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Abstract: Non-small cell lung cancer (NSCLC), an aggressive subtype of pulmonary carcinomas
with high mortality, accounts for 85% of all lung cancers. Drug resistance and high recurrence
rates impede the chemotherapeutic effect, making it urgent to develop new anti-NSCLC agents.
Recently, we have demonstrated that para-toluenesulfonamide is a potential anti-tumor agent in
human castration-resistant prostate cancer (CRPC) through inhibition of Akt/mTOR/p70S6 kinase
pathway and lipid raft disruption. In the current study, we further addressed the critical role of
cholesterol-enriched membrane microdomain and autophagic activation to para-toluenesulfonamide
action in killing NSCLC. Similar in CRPC, para-toluenesulfonamide inhibited the Akt/mTOR/p70S6K
pathway in NSCLC cell lines NCI-H460 and A549, leading to G1 arrest of the cell cycle and apoptosis.
Para-toluenesulfonamide significantly decreased the cholesterol levels of plasma membrane. External
cholesterol supplement rescued para-toluenesulfonamide-mediated effects. Para-toluenesulfonamide
induced a profound increase of LC3-II protein expression and a significant decrease of p62 expression.
Double staining of lysosomes and cellular cholesterol showed para-toluenesulfonamide-induced
lysosomal transportation of cholesterol, which was validated using flow cytometric analysis of
lysosome staining. Moreover, autophagy inhibitors could blunt para-toluenesulfonamide-induced
effect, indicating autophagy induction. In conclusion, the data suggest that para-toluenesulfonamide
is an effective anticancer agent against NSCLC through G1 checkpoint arrest and apoptotic cell death.
The disturbance of membrane cholesterol levels and autophagic activation may play a crucial role to
para-toluenesulfonamide action.

Keywords: para-toluenesulfonamide; Akt/mTOR/p70S6K pathway; plasma membrane cholesterol;
autophagy; non-small cell lung cancer

1. Introduction

Lung cancer is the leading cause of cancer mortality. Non-small cell lung cancer
(NSCLC), which accounts for about 85% of all lung cancers, includes any type of epithelial
lung cancer other than small cell lung cancer [1]. There are several subtypes of NSCLC
categorized by the origin of different types of lung cells, including adenocarcinoma, squa-
mous cell (epidermoid) carcinoma, large cell (undifferentiated) carcinoma and other types.
Among them, adenocarcinoma and squamous cell carcinoma are the two predominant
histological phenotypes in NSCLC. Chemotherapy, most often a combination of chemo
drugs, is one of the options for advanced cancers or for some patients who are not healthy
enough for surgery. However, side effects are inevitable depending on the type and dose of
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the given drugs as well as the treatment duration [2,3]. Target therapy is another important
option for NSCLC treatment, including the targets on angiogenesis or on cancer cells with
epidermal growth factor receptor (EGFR) gene mutations, anaplastic lymphoma kinase
gene changes, ROS1 fusion and BRAF gene changes. However, most patients inevitably de-
velop acquired resistance to the target therapeutic drugs [4,5]. Therefore, new therapeutic
approaches need to be developed to overcome the challenges.

Accumulating evidence reveals that several signals for cell proliferation and survival
are transmitted through lipid rafts, specialized membrane microdomains enriched with
cholesterol [6]. Epidemiological studies which elucidate the relationship between choles-
terol intake and cancer incidence reveal that high cholesterol levels augment the risk of
cancers including lung, breast, stomach, colon, pancreas and many other cancers [7,8]. A
variety of studies also support that cholesterol homeostasis genes can regulate cancer devel-
opment [9]. Cells obtain cholesterol from circulation and from de novo synthesis through
the mevalonate/isoprenoid/cholesterol pathway in which squalene synthase is a key en-
zyme in determining the pathway toward cholesterol synthesis [10]. Yang and colleagues
have reported that squalene synthase is overexpressed in highly invasive NSCLC and have
proposed a potential strategy targeting squalene synthase and cholesterol for NSCLC treat-
ment [11]. Phosphatidylinositol 3-kinase (PI3K)/Akt activation secondary to a mutation
in the K-Ras gene or EGFR gene in NSCLC is a key survival signaling pathway. Statins,
inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase in choles-
terol synthesis, have been suggested to enhance anti-NSCLC effects induced by several
anti-tumor agents in which the inhibition of both PI3K/Akt and mitogen-activated protein
kinase (MAPK) pathways explain the statins’ sensitization activity [12]. Collectively, these
studies suggest a potential role of disturbed cholesterol homeostasis in cancer development.

Para-toluenesulfonamide is a simple small molecule displaying both in vitro and
in vivo anticancer activities in a variety of cancers including lung cancer, prostate can-
cer and tongue squamous cell carcinoma [13–15]. The clinical trials show that para-
toluenesulfonamide displays efficient anti-tumor activity against advanced hepatocel-
lular carcinoma and non-small cell lung cancer through a concurrent local injection ther-
apy [16–19]. Recently, we have demonstrated that para-toluenesulfonamide is a poten-
tial anti-tumor agent which inhibits both the Akt-dependent and -independent mam-
malian target of rapamycin (mTOR)/p70S6 kinase (p70S6K) pathways in prostate cancers,
and the disturbance of lipid raft and cholesterol contents also are involved in the para-
toluenesulfonamide-mediated mechanism [15]. In the present work, we have documented
the anticancer effect of para-toluenesulfonamide in NSCLC, elucidating the cholesterol
action on Akt/mTOR/p70S6K pathways. Para-toluenesulfonamide-mediated changes
of the plasma membrane cholesterol levels, lysosomal cholesterol levels and autophagic
induction also have been studied to understand the para-toluenesulfonamide-mediated
anti-NSCLC mechanism.

2. Results
2.1. Para-Toluenesulfonamide Induces Anti-NSCLC Effects through Inhibition of
Akt/mTOR/p70S6K Pathway

The anti-proliferative activities of para-toluenesulfonamide were examined using sev-
eral assessments including colony formation assay, flow cytometric analysis of CFSE stain-
ing and sulforhodamine B assay. All assessments showed that para-toluenesulfonamide
caused a profound inhibition of cell proliferation in both NCI-H460 and A549 cell lines
(Figures 1 and S1 (Supplementary Materials)). Since cells are vulnerable to stress that
results in checkpoint arrest of the cell cycle and halts proliferation, we have determined the
distribution of cell cycle phases in the study. The flow cytometric analysis of propidium
iodide (PI) staining showed that para-toluenesulfonamide induced the G1 arrest in both
NCI-H460 and A549 cell lines and subsequent apoptosis evident by an increased sub-G1
(apoptosis) population (Figure 2A). Apoptotic cell death was verified by a nucleosomal
DNA fragmentation assay based on the quantitation of cytoplasmic histone-associated
DNA fragments in cells (Figure 2B). In support of the disturbance of the G1 phase, we
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examined the protein expressions of various cyclins and Cdks, in particular, the cyclin D1
which was synthesized during the G1 phase and drove the G1-S phase transition. The
Western blotting analysis showed that para-toluenesulfonamide profoundly inhibited cyclin
D1 expression (NCI-H460: 64.8 ± 6.6% and 73.1 ± 4.2% at 3- and 6-h treatment, respectively,
vs. 100% of control; A549: 68.9 ± 7.7% and 73.9 ± 5.5% at 3- and 6-h treatment, respectively,
vs. 100% of control, all p < 0.05, n = 3) (Figure 2C).

The regulation of Akt/mTOR/p70S6K axis signaling pathway has been considered to
be a potential strategy in anticancer research [20–23]. Our previous data showed that para-
toluenesulfonamide induced an inhibitory effect on the phosphorylation and activation of
Akt, mTOR and p70S6K in CRPC [15]. We also tested the Akt/mTOR/p70S6K pathway
in both NCI-H460 and A549 cell lines. Similar inhibitory effects were obtained in the
study. Notably, the suppression of p70S6K activation was the most susceptible to para-
toluenesulfonamide (Figure S2 (Supplementary Materials)). Furthermore, 4E-BP1 which
played a role in inhibiting protein translation through the association with the translation
initiation factor eIF4E was influenced in the presence of para-toluenesulfonamide, leading
to an increase of phosphorylation in the α form of 4E-BP1 but a decrease in the γ form in
both NCI-H460 and A549 cell lines (Figure S2 (Supplementary Materials)). Several specific
kinase inhibitors were used to establish precisely the participation of these signaling
pathways in the observed inhibitory effect. The data showed that MK-2206, a selective
inhibitor of Akt, displayed the most effective inhibition on the activities of Akt, mTOR
and p70S6K in both NCI-H460 and A549 cell lines. Rapamycin, an mTORC1 inhibitor,
inhibited both mTOR and p70S6K; notably, it also partly suppressed the Akt activity,
suggesting that mTOR might interactively regulate Akt activity. In contrast, the selective
p70S6K inhibitor PF-4708671 had no effect on Akt but inhibited the activities of both mTOR
and p70S6K, supporting the reciprocal regulation between these two kinases (Figure S3
(Supplementary Materials)).

Figure 1. Cont.
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Figure 1. Effect of para-toluenesulfonamide on cell proliferation in NCI-H460 and A549 cells. (A) The cells were incubated
in the absence or presence of para-toluenesulfonamide for 10 days. After treatment, cells were fixed and stained for
colony formation assay. (B) The cells were incubated with or without para-toluenesulfonamide. After treatment, cells
were harvested for flow cytometric analysis of CFSE staining. The cell populations of parent or different generations
and proliferation index were calculated by Modfit LT Version 3.2 and WinList Version 5.0 software. Quantitative data
are expressed as mean ± SEM of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with
the control.
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Figure 2. Effect of para-toluenesulfonamide on the distribution of cell cycle phases in NCI-H460 and A549 cells. The cells
were incubated in the absence or presence of para-toluenesulfonamide at the indicated condition (A, 24 and 48 h; B, 48 h;
C, 6 mM). After the treatment, the cells were harvested for the detection of cell population at different phases by flow
cytometric analysis of PI staining (A), the cell apoptosis by detecting nucleosomal DNA fragmentation using Cell Death
Detection ELISAPLUS kit (B) and the detection of protein expressions of cell cycle regulators by Western blot analysis (C).
Quantitative data are expressed as mean ± SEM of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001
compared with the control.
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2.2. Para-Toluenesulfonamide Suppresses Cholesterol Levels of the Plasma Membrane

Cholesterol is a well-identified crucial component of lipid rafts in cells, and membrane
cholesterol levels have been suggested to be a central factor in maintaining raft stability
and organization [24]. Several studies have revealed that Akt activation and cell survival
are regulated by cholesterol-sensitive signaling pathways [25]. In the present work, we
have examined the effect of cholesterol on the activities of Akt, mTOR and p70S6K. As a
result, external cholesterol supplement, by itself, induced a significant increase in Akt phos-
phorylation at Ser473, indicating increased Akt activity in both NCI-H460 and A549 cells
(Figure 3). In contrast, external cholesterol inhibited the phosphorylation and activation
of p70S6K (Figure 3). Nevertheless, para-toluenesulfonamide-mediated inhibition of Akt,
mTOR and p70S6K activities was drastically rescued by the external cholesterol supplement
(Figure 3). The data suggest that the disturbance of cellular cholesterol homeostasis may
participate in para-toluenesulfonamide-mediated signaling pathway. However, further
identification showed that para-toluenesulfonamide did not change the total cellular choles-
terol contents but significantly decreased the cholesterol levels of the plasma membrane in
both NCI-H460 and A549 cells (Figure 4).

Figure 3. Effect of external cholesterol supplement on para-toluenesulfonamide-mediated effects.
NCI-H460 and A549 cells were incubated in the absence or presence of the indicated agent for one
hour. After the treatment, the cells were harvested and lysed for the detection of protein expressions
by Western blot analysis (A). The expression was quantified using Image Lab Software 6.0 (BIO-RAD).
The protein expression relative to para-toluenesulfonamide-free/cholesterol-free control in NCI-H460
(B) and A549 cells (C) is demonstrated. Data are expressed as mean ± SEM of three determinations.
* p < 0.05, ** p < 0.01 and *** p < 0.001 compared with the control.
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Figure 4. Effect of para-toluenesulfonamide on cholesterol content. NCI-H460 and A549 cells were incubated in the absence
or presence of 6 mM para-toluenesulfonamide for 24 h. (A) The level of total cellular cholesterol was examined using the
Cholesterol Assay Kit. (B) Plasma membrane fraction was isolated by sucrose density gradient centrifugation, and the level
of cholesterol on plasma membrane was examined using the Cholesterol Assay Kit. Na+/K+ ATPase a1-subunit was used
as internal control. The data are expressed as mean ± SEM of three independent determinations. * p < 0.05 compared with
the control.

2.3. Lysosome Plays a Role in Determining the Fate of Cholesterol through Autophagic Activation

It has been evident that cholesterol depletion in lipid rafts is able to induce both au-
tophagy and apoptosis through the PI3K/Akt pathway [26–28]. Since para-toluenesulfonamide
inhibited Akt/mTOR/p70S6K pathways and reduced the membrane cholesterol levels, the
role of lysosome and autophagic determination in the fate of cholesterol was examined. By
using the staining with LysoTracker Red DND-99 and cholesterol detector Filipin III, the
data showed that exposure of cells to para-toluenesulfonamide induced the co-localization
of both staining in NCI-H460 and A549 cells, indicating the lysosomal transportation of
cholesterol. This effect was inhibited in the presence of chloroquine and bafilomycin A1,
two inhibitors of autophagy (Figure 5A). The lysosomal transportation effect was validated
and quantitatively measured using flow cytometric analysis of DND-99 staining (Figure 5B).
Moreover, further substantiation demonstrated that para-toluenesulfonamide resulted in a
profound increase in protein expression in LC3-II and a significant decrease in p62 protein
levels in both cell lines (Figure 6). The autophagy inhibitors, 3-methyladenine and chloro-
quine, further increased the protein levels of LC3-II and rescued p62 protein expression in
the presence of para-toluenesulfonamide in both NCI-H460 and A549 cell lines (Figure S4
(Supplementary Materials)). As the conversion of LC3-I to lipid-bound LC3-II is associated
with the formation of autophagosomes, and as p62 is an autophagy substrate used as
a detector of autophagy activity, our data provided evidence supporting the induction
of autophagy to para-toluenesulfonamide action. Furthermore, the autophagy inhibitors
chloroquine and bafilomycin A1 significantly increased para-toluenesulfonamide-induced
sub-G1 population (apoptosis); however, both autophagy inhibitors did not correspond-
ingly augment para-toluenesulfonamide-induced cell death using MTT assay (Figure S5
(Supplementary Materials)). The data indicated that para-toluenesulfonamide-induced
total cell death of all possible forms (e.g., autophagy and apoptosis) would be similar
even in the presence of autophagy inhibitor. The data also suggested that despite the
presence of protective autophagy against apoptosis, cells enter cell death stages in continu-
ous presence of para-toluenesulfonamide, underlining the potential of this compound in
anti-NSCLC activity.
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Figure 5. Effect of para-toluenesulfonamide on cholesterol distribution. (A) NCI-H460 and A549 cells were incubated in
the absence or presence of the indicated agent (para-toluenesulfonamide, 6 mM; CQ, 50 µM chloroquine; BA1, 0.1 µM
bafilomycin A1) for 24 h. Cellular cholesterol distribution was determined by Filipin III staining (green fluorescence) coupled
with Lysotracker DND-99 immunofluorescence staining (red fluorescence). The arrow indicates the plasma membrane
cholesterol. The yellow fluorescence indicates the co-localization of cholesterol and lysosomes. (B) The cells were incubated
in the absence or presence of 6 mM PTS for 24 or 48 h. The cells were harvested for the detection of lysosome formation
using flow cytometric analysis of LysoTracker Red-DND-99 staining. The data are expressed as mean ± SEM of three
independent determinations. * p < 0.05 and *** p < 0.001 compared with the control.
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Figure 6. Effect of para-toluenesulfonamide on LC3 and p62 protein expressions in NCI-H460 and
A549 cells. The cells were incubated in the absence or presence of 6 mM para-toluenesulfonamide
for the indicated times. After treatment, the cells were harvested and lysed for the detection of
protein expressions by Western blot analysis. Protein expressions were quantified using Image Lab
Software 6.0 (BIO-RAD). The protein expression relative to respective time control is demonstrated.
Data are expressed as mean ± SEM of three determinations. * p < 0.05, ** p < 0.01 and *** p < 0.001
compared with para-toluenesulfonamide-free control.

2.4. Para-Toluenesulfonamide Synergistically Potentiates Gefitinib-Induced Cell Death

The combinatory treatment between para-toluenesulfonamide and therapeutic agents
in both A549 and NCI-H460 cell lines was performed. The synergism between para-
toluenesulfonamide and gefitinib was assessed through constructing isobolograms and
calculating combination index (CI) values using Chou-Talalay method [29]. The resulting
CI values were less than 1.0 confirming the synergistic effects. The data showed that the
sub-G1 population (cell death) was synergistically increased in both A549 and NCI-H460
cell lines responsive to the combination between para-toluenesulfonamide and gefitinib
(Figure 7A,B) but not that with paclitaxel or cisplatin (Figure S6 (Supplementary Materials)).
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Figure 7. Effect of combination between para-toluenesulfonamide and gefitinib on cell death. A549 (A) and NCI-H460
cells (B) were treated with or without the indicated agent for 24 or 48 h. Then, the cells were obtained for examining cell
population at sub-G1 phase by cytoflowmetry experiment of PI staining. The resulting combination index (CI) values
were less than 1.0 confirming the synergistic effects. Quantitative data are expressed as mean ± SEM of three independent
experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with the drug-free control. # p < 0.05, ## p < 0.01 and
### p < 0.001 compared with the respective concentration of gefitinib.

3. Discussion

The roles of cholesterol in regulating cancer growth and development and targeting
cholesterol biosynthesis and homeostasis for therapeutic development are an attractive
and important area in cancer research. A variety of studies in several main areas, such as
epidemiologic studies both in in vitro and in vivo pharmacological and biochemical studies
and the Cancer Genome Atlas (TCGA) database studies, provide evidence supporting
an association between cancers and cholesterol levels. A meta-analysis of case–control
and cohort studies, performed to assess the relationship between lung cancer risk and
dietary cholesterol intake, has revealed a positive correlation based on the case–control
studies, although the cohort studies show inconsistent results [30]. Several TCGA database
studies have profiled the expression levels of thousands of genes involved in cholesterol
metabolism in various cancers [9,31]. Moreover, several lines of evidence show that statins
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may sensitize anticancer effects induced by cancer chemotherapeutic drugs [12,32]. To-
gether, these studies suggest a crucial role of cholesterol in cancer growth and development
and support the notion that targeting cholesterol may be a novel therapeutic strategy for
cancer treatment [33]. Our previous work has demonstrated that para-toluenesulfonamide
decreases the phosphorylation of several lipid raft- associated survival kinases in CRPC and
has suggested that para-toluenesulfonamide may display anticancer activity through a sig-
naling pathway related to disturbance of intracellular cholesterol homeostasis [15]. In the
present work, we have elucidated the anticancer mechanism of para-toluenesulfonamide in
NSCLC in examining the role of plasma membrane cholesterol levels, lysosomal cholesterol
levels and autophagic induction.

Several assessments including SRB assay, colony formation assay and CFSE cell pro-
liferation test substantiated the anti-proliferative activities of para-toluenesulfonamide in
both NSCLC NCI-H460 and A549 cell lines. Of note, para-toluenesulfonamide showed
higher activity in A549 than in NCI-H460 cells. The data also demonstrated that para-
toluenesulfonamide displayed higher activity in colony formation assay than in SRB assay.
This might be due to the high susceptibility of a single cell to para-toluenesulfonamide in
colony formation assay. A long-term treatment of ten days could also possibly explain
the higher activity of para-toluenesulfonamide in the colony formation assay. Moreover,
para-toluenesulfonamide induced G1 arrest of the cell cycle and subsequent cell apoptosis.
Because the G1 phase is of particular importance in synthesizing mRNA and proteins
required for DNA synthesis, the induction of G1 arrest may indicate a translational inter-
ruption [34]. The Akt/mTOR pathway, which can affect downstream effectors p70S6K and
4E-BP1, has been studied as a central regulator in translational control and cell survival.
High levels of phosphorylated Akt and mTOR, which indicate kinase activation, are as-
sociated with poor prognosis in patients with NSCLC [35,36]. Furthermore, the levels of
both total and phosphorylated p70S6K are profoundly higher in tumors than in normal
specimens from NSCLC patients [37]. Para-toluenesulfonamide displayed a remarkable
inhibition of Akt/mTOR/p70S6K signaling pathway, indicating its anti-NSCLC potential.

eIF4E is an mRNA cap binding protein in regulating eukaryotic translation. In contrast,
4E-BP1 is a key regulator which inhibits protein translation through the association with
eIF4E. Therefore, inactivation of 4E-BP1 can lead to eIF4E activation and translation initia-
tion. More specifically, 4E-BP1 consists of several isoforms including α, β and γ isoforms.
It has been reported that 4E-BP1 α form plays a key role since its hypophosphorylated
or nonphosphorylatable form is extensively ubiquitinated and degraded, leading to the
dissociation and activation of eIF4E [38,39]. In contrast, an increase in phosphorylated
4E-BP1 γ form and a subsequent decrease in association between 4E-BP1 and eIF4E have
been documented in cells responsive to growth stimulation, such as insulin and insulin-like
growth factor-1 [40]. These data suggest a decrease in phosphorylated 4E-BP1 α form, while
an increase in phosphorylated 4E-BP1 γ form is crucial for protein translation. Our data
showed that para-toluenesulfonamide counteracted these effects, leading to a profound
increase in phosphorylated 4E-BP1 α form but a decrease in phosphorylated γ form in both
NCI-H460 and A549 cell lines, indicating the inhibition of protein translation.

Cell membrane has the highest concentration of cholesterol. Membrane lipid rafts,
which are highly ordered membrane domains enriched in cholesterol, may provide a
crucial microenvironment serving as key modulators in the signal transduction of im-
munity, adhesion, metastasis, proliferation and survival [6,11,15,23,25]. The lipid raft
platforms may mediate signaling generated from the activation of growth factor receptors
(e.g., insulin-like growth factor-1 receptor and vascular endothelial growth factor receptor),
serine/threonine kinase (e.g., Akt and mTOR), tyrosine kinase (e.g., c-met and c-Src), death
receptor (e.g., Fas/CD95 receptor, DR4 and DR5), cytoskeletal components, integrins and
ion channels [6,41,42]. Numerous studies have suggested that Akt activation through the
stimulation of growth factor receptors, such as insulin-like growth factor-1 receptor, is
dependent on lipid rafts [43]. The synthetic lipids, edelfosine and perifosine, which target
lipid rafts [6,44], have been reported to display anti-tumor activity through raft reorga-
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nization, leading to the displacing of Akt from lipid rafts. Our data demonstrated that
external cholesterol supplement substantially rescued para-toluenesulfonamide-mediated
inhibition of Akt/mTOR/p70S6K pathway in NSCLC cells, suggesting the possible impact
of para-toluenesulfonamide on raft organization and cholesterol content. The localiza-
tion of cellular cholesterol may affect cell survival. Lima and colleagues have reported
that a thioxanthone derivative displays anti-NSCLC activity, which is associated with a
redistribution of cholesterol from plasma membrane to cytoplasm [45]. Lipid rafts have
been identified serving as a player of the autophagic process. The alteration of cellular
lipid environment, presented by cellular cholesterol depletion or changed cholesterol
trafficking, has been substantiated to induce autophagy [27,45]. The results that para-
toluenesulfonamide significantly decreased the cholesterol levels of the plasma membrane
in both NCI-H460 and A549 cells were similar to those reported by Lima and colleagues [45],
and autophagy was induced accordingly. However, para-toluenesulfonamide-mediated
autophagy induction might also be attributed to the inhibition of Akt and mTOR since both
Akt and mTORC1 could inhibit the pro-autophagic function, and conversely, suppression
of Akt and mTORC1 induced autophagy [46,47]. Furthermore, it has been documented
that when mTORC1 activity is low, cholesterol can be transported to lysosomes through
the autophagy-involved membrane trafficking pathway [48]. Therefore, the inhibition
of mTOR activity could be responsible for para-toluenesulfonamide-induced lysosomal
transportation of cholesterol and autophagy. Notably, ruptured plasma membranes are
generally considered as hallmarks of necrotic cell death. Necroptosis and pyroptosis are
two forms of regulated necrosis, revealing the plasma membrane rupture depending on the
polymerization of mixed lineage kinase domain-like pseudokinase (MLKL) and pore forma-
tion of non-selective gasdermin D, respectively [49]. Regarding this point, we examined the
effect of para-toluenesulfonamide on the release reaction of lactate dehydrogenase (LDH), a
biomarker of both necroptosis and pyroptosis. However, para-toluenesulfonamide did not
induced a significant increase of LDH release until the exposure at a high concentration
of 7.5 mM that caused 3.9 ± 0.8% and 1.7 ± 0.2% increase of LDH release in A549 and
NCI-H460 cells, respectively (n = 3). The data suggested that para-toluenesulfonamide did
not cause massive necrotic cell death and implied that para-toluenesulfonamide influenced
the plasma membrane cholesterol possibly not through the plasma membrane rupture.

Aside from the cell membrane, the synthesized cholesterol in the endoplasmic reticu-
lum (ER) can also be transported to numerous organelles, such as mitochondria and Golgi
membranes. The biogenesis, maintenance of membrane and steroid hormone biosynthesis
in the mitochondria needs the involvement of cholesterol. Steroid synthesis in steroidogenic
cells is started at the inner mitochondrial membrane, where cholesterol side-chain cleavage
enzyme CYP11A1 triggers the conversion of cholesterol to pregnenolone, which enters the
ER for further enzymatic reactions [50,51]. Several in vitro mitochondria models in which
the mitochondria rich in cholesterol or isolated mitochondria from cells with aberrant
mitochondrial cholesterol gathering provide evidence supporting that the levels of mito-
chondrial cholesterol may impact on mitochondrial function [52]. Furthermore, augmented
cholesterol concentrations in the mitochondria have been detected in several diseases,
such as cancers, myocardial ischemia, aging, steatohepatitis and Alzheimer’s disease [52].
Montero and colleagues have reported that the susceptibility of human hepatocellular
carcinoma cells (HCCs) to chemotherapy signaling through mitochondria is increased
after cholesterol depletion. In contrast, isolated mitochondria with increased cholesterol
concentrations from HCCs are less sensitive to mitochondrial membrane permeabilization
and release of Smac/DIABLO (an inhibitor of XIAP) or cytochrome c (an activator of
caspase-9) in response to apoptotic stimuli [53]. In the current study, although we did not
determine the cholesterol levels in the mitochondria, we reported the similar observations
in the plasma membrane that the decrease of plasma membrane cholesterol intensified the
susceptibility to cell death program in NSCLC when exposed to para-toluenesulfonamide.

Epidermal growth factor receptor (EGFR) has been intensively demonstrated to play a
key role in the growth and survival of NSCLC. EGFR activity orchestrates multiple cellular
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processes responsible to tumor growth and progression, such as proliferation, metastasis,
invasion and angiogenesis. Gefitinib is an orally active EGFR inhibitor that blocks EGFR
tyrosine kinase through the binding to ATP binding site of the enzyme. Several clinical
studies have shown that gefitinib monotherapy in NSCLC patients has moderate antitumor
activity with good tolerability and have encouraged the use of gefitinib in combination with
the agents of distinct mechanism [54]. Our data showed that the combinatory treatment
between para-toluenesulfonamide and gefitinib in A549 and NCI-H460 cells synergistically
induced apoptotic cell death.

In summary, the data suggest that para-toluenesulfonamide is an effective anticancer
agent against NSCLC through G1 arrest of the cell cycle and subsequent cell apopto-
sis. Moreover, para-toluenesulfonamide also induces autophagy in NSCLC. The para-
toluenesulfonamide action is attributed to the translational inhibition through the suppres-
sion of Akt/mTOR/p70S6K signaling pathways. Furthermore, disturbance of membrane
cholesterol levels may play a crucial role in para-toluenesulfonamide action. In comparison
with our previous report in CRPC, the current study demonstrates the novel finding of para-
toluenesulfonamide-induced anticancer activity in PI3K-mutant and KRAS-mutant NSCLC
cells. Para-toluenesulfonamide significantly decreases the levels of plasma membrane
cholesterol in both cell lines. The autophagic activation and lysosomal degradation pathway
may also play a role to para-toluenesulfonamide action. Moreover, para-toluenesulfonamide
can dramatically sensitize gefitinib-mediated cell death in both NSCLC cell lines.

4. Materials and Methods
4.1. Materials

Human NSCLC cell lines, NCI-H460 and A549, were obtained from American Type
Culture Collection (Rockville, MD, USA). RPMI 1640 medium, fetal bovine serum (FBS),
penicillin and streptomycin were purchased from GIBCO/BRL Life Technologies (Grand Is-
land, NY, USA). Antibodies of cyclin E, cyclin A, cyclin B, cyclin-dependent kinase (Cdk) 4,
Cdk2, Cdk1, GAPDH, caveolin-1, LC3 and p62 were obtained from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, USA). Antibodies of Akt, p-AktSer473, cyclin D1, mTOR,
p-mTORSer2448, 4E-BP1, p-4E-BP1Thr37/46 and p-p70S6KThr389 were from Cell Signaling
Technologies (Boston, MA, USA). P70S6K was from Abcam (Cambridge, UK). Carboxyflu-
orescein succinimidyl ester (CFSE) was from Molecular Probes Inc. (Eugene, OR, USA).
Anti-mouse and anti-rabbit IgGs were from Jackson ImmunoResearch Laboratories, Inc.
(West Grove, PA, USA). Para-toluenesulfonamide, sulforhodamine B (SRB), leupeptin, NaF,
NaVO4, dithiothreitol, phenylmethylsulfonylfluoride (PMSF), trichloroacetic acid (TCA),
water-soluble cholesterol (cholesterol-methyl-β-cyclodextrin), propidium iodide (PI) and
all other chemical compounds were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Cell Culture

NCI-H460 and A549 cells were cultured in RPMI 1640 medium with 10% FBS (v/v),
penicillin (100 units/mL) and streptomycin (100 µg/mL) (all from GIBCO/BRL Life Tech-
nologies, Grand Island, NY, USA). Cells were cultivated at 37 ◦C in a humidified atmo-
sphere containing 5% CO2.

4.3. SRB Assay

The cells were fixed with 10% TCA which acted as the population at initial time of
compound treatment (TZ). After a 48-h treatment with vehicle or the agent, the cells were
fixed (10% TCA) and stained with SRB at 0.4% (w/v) in 1% acetic acid. The cells were
washed with 1% acetic acid, solubilized with 10 mM Tris and read on a microplate reader
at 515 nm.

4.4. Colony Formation Assay

The experiment of anchorage-dependent clonogenic effect was performed. The cells
were incubated in the absence or presence of the indicated agent for 10 days. The cell
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colonies were treated with 0.4% (w/v) crystal violet/20% methanol, lysed with 50 mM
sodium citrate/50% ethanol and read on a microplate reader at 595 nm.

4.5. CFSE Staining Assay

The cells were incubated with 10 µM carboxyfluorescein succinimidyl ester (CFSE,
Molecular Probes Inc., Eugene, OR, USA) at 37 ◦C for 10 min and then incubated in ice-
cold 10% FBS-containing medium for 5 min. The cells were washed, centrifuged and
seeded in 10% FBS-containing medium in the absence or presence of the agent for the
indicated times at 37 ◦C. Cell proliferation was examined through detecting the reduction of
fluorescence intensity in next-generation cells. Proliferation index was determined through
calculating total number of divisions by the cell number that have undergone any division.
MODFIT LT Version 3.3 (https://modfit-lt.software.informer.com/3.3 (accessed on 20 July
2011)) was used to determine the proliferation index and cell populations of parent or
different generations.

4.6. Detection of Cell Population in Cell Cycle Progression

Cells were obtained and treated with ice-cold 70% alcohol for 30 min. The cells were
washed with phosphate-buffered saline (PBS), centrifuged and incubated in phosphate-
citric acid buffer (pH 7.8) for 30 min. After centrifugation, the cells were suspended
with propidium iodide (PI, 80 µg/mL) solution with Triton X-100 (0.1% v/v) and RNase
(100 µg/mL). DNA levels were examined using FACScan flow cytometric analysis.

4.7. Detection of Nucleosomal DNA Cleavage

Nucleosomal DNA cleavage was examined using commercial kit (Roche, Mannheim,
Germany) to detect cytosol histone-associated cleaved DNA in cells after the induction
of cell death. The cells were obtained and treated with lysis buffer. After centrifugation,
supernatant part was obtained and incubated with HRP-conjugated anti-DNA-peroxidase
antibody, following by washing and incubating with substrates of the antibody according
to the manufacturer’s protocol. The plate was read by an ELISA reader (405 nm) to get the
absorbance density values.

4.8. Western Blot Analysis

After the indicated exposure to the compound, the cells were obtained and treated
with lysis solution. The protein concentrations were determined, treated with sample
buffer at 90 ◦C for several minutes. Thirty micrograms of protein were electrophoresed
in SDS-PAGE. The protein was identified using indicated antibody and secondary an-
tibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and was
determined using commercial chemiluminescence detection kit (Amersham, Bucking-
hamshire, UK). Protein expressions were quantified using Image Lab Software 6.0 (BIO-
RAD) https://www.bio-rad.com/webroot/web/pdf/lsr/literature/Image-Lab-Software-
v6.0.1-Release-Notes.pdf (accessed on 1 December 2017) and the protein expression relative
to the respective control has been clarified in the legends.

4.9. Immunofluorescence Staining of Lysosomes and Cholesterol

Cells were live-stained with 50 nM LYSOTRACKER-RED DND-99 dye (Invitrogen,
Grand Island, NY, USA) in medium at 37 ◦C for 30 min. Then, immunofluorescence staining
was used to detect cholesterol localization (Cell-based cholesterol assay kit, Biovision,
Milpitas, CA, USA). Culture medium was removed from the wells and the cells were fixed
by Fixative Solution provided in the assay kit for 10 min and washed with the assay buffer
for three times. The diluted Filipin III solution was added to each well and incubated in the
dark for 45 min. The cells were gently washed with the assay buffer for two times. Then,
the cells were analyzed by a confocal laser microscopic system (ZEISS LSM880).

https://modfit-lt.software.informer.com/3.3
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/Image-Lab-Software-v6.0.1-Release-Notes.pdf
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/Image-Lab-Software-v6.0.1-Release-Notes.pdf
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4.10. Detection of Total Cellular Cholesterol Levels

The cells were washed for 3 times with cold PBS and were extracted with 200 µL
chloroform: isopropanol: NP-40 (7:11:0.1) in a micro-homogenizer, centrifuged for 10 min
at 15,000× g. The liquid (organic phase) was transferred to a new tube and was air dried at
50 ◦C to remove the chloroform. The samples were under vacuum for 30 min to remove
the trace amounts of organic solvent. The dried lipids were sonicated and dissolved in
200 µL of 1X Assay Diluent using the commercial TOTAL CHOLESTEROL ASSAY Kit
(Colorimetric, Cell Biolabs, San Diego, CA, USA). The cholesterol levels were examined
according to the manual. The plate was read immediately at the 540–570 nm range. The
concentration of cholesterol was calculated by comparing the sample absorbance values to
the cholesterol standard curve.

4.11. Purification of Plasma Membrane

Cells (5 × 108) were collected and re-suspend the cell pellet in 1 mL of ice-cold
Homogenization Buffer Solution (0.25 M sucrose, 1 mM EDTA, 1mM MgCl2, 20 mM Hepes-
NaOH, pH 7.4). Then, the cells were homogenized by sonication or a pre-chilled Dounce
Homogenizer. After efficient homogenization, the samples were centrifuged at 700× g
for 10 min at 4 ◦C and carefully removed and the fatty residue was discarded from the
top of the Supernatant. Supernatant was collected and sonicated by a microsonicator on
ice. The supernatant (1 mL) was mixed with 4 mL of the 50% OPTIPREP (Sigma-Aldrich,
D1556). The diluted samples were overlaid with 6.3 mL 25% OPTIPREP and 1.4 mL 2.5%
OPTIPREP, and centrifuged at 200,000× g for 90 min at 4 ◦C using a Beckman type SW41Ti
rotor (Beckman Instruments, Palo Alto, CA, USA). At the end of the ultracentrifugation,
the plasma membrane fraction was in the visible band at the interface of the 2.5%/25%
gradient solution.

4.12. Data Analysis

Data are expressed as mean ± SEM of at least three independent experiments. Com-
puterized image analysis system LabTM Software (Bio-Rad Laboratories, Hercules, CA,
USA) was adopted to quantify experimental results of Western blot analysis. One-way
ANOVA followed by a Newman–Keuls post hoc test is applied. p-values less than 0.05 are
considered statistically significant.

Supplementary Materials: The following are available online, Figure S1: Effect of para-toluenesulfonamide
on the inhibition of cell proliferation, Figure S2: Effect of para-toluenesulfonamide on the protein
expression of several kinases, Figure S3: Effect of several kinase inhibitors on the protein expression of
several proteins in their total forms or phosphorylated forms, Figure S4: Effect of autophagy inhibitors
on several protein expressions, Figure S5: Effect of autophagy inhibitors on para-toluenesulfonamide-
induced sub-G1 population and cell death, Figure S6: Effect of combination treatment on cell death
in A549 and NCI-H460 cells.
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Abbreviations

Cdk Cyclin-dependent kinase
CFSE Carboxyfluorescein succinimidyl ester
4E-BP1 eIF4E-binding protein 1
EGFR Epidermal growth factor receptor
eIF4E Eukaryotic translation initiation factor 4E
FBS Fetal bovine serum
MAPK Mitogen-activated protein kinase
mTOR Mammalian target of rapamycin
NSCLC Non-small-cell lung cancer
p70S6K p70S6 kinase
PBS Phosphate-buffered saline
PI Propidium iodide
PI3K Phosphatidylinositol 3-kinase
PMSF Phenylmethylsulfonylfluoride
SRB Sulforhodamine B
TCA Trichloroacetic acid
TCGA The Cancer Genome Atlas
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