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Abstract: Chemotherapy has been a standard intervention for a variety of cancers to impede tumor
growth, mainly by inducing apoptosis. However, development of resistance to this regimen has led
to a growing interest and demand for drugs targeting alternative cell death modes, such as parap-
tosis. Here, we designed and synthesized a novel derivative of a pyrazolo[3,4-h]quinoline scaffold
(YRL1091), evaluated its cytotoxic effect, and elucidated the underlying molecular mechanisms of
cell death in MDA-MB-231 and MCF-7 breast cancer (BC) cells. We found that YRL1091 induced
cytotoxicity in these cells with numerous cytoplasmic vacuoles, one of the distinct characteristics of
paraptosis. YRL1091-treated BC cells displayed several other distinguishing features of paraptosis,
excluding autophagy or apoptosis. Briefly, YRL1091-induced cell death was associated with upregu-
lation of microtubule-associated protein 1 light chain 3B, downregulation of multifunctional adapter
protein Alix, and activation of extracellular signal-regulated kinase 1/2 and c-Jun N-terminal kinase.
Furthermore, the production of reactive oxygen species (ROS) and newly synthesized proteins were
also observed, subsequently causing ubiquitinated protein accumulation and endoplasmic reticulum
(ER) stress. Collectively, these results indicate that YRL1091 induces paraptosis in BC cells through
ROS generation and ER stress. Therefore, YRL1091 can serve as a potential candidate for the develop-
ment of a novel anticancer drug triggering paraptosis, which may provide benefit for the treatment
of cancers resistant to conventional chemotherapy.

Keywords: paraptosis; pyrazolo[3,4-h]quinoline scaffold; breast cancer cells; drug resistance;
cytoplasmic vacuolization; reactive oxygen species; endoplasmic reticulum stress

1. Introduction

According to the International Agency for Research on Cancer (https://gco.iarc.fr,
accessed on 1 September 2021), breast cancer (BC) has overtaken lung cancer as the most
frequently diagnosed cancer globally as of 2020, accounting for approximately 12% of all
new cases [1]. The mortality of BC ranks first in women worldwide and is responsible
for about 16% of cancer deaths [1]. BC is a heterogeneous disease comprising distinct
subtypes with different responses and clinical outcomes [2]. Moreover, despite recent
advances in early detection and treatment, acquired resistance to chemotherapy often leads
to therapeutic failures in BC [3]. Therefore, there is a constant need for the discovery of
novel potential anticancer agents that can address the challenges of heterogeneity and
resistance in BC.

Most chemotherapy conventionally used in a standard anticancer regimen suppresses
tumor growth mainly through induction of apoptosis. However, many cancer cells, proba-
bly due to their ever-evolving nature, acquire the capability to circumvent apoptotic cell
death and develop resistance to conventional chemotherapy. Hence, there has been a
growing interest in and demand for the discovery of drugs targeting alternative cell death
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modes other than apoptosis. Paraptosis is recently described as a form of programmed
cell death (PCD), characterized by features distinct from apoptotic or autophagic cell
death [4]. The hallmark of paraptosis is the formation of extensive cellular vacuoliza-
tion, which is generated from either endoplasmic reticulum (ER) stress or mitochondria
swelling [5]. Common molecular changes associated with paraptosis include upregulation
of microtubule-associated protein 1 light chain 3B (LC3B), activation of mitogen-activated
protein kinase family members (MAPKs), including extracellular signal-regulated kinase
1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38 MAPK, and downregulation of
multifunctional adapter protein Alix [6,7]. It is also shown to require new protein synthe-
sis or reactive oxygen species (ROS) [6,7]. With biochemical characteristics distinct from
apoptosis, paraptotic cell death may be targeted by novel candidates, providing a rational
therapeutic strategy for the treatment of cancers resistant to conventional chemotherapy.
Several natural compounds, such as curcumin [8], celastrol [9], and withaferin A, [10] have
been reported to induce paraptosis in BC cells. In addition, synthetic derivatives, such as
pyrazinoylguanidine compounds [11] and copper and zinc 2-(pyridin-2-yl)imidazo[1,2-
a]pyridine complexes [12], are demonstrated to induce paraptosis in BC cells.

Pyrazoloquinolines are becoming an attractive scaffold in medicinal chemistry owing
to their remarkable biological activities, such as anticancer, anti-anxiety, antibacterial and an-
tiviral [13]. For instance, pyrazolo[3,4-h]quinolines and pyrazolo[4,3-f ]quinolines [14,15] act
as promising photosensitizing agents and haspin kinase inhibitors in the treatment of cancer,
respectively. In addition, the chromene moiety is an important structural element in a vari-
ety of natural and synthetic pharmacologically active compounds [16,17]. In this context,
we have designed and synthesized angularly fused heterocyclic compounds as part of our
continuing efforts to develop potential anticancer agents with heterocyclic scaffolds [18–20].
Among the synthesized compounds, 12-methyl-8,12-dihydrobenzo[5,6]chromeno[4,3-b]pyra
zolo[3,4-h]quinoline (YRL1091) was found to exhibit cytotoxicity with extensive cytoplas-
mic vacuolization, a typical feature of paraptosis, in BC cells. This observation prompted
us to investigate the molecular mechanisms of cell death underlying the cytotoxic effect of
this compound.

In this study, considering the heterogeneity of BC, we employed two different types of
human BC cell lines, MDA-MB-231 and MCF-7 cells. Although these two cell lines share
some properties of BC, they have distinct characteristics, showing differential responses
to anticancer therapies. MDA-MB-231 cells are a triple-negative BC (TNBC) cell line,
lacking the expression of estrogen receptor, progesterone receptor, and human epidermal
growth factor receptor 2. TNBC is characterized by highly aggressive, invasive, and poorly
differentiated properties [21]. The lack of the estrogen receptor has rendered these cells
insensitive to anti-estrogen therapy [22]. By contrast, MCF-7 cells expressing both estrogen
and progesterone receptors are highly responsive to tamoxifen therapy [23]. Therefore,
these two cell lines are widely used as in vitro cellular models representing invasive human
BC with distinct characteristics. We also conducted our study using these two BC cell
lines to examine whether YRL1091 exerted any differential biological actions in these
cells. Overall, we aimed to investigate the anticancer effects of a novel pyrazoloquinoline
derivative, YRL1091, and to elucidate its underlying molecular mechanisms of cell death in
MDA-MB-231 and MCF-7 cells.

2. Materials and Methods
2.1. Synthesis of YRL1091

YRL1091 was synthesized according to the reported procedure [20]. In brief, 1.0
equivalent of 1-methyl-1H-indazol-4-amine was treated with 1.5 equivalents of 2-(prop-2-
yn-1-yloxy)-1-naphthaldehyde in the presence of CuI (10 mol%) and La(OTf)3 (10 mol%)
in dimethylformamide. The reaction mixture was heated at 173 ◦C for 2 h in a microwave
reactor to obtain YRL1091 with a purity of more than 97%. It is a yellow solid compound,
easily soluble in organic solvents like dimethyl sulfoxide (DMSO), and has a relative
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molecular mass of 338. Its structure was confirmed by nuclear magnetic resonance and is
shown in Scheme 1.

Scheme 1. Synthesis of 12-methyl-8,12-dihydrobenzo[5,6]chromeno[4,3-b]pyrazolo[3,4-h]quinoline
(YRL1091).

For all our experiments, YRL1091 was prepared in DMSO to obtain a stock solution of
10 mM.

2.2. Chemicals and Reagents

Acridine orange (AO), anti-β-actin antibody (1:2000, cat#A5316), chloroquine (CQ),
cycloheximide (CHX), 2′,7′-dichlorofluorescin diacetate (DCFH-DA), 3-methyladenine (3-
MA), N-acetyl cysteine (NAC), rapamycin (Rapa), staurosporine (STS), sulforhodamine
B (SRB), and trichloroacetic acid (TCA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Pan caspase inhibitor z-VAD-FMK (z-VAD) was bought from R&D Systems,
Inc. (Minneapolis, MN, USA). Alexa Fluor 488-conjugated anti-mouse immunoglobu-
lin G (IgG) and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) were obtained
from Thermo Scientific (Rockford, IL, USA). Dulbecco’s modified Eagle medium (DMEM)
and fetal bovine serum (FBS) were supplied from Corning, Inc. (Corning, NY, USA).
SP600125 was bought from Calbiochem (Darmstadt, Germany). U0126 and antibodies
specifically recognizing Alix (1:1000, cat#2171), ATF4 (1:1000, cat#11815), binding im-
munoglobulin protein (BiP, 1:1000, cat#3177), calnexin (1:1000, cat#2433), cleaved caspase 3
(1:1000, cat#9661), cleaved caspase 9 (1:1000, cat#9505), caspase 3 (1:1000, cat#9665), LC3B
(1:1000, cat#3868), CCAAT-enhancer-binding protein homologous protein (CHOP, 1:1000,
cat#2895), poly-ADP-ribose polymerase (PARP, 1:1000, cat#9542), p62 (1:1000, cat#5114),
non-phosphorylated ERK1/2 (1:1000, cat#4696), JNK (1:1000, cat#9252), and p38 MAPK
(1:1000, cat#9212) or phosphorylated ERK1/2 (1:1000, cat#4377), JNK(1:1000, cat#4668), and
p38 MAPK (1:1000, cat#9216), horseradish peroxidase (HRP)-conjugated rabbit (1:2000,
cat#7074) and mouse IgG (1:2000, cat#7076), and ubiquitinated proteins (1:1000, cat#3936)
were obtained from Cell Signaling Technology (Danvers, MA, USA). LC3B small interfering
RNA (siRNA) and control siRNA were provided by Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA).

2.3. Cell Culture

The human BC cell lines including MDA-MB-231 and MCF-7 cells were supplied by
the American Type Culture Collection (Manassas, VA, USA). These cells were maintained
in DMEM containing 10% FBS and 1% antibiotic–antimycotic (final concentrations of
100 U/mL penicillin and 100 µg/mL streptomycin) in a humidified incubator at 37 ◦C with
5% CO2, as previously described [24,25].

2.4. Cell Viability

Cell viability was determined by SRB assay, which is used to examine the protein
content of cells as described previously [26]. In brief, MDA-MB-231 and MCF-7 cells were
seeded at a density of 1 × 104 cells/well and 2 × 104 cells/well, respectively, in sterile
96-well plates (100 µL/well) and grown overnight to 40–50% confluence at 37 ◦C with 5%
CO2. After incubation, 100 µL of YRL1091 prepared in culture media was added to each
well to furnish the working concentrations of 1, 3, 10, 30, 100, and 300 µM. Simultaneously,
an equivalent volume of the vehicle (DMSO) was treated to the control cells. After the
desired treatment time, the cells were fixed by gentle layering of cold 50% (w/v) TCA
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(50 µL/well, to 10% final concentration). The plates were incubated at 4 ◦C for 1 h, then
washed three times with distilled water. The fixed cells were stained with 0.4% (w/v) SRB
dissolved in 1% (v/v) acetic acid (50 µL/well) for 1 h at room temperature. Excess unbound
dye was removed by washing with 1% acetic acid three times and the protein-bound dye
was extracted with 10 mM Tris base solution (pH 10.5). The absorbance was measured
at 510 nm using a microplate reader (SpectraMax M2e, Molecular Devices, Sunnyvale,
CA, USA). Cell viability was expressed as the percentage of absorbance determined for
vehicle-treated control cells.

2.5. Cell Morphology

To evaluate the changes in cell morphology, phase-contrast images were captured
using a Nikon phase-contrast microscope (Nikon Instruments, Inc., Melville, NY, USA).

2.6. Measurement of ROS

Intracellular ROS production induced by YRL1091 treatment was assessed by DCFH-
DA staining, as described previously with minor modifications [27,28]. MDA-MB-231
and MCF-7 cells were seeded into 24-well plates at a density of 1 × 105 cells/well and
1.2 × 105 cells/well, respectively, to achieve 70–80% confluence. Afterwards, the cells were
treated with various concentrations of YRL1091 in the presence or absence of NAC for 12 h.
The culture media were then replaced with phosphate-buffered saline (PBS) containing
DCFH-DA at a final concentration of 10 µM and incubated in the dark at 37 ◦C for 30 min.
After washing with PBS, the levels of intracellular ROS were quantitated based on the
fluorescence detection of dichlorofluorescein as an oxidized product of DCFH using a
microplate reader (SpectraMax M2e, Molecular Devices) with an excitation wavelength of
490 nm and emission wavelength of 520 nm. The levels of ROS production were expressed
as percentages of the vehicle-treated control cells. The fluorescent signals were visualized
using a fluorescence microscope (Nikon Instruments Inc.).

2.7. Transfection of Cells with siRNA for LC3B

MDA-MB-231 and MCF-7 cells were seeded in 60-mm culture dishes at a density of
1 × 106 cells/well and 1.2 × 106 cells/well, respectively, and incubated at 37 ◦C overnight
to 75–80% confluence. Then, siRNA control and siRNA LC3B were transfected to MDA-MB-
231 and MCF-7 cells using Lipofectamine 2000 transfection reagent (Invitrogen, Rockford,
IL, USA) following the manufacturer’s instructions and as previously reported [24]. After
6 h of transfection, media containing siRNAs were replaced with new culture media,
and cells were plated for further experiments including western blotting, SRB assay, and
visualization of cell morphology.

2.8. Western Blotting

MDA-MB-231 and MCF-7 cells were seeded at a density of 4 × 105 cells/well and
5 × 105 cells/well, respectively, into 6-well plates and incubated overnight until 70–80%
confluence. After the desired treatment, cells were washed with cold PBS and lysed with
lysis buffer on ice for 30 min, as reported previously [28]. The protein concentrations were
measured by a Bio-Rad DC protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA).

Western blotting was performed as previously reported [28,29]. Briefly, the super-
natants containing equivalent amounts of protein were boiled in loading buffer, separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to nitro-
cellulose membranes at 100 V for 90 min. The transferred membranes were blocked with
5% (w/v) non-fat dried skim milk (BD Biosciences, San Jose, CA, USA) in Tris-buffered
saline containing 0.1% (v/v) Tween 20 (TBS-T) at room temperature for 60 min and in-
cubated with primary antibodies in bovine serum albumin (MP Biomedicals, Solon, OH,
USA) at 4 ◦C overnight. After washing with TBS-T, the membranes were incubated with
HRP-conjugated secondary antibodies at room temperature for 120 min. Finally, specific
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bands were visualized with a Bio-Rad ChemiDoc XRS imaging system using enhanced
chemiluminescent reagents (Bio-Rad Laboratories).

2.9. Immunofluorescence and Lysosomal Staining

To detect LC3B and ER-bound protein calnexin, immunofluorescence staining was
conducted, as previously described [29]. Briefly, MDA-MB-231 and MCF-7 cells were
seeded on coverslips placed in the wells of 24-well plates at a density of 5 × 104 cells/well
and 6 × 104 cells/well, respectively. After YRL1091 treatment, the cells were fixed with
4% (v/v) paraformaldehyde for 15 min and permeabilized using 1% (v/v) Triton X-100 in
PBS for 5 min. Nonspecific binding was then blocked with 5% (v/v) goat serum in PBS for
30 min. All coverslips were washed gently three times between each step. Afterward, the
cells were incubated with anti-LC3B or anti-calnexin antibody at a 1:250 dilution overnight
at 4 ◦C, followed by incubation with Alexa Fluor 488-anti-rabbit IgG secondary antibody at
a 1:400 dilution in the dark at room temperature for 1 h. Coverslips with stained cells were
mounted in an antifade mounting medium with DAPI. Fluorescent signals were detected
using a Nikon confocal laser-scanning microscope (Nikon Instruments, Inc.).

To detect acidic vacuoles like lysosomes, lysosomal staining using AO was per-
formed. MDA-MB-231 and MCF-7 cells were seeded at a density of 5 × 104 cells/well and
6 × 104 cells/well, respectively, into 24-well plates, incubated overnight to reach 70–80%
confluence, and treated with YRL1091 or Rapa for 12 h. The cells were then stained with
10 µM AO in PBS for 20 min at 37 ◦C, followed by washing gently with PBS. Fluorescent
images were captured using a fluorescence microscope (Leica DM2500, Leica Microsystems
Ltd., Wetzlar, Germany).

2.10. Measurement of Apoptosis by Annexin V-FITC/PI Staining

To detect and quantify apoptotic cells, flow cytometry analysis was performed using
a Dead Cell Apoptosis Kit with annexin V and PI (Thermo Scientific), according to the
manufacturer’s instruction. In brief, MDA-MB-231 and MCF-7 cells were seeded in 6-well
plates at a density of 4 × 105 cells/well and 5 × 105 cells/well, respectively, incubated
overnight until 70–80% confluence, and treated with YRL1091 for 24 h or STS for 12 h.
Both floating and adherent cells were harvested, washed with PBS two times, and re-
suspended in annexin-binding buffer. Cells were then incubated with annexin and PI for
15 min at room temperature in the dark. Apoptotic analysis was conducted by the BD
FACSAria™ III cell analyzer (BD Biosciences, CA, USA). The percentage of apoptotic cells
was determined as the total rate of apoptotic cells in early-stage (Annexin/PI: +/−) and
late-stage (Annexin/PI: +/+).

2.11. Statistical Analyses

All data were presented as the mean ± SEM from at least three independent experi-
ments. Comparisons were tested by one-way analysis of variance (ANOVA) followed by
Tukey’s test (SigmaPlot 12.5 software, Systat Software, San Jose, CA, USA). For all tests,
p < 0.05 was considered statistically significant. IC50 values were determined by nonlinear
regression using GraphPad Prism 5 (GraphPad software, Inc., La Jolla, CA, USA).

3. Results
3.1. YRL1091 Induces Cytotoxicity and Cytoplasmic Vacuolization in BC Cells

We first examined the cytotoxic effect of YRL1091 in MDA-MB-231 and MCF-7 cells.
The cells were treated with various concentrations of YRL1091 for 24 and 48 h, and cell
viability was measured by SRB assay. YRL1091 significantly suppressed cell viability
in both concentration- and time-dependent manners in MDA-MB-231 and MCF-7 cells
(Figure 1A). Exposure of these cells to YRL1091 for 48 h yielded IC50 values of 28.9 ± 1.1
and 29.8 ± 1.0 µM, respectively. We observed the morphological changes in these cells
under a phase-contrast microscope after YRL1091 exposure. Numerous vacuoles were
observed in the cytoplasm of both MDA-MB-231 and MCF-7 cells treated with YRL1091 at
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the concentration of 30 µM for 24 h (Figure 1B). The formation of cytoplasmic vacuolization
often accompanies cell death [5]. We supposed that the cytotoxic effect of YRL1091 on
BC cells was associated with the occurrence of cytoplasmic vacuolization and further
investigated the underlying mechanisms of cell death caused by YRL1091.

Figure 1. Induction of cytotoxicity and cytoplasmic vacuolization by YRL1091 in MDA-MB-231 and
MCF-7 cells. (A) Cells were exposed to various concentrations (1–300 µM) of YRL1091 for 24 and 48 h.
Cell viability was measured by SRB assay, as described in Materials and Methods section. The cell
viability of each treated group was expressed as the percentage of that in control group and presented
as the mean ± SEM from at least three independent experiments. * p < 0.05 vs. the vehicle control.
(B) Cells were treated with 30 µM YRL1091 for 24 h, and the control cells were treated with DMSO
instead. Changes in cell morphology were visualized using a phase-contrast microscope. Scale bar:
20 µm. Magnified images of white boxes are also provided.

3.2. YRL1091-Induced Cell Vacuolization Shows the Features of Paraptosis
3.2.1. Role of LC3B in YRL1091-Induced Cytoplasmic Vacuolization and Cell Death

One of the key characteristics of paraptosis is the induction of cytoplasmic vacuoliza-
tion. Therefore, we studied whether YRL1091-triggered cell death was paraptotic. It is well
documented that LC3 protein plays a critical role in the formation of cytoplasmic vacuoles
mediating paraptotic cell death [10,30,31]. Intriguingly, out of three isoforms of MAP1 LC3,
only LC3B was shown to mediate cytoplasmic vacuolization [32]. Therefore, the levels of
LC3B in MDA-MB-231 and MCF-7 cells in the presence of YRL1091 were examined. The
cells were treated with YRL1091 at indicated concentrations (10 and 30 µM) for the indi-
cated times (3–36 h), and the expression levels of LC3B were accessed by western blotting.
The levels of LC3B expression were significantly elevated at the lowest concentration and
earliest time point and continued to increase time- and concentration-dependently in both
cell types, suggesting the involvement of LC3B in the induction of paraptosis (Figure 2A).
The immunofluorescence analysis also revealed a higher intensity of LC3B protein in the
YRL1091-treated cells than in the control-treated cells, validating the upregulation of LC3B
(Figure 2B). To confirm association between the elevated expression of LC3B and cytoplas-
mic vacuolization-related cell death by YRL1091, the cells were transfected with siRNA
targeting LC3B to knockdown the protein (Figure 2C). LC3B knockdown cells treated with
YRL1091 showed decreased vacuole formation, compared to control siRNA-transfected
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cells (Figure 2D). In addition, the depletion of LC3B significantly reversed the cytotoxic
effect of YRL1091 in MDA-MB-231 cells at 24 and 48 h (Figure 2E). Interestingly, the cy-
totoxic effect of YRL1091 was significantly reversed by LC3B knockdown in MCF-7 cells
only at 48 h (Figure 2E). These data implicate LC3B as a key regulator of YRL1091-induced
cytoplasmic vacuolization, which eventually leads to paraptosis in BC cells.

Figure 2. Role of LC3B in YRL1091-induced cytoplasmic vacuolization and cell death in MDA-MB-231
and MCF-7 cells. (A) Cells were challenged with 30 µM YRL1091 for the indicated times (left) or 24 h
at the indicated concentrations (right). The levels of LC3B expression were measured by western
blotting, as described in Materials and Methods. β-Actin was used for normalization. Each data point
was calculated as the percentage of protein level in vehicle-treated control cells. Representative bands
from at least three independent experiments were shown. (B) Cells were treated with 30 µM YRL1091
for 12 h and then stained with anti-LC3B antibody. Immunofluorescence images were obtained as
described in Materials and Methods. Scale bar: 50 µm. (C–E) Cells were transfected with either siC or
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siLC3B as indicated in Materials and Methods. (C) The levels of LC3B were analyzed by western
blotting. (D) Transfected cells were treated with YRL1091 (30 µM) for 12 h, and cell morphology was
visualized using a phase-contrast microscope. Scale bar: 20 µm. (E) Transfected cells were exposed to
YRL1091 (30 µM) for either 24 or 48 h and cell viability was measured by SRB assay. The cell viability
of each treated group was expressed as the percentage of that in control group. Data are presented as
the mean ± SEM from at least three independent experiments. * p < 0.05 vs. vehicle-treated control
cells; # p < 0.05 vs. YRL1091-treated siC cells. C, Control.

3.2.2. Role of MAPKs in YRL1091-Induced Cytoplasmic Vacuolization and Cell Death

The involvement of MAPK family members including ERK1/2, JNK, and p38 MAPK
in paraptosis has been demonstrated in a vast literature [33]. We next evaluated the effect
of YRL1091 on the activation of MAPKs in MDA-MB-231 and MCF-7 cells. The cells were
exposed to the indicated concentrations of YRL1091 for 24 h, and MAPK activation was
assessed by measuring the phosphorylated forms of ERK1/2, JNK, and p38 MAPK. The
phosphorylated ERK1/2 was significantly enhanced by YRL1091 treatment in both cell
types at 10 µM and above (Figure 3A). By contrast, YRL1091 unambiguously accentuated
the phosphorylation of JNK in MCF-7 cells but not in MDA-MB-231 cells (Figure 3B). There
were no changes in the phosphorylation of p38 MAPK in both cell types (data not shown).

Figure 3. Cont.
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Figure 3. Roles of MAPKs in YRL1091-induced vacuolated cells and cell death in MDA-MB-231 and
MCF-7 cells. (A,B) Cells were treated with YRL1091 (10 and 30 µM) for 24 h. (A) The phosphorylated
ERK1/2 and (B) JNK were determined by western blotting. β-Actin was used for normalization.
(C–E) Cells were pretreated for 2 h with ERK and JNK inhibitors (U0126 and SP600125, respectively,
at 20 µM) and then YRL1091 (30 µM) was added. (C) The levels of LC3B protein were measured after
24 h of treatment using western blotting. Each data point was calculated as the percentage of protein
level in vehicle-treated control cells. Representative blots from at least three independent experiments
were displayed. (D) Cell morphology after 12 h of treatment was visualized using a phase-contrast
microscope. Scale bar: 20 µm. (E) Cell viability at 24 or 48 h of treatment was examined by SRB assay.
The cell viability of each treated group was expressed as the percentage of that in control group.
Data are presented as the mean ± SEM from at least three independent experiments. * p < 0.05 vs.
vehicle-treated control cells; # p < 0.05 vs. YRL1091-treated cells.

We then examined the effects of specific MAPK inhibitors in YRL1091-treated BC
cells. U0126, an ERK1/2 inhibitor, remarkably reduced the elevated expressions of LC3B
(Figure 3C), as well as the numbers of vacuolated cells (Figure 3D), subsequently dimin-
ishing YRL1091-induced cell death in MDA-MB-231 and MCF-7 cells at 48 h (Figure 3E).
SP600125, a specific JNK inhibitor, did not affect the increased protein level of LC3B in
YRL1091-treated MCF-7 cells (Figure 3C); however, it reversed the occurrence of vacuolated
cells (Figure 3D) and significantly blocked YRL1091-induced cell death in MCF-7 cells at
48 h (Figure 3E). Therefore, ERK pathway positively regulates YRL1091-induced paraptotic
cell death in both MDA-MB-231 and MCF-7 cells, while JNK pathway may be involved in
the formation of cytoplasmic vacuolization and cell death in MCF-7 cells without altering
LC3B expression.

3.2.3. Effect of YRL1091 on the Expression of Alix Protein

The downregulation of AIP-1/Alix protein is also a typical feature of paraptosis that
distinguishes it from apoptosis [33]. Thus, the expression of Alix was measured by western
blotting after YRL1091 treatment for 24 h. The exposure of MDA-MB-231 and MCF-7 cells
to YRL1091 drastically decreased the level of Alix expression (Figure 4), providing further
evidence for paraptosis-mediated cell death in these cells.
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Figure 4. Effect of YRL1091 on the expression of Alix protein in MDA-MB-231 and MCF-7 cells. Cells
were treated with YRL1091 at 10 and 30 µM for 24 h. The levels of Alix were measured by western
blotting. Each data point was calculated as the percentage of protein level in vehicle-treated control
cells. Representative bands from at least three independent experiments were shown. * p < 0.05 vs.
vehicle-treated control cells.

3.2.4. Effect of YRL1091 on the Activation of Caspase 9

Although paraptosis is a caspase-independent PCD, caspase 9 activation is considered
a probable mechanism of paraptosis [7]. Therefore, we evaluated the effect of YRL1091 on
the activation of caspase 9 in both types of BC cells. There was a dramatic augmentation
of cleaved caspase 9 by YRL1091 in MDA-MB-231 cells (Figure 5). Hence, paraptosis in
YRL1091-treated MDA-MB-231 cells may require caspase 9 activation unless apoptosis is
also involved in YRL1091-induced cell death. By contrast, however, no bands corresponding
to the cleaved caspase 9 were detected in MCF-7 cells (data not shown).

Figure 5. Effect of YRL1091 on the activation of caspase 9 in MDA-MB-231 cells. Cells were treated
with YRL1091 at 10 and 30 µM for 24 h. The level of cleaved caspase 9 was measured by western
blotting. Each data point was calculated as the percentage of protein level in vehicle-treated control
cells. Representative bands from at least three independent experiments were shown. * p < 0.05 vs.
vehicle-treated control cells.

3.3. YRL1091-Mediated Cytoplasmic Vacuolization and Cell Death Show Non-Autophagic and
Non-Apoptotic Characteristics
3.3.1. Non-Autophagic Characteristics

The accumulation of autophagic vacuoles is a morphological characteristic of au-
tophagic cell death [34]. In this context, we determined whether the cytotoxic effect of
YRL1091 in BC cells was contributed by autophagy. If the key feature of the early stage
of autophagy is the occurrence of autophagosomes owing to the hydrolysis of LC3 I to
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LC3 II, lysosomal degradation with the participation of the ubiquitin-binding protein p62
is the main process in the later stage of autophagy [35]. Each stage can be differentiated
by monitoring specific autophagy markers. Thus, we tested whether YRL1091 triggered
any features associated with autophagy. Rather than a gradual decrease of p62 as in
autophagy, the expression of p62 was significantly increased by YRL1091 in time- and
concentration-dependent fashions in both types of BC cells (Figure 6A). Additionally, to
find the correlation of YRL1091-induced cell death with autophagy, if any, we interrogated
the occurrence of alterations in LC3B and p62 proteins in response to two autophagy
inhibitors having distinct mechanisms: 3-MA, an inhibitor of autophagosome formation,
and CQ, an inhibitor of fusion of autophagosomes to lysosomes. The levels of relevant
protein markers, cell morphology, and cell viability were measured after the cells were
exposed to YRL1091 in the presence or absence of 3-MA or CQ. Either 3-MA or CQ failed to
suppress the upregulated expressions of LC3B (Figure 6B) and p62 (Figure 6C) by YRL1091
treatment in BC cells, indicating that the changes in these proteins by YRL1091 did not
involve autophagy. Moreover, the cells exposed to YRL1091 continued to be vacuolated
even in the presence of the two different autophagy inhibitors (Figure 6D). The treatment
with 3-MA or CQ did not reverse the cytotoxic effect of YRL1091 (Figure 6E). Interestingly,
3-MA rather augmented the cytotoxic effect of YRL1091 in MDA-MB-231 cells, whereas no
significant change in its effect was observed in MCF-7 cells.

Figure 6. Cont.
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Figure 6. Autophagy-independent features of YRL1091-treated MDA-MB-231 and MCF-7 cells.
(A) Cells were challenged with 30 µM YRL1091 for various times (left) or 24 h at the indicated
concentrations (right). Levels of p62 were determined by western blotting. (B–E) Cells were treated
with 30 µM YRL1091 in the presence or absence of 3-MA (5 mM, pretreatment for 2 h) or CQ (50 µM,
5 h before cell lysis). Levels of (B) LC3B and (C) p62 were measured by western blotting. Each data
point was calculated as the percentage of protein level in vehicle-treated control cells. Representative
blots from at least three independent experiments were shown. (D) Vacuolated cells were observed
under a microscope. Scale bar: 20 µm. (E) Cell viability at 24 and 48 h was examined by SRB assay.
The cell viability of each treated group was expressed as the percentage of that in control group.
Data are determined as the mean ± SEM from at least three independent experiments. * p < 0.05 vs.
vehicle-treated control cells; # p < 0.05 vs. YRL1091-treated cells. (F) Cells were exposed to YRL1091
(30 µM, 12 h) or Rapa (1 µM, 6 h), and AO staining was carried out as described in the Materials and
Methods. Bright-field (BF) and fluorescent images were provided. Scale bar: 20 µm.

The vacuoles like lysosomes in autophagy are usually acidic in nature, and AO is
known to emit an orange fluorescence in the acidic medium [36]. Therefore, we used AO to
stain the acidic compartment, if any, of the cells treated with YRL1091. Fluorescence images
revealed that YRL1091-treated cells did not show any orange fluorescence, indicating no
acidic compartment in the YRL1091-treated cells (Figure 6F). Conversely, the cells chal-
lenged with Rapa, a well-known autophagy inducer, exhibited a prominent enhancement
of the orange fluorescence (Figure 6F). Based on these observations, the participation of
lysosomes in the YRL1091-induced vacuolization can be excluded. Collectively, our data
confirmed that cytoplasmic vacuolization and cell death triggered by YRL1091 were not
autophagic in nature.

3.3.2. Non-Apoptotic Characteristics

To investigate whether apoptosis was also involved in YRL1091-induced cell death
in MDA-MB-231 and MCF-7 cells, the activations of PARP and caspase 3 were assessed
as apoptotic markers in YRL1091-treated cells. STS was included as a positive control to
induce apoptosis. As illustrated in Figure 7A, cleaved forms of PARP and caspase 3 were not
detected in YRL1091-treated cells. By contrast, STS led to marked increases in the cleaved
PARP and caspase 3 (Figure 7A). To further confirm that YRL1091-induced cell death
was independent of apoptosis, annexin V/PI double-staining was performed. Using flow
cytometry, we found that YRL1091 did not significantly change the percentage of apoptotic
cells, whereas STS resulted in a dramatic increase in this parameter (Figure 7B). Furthermore,
we tested the effect of a potent caspase inhibitor z-VAD on the cytoplasmic vacuoles and
cytotoxicity induced by YRL1091. Despite the presence of z-VAD, the appearance of
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cytoplasmic vacuolization (Figure 7C) and cell death (Figure 7D) were not significantly
altered. Altogether, these results indicated that the vacuolization and cytotoxic effects of
YRL1091 in MDA-MB-231 and MCF-7 cells were not apoptotic in nature.

Figure 7. Apoptosis-independent features of YRL1091-treated MDA-MB-231 and MCF-7 cells.
(A,B) Cells were treated with 30 µM YRL1091 for 24 h or 0.1 µM STS for 12 h. (A) Levels of cleaved
PARP, PARP, cleaved caspase 3, and caspase 3 were determined by immunoblotting. (B) Annexin
V/PI double-staining was carried out to determine the percentages of apoptotic cells. Representative
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scatter plots from flow cytometry were presented. (C,D) Cells were pretreated with or without 10 µM
z-VAD for 2 h, followed by the addition of 30 µM YRL1091. (C) Cytoplasmic vacuoles were observed
after 12 h of treatment. Scale bar: 20 µm. (D) Cell viability at 24 and 48 h was assessed by SRB assay.
The cell viability of each treated group was expressed as the percentage of that in control group.
Data are presented as the mean ± SEM from at least three independent experiments. * p < 0.05 vs.
vehicle-treated control cells.

3.4. Generation of Intracellular ROS Contributes to YRL1091-Induced Cell Death and
Cytoplasmic Vacuolization

Generation of ROS in malignant cells is acknowledged to trigger signaling cascades of
cell death, including paraptosis [37,38]. We thus evaluated whether YRL1091 augmented
the ROS production in MDA-MB-231 and MCF-7 cells, using DCFH-DA as a probe. We
observed that the cells treated with YRL1091 concentration-dependently enhanced the
generation of intracellular ROS, which was further ascertained by fluorescence microscopy
(Figure 8A) in both types of BC cells. To determine the roles of ROS production in YRL1091-
induced cytoplasmic vacuolization and cell death, we pretreated the cells with NAC, a
specific ROS inhibitor. As expected, NAC markedly abolished ROS production (Figure 8B),
as well as LC3B in MDA-MB-231 and MCF-7 cells treated with YRL1091 (Figure 8C). The
formation of vacuoles by YRL1091 was also markedly impaired by NAC in both cell types
(Figure 8D). While the suppression of YRL1091-induced cell death by NAC was detectable
at 24 h in MCF-7 cells, it took 48 h in MDA-MB-231 cells (Figure 8E). NAC might have
an impact on YRL1091-suppressed cell viability, depending on the cell type. These data
suggested that the induction of cytoplasmic vacuolization and cell death by YRL1091 was
mediated by intracellular ROS generation.

Figure 8. Cont.
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Figure 8. Involvement of YRL1091-induced ROS production in cytoplasmic vacuolization and cell
death in MDA-MB-231 and MCF-7 cells. (A) Cells were challenged with YRL1091 at 10, 30, and
100 µM for 12 h. Intracellular ROS levels were quantified by DCFH-DA assay as described in Materials
and Methods. Representative fluorescence microscopic images were shown. (B) Cells were pretreated
with 10 mM NAC for 2 h, followed by exposure to 30 µM YRL1091 for 12 h. Intracellular ROS levels
were caculated as the pecentages of those mesured in vehicle-treated control cells. (C) Cells were
treated as described in (B) for 24 h and subjected to western blotting for LC3B. Each data point was
calculated as the percentage of protein level in vehicle-treated control cells. Representative blots
were presented. (D) Phase-contrast images were obtained after 12 h of treatment. Scale bar: 20 µm.
(E) Cell viability was determined by SRB assay at 24 and 48 h. The cell viability of each treated group
was expressed as the percentage of that in control group. Data are displayed as the mean ± SEM
from at least three independent experiments. * p < 0.05 vs. vehicle-treated control cells; # p < 0.05 vs.
YRL1091-treated cells.

3.5. YRL1091-Mediated Cell Death Requires Protein Synthesis

Paraptotic cell death accompanied by the production of vacuoles is known to require
new protein synthesis, which can be abrogated by CHX, a translation inhibitor [6,7]. It is
worth validating whether the protein synthesis is required for the cytoplasmic vacuolization
and cell death induced by YRL1091. Therefore, the effects of CHX on the expression of
LC3B, vacuolization, and cell viability were measured in YRL1091-treated BC cells. We
found that CHX dramatically inhibited the YRL1091-induced upregulation of LC3B and
vacuole formation in both types of BC cells (Figure 9A and 9B, respectively). The cytotoxic
effect of YRL1091 was significantly reversed by CHX in MDA-MB-231 cells at 24 h and
maintained up to 48 h, while CHX significantly reversed the cytotoxicity in MCF-7 cells at
48 h only (Figure 9C). Taken together, our findings prove that YRL1091-induced paraptotic
cell death in BC cells requires the synthesis of new proteins.
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Figure 9. Requirement of protein synthesis in YRL1091-induced cytoplasmic vacuolization and
cell death in MDA-MB-231 and MCF-7 cells. (A–C) Cells were treated with 30 µM YRL1091 in the
presence or absence of CHX (2 µM, pretreatment for 2h) for 24 h. (A) Levels of LC3B were measured
by western blotting. Each data point was calculated as the percentage of protein level in vehicle-
treated control cells. Representative bands from at least three independent experiments were shown.
(B) Phase-contrast images were captured. Scale bar: 20 µm. (C) Cell viability was determined by
SRB assay at 24 and 48 h. The cell viability of each treated group was expressed as the percentage
of that in control group. Data are presented as the mean ± SEM from at least three independent
experiments.* p < 0.05 vs. vehicle-treated control cells; # p < 0.05 vs. YRL1091-treated cells.

3.6. YRL1091-Induced Cytoplasmic Vacuoles Are Derived from ER Structure

As described above, our study determined that the induction of paraptosis by YRL1091
was linked to the generation of intracellular ROS and required the synthesis of new proteins,
which were known to cause ER stress. In addition, paraptosis displaying cytoplasmic
vacuolization has been demonstrated to arise from ER stress in most cases [6,7]. To identify
potential upstream signals mediating paraptosis, the effects of YRL1091 on ER stress
were examined in MDA-MB-231 and MCF-7 cells. As a result, YRL1091 increased the
levels of poly-ubiquitinated proteins in both types of BC cells (Figure 10A). Pretreatment
with NAC or CHX followed by YRL1091 exposure successfully blocked the ubiquitinated
protein accumulation (Figure 10B), indicating that ROS generation and protein synthesis
are involved in the protein ubiquitination. The expressions of ER stress markers, including
BiP, ATF4, and CHOP, were measured in both types of BC cells. All these proteins showed
drastic increases in YRL1091-treated BC cells (Figure 10C), suggesting the development of
ER stress by YRL1091. These marked enhancements were also suppressed by NAC or CHX
(Figure 10D), suggesting the involvement of oxidative stress and unfolded proteins in ER
stress caused by YRL1091.
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Figure 10. Induction of ER stress by YRL1091 and the origin of vacuoles in MDA-MB-231 and MCF-7
cells. (A,C) Cells were treated with YRL1091 (10 and 30 µM) for 24 h. (B,D), Cells were pretreated
with 10 mM NAC or 2 µM CHX for 2 h, and then exposed to 30 µM YRL1091 for 24 h. After the
desired treatments, immunoblotting analyses were performed using anti-poly-ubiquitinated protein
antibody (A,B) or anti-BiP, -ATF4, and -CHOP antibodies (C,D). Each data point was calculated as the
percentage of protein level in vehicle-treated control cells. Representative blots and relative levels of
the respective protein from at least three independent experiments were displayed. Data are presented
as the mean ± SEM from at least three independent experiments.* p < 0.05 vs. vehicle-treated control
cells; # p < 0.05 vs. YRL1091-treated cells. (E) Cells were treated with 30 µM YRL1091 and stained
with calnexin as described in Materials and Methods. Representative immunofluorescence images
are shown. Scale bar: 100 µm. The white arrows indicate representative cytoplasmic vacuoles.
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Finally, we investigated the morphological perturbations in the ER by staining the cells
with calnexin, an ER membrane-bound protein. Immunocytochemical analysis showed
that, while calnexin was widely distributed in the cytoplasm of control-treated cells, it
appeared to be localized at the membrane enclosing the vacuoles in YRL1091-treated cells
(Figure 10E), indicating that cytoplasmic vacuoles formed by YRL1091 were derived from
the ER structure in BC cells.

4. Discussion

In an attempt to discover potential anticancer agents with heterocyclic scaffolds, we
synthesized a novel derivative of a pyrazolo[3,4-h]quinoline scaffold (YRL1091) and evalu-
ated its potential anticancer effect in MDA-MB-231 and MCF-7 cells. YRL1091 exhibited
cytotoxicity in these BC cells, which entailed the formation of numerous cytoplasmic vac-
uoles, a typical feature of paraptosis (Figure 1). Based on this observation, we further
aimed to elucidate the molecular mechanisms of cell death mediating the anticancer effect
of this compound. We found that paraptosis was the primary mode of PCD in both types of
YRL1091-treated BC cells. This paraptotic PCD lacked apoptotic and autophagic features.
The cells did not respond to typical inhibitors of caspase 3 or autophagy. Intracellular ROS
generation and new protein synthesis were found to mediate ER stress, subsequently lead-
ing to cytoplasmic vacuolization and cell death. These findings suggest that YRL1091 may
be a promising alternative candidate for BC treatment targeting paraptosis, a non-apoptotic
form of cell death.

The formation of vacuoles often contributes to cell death, mainly due to the loss of
membrane integrity and detachment from the substratum of cells [5]. The inducers of vac-
uolization cause well-known types of caspase-independent cell death, such as paraptosis,
autophagy, methuosis, oncosis, and necrosis [5,39]. It is not easy to unambiguously and
exclusively decipher these types of PCD, especially non-apoptotic PCD; however, a few
surrogate indicators may aid to elucidate the mechanisms of cell death. We propose that the
cell death mechanism triggered by YRL1091 appears to be paraptosis, not other forms of
PCD, including autophagy and apoptosis. Firstly, vacuoles of varied sizes were observed,
occupying nearly all of the cytoplasm of cells (Figure 1B). Newly formed blebs from the
cell membrane and nuclear fragmentation were not detected, excluding the involvement of
oncosis and necrosis [40,41]. We also proved the central role of LC3B protein in the forma-
tion of cytoplasmic vacuoles by YRL1091 in BC cells, as reported previously [42]. YRL1091
upregulated the level of LC3B in time- and concentration-dependent manners (Figure 2A),
which was confirmed by immunocytochemistry (Figure 2B). LC3B depletion with siLC3B
transfection (Figure 2C) blocked the formation of extensive cytoplasmic vacuoles and cell
death caused by YRL1091 (Figure 2D,E). However, 3-MA, an inhibitor of autophagosome
formation [43], did not alter YRL1091-induced upregulation of LC3B (Figure 6B), cytoplas-
mic vacuolization (Figure 6E), and cell death (Figure 6F). In parallel with previous reports
that LC3B induction is associated with autophagy-independent mechanisms [31,44,45], our
findings demonstrate the vital role of LC3B in YRL1091-induced paraptosis.

In methuosis, LC3 is not localized in the vacuole membranes [5], so the cytotoxic
effect of YRL1091 did not involve methuosis. Furthermore, paraptotic PCD is shown to
activate insulin-like growth factor I receptor (IGF-IR), thereby regulating MAPKs, including
ERK1/2, JNK, and p38 MAPK [5]. Consistent with this previous findings, phosphorylated
ERK1/2 was significantly increased in both YRL1091-treated MDA-MB-231 and MCF-7
cells. However, phosphorylated JNK was markedly increased only in YRL1091-treated
MCF-7 cells (Figure 3A,B). Additionally, the inhibition of ERK1/2 by U0126 markedly
suppressed YRL1091-induced LC3B expression, cytoplasmic vacuolization, and cell death
in both MDA-MB-231 and MCF-7 cells (Figure 3C–E). Interestingly, the JNK inhibitor,
SP600125 did not influence the protein level of LC3B in MCF-7 cells; however, it could
suppress the cytotoxic effect and vacuolization induced by YRL1091 (Figure 3C–E). There
may be a distinct, cell type-specific mechanism underlying YRL1091-induced paraptosis in
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MCF-7 cells that is mediated by JNK without affecting LC3B. Further studies are required
to prove this possibility.

IGF-IR-mediated paraptosis is reported to be blocked by AIP-1/Alix protein, which
helps to distinguish paraptosis from apoptosis [33]. Our data revealed a reduction of
Alix protein (Figure 4), indicating the participation of paraptosis-mediated cell death by
YRL1091. The cell type-specific effect of YRL1091 is also represented in the activation of
caspase 9. Although paraptosis is a caspase-independent PCD, the activation of caspase
9 has been reported to be associated with paraptosis [46]. In our study, the cleaved form
of caspase 9 was only detected in MDA-MB-231 cells, not in MCF-7 cells (Figure 5). The
significance of this difference may require further study.

The mode of cell death mediated by YRL1091 was proved to be non-autophagic. In
addition to LC3B, p62 protein, a predictor of autophagic flux, was significantly augmented
in YRL1091-treated cells with increased concentration and exposure time (Figure 6A),
which was not affected by autophagy inhibitors (Figure 6C). Furthermore, YRL1091 caused
cell death and vacuoles even in the presence of 3-MA or CQ (Figure 6D,E). Since p62 is
thoroughly explored to be degraded at the later stage of autophagy [47], these data further
support excluding the involvement of autophagy in YRL1091-treated BC cells. More-
over, YRL1091-induced vacuoles tracked by AO staining did not contain acidic vesicular
organelles, in contrast to the vacuoles in autophagy (Figure 6F). Therefore, our results
demonstrate the correlation of paraptotic vacuoles with the accumulation of p62 and
non-acidic compartments, commensurate with previous studies on paraptosis [44,45,48].

Apoptosis is the key mechanism by which chemotherapeutic treatment kills tumor
cells. Generally, paraptosis occurs concurrently with apoptosis induction [46]. We contin-
ued to explore whether the mode of cell death triggered by YRL1091 involved apoptosis.
We found that the cytotoxic effect of YRL1091 was caspase-independent because there was
no cleavages of PARP and caspase 3 (Figure 7A). Moreover, only a minor percentage of
cells were positive for apoptosis in annexin V/PI double-staining (Figure 7B). Furthermore,
YRL1091-induced cytoplasmic vacuolization and cell death were not abrogated by a cas-
pase inhibitor (Figure 7C,D), differentiating the effect of YRL1091 from the conventional
apoptotic pathway. Collectively, our aforementioned data showed that paraptotic cell death
was the primary mode of PCD in YRL1091-treated BC cells.

It is well established that the escalated ROS production contributes to mitochondrial
dysfunction and/or ER stress, which is a prerequisite for the formation of paraptotic
vacuoles [6,7]. However, excess ROS are often quenched by increased antioxidant enzymatic
and nonenzymatic pathways in cancer cells, eventually leading tumor development and
drug resistance [10,37,49]. We found that ROS levels were concentration-dependently
elevated in both MDA-MB-231 and MCF-7 cells challenged with YRL1091 (Figure 8A),
which were subsequently inhibited by NAC (Figure 8B). Furthermore, NAC also suppressed
the upregulated LC3B, vacuole formation, and cell death caused by YRL1091 (Figure 8C–E),
confirming that the YRL1091-induced ROS generation mediated paraptotic phenotype in
BC cells. Intriguingly, the suppressive effects of NAC in YRL1091-mediated cell death may
be dependent on cell type since different exposure times are required for the cells to recover
(Figure 8E). Further investigations to decipher the meaning of this discrepancy may lead to
a better understanding of the anticancer effect of YRL1091 in different types of BC cells.

Protein synthesis is one of the vital cellular processes that facilitate tumor growth.
However, uncontrollable upregulation of protein synthesis can be harmful to cells since it
raises cellular stress [50]. The accumulation of misfolded and/or unfolded proteins that
cause ER stress has been linked to paraptotic-like cell death [6,7]. Hence, CHX, a protein
synthesis inhibitor, can block cell death by easing the burden on the homeostatic protein-
folding machinery [51]. In our study, the increased expression of LC3B, the vacuolated
cells, as well as cell death executed by YRL1091 were potently impeded by CHX (Figure 9),
suggesting the requirement for new protein synthesis in YRL1091-induced cytotoxicity.
This reliance on protein synthesis emphasizes the programmed nature of paraptotic form.
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Folding-defective proteins are recognized by ER-associated protein degradation, which
are then translocated to the cytoplasm and degraded by the ubiquitin-proteasome sys-
tem [52,53]. In rapidly proliferating tumor cells, the imbalance between a high metabolic
rate and a limited protein folding capacity often leads to overloaded ER with unfolded
and misfolded proteins [54]. Dysfunctional ER concurrent with paraptotic vacuolization
has been extensively studied previously [48,55,56]. To gain further insight into the mecha-
nisms underlying the anticancer activity of YRL1091, we continued to investigate whether
YRL1091-induced vacuoles were arisen from the ER. We observed that YRL1091 effec-
tively induced the accumulations of ubiquitinated proteins in MDA-MB-231 and MCF-7
cells (Figure 10A), which were potently blocked by CHX (Figure 10B), suggesting that
the ER appeared to be overwhelmed with misfolded proteins upon YRL1091 treatment.
Accumulation of misfolded proteins activates BiP, which acts as a chaperone in the ER
lumen, stimulating three major sensors to cope with ER stress. One of these protein sensors,
protein kinase RNA-like ER kinase, allows preferential translation of the ER stress-induced
transcription factor ATF4, which then mediates the induction of pro-death transcriptional
regulator, CHOP [57,58]. Our data showed increased levels of BiP, ATF4, and CHOP in
YRL1091-treated BC cells (Figure 10C). Moreover, CHX, a well-known inhibitor of dilation
of cellular organelles including the ER, potently reversed these enhancements (Figure 10D).
One of the most prevalent morphological characteristics generated by paraptosis is ER
dilation [51], reinforcing the association between the activity of YRL1091 with the bio-
chemical features of paraptosis. In addition to the determination of the key proteins in
the ER stress response, we also noted perturbations in the morphology of the ER in the
calnexin-stained YRL1091-treated cells. Our findings suggest that the multiple cytoplasmic
vacuoles triggered by YRL1091 were derived from the ER structures (Figure 10E). The
production of ROS also increases the amount of unfolded proteins in the ER, resulting in
the ER stress responses [59]. In our findings, NAC drastically alleviated the ubiquitinated
protein accumulation, and the expressions of ER stress markers, including BiP, ATF4, and
CHOP (Figure 10B,D), indicating an upstream role for ROS in the induction of ER stress
targeting paraptosis.

A schematic illustration depicting the proposed mechanisms of YRL1091-induced
cytotoxicity in conjunction with cytoplasmic vacuolization in MDA-MB-231 and MCF-7
cells is shown (Figure 11). In brief, YRL1091-induced paraptotic cell death was closely
correlated with the upregulation of LC3B, the suppression of Alix protein, and the activation
MAPKs, including ERK 1/2 and JNK. It also increased the production of ROS and required
new protein synthesis, subsequently causing ubiquitinated protein accumulation and ER
stress. Taken together, YRL1091 is an effective inducer of paraptosis, which may represent
a novel alternative agent for BC treatment to overcome chemoresistant BC.
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Figure 11. Schematic illustration of the molecular mechanisms of cell death triggered by YRL1091,
leading to paraptotic cytotoxicity in MDA-MB-231 and MCF-7 breast cancer cells. The black arrows
indicate pathways examined in this study, while the black broken arrow shows a pathway not exam-
ined yet. ROS, reactive oxygen species; ER, endoplasmic reticulum; BiP, binding immunoglobulin
protein; ATF4, activating transcription factor-4; CHOP, CCAAT-enhancer-binding protein homolo-
gous protein; LC3B, microtubule-associated protein 1 light chain 3B; Alix, multifunctional adapter
protein; ERK1/2, extracellular signal-regulated kinase 1/2; JNK, c-Jun N-terminal kinase.

5. Conclusions

In conclusion, here we report for the first time the anticancer effect of a novel syn-
thetic derivative of a heterocyclic scaffold of pyrazolo[3,4-h]quinoline (YRL1091) and its
underlying molecular mechanisms of cell death using MDA-MB-231 and MCF-7 BC cells.
Several key features, including elevated expression of LC3B, decreased level of Alix, and
activation of ERK1/2 and JNK, strongly support that YRL1091 triggers paraptotic PCD
in both types of BC cells. Our findings also reveal that cytoplasmic vacuolization and
cytotoxicity triggered by YRL1091 are not autophagic or apoptotic in nature. Furthermore,
YRL1091-induced paraptosis requires newly synthesized proteins and ROS production,
which mediates ER stress, subsequently leading to extensive cytoplasmic vacuolization.
Based on our findings, YRL1091 may serve as a novel potential anticancer agent triggering
paraptosis, therein providing complementary or alternative approaches to treat BC resistant
to conventional chemotherapy.
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