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a b s t r a c t

Hepatocellular carcinoma (HCC) is one of the most common tumor types and remains a major clinical
challenge. Increasing evidence has revealed that mitophagy inhibitors can enhance the effect of
chemotherapy on HCC. However, few mitophagy inhibitors have been approved for clinical use in
humans. Pyrimethamine (Pyr) is used to treat infections caused by protozoan parasites. Recent studies
have reported that Pyr may be beneficial in the treatment of various tumors. However, its mechanism of
action is still not clearly defined. Here, we found that blocking mitophagy sensitized cells to Pyr-induced
apoptosis. Mechanistically, Pyr potently induced the accumulation of autophagosomes by inhibiting
autophagosome-lysosome fusion in human HCC cells. In vitro and in vivo studies revealed that Pyr
blocked autophagosome-lysosome fusion by upregulating BNIP3 to inhibit synaptosomal-associated
protein 29 (SNAP29)-vesicle-associated membrane protein 8 (VAMP8) interaction. Moreover, Pyr acted
synergistically with sorafenib (Sora) to induce apoptosis and inhibit HCC proliferation in vitro and in vivo.
Pyr enhances the sensitivity of HCC cells to Sora, a common chemotherapeutic, by inhibiting mitophagy.
Thus, these results provide new insights into the mechanism of action of Pyr and imply that Pyr could
potentially be further developed as a novel mitophagy inhibitor. Notably, Pyr and Sora combination
therapy could be a promising treatment for malignant HCC.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Liver cancer is one of the most frequent fatal malignancies, and
its fatality is ranked third among all diseases. Among all primary
liver cancers, hepatocellular carcinoma (HCC) is the most common
neoplasm [1], and immunotherapy and chemotherapy are currently
the best curative options [2]. However, the occurrence of chemo-
therapy resistance [3] and immune escape [4] hinder attempts to
control tumor growth. Therefore, new treatment options are
necessary for patients with HCC.

In recent years, numerous studies have shown that autophagy
plays a pivotal role in cancer treatment [5,6]. Autophagy is an
important cellular homeostasis and cycling mechanism [7e10].
Initially, parts of the cytoplasm and organelles are engulfedwithin a
double-membrane-bound vesicle called an autophagosome. The
autophagosome fuses with lysosomes to form an autolysosome,
which results in the degradation of sequesteredmaterials by various
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lysosomal hydrolytic enzymes [11]. Substantial evidence suggests
that soluble N-ethylmaleimide sensitive factor attachment protein
receptor (SNARE) complexes are involved in autophagosome-
lysosome fusion [12,13]. It has recently been reported that auto-
phagosomal SNARE syntaxin 17 (STX17) interacts with cytosolic
SNARE synaptosomal-associated protein 29 (SNAP29) and lyso-
somal SNARE vesicle-associated membrane protein 8 (VAMP8), all
of which are required for autophagosome-lysosome fusion [14].
However, the molecular mechanism underlying the regulation of
autophagosome-lysosome fusion is not fully understood.

The process of mitochondrial degradation through autophagy is
called mitophagy, and it is important for mitochondrial quality
control and homeostasis [15,16]. The mitophagy receptor BNIP3 is a
protein homologous to Bcl-2 in its BH3 structural domain [17,18]
and it may play an essential role in the fusion of autophagosomes
with lysosomes [19,20]. However, the mechanistic function of
BNIP3 in the regulation of autophagosome-lysosome fusion re-
mains unclear. In addition, many studies have shown that
mitophagy is necessary for the evolution of benign liver tumors to
malignant HCC and that mitophagy promotes the occurrence and
metastasis of HCC [21e23]. Given the important role of mitophagy
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in HCC progression, the search for inhibitors of mitophagy is
essential to enhance the treatment of HCC.

Pyrimethamine (2,4-diamino-5-p-chlorophenyl-6-ethyl-pyrimi-
dine; Pyr) is used for the treatment of infections caused by proto-
zoan parasites [24,25]. In addition to antimalarial effects, recent
studies have also reported that Pyr can treat different types of tu-
mors, including lung cancer [26], melanoma [27,28], breast cancer
[29], acute myeloid leukemia [30], and prostate cancer [31]. It has
been suggested that the mechanism underlying the anti-cancer ac-
tivity of Pyr involves the induction of cathepsin B-dependent and
caspase-dependent apoptotic pathways, inhibition of STAT3, acti-
vation of caspase8/9, and cell cycle arrest in the S-phase. However,
there are no reports of Pyr regulatingmitophagy in humanHCC cells.

In this study, we aimed to investigate the effects of Pyr on
mitophagy and its underlying mechanism. We found that Pyr can
effectively induce autophagosome accumulation by inhibiting the
fusion of autophagosomes with lysosomes. In vitro and in vivo
mechanistic studies revealed that Pyr blocks autophagosome-
lysosome fusion by upregulating BNIP3 to inhibit SNAP29-VAMP8
interaction. In addition, we found that the combination of Pyr and
sorafenib (Sora) had a synergistic effect, which was confirmed
in vitro and in vivo through the observation that Pyr increased the
sensitivity of humanHCC cells to Sora by inhibitingmitophagy. These
findings provide a new link between Pyr and mitophagy, which has
clinical implications for potential HCC treatment strategies.

2. Materials and methods

All in vivo studies were performed using BALB/c male nude mice
(4 weeks old, 18e22 g). All animal studies were conducted in
accordance with the principles of the Institutional Animal Care and
Use Committee. Moreover, the animal studies were performed
under the permission of the Biomedical Ethics Committee
(Approval number: 2021-1317) of the Department of Xi'an Jiaotong
University Health Science Center. Please see the detailed materials
and methods in the supplementary materials.

3. Results

3.1. Pyr inhibits the proliferation of HCC cells and induces apoptosis

At first, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assays were performed to investigate the effect of
Pyr on the proliferation of HCC cell lines. Pyr inhibited the growth of
HCC cells in a time- and concentration-dependentmanner (Fig.1A).
Subsequent experiments were performed using HepG2 and SMMC-
7721 cells, and the cytotoxicity of Pyr on SMMC-7721 and HepG2
cells was detected by Calcein-AM/PI double staining experiments.
Notably, Fig. 1B shows that Pyr treatment led to HCC cell death. To
further investigate whether Pyr enters HCC cells to exert anti-
proliferative effects, the HPLC method was used to determine.
Chromatogramsobtained from the blank culture extraction solution
and the blank extraction lysate (as a representative sample) are
shown in Fig. S1. The standard curves for the relationship between
the peak area of Pyr in quality-control samples and Pyr concentra-
tion were evaluated by least-squares regression analysis (Table S1).
Within-run precision, between-run precision and extraction effi-
ciency were determined for culture solution (Table S2) and lysate
(Table S3) samples. These methods were then applied to determine
the content of Pyr in supernatant liquid and cell lysate (Table S4).
The results showed that the concentration of Pyr decreased in the
cell supernatant liquid and increased in the cell lysate compared
with the original concentration. In short, these results indicate that
Pyr can inhibit the proliferation of SMMC-7721 cells by entering the
cell.
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Additionally, Pyr arrested HCC cells at S phase (Fig. S2), and the
induction of apoptosis was observed by Annexin V/propidium io-
dide (PI) staining in Pyr-treated HCC cells (Figs. 1C and S3). Pyr
reduced the expression of anti-apoptotic molecules, including Bcl-
2, Mcl-1, and Bcl-XL, and increased the expression of pro-apoptotic
proteins (Bax and Bak), which suggests that Pyr induces apoptosis
via mitochondrial pathways (Fig. 1D). Furthermore, caspases are
central components of the machinery responsible for apoptosis
[32e34]. Therefore, the levels of caspase family proteins were
detected in HCC cells after Pyr treatment. As shown in Fig. 1E,
caspase-8, caspase-9 and caspase-3 cleavage increased after Pyr
treatment. Furthermore, cytochrome c (Cyto c) expression was
increased and X-linked inhibitor of apoptosis (XIAP) expressionwas
downregulated after Pyr treatment. The expression levels of
apoptotic protease activating factor 1 (APAF-1), apoptosis-inducing
factor (AIF), and poly(ADP-ribose) polymerase (PARP) cleavage
increased after Pyr treatment (Fig. 1F). The levels of apoptosis-
related proteins were also assessed at different time points, and
the results indicated that the induction of apoptosis by Pyr was
time-dependent (Fig. S4). Taken together, these results indicate
that Pyr induces cell death via an intrinsic pathway mediated by
Bcl-2 family proteins, APAF-1 oligomerization, AIF, and caspase
activation.

3.2. Blocking autophagy sensitizes HCC cells to apoptosis induced
by Pyr

Pyr treatment triggered cytoplasmic vacuolization in HCC cells
(Fig. 1G). It has been reported that the vacuolization of cells is
related to autophagy [35]; therefore, it is essential to investigate
whether Pyr can influence autophagy. The expression of P62, Beclin
1 and light chain 3 (LC3)-II/LC3-I in HCC cells was detected by
western blotting. Treatment of cells with Pyr resulted in the
upregulation of these proteins (Figs. 1H and I). The increase in
Beclin 1 expression after Pyr treatment indicated that Pyr could
induce autophagy. Increased LC3-II/LC3-I ratios upon Pyr treatment
confirmed an increase in autophagosomes. However, elevated P62
levels highlighted the blockage of late autophagy. Pyr induced
greater accumulation of LC3-II when cells were co-activated with
autophagy activator rapamycin (Rapa) (Figs. 1J and S5). Further-
more, the LC3-II/LC3-I ratio was assayed in the presence of the
selective vacuolar (V)-ATPase inhibitor, bafilomycin (BafA1), the
lysosomal inhibitor, chloroquine (CQ), and the mitophagy inhibitor,
Mdivi-1. The combination of Mdivi-1 and Pyr significantly
increased LC3-II conversion compared with single inhibitor treat-
ment alone in both cell types (Figs.1K and S6). These results suggest
that Pyr blocks mitophagy, and taken together, these data indicate
that Pyr is an autophagy activator that can block autophagic flux in
the late stage. Treatment with BafA1, CQ, or Mdivi-1 increased Pyr-
induced cell death (Fig. 1L) and apoptosis (Fig. 1M), indicating that
autophagy, as a protective function, was reversed. In conclusion,
these data demonstrate that Pyr induces apoptosis via autophagy.

3.3. Pyr initiates and blocks mitophagy

Mitochondrial morphology and function were assessed to eval-
uate mitochondrial alterations in Pyr-treated HCC cells. Mitochon-
dria in Pyr-treated HCC cells were punctate compared to normal
filamentous mitochondria in the control group (Fig. 2A). DJm was
significantly decreased in Pyr-treated cells compared to untreated
cells, as shown in the tetramethylrhodamine ethyl ester (TMRE)
assay (Fig. 2B). In addition, ATP levels and reactive oxygen species
(ROS) production were measured after Pyr treatment to assess
functional alterations. The ATP content in HCC cells decreased after
Pyr treatment (Fig. 2C), while the ROS levels increased (Fig. 2D).



Fig. 1. Blocking autophagy sensitizes hepatocellular carcinoma (HCC) cells to pyrimethamine (Pyr)-induced apoptosis. (A) The effects of Pyr on HCC cell proliferation, were
evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test (n ¼ 3). (B) HCC cells were treated with 20 mM Pyr for 48 h. Representative images of Pyr
cytotoxicity against HCC cells as assessed by Calcei-AM/propidium iodide (PI) double staining. (n ¼ 3). (C) HCC cells were treated with Pyr for 48 h. Cell apoptosis was measured by
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Annexin V/PI staining, and the quantitation of apoptotic cells was shown. Data are presented as the mean ± standard deviation of the mean (SEM), n ¼ 3. *P < 0.05, **P < 0.01. (DeF)
HCC cells were treated with Pyr for 48 h. Apoptosis-related protein expression was examined by western blotting (n ¼ 3). (G) Morphological effect of Pyr on HCC cells after
treatment with 20 mM Pyr for 48 h. Extensive cytoplasmic vacuolization was induced with Pyr. (n ¼ 3). (H) HCC cells were treated with 20 mM Pyr and autophagy-related protein
expression was examined by western blotting (n ¼ 3). (I) HCC cells were treated with Pyr for 12 h and autophagy-related protein expression was examined by western blotting
(n ¼ 3). (J) HCC cells were treated with 20 mM Pyr in the presence of 100 nM rapamycin (Rapa) for 12 h. Autophagy-related protein expression was examined by western blotting
(n ¼ 3). (K) HCC cells were treated with 20 mM Pyr in the presence of 20 nM bafilomycin (BafA1), 20 mM chloroquine (CQ), or 10 mM Mdivi-1 for 12 h. Autophagy-related protein
expression was examined by western blotting (n ¼ 3). (L) HCC cells were treated with 20 mM Pyr in the presence of 20 nM BafA1, 20 mM CQ, or 10 mM Mdivi-1. Cell cytotoxicity was
analyzed using an MTT assay. Data are presented as the means ± SEM, n ¼ 3. *P < 0.05, **P < 0.01. (M) Cell apoptosis was measured by Annexin V/PI staining in HCC cells treated with
20 mM Pyr in the presence of 20 nM BafA1, 20 mM CQ, or 10 mM Mdivi-1. Quantitation of apoptotic cells is shown. Data are presented as the mean ± SEM, n ¼ 3. **P < 0.01,
***P < 0.001. GAPDH: glyceraldehyde 3-phosphate dehydrogenase; AIF: apoptosis-inducing factor; Cyto c: cytochrome c; APAF1: apoptotic protease-activating factor 1; XIAP: X-
linked inhibitor of apoptosis; PARP: poly(ADP-ribose) polymerase; LC3: light chain 3; Ctrl: control group.

Fig. 2. Pyrimethamine (Pyr) initiates and blocks mitophagy. (A) Hepatocellular carcinoma (HCC) cells were treated with 20 mM Pyr for 12 h and stained with MitoOrange. (B)
Changes in DJm following treatment of HCC cells with Pyr were analyzed by tetramethylrhodamine ethyl ester (TMRE) staining and flow cytometry. (n ¼ 3). (C) ATP content in HCC
cells was assessed using an ATP Assay Kit. Data are presented as the mean ± standard deviation of the mean (SEM), n ¼ 3. **P < 0.01, ***P < 0.001. (D) HCC cells were labeled with a
2'-7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) probe, and intracellularreactive oxygen species (ROS) levels were assessed using flow cytometry (n ¼ 3). (E) HCC cells were
treated with 20 mM Pyr alone or in combination with 5 mM NAC for 12 h. Cells were then labeled with a DCFH-DA probe, and intracellular ROS levels were quantified using flow
cytometry (n ¼ 3). (F) HCC cells were treated with Pyr for 12 h. The cells were then labeled with a MitoSOX probe, and the mitophagy-mediated ROS levels were measured using
flow cytometry (n ¼ 3). (G) Protein expression of Parkin in Pyr-treated HCC cells (n ¼ 3). (H) HCC cells were treated with 20 mM Pyr in the presence of 20 nM bafilomycin (BafA1),
20 mM chloroquine (CQ), or 10 mM Mdivi-1 for 12 h. Then the mitochondrial fractions (Mito) were prepared, and autophagy-related protein expression in mitochondria were
evaluated by western blotting. Voltage-dependent anion channel 1 (VDAC1) served as the control (n ¼ 3). GAPDH: glyceraldehyde 3-phosphate dehydrogenase; LC3: light chain 3;
Ctrl: control group.

J. Wang, Q. Su, K. Chen et al. Journal of Pharmaceutical Analysis 14 (2024) 211e224

214



J. Wang, Q. Su, K. Chen et al. Journal of Pharmaceutical Analysis 14 (2024) 211e224
Afterwards, the cells were pretreated with 5 mM NAC (a ROS scav-
enger), which reduced Pyr-induced intracellular ROS accumulation
in HCC cells (Fig. 2E). Additionally, MitoSOX was used to measure
mitochondrial ROS levels. As shown in Fig. 2F, themitochondrial ROS
levels in HCC cells increased after Pyr treatment. These results sug-
gest that Pyr causes mitochondrial dysfunction.

Next, it was investigatedwhether HCC cells initiatedmitophagy to
removedysfunctionalmitochondria.Notably, theexpressionofParkin,
a key factor in mitophagy [36], markedly increased (Fig. 2G), which
suggests that Pyr treatment promotes mitophagy. However, in mito-
chondrial proteins, Pyr induced a greater accumulationof LC3-IIwhen
cells were co-treated with Rapa. Additionally, combination treatment
withMdivi-1 andPyrconsiderably increasedLC3-II conversion inboth
HCC cell lines compared to the single inhibitor treatment (Fig. 2H).
These data reveal that Pyr inhibits latemitophagy. Taken together, the
results suggest that Pyr initiates and blocks mitophagy.
3.4. Pyr regulates mitophagy by interfering with autophagosome-
lysosome formation

The above results indicate that Pyr inhibits autophagic flux
during the late stages of autophagy. Thence, the effect of Pyr on
Fig. 3. Pyrimethamine (Pyr) regulates mitophagy by interfering with autophagosome-lyso
tocellular carcinoma (HCC) cells were assessed by western blotting (n ¼ 3). (B) Protein expres
red fluorescent protein (RFP)-green fluorescent protein (GFP) tandem fluorescently-tagged li
20 mM Pyr or 20 nM bafilomycin (BafA1). RFP, GFP, and 2-channel merged images were evalu
were treated with 20 mM Pyr or 20 nM BafA1. P62 (green), MitoOrange (red), and 2-chann
(n ¼ 3). (E) SMMC-7721 cells were treated with 20 mM Pyr or 20 nM BafA1. P62 (green), lys
were used to evaluate the colocalization of P62 and LAMP1. (n ¼ 3). (F) Representative trans
black arrow indicates autolysosomes, and the red arrows indicate autophagosomes. N: nucleu
Ctrl: control group.
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lysosomal function was next investigated. Cathepsin B and D are
the main lysosomal proteases, and their deficiency leads to
impaired autophagy [37,38]. It is worth noting that Pyr increased
the levels of the mature forms of cathepsin B and cathepsin D
(Fig. 3A), which indicates that Pyr does not affect autophagy by
affecting the maturation of lysosomal enzymes. Lysosomal associ-
ated membrane protein 1 (LAMP1) is a crucial component of the
lysosomal membrane and its protein levels were significantly
upregulated in HCC cells treated with Pyr (Fig. 3B). This suggests
that themechanism bywhich Pyr inhibited autophagic fluxwas not
due to a decline in lysosome number. In addition, autophagic flux
was assessed in SMMC-7721 cells using red fluorescent protein
(RFP)-green fluorescent protein (GFP) tandem fluorescently
labeled LC3 after treatment with Pyr or BafA1. As reported previ-
ously [39], when autophagosomes fuse with lysosomes, GFP is
quenched by the acidic microenvironment (GFPe). Therefore, a red
signal (RFPþ-GFPe) in the merged images indicates autolysosomes
formation, while a yellow signal (RFPþ-GFPþ) in the merged images
represents autophagosomes. As shown in Fig. 3C, Pyr or BafA1
treatment markedly induced the colocalization of RFP-GFP, sug-
gesting that Pyr blocked the binding of autophagosomes and ly-
sosomes. As shown in Fig. 3D, P62 showed less mitochondrial
some formation. (A) Cathepsin B and cathepsin D protein levels in Pyr-treated hepa-
sion of LAMP1 in Pyr-treated HCC cells (n ¼ 3). (C) For the evaluation of autophagy flux,
ght chain 3 (LC3) was stably expressed in SMMC-7721 cells. The cells were treated with
ated to determine whether autolysosomes were formed. (n ¼ 3). (D) SMMC-7721 cells
el merged images were used to evaluate the colocalization of mitochondria and P62.
osomal-associated membrane protein 1 (LAMP1) (red), and 2-channel merged images
mission electron micrographs of HepG2 cells after exposure to 20 mM Pyr for 12 h. The
s; Mito: mitochondrial fractions; GAPDH: glyceraldehyde 3-phosphate dehydrogenase;



Fig. 4. Pyrimethamine (Pyr) blocks autophagosome-lysosome fusionby inhibiting the interactionof synaptosomal-associatedprotein29 (SNAP29) andvesicle-associatedmembraneprotein
8 (VAMP8) by upregulating BNIP3. (A) Hepatocellular carcinoma (HCC) cells were treated with Pyr for 12 h, and the expression levels of syntaxin 17 (STX17), SANP29, and VAMP8 were
determined bywestern blotting (n¼ 3). (B) HCC cellswere treatedwith Pyr (20 mM), bafilomycin (BafA1) (20 nM), or rapamycin (Rapa) (100 nM) for 12 h, andwhole-cell lysatewas prepared
and subjected to immunoprecipitation using anti-SNAP29. The associated SNAP29, STX17, and VAMP8 levels were determined using immunoblotting (n ¼ 3). (C) Fluorescence imaging of
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colocalization in the control group, while P62 and mitochondrial
colocalization considerably increased after Pyr or BafA1 treatment.
Fig. 3E showed that P62 strongly colocalized with LAMP1 in the
control group, whereas P62 did not colocalize with LAMP1 after Pyr
or BafA1 treatment. The above results suggest that Pyr blocked
autophagic flux by inhibiting autophagosomes fusion with
lysosomes.

In addition, transmission electron microscopy was further used
to investigate whether Pyr inhibited autophagosome-lysosome
fusion. Consistent with the above results, Pyr-treated HCC cells
showed increased autophagosome formation but reduced autoly-
sosome formation in comparison to controls (Figs. 3F and S7). These
findings provide definite evidence that Pyr impedes the formation
of autolysosome by impairing autophagosome-lysosome fusion
rather than affecting lysosome function or reducing lysosome
number.

3.5. Pyr blocks autophagosome-lysosome fusion by inhibiting
SNAP29-VAMP8 interaction

To further investigate themolecular mechanism of Pyr-inhibited
autophagosome-lysosome fusion, the effect of Pyr on the expres-
sion of STX17, SNAP29, and VAMP8 was examined, all of which are
required for autophagosome-lysosome fusion. As seen in Fig. 4A,
VAMP8 levels increased in a concentration-dependent manner af-
ter Pyr treatment, whereas Pyr treatment did not influence the
levels of SNAP29 or STX17. This phenomenon suggests that Pyr
blocked the fusion of autophagosomes and lysosomes not due to a
decrease in the expression of these proteins.

Immunoprecipitation assays were performed to further identify
whether Pyr influenced the interaction of SNAP29 with VAMP8 or
STX17. As shown in Fig. 4B, cell lysates were immunoprecipitated
with anti-SNAP29 antibody. Both Pyr and BafA1 treatments
reduced the co-precipitation of VAMP8 and SNAP29 compared to
the control group. Furthermore, SNAP29-VAMP8 interaction was
increased after Rapa treatment. Likewise, immunofluorescence
analysis revealed that the colocalization of SNAP29 and VAMP8
decreased upon Pyr or BafA1 treatment, but it increased with Rapa
treatment (Fig. 4C). These findings suggest that the Pyr-mediated
blockade of autophagosome-lysosome fusion is due to impaired
recruitment of SNAP29 to lysosomal VAMP8.

3.6. Pyr upregulates BNIP3 and induces SNAP29-BNIP3 interaction

BNIP3 is a mitophagy receptor that induces cell death and
mitophagy [17,40]. Our previous findings indicated that Pyr may
influence mitophagy. Thence, the effect of Pyr on the mRNA
(Fig. 4D) and protein (Fig. 4E) levels of BNIP3 was investigated.
Fig. 4D showed that BNIP3 mRNA was upregulated at 3 h and
downregulated at 12 h post Pyr treatment. However, Pyr treatment
of HCC cells for 12 h increased BNIP3 protein levels (Fig. 4E). These
results indicate that Pyr may inhibit the protein degradation of
BNIP3. Fig. 4F showed that BNIP3 colocalized with mitochondria
after Pyr treatment. Expression of BNIP3 has been reported to lead
to the accumulation of autophagosomes, but not autolysosomes
SMMC-7721 cells immunostained for VAMP8 (green) and SNAP29 (red) and stained with 4'-6-d
Rapa(100nM) for12h.n¼ 3. (D) ThemRNA levelsofBNIP3 inPyr-treatedHCCcellswasdetermine
are presented asmean± standard deviation of themean (SEM),n¼ 3. **P< 0.01, ***P< 0.001 com
westernblotting (n¼3). (F) SMMC-7721cellswere treatedwithPyr (20mM),BafA1 (20nM), orRap
by confocal microscopy. (n ¼ 3). (G) SMMC-7721 cells were treated with Pyr (20 mM), BafA1 (
immunoprecipitationusinganti-BNIP3antibody.TheassociatedBNIP3, SNAP29,andVAMP8 level
7721 cells immunostained for BNIP3 (green) andVAMP8 (red) and stainedwithDAPI (blue) after t
mechanism of the Pyr-mediated blockade of autophagosome-lysosome fusion. Under normal con
fusion. Pyr-mediated upregulation of BNIP3 increases its interaction with SNAP29, which preve
fusion. GAPDH: glyceraldehyde 3-phosphate dehydrogenase; LC3: light chain 3; Ctrl: control gro
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[19]. In addition, the results of BNIP3 expression were similar to
those of Pyr treatment. Therefore, we hypothesized that Pyr-
mediated blockade of the fusion of autophagosomes and lyso-
somes might be associated with BNIP3.

To determine whether BNIP3 is involved in blocking Pyr-
mediated autophagosome-lysosome fusion, the interaction of
BNIP3 with VAMP8 or SNAP29 in Pyr-treated cells was examined. In
cells treated with Pyr or BafA1, BNIP3 co-precipitated with SNAP29
but not with VAMP8. In contrast, BNIP3 did not co-precipitated
with SNAP29 or VAMP8 in Rapa-treated cells (Fig. 4G). Further
immunofluorescence experiments revealed that cells treated with
Pyr, BafA1, or Rapa did not show colocalization between BNIP3 and
VAMP8. Notably, BNIP3 fluorescence was stronger in Pyr- and
BafA1-treated cells than in untreated cells, which further indicates
that Pyr and BafA1 increase BNIP3 expression (Fig. 4H). Addition-
ally, the mechanism bywhich Pyr blocks autophagosome-lysosome
fusion has been identified. (Fig. 4I). Taken together, these results
indicate that Pyr may inhibit SNAP29-VAMP8 interaction by upre-
gulating BNIP3 and inducing SNAP29-BNIP3 interaction, thereby
blocking the autophagosome-lysosome fusion.

3.7. BNIP3 depletion restores SNAP29-VAMP8 interaction

To examine the role of BNIP3 in Pyr blocking autophagosomes
and lysosomes fusion, SMMC-7721 cells were infected with nega-
tive control viruses CON077 and LV-BNIP3-RNAi, and then the
selected SMMC-7721 cells stably expressing shCon and shBNIP3
using puromycin. Compared to shCon cells, shBNIP3 cells showed
reduced Pyr-mediated accumulation of LC3-II (Fig. 5A). Since the
inhibition of the interaction between SNAP29 and VAMP8 was
involved in the Pyr-mediated blockage of autophagosome-
lysosome fusion, the effect of BNIP3 consumption on SNAP29 and
VAMP8 co-precipitation was next evaluated by immunoprecipita-
tion experiments. As shown in Fig. 5B, after Pyr treatment, SNAP29
co-precipitationwith VAMP8 was not seen in shCon cells, while co-
precipitation of SNAP29 and VAMP8 was evident in shBNIP3 cells.
To clarify the role of BNIP3 in Pyr-mediated mitophagy, the
expression of LC3-II in the mitochondria of shBNIP3 and shCon cells
was determined. As shown in Fig. 5C, shBNIP3 cells treatedwith Pyr
showed a reduced accumulation of LC3-II in their mitochondria
compared with shCon cells.

Next, SMMC-7721 cells stably expressing shCon or shBNIP3
were inoculated into the underarms of nude mice to construct a
nude mouse xenograft tumor model. Figs. 5DeF showed that the
growth rate of transplanted tumors in nude mice in the Pyr treat-
ment group was markedly reduced, as was the tumor weight. In
addition, the transplanted tumors in the shBNIP3 groupwere larger
than the corresponding shCon group, revealing that BNIP3 is a tu-
mor suppressor gene. No significant reduction in body weight of
experimental animals (Fig. S8), which indicates that Pyr consider-
ably inhibited the growth of HCC cell xenografts with no apparent
side effects in this animal study.

To evaluate the effect of BNIP3 depletion on SNAP29 and VAMP8
colocalization in vivo, SMMC-7721 xenograft tumor sections were
examined by immunofluorescence. Notably, no colocalization of
iamidino-2-phenylindole (DAPI) (blue) after treatment with Pyr (20 mM), BafA1 (20 nM), or
dby reverse-transcriptionquantitative real-timepolymerase chainreaction (RT-qPCR).Data
paredwith 0 h. (E) The expression level of BNIP3 in Pyr-treatedHCCcellswas determinedby
a (100nM) for12h.ThecolocalizationofMitoOrange (red) andBNIP3 (green)wasexamined
20 nM), or Rapa (100 nM) for 12 h, and whole-cell lysate was prepared and subjected to
sweredeterminedusing immunoblotting (n¼3). (H)Confocalmicroscopy imagesofSMMC-
reatmentwithPyr (20mM), BafA1 (20 nM), or Rapa (100nM) for 12h.n¼ 3. (I) Theproposed
ditions, SNAP29 interacts with STX17 and VAMP8, which drives autophagosome-lysosome
nts the interaction between SNAP29 and VAMP8, thus blocking autophagosome-lysosome
up.



Fig. 5. BNIP3 knockdown attenuates pyrimethamine (Pyr)-mediated blockade of autophagosome-lysosome fusion. (A) SMMC-7721 cells were infected with shCon or shBNIP3
lentivirus. Then the cells were treated with Pyr (20 mM) for 12 h, and the expression of BNIP3, light chain 3 (LC3)-I, and LC3-II were determined by western blotting (n ¼ 3). (B)
SMMC-7721 cells stably expressing shCon or shBNIP3 were treated with Pyr (20 mM) for 12 h, and whole-cell lysate was prepared and subjected to immunoprecipitation using anti-
synaptosomal-associated protein 29 (SNAP29) antibody. Then, the associated BNIP3, SNAP29, and vesicle-associated membrane protein 8 (VAMP8) levels were determined using
immunoblotting (n ¼ 3). (C) SMMC-7721 cells stably expressing shCon or shBNIP3 were treated with Pyr (20 mM) for 12 h, the mitochondrial fractions (Mito) were prepared, and
then BNIP3, LC3-I, and LC3-II in Mito were determined by western blotting. Voltage-dependent anion channel 1 (VDAC1) served as the control (n ¼ 3). (D) Images of tumors from the
control and Pyr-treated groups in shCon and shBNIP3 xenograft models (n ¼ 5). (E) Tumor volume changed throughout the study. Data are represented as
mean ± standard deviation of the mean (SEM) (n ¼ 5). Compared with the control group (Ctrl), **P < 0.01. (F) Tumors were weighed at the end of the experiment. Data are presented
as mean ± SEM (n ¼ 5). Compared with the ctrl group, *P < 0.05. (G) Immunofluorescence staining of shCon and shBNIP3 tumor sections. The three colors of the tumor sections are
VAMP8 (pseudo colored; green), SNAP29 (red), and 4'-6-diamidino-2-phenylindole (DAPI)(blue).
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SNAP29 and VAMP8 was seen in tumor tissues of the Pyr-treated
shCon group, whereas SNAP29-VAMP8 colocalization was mark-
edly increased in tumor tissues of the Pyr-treated shBNIP3 group
(Fig. 5G). In summary, these findings demonstrate that BNIP3
depletion rescues SNAP29-VAMP8 interaction and further restores
Pyr-mediated autophagosome-lysosome fusion and autophagic flux.
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3.8. Synergistic effects of Pyr and Sora combination (PSC) on HCC
cell proliferation and apoptosis

It has been reported that blocking mitophagy may restore the
sensitivity of HCC cells to Sora [41], and our previous results suggest
that Pyr can inhibit mitophagy. Therefore, Pyr and Sora were



Fig. 6. Synergistic inhibitory effects of pyrimethamine (Pyr) and sorafenib (Sora) combination (PSC) on hepatocellular carcinoma (HCC). (A) HCC cells were treated with Sora, cell
viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and IC50 values were calculated (n ¼ 3). (B) The effect of Sora on the
expression of apoptosis-related proteins in HCC cells at different time points (n ¼ 3). (C) The effect of Sora on the expression of autophagy-related proteins in HCC cells at different
time points (n ¼ 3). (D) Dose-response study of a 1:2 fixed ratio combination of Sora (5e40 mM) and Pyr (10e80 mM) against SMMC-7721 cells (n ¼ 3). (F) Dose-response study of a
1:5 fixed ratio combination of Sora (5e40 mM) and Pyr (25e200 mM) against SMMC-7721 cells (n ¼ 3). (H) Dose-response study of a 1:2 fixed ratio combination of Sora (5e40 mM)
and Pyr (10e80 mM) against HepG2 cells (n ¼ 3). (J) Dose-response study of a 1:5 fixed ratio combination of Sora (5e40 mM) and Pyr (25e200 mM) against HepG2 cells (n ¼ 3). (E),
(G), (I) and (K) are the ferrous ascorbate (Fa)-carbonyl iron (CI) plots of (D), (F), (H) and (J), respectively, where Fa represents the affected fraction and CI represents the combined
index. CI < 1, CI ¼ 1, and CI > 1 denote synergistic, additive, and antagonistic interactions, respectively. Data are represented as mean ± standard deviation of the mean (SEM) (n ¼ 3).
(L) Real-time cell growth curves of HCC cells treated with Pyr, Sora, and PSC for 78 h (n ¼ 3). (M) Representative images of Pyr, Sora, and PSC cytotoxicity against HCC cells, which
were assessed by Calcein-AM/propidium iodide (PI) double staining. GAPDH: glyceraldehyde 3-phosphate dehydrogenase; LC3: light chain 3; Ctrl: control group.
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combined to investigate their inhibitory effects on HCC cells. Fig. 6A
shows the IC50 of Sora in the two cell lines. In addition, Annexin V/PI
staining (Fig. S9) and immunoblotting experiments (Fig. 6B)
revealed that Sora induced apoptosis. Furthermore, cell cycle
analysis demonstrated that Sora arrested the cell cycle at G1 phase
in HCC cells (Fig. S10).

Consistent with previous reports [42,43], Sora treatment
induced autophagy, which may contribute to its decreased clinical
Fig. 7. Pyrimethamine (Pyr) enhances the sensitivity of hepatocellular carcinoma (HCC) c
Annexin V/propidium iodide (PI) staining in HCC cells treated with Pyr, Sora, and Pyr and
**P < 0.01, ***P < 0.001, compared with untreated control cells (n ¼ 3). (BeD) HCC cells w
examined by western blotting (n¼ 3). (E) HCC cells were treated with Pyr, Sora, and PSC. Auto
For the evaluation of autophagic flux, red fluorescent protein (RFP)-green fluorescent protei
were treated with Pyr, Sora, and PSC. RFP (red), GFP (green), and 2-channel merged ima
7721 cells were treated with Pyr, Sora, and PSC. MitoOrange (red), P62 (green), and 2-channe
n ¼ 3. (H) SMMC-7721 cells were treated with Pyr, Sora, and PSC. Lysosomal associated m
evaluated to determine the colocalization of P62 and LAMP1. n ¼ 3. AIF: apoptosis-inducing
linked inhibitor of apoptosis; PARP: poly(ADP-ribose) polymerase; GAPDH: glyceraldehyde
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efficacy (Fig. 6C). Synergistic effect of Pyr and Sora in SMMC-7721
and HepG2 cells using Chou-Talalay method. According to the
Chou-Talalay model [44], the two drugs were combined in the
following ratios: Sora:Pyr of 1:2 and 1:5.When the concentration of
Sora was 10 mM and the Sora: Pyr ratio was 1:2, the confidence
interval (CI) value was less than 1, indicating that Pyr and Sora
synergistically inhibited cell growth (Figs. 6DeK). Considering the
results of the CI calculation and the inhibition rate of each drug on
ells to sorafenib (Sora) by inhibiting mitophagy. (A) Cell apoptosis was measured by
Sora combination (PSC), and the quantitation of apoptotic cells is shown. *P < 0.05,
ere treated with Pyr, Sora, and PSC. Apoptosis-related protein expression levels were
phagy-related protein expression levels were examined by western blotting (n¼ 3). (F)
n (GFP) tandem fluorescent-tagged LC3 was stably expressed in SMMC-7721. The cells
ges were evaluated to determine whether autolysosomes formed. n ¼ 3. (G) SMMC-
l merged images were evaluated to determine colocalization of P62 and mitochondria.
embrane protein 1 (LAMP1) (red), P62 (green), and 2-channel merged images were
factor; Cyto c: cytochrome c; APAF1: apoptotic protease-activating factor 1; XIAP: X-

3-phosphate dehydrogenase; LC3: light chain 3; Ctrl: control group.



Fig. 8. Pyrimethamine (Pyr) and sorafenib (Sora) combination (PSC) safely inhibits growth of SMMC-7721 cell xenografts in nude mice. (A) Images of the SMMC-7721 cell xenograft
model under different treatments (n¼ 5). (B) Tumor volume changes throughout the study. Data are represented as mean ± standard deviation of the mean (SEM) (n¼ 5). Compared
with the control group, **P<0.01, ***P<0.001; comparison between the corresponding groups, ##P<0.01, ###P<0.001. (C) At the end of the experiment, the tumorswereweighed. Data
are represented asmean± SEM (n¼ 5). Comparedwith the control group, **P< 0.01, ***P< 0.001; comparison between the corresponding groups, #P< 0.05, ##P< 0.01, ###P< 0.001. (D)
Bodyweight changes throughout the study. Data are represented asmean± SEM (n¼ 5). (E) Expression levels of apoptosis-associated proteins in SMMC-7721 xenograft tumor samples
(n¼ 3). (F) Expression levels ofmitophagy-associated proteins in SMMC-7721 xenograft tumor samples (n¼ 3). (G) Immunohistochemical staining of Parkin, P62 and light chain 3 (LC3)
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the cells, the selected combined concentrations of Sora and Pyr
were 10 mM and 20 mM in HCC cells, respectively. Real-time cell
analysis (RTCA) confirmed that PSC markedly inhibited HCC cells
growth compared to cells treated with Pyr/Sora alone (Fig. 6L).
Calcein-AM/PI double staining experiments also revealed that PSC
considerably enhanced the death of HCC cells when compared with
the control and standalone Pyr or Sora treatment (Fig. 6M). Next,
the effects of PSC on apoptosis (Figs. 7AeD and S11) and the cell
cycle (Fig. S12) were examined. Our findings revealed that,
compared with a single medication, PSC induced more apoptosis in
HCC cells. Furthermore, Sora arrested HCC cells at G1 phase,
whereas Pyr arrested HCC cells at S phase. HCC cells were arrested
at S phase when Pyr and Sora were combined.

3.9. Pyr enhances the sensitivity of HCC to Sora by inhibiting
mitophagy

The expression of P62, Parkin, Beclin 1, and LC3-II/LC3-I was
examined in HCC cells treated with Pyr, Sora, and PSC (Fig. 7E). The
results indicated that Pyr inhibited autophagy,whereas Sora induced
autophagy. Sora-induced autophagy was attenuated after co-
treatment with Pyr. Moreover, cells with RFP-GFP tandem fluo-
rescently labeled LC3 were used to further evaluate the above find-
ings. RFP-GFP did not colocalize after Sora treatment, and LC3
showed red puncta (RFPþ-GFP�). Pyr treatment markedly induced
RFP-GFP colocalization, and LC3 is shown as yellow puncta (RFPþ-
GFPþ). Similarly, the non-colocalization of RFP-GFP in Sora-treated
cells was reversed when Pyr was combined with Sora (Fig. 7F). In
addition, after treatment with Pyr, Sora, and PSC, we observed the
colocalization of P62 with mitochondria (Fig. 7G) and P62 with
LAMP1 (Fig. 7H). The results showed that P62 and mitochondria
colocalized after drug treatment, but not in the control group.
Furthermore, P62 and LAMP1 colocalized strongly in the Sora treat-
ment group, but not in the Pyr treatment group. The colocalization of
P62andLAMP1 inducedbySora in thePSCgroupwas reversedbyPyr.

A mouse model of SMMC-7721 tumor xenograft was established
to evaluate the therapeutic potential of PSC. As shown in Figs. 8AeC,
treatment with Pyr or Sora alone showed partial inhibition of tumor
growth, but tumor growth was completely inhibited in the PSC
group, as evidenced by the reduction in tumor volumes andweights.
In addition, body weight did not change significantly after exposure
to Pyr, Sora, or PSC (Fig. 8D). The western blotting results confirmed
that the PSC group hadmarkedly higher levels of apoptosis in tumor
tissues comparedwith the control andmonotherapygroups (Fig. 8E).
Additionally, the expression of autophagy-related proteins in the
tumor tissues was consistent with the in vitro results (Fig. 8F).

Subsequently, immunohistochemical staining of the tumor sec-
tions was performed. PSC treatment markedly increased the
expressionof Parkin andLC3. Pyr treatment increased theexpression
of P62, whereas Sora treatment inhibited its expression, and Pyr
reversed the inhibition of P62 expression by Sora in the PSC group
(Figs. 8G and H). Moreover, PSC treatment markedly decreased the
expression of Bcl-2, and increased the expression of Cleaved-caspase
3 and Cyto c (Figs. 8I and J). These data suggest that Pyr increased the
sensitivity of Sora to HCC by inhibiting mitophagy, thereby syner-
gistically inhibiting the growth of HCC in vitro and in vivo.

4. Discussion

In the present study, we examined the effect of Pyr on
mitophagy in HCC cells and the mechanism of action. We found
in SMMC-7721 xenografts. (H)Quantification of Fig. 8G. Data arepresented asmean± SEM,n¼
of Bcl-2, Cle-caspase 3 and Cyto c in SMMC-7721 xenografts. (J) Quantification of Fig. 8I. Data a
GAPDH: glyceraldehyde 3-phosphate dehydrogenase; APAF1: apoptotic protease-activating f
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that the inhibition of mitophagy by Pyr is due to the blockage of
autophagosomes and lysosomes fusion. In vitro and in vivo mech-
anistic studies demonstrated that Pyr inhibited autophagosomes
and lysosomes fusion by upregulating BNIP3 to inhibit SNAP29-
VAMP8 interaction. Furthermore, the combination of Pyr and Sora
treatment confirmed that Pyr increased the sensitivity of human
HCC cells to Sora by inhibiting mitophagy in vitro and in vivo.

Pyr inhibited HCC cell proliferation and induced apoptosis.
Interestingly, cells displayed vacuolization during the treatment of
HCC cells with Pyr, a phenomenon associated with autophagy [35].
Therefore, we studied the effect of Pyr on autophagy. The expres-
sion of autophagy-related proteins was detected after the combi-
nation of Pyr with autophagy inducer or inhibitors, indicating that
Pyr was an autophagy activator and could block autophagic flux at
the late stage. Additionally, treatment with an autophagy inhibitor
increased Pyr-induced cell death and apoptosis, suggesting a pro-
tective role for autophagy. In addition, Pyr treatment caused
mitochondrial morphological changes and dysfunction. The
expression of autophagy-related proteins in mitochondria, and
Parkin, a key factor in mitophagy [36], revealed that Pyr both
initiated and blocked mitophagy.

Several studies have shown that autophagy can be blocked by
targeting different stages of the autophagic process [45]. For
example, 3-methyladenine is an early inhibitor of autophagy and is
able to block autophagosome formation [46]. At late stage, auto-
phagy can be blocked by impeding autophagosomes and lysosomes
fusion or by autolysosome degradation. Different autophagy in-
hibitors (e.g., BafA1 [47] and CQ [48]) inhibit lysosomal function via
a variety of mechanisms, thereby inhibiting late autophagy. By
detecting the expression of autophagy-related proteins in HCC after
Pyr treatment, we observed that Pyr blocked late autophagy. Next,
we examined whether Pyr inhibited autophagy by preventing
autophagosome-lysosome fusion or autolysosome degradation. Pyr
increased the levels of the mature forms of cathepsin B and D,
which suggests that Pyr does not affect autophagy by affecting
lysosomal function. The upregulation of LAMP1 expression
revealed that Pyr did not inhibit autophagic flux by decreasing the
number of lysosomes. The colocalization of RFP-GFP tandem
fluorescently-labeled LC3 was markedly induced by Pyr treatment,
which suggests that Pyr inhibits autophagosome-lysosome fusion.
This finding was also confirmed by the colocalization of P62 with
mitochondria, but not LAMP1, which occurred upon Pyr treatment.
Notably, increased intracellular autophagosome formation and
decreased autolysosome formation were seen in Pyr-treated cells
by transmission electron microscopy, which further suggests that
Pyr inhibits autophagosomes fusion with lysosomes.

SNARE complexes-mediated fusion is critical for the fusion of
autophagosomes and lysosomes [12,13]. Lysosome-localized VAMP8,
autophagosome-localized STX17 and SNAP29 are key factors involved
in this process [14,49]. Depletion of anyof these proteins results in the
accumulation of autophagosomes by blocking autophagosome-
lysosome fusion [50]. In this study, we found that Pyr treatment
upregulated the expression of VAMP8 but did not affect the expres-
sion of STX17 and SNAP29. In fact, the blockage of autophagosomes
fusionwith lysosomes after Pyr treatmentwas due to the inhibition of
SNAP29 andVAMP8 interaction and co-localization byPyr rather than
to the decreased expression of these SNAREs.

Pyr treatment of HCC cells upregulated the expression of BNIP3
but downregulated the mRNA level of BNIP3 at 12 h. It has been
reported that the degradation of BNIP3 is regulated by autophagy
[51], and our previous results revealed that Pyr inhibits autophagy.
3. *P<0.05, **P<0.01, ***P<0.001 comparedwith Ctrl. (I) Immunohistochemical staining
re presented asmean ± SEM, n¼ 3. *P < 0.05, **P < 0.01, ***P < 0.001 comparedwith Ctrl.
actor 1; Cyto c: cytochrome c; LC3: light chain 3; Ctrl: control group.
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Therefore, the changes in expression of BNIP3 that were observed
after Pyr treatment further validate our previous conclusions. It was
recently reported that BNIP3 expression induced the accumulation
of autophagosomes [19]. In agreement with prior reports, our
findings indicate that Pyr-mediated BNIP3 upregulation plays a role
in autophagosome accumulation by blocking autophagosome-
lysosome fusion. On the one hand, Pyr treatment resulted in
increased BNIP3 protein expression and autophagosome accumu-
lation, and impeded autophagosomes fusion with lysosomes by
blocking SNAP29-VAMP8 interaction. On the other hand, in vitro
and in vivo studies have revealed that BNIP3 depletion eliminated
Pyr-mediated blockade of autophagic flux by restoring SNAP29-
VAMP8 interaction. The above results indicate that Pyr inhibits
SNAP29-VAMP8 interaction by increasing SNAP29-BNIP3 interac-
tion, leading to blockage of autophagosomes fusionwith lysosomes.
Furthermore, at the mitochondrial level, we observed that BNIP3
colocalized with mitochondria after Pyr treatment, and that the
Pyr-induced accumulation of LC3-II in mitochondria was reduced
after BNIP3 depletion. This further confirms that BNIP3 plays an
indispensable role in Pyr-mediated mitophagy.

Blockade of mitophagy has been reported to restore HCC cell
sensitivity to Sora [41], and our previous results revealed that Pyr is
a mitophagy inhibitor. Therefore, we combined Pyr and Sora
treatments to evaluate whether the combination increased the
sensitivity of HCC cells to Sora by affecting mitophagy. Pyr and Sora
synergistically inhibited cell growth. Compared to Pyr or Sora
treatment alone, PSC considerably induced apoptosis and inhibited
HCC cells growth in vitro and in vivo. Mechanistically, Pyr enhanced
the sensitivity of HCC cells to Sora by inhibiting mitophagy.
5. Conclusion

In summary, this study reveals that Pyr impedes SNAP29-
VAMP8 interaction by upregulating BNIP3 in HCC cells, thereby
blocking autophagic flux. Both in vitro and in vivo experiments have
revealed that the BNIP3-SNAP29 interaction leads to the blocking of
the SNAP29-VAMP8 interaction, which in turn blocks autophago-
somes fusion with lysosomes and ultimately leads to autophago-
some accumulation. Our findings provide new insights into the
mechanism of action of Pyr and imply that Pyr has the potential to
be developed as a novel inhibitor of mitophagy. Our findings reveal
that PSC displays a synergistic inhibitory effect on HCC in vitro and
in vivo. Pyr enhances the sensitivity of HCC cells to Sora by inhib-
iting mitophagy, and these results imply that PSC treatment may be
a promising therapeutic option for patients with HCC.
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