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Abstract: A novel series of 4-anilinoquinazoline analogues, DW (1–10), were evaluated for anticancer
efficacy in human breast cancer (BT-20) and human colorectal cancer (CRC) cell lines (HCT116,
HT29, and SW620). The compound, DW-8, had the highest anticancer efficacy and selectivity in
the colorectal cancer cell lines, HCT116, HT29, and SW620, with IC50 values of 8.50 ± 2.53 µM,
5.80 ± 0.92 µM, and 6.15 ± 0.37 µM, respectively, compared to the non-cancerous colon cell line,
CRL1459, with an IC50 of 14.05 ± 0.37 µM. The selectivity index of DW-8 was >2-fold in colon cancer
cells incubated with vehicle. We further determined the mechanisms of cell death induced by DW-8
in SW620 CRC cancer cells. DW-8 (10 and 30 µM) induced apoptosis by (1) producing cell cycle
arrest at the G2 phase; (2) activating the intrinsic apoptotic pathway, as indicated by the activation
of caspase-9 and the executioner caspases-3 and 7; (3) nuclear fragmentation and (4) increasing the
levels of reactive oxygen species (ROS). Overall, our results suggest that DW-8 may represent a
suitable lead for developing novel compounds to treat CRC.

Keywords: colorectal cancer; cytotoxicity; 4-anilino-quinazoline; intrinsic apoptosis; anticancer compound

1. Introduction

Colorectal cancer (CRC) is the third most common malignancy in the world and
approximately 1.9 million new cases and 935,173 deaths were recorded in 2020 [1]. Despite
the rapid advances in the detection and diagnosis of colorectal cancer, the prognosis for
advanced or metastatic CRC is still very poor [2]. Palliative chemotherapeutic regimens,
consisting of fluoropyrimidines, in combination with leucovorin and either oxaliplatin
(FOLFOX) or irinotecan (FOLFIRI), are still the first-line treatment for patients with ad-
vanced and metastatic CRC [3]. However, these chemotherapeutic regimens can become
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ineffective due to the development of multidrug resistance (MDR) [4]. Therefore, there is a
critical need to develop a novel drug to treat advanced and metastatic colorectal cancer.

The quinazoline ring is considered an important pharmacophore in medicinal chem-
istry for the discover and develop novel anticancer compounds [5]. Moreover, the quinazo-
line derivatives have anticancer efficacy in multiple cancer types by different mechanisms of
action [6–8]. A number of 4-anilinoquinazolines derivatives inhibit certain protein kinases
by competitively and reversibly inhibiting ATP binding at the ATP catalytic site [9,10]. Cur-
rently, several quinazoline-based drugs, such as gefitinib, erlotinib, vandetanib, lapatinib,
and afatinib, are used clinically to treat cancer. [5]. Interestingly, several small molecules are
present in clinical development pipeline also contain quinazoline moiety [11], suggesting
that it may serve as an important scaffold to discover potent anticancer agents. Inspired
by these findings, our group has resynthesized and evaluated various anilinoquinazolines
analogues for their in vitro anticancer potential in human breast and colon cancer cells.

Apoptosis is a programmed cell death mechanism activated by the majority of
chemotherapeutic compounds [12]. Based on the molecular mechanism, apoptosis can
be classified as either intrinsic or extrinsic [12]. In the intrinsic apoptosis pathway, the
proteins, Bcl2-antagonist/killer 1 (BAK) and Bcl2 associated X (BAX) interact with the
mitochondrial membrane, forming pores, thereby facilitating the release of mitochondrial
membrane proteins, such as cytochrome c, into the cytoplasm [13,14]. The anti-apoptotic
protein, B-cell lymphoma 2 (Bcl2) is downregulated in cancer cells, thereby decreasing
the likelihood of apoptosis [13]. Furthermore, apoptosis can be induced by the activation
of caspase 9, an initiator caspase, followed by activation of the executioner caspases-3
and 7. The activation of caspase-3 and 7 induces cleavage and biotransformation of a
number of cellular substrates, which ultimately produces blebbing, disassembly of cellular
structures, and DNA fragmentation [15]. Cleaved caspase-3 can activate poly (ADP-ribose)
polymerase (PARP), which will decrease the extent of poly(ADP-ribosyl)ation of chromatin-
bound Ca2+/Mg2+-dependent endonuclease, leading to the disinhibition of DNasel-Like
III protein (DNASIL3), producing biodegradation of genomic DNA [16]. Here, we have
probed for different apoptosis markers in CRC cells incubated with DW-8 to establish
apoptosis as a mechanism of cell death induced by DW-8.

2. Results
2.1. Chemistry

The 6,7-dimethoxy-N-phenylquinazolin-4-amines (DW 1–10) synthesis in high yields
by reacting 4-chloro-6,7-dimethoxy quinazoline (1), with the corresponding substituted
anilines substrates (2), under the conditions as shown in Scheme 1, has been previously
reported [17].
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2.2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide-Based Cytotoxicity Assay and
Morphological Changes Induced by DW-8 in SW620 Cells

The synthesized compounds (DW 1–10) were initially evaluated for their anticancer
activity in the human breast cancer cell line, BT-20 and the human colorectal cancer cell line,
HCT116, using the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT)
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colorimetric assay, by incubating the cells with DW (1–10), at 1, 10, and 100 µM. Table 1
shows the IC50 values of compounds (DW 1–10) for each cell line obtained from the MTT
assay.

Table 1. The efficacy of 4-anilinoquinazoline compounds (DW 1–10) in the colorectal cancer cell line,
HCT116 and the breast cancer cell line, BT-20.

DW Compounds R
IC50 (µM)

HCT116 BT-20

1 H 64.44 ± 0.90 65.94 ± 7.89

2 3-CF3 40.05 ± 4.65 30.06 ± 7.84

3 3,4-dimethyl 75.77 ± 10.98 88.50 ± 30.65

4 4-COCH3 >100 >100

5 3,4-dimethoxy >100 >100

6 4-OCH3 >100 >100

7 4-NHCOCH3 >100 >100

8 3-Cl, 4-F 8.50 ± 2.53 11.69 ± 3.73

9 4-CF3 44.70 ± 5.63 39.46 ± 3.74

10 4-OCF3 49.20 ± 7.27 45.61 ± 3.31
The MTT assay was performed as described in the material and methods section. The IC50 values are reported as
the mean ± SD of three independent experiments performed in triplicate.

Our results indicated that the compound, DW-8, was the most potent analogue among
all tested analogues in inhibiting the proliferation of HCT116 and BT-20 cancer cells. Addi-
tionally, we also determined the efficacy of DW-8 in the human colorectal adenocarcinoma
cell lines, HT-29 and SW620 and in human non-cancerous colon cell line, CRL1459. The
results indicated that the IC50 values for DW-8 in the HT-29, SW620, and CRL1459 cells
were 5.80 ± 0.92 µM, 6.15 ± 0.37 µM, and 14.05 ± 0.37 µM, respectively (Figure 1A).
Interestingly, the IC50 of HCT116, HT-29, and SW620 cell lines were significantly lower
that that for the CRL1459 cells, with p-values of 0.0326, 0.0014, and 0.0002, respectively,
when compared to CRL1459. All cells lines (i.e., HCT116, HT-29, SW620, and CRL1459)
incubated with DW-8 for 72 h showed a concentration-dependent decrease in the viability
(Figure 1B). Further studies were conducted in the SW620 cell line, which had a low IC50
value and the lowest standard deviation, compared to HT-29 and HCT116 cells.

Morphologically, apoptosis is characterized by cell shrinkage, nuclear fragmentation,
chromosome condensation, extensive blebbing of the plasma membrane and the formation
of apoptotic bodies [18]. The incubation of SW620 cells with DW-8 produced apoptosis
(Figure 1C). DW-8, at 10 and 30 µM, significantly decreased the number of viable and ad-
herent SW620 cells, compared to cells incubated with vehicle (negative control) (Figure 1C).
The SW620 cells shrank in size and became round in shape. The majority of cells were
floating and other cells were loosely adhered on the surface. In addition, the presence of
apoptotic bodies occurred at 10 and 30 µM of DW-8 (Figure 1C). In contrast, the negative
control cells were viable, non-apoptotic and replicated over time, reaching maximum
confluence after 72 h of incubation (Figure 1D).
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Figure 1. The anti-proliferative efficacy of compound DW-8 in different colon cancer cell lines. (A) The IC50 values for
DW-8 in HCT116, HT29, SW620, and CRL1459 cells after 72 h of incubation. (B) The cell viability curves for HCT116, HT29,
SW620 and CRL1459 cells that were incubated with different concentrations (1–100 µM) of DW-8 over 72 h. (C) Changes in
SW620 cells morphology after incubation with vehicle (negative control), 10 and 30 µM of DW-8, at different time points (0,
24, 48, and 72 h). (D) A representative confluence graph of SW620 cells incubated with vehicle (negative control), 10 and
30 µM of DW-8. The data represent the mean ± SD of three independent experiments performed in triplicate. * p < 0.05,
** p < 0.01, *** p < 0.001.

2.3. The Effect DW-8 on the Cell Cycle and Mitochondrial Membrane Potential of SW620 Cells

The majority of clinically used chemotherapeutic drugs elicit their therapeutic efficacy
by inducing cancer cell apoptosis [19,20]. Anticancer drugs can produce efficacy by target-
ing the cell cycle regulating signaling pathways [21]. Therefore, we determined the effect
of DW-8 in the cell cycle of SW620 cell line. The incubation of SW620 cells with vehicle
yielded the following distributions in the different phases of the cell cycle: 4.98% in SubG1,
88.72% in G1, 0.98% in S, and 5.35% in G2 (Figure 2A). After the incubation of SW620
cells with 10 and 30 µM of DW-8, the percentage of cells in the G1 phase was significantly
decreased to 9.25 and 9.50%, respectively (p < 0.001). The incubation of SW620 cells with
10 and 30 µM significantly increased the percentage of cells in the G2 phase (Figure 2A).
At 10 and 30 µM, DW-8 produced an 85.07% (p < 0.001) and 81.20% (p < 0.001) increase,
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respectively, in the number of SW620 cells in the G2 phase of the cell cycle, i.e., the cell
cycle was arrested in the G2 phase (Figure 2A).
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Figure 2. The effect of DW-8 on the apoptosis and cell cycle phases of SW620 cells. (A) A representative figure showing
the effect of DW-8 on the phases of the cell cycle in SW620 cells. A histogram quantitatively summarizing the change in
the percentage of cells in each phase of the cell cycle after incubation with DW-8. (B) A representative figure showing the
induction of apoptosis by vehicle, 10 or 30 µM of DW-8, based on data obtained using the MitoTracker Red and Alexa Fluor
488 Annexin kits. A histogram summarizing the same results is also shown; * p < 0.05, **** p < 0.0001. The data represent
means ± SD of three independent experiments performed in triplicate. FL-2 indicates the gate used in a flow cytometer. PI
is the abbreviation for Propidium iodide.

One of the major events that occurs in apoptotic cells is the translocation of phos-
phatidyl serine (PS) from the inner side of the plasma membrane to the outer membrane [22].
Phosphatidyl serine is a Ca2+-dependent phospholipid binding protein that has high bind-
ing affinity and specificity for the protein, Annexin V, which is an inhibitor of prothrombin
activation [23]. Therefore, apoptotic cells can be detected using fluorophore-labelled An-
nexin V [24]. As indicated in Figure 2B, the incubation of cells with 10 and 30 µM of DW-8
produced a concentration-dependent increase in Annexin V staining. It is indicated by the
increased number of cells in the second quadrant (Q2) in DW-8 treated cells, compared to
the negative control, indicating an increase in apoptosis (Figure 2B).

We also determined the effect of DW-8 on the mitochondrial membrane potential in
SW620 cells using MitoTracker® Red dye. The dye stains the mitochondria in live cells and
its accumulation depends on an intact or normal membrane potential [25]. The majority
of SW620 cells incubated with the vehicle (negative control) were viable and located in
quadrant I (95.26%), with only a few apoptotic cells in quadrant II (3.78%) (Figure 2B). In
contrast, the incubation of SW620 cells with 10 and 30 µM of DW-8 significantly increased
the number of apoptotic cells in quadrant II, 9.29% (p < 0.5) and 29.19% (p < 0.01), respec-
tively, compared to the vehicle (Figure 2B). This shift towards quadrant II suggests that the
loss of mitochondrial membrane potential can induce apoptosis (Figure 2B).

2.4. DW-8 Increases the Induction of Apoptosis by Activating the Intrinsic Apoptotic Pathway

The key regulators of apoptosis, such as caspases (3, 7, and 9), BAX, BAK, Bcl-2, PARP
and cytochrome c, were determined in the lysates of SW620 cells incubated with DW-8
(10 and 30 µM) and paclitaxel (0.5 µM, a positive control). The level of cytochrome c was
significantly increased in the lysates of SW620 cells incubated with DW-8 and the positive
control, compared to the negative control (0 µM DW-8) (Figure 3B,C). The expression of
Bcl2 decreased with an increasing concentration of DW-8 (Figure 3A,C). Its expression was
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low in the positive control, compared to the negative control (Figure 3A,C). Although there
was no significant change in the levels of BAX and BAK, the level of cleaved caspase-9 was
significantly increased in cell lysates of SW620 cells incubated with DW-8 and paclitaxel,
compared to the negative control, suggesting that the intrinsic apoptotic pathway was
activated (Figure 3A,B). Furthermore, cleaved caspase-3 (p < 0.05) and cleaved caspase-7
(p < 0.01) were significantly upregulated in the lysates of Sw620 incubated with DW-8
and paclitaxel, compared to the negative control, suggesting the induction of caspases-
dependent apoptosis by DW-8 (Figure 3A,C). DW-8 produced a concentration-dependent
increase in the levels of cleaved PARP compared to the negative control. The expression
of cleaved PARP was significantly greater in lysates of SW620 incubated with 0.5 µM of
paclitaxel, compared to the negative control (Figure 3B,C).
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Figure 3. The induction of apoptosis in SW620 cells by DW-8. Figure (A,B) showing the western blots for the proteins
involved in the intrinsic apoptotic pathway caspase-3, caspase-7, caspase-9, cleaved caspase-3, cleaved caspase-7, cleaved
caspase caspase-9, Bcl2, BAK, BAX, PARP, cleaved PARP, and cytochrome c from lysates of SW620 cells incubated overnight
with the vehicle (Control), 10 and 30 µM of DW-8 and 0.5 µM of paclitaxel (a positive control). Each protein in the blot was
normalized to β-actin level. (C) A histogram summarizing the proteins quantified from the western blots using Image J.
The data represent means ± SD of two independent experiments with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
Clvd, Casp, PTX are abbreviations used for cleaved caspase, and paclitaxel, respectively.
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2.5. Nuclear Morphology and Reactive Oxygen Species (ROS) Assay

Nuclear morphological changes in SW620 cells were visualized after incubating cells
with the nuclear staining dye, 4′, 6-diamidino-2-phenylindole dichloride (DAPI), followed
by fluorescence microscopy. DAPI can enter living cells and stain the nucleus by binding
strongly to adenine-thymine-rich regions of DNA, producing a blue fluorescence [26]. The
nuclei of SW620 cells incubated with the vehicle (0 µM DW-8) were intact and circular
in shape, whereas the nuclei of the SW620 cells incubated with 10 and 30 µM of DW-8
were condensed and fragmented (Figure 4A). These results suggest that the SW620 cells
incubated with DW-8 underwent apoptosis and showed nuclear condensation, followed
by DNA fragmentation, which are the hallmark morphological changes that occur during
apoptosis [18,27].
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Figure 4. (A) The effect of the incubation of SW620 cells with the vehicle (0 µM), 10 and 30 µM of
DW-8, followed by DAPI, on cell nuclear morphology. The nuclei of the cells incubated with the
vehicle were circular and intact, whereas the nuclei of cells incubated with 10 and 30 µM of DW-8
were shrunken and fragmented. (B) The effect of vehicle (0 µM DW-8), 10 µM of DW-8 and 0.5 µM of
paclitaxel (PTX) on the fluorescence level of the compound DCFDA, due to the biotransformation of
H2DCFDA by cellular esterases. The level of green fluorescence and thus, the levels of ROS, produced
by DW-8 and paclitaxel, was significantly greater (p-value < 0.0001) than the negative control. The
data represent the means ± SD of two independent experiments.

Under reactive oxygen species (ROS) stress, the p53 enzyme system can upregu-
late apoptosis by promoting the transcription of pro-apoptotic proteins (e.g., BAX, BAK)
and downregulating the transcription of pro-survival proteins (e.g., Bcl-2, Bcl-XL, and
Mcl-1) [28]. Furthermore, p53 can increase mitochondrial membrane permeabilization,
causing the release pro-apoptotic molecules, cytochrome c, and ROS, further increasing the
likelihood of cell death [29]. Therefore, we determined the effect of DW-8 on the levels of
ROS in SW620 cells. This was done using the compound, 2, 7-dichlorodihydrofluorescein
diacetate (H2DCFDA), where the diacetate groups are hydrolyzed by esterase enzymes
after entering the cells, producing H2DCF [30]. Subsequently, the ROS present in cells
can oxidize the H2DCF into 2′7′ dichlorofluorescein (DCF), which is a highly fluorescent
dye [30]. The incubation of SW620 cells with DW-8 (10 µM) and paclitaxel (0.5 µM) pro-
duced a significantly greater level of fluorescence compared to the negative control (vehicle;
p-value < 0.0001) (Figure 4B). As previously reported [31,32], the incubation of cancer cells
with paclitaxel produces a significantly greater level of ROS compared to the negative
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control (vehicle). Overall, these results indicate that DW-8 significantly increases the level
of ROS, which could facilitate cellular apoptosis.

2.6. The Effect of DW-8 on Cell Viability Using the Incucyte™ Cytotox Green Assay

In this assay, we determined the effect of the vehicle and DW-8 on the level of flu-
orescence after incubation with the Incucyte™ Cytotox green reagent, a cyanine nucleic
acid dye that has a high affinity to DNA and is used as a marker for dead cells as it only
penetrates cells that have a disrupted or compromised cell membrane [33]. The fluores-
cence level in SW620 cells incubated with 3 µM of DW-8 for 72 h did not significantly
change, compared to the vehicle (negative control). In contrast, the level of fluorescence
was significantly increased in SW620 cells after incubation with 10 and 30 µM of DW-8 for
72 h, compared to the negative control (Figure 5).
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DW-8, compared to cells incubated with the vehicle or 3 µM of DW-8. The data represent means ± SD of three independent
experiments performed in triplicate.

3. Discussion and Conclusions

In this study, a series of 4-anilino quinazoline derivatives were evaluated for their
in vitro anti-proliferation efficacy in a breast cancer cell line, BT-20 and the colorectal
cancer cell lines, HCT116, HT29, and SW620. One compound, DW-8, had the highest anti-
cancer efficacy in the CRC cell lines, compared to other analogues in the DW series. Upon
investigating the mechanism by which DW-8 produce cytotoxicity, our results indicate that
DW-8 induced cell death by activating the intrinsic apoptotic pathway. Apoptosis is a cell
death pathway that is induced by the majority of clinically available chemotherapeutic
drugs [20,34]. Moreover, a number of new molecules investigated for anti-cancer potential
have been reported to produce cell death by inducing apoptosis [35]. Cancer progression
can result from the unregulated expression of cyclin or cyclin-dependent kinases (CDKs),
which impairs the cell cycle [36]. Therefore, cyclin and CDKs inhibitor can be useful in
the management of cancer [36]. Our results indicated cell cycle arrest in the G2 phase in
SW620 cells incubated with DW-8. It would be interesting to further investigate the role of
DW-8 in the inhibition of cyclin and CDKs. The morphological studies indicated that DW-8
produced cell shrinkage and nuclear condensation, followed by nuclear fragmentation.
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Furthermore, DAPI staining indicated the presence of condensed nuclei and fragments of
nuclei in SW620 cells incubated with DW-8. These morphological changes, such as nuclear
condensation, cell shrinkage, blebbling and apoptotic bodies formation, are hallmark
morphological changes in apoptosis [18]. The ROS level in DW-8-incubated cells was
significantly increased compared to the negative control. ROS are involved in the release of
cytochrome c from mitochondria into the cytoplasm where it can activate certain caspases
and induce apoptosis [37]. Here, our results indicated an increase in ROS levels, followed
by an increase in cytochrome c expression in SW620 cells incubated with DW-8, compared
to the negative control. Overall, our results suggest that DW-8 could be a suitable lead for
developing novel compounds to treat CRC.

In addition to CRC, DW-8 efficacy should be evaluated in in other cancer cell lines.
Further studies should be conducted to ascertain if DW-8 inhibits cancer cell proliferation
by other mechanisms, such as inhibiting certain protein kinases.

4. Material and Methods
4.1. Chemistry

The procedure for the synthesis and the analytical data for the compounds (DW-1 to
DW-10) is reported elsewhere [17].

4.2. Biological Studies
4.2.1. Reagents

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from GE Healthcare
Life Sciences, HyClone Laboratories (Logan, UT, USA). The 0.25% trypsin 2.2 mM EDTA
lysis buffer was purchased from Corning Life Sciences (VWR International, LLC, Radnor,
PA, USA). The 0.25% trypsin and 2.2 mM EDTA lysis buffer were purchased from Corning
Life Sciences (VWR International, LLC, Radnor, PA, USA). The phosphate buffer saline
(PBS) was purchased from Media Tech, Inc. (Manassas, VA, USA). The Fluoroshield mount-
ing medium, with 6-diamidino-2-phenylindoledihydrochloride (DAPI), was purchased
from Abcam (Cambridge, MA, USA). The mitochondrial membrane potential apoptosis kit,
with Mitotracker™ Red Annexin V Alexa Fluor® 488, was purchased from Thermo Fisher
Scientific (Richard St, Wayne, MI, USA. Dimethylthiazol-2-yl-2, 5-diphenyltetrazolium
bromide (MTT) was purchased from Calbiochem EMD Millipore (Billerica, MA, USA).
Propidium iodide (PI) was purchased from Life Technologies (Eugene, Oregon, USA).
2′,7′-Dichlorofluorescin diacetate powder was purchased from Sigma Aldrich (St. Louis,
MO, USA 63146).

4.2.2. Cell Culture

The human breast cancer cell line, BT-20 and the colorectal cancer cell lines, HCT116,
SW620, and HT29, were a kind gift from the late Dr. Gary Kruh (University of Illinois
at Chicago, Chicago, IL, USA). The cells were grown in a culture flask as an adherent
monolayer in a culture media containing DMEM, supplemented with 4.5 g of glucose, 10%
fetal bovine serum (FBS), and 1% penicillin/streptomycin), in an incubator, at 37 ◦C with
5% CO2 and relative humidity of 95%.

4.2.3. MTT Assay

The MTT assay was performed as previously described [38]. Briefly, the cells were
seeded in 96-well plates at a density of 3000 cells/well. The cells were incubated for 24 h
prior to incubation with the test compounds. The cells were incubated 72 h with either
vehicle (DMEM media supplemented with 10% FBS and 1% penicillin and streptomycin;
negative control) or the test compound (1–100 µM). Concentrations of 1, 10, or 100 µM were
evaluated in the preliminary screening of the compounds in BT-20 and HCT116 cells. The
CRC cell lines, HCT116, HT29 and SW620, were incubated with 1, 2, 4, 8, 16, 50, or 100 µM
of DW-8 for 72 h. Following incubation with the test compounds, 20 µL of a 4 mg/mL
solution of the MTT reagent was added to each well and the cells were incubated for 3 h at



Molecules 2021, 26, 4417 10 of 13

37 ◦C. The media was aspirated and the formed formazan crystals were dissolved in 150 µL
of DMSO. The wells in the plate were analyzed using a BioTek™ Synergy™ H1Multi-Mode
Reader (Winooski, VT, USA) at a wavelength of 570 nm.

4.2.4. Cell Cycle Analysis

The cell cycle analysis was conducted using flow cytometry with propidium iodide
(PI) staining to determine the distribution of the cells in the phases of the cell cycle, as
previously described [39]. Briefly, SW620 cells were seeded in a 6-well plate at a density
of 250,000 cells/well. After incubation overnight, the cells were incubated with vehicle, 1,
or 30 µM of DW-8 for 24 h. Subsequently, the cells were trypsinized with 0.05% trypsin
and 2.21 mM EDTA, washed once with phosphate buffer, and re-suspended in 1 mL of
ice-cold PBS. The DNA of the cells was stained with 100 µL of the 50 µg/mL PI stock
solution and incubated on ice for at least 15 min. The distribution of the cells in the cell
cycle phases (SubG1, G1, S, G2) was determined using a BD FACS Canto™ flow cytometer
(BD Biosciences, Becton-Dickinson, San Jose, CA, USA). Finally, the data were analyzed
using FCS Express 7 cytometry (De Novo software, Pasadena, CA, USA).

4.2.5. Detection of Reactive Oxygen Species (ROS)

SW620 cells were seeded in a 6-well plate at a density of 200,000 cells/well and
incubated overnight. The next day, the cells were incubated either in a vehicle or DW-8
(10 µM) or paclitaxel (0.5 µM; positive control) for 24 h. Subsequently, the cells were
incubated with 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) (3 µM) for 30 min. The
cells were washed three times with PBS. Finally, the level of ROS was determined based
on the fluorescence level of the oxidized DCFDA dye with a green channel, using BioTek
Citation 7™ at 20×magnification.

4.2.6. Nuclear Staining

SW620 cells were seeded at a density of 200,000 cells per well in 6-well plates with mi-
croscopic cover slips and incubated overnight. The following day, the cells were incubated
with vehicle or 10 and 30 µM of DW-8. After 24 h of incubation, the cells were fixed using
4% paraformaldehyde (1 mL/well) for 15 min. The cells were washed gently with PBS. The
microscopic cover slips were taken out and mounted in glass slides with the cells facing to-
wards the glass slide and placed in one drop of 4′,6-diamidino-2phenylindol (DAPI) (1 µM).
The edges of the cover slip were secured using nail paint. The fluorescence of the stained
nuclei was imaged using the blue channel (for DAPI, the absorption maximum was 358
nm, and the emission maximum was 461 nm) in BioTek Citation 7™ at 20×magnification.

4.2.7. Determination of the Mitochondrial Membrane Potential and the Detection of
Apoptosis

The effect of DW-8 on mitochondrial membrane potential and apoptosis was deter-
mined using MitoTracker® Red and Alexa Fluor 488 annexin V kits (Molecular Probes
Inc., Eugene, OR, USA), respectively, using flow cytometry, as previously described [40].
SW620 cells were seeded in 6-well plates at a density of 300,000 cells/well and incubated
with the vehicle, 10 or 30 µM of DW-8 for 24 h. The cells were detached using the Try-
pLE reagent (Thermofisher Scientific, Waltham, MA, USA) and collected in 15 mL tubes.
Subsequently, 4 µL of the MitoTracker® Red working solution (10 µM) was added to 1
mL of the media with the harvested cells and incubated for 30 min at 37 ◦C with 5% CO2.
The cells were washed once with ice-cold phosphate-buffered saline (PBS) to remove the
excess MitoTracker® Red. Annexin was added in two steps. First, cells were re-suspended
in 100 µL of 1× annexin-binding buffer and 5 µL of Alexa Fluor® 488 Annexin V was
added, followed by incubation at room temperature for 15 min. Second, 400 µL of 1× of
the Annexin binding buffer was added to the suspended cells, followed by gentle mixing
and the cells were placed on ice. The cells were immediately analyzed by flow cytometry
to detect the fluorescence excitation/emission maximum (Alexa Fluor® 488 Annexin V:
499/521 nm; MitoTracker® Red: 579/599 nm) using a flow cytometer (BD FACS Canto™
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from BD Biosciences, (Becton-Dickinson, San Jose, CA, USA). These data were analyzed
using FCS Express 7 Cytometry (De Novo software, Pasadena, CA, USA).

4.2.8. Determination of Cell Viability Using the IncuCyte™ Cytotox Green Assay

The IncuCyte™ Cytotox Green assay was used to detect non-viable cells as previously
described [33]. SW620 cells were seeded at a density of 1000 cell/well in 96-well plates.
After 24 h of incubation, the cells were incubated with the vehicle or DW-8 (3, 10, or 30 µM),
followed by the addition of 0.25 µM of the Cytotox Green reagent. The cells were incubated
in the IncuCyte Zoom live cell imaging apparatus and the green fluorescence was recorded
at various time points for up to for 72 h. The IncuCyte® integrated analysis software was
used to analyze the results (IncuCyte ZOOM version 2016A, Essen BioScience, Ann Arbor,
MI 48108, USA)

4.2.9. Western Blot

Western blot assays were used to identify the important molecular markers of apopto-
sis as previously described [40]. Briefly, SW620 cells incubated with DW-8 (10 µM, 30 µM
for 24 h), the negative control (0 µM) and PTX (0.5 µM), were lysed using lysis buffer,
M-PER™ (ThermoFisher, Rockford, IL, USA), along with a protease inhibitor cocktail con-
taining Aprotinin, Destatin, E-64, Leupeptin, and Pepstatin A (Sigma-Aldrich Life Science,
St. Louis, MO, USA). The protein concentration of the cell lysates was quantified using
the bicinchoninic acid (BCA) assay (G-Biosciences, St. Louis, MO, USA) [41]. The lysates
were loaded onto a polyacrylamide gel for electrophoretic separation. The proteins were
transferred from the gel to a polyvinylidene difluoride (PVDF) membrane. The membranes
were blocked using 5% milk in Tris-buffer saline Tween 20 (TBST) for 1 h and incubated
with primary antibodies (1:1000) at 4 ◦C with gentle shaking overnight. The membrane was
washed with TBST and incubated with horseradish peroxidase labeled (HRP) secondary an-
tibodies (1:4000) for 1 h. Subsequently, the membranes were washed and developed using
enhanced chemiluminescent (ECl) substrates, SuperSignal™ Pico/Femto (ThermoFisher,
Rockford, IL, USA). ImageJ software was used for the quantification of blots. Protein was
normalized with beta-actin.

4.2.10. Statistical Analysis

GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) was used in the statis-
tical analysis of the data. The IC50 values obtained from the MTT assay were analyzed using
the unpaired t-test with Welch’s correction. Data from the MitoTracker® Red and Alexa
Fluor 488 Annexin V assay, cell cycle, and western blot quantification were analyzed using
two-way ANOVA, followed by Bonferroni’s post-hoc analysis. The green fluorescence of
the ROS assay was analyzed using the unpaired t-test with Welch’s correction.

Author Contributions: Conceptualization, A.K.T., C.K., and R.N.; methodology, R.N., S.B., D.K.W.,
S.K., S.M., and M.S.A.-D.; software, R.N., S.M., D.K.W., and S.K.; validation, S.K., S.B., and M.S.A.-D.;
formal analysis, S.M., N.S.H.N.M., and S.K.; investigation, R.N., S.M., S.B., and D.K.W.; resources,
P.T. and C.K..; data curation, R.N., S.M., D.K.W., and C.K..; writing—original draft preparation, R.N.,
S.M., A.K.T., and C.K.; writing—review and editing, C.R.A.J., S.K., and C.K.; visualization, A.K.T.;
supervision, A.K.T., P.T., and N.S.H.N.M.; project administration, P.T. and A.K.T.; funding acquisition,
A.K.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was not funded by an external source. This study was supported, in part, by
the University of Toledo startup funds (F110760 to A.K.T.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This study was supported, in part, by the University of Toledo startup funds
(F110760 to A.K.T.) and Cancer Cure Funds at the University of Toledo, Ohio (A.K.T.).



Molecules 2021, 26, 4417 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors upon request.

References
1. Globocan. All Cancers Fact Sheets. 2020. Available online: https://gco.iarc.fr/today/data/factsheets/cancers/39-All-cancers-

fact-sheet.pdf (accessed on 21 January 2021).
2. Lee, S.-Y.; Oh, S.C. Advances of Targeted Therapy in Treatment of Unresectable Metastatic Colorectal Cancer. BioMed Res. Int.

2016, 2016, 7590245. [CrossRef]
3. Chemotherapy of metastatic colorectal cancer: Fluorouracil plus folinic acid and irinotecan or oxaliplatin. Prescrire Int. 2005, 14,

230–233.
4. Van der Jeught, K.; Xu, H.-C.; Li, Y.-J.; Lu, X.-B.; Ji, G. Drug resistance and new therapies in colorectal cancer. World J. Gastroenterol.

2018, 24, 3834–3848. [CrossRef] [PubMed]
5. Shagufta, S.; Ahmad, I. An insight into the therapeutic potential of quinazoline derivatives as anticancer agents. MedChemComm

2017, 8, 871–885. [CrossRef]
6. Ravez, S.; Castillo-Aguilera, O.; Depreux, P.; Goossens, L. Quinazoline derivatives as anticancer drugs: A patent review

(2011–present). Expert Opin. Ther. Pat. 2015, 25, 789–804. [CrossRef]
7. Mehta, D.K.; Dhanawat, M. Bestowal of Quinazoline Scaffold in Anticancer Drug Discovery. Anti-Cancer Agents Med. Chem. 2021,

21, 1350–1368. [CrossRef]
8. Bansal, R.; Malhotra, A. Therapeutic progression of quinazolines as targeted chemotherapeutic agents. Eur. J. Med. Chem. 2021,

211, 113016. [CrossRef] [PubMed]
9. Roskoski, R., Jr. The ErbB/HER receptor protein-tyrosine kinases and cancer. Biochem. Biophys. Res. Commun. 2004, 319, 1–11.

[CrossRef]
10. Fry, D.W. Mechanism of action of erbB tyrosine kinase inhibitors. EGF Recept. Fam. 2003, 137–145. [CrossRef]
11. Wu, P.; Nielsen, T.E.; Clausen, M.H. FDA-approved small-molecule kinase inhibitors. Trends Pharmacol. Sci. 2015, 36, 422–439.

[CrossRef]
12. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
13. Adams, J.M.; Cory, S. Bcl-2-regulated apoptosis: Mechanism and therapeutic potential. Curr. Opin. Immunol. 2007, 19, 488–496.

[CrossRef] [PubMed]
14. Leibowitz, B.; Yu, J. Mitochondrial signaling in cell death via the Bcl-2 family. Cancer Biol. Ther. 2010, 9, 417–422. [CrossRef]

[PubMed]
15. Lakhani, S.; Masud, A.; Kuida, K.; Porter, G.A., Jr.; Booth, C.J.; Mehal, W.Z.; Inayat, I.; Flavell, R.A. Caspases 3 and 7: Key

Mediators of Mitochondrial Events of Apoptosis. Science 2006, 311, 847–851. [CrossRef]
16. Yakovlev, A.G.; Wang, G.; Stoica, B.; Boulares, H.A.; Spoonde, A.Y.; Yoshihara, K.; Smulson, M.E. A Role of the Ca2+/Mg2+-

dependent Endonuclease in Apoptosis and Its Inhibition by Poly(ADP-ribose) Polymerase. J. Biol. Chem. 2000, 275, 21302–21308.
[CrossRef]

17. Waiker, D.K.; Karthikeyan, C.; Poongavanam, V.; Kongsted, J.; Lozach, O.; Meijer, L.; Trivedi, P. Synthesis, biological evaluation
and molecular modelling studies of 4-anilinoquinazoline derivatives as protein kinase inhibitors. Bioorg. Med. Chem. 2014, 22,
1909–1915. [CrossRef]

18. Häcker, G. The morphology of apoptosis. Cell Tissue Res. 2000, 301, 5–17. [CrossRef] [PubMed]
19. Chen, Q.; Kang, J.; Fu, C. The independence of and associations among apoptosis, autophagy, and necrosis. Signal. Transduct.

Target. Ther. 2018, 3, 18. [CrossRef] [PubMed]
20. Ricci, M.S.; Zong, W. Chemotherapeutic Approaches for Targeting Cell Death Pathways. Oncologist 2006, 11, 342–357. [CrossRef]

[PubMed]
21. Stewart, Z.A.; Westfall, M.D.; A Pietenpol, J. Cell-cycle dysregulation and anticancer therapy. Trends Pharmacol. Sci. 2003, 24,

139–145. [CrossRef]
22. Vermes, I.; Haanen, C.; Steffens-Nakken, H.; Reutelingsperger, C. A novel assay for apoptosis flow cytometric detection of

phosphatidylserine expression on early apoptotic cells using fluorescein labelled annexin V. J. Immunol. Methods 1995, 184, 39–51.
[CrossRef]

23. Koopman, G.; Reutelingsperger, C.P.; Kuijten, G.A.; Keehnen, R.M.; Pals, S.T.; van Oers, M.H. Annexin V for flow cytometric
detection of phosphatidylserine expression on B cells undergoing apoptosis. Blood 1994, 84, 1415–1420. [CrossRef]

24. Zhang, G.; Gurtu, V.; Kain, S.R.; Yan, G. Early Detection of Apoptosis Using a Fluorescent Conjugate of Annexin V. Biotechiques
1997, 23, 525–531. [CrossRef] [PubMed]

25. Kholmukhamedov, A.; Schwartz, J.M.; Lemasters, J.J. Mitotracker probes and mitochondrial membrane potential. Shock 2013, 39,
543. [CrossRef] [PubMed]

26. Larsen, T.A.; Goodsell, D.S.; Cascio, D.; Grzeskowiak, K.; Dickerson, R.E. The Structure of DAPI Bound to DNA. J. Biomol. Struct.
Dyn. 1989, 7, 477–491. [CrossRef] [PubMed]

27. Axel, D.I.; Kunert, W.; Göggelmann, C.; Oberhoff, M.; Herdeg, C.; Küttner, A.; Wild, D.H.; Brehm, B.R.; Riessen, R.; Köveker, G.;
et al. Paclitaxel Inhibits Arterial Smooth Muscle Cell Proliferation and Migration In Vitro and In Vivo Using Local Drug Delivery.
Circulation 1997, 96, 636–645. [CrossRef]

https://gco.iarc.fr/today/data/factsheets/cancers/39-All-cancers-fact-sheet.pdf
https://gco.iarc.fr/today/data/factsheets/cancers/39-All-cancers-fact-sheet.pdf
http://doi.org/10.1155/2016/7590245
http://doi.org/10.3748/wjg.v24.i34.3834
http://www.ncbi.nlm.nih.gov/pubmed/30228778
http://doi.org/10.1039/C7MD00097A
http://doi.org/10.1517/13543776.2015.1039512
http://doi.org/10.2174/1871520620666200627205321
http://doi.org/10.1016/j.ejmech.2020.113016
http://www.ncbi.nlm.nih.gov/pubmed/33243532
http://doi.org/10.1016/j.bbrc.2004.04.150
http://doi.org/10.1016/b978-012160281-9/50012-8
http://doi.org/10.1016/j.tips.2015.04.005
http://doi.org/10.1080/01926230701320337
http://doi.org/10.1016/j.coi.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17629468
http://doi.org/10.4161/cbt.9.6.11392
http://www.ncbi.nlm.nih.gov/pubmed/20190564
http://doi.org/10.1126/science.1115035
http://doi.org/10.1074/jbc.M001087200
http://doi.org/10.1016/j.bmc.2014.01.044
http://doi.org/10.1007/s004410000193
http://www.ncbi.nlm.nih.gov/pubmed/10928277
http://doi.org/10.1038/s41392-018-0018-5
http://www.ncbi.nlm.nih.gov/pubmed/29967689
http://doi.org/10.1634/theoncologist.11-4-342
http://www.ncbi.nlm.nih.gov/pubmed/16614230
http://doi.org/10.1016/S0165-6147(03)00026-9
http://doi.org/10.1016/0022-1759(95)00072-I
http://doi.org/10.1182/blood.V84.5.1415.bloodjournal8451415
http://doi.org/10.2144/97233pf01
http://www.ncbi.nlm.nih.gov/pubmed/9298227
http://doi.org/10.1097/SHK.0b013e318292300d
http://www.ncbi.nlm.nih.gov/pubmed/23680774
http://doi.org/10.1080/07391102.1989.10508505
http://www.ncbi.nlm.nih.gov/pubmed/2627296
http://doi.org/10.1161/01.CIR.96.2.636


Molecules 2021, 26, 4417 13 of 13

28. Yoshida, K.; Miki, Y. The cell death machinery governed by the p53 tumor suppressor in response to DNA damage. Cancer Sci.
2010, 101, 831–835. [CrossRef] [PubMed]

29. Dashzeveg, N.; Yoshida, K. Cell death decision by p53 via control of the mitochondrial membrane. Cancer Lett. 2015, 367, 108–112.
[CrossRef] [PubMed]

30. Wu, D.; Yotnda, P. Production and detection of reactive oxygen species (ROS) in cancers. J. Vis. Exp. 2011, 57, 3357. [CrossRef]
[PubMed]

31. Alexandre, J.; Batteux, F.; Nicco, C.; Chéreau, C.; Laurent, A.; Guillevin, L.; Weill, B.; Goldwasser, F. Accumulation of hydrogen
peroxide is an early and crucial step for paclitaxel-induced cancer cell death both in vitro andin vivo. Int. J. Cancer 2006, 119,
41–48. [CrossRef]

32. Xu, Y.; Xin, Y.; Diao, Y.; Lu, C.; Fu, J.; Luo, L.; Yin, Z. Synergistic Effects of Apigenin and Paclitaxel on Apoptosis of Cancer Cells.
PLoS ONE 2011, 6, e29169. [CrossRef]

33. Amawi, H.; Hussein, N.A.; Ashby, C.R.J.; Alnafisah, R.; Sanglard, L.M.; Manivannan, E.; Karthikeyan, C.; Trivedi, P.; Eisenmann,
K.M.; Robey, R.; et al. Bax/Tubulin/Epithelial-Mesenchymal Pathways Determine the Efficacy of Silybin Analog HM015k in
Colorectal Cancer Cell Growth and Metastasis. Front. Pharmacol. 2018, 9, 520. [CrossRef] [PubMed]

34. Balaji, S.; Terrero, D.; Tiwari, A.K.; Ashby, C.R.; Raman, D. Alternative approaches to overcome chemoresistance to apoptosis in
cancer. DNA Repair 2021, 126, 91–122. [CrossRef]

35. Kamal, A.; Faazil, S.; Malik, M.S. Apoptosis-inducing agents: A patent review (2010–2013). Expert Opin. Ther. Pat. 2014, 24,
339–354. [CrossRef] [PubMed]

36. Bai, J.; Li, Y.; Zhang, G. Cell cycle regulation and anticancer drug discovery. Cancer Biol. Med. 2017, 14, 348. [PubMed]
37. Simon, H.-U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in apoptosis induction. Apoptosis 2000, 5,

415–418. [CrossRef]
38. Tukaramrao, D.; Malla, S.; Saraiya, S.; Hanely, R.; Ray, A.; Kumari, S.; Raman, D.; Tiwari, A. A Novel Thienopyrimidine Analog,

TPH104, Mediates Immunogenic Cell Death in Triple-Negative Breast Cancer Cells. Cancers 2021, 13, 1954. [CrossRef]
39. Amawi, H.; Karthikeyan, C.; Pathak, R.; Hussein, N.; Christman, R.; Robey, R.; Ashby, C.R.; Trivedi, P.; Malhotra, A.; Tiwari, A.K.

Thienopyrimidine derivatives exert their anticancer efficacy via apoptosis induction, oxidative stress and mitotic catastrophe. Eur.
J. Med. Chem. 2017, 138, 1053–1065. [CrossRef]

40. Al-Oudat, B.A.; Ramapuram, H.; Malla, S.; Audat, S.A.; Hussein, N.; Len, J.M.; Kumari, S.; Bedi, M.F.; Ashby, J.C.R.; Tiwari, A.K.
Novel Chrysin-De-Allyl PAC-1 Hybrid Analogues as Anticancer Compounds: Design, Synthesis, and Biological Evaluation.
Molecules 2020, 25, 3063. [CrossRef] [PubMed]

41. Walker, J.M. The Bicinchoninic Acid (BCA) Assay for Protein Quantitation. Methods Mol. Biol. 2009, 11–15. [CrossRef]

http://doi.org/10.1111/j.1349-7006.2009.01488.x
http://www.ncbi.nlm.nih.gov/pubmed/20132225
http://doi.org/10.1016/j.canlet.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26231733
http://doi.org/10.3791/3357
http://www.ncbi.nlm.nih.gov/pubmed/22127014
http://doi.org/10.1002/ijc.21685
http://doi.org/10.1371/journal.pone.0029169
http://doi.org/10.3389/fphar.2018.00520
http://www.ncbi.nlm.nih.gov/pubmed/29875662
http://doi.org/10.1016/bs.apcsb.2021.01.005
http://doi.org/10.1517/13543776.2014.877445
http://www.ncbi.nlm.nih.gov/pubmed/24405450
http://www.ncbi.nlm.nih.gov/pubmed/29372101
http://doi.org/10.1023/A:1009616228304
http://doi.org/10.3390/cancers13081954
http://doi.org/10.1016/j.ejmech.2017.07.028
http://doi.org/10.3390/molecules25133063
http://www.ncbi.nlm.nih.gov/pubmed/32635530
http://doi.org/10.1007/978-1-59745-198-7_3

	Introduction 
	Results 
	Chemistry 
	3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide-Based Cytotoxicity Assay and Morphological Changes Induced by DW-8 in SW620 Cells 
	The Effect DW-8 on the Cell Cycle and Mitochondrial Membrane Potential of SW620 Cells 
	DW-8 Increases the Induction of Apoptosis by Activating the Intrinsic Apoptotic Pathway 
	Nuclear Morphology and Reactive Oxygen Species (ROS) Assay 
	The Effect of DW-8 on Cell Viability Using the Incucyte™ Cytotox Green Assay 

	Discussion and Conclusions 
	Material and Methods 
	Chemistry 
	Biological Studies 
	Reagents 
	Cell Culture 
	MTT Assay 
	Cell Cycle Analysis 
	Detection of Reactive Oxygen Species (ROS) 
	Nuclear Staining 
	Determination of the Mitochondrial Membrane Potential and the Detection of Apoptosis 
	Determination of Cell Viability Using the IncuCyte™ Cytotox Green Assay 
	Western Blot 
	Statistical Analysis 


	References

