detected by TUNEL assay and transmission electron microscopy
(TEM). The mitochondrial membrane potential (MMP) was determined using JC-1. The
mitochondrial permeability transition pore (mPTP) opening was detected by the calcein-AM
/cobalt assay. The levels of glucose, lactic, and ATP in cells were evaluated by ELISA kits.
Relative protein expression levels were detected by Western blot.

Results: We verified that PTEN was involved in noscapine-induced apoptosis in HT29/5-FU
and LoVo/5-FU cells. Noscapine greatly increased mitochondrial damage by altering mito-
chondrial morphology, inducing mitochondrial membrane potential depolarization, and
enabling mitochondrial permeability transition pore opening in HT29/5-FU and LoVo/5-FU
cells. In addition, noscapine inhibited the Warburg effect by decreasing the levels of glucose,
lactic acid, and ATP and inhibiting the protein expression of glucose transporter 1, lactate
dehydrogenase-B, hexokinase 2, and pyruvate kinase M2 in HT29/5-FU and LoVo/5-FU
cells. However, PTEN interference counteracted the effect of noscapine on mitochondrial
damage and the Warburg effect in HT29/5-FU and LoVo/5-FU cells by decreasing the
activation of PI3K/mTOR signaling.

Conclusion: These results indicated that noscapine induced the apoptosis of HT29/5-FU
and LoVo/5-FU human colon cancer cells by regulating mitochondria damage and the
Warburg effect via PTEN, and the process is closely related to the PI3K/mTOR signaling
pathway.
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Introduction

Colon cancer is one of the most common malignancies and leading causes of
cancer-related deaths worldwide." Though colon cancer diagnosis and treatment
have been improved greatly, 25-30% of patients are diagnosed too late to be
eligible for resection.” Surgical resection and chemoradiotherapy remain the main
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methods of colon cancer treatment, but prognosis is still
far from satisfactory and the incidence of colon cancer is
increasing.’ Approximately 50% of colon cancer patients
will experience recurrence and metastasis, and more than
90% of recurrences occur within 5 years after surgery.4
Challenges in colon cancer treatment include severe
adverse reactions to traditional chemotherapy and metas-
tasis of cancer cells to other organs or tissues. Therefore,
there is great clinical demand for new and effective
reagents to advance colon cancer treatment.

Noscapine is an opium phthalide isoquinoline alkaloid
that has been used as an oral antitussive agent with very
little toxic effect in animals and humans.® It binds stoi-
chiometrically to tubulin, alters its conformation, affects
microtubule assembly, and arrests mammalian cells in
mitosis.® Noscapine has been shown to induce the apopto-
sis of many cell types and has demonstrated potent
anti-tumor activity in a variety of solid tumors through
mitochondrial pathways.”* Mitochondria are an important
source of cell energy and metabolism, and changes in
mitochondrial structure and function are the basis of the
transformation from aerobic phosphorylation into aerobic
glycolysis, or the Warburg effect.” Aberrant metabolism in
cancer cells is reflected by altered glucose metabolism.
Energy metabolism in tumor cells is abnormal and pro-
ceeds via the Warburg effect, wherein cancer cells prefer-
entially convert glucose into lactate.'® Studies have
confirmed that the Warburg effect is related to changes in
the tumor microenvironment, adaptation to hypoxic envir-
onments, activation of oncogenes, inactivation of tumor
suppressor genes, influence of mitochondrial function, and
abnormal expression of glucose metabolism-related
enzymes. These phenomena provide tumor cells with
growth advantages, helping them escape apoptosis, pro-
and

tumor metastasis,

11,12

moting increasing  drug
resistance.

Cancer cells become resistant via mechanisms of drug
inactivation, alteration of specific drug targets, drug-induced
damage, and evasion of apoptosis.'> 5-fluorouracil (5-FU) is
one of the common chemotherapeutic regimens for colon
cancer, but long-term exposure of cancer cells to 5-FU may
result in chemo-resistant phenotypes.'* It has been reported
that the PTEN/PI3K/AKT signaling pathway, which med-
iates tumor occurrence, development, and drug resistance, is
abnormally activated in tumor cells.'>'® Moreover, PI3K/
AKT/mTOR plays an important role in the Warburg effect
in tumor cells via regulation of the expression of glycolytic

enzymes, including glucose transporter 1 (GLUT1), lactate

dehydrogenase B (LDHB), hexokinase 2 (HK2), and pyr-
uvate kinase M2 (PKM2).!7:18

In the present study, we hypothesized that noscapine
affects PTEN/PI3K/AKT-mediated cell apoptosis and pro-
liferation by regulating the Warburg effect and mitochon-
drial morphology and function in tumor cells.

Materials and Methods

Chemicals and Cell Culture

Noscapine was purchased from abcam (ab215525,
Cambridge, UK). 5-FU was purchased from Aladdin
(F100149, Shanghai, China). The human colon cancer
cell lines HT29 and LoVo were obtained from the China
Center for Type Culture Collection (Wuhan, China). HT29
cells were cultured in McCoy’s medium (Gibco, Grand
Island, USA) and LoVo cells were cultured in F12K med-
ium (Gibco) supplemented with 10% fetal bovine serum
and maintained in a humidified atmosphere containing 5%
CO, and 95% air at 37°C. 5-FU-resistant HT29 and LoVo
cells (HT29/5-FU cells and LoVo/5-FU, respectively) were
established by exposing parental cells to an initial dose of
0.5 pg/mL 5-FU. After three passages, the cells were
exposed to 1.0 ug/mL 5-FU. Finally, the 5-FU concentra-
tion was increased to 2.0 pg/mL.

Cells were divided into five groups: control (Con,
HT29/5-FU or LoVo/5-FU cells with no treatment);
HT29/5-FU or LoVo/5-FU cells transfected with empty
vectors (EV); HT29/5-FU or LoVo/5-FU cells treated
with noscapine (Nos); HT29/5-FU or LoVo/5-FU cells
transfected with PTEN interference vectors (si-PTEN);
HT29/5-FU or LoVo/5-FU cells transfected with PTEN
interference vectors and treated with noscapine (si-PTEN
+Nos).

Plasmids and Transfection
pSIREN
Addgene (Watertown, USA). The interference fragment
(F: 5'-GATACCTAGAACTTATCAAACCCTTTCTCGAG
AAAGGGTTTGATAAGTTCTAGTTTTTG-3', R: 5'-AAT
TAAAAACTAGAACTTATCAAACCCTTTCTCGAGA-

AAGGGTTTGATAAGTTCTAGG-3") was inserted into
the pSIREN vector with BamHI and EcoRI restriction
sites to produce pSIREN-PTEN. Cells were transfected
with corresponding empty vectors (EV) or pSIREN-
PTEN (si-PTEN) using Lipofectamine 2000 (11668-027,

Invitrogen) according to the manufacturer’s instruction.

interference vectors were purchased from
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RNA Extraction and Quantitative
Real-Time PCR

Cells were homogenized in Trizol reagent (TaKaRa,
Japan) for total RNA isolation and then the RNA was
quantified by an ultraviolet spectrophotometer and 1%
agarose electrophoresis. 1 mg total RNA of each sample
was reverse transcribed to obtain first-strand cDNA
using the PrimeScript® RT reagent Kit with gDNA
Eraser (TaKaRa, Japan) according to manufacturer’s
instructions. Expression patterns of PTEN were ana-
lyzed using quantitative real-time PCR (qRT-PCR).
Primers for the amplification were: PTEN-F (5'-
ACCATAACCCACCACAG-3") and PTEN-R (5'-
TACACCAGTTCGTCCCT-3'). The qRT-PCR reaction
was performed as the following step: pre-denaturation
at 95 °C for 30 s, followed by 40 cycles of denaturation
at 95 °C for 5 s, annealing at 58 °C for 20 s and
elongation at 72 °C for 20 s. The transcriptional levels
of PTEN were calculated using the AACt method. For
each group, the quantification was triplicated.

Western Blot

Cells were washed in phosphate-buffered saline (PBS)
and lysed using radioimmunoprecipitation assay buffer
Carlsbad, CA) with
a protease inhibitor cocktail (Roche, Pleasanton, CA,

(Invitrogen, supplemented
USA). The protein concentration was evaluated using
a bicinchoninic acid protein assay kit (Bioswamp,
PAB180007, Wuhan, China). Equivalent amounts of pro-
teins (30 pg) from each sample were subjected to sodium
dodecyl-polyacrylamide electrophoresis, transferred to
a polyvinylidene fluoride membrane, blocked in 5% fat-
free milk for 2 hours at room temperature, and incubated
with the following primary antibodies: PTEN (ab32199,
1:10,000, abcam), PI3K (ab191606, 1:10,000, abcam),
p-PI3K (ab182651, 1:10,000, abcam), mTOR (ab32028,
1:10,000, abcam), p-mTOR (ab109268, 1:10,000,
abcam), GLUTI1 (ab652, 1:10,000, abcam), LDHB
(ab85319, 1:10,000, abcam), HK2 (ab209847, 1:10,000,
abcam), PKM2 (ab150377, 1:10,000, abcam), or GAPDH
(PAB36264, 1:10,000, Bioswamp). Then, the membranes
were washed with Tris-buffered saline and incubated
with goat anti-rabbit IgG secondary antibody
(SAB43711, 1:10,000, Bioswamp) for 2 h at room tem-
perature. An enhanced chemiluminescence kit (Pierce)
was used to detect specific bands and autoradiograms
were quantified by densitometry (Quantity One software,

Bio-Rad, Hercules, CA, USA) using GAPDH as
a control. For each group, the quantification was
triplicated.

Terminal Deoxynucleotidyl Transferase

dUTP Nick End Labeling (TUNEL) Assay
Apoptotic HT29/5-FU and LoVo/5-FU cells were
detected by an In Situ Cell Death Detection Kit, POD
(PAB180028, Bioswamp). Cells were fixed in 4% par-
aformaldehyde at room temperature for 15 minutes.
After washing with PBS, the adherent cell monolayer
was permeabilized with 0.1% Triton X-100 in PBS and
incubated with TUNEL reagent at 37 °C for 1 hour. The
cells were then washed three times with PBS and the
apoptotic features of cell death were characterized using
fluorescence TS100; Nikon

microscopy  (Eclipse

Corporation, Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay
(ELISA)

The levels of glucose, lactic, and ATP in cells were eval-
uated by ELISA kits. Glucose (F006), lactic (A019-2), and
ATP (A095) ELISA kits were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China) and
the assay was carried out according to the manufacturer’s
protocol.

Transmission Electron Microscopy (TEM)
To observe mitochondrial morphology, HT29/5-FU and
LoVo/5-FU cells were pretreated with glutaraldehyde. Take
out the sample, cut it up and fixed with 4% glutaraldehyde and
in 1% osmium tetroxide, dehydrated in graded ethanol, and
embedded in epon. Cells sections were placed on a formvar
carbon-coated 200-mesh copper electron microscopy grid,
incubated for 5 min at room temperature, and subjected to
standard uranyl acetate staining. The grid was washed three
times with PBS and allowed to semi-dry at room temperature
before TEM observation (Hitachi H7500, Tokyo, Japan).

Mitochondrial Membrane Potential

(MMP) Measurement

MMP was determined using JC-1 (PAB180068, Bioswamp)
according to the manufacturer’s instruction. Cells were incu-
bated with 1 mL of JC-1 at 37°C for 20 min and washed
twice with dyeing buffer. The fluorescence level was deter-
mined immediately using a fluorescence microscope (Eclipse
TS100; Nikon Corporation, Tokyo, Japan).
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Assessment of Mitochondrial Permeability

Transition Pore (mPTP) Opening

mPTP opening was detected by the calcein-AM/cobalt
assay. Cells were incubated with calcein-AM (5 uM) and
CoCl, (5 uM) for 15 min at 37 °C. The calcein loaded into
the mitochondria was preserved, and cytosolic calcein was
quenched by CoCl,. The results were analyzed by flow
cytometry.

Statistical Analysis

Data are expressed as the mean + standard deviation
(SD). One-way analysis of variance with post hoc test
was used to compare differences between multiple
groups using SPSS 19.0 software (IBM Corp.,
Armonk, NY, USA). P < 0.05 was considered statisti-
cally significant.

Results

PTEN Is Involved in Noscapine-Induced
HT29/5-FU and LoVo/5-FU Cell
Apoptosis

The apoptosis of HT29/5-FU and LoVo/5-FU cells was
examined by TUNEL assay, and the results are shown in

HT29/5-FU

LoVo/5-FU

Figure 1. Noscapine increased the number of apoptotic
HT29/5-FU and LoVo/5-FU cells, but PTEN interference
weakened the noscapine-induced apoptosis of HT29/5-FU
and LoVo/5-FU cells.

Effect of PTEN Interference on

Noscapine-Induced Mitochondrial Injury
and mPTP Opening in HT29/5-FU and
LoVo/5-FU Cells

To observe noscapine-induced mitochondrial damage in
HT29/5-FU and LoVo/5-FU cells,
microscopy and specific reagent kits to study mito-
chondrial morphology, MMP, and mPTP opening. In
morphology

we used electron

noscapine-treated cells, mitochondrial
was evidently enlarged (black arrow, Figure 2), and
the outer and inner mitochondrial membranes were
hardly distinguishable. PTEN interference combined
with noscapine administration markedly reduced mito-
chondrial enlargement and maintained mitochondrial
morphology. Assays using the fluorescent JC-1 probes
demonstrated that noscapine induced MMP depolariza-
tion, but PTEN interference ameliorated noscapine-
induced MMP depolarization, as shown by high-

content screening of JC-1 staining (Figure 3). We

si-PTEN si-PTEN+Nos

Figure | Noscapine induced the apoptosis of HT29/5-FU and LoVo/5-FU cells. TUNEL-positive cells were observed under a fluorescence microscope (magnification, 200x).
The TUNEL-positive cells in Noscapine group was higher than that in control group, indicating noscapine treatment induced the apoptosis of HT29/5-FU and LoVo/5-FU

cells.
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HT29/5-FU

LoVo/5-FU

Figure 2 PTEN interference alleviated noscapine-induced mitochondrial damage in HT29/5-FU and LoVo/5-FU cells. Mitochondrial morphology (arrows) was observed
using electron microscopy, scale bar = | um.

then measured the mPTP opening by the CoCl,-calcein  mitochondrial matrix, and CoCl, quenched cytosolic
fluorescence-quenching assay. In terms of mPTP open- calcein but not that in the mitochondria, which does
ing, entrapped calcein was released from the not transport cobalt. As shown in Figure 4, the

HT29/5-FU

LoVo/5-FU

Figure 3 MMP in HT29/5-FU and LoVo/5-FU cells was determined using JC-I. The fluorescence level was determined immediately using a fluorescence microscope
(magnification, 200x).
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fluorescence of mitochondrial calcein was decreased
in noscapine-treated HT29/5-FU and
LoVo/5-FU cells, signifying mPTP opening. However,
PTEN
mPTP opening.

significantly

interference ameliorated noscapine-induced

PTEN Interference Reversed the Impact
of Noscapine on the Warburg Effect in
HT29/5-FU and LoVo/5-FU Cells

The Warburg effect is closely correlated with drug resis-
tance in tumor cells. We hypothesized that PTEN may
regulate the resistance of HT29/5-FU and LoVo/5-FU
cells to noscapine via the Warburg effect. As shown in
Figure 5A, glucose uptake, lactic acid level, and ATP
production, which are hallmarks of glycolysis, were
decreased significantly in noscapine-treated HT29/5-FU
and LoVo/5-FU cells but increased significantly with
PTEN interference. In addition, the protein expression of
GLUTI1, LDHB, HK2, and PKM2, which are rate-limited
enzymes in the Warburg effect, was downregulated sig-
nificantly in noscapine-treated HT29/5-FU and LoVo/5-FU

Con

Nos

cells but was upregulated significantly by PTEN interfer-
ence (Figure 5B).

PTEN Interference Reversed the Effect of
Noscapine on PI3K/mTOR Signaling
Activation in HT29/5-FU and LoVo/5-FU
Cells

Noscapine inhibits metabolism-regulating molecules such
as PI3K, AKT, and mTOR. Here, we found that noscapine
inhibited PI3K and mTOR phosphorylation in HT29/5-FU
and LoVo/5-FU cells (Figure 6). Previous studies have
indicated that the activation of PI3K/AKT signaling trig-
gered the Warburg effect and enhanced drug resistance in
cancer cells.'” PTEN has been identified as a dual-
specificity phosphatase and regulates cell growth, apopto-
sis, invasion, and differentiation by negatively regulating
the PI3K/AKT signaling pathway. Furthermore, noscapine
induced the protein expression of PTEN in HT29/5-FU
and LoVo/5-FU cells, and PTEN interference inhibited the
noscapine-decreased activation of the PI3K/mTOR signal-
ing pathway (Figure 6).

si-PTEN+Nos

HT29/5-FU

si-PTEN

B

LoVo/5-FU

FITC

[Jceon []ev [ Nos
120 - si-PTen [ si-PTEN+Nos

100+

—

[+
o

8

Flourescence (%
[+1]
[=]

N
(=]

HT29/5-FU

LoVo/5-FU

Figure 4 mPTP opening in HT29/5-FU and LoVo/5-FU cells were detected by the calcein-AM/cobalt assay. Data are presented as the mean + SD (n = 3). *P < 0.05 compared

with Con, #P < 0.05 compared with Nos, AP <0.05 compared with siPTEN.
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Data are presented as the mean % SD (n = 3). *P < 0.05 compared with Con, #P < 0.05 compared with Nos, #P < 0.05 compared with siPTEN.

Discussion

Colon cancer is one of the leading malignancies in the
gastrointestinal system and the unsatisfactory prognosis
needs to be greatly ameliorated. The major clinical treat-
ments for colon cancer include chemotherapy and surgery.
However, prognosis remains undesirable even though tar-
geted therapy has been introduced to clinical settings.’
Challenges in cancer treatment include serious side effects
of traditional chemotherapy drugs, tumor metastasis, and
drug resistance. There is an urgent clinical need to explore
effective drugs for the treatment of colon cancer. In the
present study, we identified the anti-cancer activity of
noscapine in HT29/5-FU and LoVo/5-FU colon cancer
cells via the activation of PI3K/mTOR signaling through
decreasing the expression of PTEN.

Noscapine is considered to be a safe anti-tumor agent and
has demonstrated anti-tumor activity both in vitro and in vivo
in various cancer cells that are resistant to conventional anti-
tumor drugs.® More importantly, noscapine did not exhibit
severe side effects that are commonly seen with many che-
motherapeutic agents.?® In this study, noscapine significantly

induced the apoptosis of HT29/5-FU and LoVo/5-FU human
colon cancer cells, suggesting that it acted as an anti-cancer
agent for colon cancer treatment. In terms of the mechanism,
various targets have been reported to be related to the anti-
cancer activity of noscapine, such as the inhibition of NF/xB
signaling and the induction of p53 and mitochondria-
mediated apoptosis.”?'** So far, the specific molecular
mechanism remains unclear, and thorough investigation
needs to be carried out to unveil this process.

In the present study, we found that noscapine induced
mitochondrial-mediated apoptosis and inhibited the Warburg
effect in HT29/5-FU and LoVo/5-FU cells. It is well known
that mitochondria play an important role in the regulation of
cellular death.”* Through integration of diverse intracellular
signals, mPTP serves as a gate that, once switched-on, trig-
gers the apoptotic process.”> We identified that noscapine
induced mitochondrial dysfunction by regulating MMP and
mPTP, consequently activating apoptosis in HT29/5-FU and
LoVo/5-FU cells. Reduced mitochondrial membrane poten-
tial and decreased cellular ATP are likely due to an increase
in the permeability of the inner mitochondrial membrane that

OncoTargets and Therapy 2020:13
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Figure 6 PTEN interference counteracted the effect of noscapine on the activation of PI3K/mTOR signaling in HT29/5-FU and LoVo/5-FU cells. (A—E) Western blot was
used to detect the protein expression of PTEN, p-PI3K, PI3K, p-mTOR, and mTOR in HT29/5-FU and LoVo/5-FU cells. (F) PTEN mRNA levels were detected by RT-qPCR.
Data are presented as the mean % SD (n = 3). *P < 0.05 compared with Con, P < 0.05 compared with Nos, #P < 0.05 compared with siPTEN.

results from prolonged mPTP opening due to noscapine
treatment.”® The above results suggested that noscapine
induced apoptosis of HT29/5-FU and LoVo/5-FU cells via
the mitochondrial pathway.

The Warburg effect, also known as aerobic glycolysis, is
a metabolic phenomenon by which cancer cells produce
lactate from glucose even under non-hypoxic conditions.
Studies have reported that altered mitochondrial metabolism
is associated with the Warburg effect.?” Data accumulated
thus far have shown that the PI3K/AKT/mTOR signaling
pathway is a classic pro-survival pathway in various types
of cells.*** In addition, the PI3K/AKT/mTOR signaling
pathway play a critical role in regulating the Warburg effect,
mainly in tumor cells.*® Our results indicated that noscapine
inhibits the Warburg effect by decreasing the activation of
PI3K/mTOR in HT29/5-FU and LoVo/5-FU cells, which
suggested that the PI3K/mTOR signaling pathway is
involved in noscapine-induced HT29/5-FU and LoVo/
5-FU cell apoptosis by promoting the Warburg effect.
Moreover, enzymes that directly regulate glycolysis have
been implicated in promoting a drug-resistant phenotype.
Targeting key metabolic enzymes can enhance therapeutic
efficacy or combat drug resistance by promoting drug-
induced apoptosis of cancer cells.’’ Based on our results,

inhibiting the Warburg effect may contribute to increasing

the sensitivity of HT29/5-FU and LoVo/5-FU cells to nos-
capine. Therefore, we speculated that targeting the Warburg
effect improves the response to cancer therapeutics, and the
combination of targeted drugs with cellular metabolism
inhibitors may be a promising strategy to improve drug
sensitivity in cancer therapy.

The tumor suppressor PTEN has been shown to be
frequently mutated in many human cancers, including
colon cancer.*? PTEN specifically catalyzes the depho-
sphorylation of the 3’ phosphate of the inositol ring in
PIP3, resulting in the biphosphate product PIP2 and
inhibiting the phosphorylation of PI3K, thereby blocking
AKT and its downstream kinase activity to induce
It is well known that the PTEN silencing
contributes to the activation of the PI3K/AKT signaling

apoptosis.*
pathway and consequent tumorigenesis.>* In this study,
we found that noscapine induced PTEN expression in
HT29/5-FU and LoVo/5-FU cells, and PTEN interfer-
ence reversed the effect of noscapine on cell apoptosis
via the activation of PI3K/mTOR signaling. Mutation of
the PTEN gene can lead to abnormal activation of PIP3
and prevention of cell death. In agreement with previous
studies, the expression of p-PI3K and p-mTOR was sig-
nificantly increased in HT29/5-FU and LoVo/5-FU cells
treated with noscapine after transfection with si-PTEN.
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In conclusion, this is the first report revealing that
PTEN is involved in noscapine-induced human colon can-
cer cell apoptosis. Noscapine induced the apoptosis of
HT29/5-FU and LoVo/5-FU human colon cancer cells by
regulating mitochondrial damage and the Warburg effect
via PTEN, and the mechanism is closely related to PI3K/
mTOR signaling. This study elucidated the molecular
mechanism underlying the effect of noscapine on colon
cancer cells and provides a new target for the therapy of
colon cancer.
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