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ABSTRACT: Small molecules which activate distinct cell death
pathways have promising high potential for anticancer drug
research. Especially, regulated necrosis draws attention as an
alternative cell death mechanism to overcome the drug resistance.
Here, we report that a new semisynthetic saponin analogue (AG-
08) triggers necrotic cell death with unprecedented pathways. AG-
08-mediated necrosis depends on enhanced global proteolysis
involving calpains, cathepsins, and caspases. Moreover, AG-08
generates several alterations in lysosomal function and physiology
including membrane permeabilization, redistribution toward the
perinuclear area, and lastly excessive tubulation. As a consequence
of lysosomal impairment, the autophagic process was abolished via
AG-08 treatment. Collectively, in addition to its ability to induce necrotic cell death, which makes AG-08 a promising candidate to
cope with drug resistance, its unique activity mechanisms including autophagy/lysosome impairment and enhancement of
proteolysis leading a strong death capacity emphasizes its potential for anticancer drug research.

■ INTRODUCTION
Saponins are secondary metabolites possessing sugar units on
triterpenoid or steroidal skeletons. They have broad biological
activities, including antimicrobial, anti-inflammatory, and
antitumor.1 Since the antitumor potency of saponins is in
general relatively weak, scientists have begun bioassay-directed
drug design and synthesis studies anticipating highly potent
novel structures. One of these studies has revealed that a
semisynthetic oleanane-type saponin, viz., 2-cyano-3,12-
dioxoolean-1,9-dien-28-oic acid methyl ester (CDDO-Me), is
a multifunctional molecule with promising clinical potential as
a chemopreventive and chemotherapeutic agent. Compared to
its starting molecule, CDDO-Me inhibited nitric oxide
generation up to 10 000-fold verifying that semisynthesis is
an auspicious approach to develop potent saponin-based
drugs.2 Currently, semisynthetic anticancer drug-discovery
programs have mainly engaged with commercially available
natural products. Indeed, oleanolic acid, ursolic acid, and
betulinic acid are widely studied triterpenoids compared to the
less common miscellaneous aglycons such as cycloartanes.
Development of drug resistance is one of the major

problems in anticancer therapy since most of the unsuccessful
chemotherapy treatments are related to drug resistance.3 One
leading reason for anticancer drug resistance is that most
chemotherapeutics invoke apoptosis while many cancer cells,
especially metastatic cells, develop resistance to apoptotic
mechanisms. Therefore, the induction of nonapoptotic cell
death pathways becomes a strategy to increase the success of
cancer treatments.4,5 In this regard, compounds that trigger

necrosis arise as novel anticancer drug candidates. Sub-
sequently, intensely performed studies indicate that certain
types of necrosis can also be regulated by complex cellular
signaling mechanisms and therefore are proposed as new
targetable pathways in cancer treatment.6−10

In a project aiming to prepare new antitumor agents from
cycloartane-type sapogenins, we discovered a cytotoxic
analogue (AG-08) which induced a noncanonical necrotic
cell death depending on augmented global proteolysis. Main
cellular proteases including calpains, cathepsins, and interest-
ingly caspase 3, 7 and 8, widely known as apoptosis inducers,
were activated via AG-08 treatment. Besides the activation of
several proteases, lysosomal membrane permeabilization,
lysosomal redistribution toward the perinuclear area, and
excessive lysosomal tubulation were observed with AG-08
treatment. Furthermore, AG-08 inhibited autophagy flux due
to the lysosomal impairment. Concomitant to the enhance-
ment of proteases, a high concentration of AG-08 also
contributed to the inhibition of autophagy via the cleavage
of Atg proteins.
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Our results indicate that AG-08 possesses a great potential
for anticancer drug discovery research by triggering non-
canonical necrosis along with increased global proteolysis,
impairment of lysosomal activity, and inhibition of autophagy
since molecules that induce alternative cell death pathways
rather than apoptosis have been stated as promising in
overcoming drug resistance.

■ MATERIALS AND METHODS
Semisynthesis of AG-08. Cycloastragenol (CG) was

donated by Bionorm Natural Products Production & Market-
ing Co., Iżmir, Turkey. Twenty grams of CG was dissolved
with 400 mL of methanol, and 10 mL of concentrated sulfuric
acid was added to this solution. Reaction was continued for 6 h
at reflux. Then reaction mixture was neutralized with NaOH
and dried with an evaporator at 60 °C. First, acetonitrile
precipitation and then a silica gel RP-18 (Fluka) column with
60:40 acetone:water was used for purified AG (60.6% yield).
To synthesize the AG-08, 1 g of AG was dissolved in 12 mL of
pyridine, and 1.8 g of p-TsCl (p-tosyl chloride, Acros
Organics) reagent was added. Reaction was continued for 4
h at room temperature. Then the reaction mixture was
quenched by the addition of 100 mL of distilled water.
Following the extraction via 200 mL of ethyl acetate (three
times), the extract was evaporated at 60 °C in the rotary
evaporator. Lastly, AG-08 was purified from the dried reaction
mixture on silica gel (Kiesegel 60, 70-230 mesh, Sigma-
Aldrich) which was conditioned by 8:2 hexane:EtOAc (34.7%
yield).
Chemicals. Cathepsin inhibitor I (Calbiochem, 219415) as

cathepsin B, L, S inhibitor, Z-VAD-fmk (Enzo; ALX-26-020-
M001) as pan-caspase inhibitor, and Z-IETD-fmk (Abcam;
ab141382) as caspase 8 inhibitor were used in protease
inhibition studies. Staurosporine (9953) and bafilomycin A1
(54645) were purchased from Cell signaling. Cycloheximide
(66-81-9) was purchased from Calbiochem.
Cell Culture. HCC1937 (human breast cancer line), HeLa

(human endometrial carcinoma), A549 (human lung adeno-
carcinoma), IMR-90 (human lung fibroblasts), C2C12 (mouse
myoblast cells), Vero (Cercopithecus aethiops kidney cell
line), LNCaP (prostate adenocarcinoma), MRC-5 (human
lung fibroblasts), MCF7 (human breast cancer cells), DU145
(human prostate adenocarcinoma), and H295R (human
adrenocarcinoma) were obtained from American Type Culture
Collection and maintained as exponentially growing mono-
layers by culturing according to the supplier’s instructions.
C2C12, Vero, IMR-90, MCF7, HeLa, MRC-5, and DU145 cell
lines were cultured and routinely passaged in DMEM media
containing 10% FBS, while LNCaP and HCC1937 cell lines
were propagated in RPMI 1640 containing 10% FBS. H295R
cells were cultured in DMEM/F12 media containing 10% FBS.
Cytotoxicity Analysis. Following the treatment with AG-

08 or vehicle for 48 h, the 10% WST-1 (Roche, Switzerland) in
the medium was replaced in each 96-well. After 4 h incubation
with WST-1 reagent at 37 °C and 5% CO2, absorbance was
measured by using a microplate reader at 440 nm (Varioscan,
Thermo Fisher Scientific, USA). Graph Pad Prism 5 (San
Diego, CA) was used to calculate the IC50, which represents
the concentration of compound that is required for 50%
inhibition in comparison to the vehicle-treated controls. The
experiments were repeated three times independently.
Western Blot Analysis. Cell lysates were prepared by

RIPA buffer (1XPBS, 1% nonidet P-40, 0.5% sodium

deoxycholate, and 0.1% SDS, pH 8.0). Protein concentrations
were determined by bicinchoninic acid (BCA) protein assay
(Thermo Fisher Scientific, USA). After equal amounts of
proteins were loaded to the gels, proteins were separated by
SDS-PAGE electrophoresis and transferred to PVDF mem-
branes (EMD Millipore, Thermo Fisher Scientific, USA).
Following the classic immunoblotting steps (blocking,
incubating with primary and secondary antibodies), chem-
iluminescence signals were detected using Clarity ECL
substrate solution (Bio-Rad, US) by Fusion-FX7 (Vilber
Lourmat, Thermo Fisher Scientific, USA). Monoclonal
antibodies used in this study were anticaspase-9 (CST-9508,
USA), anticaspase-8 (CST-9746, USA), anti-LC3 (CST-
12741, USA), anti-Atg-3 (CST-3415, USA), anti-Atg-9a
(CST-13509, U.K.), anti-Atg-5/12 (CST-12994, USA), anti-
Atg-7 (CST-8558, USA), anti-Atg-16L1 (CST-8089, U.K.),
antiactin (Sigma-Aldrich-A5316, U.K.), anticaspase-3 (CST-
9665, USA), anti-PARP-1 (CST-9542, USA), anti-CHOP
(CST-2895, U.K.), anti-K48-linkage specific polyubiquitin
(CST-12805), and anti-p62 (Proteintech-184201AP, USA).
The experiments were repeated three times independently,
with one representative result shown.

Total RNA Isolation and Expression Analysis by
Quantitative RT-PCR. The total RNA was isolated using a
Total RNA Isolation Kit (Bio-Rad, USA) following the
manufacturer’s instructions. cDNAs were synthesized using
the iScript cDNA synthesis kit (Bio-Rad, USA) according to
the manufacturer’s instructions. For gene expression analysis,
specific primers were designed against p62, Atg-3, Atg-5, and
CHOP (Supporting Information Table 3). Quantitative RT-
PCR (qRT-PCR) was performed using the SYBR Green I
Mastermix (Bio-Rad, USA) and LightCycler480 thermocycler
(Roche). Fold changes for the transcripts were normalized to
the housekeeping gene TBP1 (TATA-Box Binding Protein1).
The reaction efficiency incorporated ΔΔCq formula was used
for relative quantification. Six independent biological replicates
with two technical replicates per experiment were used for
each PCR.

Lysosome Staining. Cells were seeded on the coverslips
and treated with AG-08. Then the cells were incubated with 50
nM LysoTracker Red DND-99 in prewarmed fresh medium
for 40 min at 37 °C and 5% CO2. After mounting, cells were
immediately observed using a fluorescence microscope
(Olympus IX70).

LDH (Lactate Dehydrogenase) Releasing Assay. A
LDH-Cytotoxicity Colorimetric Assay Kit II (Biovision) was
used to detect the LDH release. Briefly, HCC1937 was seeded
on a 96-well plate. After treatment with AG-08, the cells were
centrifuged at 600 g for 10 min. Ten microliters of supernatant
was transferred into clean 96-well plates, and 100 μL of LDH
Reaction Mix was added. Following 30 min incubation at room
temperature, 10 μL of stop solution was added, and the
absorbance was measured at 450 nm (Varioscan, Thermo
Fisher Scientific, USA).

Immunofluorescence Studies. Cells were grown on glass
coverslips and treated with AG-08. At the end of the
treatments, the cells were washed twice with ice cold PBS
and fixed with 4% paraformaldehyde in PBS for 30 min at 4
°C. After being washed six times with PBS, the cells were
permeabilized and blocked with 0.01% saponin and 0.01% BSA
in PBS. Then the fixed cells were incubated with primary
antibodies for 1 h at 37 °C. LAMP1 (CST-9091, USA)
antibody was used at 1:200 dilutions. Cells were then
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incubated with secondary antibodies (1:400) for 1 h at 37 °C.
Mounted samples were analyzed by fluorescence microscopy
(Olympus IX70, Japan).
Subcellular Fractionation and Cathepsin Activity.

After treatment with AG-08 and vehicle, cells were harvested
and resuspended in fractionation buffer (50 mM TrisHCl, 0.32
M sucrose, 10 mM TEA (triethaanolamine), 1 mM EDTA, 1
mM 2-mercaptoethanol, pH = 8). Then the cells were
incubated 10 min on ice and passed 20 times through a
gauge. After the first centrifugation at 1000 g for 5 min (three
times), the supernatant was centrifuged again at 51 000 rpm
for 1 h, and the supernatant was saved as a cytoplasmic
fraction. To determine the cathepsin B/L/S activity, the
cytoplasmic fraction was incubated with 30 μM fluorogenic
substrate Z-Phe-Arg-AMC (Z-FR-AMC) and 5 μM DTT in
100 mM phosphate buffer (pH 6.0) for 30 min at 37 °C. After
incubation, the fluorescence intensity was measured with a
microplate reader (370 nm for excitation and 460 nm for the
emission wavelength) (Varioscan, Thermo Fisher Scientific,
USA).
Calpain Activity. The calpain activity of the cells was

determined using a Calpain Activity Fluorometric Assay Kit
(BioVision Inc.) according to the manufacturer’s instructions.
In brief, the cells were extracted with an extraction buffer
supplied by the manufacturer, and then an equal amount of
protein lysate was mixed with the fluorescence-labeled
substrate for 1 h. Lastly, the fluorescence intensity was
measured with a microplate reader (Varioscan, Thermo Fisher
Scientific, USA).
Filipin III Staining. Cells were grown on glass coverslips

and treated with AG-08 or vehicle. At the end of the
treatments, the cells were fixed with 4% paraformaldehyde in
PBS for 30 min at 4 °C. After being washed six times with PBS,
the cells were permeabilized and blocked with 0.01% saponin
and 0.01% BSA in PBS. Then the fixed cells were incubated
with 25 μM filipin III (Cayman, 70440) for 1 h at 37 °C. After
being washed with PBS two times, the mounted samples were
immediately analyzed by fluorescence microscopy (Olympus
IX70, Japan).
Proteasomal Activity. After the treatment with AG-08 or

vehicle, cells were harvested and resuspended in 0.5 μM DTT
containing lysis buffer (8.56 g of saccharose, 0.6 g of HEPES,
0.2 g of MgCl2, 0.037 g of EDTA in 100 mL of H2O; pH =
7.8). The samples were incubated in the liquid nitrogen for 15
s and subsequently in a 40 °C water bath for 1 min (three
cycles). Then lysate was centrifuged at 13 400 rpm for 10 min.
Ten microliters of each supernatant was incubated with 10 μL
of Suc-Leu-Leu-Val-Tyr AMC and 90 μL of a master mix
which involves 0.2 μL of 1 M DTT, 56.5 μL of H2O, and 33.3
μL of incubation buffer (13.63 g of Tris base, 1.68 g of KCl, 0.8
g of Mg acetate·4H2O, 0.76 g of MgCl2·6H2O in 250 mL of
H2O; pH = 8.2). Following 1 h incubation at 37 °C, the

fluorescence intensity was measured at 360 nm excitation and
460 nm emission wavelengths. To determine the direct effect
of AG-08 on the proteasome, nontreated cells were lysed via
the described method. Then, the solution containing lysate and
master mix was incubated with AG-08 or vehicle for 1 h at 37
°C. Lastly, Suc-Leu-Leu-Val-Tyr AMC was utilized to
determine the proteasome activity with the method mentioned
above.

Flow Cytometry. Cell death type was determined by a PE
Annexin V Apoptosis Detection Kit with 7-AAD (BioLegend
Inc.) according to the manufacturer’s instructions. Briefly, the
cells were suspended in 100 μL of Annexin V binding buffer,
and then 5 μL of PE-conjugated Annexin V and 7-AAD was
added to the samples. Following the incubation at room
temperature for 15 min in the dark, the stained cells were
examined using a FacsCanto Flow Cytometry (BD Bioscience,
USA).

Ethidium Bromide/Acridine Orange Staining. Cells
were seeded on the 6-well plate and treated with AG-08 or
vehicle. After incubation of cells with 5 μg/mL acridine orange
and 5 μg/mL ethidium bromide for 35 min at 37 °C, the cells
were washed with PBS two times and then immediately
analyzed by fluorescence microscopy (Olympus IX70, Japan).

Statistical Analysis. The statistical significance of differ-
ences between groups was assessed by two-tailed equal
variance Student’s t test using GraphPad Prism software.

■ RESULTS

Structural Characterization of AG-08. Astragenol (AG)
was synthesized from cycloastragenol (CG) through acid
hydrolysis. After the structure was established by comparing its
NMR spectral data with those of previous reports11,12 (Figures
S8, S9), AG was treated with p-TsCl to obtain AG-08 (Figure
1). In the HR-ESI-MS of AG-08, a major ion peak was
observed at m/z 649.36068 [M + Na]+, indicating the
molecular formula as C37H54O6S (Figure S1). Four protons
(δH 7.8 and 7.32, each 2H) and additional methyl signals (δH
2.44, 3H) in the low-field region of the 1H NMR spectrum
implied tosyl addition to the AG (astragenol) skeleton. Also,
1H, 13C NMR, and HSQC spectra revealed a disubstituted
double bond system (δC 126.2 and 127.3, each d; δH 5.60 and
5.61, each 1H). As the characteristic H-3 signal of AG shifted
downfield to δH 4.31, the position of the tosyl group was
readily deduced to be C-3(O). Moreover, the absence of
oxymethine proton H-6 unambiguously located the afore-
mentioned double bond at C-6(7) (Figures S2−S7). On the
basis of this evidence, the structure of AG-08 was elucidated as
20(R),24(S)-epoxy-3(O)-p-tosyl-16β,25-dihydroxylanosta-
6,9(11)-diene.

AG-08 Triggers Necrotic Cell Death Rather than
Apoptosis. The antiproliferative effects of AG-08, CG, and
AG were evaluated in various cancer and noncancer cell lines.

Figure 1. Schematic illustration of the semisynthesis of AG-08 from CG.
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Unlike its starting molecules, AG-08 was found to display
significant cytotoxicity (Table 1 and Table S2). Next, we

characterized AG-08-mediated cell death via multiple ap-
proaches. First, AG-08, but not staurosporine (an apoptotic
inducer), treatment of the HCC1937 cell line resulted in dose-
dependent lactate dehydrogenase (LDH) release, a well-known
feature of the necrotic cell death due to the loss of membrane
integrity (Figure 2A and Figure S10). Second, AG-08-treated
cells were stained with EtBr in acridine orange (AO)/ethidium
bromide (EtBr) staining assay, suggesting membrane integrity
loss. Although staurosporine treatment also resulted in EtBr
staining, the observation of bright green dots as a result of the
condensed chromatin structure on AO staining strongly
indicated apoptosis. On the other hand, similar to boiled
water treatment, a known necrosis inducer, AG-08 treatment
did not cause chromatin condensation and formation of green
dots (Figure 2B). Third, AG-08-treated cells had necrotic
nucleus morphology while staurosporine treatment caused
typical apoptotic morphology in cells (Figure 2C). Fourth,
labeling cells with Annexin V and 7-AAD revealed that AG-08
predominately caused an increase in 7-AAD positive cells
(Figure 2D). Lastly, AG-08 treatment caused the formation of
50 kDa PARP-1 fragment associated with necrotic cell death,
while 89 kDa cleaved-PARP-1 fragment, a hallmark for
apoptosis, was detected by staurosporine treatment13,14

(Figure 2E). Overall, the above-mentioned results demonstrate
that AG-08 induces necrotic type cell death.
AG-08 Induces Lysosomal Membrane Permeabiliza-

tion, Redistribution, and Tubulation. Since cathepsins,
which are lysosomal proteases, are reported to be responsible
for the formation of 50 kDa cleaved PARP-1 fragment,13,15 we
suspected that AG-08 might induce the lysosome membrane
permeabilization and in turn trigger cathepsin release to the
cytoplasm. In line with our suggestion, staining of HCC1937
and A549 cells with LysoTracker Red DND-99, a lysosomo-
tropic dye specifically staining acidic lysosome and late
endosome compartments, revealed that AG-08 treatment
caused the loss of lysosomal acidity, implying damage in
lysosome membrane integrity (Figure 3A and Figure S11A, B).
Next, cathepsin B/L/S activity was measured in the cytoplasm
after subcellular isolation of the cytoplasm and lysosome rich
fractions to ascertain that AG-08 induces cathepsins leakage.
As expected, AG-08 treatment leads to an increase in the
cathepsin B/L/S activity in the cytoplasm (Figure 3B).
Concomitantly, cathepsin inhibitor I (Cat I), which inhibits
cathepsins B, L and S, protected cells from AG-08-mediated
cell death (Figure 3C).

To investigate whether AG-08 required a healthy lysosome
during the initiation of cell death, we pretreated cells with
bafilomycin A1 (BafA1) to inhibit H+-ATPase (V-ATPase)
and thereby decrease the acidity of lysosomes. BafA1 efficiently
reduced AG-08-inflicted cell death (Figure 3D). This result is
evident that the activity of AG-08 requires healthy acidic
lysosome, probably because acidity is necessary for the
activation of cathepsins.
To further understand the effect of AG-08 on lysosome, the

localization of LAMP-1 protein, the late endosome/lysosome
(referred to as “lysosomes” for simplicity hereafter) marker was
investigated. Although lysosomes were scattered throughout
the cytoplasm in control cells, they were redistributed toward
the perinuclear region by AG-08 treatment (Figure 3E). More
interestingly, AG-08 triggered excessive tubulation of lysoso-
mal membranes (Figure 3E).
As cholesterol has a role in the lysosomal positioning and

tubulation,16 we have also stained cellular cholesterol using
filipin III. Cholesterol accumulation was observed in the
perinuclear area within vesicular compartments resembling the
tubules seen in lysosomes (Figure 3F). Thus, on further
examination, cholesterol and lysosomes were costained proving
the accumulation of cholesterol in lysosome (Figure S12C).

AG-08 Inhibits Autophagy. Given AG-08-driven lysoso-
mal impairment, we were prompted to investigate its effect on
autophagy, a lysosome-mediated intracellular degradation
pathway. LC3 lipidation (LC3-II), a well-known autophagic
marker,17 was found to be increased upon AG-08 treatment in
a dose-dependent manner in HCC1937 cells (Figure 4A),
suggesting the accumulation of vacuoles due to autophagic flux
inhibition. Since LC3-II accumulation may also occur during
the autophagic activation, we have utilized additional markers
and approaches to confirm the activity of AG-08 on autophagy.
Interestingly, the levels of p62, another important autophagy
marker, increased upon 4 μM AG-08 treatment, whereas 8 and
16 μM concentrations provided a significant reduction of p62
levels (Figure 4A). p62 usually accumulates during autophagic
flux inhibition, and its decrease is an indicator of the
autophagic activation. However, the cleavage of p62 by
proteases, which in turn decreases the p62 protein levels,
was also reported in some conditions where even autophagy
was inhibited.18 Likewise, we observed formation of 20 kDa
fragments upon treatment of higher AG-08 concentrations
accompanied with the decrease in full-length protein (Figure
S12B). Moreover, similar p62 and LC3-I/II profiles were also
detected in the A549 cell line, indicating autophagic flux
inhibition was not limited to the HCC1937 cells (Figure
S12A).
Based on the significant alteration at the protein level, we

speculated that p62 protein might be accumulated due to the
autophagic flux inhibition at the early stage, but subsequently it
was cleaved by the activated proteases leading to the
noteworthy decrease. Thus, we analyzed the levels of
autophagy-related proteins in a time course experiment at 4
μM concentration. Indeed, p62 levels were augmented at 16 h,
followed by a decrease at 36 h (Figure 4C). To clarify this
intriguing observation, we wanted to eliminate the possibility
of transcriptional alteration of p62 levels via AG-08 treatment
and showed that AG-08 treatment did not cause any change in
the mRNA level of p62 (Figure 4D), further suggesting that
AG-08 inhibited autophagic flux. Similar to change seen on
p62 protein levels, various Atg proteins were decreased by AG-
08 treatment in a dose-dependent manner (Figure 4B and

Table 1. AG-08 Exhibits Potent Inhibitory Activity against
Several Cell Linesa

cell lines IC50 (μM)

HCC1937 3.81 ± 0.272
DU145 3.46 ± 0.074
IMR-90 6.48 ± 0.166
H295R 4.41 ± 0.181
LNCaP 2.4 ± 0.075
C2C12 2.94 ± 0.112
Vero 4.45 ± 0.318
A549 2.3 0.035

aData represented as mean ± standard error from the triplicate
experiment (n = 3).
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Figure 2. AG-08 induces necrotic cell death. (A) LDH release was determined after the treatment of cells with 4, 8, and 16 μM AG-08 or vehicle
(DMSO) for 16 h. Staurosporine (Sta, 1 and 2 μM) was used to induce apoptosis as negative control for LDH release. The level of released LDH
was calculated as the fold change relative to vehicle. The reported values correspond to mean values ± standard deviation (± s.d) of three
experiments. ***p < 0.001, ****p < 0.0001. (B) After HCC1937 cells were treated with AG-08 (8 and 16 μM) for 16 h and 1 μM Sta for 8 h, cells
were stained with ethidium bromide/acridine orange. Additionally, boiled water was added to cells for 2 min to induce necrosis (scale bar = 40
μm). (C) Following HCC1937 cells were treated with 16 μM AG-08 and 1 μM Sta for 16 h, and the nuclei of cells were stained with DAPI (scale
bar = 25 μm). (D) HCC1937 cells stained by Annexin V/7-AAD and analyzed via flow cytometry after treatment with 4, 8, and 16 μM AG-08 or
vehicle for 16 h. (E) After HCC1937 cells were treated with 7, 14, and 21 μM AG-08 or vehicle for 16 h, cleaved PARP-1 fragments were analyzed
via immunoblotting (IB). Sta (1 μM) was used as an apoptotic inducer while 3-MA, bafilomycin A1 (Baf A1; 1 nM), and AG (10, 20, and 30 μM)
were negative controls. The experiment was repeated three times independently, with one representative result shown.
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Figure S12C), without any change in their mRNA levels
(Figure S12E, F). In line with autophagic flux, Atg proteins

levels were also decreased in A549 cells (Figure S12D).
Interestingly, even though 8 and 16 μM AG-08 decreased the

Figure 3. AG-08 intriguingly affects lysosome. (A) The lysosomal acidity of cells was determined by using LysoTracker Red DND-99. While red
staining indicates acidic lysosome, nonstaining shows nonacidic lysosome (scale bar = 200 μm). (B) HCC1937 cells were treated with 16 μM AG-
08 or vehicle for 16 h. Following obtaining the cytoplasmic fraction of cells, the cathepsin B/L/S activity was determined. (C) Following
pretreatment with 50 μM cathepsin inhibitor I (CAT I) for 1 h, HCC1937 cells were treated with 8 μM AG-08 for 24 h. Then cell viability was
calculated. (D) After pretreatment with 0.125 nm bafilomycin A1 (Baf A1) for 1 h, HCC1937 cells were treated with 8 μM AG-08 for 24 h. Error
bars are the standard deviations (n = 3). p-Values were calculated with respect to vehicle-treated cells (*p < 0.05). (E) Lysosomal marker, LAMP1,
was stained with specific antibody (scale bar = 25 μm). (F) Localization of cholesterol was investigated by using filipin III staining (scale bar = 25
μm).
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Atg protein levels at 16 h (Figure 4B), no changes in their
levels were detected with 4 μM concentration with prolonged
exposure up to 48 h (Figure 4C). Next, we have cotreated cells
with a protein synthesis inhibitor (cycloheximide: CHX) to
observe any possible slight alterations in Atg protein levels.
Significant decreases in Atg-3, -5, and -7 protein levels were
observed with the CHX and AG-08 cotreatment, compared to
those with CHX alone (Figure 4E), suggesting that the 4 μM
concentration of AG-08 indeed decreases Atg protein levels.
Moreover, we investigated effect of early stage autophagy

inhibition and induction of autophagic vacuole formation on
AG-08-mediated cell death by using 3-MA and rapamycin,
respectively. Results showed that both 3-MA and rapamycin
were not able to rescue cells from the cytotoxicity of AG-08
(Figure S12G−H).
Calpains Are One of the Main Players in AG-08-

Generated Cell Death. Based on several reports indicating
that calpains and caspases are responsible proteases for the

cleavage of Atgs, we next investigated the effect of AG-08 on
the activity of calpains, calcium-dependent proteases.19−22 AG-
08 was found to significantly induce the calpain activity in a
dose-dependent manner (Figure 5A and Figure S13B).
Moreover, the inhibition of calpains by calpeptin attenuated
the cell death, showing that calpains played an important role
in AG-08-mediated cell death (Figure 5B).

AG-08-Mediated Necrosis Is Caspase Dependent.
After calpain activation was observed, the effect of AG-08 on
the activity of caspases was also investigated. First, we observed
that AG-08 induced the activation of caspase-3 and -7, the
effector proteins (Figure 6A). Also, among initiator caspases,
caspase-8 but not caspase-9 was activated by AG-08 (Figure
6B). Subsequently, both Z-VAD-fmk (general caspase
inhibitor) and Z-IETD-fmk (caspase 8 inhibitor) lessened
the AG-08-mediated cell death while general caspase inhibitor
was found to be more efficient (Figure 6C). Thus, AG-08

Figure 4. AG-08 inhibits autophagy. (A−B) HCC1937 cells were treated with 4, 8, and 16 μM AG-08 or vehicle for 16 h. (A) Conversion of LC3-I
to LC3-II and p62 level was determined via IB. (B) The levels of Atg-5/12, Atg-7, Atg-3, and Atg-9a were detected by IB using antibodies against
them. (C) AG-08 (4 μM) was used to determined time-dependent change in LC3-I/LC3-II, p62, and Atgs levels. (D) After HCC1937 cells were
treated with 4, 8, and 16 μM AG-08 or vehicle for 16 h, the mRNA level of the p62 was examined by q-RTPCR. Error bars represent the standard
error. (E) After pretreatment with 0.5 μM cycloheximide (CHX) for 1 h, HCC1937 cells were treated with 8 μM AG-08 for 16 h. Then, levels of
Atg-5/12, Atg-7, and Atg-3 were determined via IB. The experiments were repeated three times independently, with one representative result
shown.
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induces a noncanonical necrotic cell death, which is caspase
dependent.
AG-08 Induces Proteasome Activity. Since autophagy

and the ubiquitin−proteasome system are the main pathways
of the cellular protein degradation, we next investigated the
effect of AG-08 on the activity of proteasome. First, AG-08
treatment decreased the K48-linked polyubiquitin levels, which
might indicate enhanced proteasomal activity (Figure 7A). The
use of the fluorogenic substrate (Suc-Leu-Leu-Val-Tyr AMC)
to measure the chymotrypsin-like activity of 20S proteasome
further revealed that AG-08 treatment increased the
proteasomal activity (Figure 7B). Interestingly, when cell
lysate was treated directly with AG-08, no significant change
was observed suggesting that AG-08 might indirectly induce
the proteasomal activity (Figure 7C). To investigate whether
the increased activity of proteasome by AG-08 had any
initiator role on the observed cell death, cells were pretreated
with bortezomib, a commercial proteasome inhibitor com-
pound. However, no significant effect of proteasome inhibition
on cell death was observed (Figure 7D) suggesting that
proteasome was activated as a secondary stress response
without a direct role in AG-08-induced cell death.

■ DISCUSSION

The semisynthesis approach is utilized to enhance the
antitumor activity of various saponins. The work described
here reveals a new cytotoxic sapogenin derivative, viz., AG-08,
prepared from a noncytotoxic parent compound (CG). Our
data have clearly shown that AG-08 induces noncanonical cell
death with necrotic features. After the discovery of regulated
necrosis, the induction of necrotic cell death has attracted huge
attention, and numerous studies state that necrotic cell
inducers possess high potential for cancer treatment.
Concomitantly, some FDA-approved chemotherapeutics have
been reported to induce necrotic cell death, further emphasiz-
ing the potential of targeting necrosis for anticancer
therapy.8,9,23 Additionally, the necrotic cell death has been
also stated for intratumoral therapy since it is able to activate
an antitumor immune response. Strikingly, ongoing clinical
studies with two necrotic compounds (PV-10 and EBC-46) for

intratumoral injection prove the potential of the necrotic cell
death inducers.24−26

Since the resistance to apoptotic chemotherapeutics is one
of the main obstacles to successful cancer therapy, non-
apoptotic cell death such as regulated necrosis becomes a
potent strategy to overcome drug resistance. For instance,
necroptosis is put forward as a novel therapeutic strategy for
overcoming common apoptosis resistance in leukemia,27,28 and
ferroptosis was reported as a novel perspective to cope with
cisplatin resistance in nonsmall cell lung cancer.29 Moreover,
the use of necrotic cell death initiators in combination with
current chemotherapy agents is a logical alternative for drug
development studies because simultaneous activation of
different pathways with multiple drugs/drug candidates may
cope with failure of the treatment due to intraheterogene-
ity.30,31 Unlike traditional cancer drugs, the noncanonical
necrotic cell death mechanism of AG-08 makes it a highly
potential antitumor drug candidate. In addition, the impair-
ment of autophagy and lysosome, which are known to play
major roles in the drug resistance, strengthens this potential.
The cellular proteases are effective players of the cell death

as their functions are irreversible. We have shown that AG-08
causes an increase in the activity of cathepsins in cytoplasm
accompanied by the loss of the acidic nature of lysosomes
indicating the release of the lysosomal content to the
cytoplasm. Besides cathepsins, two other important protease
families, viz., calpains and caspases, are also activated by AG-08
treatment. Moreover, inhibition of these proteases attenuated
AG-08-mediated cell death; thus, AG-08 is proposed to be an
effective inducer of general proteolysis.
The activation of caspase-3, -7, and -8 is an interesting

feature of AG-08-mediated necrotic cell death since these
caspases are well-known apoptotic effectors. However, there
are some recent studies emphasizing that caspase activation
does not always reflect apoptosis or vice versa. For instance,
caspase-dependent neuronal necrosis was reported via hypoxia
in the presence of blockers of excitotoxicity32 or via TRAIL
under acidic extracellular conditions.33 In line with that, a
limited number of compounds such as cisplatin and
chelerythrine were reported to induce necrosis accompanied

Figure 5. Calpains are one of the main players in cell death via AG-08. (A) HCC1937 cells were treated with 4, 8, and 16 μM AG-08 or vehicle for
16 h, and calpain activity was determined. p-Values were calculated with respect to vehicle-treated cells. (B) HCC1937 cells were treated with 30
μM calpeptin for 1 h and then treated with 8 μM AG-08. Cell viability was determined after 24 h. (*p-value <0.05, ***p-value <0.001).
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by caspases activation.34−37 Collectively, in addition to
identifying AG-08 as an inducer of caspase-dependent necrotic
cell death, our study once again has demonstrated that there
are no precisely characterized boundaries between cell death
types.
Lysosomes are mainly affected by AG-08. Lysosomes were

redistributed toward the perinuclear region in AG-08-treated
cells. Although the accumulation of lysosomes in the
perinuclear area is usually reported in the case of the excessive
activation of autophagy, our results strongly suggest that
autophagy is inhibited by AG-08 treatment. Other factors that
cause the perinuclear clustering of lysosomes are stated as
TRPML1 (Ca2+ channel in the lysosome) inhibition or
cholesterol accumulation in lysosome as seen in various
lysosomal disorders.16,38 Since TRPML1 inhibition has been
shown to block lysosome tubulation, the activity of AG-08

should be independent of TRPML1 inhibition.16 Therefore,
we suggest that lysosomal redistribution mediated by AG-08
might be a result of the cholesterol accumulation.
Our results interestingly show that AG-08 is also an inducer

of the lysosomal tubulation. Although the lysosomal tubulation
is a poorly characterized biological process, there are some
reports suggesting that it provides replenishment of the
functional lysosomes. This may occur for the reformation of
lysosomes during excessive use as in prolonged starvation or
antigen presentation16,39 or when the vesicle budding from
lysosomal membrane is inhibited.40 We speculate that AG-08-
mediated lysosomal tubulation may be the result of inhibition
of vesicle budding since lysosomal overactivation is not likely
since AG-08 induces the lysosomal impairment.
Additionally, autophagic flux inhibition, which is one of the

other consequences of lysosomal disorder, is also demon-

Figure 6. AG-08 activates caspases. (A−B) HCC1937 cells were treated with 4, 8, and 16 μM AG-08 or vehicle for 16 h, and expression levels of
full length and cleaved caspase-3, -7, -8, and -9 were determined via IB. Representative data from three independent experiments are shown. (C)
After pretreatment with 70 μM Z-VAD-fmk or 30 μM Z-IETD-fmk for 1 h, HCC1937 cells were treated with 8 μM AG-08 for 24 h. Then cell
viability was determined via WST-1. Error bars are the standard deviations from three independent experiments (*p-value <0.05, **p-value
<0.005).
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strated via AG-08 treatment. Interestingly, the dramatic
decrease in the levels of several Atgs suggests the inhibition
of autophagic vacuole formation since Atgs are required for
this process. In line with Atgs, the levels of p62 was increased
upon 4 μM AG-08 treatment, whereas 8 and 16 μM
concentrations induced reduction of p62 levels probably due
to protease activation. Therefore, it is sound to suggest that
AG-08 inhibits autophagy at two stages; first, autophagic flux is
inhibited, and vacuoles are accumulated. Then the formation
of autophagic vacuoles is abolished via the cleavage of Atg
proteins.
Consequently, AG-08 has the potential to become an

interesting lead compound for anticancer drug research
because of its capability to activate different pathways leading
to cell death. Further studies are warranted to establish
structure−activity relationships via synthesis of AG-08
derivatives and to clarify the thorough mechanism of AG-08.
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Figure 7. AG-08 indirectly activates proteasome. (A−B) HCC1937 cells were treated with 4, 8, and 16 μM AG-08 or vehicle for 16 h. (A) The
level of K48-linked ubiquitinated proteins was determined by IB. (B) Proteasomal activity was determined via Suc-Leu-Leu-Val-Tyr AMC. Mg132
(1 μM) was used as a proteasome inhibitor. Reported values were normalized to cells treated with vehicle. p-Values were calculated with respect to
vehicle-treated cells (****p < 0.0001). (C) The proteasome rich lysate of untreated cells was incubated with AG-08, vehicle, or proteasome
inhibitors (100 pmol bortezomib (Bort) and 10 μMMg132), and then proteasomal activity was determined and reported as in Figure 6B (****p <
0.0001). (D) Following pretreatment with Bort, HCC1937 cells were treated with 8 μM AG-08 for 24 h. Then cell viability was determined (****p
< 0.0001).

Chemical Research in Toxicology pubs.acs.org/crt Article

https://dx.doi.org/10.1021/acs.chemrestox.0c00339
Chem. Res. Toxicol. 2020, 33, 2880−2891

2889

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00339?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.0c00339/suppl_file/tx0c00339_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erdal+Bedir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1262-063X
http://orcid.org/0000-0003-1262-063X
mailto:erdalbedir@iyte.edu.tr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petek+Ballar+Kirmizibayrak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:petek.ballar@ege.edu.tr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Go%CC%88klem+U%CC%88ner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="O%CC%88zgu%CC%88r+Tag%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yalc%CC%A7%C4%B1n+Erzurumlu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00339?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00339?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00339?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00339?fig=fig7&ref=pdf
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00339?ref=pdf


Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrestox.0c00339

Author Contributions
P.B.K and E.B. formed the hypothesis and designed the study.
Ö.T. and G.Ü. purified the starting compounds and performed
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