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Terphenyllin induces CASP3-dependent @
apoptosis and pyroptosis in A375 cells
through upregulation of p53
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Abstract

Background Melanoma, one of the most lethal forms of skin cancer, has the potential to develop in any area
where melanocytes are present. Currently, postoperative recurrence due to the emergence of systemic drug
resistance represents a significant challenge in the treatment of melanoma. In this study, terphenyllin (TER), a
distinctive inhibitory impact on melanoma cells was identified from the natural p-terphenyl metabolite. This study
aimed to elucidate the intrinsic mechanism of this inhibitory effect, which may facilitate the discovery of novel
chemotherapeutic agents.

Methods A transcriptome sequencing and metabolomic analysis of TER-treated A375 cells was conducted to identify
potential pathways of action. The key proteins were knocked out and backfilled using CRISPR-Cas9 technology

and molecular cloning. Subsequently, the results of cytosolic viability, LDH release, immunofluorescence and flow
cytometry were employed to demonstrate the cell death status of the drug-treated cells.

Results The p53 signalling pathway was markedly upregulated following TER treatment, leading to the activation of
CASP3 via the intrinsic apoptotic pathway. The activated CASP3 initiated apoptosis, while simultaneously continuing
to cleave the GSDME, thereby triggering pyroptosis. The knockout of p53, a key protein situated upstream of this
pathway, resulted in a significant rescue of TER-induced cell death, as well as an alleviation of the decrease in cell
viability. However, the knockout of key proteins situated downstream of the pathway (CASP3 and GSDME) did not
result in a rescue of TER-induced cell death, but rather a transformation of the cells from apoptosis and pyroptosis.

Conclusions The induction of apoptosis and pyroptosis in A375 cells by TER is mediated via the p53-BAX/FAS-CASP3-
GSDME signalling pathway. This lays the foundation for TER as a potential anti-melanoma drug in the future. It should
be noted that CASP3 and GSDME in this pathway solely regulate the mode of cell death, rather than determine
whether cell death occurs. This distinction may prove valuable in future studies of apoptosis and pyroptosis.
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Introduction

Melanomas originate from melanocytes, which are a
type of neural crest-derived cell. During the process of
development, these cells disseminate to various locations
within the body, including the skin, eyes, and other tis-
sues [1]. Melanoma has become a rapidly growing can-
cer type in developed countries. In the United States, the
incidence of melanoma increased from 7.9/100 000 in
1975 to 25.3/100 000 in 2018, representing a more than
320% increase. Similarly, in the UK, the incidence of
melanoma increased from 5.8 to 19.8 between 1982 and
2011, and in Sweden and Australia, it increased from 13.0
to 28.3 and from 26.4 to 51.6, respectively [2]. Globally,
approximately 232 100 (1.7%) newly diagnosed cases of
primary cutaneous melanoma (excluding non-melanoma
skin cancers) occur each year, resulting in approximately
55 500 cancer-related deaths (0.7% of all cancer deaths)
[3]. In the United States, the incidence rate is at least 16
times greater among Caucasians than among African
Americans and 10 times greater than among Hispanics
[4].

At present, surgical resection, chemotherapy, targeted
therapy and immunotherapy represent the primary
modalities of treatment for melanoma [5]. Surgical resec-
tion of the tumor and surrounding healthy tissue is the
main treatment for localized melanoma [6]. However, in
patients with metastatic melanoma, surgical treatment
alone is not curative and medication is also required
[7]. In recent years, immune checkpoint blockade (ICB)
therapy has achieved great success in clinical studies of
advanced melanoma, with objective remission rates of
19%, 45%, and 58% for anti-CTLA4, anti-PD1, and anti-
CTLA4 and anti-PD1 combination therapy, respectively
[8]. While ICB has been demonstrated to improve the
prognosis of patients with metastatic melanoma, it is
important to note that not all patients will benefit from
this treatment [9]. A subset of patients who initially
responded to immunotherapy subsequently exhibited
relapse and developed acquired resistance, while oth-
ers demonstrated no response at all [10]. BRAF-targeted
and MEK-targeted therapies are also available for adju-
vant use in the 40% of patients with BRAFV600-mutant
melanoma [7]. Three combinations (dabrafenib plus tra-
metinib, vemurafenib plus cobimetinib, and encorafenib
plus binimetinib) have been observed to elicit a high ini-
tial response rate, with evidence of tumour regression in
nearly all patients [11-13]. Despite the initial efficacy of
targeted therapies, the emergence of resistance appears
to be a common issue associated with these drugs [14—
16]. Therefore, further mechanistic exploration of poten-
tial new drugs remains of great importance.

P-terphenyl metabolites are commonly found in mac-
rofungi and are polyaromatic derivatives [17]. Some
p-terphenyls, particularly those with 4,2',4"-trihydroxy
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or 4,4"-dihydroxy-1,2,1',2’-furan substituent nuclei,
exhibit significant antioxidant and a-glucosidase inhibi-
tory activities [18]. Terphenyllin (TER), a natural
p-terphenyl compound derived from the fungus Asper-
gillus candidus, has been shown to inhibit a-glucosidase
activity and cytotoxicity [19]. Recent studies have also
reported its inhibitory effects on pancreatic tumors and
gastric cancers [20, 21]. In this study, we focused on the
melanoma cell line A375 and investigated the type of cell
death induced by TER treatment, as well as its specific
mechanism of action, through transcriptome sequencing
and metabolome analysis.

Materials and methods

Cell culture

The Human A375, M14 and QBC939 cells were stored in
the laboratory of School of Life Sciences, Xiamen Univer-
sity. HepG2, UmUc3, Hela and HaCat cells were obtained
from Procell Life Science and Technology (Wuhan,
China). All cells were mycoplasma negative as routinely
demonstrated by PCR using the Mycoplasma PCR Detec-
tion Kit (C0301S#, Beyotime, Shanghai, China), and
cultured in DMEM (12800-017#, Gibco, Carlsbad, CA,
USA) supplemented with 10% FBS (AB-FBS0500#, ABW,
Shanghai, China). When the cells reached 70% conflu-
ence, they were treated with either TER (Terphenyllin,
HY-119821#, MCE, NJ, USA) or cisplatin for 48 h. Alter-
natively, they were incubated in the presence or absence
of cell death inhibitor inhibitors, which included cellu-
lar autophagy inhibitors: wortmannin (100 nM, MCE,
NJ, USA), chloroquine (20 uM, MCE, NJ, USA); apop-
tosis pathway inhibitor: z-VAD-fmk (20 pM, Beyotime,
Shanghai, China); antioxidants: Butylated hydroxyanisole
(BHA, 100 uM, MCE, NJ, USA), Necrostatin-1 (30 puM,
Beyotime, Shanghai, China); iron death inhibitor: Fer-
rostatin-1 (0.5uM, MCE, NJ, USA); caspase-1 specific
inhibitor: VX-765 (50 uM, MCE, NJ, USA). A375 cells
were pretreated with these inhibitors for 2 h, and then
each pretreatment group was co-treated with TER for
48 h. The cells were then incubated in DMEM at 37 °C
with 5% CO.,.

Cell viability assay

For the cell viability assay, 10,000 cells were seeded into
96-well plates and incubated overnight with the indicated
experimental treatments. At the specified time points,
10 uL of freshly prepared MTT solution (5%, T31640%,
Acmec, Shanghai, China) was added to each well (con-
taining 100 pL of cell culture medium) and incubated at
37 °C for 3 h. The absorbance was determined using a
full-wavelength microplate reader (Thermo Fisher Scien-
tific Oy Ratastise 2, FI-01620 Vantaa, Finland) at a wave-
length of 490 nm.
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COH Vlablhty (%) - (Asa‘mple - Ablank) /
<A(t0nt1‘()l - Al)lank) X 100%

For crystal violet staining, cells were inoculated into a
6-well plate and placed in a humidity-saturated, 5% CO2,
37 °C cell culture incubator. Once the A375 cells had
adhered to the wall, they were treated with varying con-
centrations of TER for a period of 48 h. The treated cells
were then fixed with 4% paraformaldehyde for 20 min,
after which they were stained with a 0.1% crystal violet
solution for a further 30 min. Imaging was conducted
and documented.

LDH release test

The LDH levels were quantified using an LDH Cytotox-
icity Assay Kit (C0017#, Beyotime, Shanghai, China) in
accordance with the manufacturer’s instructions. Subse-
quently, the absorbance at 490 nm was measured. Each
experiment was repeated four times.

LDH activity (relative fold change)
= (ODsample/ODcoutrol) X 100%

Cell colony formation assay

A375 cells were plated in 6-well plates (1000 cells/well)
and then incubated at 37 °C in 5% CO, until the cells
completely adhered to the walls of the plates. The cell
culture medium was replaced with medium containing
different concentrations of TER for a 48-hour incuba-
tion period. Subsequently, the medium containing TER
was discarded, and the cells were allowed to culture in
new media for 10 days. Then, the cells were fixed with
anhydrous ethanol at room temperature for 15 min and
washed twice with PBS. The cells were then stained with
Giemsa at room temperature for 15 min, washed with
PBS twice and photographed. Finally, the colonies were
manually counted and recorded.

Transwell cell invasion assay

Cells were treated with different doses of TER for 48 h,
treated cells were digested and prepared into cell suspen-
sion and adjusted to the same concentration. Configure
the matrix gel by referring to the instructions of Biozel-
len® 3D Cell Culture Matrix Gel Kit (B-P-00003-4#,
Biozellen, NE, USA). After the matrix gel had completely
solidified, 0.1 mL of serum-free, cell density 5x10* cells/
well cell suspension was added to the upper chamber of
the Transwell (3422#, Corning, NY, USA). Add 0.8 mL
of complete culture medium to the lower chamber of
the Transwell as a chemoattractant. A375 cells that still
retain the ability to migrate and invade or have a strong
ability to migrate and invade can migrate and invade
from the upper layer of the cell chamber by secreting
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matrix protease to the lower membrane of the cell cham-
ber. The cells were incubated at 37°C for 24 h and fixed in
75% ethanol at room temperature for 15 min. Fixed cells
were stained with Giemsa stain for 10 min, dried, and the
invasion was recorded using an inverted phase contrast
microscope.

Assessment of apoptosis and the cell cycle distribution by
flow cytometry

Cells were treated with different doses of TER for 24 h,
30 h, or 48 h for flow cytometry detection. The cells were
collected by trypsinization and washed twice with phos-
phate-based buffer. Then, the cells were labeled using an
Annexin V-FITC/PI Apoptosis Detection Kit (C1062M#,
Beyotime, Shanghai, China) according to the manufac-
turer’s protocol. Apoptosis was assessed via flow cytom-
etry (Quanteon, ACEA Biosciences, CA, USA).

For the cell cycle assay, 5 puL of PI staining solution was
added to the cells protected from light after they were
collected by trypsinization and washed with PBS. The
cells were filtered through a 300mesh sieve in an ice bath
for 0.5 h and analyzed using a flow cytometer (Beckman
EC500, CA, USA) with 10,000 events for each group of
cells. The obtained results were analyzed using ModFit
software (ModFit LT v3.2) to generate a cell cycle analog
graph and calculate the percentage of cells in each phase.

Immunofluorescence and confocal microscopy

A375 cells were seeded on coverslips at 30% confluence
in six-well culture dishes. The cells were transfected with
the appropriate constructs and incubated for an addi-
tional 24 h. Next, the cells were washed three times with
PBS and fixed with 4% (v/v) paraformaldehyde for 15 min
at room temperature. The fixed cells were then washed
with PBS and incubated with 0.2% Triton X-100 and
0.2% BSA in PBS for 10 min on ice for permeabilization.
After permeabilization, nonspecific binding was blocked
by incubation with 0.02% Triton X-100 and 5% BSA
in PBS for 30 min at room temperature. The cells were
then incubated with specific primary antibodies (listed
in Table S1) for 1 h. After three washes with PBS, the
cells were incubated with secondary antibodies (Alexa
Fluor 488-coupled anti-mouse IgG (AS057#, ABclone,
Wuhan, China) and Alexa Fluor 555-coupled anti-rabbit
IgG (AS053#, ABclone, Wuhan, China)) for 1 h, followed
by incubation with DAPI solution (C0065#, Solarbio,
Beijing, China) for 20 min. Finally, the cells were washed
with PBS three times and blocked with glycerol. Confocal
images were obtained using a confocal microscope (Leica
TCS SP8 DLS, Hessian, Germany).

Microscopic imaging
Cells were seeded in 6-well plates and stained in situ
according to the instructions of the Annexin V-FITC/PI
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Apoptosis Detection Kit (C1062M#, Beyotime, Shanghai,
China). Both static bright-field images and fluorescence
images were captured using an Olympus microscope
(OLYMPUS 1X51, Tokyo, Japan).

CRISPR-Cas9 knockout

The generation of knockout (KO) cell lines using
CRISPR-Cas9 technology was performed according
to the literature [22]. The sgRNA sequences for TP53,
CASP3, and GSDME were designed using the online
guide https://www.vbc-score.org/. The specific sgRNA
sequences used were as follows: p53-sg2 5-CAAGCAG
TCACAGCACATG-3, CASP3-sgd 5'-GTGAGCATGG
AAACAATACA-3’, GSDME-sgl 5'- TGTCACCAAGG
ACTCCAACG-3'. To construct the px458-p53/CASP3/
GSDME-KO plasmid, the pSpCas9(BB)-2 A-Puro plas-
mid (62988#, PX459, Addgene) was digested and ligated
with the annealed sgRNA through the Bbsl (R0539S#,
NEB, MA, USA) restriction site. A375 cells in 6-well
plates were transfected with 2 pg/well of the px458-p53/
CASP3/GSDME-KO plasmid using polyethyleneimine
(9002-98-6#, Acmec, Shanghai, China). After 48 h, Puro
(HY-K1057#, MCE, NJ, USA) was added to the culture
medium. The Puro-containing medium was changed
every 2—-3 days, and the control cells were replaced with
fresh medium immediately after complete cell death was
observed. Once the cells reached 70% confluence, indi-
vidual cells were selected by limited dilution and seeded
in 96-well plates. After 2—3 weeks, each single clone was
detected by protein blotting to confirm the knockout
efficiency.

Recombinant plasmid construction

Total RNA was isolated from A375 cells using TRIzol
reagent (R401-01#, Vazyme, Nanjing, China). cDNA
was synthesized with a PrimeScript RT Reagent Kit
(RRO47A#, Takara, Kyoto, Japan). The coding sequence
of the target gene was amplified from the human cDNA
library by PCR using a primer set (Table S2). The ampli-
con was cloned and inserted into the pCMV vector
through ligation—independent cloning. The constructed
plasmids were verified by sequencing and then trans-
fected into 12-well plates using polyethyleneimine (PEI)
at a concentration of 1 pg per well.

Real-time fluorescence quantitative PCR

Total cellular RNA was extracted using the TRIzol
reagent and subsequently reverse transcribed into cDNA.
Quantitative qRT-PCR was conducted using the CFX384
Touch system (Bio-Rad, CA, USA) and the Genious
2x SYBR Green kit (RM21204#, ABclone, Wubhan,
China). The primers used for qRT-PCR were validated
and obtained from Sangon Biotech (Sangon Biotech,
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Shanghai, China), as shown in Table S3. GAPDH or
ACTIN was utilized as a control gene for normalization
purposes.

SDS-PAGE and western blot analysis

Cells were seeded in 12-well plates and allowed to adhere
overnight. The cells were then treated with TER as indi-
cated or transfected with the appropriate constructs
for 24 h and harvested in 2x loading buffer. Proteins
were separated by SDS-PAGE and transferred to PVDF
membranes (Millipore, MA, USA). The membrane was
blocked in 5% BSA for one hour and then incubated with
the target primary antibody (Table S1) overnight. Follow-
ing incubation, the membrane was washed three times
with 1x TBST and then incubated with secondary anti-
bodies (rabbit or mouse, AS014#, anti-Rabbit IgG; anti-
Mouse IgG, ABclone, Wuhan, China) conjugated with
horseradish peroxidase (HRP) for 2 h at room tempera-
ture. After the membrane was washed three times, the
results were imaged using a gel image analysis system
(Azure Biosystems C280, CA, USA) according to the
manufacturer’s instructions.

Transcriptome analysis

Purified total RNA was extracted from A375 cells treated
for different durations using TRIzol reagent. These RNA
samples were subsequently sent to a transcriptome
sequencing company, Novogene (Beijing, China), for
RNA-Seq analysis. The analysis was performed using an
[lumina HiSeq 4000 system. For quantification of gene
expression, the fragments per kilobase of transcript per
million fragments mapped (FPKM) method was used. To
identify differentially expressed genes (DEGs), criteria
were established for genes with a log2 (fold change)>1
and Q<0.001 to be considered DEGs. Heatmaps of gene
expression, GO (gene ontology) enrichment analyses
and enriched KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway analyses were generated based on the
DEGs.

Metabolomic analysis

The metabolite analysis involved liquid chromatography
using a SCIEX ExionLC AD and a Millipore ZIC-pHILIC
column for separation (5 pm, 2.1xX100 mm internal
dimensions, PN: 1.50462.0001). The column was main-
tained at 40 °C, and each sample was injected with a
volume of 2 pL. The mobile phase, consisting of 15 mM
ammonium acetate and 3 mL/L ammonium hydroxide in
LC-MS grade water, as well as LC-MS grade 90% aceto-
nitrile-HPLC water, was run at a flow rate of 0.2 mL/min.
The compounds were separated using a gradient pro-
gram, starting with 95% B for 2 min, decreasing to 45%
B in 13 min, holding for 3 min, and setting a post time of
4 min. A QTRAP 5500 mass spectrometer was used to


https://www.vbc-score.org/

Wu et al. Cell Communication and Signaling (2024) 22:409

measure metabolites in a gas mixture. The data were then
analyzed using MultiQuant Software (AB SCIEX).

Statistical analysis

Each experiment was repeated three or four times. The
data are presented as the SDstmeans, and Student’s t
test or one-way ANOVA with Dunnett correction to
account for multiple comparisons. All the statistical anal-
yses were performed using GraphPad Prism 9 software
(GraphPad Software Inc., Boston, MA, USA). The level of
significance was indicated by ns (not significant), p>0.05,
*P<0.05, *P<0.01, **P<0.001, and ****P<0.0001.

Results

TER inhibits cell viability and induces apoptosis in
melanoma cells

To detect the viability of cells after TER treatment,
UmUc-3 (Bladder Cancer cells), QBC939 (Cholangiocar-
cinoma cells), Hela (Breast Cancer cells), HepG2 (Hepa-
tocellular carcinoma cells), A375 (melanoma cells) and
Hacat (Immortalized skin keratinocytes) were treated
with different doses of TER, and tested by MTT assay.
Among the six types of human tumor cells and immor-
talized cells, TER demonstrated the most pronounced
inhibitory impact on cell viability in A375 cells (Fig-
ure S1A). A comparable phenomenon was observed in
another melanoma cell line, M14. Following a 48-hour
treatment with 2.0 pg/ml TER, the viability of A375 and
M14 cells was reduced to nearly 50%, while HepG2 cells
exhibited an inhibition of approximately 25% (Fig. 1A).
Crystalline violet staining also visualized the reduced
viability of A375 cells (Fig. 1B). Furthermore, the impact
of TER on A375 cell invasion was investigated. Transwell
experiments demonstrated that the invasive capacity of
A375 cells was diminished with the elevation of TER con-
centration (Figure S1B). Additionally, the expressions of
proteins -catenin, MMP2, and VCAM]1, which are asso-
ciated with cell migration and invasion, also decreased
with increasing TER concentration (Figure S1C).

To elucidate the mechanism underlying the potent
inhibitory effect of TER on A375 cells and the discrep-
ancies in its action across diverse tumor cell lines, we
employed HepG2 as a control. Morphological obser-
vations revealed a notable reduction in the viability of
A375 cells following TER treatment, accompanied by
the formation of small vesicles around the cells. How-
ever, this phenomenon was not observed in HepG2 cells
(Fig. 1C). In a series of seven distinct cell death inhibi-
tor treatments, it was observed that the combination of
BHA (antioxidant) and z-VAD-fmk (pan-caspase inhibi-
tor) pretreatment with subsequent co-culture with TER
resulted in a significant increase in the survival of A375
cells (Figure S1D). These observations suggest that apop-
tosis may have occurred in A375 cells treated with TER
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[23]. Subsequently, TER-treated A375 and HepG2 cells
were double-stained with Annexin V/PI and analyzed by
flow cytometry, which is regarded as an effective method
for detecting apoptosis [24, 25]. The findings revealed
that TER treatment resulted in phosphatidylserine ecto-
pia in a considerable number of A375 cells, a phenom-
enon that was not observed in HepG2 cells (Fig. 1D and
E). These findings indicate that apoptosis is occurring in
A375 cells.

Moreover, in comparison to cisplatin, an alternative
chemotherapeutic agent that induces apoptosis in cells,
TER-treated A375 cells exhibited a reduction in LDH
release and no dose-dependent effect (Fig. 1F and G). The
discrepancy in LDH release from A375 cells between the
two drugs indicates that they may exert inhibitory effects
on A375 cell viability through disparate mechanisms.

p53 plays an important role in TER-induced apoptosis
The aforementioned experiments demonstrated that
substantial apoptosis was observed in TER-treated A375
cells. To elucidate the mechanism by which TER induces
apoptosis in A375 cells, we conducted transcriptome
sequencing on TER-treated A375 cells and subsequently
analyzed the alterations in the gene expression profiles
of the A375 cells. The results demonstrated that the p53
signaling pathway was markedly upregulated in TER-
treated A375 cells (Fig. 2A and B). In addition to altera-
tions in gene expression profiles and an increase in p53
protein levels, we also observed the cleavage of key pro-
teins involved in the apoptotic pathway (PARP1, CASP7,
CASP3, and GSDME) following TER treatment (Fig. 2C).
To gain further insight into the function of p53 in TER-
induced apoptosis, we conducted a gene knockout exper-
iment in A375 cells. The results demonstrated that the
tolerance of A375 cells to TER was markedly enhanced
following p53 knockout (Fig. 2D). The cleavage of PARPI,
CASP7, CASP3, and GSDME induced by TER was signif-
icantly reduced in p53 knockout cells (Fig. 2E), and apop-
tosis was also diminished (Fig. 2F and G). These findings
indicate that p53 is a critical mediator of TER-induced
apoptosis.

TER induces BAX/FAS overexpression and CASP3 activation
through p53 upregulation

As illustrated in Fig. 3A and B, treatment with TER
resulted in an elevation in the expression of the apop-
tosis-related genes BAX and FAS at both the RNA and
protein levels in A375 cells. These genes represent
downstream targets of the p53 signaling pathway. Fol-
lowing p53 knockout, the alterations in BAX and FAS
expression resulting from TER treatment were no lon-
ger evident, indicating that p53 is a prerequisite for the
observed upregulation of these genes (Fig. 3B). To ascer-
tain the functional consequences of increased BAX and
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Fig. 1 TERinhibits cell viability and induces apoptosis in melanoma cells. (A) A375, M14, and HepG2 were treated with different doses (0.5, 1.0, 1.5, 2.0, 2.5
and 3.0 ug/ml) of TER for 48 h, after which cell viability was determined via the MTT assay (n =4). (B) Detection of A375 cell survival by crystal violet staining
after 48 h of treatment with different doses of TER. (C) Representative bright field microscopy images of A375 and HepG2 cells treated with 2 pug/ml TER
for 48 h. (D, E) A375 and HepG2 cells were exposed to different doses of TER (0, 1.0, 2.0 and 3.0 ug/ml) for 24 h, followed by Annexin V-FITC/PI staining and
flow cytometry analysis (n=4). A representative density plot of Annexin V-FITC/PI staining is shown in Fig. 1D. (F, G) A375 cells were treated with different
doses of cisplatin and TER for 48 h, after which LDH release and cell viability were determined (n=4). Data in A, E, F and G are shown as mean+SEM. Ns:
not significant, p>0.05, *p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001



Wu et al. Cell Communication and Signaling (2024) 22:409 Page 7 of 18

A B

Heatmap of P53 pathway 2 p53 signaling pathway ‘
| Complement and coagulation cascades (=}
! MicroRNAs in cancer .
° Cytokine-cytokine receptor interaction 4 ‘
BCL2 Axon guidance .
K A ® Count
| CDK6 Hematopoietic cell lineage 13
2 ® 10
Group Hepatocellular carcinoma . ® 15
BAX Proteoglycans in cancer 4 ‘ ®
JAK-STAT signaling pathway (=] ®
88cs Rheumatoid arthritis L
] ® 0
Gastric cancer . . 35
TSI Hippo signaling pathway Q
Inflammatory bowel disease o
CDK2 padj
GABAergic synapse 1 b= 1.00
Eig Metabolism of xenobiotics by cytochrome P450 o 0.75
Graft-versus-host diseaseq @ P
MOM2 Type | diabetes melitus L :
Galactose metabolism 4 » 0.25
c2 c1 ca T3 T T2 Rap1 signaling pathway o 0.00
C A375 M14 HepG2 Morphine addiction 4 @
S 0 .0 S 0 0 S 0 W0 Phagosome o
@ o gV o PO SR
«?,«9 6««' «9'«, &,«?«9‘@ Nicotine addiction 4 *
P53 .{ l _LL 1 L 1 m 1‘ ABC transporters @
PARP1-F/IC l : Iil ' 7 7 ' : ; ; ; l Transcriptional misregulation in cancer ‘
CASP7-F| T —p————————— l 0.01 0.02 0.03 0.04
GeneRatio
-~
CASP7-C . ) . — - CTR p53-KO
CASP3-F | 4 e o o v o o o o e o E S a0 0 S .0 .o
- = — & Q:\' Q_‘lw q:?r N Q_’L' «’r
caspac Lo e ieeew. 4 & FEE &S
GSDME-F | T ————— l p53 s -
s 2
GSDME-N | B T | —._,T
——— —— Ll
Y i —— PARP1-F/C | < S !g
ctin ‘
B-actin | s v - — - - - | CASP7-FE | = sus aun ane sns oun amn e
D A375+Cisplatin/TER48h CASP7-C
S TEF T T aa —_—
—= ——— —— ctr -
£ e CA [ T T T XY I XY |}
5 — =3 0.5 pg/ml
o — :
5 . =3 1.0 pg/ml CASP3-C
2 =3 1.5 pg/ml - ’
£ =3 2.0 pgiml GSDME-F | s s s s s e e st
o
s = GSDME-N | — |
3 =1 3.0 pg/ml g - —
0
F Px459+Cisp Px459+TER p53-KO+TER GAPDH | wmp ea» ear aar e aas e
- PXACTR /1152 & PSS TER10/51/72 - PSS TER2O /71 172 .
S [ ° a7 * Y
o sl o H ® G
3| = g ) e T
M i g ]
[a 1 Y 2 2 2
-
W e e e e w e e S = 1.0 pg/ml
3 SSIKDCTRIP1 192 3 $53KO-TERLO1P1 172 3 éfﬂ;ﬂmmnw W;g)? § = 2.0 ug/ml
ol = : : § =3 3.0 pg/mi
X2 . . @
™=, E .39 8
wl = * = =
afl . 2 2 g
. . h g
2 2 2 <
0 0 L w* w2 2 i
fodicee Px459 p53-KO
TER (ug/ml)  ctr 1.0 2.0 3.0

Fig. 2 (See legend on next page.)



Wu et al. Cell Communication and Signaling (2024) 22:409 Page 8 of 18

(See figure on previous page.)

Fig. 2 p53 plays an important role in TER-induced apoptosis. (A, B) Heatmap showing the differential gene expression activated by p53 in control and
TER-treated A375 cells. Bubble plots showing pathways associated with genes differentially expressed between control and TER-treated A375 cells, identi-
fied by KEGG pathway analysis of RNA-seq data (n=3). (C) Cells were exposed to different doses of TER (1.0, 2.0 and 3.0 pg/ml), and SDS-PAGE and protein
blotting were performed to detect the protein expression of p53 and CyclinA2 as well as the cleavage of PARP1, CASP3, CASP7 and GSDME (n=3). (D)
Cells were treated with different doses (0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 ug/ml) of cisplatin or TER, and then assessed by MTT assay (n=4). (E) A375 control and
p53-KO cell lines were treated with different doses (0, 1.0, 2.0 and 3.0 ug/ml) of TER, and the cleavage of the PARP1, GSDME and CASP3/7 was detected via
SDS-PAGE and protein blotting (n=3). (F, G) A375 and P53-KO cells were treated with different doses (0, 1.0, 2.0 and 3.0 pg/ml) of TER for 24 h, followed
by Annexin V-FITC/PI staining and flow cytometry analysis (n=4). A representative density plot of Annexin V-FITC/PI staining is shown in Fig. 2G. Data in

D and G are shown as mean+SEM. Ns: not significant, p>0.05, *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001

FAS expression, we proceeded to overexpress these pro-
teins individually in A375 cells. As illustrated in Fig. 3C
and S2A, cleavage of PARP1, CASP3, and GSDME was
evident in both BAX- and FAS-overexpressing cells.
However, overexpression of other upregulated genes
identified in the RNA-seq results did not elicit this phe-
nomenon. These findings suggest that the upregulation
of both BAX and FAS can contribute to the activation of
apoptotic pathways.

Moreover, the subcellular localization of cytochrome c,
a pivotal factor in apoptosis, was investigated. The results
demonstrated that cytochrome c was released from the
mitochondria into the cytoplasm and partially into the
nucleus in TER-treated A375 cells (Fig. 3D and E), a find-
ing that was further corroborated by the transcriptome
data (Fig. 3F). Other proteins linked to mitochondrial
membrane permeabilization (MMP), including End G
and AIF, were also observed to be released from mito-
chondria (Fig. 3D). Additionally, gene set enrichment
analysis (GSEA) revealed an enrichment of genes associ-
ated with mitotic DNA integrity checkpoints, indicating
that TER treatment may influence the efficiency of DNA
replication in A375 cells (Fig. 3G).

TER induces A375 cell cycle arrest in G2 and S phases
Following the enrichment of gene expression data associ-
ated with DNA replication checkpoints, an investigation
was conducted into the specific mechanism underlying
the inhibition of proliferation in TER-treated A375 cells.
As illustrated in Fig. 4A, the cell colony formation assay
demonstrated a decline in cell proliferative capacity with
elevated TER concentrations. The distribution of Ki67, a
protein that plays a role in preventing chromosome col-
lapse during mitosis [26, 27], was also examined. In con-
trast to the control group, in which Ki67 was observed to
aggregate around chromosomes, Ki67 was found to be
evenly distributed throughout the nucleus in TER-treated
A375 cells, and cell division was no longer evident within
the field of view (Fig. 4C). This result indicated that the
DNA replication process is indeed altered in TER-treated
A375 cells.

To investigate the molecular mechanism underlying
this process, we examined the expression of cell cycle-
related proteins. The results showed that the inhibitory
effect of TER on Cyclin A2 expression increased with the

increase of TER concentration and was alleviated after
p53 knockout (Fig. 4D). Cyclin A2 can activate CDK2
and facilitate the transition between the G1/S and G2/M
phases of the cell cycle (Fig. 4B). The inhibition of Cyclin
A2 expression may lead to blockage of the G2/M phase
and an increase in the number of tetraploid cells (in G2
and S phase) [28-30]. This phenomenon was corrobo-
rated by flow cytometry analysis of A375 cells that treated
with a low dose of TER (Fig. 4E and F). The results dem-
onstrate that TER can block the cell cycle of A375 cells in
G2 and S phases, which may be related to the decreased
expression of Cyclin A2 induced by p53.

Knockout of CASP3 converts TER-induced apoptosis into
cell necrosis

Although we observed cleavage of CASP3, a key pro-
tein involved in apoptosis, following TER treatment,
it is important to note that knockout of CASP3 did not
alleviate the TER-induced reduction in A375 cell viabil-
ity (Fig. 5A). Interestingly, this reduction in cell number
is not due to apoptosis but to necrosis. This was evi-
denced by the migration of the cell population toward
the PI-positive and Annexin V-negative group after TER
treatment in the CASP3-KO cell line. Moreover, the
percentage of apoptotic cells (Annexin V-positive) was
reduced after CASP3 knockout (Fig. 5B and C). In situ
Annexin V-FITC/PI staining also showed that TER could
directly lead to necrosis in CASP3-KO cells, because the
cell membrane of TER-treated CASP3-KO cells did not
undergo phosphatidylserine ectopia (Fig. 5D). Moreover,
knockout of CASP3 significantly promoted TER-induced
LDH release from A375 cells in a dose-dependent man-
ner, providing further evidence for the occurrence of
necrosis (Fig. 5E).

TER induces GSDME-dependent cell pyroptosis via
activated CASP3 in A375 cells

As illustrated in Fig. 6A, the TER-induced cleavage band
corresponding to GSDME was entirely absent in the
CASP3 knockout cell line, whereas the cleavage band
of PARP1 remained. This indicates that PARP1 is not
cleaved by CASP3, but rather by other downstream pro-
teins induced by p53 in A375 cells. The role of GSDME
in TER-induced apoptosis was subsequently investigated.
The results demonstrated that the knockout of GSDME
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resulted in a notable elevation in apoptosis (Fig. 6B
and C) and a reduction in TER-induced LDH release
(Fig. 6D), which exhibited a mechanism of death induc-
tion comparable to that observed in colon cancer cells
treated with lobaplatin [31].

Prior research has indicated that CASP3 facilitates
the cleavage of GSDME, thereby enabling the progres-
sion of drug-induced apoptosis to secondary necrosis or
pyroptotic cell death [32]. Chemotherapeutic agents can
induce cellular pyroptosis via the BAK/BAX-caspase-
3-GSDME pathway [32, 33]. To ascertain whether this
pathway is implicated in TER-induced apoptosis, two sets
of co-expression experiments were conducted in A375
cells, BAX/GSDME group and FAS/GSDME group. The
results showed that both co-expression groups resulted
in increased LDH release from A375 cells and the release
of LDH in both groups was effectively alleviated by the
caspase inhibitor Z-VAD-fmk (Fig. 6E). Besides, it was
difficult to observe intact co-expressed cells in the BAX/
GSDME group (Fig. 6F). The above results suggest that
the cellular pyroptosis mediated by the BAX-CASP3-
GSDME pathway is also present in TER-induced A375
cells.

Enzymes with upregulated expression in the amino and
nucleotide sugar metabolism pathways are not directly
involved in TER-induced cell death

Previous studies have shown that TER has significant
a-glucosidase inhibitory activity [19]. To ascertain
whether alterations in metabolic pathways are impli-
cated in TER-induced cell death, an examination of the
metabolome of A375 cells following TER treatment was
conducted. It was observed that the metabolic pathways
of amino sugars and nucleotides were significantly upreg-
ulated following TER treatment (Fig. 7A and B). To gain
further insight into the molecular mechanisms underly-
ing these metabolic alterations, we examined the expres-
sion of pivotal enzymes involved in the pathway. Our
findings revealed a significant upregulation in the expres-
sion of GALKI, GALE, and GALT (Fig. 7C), which aligns
with the results of transcriptome sequencing (Fig. 7D). To
ascertain the function of these enzymes in TER-induced
cell viability and apoptosis, we proceeded to overexpress
them in A375 cells. However, no changes were observed
in the cleavage of apoptosis-related downstream pro-
teins upon overexpression of GALK1, GALE, or GALT
(Figs. 3D and 7F, and S2B). Furthermore, no differences
were observed in the distribution of KI67 following over-
expression (Fig. 7E).

Discussion

The findings of our study indicate that TER exerted a sig-
nificant inhibitory effect on cell viability in A375 cells.
This was achieved through a dual mechanism involving
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promotion of cell death and inhibition of cell prolifera-
tion. TER promoted an increase in the expression of p53
protein in A375 cells, which in turn activated BAX. The
activation of BAX resulted in the release of cytochrome
C from mitochondria, which in turn triggered the activa-
tion of caspase-3 through the intrinsic apoptotic pathway,
thereby significantly contributing to the development of
apoptosis in A375 cells. On the other hand, up-regulated
p53 inhibits the expression of Cyclin A2, a protein that
is important for the G1/S and G2/M phases transition
during the cell cycle [28-30]. Similar blockage of the cell
cycle in G2 and S phases was observed in TER-treated
A375 cells (Fig. 8).

It has been reported that certain chemotherapeutic
agents can induce cellular pyroptosis through the activa-
tion of the CASP3-GSDME pathway [31, 34, 35]. GSDME
is cleaved by caspase-3 specifically in its linker, generat-
ing a GSDME-N fragment that perforates membranes
and thereby induces pyroptosis [34]. Under sterile condi-
tions, bile acids can also trigger CASP3-GSDME induced
pyroptosis by promoting mitochondrial permeability
transition (MPT) [36]. In this study, we observed that the
overexpression of BAX and GSDME markedly enhanced
LDH release in A375 cells, which was effectively attenu-
ated by the introduction of a pan-caspase inhibitor. This
suggests that TER-induced cell death is not attributable
to a single mode of cell death, and that apoptosis and
pyroptosis coexist in TER-induced A375 cells.

It has long been assumed that cell death pathways func-
tion in parallel. However, a growing body of evidence
suggests that apoptosis, necrotic apoptosis, and pyropto-
sis are closely linked [37, 38]. Even in the same cell, these
three pathways can be cross-regulated with each other
by a multi-protein complex called the PANoptosome
[39, 40]. In mice, elimination of MLKL to prevent lethal
necrotic apoptosis is followed by ASC and caspase-1
signalling that contribute to lethality [41]. Ileitis in mice
with FADD-deficient intestinal epithelial cells can be
driven by necroptosis or GSDMD-dependent pyroptosis
[42]. This cross-regulation was also found in our study.
Knockout of GSDME promoted TER-induced apoptosis,
while knockout of CASP3 converted TER-induced apop-
tosis into cell necrosis.

Ki67 is one of the most widely used proliferation mark-
ers in oncology [43]. It is function as a component of the
mitotic chromosome periphery that prevents chromo-
somes from collapsing into individual chromatin clusters
after nuclear membrane disassembly [26]. During inter-
phase Ki67 binds primarily to the densely packed chro-
matin fraction at the periphery of the nucleolus, while
during mitosis it is localized around the chromosomes
[44]. Interestingly, in TER-treated A375 cells, although
we observed a significant inhibition of cell proliferation,
no reduction in Ki67 expression occurred. We speculate
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Fig. 3 TER induces BAX/FAS overexpression and CASP3 activation through p53 upregulation. (A) Relative expression levels of the FAS, BAX, CASP6, CASP3,
GSDME and PARPT mRNAs in A375 cells after treatment with TER (2 ug/ml) for 24 h. Gene expression was assessed via gPCR. The error bars represent the
means+SDs (n=3). (B) Cells were treated with different doses (0, 1.0, 2.0 and 3.0 ug/ml) of TER, and the expression of apoptosis-related proteins (FAS and
BAX) was detected via SDS—PAGE and protein blotting (n=3). (C) Overexpression of signaling pathway-related genes (FAS, BAX, CASP6 and ARGE) and
metabolism-related genes (GALKT, GALT, GALE and KITLG) in A375 cells, and cleavage of PARP1, CASP3 and GSDME proteins was detected by SDS—PAGE
and protein blotting (n=3). (D) A375 cells were treated with TER (2.0 ug/ml) to detect differences in the distribution of mitochondrial and intracytoplasmic
proteins between the experimental and control groups (n=3). (E) A375 cells were treated with TER (2.0 ug/ml) for 24 h to determine the distribution of
cytochrome C (red) in the experimental and control groups. (F) GO enrichment analysis (n=3) of the upregulated mRNA DEGs in biological processes
(BPs). (G) Differentially expressed genes (TER2.0 ug/ml vs. control, n=3) were enriched for"Mitotic DNA integrity Checkpoint”as established by GESA. Data

in A is shown as mean + SEM. Ns: not significant, p>0.05, *p <0.05, **p < 0.01, ***p <0.001, ****p <0.0001

that this is related to the period of Ki67 expression. lain
Miller et al. tracked Ki67 levels under endogenous con-
trol in single cells over time and found that Ki67 accu-
mulation occurs only during S, G2, and M phases and
continued to be degraded upon entry into the G1 and GO
phases [45]. Given that TER inhibited A375 cells primar-
ily during the G2 and S phases, when the cells had already
completed Ki67 accumulation, the expression of Ki67
detected under immunofluorescence was not affected
and even exhibited a tendency to increase. Nevertheless,
additional research is required to ascertain the function
of Ki67 during this phase.

E-type cell cycle proteins, collectively known as cell
cycle protein E, represent key components of the core
cell cycle machinery [46]. In mammalian cells, two
E-type cell cycle proteins, E1 and E2, activate cyclin-
dependent kinase 2 (CDK2) and drive cell cycle progres-
sion by phosphorylating several cellular proteins [47, 48].
Overexpression of E1 results in replication stress, mitotic
abnormalities, and increased sensitivity to replication
checkpoint inhibitors [49]. In this study, we also found
a slight upregulation of cyclin E1 after TER treatment,
which was more significant after p53 knockout. Nota-
bly, although TER affected the expression of cyclin E1 to
some extent, p53 knockout did not eliminate or reverse
the expression trend of cyclin E1. It indicates that the
expression trend change of cyclin E1 may not be directly
regulated by p53, which is also consistent with the study
of Zeng et al. Previously, they found similar levels of
cyclin E1 expression in p53-positive and p53-knockout
RPE1 cells induced by doxycycline [50].

PARPI is a protein that plays multiple roles in the cell,
including by modifying nuclear proteins, repairing DNA
damage, and promoting apoptosis [51, 52]. It has been
shown that a truncated form of PARP1 can activate RNA
Pol IIT and induce IFN-f production and apoptosis [53],
in which truncated 89 KB PARP1 can act as a cytoplas-
mic PAR carrier and induce AIF release from mitochon-
dria [54]. It was previously reported that PARP1 is one of
the downstream substrates for CASP3 activation [55, 56].
However, in our study, we found that knockout of CASP3
did not prevent TER-induced cleavage of PARP1, imply-
ing that another mode of PARP1 cleavage exists in TER-
treated A375 cells.

In summary, TER not only inhibited A375 cell prolif-
eration, but also induced programmed cell death (PCD)
through the P53-BAX-CASP3 pathway. Activated CASP3
in this pathway promotes apoptosis on the one hand, and
on the other hand, it continues to cleave GSDME to trig-
ger pyroptosis, and ultimately stimulates A375 cell death
in the form of apoptosis and pyroptosis coexistence. It
is interesting to note that neither CASP3 knockout nor
GSDME knockout could rescue TER-induced cell death,
and TER-induced cell death could be significantly alle-
viated only when the upstream protein of this path-
way, p53, was knocked out. This suggests that CASP3
and GSDME in this pathway regulate the manner of
cell death, rather than determining whether cell death
occurs. This process can be likened to the flow of water in
a river. Once the main valve is opened, the valve situated
further downstream will determine the direction of the
river’s flow, but will not affect the river’s overall tendency
to flow downstream.

Conclusions

To investigate the mechanism by which TER inhibits
melanoma cell viability, we sequenced the transcriptome
of TER-treated A375 cells and found a significant upreg-
ulation of the p53 signaling pathway. We demonstrated
p53-BAX/FAS-CASP3-GSDME as the main mechanism
of TER-induced A375 cell death. Compared with the
broad-spectrum chemotherapeutic agent-cisplatin, TER
induced A375 cell death in a milder manner and showed
some cell specificity. This lays the foundation for TER as
a potential anti-melanoma drug in the future. In addi-
tion, we found that the knockout of CASP3 and GSDME
of the pathway did not prevent TER-induced cell death,
but rather shifted the cell death to another mode, which
also provides valuable information for the apoptosis and
pyroptosis studies.
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