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[ABSTRACT] Hernandezine (Her), a bisbenzylisoquinoline alkaloid extracted from Thalictrum flavum, is recognized for its range of
biological activities inherent to this herbal medicine. Despite its notable properties,the anti-cancer effects of Her have remained largely
unexplored. In this study, we elucidated that Her significantly induced cytotoxicity in cancer cells through the activation of apoptosis
and necroptosis mechanisms. Furthermore, Her triggered autophagosome formation by activating the AMPK and ATGS5 conjugation
systems, leading to LC3 lipidation. Our findings revealed that Her caused damage to the mitochondrial membrane, with the damaged
mitochondria undergoing mitophagy, as evidenced by the elevated expression of mitophagy markers. Conversely, Her disrupted auto-
phagic flux, demonstrated by the upregulation of p62 and accumulation of autolysosomes, as observed in the RFP-GFP-LC3 reporter
assay. Initially, we determined that Her did not prevent the fusion of autophagosomes and lysosomes. However, it inhibited the matura-
tion of cathepsin D and increased lysosomal pH, indicating an impairment of lysosomal function. The use of the early-stage autophagy
inhibitor, 3-methyladenine (3-MA), did not suppress LC3II, suggesting that Her also induces noncanonical autophagy in autophago-
some formation. The application of Bafilomycin A1, an inhibitor of noncanonical autophagy, diminished the recruitment of ATG16L1
and the accumulation of LC3II by Her, thereby augmenting Her-induced cell death. These observations imply that while autophagy ini-
tially plays a protective role, the disruption of the autophagic process by Her promotes programmed cell death. This study provides the
first evidence of Her’s dual role in inducing apoptosis and necroptosis while also initiating and subsequently impairing autophagy to
promote apoptotic cell death. These insights contribute to a deeper understanding of the mechanisms underlying programmed cell
death, offering potential avenues for enhancing cancer prevention and therapeutic strategies.
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Introduction Breast cancer, lung cancer, and stomach cancer emerge as the

most commonly diagnosed forms of this disease . Deepen-

Cancer remains a critical global health challenge, con- . . .
ing our comprehension of the mechanisms that govern can-

sistently ranking as one of the leading causes of mortality, cer cell death is pivotal for developing strategies to counter-

with nearly ten million deaths reported worldwide in 2020. act chemoresistance /. Within the current research paradigm,
a principal objective is to identify compounds capable of se-

lectively enhancing cancer cell susceptibility to cell death. In
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this regard, numerous natural products have been identified
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as potent inducers of programmed cell death across various
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cancer types .

Mitophagy, or mitochondrial macroautophagy, repres-
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ents a specialized variant of autophagy dedicated to the se-
lective degradation of damaged, dysfunctional, or senescent
mitochondria through the autophagic machinery ®*. This
process is governed by various intracellular mechanisms that
ensure the targeted delivery of compromised mitochondria to
autophagosomes for degradation. Consequently, a natural
compound that can simultaneously enhance mitophagy and
autophagosome formation yet inhibit the degradation process
within autolysosomes holds significant promise as a chemo-
therapeutic agent . Such a strategy leverages the cell’s in-
trinsic degradation pathways to eliminate cancer cells effect-
ively, providing a novel avenue for cancer therapy develop-
ment.

Hernandezine (Her, Fig. 1A) is a bisbenzylisoquinoline
alkaloid isolated from the Chinese medicinal herb Thalic-
trum flavum. Studies have documented its anticancer proper-
ties across a variety of cancers, including hepatocellular car-
cinoma, cervical cancer, pancreatic cancer, and melano-
ma "> As an activator of AMP-activated protein kinase
(AMPK), Her induces autophagy-mediated and caspase-inde-
pendent cell death, exhibiting low toxicity ", Similarly, ne-
ferine, tetrandrine, berbamine, and other structurally related
compounds have shown anti-tumor efficacy across diverse
cancer types by engaging both apoptosis and autophagy path-
ways ") Despite these findings, the specific role of auto-
phagy in Her’s anticancer effects remains to be fully under-
stood, necessitating further exploration. Of particular interest
is the impact of autophagic flux on breast cancer, gastric can-
cer, and lung cancer cell lines, which has not yet been invest-
igated.

This study aimed to elucidate the molecular pathways
through which Her influences cancer cell death, with a specif-
ic focus on its regulatory effects on the autophagy-mediated
apoptosis process. Our objectives included determining the
impact of Her on autophagy inhibition and its subsequent in-
fluence on the apoptotic cell death pathway. Furthermore, we
sought to analyze how Her modulates the expression of spe-
cific targets involved in controlling autophagy blockage-me-
diated apoptotic cell death. By achieving a comprehensive
understanding of the molecular mechanisms underlying vari-
ous forms of cell death, this study aims to underscore the po-
tential applicability of Her in cancer therapy.

Materials and Methods

Chemicals, inhibitors, and antibodies

Her was purchased from LATOXAN (Portes-les-
Valence, France Table 1). Necrostatin-1 (Nec-1; a RIP1 in-
hibitor) and necrosulfonamide (NSA; a mixed-lineage kinase
domain-like protein (MLKL) inhibitor) were purchased from
Cayman Chemical (Ann Arbor, MI). 3-Methyladenine (3-
MA; a PI3K inhibitor) and hydroxychloroquine (HCQ; an
autophagy inhibitor) were obtained from Tokyo Chemical In-
dustry Co., Ltd. (Tokyo, Japan). Z-VAD-FMK (pan-caspase
inhibitor) was purchased from Selleck Chemicals (Shanghai,
China). All compounds were solubilized as recommended.

®

Bafilomycin Al (Baf Al, a V-ATPase inhibitor) and Rapa
(an autophagy activator or mTORC1 complex inhibitor) were
purchased from Cell Signaling Technologies, Inc. (Danvers,
MA). Prestained Protein Size Marker Il and dimethyl sulfox-
ide (DMSO) were obtained from Wako Pure Chemical Indus-
tries Ltd. (Osaka, Japan). LysoTracker™ Red DND-99, Lyso-
Sensor DND-160, and MitoTracker™ Red CMXRos were
purchased from Invitrogen (Waltham, MA). Acridine orange
(AO) stain was obtained from Sigma-Aldrich (St. Louis,
MO).
Cell culture and treatment

Human gastric cancer (AGS; RRID: CVCL_0139), hu-
man breast epithelial (MCF-7; RRID: CVCL _0031), and hu-
man lung adenocarcinoma (A549; RRID: CVCL _0023) cell
lines were obtained from the Japan Cancer Research Re-
sources Bank (Tokyo, Japan). Cells were grown in RPMI-
1640 containing 10% heat-inactivated fetal bovine serum
(FBS) and maintained in a humidified incubator (5% CO,,
37 °C). Cell lines were seeded overnight and treated with Her
with or without inhibitors at various concentrations and time
points, as indicated in the Results.
Cell viability assay

The 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazoli-
um bromide (MTT) assay was utilized to assess cell viability.
Initially, cells were plated at a density of 1 x 10* cells/well in
96-well plates and cultured overnight. Subsequently, MTT
solution was added to each well at a concentration of 0.05
mg-mL™, followed by incubation for 4 h at 37 °C. After in-
cubation, dimethyl sulfoxide (DMSO) was added to dissolve
the formazan crystals formed. To ensure accuracy, each con-
centration was tested in three parallel wells. The absorbance
was measured at 490 nm using a microplate reader
(Multiskan FC Microplate Photometer, Thermo Scientific,
Waltham, MA), providing a quantitative measure of cell viab-
ility across various conditions.
Colony formation assay

Cells, seeded in 6-well plates, were treated with Her for
24 h. Following this treatment, the culture medium was re-
placed, and the culture was continued for an additional two
weeks. After this period, the medium was removed, and the
cells were washed twice with phosphate-buffered saline
(PBS). The cells were then fixed with 4% paraformaldehyde
for 30 min and stained with crystal violet for 1 h at room tem-
perature. Subsequently, the plates were thoroughly rinsed
with water and left to air dry at room temperature. This pro-
cedure facilitated the visualization of cell colonies, providing
insights into the effects of Her on cell proliferation and sur-
vival over an extended culture period.
Apoptosis assessment

The assessment of cell apoptosis was conducted using
the Dead Cell Apoptosis Kit with Annexin V FITC and PI,
designed for flow cytometry (Invitrogen), in combination
with the FACS Canto II system (BD Biosciences, Franklin
Lakes, NJ), adhering strictly to the manufacturers’ guidelines.
The collected data were then analyzed using FlowJo soft-
ware.
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Fig. 1 Effects of Her on the viability and growth of cancer cells. (A) Chemical structure of Her. (B) Cell viability was measured
by MTT assays after Her treatment for 24 h and 48 h using MCF-7, AGS, and A549 cells. (C) Colony formation after treatment
with Her for 24 h and culture for two weeks. Statistical analysis of colony formation. (D) Morphological changes were detected by
Hoechst staining. MCF-7 (200 x), AGS, and A549 (400 x) cells were cultured with or without Her for 24 h. The white arrows in-
dicated nuclear condensation and nuclear fragmentation. A semi-quantitative analysis was performed for Fig. 1D. Data are
presented as means = SD  (n=3). "P<0.05,"P<0.01,”"P<0.001 vs control.

Sub-G1 DNA content analysis

Sub-G1 DNA content analysis was performed as previ-
ously described !'. Cells subjected to treatment were harves-
ted and resuspended in PBS. To fix the cells, 70% (V/V) cold
ethanol was added, and the cells were stored at —20 °C for no
more than two weeks until further analysis. Following stor-
age, cells were centrifuged, and the supernatant was dis-
carded. The cells then underwent two PBS washes. Sub-
sequently, cells were resuspended in PBS containing DNA
extraction buffer and incubated for 5 min at room temperat-

®

ure. After another centrifugation step and removal of the su-
pernatant, the cells were resuspended in DNA staining solu-
tion, comprising 200 pg-mL™ DNase-free RNase and 20
pg'mL™" propidium iodide (PI), and incubated at room tem-
perature for a minimum of 30 min before flow cytometry ana-
lysis. Data obtained from flow cytometry were analyzed us-
ing ModFit software.
Morphological observation

Following treatment, cells were collected, rinsed with
PBS, and fixed using 4% paraformaldehyde in PBS for 30 min at

—389 -



FENG Qianwen, et al. / Chin J Nat Med, 2024, 22(5): 387-401

Table 1 Source and product number of antibodies

Antibody Company Catalog
Anti-B-actin antibody Wako Pure Chemical Industries (Osaka, Japan) 013-24553
Bel-2 Santa Cruz Biotechnology sc-7382
INK Santa Cruz Biotechnology sc-7345
p-INK Santa Cruz Biotechnology sc-6254
Bax Santa Cruz Biotechnology sc-20067
AMPK Pathway Explorer Antibody MiniPack (p-AMPK Thr172, AMPK) Millipore (Burlington, MA) 15-115
AlexaFluor488 conjugated anti-rabbit secondary antibody Invitrogen (Waltham, MA) A11008
AlexaFluor488 conjugated anti-mouse secondary antibody Invitrogen A11001
AlexaFluor647-conjugated anti-rabbit secondary antibody Invitrogen A32733
LC3B Cell Signaling Technology (Danvers, MA) 83506
LC3A/B Cell Signaling Technology 12741
p62 Cell Signaling Technology 8025
c-PARP Cell Signaling Technology 5625
XIAP Cell Signaling Technology 2045
p-ERK1/2 (p-p44/42) Cell Signaling Technology 4370
ERK1/2 (p44/42) Cell Signaling Technology 4695
c-caspase 3 Cell Signaling Technology 9661
c-caspase’ Cell Signaling Technology 8438
ATGS5 Cell Signaling Technology 2630
ATGI6L Cell Signaling Technology 8089
p-p38 Cell Signaling Technology 4511
p38 Cell Signaling Technology 8690
the Mitophagy Antibody Sampler Kit Cell Signaling Technology 43110
anti-rabbit secondary antibodies Cell Signaling Technology 7074
anti-mouse secondary antibodies Cell Signaling Technology 7076
Mcl-1 BD Biosciences (Franklin Lakes, NJ) 559027
NOXA Abcam (Cambridge, UK) ab13654

4 °C. Subsequently, they were stained with 1 mmol-L™
Hoechst 33258 for 5 min to facilitate DNA visualization. Ob-
servations were conducted under a confocal microscope
(LSM780, Carl Zeiss, Jena, Germany) or a fluorescence mi-
croscope (BX-61, Olympus, Tokyo, Japan), utilizing a 400 x
objective lens. The total cell count and the number of cells
that had undergone apoptosis were tallied. The apoptosis rate
was then calculated based on the analysis of three or more
images captured in completely distinct areas.
Western blotting assay

After treatment, cells were thoroughly washed with PBS
three times, followed by lysis using RIPA buffer that in-
cluded protease and phosphatase inhibitors to extract pro-
teins. The lysates were then centrifuged at 13,000 r-min" for
10 min at 4 °C, and the supernatants were collected into sep-
arate tubes. Protein concentrations were quantified using the
Bradford Protein Assay Kit, with absorbance readings taken
at 560 nm on a microplate reader. An equal amount of pro-
tein from each sample was subjected to electrophoresis, fol-

lowed by transfer onto PVDF membranes (Millipore). These
membranes were blocked for 2 h in 1x Tris-buffered saline
with 0.1% Tween 20 (TBST) containing 5% non-fat milk.
Subsequently, they were incubated overnight at 4 °C with the
appropriate primary antibody. After washing with TBST,
HRP-labelled secondary antibody was applied for 2 h at room
temperature. Target proteins were visualized using the Im-
mobilon Classico Western HRP Substrate (Millipore).
Confocal microscopy

For live-cell imaging, cancer cells were plated on a 35
mm glass-bottom dish (MATSUNAMI GLASS IND., LTD.,
Osaka, Japan) to allow for attachment overnight. To visual-
ize lysosomes and mitochondria, cells were incubated with
100 nmol-L™" LysoTracker Red or 100 nmol-L™" MitoTrack-
er Red, respectively, for 1 h at 37 °C. Following this incuba-
tion, cells were fixed with 4% paraformaldehyde for 10 min
at room temperature and subsequently washed three times for
5 min with 1x PBS containing 0.1% Tween 20 (PBST). Per-
meabilization was achieved with PBS containing 0.1% Tri-
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ton X-100 for 10 min, followed by three PBS washes. To pre-
vent non-specific antibody binding, cells were incubated in
5% BSA in PBST for 1 h. Overnight incubation at 4 °C with
the primary antibody diluted in 1% BSA in PBST was then
performed, followed by washing and incubation with the sec-
ondary antibody for 1 h in the dark at room temperature. For
multicolor staining, the process was repeated with a second
set of primary and secondary antibodies.

Autophagic flux was monitored using the Premo™ Auto-
phagy Tandem Sensor RFP-GFP-LC3B Kit according to the
manufacturer’s instructions. Following cell seeding, 2 puL of
the Premo™ Autophagy Sensor was added per 1 x 10* cells
in the medium and incubated at 37 °C for 16 h. Treatment
with 20 pmol-L™" Her, 30 umol-L™" CQ, and Rapa as a posit-
ive control was then administered. GFP and RFP signals were
imaged, and the number of puncta per cell was quantified us-
ing ImagelJ from at least three different areas.

For pH detection, cells were loaded with 5 pmol-L™
LysoSensor or 1 pg-mL™" acridine orange (AO) staining solu-
tion for 5 min prior to detection.

Subcellular fluorescence was observed using a Carl Zeiss
LSM780 laser scanning confocal microscope. The intensity
of colocalization and Pearson correlation coefficients (R val-
ues) for fluorophore colocalization were calculated using the
Colocalization Threshold and Coloc 2 functions in ImageJ.
Cellular ROS assay

Changes in reactive oxygen species (ROS) levels were
assessed using DCFH-DA staining (Molecular Probes, Eu-
gene, OR). In brief, cells were incubated with 20 pmol-L™
DCFH-DA for 15 min at 37 °C. Following the incubation,
cells were washed twice with PBS to remove any excess dye.
The ROS levels within the cell population were then quanti-
fied by flow cytometry, adhering to the manufacturer’s
guidelines.

Mitochondrial membrane potential (MMP)

The cationic fluorophore tetramethylrhodamine methyl
ester perchlorate (TMRM), utilized for staining mitochondria
and their matrix, offers insights into mitochondrial health.
Following treatment for the specified duration, cells were
harvested and exposed to 1 pmol'L™ TMRM (Molecular
Probes) dissolved in PBS supplemented with 1% FBS for 15
min at 37 °C. The decrease in MMP, indicative of mitochon-
drial dysfunction, was then quantitatively assessed using flow
cytometry in accordance with the manufacturer's instructions.
Statistical analysis

All experiments were conducted with three independent
biological replicates. Results were expressed as means +
standard deviation (SD). For statistical analysis, we em-
ployed GraphPad Prism 7 (GraphPad Software, La Jolla,
CA). The software ImageJ was utilized for quantifying relat-
ive protein expression from Western blot images, calculating
Pearson’s correlation coefficients, and assessing puncta per
cell from confocal microscopy images. We have presented
representative images from one of the three independent rep-
licates for illustration. Comparative analysis of groups was

®

conducted using either one-way ANOVA or Student’s 7-test.
P-value less than 0.05 was deemed to indicate statistical sig-
nificance, guiding the interpretation of our results.

Results

Effects of Her on cell viability in multiple types of cancer
cells

We assessed the impact of Her on the proliferation and
survival of three cancer cell lines: MCF-7 (breast cancer),
AGS (gastric cancer), and A549 (lung cancer). Each cell line
exhibited a marked reduction in cell viability that was both
time- and dose-dependent upon increasing concentrations of
Her (Fig. 1B). Specifically, in MCF-7 cells, viability de-
creased by 50% following 24-hour treatment with 8.94
pmol-L™" Her or after 48 h with 5.88 umol-L™" Her. For AGS
cells, a 50% reduction in viability occurred after 24 h with
9.63 pumol-L™" Her and after 48 h with 5.18 pmol-L™" Her.
However, A549 cells demonstrated similar viability reduc-
tions at considerably higher concentrations of Her, with a
50% decrease observed following 24-hour treatment with
18.29 umol-L ™" Her and after 48 h with 12.46 pmol-L™' Her.
Furthermore, a colony formation assay conducted over a two-
week period revealed nearly complete inhibition of growth in
MCEF-7 cells treated with 15 pmol-L™" Her and in AGS cells
treated with 10 pmol-L™' Her (Fig. 1C). These findings indic-
ate that Her treatment effectively inhibits cell proliferation
and induces cytotoxic effects across all examined cancer cell
lines.

Effects of Her on apoptosis and apoptosis-related proteins

Hoechst staining was employed to assess morphological
changes in the nuclei of cells (Fig. 1D). Notable apoptotic
features, including diminished cell counts, nuclear condensa-
tion, fragmentation, and the appearance of crescent-shaped
nuclei, were observed in cells treated with Her. Subsequently,
the impact of Her on apoptosis in MCF-7, AGS, and A549
cells was explored. Annexin-PI staining, following Her treat-
ment, showed a significant decrease in viable MCF-7 cells
and a marked increase in apoptotic cells, with the most pro-
nounced effects observed at concentrations of 15 and 20
pumol-L™". In AGS cells, Her treatment led to a proapoptotic
effect, evidenced by an increase in the Sub-G; cell popula-
tion and a concurrent decrease in G; phase cells, as indicated
by the Sub-G; DNA content analysis. However, in A549
cells, Her at the same concentrations did not induce notable
changes in apoptotic cells or the Sub-G1 cell population. In
A549 cells, Her treatment up to 20 pmol-L™" for 24 h inhib-
ited cell proliferation without inducing apoptosis, whereas at
48 h, Her was capable of triggering significant apoptosis
(Figs. 1B and 2A). These findings demonstrate that Her ef-
fectively inhibits cell growth and exhibits potent cytotoxicity
in MCF-7, AGS, and A549 cells.

To elucidate the mechanisms behind the apoptotic cell
death induced by Her, we conducted western blot analyses of
apoptosis-related proteins. Her treatment led to enhanced ap-
optosis, evidenced by an elevation in cleaved caspase-3 levels
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Fig. 2 Effects of Her treatment on apoptosis, cell cycle progression, and apoptosis-related proteins in various cancer cells. (A)
Annexin V/PI double staining of MCF-7 cells treated with Her for 24 h, with detection by flow cytometry. AGS cells and A549
were treated with Her for 24 h, and Sub-G1 cells and the cell cycle distribution were detected by PI staining and flow cytometry.
(B) MCF-7, AGS, and A549 cells were treated with Her for 24 h, and cell death-related protein expression levels were detected by
Western blotting assay. Data are presented as means £ SD (n=3) . "P<0.05, "P<0.01, and """ P < 0.001 vs control.

in AGS and A549 cells and cleaved caspase-7 levels in MCF- across all three cell lines, indicating the initiation of caspase-

7 cells. Furthermore, an increased Bax/Bcl-2 ratio was ob- mediated apoptosis by Her. These observations were corrob-

served in MCF-7 and A549 cells, along with a rise in caspase- orated by an upregulation of NOXA expression in MCF-7

dependent poly (ADP-ribose) polymerase (PARP) cleavage cells. Additionally, a downregulation of the anti-apoptotic
®
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proteins XIAP and Mcl-1 was noted in A549 cells. Collect-
ively, these results demonstrate that Her triggers apoptosis
through the activation of mitochondrial-regulated apoptosis
pathways (Fig. 2B).
Her induced ROS production and activated the AMPK and
mitogen-activated protein kinase (MAPK) pathways

AMPK plays a crucial role in triggering autophagy in re-
sponse to various forms of cellular stress. According to our
western blot analysis, AMPK phosphorylation levels signific-
antly increased, peaking at 3 h or 6 h following Her adminis-
tration across all tested cell lines (Fig. 3A). Recent research
has illuminated that AMPK can modulate MAPK signaling
pathways in cancer cells by phosphorylating key components
such as JNK, ERK, and p38. This modulation influences not
only the development of cancer but also the efficacy of can-
81 Early-stage treatment with Her resulted in
elevated expression levels of p-JNK, p-ERK, and p-p38 in
MCEF-7 cells. The phosphorylation levels of JNK, ERK, and
p38 escalated with increasing Her concentrations (Fig. 3A).
Similarly, expressions of p-JNK and p-p38 were heightened
in AGS and A549 cells, whereas p-ERK levels increased in
AGS cells but decreased in A549 cells (Fig. 3A). Further-
more, DCFH-DA staining, which serves as an indicator of
oxidative stress, demonstrated that Her treatment enhanced
reactive oxygen species (ROS) generation in a dose-depend-

cer treatments

ent manner, reaching a zenith at 3 h in MCF-7 cells (Fig. 3B).
This increased oxidative stress was associated with a signific-
ant loss in MMP, suggesting defective mitochondrial mem-
brane integrity that would lead to the selective degradation of
mitochondria (Fig. 3B). This escalation in oxidative stress
correlated with a marked reduction in MMP, indicating com-
promised mitochondrial membrane integrity that could lead
to selective mitochondrial degradation (Fig. 3B). Hence,
Her’s stimulatory effects lead to ROS production, mitochon-
drial impairment, and activation of the MAPK signaling path-
way. Additionally, Her promoted the formation of autophago-
somes through the AMPK pathway during the initial stage of
autophagy.
Her triggered autophagy and mitophagy

We further explored the influence of Her on autophagy, a
process intimately linked to cell death and energy metabol-
ism. Our findings indicated that escalating concentrations of
Her elevated the expression of MAP1LC3/LC3B-II across all
three cell lines examined (Fig. 4A). The formation of the
ATGI12-ATG5-ATG16L complex signifies the early stage of
autophagosome formation. In MCF-7 cells, Her was ob-
served to dose-dependently increase ATG12-ATGS expres-
sion starting from 1 h (Fig. 4B). As indicated in Fig. 3B, there
was an increase in mitochondrial membrane permeability.
The autophagy machinery identifies damaged or dysfunction-
al mitochondria for removal via mitophagy; this process in-
volves the accumulation of PINK1 on depolarized mitochon-
dria, leading to the phosphorylation of ubiquitin, which in
turn activates Parkin, triggering the mitophagy pathway to
eliminate compromised mitochondria "”. To examine vari-

®

ous proteins involved in mitophagy, we examined various in-
dicators of mitophagy (Fig. SA). Significant increases in
BNIP3L/Nix, BNIP3, PINK1, Parkin, and NDP52 were ob-
served with escalating concentrations of Her (0-20
pmol-L™"). Phospho-ubiquitin levels were notably higher in
Her-treated MCF-7 cells compared to control cells (Fig. SA).
Additionally, Optineurin expression was not elevated in cells
treated with Her, suggesting a more pivotal role for NDP52,
BNIP3, and Nix in the selective recognition of autophagic
cargo. To verify Her’srole in promoting excessive mito-
phagy in cancer cells, we assessed the mitochondrial associ-
ation with the LC3 protein (Fig. 5B). Post-Her treatment, the
colocalization of MitoTracker and LC3 was observed. Not-
ably, yellow puncta indicative of this colocalization were also
seen with the combined treatment of Her and HCQ, an innov-
ative lysosomal autophagy inhibitor, as well as with Her
treatment alone. The use of Rapa, an agent that enhances
autophagosome formation, in conjunction with Her, signific-
antly intensified the colocalization of MitoTracker and LC3.
This colocalization was similarly observed in AGS and A549
cells (Fig. 5C). Collectively, these results underscore the ac-
tivation of autophagy by Her, including mitophagy, as evid-
enced by increased LC3 lipidation and mitophagy markers.
Her induced autophagic flux blockade by lysosome dysfunc-
tion

In our examination of Her’s impact on autophagic flux,
we observed a significant elevation in SQSTM1/p62 expres-
sion, indicating an inhibitory effect on the late stage of auto-
phagy (Fig. 4A). The concurrent increase in both LC3-II and
p62 levels suggests an impediment to autophagic flux, as nor-
mally, p62 would be degraded during the later stage of auto-
phagy. Consequently, we also assessed the expression of
lysosomal membrane markers in cells treated with Her. We
discovered that LAMP1 expression increased in MCF-7 and
A549 cells or remained stable in AGS cells, implying that the
autophagy-lysosomal membrane integrity was preserved and
lysosomal formation was potentially enhanced. Nonetheless,
the maturation of Cathepsin D (CTSD), a measure of lyso-
somal functionality, was disrupted, with an increase in pro-
CTSD expression following Her treatment, indicative of im-
paired lysosomal degradation capabilities (Fig. 4A).

Given the accumulation of p62, we employed an RFP-
GFP-LC3 reporter assay to scrutinize autophagic flux in cells
exposed to Her. This assay reveals autophagosome formation
through the visibility of both RFP and GFP signals, present-
ing as yellow puncta. Upon the fusion of autophagosomes
with lysosomes, the acidic environment quenches GFP sig-
nals, leaving only RFP signals and thus red autolysosomes
visible. Our findings indicated that Her treatment prompted
an increase in RFP-only puncta (red), denoting autolysosome
fusion, and heightened autophagosome formation (yellow).
The prevalence of yellow puncta suggests that Her treatment
obstructs the late stage of autophagy, specifically by hinder-
ing the degradation process within autolysosomes (Fig. 6A).

To elucidate the mechanism underlying the blockade of
autophagic flux, we assessed the fusion of autophagosomes
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various doses and for various durations. Data are presented as means = SD (n=3). P <0.05,”P<0.01, and ""P < 0.001 vs con-

trol.

and lysosomes through LC3-LysoTracker and LC3-LAMP1
colocalization in Her-treated MCF-7 cells. Notably, the
colocalization between LysoTracker and LC3 markedly in-
creased in cells treated with Her, signifying that the fusion of
autophagosomes and lysosomes was not impeded by Her
treatment. This indicates that the mechanism by which Her
disrupts autophagic flux does not involve the inhibition of
autophagosome and lysosome fusion (Fig. 6B). Similarly,
LAMPI, a lysosomal membrane marker, exhibited signific-
antly enhanced colocalization with LC3 in MCF-7 cells fol-
lowing Her treatment (Fig. 6C). This further confirms that
lysosomal fusion with mitophagosomes remains unaffected
by Her, as evidenced by the colocalization of LAMP1 and
MitoTracker (Fig. 6D). The maturation of cathepsins typic-

ally relies on an acidic lysosomal environment, making an in-
crease in lysosomal pH a critical sign of lysosomal dysfunc-
tion. To detect changes in lysosomal pH, we utilized Lyso-
Sensor DND-160 (Fig. 6E) and acridine orange (AO) stain-
ing (Fig. 6F). Diminished LysoSensor yellow fluorescence
and decreased red AO staining demonstrated that Her com-
promised the acidic conditions within lysosomes.

These findings suggest that Her impedes the degradation
of autophagic cargo in these cancer cells by compromising
lysosomal functional capacity, thereby obstructing autopha-
gic flux.

Programmed cell death caused by Her and the role of nonca-
nonical autophagy

To explore whether mitochondrial damage induced by
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Her influences apoptotic cell death, we pre-treated cells with
specific inhibitors of cell death prior to Her exposure. Z-VAD-
FMK, a pan-caspase inhibitor, along with Nec-1 and NSA,
inhibitors of necroptosis, effectively mitigated Her-induced
cell death in MCF-7 cells, enhancing cell viability (Fig. 7A).
Z-VAD-FMK also prevented the activation of cleaved-cas-
pase 7 and cleaved-PARP, indicating its role in blocking ap-
optosis. However, the levels of LC3II and p62 remained elev-
ated (Fig. 7C). These observations imply that Her triggers
both apoptosis and necroptosis, suggesting that apoptosis
does not precede autophagy or is not directly linked to it. Ad-
ditionally, the ROS scavenger NAC was able to suppress Her-
induced apoptosis (Figs. 7A ,C), further indicating the role of
oxidative stress in the apoptotic process initiated by Her.

We also applied an early step inhibitor of canonical auto-
phagy, 3-MA, and observed no effect on cell death, LC3 lip-
idation, or p62, suggesting that noncanonical autophagy may
be involved. Therefore, we examined an early autophagy
event, ATG5-ATG12 binding to ATG16L1, which is neces-
sary for autophagosome formation and LC3 lipidation in both
the canonical and noncanonical pathways. ATG16L1 puncta
were observed in Her-treated cells and cells treated with both
Her and 3-MA but not in Baf Al-treated cells (Fig. 7B). Baf

®

Al is a lysosome inhibitor, a V-ATPase inhibitor, and blocks
noncanonical autophagy and LC3 lipidation *”*". As expec-
ted, Her-induced LC3 lipidation was abolished by Baf Al
treatment. Compound C (CC), an AMPK inhibitor, was also
used to suppress autophagosome formation. The results
showed that the LC3 lipidation caused by Her was inhibited
by treatment with CC, whereas cell death and expression of
cleaved-caspase7 and cleaved-PARP were enhanced (Fig.
7C). Additionally, pre-incubation with HCQ did not rescue
cells from death and affected the expression of LC3 and p62
(Fig. 7A). These results indicated a similar role of Her and
HCQ in blocking the autophagic flux. Both apoptosis and
necroptosis may contribute to Her-induced cell death, and the
potential role of noncanonical autophagy should be con-
sidered.

Discussion

Extensive research has focused on the biological effects
of natural products sourced from plants and other origins %,
In the context of cancer therapy, natural medicinal com-
pounds are favored for their ability to selectively target can-
cer cells through various mechanisms and to enhance im-

mune responses, all while presenting fewer side effects com-
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pared to traditional treatment methods ™. The potential anti-
cancer properties of Her have only recently come to light,
with a limited number of studies examining the autophagy in-
duced by Her in cancer contexts. The intricate processes by
which Her facilitates cell death and the specific involvement

of autophagy remain largely unexplored. Our study marks the
first to illustrate that Her initiates the activation of noncanon-
ical autophagy yet impedes autophagic flux at a later stage by
inhibiting autolysosome functionality, thereby inducing can-
cer cell death. We demonstrated that Her triggers mitochon-
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drial damage, autophagy, and mitophagy. Additionally, our
findings reveal that Her instigates both apoptosis and necrop-
tosis, indicating that multiple forms of cell death play a role
in Her’s cytotoxic effects (Fig. 8).

The specific effects of Her on autophagy, particularly its
influence on autophagy flux and noncanonical autophagy
pathways, remain poorly understood. Our findings reveal that

Her mediates cell death through the initial induction of auto-
phagosome formation and subsequent inhibition of late-stage
autophagy due to lysosomal dysfunction, while not hindering
autolysosome formation. Autophagy serves as an intracellu-
lar system for removing waste, initiated by the formation of
autophagosomes through several distinct phases: phagophore

initiation, nucleation, elongation, and closure. During phago-
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Fig. 7 Effects of specific cell death inhibitors and the involvement of the noncanonical pathway on Her treatment. (A) Cell viab-
ility was detected by an MTT assay. Cells were pre-treated with the pan-caspase inhibitor Z-VAD-FMK (50 pmol-L™"), the
AMPK inhibitor CC (10 pmol'L_l), the autophagy inhibitors 3-MA (5 mmol-L™"), Baf A1 (100 nmol-L™), and HCQ (40 pmol'L_l),
or the ROS scavenger NAC (10 mmol’Lfl) for 1 h and then treated with Her for 24 h. (B) ATG16L1 (red) and nuclei (Hoechst
33258) were checked by confocal microscopy (630 x) in MCF-7 cells pre-treated with Baf A1 or 3-MA for 1 h and then treated
with Her for 24 h. (C) Analyses of apoptosis- and autophagy-related proteins after treatment with inhibitors. In each bar graph,
data are presented as means + SD (n = 3). "P<0.05,"P<0.01, and ""P<0.001 vs control.

phore initiation, nutrient deprivation-induced AMPK  activa-
tion leads to the formation of the ULK1 complex. The Beclin
1 complex, comprising Beclin 1, VPS34, VPS15, and
ATG14, participates in phagophore nucleation, while phago-
phore elongation is facilitated by two conjugation systems:
ATGS5-ATG12:ATG16L1 and ATG8 ™ *. Our research,

U151 confirms that Her ro-

along with findings from others
bustly induces and activates AMPK, thereby stimulating sev-

eral downstream pathways related to cell death, including

MAPK signaling and mTOR signaling inhibition. This activa-
tion likely enhances autophagosome formation and disrupts
MMP, prompting the excessive initiation of mitophagy. Our
data suggest that AMPK plays a pivotal role in the Her-in-
duced cascade of multi-type cell death, positioning it as a cru-
cial molecular target for eliminating aggressive cancer cells.
The ATG5-ATG12-ATG16L1 complex, indicative of phago-
phore elongation but not mature autophagosome formati-
on % highlights that Her promotes pre-autophagosome as-
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sembly at very early stage, as evidenced by increased ATG12-
ATGS expression and ATG16L1 recruitment. However, auto-
phagy in cancer cells is associated with chemoresistance and
recurrence 7. Thus, a therapeutic strategy that disrupts auto-
phagy or sustains autophagy induction could lead to the accu-
mulation of ubiquitinated proteins, dysfunctional mitochon-
dria, and elevated ROS levels, resulting in significant cyto-
toxic effects. Our findings demonstrated that Her elevated
ROS levels and enhanced MMP loss across three cancer cell
types, inducing cell death. Moreover, we showed that Her
treatment impaired late-stage autophagic processes, suggest-
ing a complex interplay between autophagy regulation and
cancer cell viability influenced by Her.

Impaired autophagic flux can occur through two primary
mechanisms: (1) inhibition of the fusion between autophago-
somes and lysosomes and (2) disruption of autolysosome de-
gradation, which involves interference with lysosomal func-
tionality. For example, berbamine, a bisbenzylisoquinoline
alkaloid, impedes the fusion of autophagosomes and lyso-
somes by inhibiting SNARE complex formation ™. In our
study, both autolysosomes and autophagosomes accumulated
following Her treatment. Using RFP-GFP-LC3 assays and as-
sessing the colocalization of LC3 with lysosomes, we determ-
ined that the fusion of autophagosomes and lysosomes was
not affected by Her treatment; rather, it was the degradation

process within autolysosomes that was compromised. Lyso-
somal acidification is crucial for the degradation activity of
autolysosomes, with the maturation of cathepsins dependent
on an acidic environment. Her treatment disrupted this acidic
milieu, thereby hindering the degradation process in autolyso-
somes. Lysosomal hydrolases, such as cathepsins, play an es-
sential role in the breakdown of autolysosomal contents,
thereby facilitating autophagic flux . After treatment with
Her, there was an upregulation of pro-CTSD and a concur-
rent decrease in mature-CTSD. Thus, Her impedes the de-
gradation of autolysosomes by compromising lysosomal
function, specifically through the disruption of lysosomal
acidification and inhibition of CTSD maturation.

Incomplete autophagy can lead to the accumulation of
damaged organelles, particularly mitochondria, which might
result in mitochondria-mediated cell death or mitophagy. Mi-
tochondria play a vital role in the rapid proliferation and high
metabolic demands of cancer cells, and their dysfunction can
trigger cell death. Mitophagy, a specialized autophagic pro-
cess, ensures the selective elimination of impaired mitochon-
dria, maintaining cellular health ™. Our study has revealed
that Her treatment significantly upregulates several proteins
critical for mitophagy. BNIP3L/Nix and BNIP3, mitochondri-
al proteins, are pivotal in the initiation of mitophagy ®°’. Not-
ably, the levels of Nix and BNIP3 were elevated in Her-
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treated MCF-7 cells compared to controls. PINK1, a mito-
chondrial serine/threonine kinase, stabilizes on the outer
membrane of damaged mitochondria, making it a key target
in cancer therapy °'". PINK1 phosphorylates substrates such
as the E3 ubiquitin ligase Parkin and ubiquitin itself. These
ubiquitinated proteins are then recognized by cargo receptors
like optineurin and NDP52 . A decrease in MMP facilit-
ates the accumulation of PINK1 and the recruitment of Par-
kin to damaged mitochondria. Parkin, in turn, recruits the
autophagic adaptor protein SQSTM1/p62, which links to both
ubiquitin and LC3, clustering the damaged mitochondria for
their subsequent clearance through mitophagy. Our findings
demonstrate that Her not only upregulates PINK1 and Parkin
but also leads to the accumulation of phospho-ubiquitin and
the colocalization of LC3 with the mitochondrial membrane.
These results indicate that Her triggers mitophagy in these
cancer cells, underscoring its potential efficacy as an antican-
cer agent.

Recent studies have highlighted numerous compounds
that stimulate autophagosome formation while concurrently
hindering autophagic flux ">\, Her possesses a unique
chemical structure distinct from these compounds, and, to the
best of our knowledge, analogous effects have not been previ-
ously reported for other bisbenzylisoquinoline alkaloids.
Autophagy Modulator with Dual Effect-1 (AMDE-1) oper-
ates through both canonical and noncanonical autophagy
pathways to induce autophagosome generation; however, it
also blocks the degradation process by inhibiting lysosomal
cathepsin B ®”**. Our findings reveal that Her can upregu-
late phosphorylated AMPK (p-AMPK) and increase
ATG16L1 puncta while inhibiting lysosomal acidification
and the maturation of CTSD. Intriguingly, akin to AMDE-1’s
mechanism, the canonical autophagy inhibitor 3-MA had no
impact on Her-induced LC3 lipidation and only partially re-
duced the formation of ATG16L1 puncta, suggesting that Her
might also promote noncanonical autophagy pathways. Fur-
thermore, Bafilomycin Al (Baf Al), a V-ATPase inhibitor
and a blocker of noncanonical autophagy, significantly mitig-
ated the Her-induced alterations in ATG16L1 and LC3 lipida-
tion, thereby intensifying cell death. Additionally, CC, an
AMPK inhibitor, curtailed the LC3 lipidation triggered by
Her and enhanced cleaved-PARP levels. These observations
indicate that Her initiates autophagy through both canonical
and noncanonical pathways, which appear to have a cytopro-
tective function. Nevertheless, the mechanisms underlying
noncanonical autophagy remain largely elusive.

Our findings highlight that Her induces caspase-depend-
ent apoptosis, as evidenced by the effectiveness of the pan-
caspase inhibitor Z-VAD-FMK, alongside necroptosis in can-
cer cells. This dual induction contrasts with the caspase-inde-
pendent cell death mechanisms reported in previous studies.
Given the capacity of cancer cells to develop resistance to
chemotherapy % thereby evading cell death, compounds like
Her, which can initiate multiple forms of cell death, are po-
tentially more effective against cancer than those targeting a
single death pathway. Necroptosis, a form of regulated nec-
rosis mediated by receptor-interacting protein (RIP) kinases,

serves as an alternative cell death pathway. It often comes in-
to play when apoptosis is inhibited, either naturally or due to
the development of resistance to proapoptotic chemotherapy
agents P Our research indicates that Her not only increases
the levels of several proapoptotic proteins but also that the
use of inhibitors for both apoptosis and necroptosis can par-
tially mitigate cell death.

Our findings present a nuanced perspective on Her’s ef-
fects, contrasting with reports that Her predominantly in-
duces autophagic death in most cell lines, alongside promot-
ing autophagic flux "'?. The accumulation of LC3II, often
associated with the onset of autophagy, can also result from
inhibited degradation processes. Hence, its detection should
be complemented with assessments of autophagic flux, such
as p62 expression analysis, GFP-RFP-LC3 assays, the use of
autophagy inhibitors, and evaluations of lysosomal function-
ality. A recent investigation revealed that in pancreatic can-
cer cells, Her initiates autophagic cell death by activating the
ROS/AMPK signaling pathway, which is characterized by
decreased p62 levels and increased LC3II accumulation. Not-
ably, the accumulation of LC3II was further enhanced by late-
stage autophagy inhibitors like HCQ and Baf A1 ", In a sep-
arate study, Her was found to inhibit melanoma cell prolifera-
tion and induce apoptosis via the JAK2/STAT3 pathway,
leading to cell cycle arrest in the GO/G1 phase "*. Elevated
LC3II expression and detection of autophagosome genera-
tion via electron microscopy confirmed that Her triggered
autophagy, and both the autophagy inhibitor 3-MA and the
AMPK inhibitor CC inhibited Her-induced apoptosis, demon-
strating that Her activates autophagic cell death in melanoma
cells. The results of the above studies differed from ours in
terms of autophagic flux in MCF-7, AGS, and A549 cells,
and the inhibitors did not behave in the same way, which may
have been due to the different roles of Her in different cell
lines.

Autophagy is a dynamic and complex process with many
influencing factors. To fully elucidate the effects of Her on
autophagy, a more complete and thorough method of detec-
tion is needed, and in future studies, electron microscopy ob-
servation and genetic knockdown or knockout of autophagic
genes need to be performed in order to study autophagy more
directly and in-depth. Further investigation of the effects of
Her on normal cells, in necroptosis, and as part of in vivo
studies will be required.

Conclusion

In conclusion, Her has been demonstrated to initiate ap-
optosis and necroptosis in cancer cells, primarily through
ROS production and mitochondrial impairment. It also trig-
gers the onset of autophagy and mitophagy, engaging both
canonical and noncanonical pathways. Furthermore, Her dis-
rupts autophagic flux by compromising the lysosomal acidic
environment and hindering the maturation of CTSD, leading
to the buildup of dysfunctional autolysosomes. These in-
sights, presented for the first time, reveal that Her obstructs
autophagic flux by impairing lysosomal function, thereby
promoting cancer cell death. This study offers novel perspect-
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ives on the interplay between apoptosis and autophagy and its

potential implications for enhancing cancer treatment
strategies.
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