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A B S T R A C T

Over the past 30 years, the survival rate for osteosarcoma (OS) has remained stagnant, indicating persistent 
challenges in diagnosis and treatment. Photodynamic therapy (PDT) has emerged as a novel and promising 
treatment modality for OS. Despite apoptosis being the primary mechanism attributed to PDT, it fails to over-
come issues such as low efficacy and resistance. Ferroptosis, a Fe2+-dependent cell death process, has the po-
tential to enhance PDT’s efficacy by increasing reactive oxygen species (ROS) through the Fenton reaction. In this 
study, we investigated the anti-tumor mechanism of PDT and introduced an innovative therapeutic strategy that 
synergistically induces apoptosis and ferroptosis. Furthermore, we have identified HERC1 as a pivotal protein 
involved in the ubiquitination and degradation of NCOA4, while also uncovering a potential regulatory factor 
involving NRF2. Ultimately, by targeting the HERC1-NCOA4 axis during PDT, we successfully achieved full 
activation of ferroptosis, which significantly enhanced the anti-tumor efficacy of PDT. In conclusion, these 
findings provide new theoretical evidence for further characterizing mechanism of PDT and offer new molecular 
targets for the treatment of OS.

1. Introduction

Osteosarcoma (OS) is a highly malignant bone tumor that predomi-
nantly affects males, with a bimodal incidence peaking at ages 18 and 60 
[1]. The occurrence of OS is commonly observed at the epiphysis of long 
bones and in locations characterized by rapid bone growth, including 
the distal femur (43 %), proximal tibia (23 %), proximal humerus (10 
%), as well as sites such as the skull and mandible [2,3]. Currently, the 
standard treatment for OS involves a combination of surgical interven-
tion and neoadjuvant chemotherapy. While this therapeutic approach 
markedly improves the prognosis for patients with localized disease, 
with Event-Free Survival (EFS) exceeding 60 %, approximately 20 % of 
individuals with secondary metastasis still face a poor prognosis [4]. 
Therefore, it is essential to continually explore novel therapeutic mo-
dalities and identify key targets to enhance the effectiveness of OS 
treatment.

Photodynamic therapy (PDT), as a new treatment method with non- 

invasive, low toxicity, and good selectivity, has been confirmed in our 
previous studies to be an effective way of treating OS [5–8]. By 
absorbing the radiation energy of light, PDT causes excessive accumu-
lation of reactive oxygen species (ROS) in cells, thereby disrupting the 
intracellular homeostasis and ultimately leading to cell death [9]. As the 
key mechanism of PDT, apoptosis involves direct damage to organelles, 
plasma membranes, proteins, and other components of tumor cells by 
ROS. The damaged mitochondria trigger a series of signal cascades. 
Specifically, the reduction in mitochondrial membrane potential (ΔΨm) 
promotes the release of cytochrome c into the cytoplasm, which acti-
vates the expression of caspase 9 and caspase 3, ultimately leading to 
apoptosis through the mitochondrial pathway [10,11]. The imbalance in 
the redox system and the activation of programmed cell death can 
trigger various self-protective mechanisms in tumor cells. In response to 
damage induced by PDT, these mechanisms can lead to the gradual 
development of resistance, significantly impeding the efficacy of PDT 
and potentially resulting in evasion, recurrence, and metastasis [7,12].
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Ferroptosis is a form of regulated cell death (RCD) that occurs pri-
marily as a result of damage caused by iron-catalyzed lipid peroxidation 
[13,14]. The potential synergistic effect between ferroptosis and PDT 
can be observed: PDT induces a rapid intracellular increase in H2O2 
levels during oxidation, which can then serve as a substrate for the 
“Fenton reaction” that is involved in ferroptosis. Conversely, when fer-
roptosis occurs, H2O2 can be utilized by Fe2+ to generate highly 
oxidizing hydroxyl radicals, thereby indirectly enhancing the thera-
peutic efficacy of PDT [15]. Ferritinophagy is a selective form of auto-
phagy that targets intracellular ferritin for degradation, promoting the 
breakdown and recycling of iron stores within cells. This process helps 
maintain an overall balance in the internal environment and reduces 
oxidative damage caused by excessive accumulation of iron [16]. Nu-
clear Receptor Coactivator 4 (NCOA4) acts as a cargo receptor in the 
autophagic degradation of ferritin, facilitating its degradation by 
transporting it to the autophagolysosome and maintaining cellular iron 
homeostasis [17]. Moreover, the dysregulation of ferritinophagy has 
been implicated in the pathogenesis and progression of several diseases, 
including tumors, neurodegenerative disorders, and hemochromatosis. 
The regulation of NCOA4 mediated ferritinophagy is intricately 
controlled by intracellular iron ion levels [18], and is modulated by the 
supply-demand dynamics of iron ions. Furthermore, research has shown 
that NCOA4 plays a crucial role in inducing ferroptosis and is also 
strongly associated with lysosomal function, natural killer cell-mediated 
cytotoxicity, chemokines, and toll-like receptor genes in various tumors. 
Moreover, solid tumor patients with elevated NCOA4 expression tend to 
have prolonged survival [19].

The process of protein ubiquitination is tightly regulated by three 
key enzymes: namely the E1 ubiquitin activase, E2 ubiquitin conjugase, 
E3 ubiquitin ligase. HERC1, a member of the larger HERC family, is 
considered a potential E3 ubiquitin ligase due to its HECT domain. 
Initially identified in breast cancer, it has been demonstrated that 
HERC1 has regulatory effects on ARF6, TSC2, and BAK [20]. Inhibition 
of HERC1 has been reported to suppress C-Raf ubiquitination while 
enhancing ERK phosphorylation, playing a pivotal role in tumor 
development [21]. Meanwhile, HERC1 overexpression has been 
demonstrated to contribute to the development of breast cancer, as well 
as increase the incidence of intellectual disability, kyphosis, and epi-
lepsy [22].

In this study, we have discovered that HERC1 plays a crucial role in 
the degradation process of the NCOA4 protein during MPPα-PDT, 
thereby exerting an inhibitory effect on ferritinophagy. Targeting 
HERC1 significantly impedes the degradation of the NCOA4 protein and 
enhances the anti-tumor efficacy of MPPα-PDT. Moreover, we also 
demonstrated the mechanism by which HERC1 is activated through the 
NRF2 signaling cascade, particularly under conditions of oxidative stress 
induced by MPPα-PDT. Finally, through a series of investigations, we 
have comprehensively elucidated both the signal cascade and the 
enhanced potential for inducing ferroptosis in OS cells using MPPα-PDT 
by targeting the NCOA4-HERC1 axis.

2. Materials and methods

2.1. Materials

Pyropheophorbide-a methyl ester (MPPα) was purchased from 
Sigma-Aldrich Chemical Co. (USA). The CCK-8 assay kit, MG132, and 
cycloheximide (CHX) were obtained from MCE Co. (USA). The mito-
chondrial fluorescent probe, Golgi fluorescent probe, endoplasmic re-
ticulum fluorescent probe, and DCFH-DA assay kit were purchased from 
Beyotime Bio Co. (China). The lysosomal fluorescent probe and the 
SOSG assay kit were purchased from MeilunBio Co. (China). The JC-1 
assay kit was purchased from Solarbio Co. (China). The MDA assay 
kit, FerroOrange fluorescent probe, Lipid Peroxide assay kit, and C11 
Bodipy 581/591 assay reagent were purchased from Dojindo Co. 
(Japan). DFO and Ferrostatin-1 were purchased from MCE Co. (USA). 

The primary antibody (Ab) for NCOA4 was purchased from CST Co. 
(USA), and the HERC1 primary Ab was purchased from Santa Cruz Co. 
(USA). The primary Abs for PARP, BCL-2, Caspase 9, Caspase 7, Caspase 
3, SLC7A11, LC3 II, Atg5, Atg7, and Ubiquitin were all bought from 
ABMART Co. (China). The primary Abs for BAX, Cytochrome c, GAPDH, 
GPX4, TFR1, COX2, FTH1, FTL, and NRF2 were all bought from ZenBio 
Co. (China). Protein A/G beads were bought from Selleck Biotech Co. 
(USA). The osteosarcoma HOS and 143B cell lines were purchased from 
Wuhan PriCell Biotechnology Co. (China).

2.2. Cell culture

Osteosarcoma HOS and U2OS cells were cultured in DMEM medium 
supplemented with 10 % FBS (fetal bovine serum). Osteosarcoma 143B 
and MG63 cells were cultured in MEM supplemented with 10 % FBS. 
hFOB1.19 cells were cultured in DMEM/F12 medium supplemented 
with 10 % FBS. The culture conditions for all the aforementioned cell 
lines included an incubator set to 37 ◦C, with moderate humidity and a 
CO2 concentration of 5 %.

2.3. CCK-8 assay and treatment

Osteosarcoma cells exhibiting good growth were trypsinized and 
inoculated into 96-well plates at a density of 5,000 cells per well. They 
were then incubated overnight to ensure adhesion. Following various 
treatments, 10 μL of the CCK-8 working solution was added to each well 
and incubated at 37 ◦C away from light for 1 h. Subsequently, the plate 
was read using a microplate reader, and the absorbance (OD value) at 
450 nm was measured. The formula for calculating cell viability is as 
follows: Cell viability (%) = (OD value of experimental group - OD value 
of blank control group)/(OD value of control group - OD value of blank 
control group) × 100 %. HOS and 143B cells were treated with MPPα for 
20 h at a range of concentrations while protected from light, after which 
they were washed twice with PBS. Culture media was then added to 
appropriate wells, and cells were exposed to red light (630 nm, 40 mW/ 
cm2) for 120 s in continuous output mode. For further details regarding 
this application of MPPα-PDT, refer to our previous study [6–8].

2.4. Organelle probe detection

After various treatments, osteosarcoma cells were incubated with 
diluted organelle-specific fluorescent probes in complete medium 
(Mitochondria-Tracker Green: 1:1000; Lysosome-Tracker Green: 
1:20,000; Endoplasmic Reticulum-Tracker Green: 1:1000; Golgi-Tracker 
Green: 1:1000). The cells were then incubated for 30 min in a CO2 
incubator protected from light, followed by an additional 30-min incu-
bation in the dark. After washing three times with PBS (Phosphate- 
Buffered Saline), the cells were replenished with fresh complete medium 
and transferred to a confocal petri dish for observation under a confocal 
laser scanning microscope (CLSM).

2.5. Western blot analysis

After different treatments, osteosarcoma cells were lysed using RIPA 
buffer (1 % PMSF and 1 % phosphatase inhibitors) and then incubated 
on ice for 30 min. Following centrifugation, the supernatant was 
collected. The protein concentration was determined using the BCA 
assay. For protein separation, 30 μg of each sample was loaded onto an 
SDS-PAGE gel and run at a constant voltage of 80–100 V. The proteins 
were transferred to PVDF films at a constant current of 250 mA, with the 
duration modified according to the molecular weight of the proteins of 
interest. The films were blocked with a 5 % skim milk solution in TBST 
for 2 h at room temperature. Primary antibodies were applied overnight 
at 4 ◦C with shaking, followed by a thorough TBST wash. Then, sec-
ondary antibodies were added at a 1:5000 dilution and incubated for 2 h 
at room temperature with shaking. Protein detection was achieved using 
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chemiluminescence, and the resulting images were captured. The Fusion 
software was utilized to analyze the grayscale values of the bands, 
allowing for the determination of the relative protein expression levels, 
with GAPDH serving as an internal control.

2.6. Measurement of ROS

Osteosarcoma cells in the logarithmic growth phase were seeded into 
culture dishes at a density of 2 × 104 cells per well and incubated 
overnight for adherence. After various treatments, a fluorescent probe of 
DCFH-DA diluted in serum-free medium (1:1000) was added. Following 
a 30-min incubation protected from light, the medium was aspirated and 
the cells were thoroughly washed with serum-free medium. Fluores-
cence microscopy or flow cytometry was then used for detection [23].

2.7. SOSG detection

Osteosarcoma cells in the logarithmic phase of growth were pre- 
inoculated into confocal dishes at a density of 5 × 104 cells per well 
and incubated overnight for adhesion. After various treatments, a so-
lution of SOSG (10 μM) was added to each confocal dish and incubated 
away from light for 30 min. After thorough washing, the samples were 
observed under CLSM.

2.8. MMP assay

The mitochondrial membrane potential (Δψm) was measured using 
a JC-1 assay kit. Osteosarcoma cells were inoculated into 6-well plates at 
a density of 1 × 105 cells per well and incubated overnight to allow for 
adhesion. Following different treatments, JC-1 staining solution was 
added to each well and protected from light for 20 min. After thorough 
washing, the cells were observed using fluorescence microscopy or 
analyzed by flow cytometry.

2.9. MDA assay

Osteosarcoma cells were seeded into culture dishes at a density of 1 
× 106 cells per well and incubated overnight to allow for adhesion. 
Following various treatments, the cells were centrifuged at 300 g for 5 
min. Then, 100 μL of Lysis Buffer was added, and the mixture was 
thoroughly mixed using a vortex shaker. The mixture was left to stand at 
room temperature for 5 min. Next, the working solution was added and 
mixed thoroughly again using the vortex shaker. The sample was incu-
bated in a water bath at 95 ◦C for 15 min, cooled in an ice bath for 5 min, 
and then centrifuged at 10,000 rpm for 10 min. Subsequently, 100 μL of 
the supernatant was transferred to a 96-well plate. The absorbance at 
590 nm was measured using a microplate reader, and the concentration 
of MDA in the samples was calculated from the standard curve of MDA.

2.10. LPO, Lipid-ROS, and Fe2+ measurements

Osteosarcoma cells were seeded into 6-well plates at a density of 1 ×
105 cells per well and incubated overnight to promote adhesion. After 
various treatments, an appropriate volume of Lipid Peroxide (Liperfluo) 
working solution (1:1000) or C11-Bodipy working solution (1:500) or 
FerroOrange working solution (1:1000) was added and incubated for 30 
min at 37 ◦C in the dark. After the incubation period, the cells were 
observed under a fluorescence microscope or analyzed using flow 
cytometry.

2.11. Lentiviral transduction

Osteosarcoma cells in the logarithmic growth phase are plated at 5 ×
104 cells/well and transfected with lentivirus once they reach 30 % 
confluence, using MOI values of 20 for HOS cells and 40 for 143B cells, 
along with viral stock and Polybrene. After transfection, cells are 

incubated for 16 h before the medium is replaced with fresh complete 
medium. Puromycin selection at 2 μg/mL is initiated to isolate stably 
transfected cell lines, with PBS washes to remove dead cells every 48 h. 
This process continues with weekly medium changes for one week.

2.12. ADV-eGFP-LC3 probe transduction

Osteosarcoma cells are seeded onto confocal culture dishes at a 
density of 5 × 104 cells/dish and incubated overnight to allow for 
adherence. Once an appropriate growth density is reached, the 
adenovirus-packaged eGFP-LC3 fluorescent probe is transfected into the 
cells using the recommended transfection index for osteosarcoma cells 
(MOI for HOS and 143B cells = 10). The transfected cells are then 
cultured in complete medium and returned to the incubator for over 24 
h before the expression of autophagosomes is observed using CLSM.

2.13. iRNA transduction

Osteosarcoma cells in the logarithmic growth phase are selected, and 
transfection can begin once the cell density is approximately 50 %. 
Following the protocol, siRNA and Lipofectamine-2000 transfection 
reagent are separately diluted in serum-free medium, then mixed to 
form a complex. This siRNA-transfection reagent complex is slowly 
added to the cells, and the culture plate is gently rocked to ensure an 
even distribution of the mixture. After a 6-h incubation, the cell super-
natant is aspirated, and the cells are replaced with complete medium 
and further cultured for 72 h before conducting the relevant assays.

2.14. qPCR analysis

Total RNA was isolated from cells using TRIzol reagent, following the 
manufacturer’s protocol. Subsequently, the PrimeScript RT Reagent Kit 
was utilized to synthesize complementary DNA (cDNA) from the 
extracted RNA. Quantitative PCR (qPCR) was then conducted using a 
SYBR PrimeScript RT-PCR Kit, according to the manufacturer’s in-
structions. The thermocycler program was as follows: an initial dena-
turation step at 95 ◦C for 3 min, followed by 40 cycles of 95 ◦C for 15 s, 
60 ◦C for 30 s, and 72 ◦C for 30 s. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was employed as an endogenous control for 
normalization.

2.15. RNA sequencing

Following digestion, washing, and centrifugation of osteosarcoma 
cells that had received different treatments, TRIzol reagent was slowly 
added to the cells at a ratio of 5 × 106 cells/mL. The mixture was then 
carefully transferred to RNase-free cryogenic tubes. Subsequently, the 
tubes were rapidly immersed in liquid nitrogen for 30 min to flash-freeze 
the samples. After freezing, the samples were removed from the liquid 
nitrogen, placed into self-sealing bags, and stored at − 80 ◦C for long- 
term preservation. The samples were then sent to Majorbio Co. 
(China) for transcriptome sequencing. During the analysis, differentially 
expressed genes and enriched pathways were identified.

2.16. Bioinformatics analysis

Single-cell RNA sequencing data from human osteosarcoma 
(GSE162454) were obtained from the Gene Expression Omnibus (GEO) 
database, with three samples (GSM5155198, GSM5155199, and 
GSM5155200) selected for detailed analysis. Utilizing the Seurat pack-
age in R (version 4.2.2), data processing involved initial integration with 
the ‘merge’ function, followed by normalization using ‘Normalize Data’. 
Principal component analysis (PCA) was conducted on the 2000 most 
variable genes for dimensionality reduction, with the first 40 principal 
components selected for further study. Cell clustering was executed with 
‘Find Neighbors’ and ‘Find Clusters’, and the ‘Run UMAP’ and ‘Dim Plot’ 
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functions were applied for visualizing the clusters. Marker genes were 
identified using the CellMarker2.0 database and literature, guiding the 
naming of cell subgroups. The expression of HERC1 and NCOA4 across 
subgroups was analyzed and plotted. A Spearman correlation analysis 
determined the correlation between HERC1 and NCOA4, with correla-
tion coefficients indicating strength. Using the Target osteosarcoma 
dataset, patients were categorized into high and low HERC1 expression 
groups based on median expression levels. Finally, a heatmap was 
generated to examine the relationship between HERC1 expression and 
the NRF2 signaling pathway.

2.17. Co-immunoprecipitation

Osteosarcoma cells were lysed in IP Lysis Buffer for 30 min on ice. 
After centrifugation, the part of supernatant was partially reserved as 
the input control. The remaining supernatant was mixed with Protein A/ 
G beads and rotated at 4 ◦C to reduce non-specific binding, followed by 
bead adsorption using a magnetic rack. The supernatant, enriched for 
the protein of interest, was collected. The protein sample was split into 
two: one aliquot was incubated with a specific antibody (2.5 μg), and the 
other with an equivalent amount of IgG as a negative control. Both were 
then rotated on a mixer at 4 ◦C for 12 h to form immune complexes. 
Afterward, the beads were washed to remove unbound proteins and 
incubated again with the protein samples for an additional 4 h at 4 ◦C. 
The proteins were subsequently denatured by heating, and the immu-
noprecipitated samples were stored at − 80 ◦C for subsequent analysis.

2.18. Immunofluorescent staining

After undergoing various treatments, osteosarcoma cells were fixed 
with 4 % paraformaldehyde for 15 min. Following fixation, cells were 
permeabilized with a 100 × dilution of Permeabilization Buffer for an 
additional 15 min. The permeabilization buffer was then removed, and 
blocking serum, corresponding to the species of the secondary antibody, 
was added to the cells. The dishes were sealed and incubated for 2 h at 
room temperature. After removing the blocking serum, cells were 
incubated with an immunofluorescence primary antibody diluted at 
1:500 overnight in a 4 ◦C refrigerator or freezer. Unbound primary 
antibody was removed by washing the cells three times with PBS. A 
fluorescently labeled secondary antibody was applied, and cells were 
incubated at room temperature for 2 h to facilitate antibody binding. 
Excess antibody was washed away with PBS. The cells were finally 
examined under a fluorescence microscope.

2.19. Xenograft tumor model

Four-week-old nude mice were selected and acclimated to their 
environment for 1 week. Following various treatments, osteosarcoma 
cells were prepared as a cell suspension containing 1 × 107 cells, diluted 
in 200 μL of PBS buffer. After local disinfection with 75 % alcohol, a 200 
μL aliquot of the cell suspension was injected subcutaneously into the 
nude mice. Tumor formation was monitored every two days, and tumor 
volume was measured every three days using the formula: volume = 1/ 
2 × (short diameter)2 × (long diameter). When tumors in the control 
group reached approximately 70 mm3, corresponding treatments were 
initiated for all groups.

2.20. In vivo fluorescence imaging

Once the tumors reached a volume of approximately 100 mm3, in 
vivo fluorescence imaging was performed. The nude mice were anes-
thetized using 4 % isoflurane, and their vital signs were closely moni-
tored throughout the procedure. Upon achieving deep anesthesia, 
photosensitizer MPPα was administered intravenously via the tail vein 
at a dose of 15 mg/kg. Following the injection, the mice were placed in a 
light-protected enclosure. Subsequently, in vivo fluorescence imaging 

was conducted using a specific wavelength of light to excite the pho-
tosensitizers within the mice, and emitted fluorescence signals at a 
wavelength of 630 nm were captured.

2.21. Immunohistochemical staining

Tumor tissue sections were marked and baked for 2 h. After depar-
affinization using a gradient of xylene and ethanol, the sections were 
subjected to antigen retrieval in EDTA solution and heated in a micro-
wave oven at high power for 5 min, followed by medium-low power for 
15 min. Once the sections reached room temperature, they were treated 
with a 0.3 % hydrogen peroxide solution to quench endogenous 
peroxidase activity and then blocked for 12 min using a blocking solu-
tion. The diluted primary antibody (1:500) was applied and incubated at 
4 ◦C overnight in a humidified chamber. After incubation, the sections 
were washed, and an appropriate amount of secondary antibody was 
applied and incubated at 37 ◦C for 2 h. Following DAB colorimetric 
development, the tissue sections were counterstained with hematoxylin, 
dehydrated, cleared, and mounted for microscopic examination.

2.22. TUNEL staining

After undergoing deparaffinization with a graded series of xylene 
and ethanol, tissue sections were treated with DNase-free protease K at a 
concentration of 20 μg/mL and incubated at 37 ◦C for 30 min. Following 
proteolytic treatment, the TUNEL detection solution was applied to the 
tissues and incubated at 37 ◦C for 60 min in the dark to label apoptotic 
cells. Once the TUNEL reaction was complete, the stained tissue sections 
were counterstained with hematoxylin to visualize the nuclear 
morphology. Afterward, the sections were processed through a series of 
graded alcohols for dehydration, cleared with xylene, and then mounted 
with a coverslip using a suitable mounting medium. The prepared tissue 
sections were subsequently examined under a fluorescence microscope 
to assess the TUNEL staining.

2.23. Statistical analysis

All data are expressed as the mean ± SD values and were analyzed 
with SPSS 22.0 software. Single Student’s t-test and one-way ANOVA 
were used to determine statistical significance between pairs of groups 
and three or more groups, respectively. Significance levels are shown as 
*P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results

3.1. Properties of photosensitizer MPPα and killing mechanism of PDT

As a second-generation photosensitizer, pyropheophorbide-α methyl 
ester (MPPα), demonstrates enhanced stability and absorption capacity 
compared to first-generation photosensitizers. It exhibits improved 
absorbance and heightened photoelectric sensitivity [7,24,25]. To 
evaluate the phagocytic capacity of osteosarcoma cells for MPPα, we 
co-cultured cells with MPPα and observed the emergence of red fluo-
rescence particles within the cells after 4 h using CLSM. Cellular 
phagocytosis of MPPα increased over time, peaking after 24 h of 
co-culture (Fig. 1A). Flow cytometry analysis revealed that the per-
centage of cells with fluorescence markers increased gradually with 
extended uptake time, reaching a peak of 94.2 % (HOS)/83.7 % (143B) 
after 24 h of phagocytosis, as depicted in Fig. 1B. Fluorescence 
co-localization analysis was conducted using organelle fluorescence 
probes in conjunction with MPPα′s intrinsic fluorescence properties. The 
yellow fluorescent fusion indicated that MPPα is predominantly local-
ized within mitochondria and lysosomes in osteosarcoma cells, with 
minimal localization in the endoplasmic reticulum and Golgi apparatus 
(Fig. 1C). To assess the impact of MPPα-PDT on OS cells activity, we 
conducted further investigations utilizing a continuous output LED light 
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Fig. 1. Properties of photosensitizer MPPα and killing mechanism of PDT. (A) Phagocytic activity of OS cells on the photosensitizer MPPα as measured by CLSM. 
Scale bar: 50 μm. (B) Fluorescence quantitative analysis of OS cells by flow cytometry. (C) Fluorescence co-localization of organelle probes with photosensitizer MPPα 
as measured by CLSM. Scale bar: 50 μm. (D) Effect of MPPα-PDT on OS cells activity was tested using the CCK-8 assay. (E) The singlet oxygen fluorescent images of 
OS cells after MPPα-PDT treatment detected by SOSG. Scale bar: 50 μm. (F–I) DCFH-DA fluorescence images and flow quantitative analysis of OS cells after MPPα- 
PDT treatment. Scale bar: 100 μm. Analyses were repeated in triplicate (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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source with a wavelength of 630 nm and an intensity of 40 mW/cm2. 
Various concentrations (0 μM, 0.25 μM, 0.5 μM, 0.75 μM, 1 μM) of the 
MPPα were used in combination with different levels of light energy 
density (0 J/cm2, 2.4 J/cm2, 4.8 J/cm2, 7.2 J/cm2, 9.6 J/cm2), aiming to 
determine optimal conditions for further study. The CCK-8 assay indi-
cated that increasing concentrations of MPPα led to a dose-dependent 
decrease in cell activity, suggesting a stronger inhibitory effect on OS 
cells. Additionally, as the intensity of light energy increased, cell activity 
declined gradually with a specific MPPα concentration. Notably, at a 
light energy density of 4.8 J/cm2, the MPPα concentration required to 
achieve IC50 in HOS cells was 0.25 μM, with an inhibition rate of 48.4 ±
1.4 %. Similarly, for 143B cells under the same light energy density, a 
MPPα concentration of 0.5 μM resulted in an inhibition rate of 50.0 ±
6.71 % (Fig. 1D). Singlet oxygen, a highly reactive form of reactive 
oxygen species (ROS), is an excited state of the oxygen molecule with 
higher energy than its ground state. We found that MPPα-PDT signifi-
cantly increased singlet oxygen levels in cells, indicating substantial 
activation of highly reactive ROS (Fig. 1E). Then ROS was further 
detected using fluorescence microscopy and flow cytometry, and the 
results showed a marked increase after 0.5 h of MPPα-PDT treatment, 
with the intensity rapidly peaking over time (Fig. 1F–I).

3.2. The effect of MPPα-PDT on promoting apoptosis and ferroptosis

Mitochondria play a crucial role in cellular functions, encompassing 
energy production, regulation of metabolic processes, and determina-
tion of cell fate. Given the predominant localization of the photosensi-
tizer MPPα within mitochondria, we initially examined whether MPPα- 
PDT could induce morphological alterations in OS cells. Our findings 
demonstrated that mitochondrial fragmentation could be observed after 
MPPα-PDT treatment, providing direct evidence for mitochondrial 
dysfunction (Fig. 2A). Then, it was also revealed a great increase in the 
apoptosis rate of OS cells following MPPα-PDT treatment, accompanied 
by a notable reduction in ΔΨm (Fig. 2B–S1A, S1B, and 2C). To further 
validate the involvement of the mitochondrial pathway in apoptosis, 
Western Blot (WB) analysis was employed to detect key proteins. The 
results revealed an increase in cytochrome c, caspase family proteins 
(caspase 3 and caspase 9), PARP, and Bax proteins with prolonged 
MPPα-PDT treatment. Concurrently, the expression of the anti-apoptotic 
protein Bcl-2 was found to be suppressed (Fig. 2D and S2). To determine 
whether MPPα-PDT can induce ferroptosis, we initially assessed the 
levels of lipid peroxidation in OS cells using the lipid peroxidation probe 
C11-Bodipy and a lipid peroxide (LPO) assay. Our findings revealed that 
MPPα-PDT significantly increased the percentage of fluorescent C11- 
Bodipy-positive cells and elevated LPO content, indicating induction 
of ferroptosis (Fig. 2E and F, and S3). To further validate the impact of 
MPPα-PDT on iron homeostasis in OS cells, we employed the FerroOr-
ange fluorescence probe to measure Fe2+ levels. Our investigation 
showed that MPPα-PDT significantly induced a substantial increase in 
Fe2+ content within cells, as observed under fluorescence microscopy. 
Consistent results were obtained through quantitative analysis using 
flow cytometry (Fig. 2G and S3). Malondialdehyde (MDA) is an organic 
compound, which is one of the products of lipid peroxidation reaction 
and is often used as a biomarker to measure the level of oxidative stress 
and lipid peroxidation in organisms [14]. The results indicated that the 
MDA contents in OS cells could be induced by MPPα-PDT (Fig. 2H). 
Concurrently, WB analysis was also used to assess alterations in 
ferroptosis-related proteins. Subsequent analysis revealed that 
MPPα-PDT markedly induced GPX4-mediated ferroptosis in OS cells, as 
evidenced by a specific reduction in the expression of protein GPX4 and 
SLC7A11, along with an increase in TFR1 protein expression. Further-
more, we also observed inhibition of NCOA4 expression, a pivotal pro-
tein involved in ferritin degradation, which may impede ferritin 
degradation to some extent and subsequently hinder ferritinophagy 
occurrence. Therefore, elucidating the underlying cause for decreased 
NCOA4 could potentially activate ferritinophagy and enhance 

ferroptosis (Fig. 2I and S4).

3.3. Synergistic effect of apoptosis and ferroptosis

To preliminarily validate the synergistic effect between ferroptosis 
and apoptosis mediated by MPPα-PDT, we suppressed the iron chelation 
ability and lipid peroxidation function using ferroptosis inhibitors 
Deferoxamine (DFO) and Ferrostatin-1 (Fer-1). Initially, the impact of 
various treatments on the cell viability using the CCK-8 assay. It was 
observed that while MPPα-PDT combined with ferroptosis inhibitors 
(DFO or Fer-1) still exhibited some inhibition on OS cell activity 
compared to MPPα-PDT alone, there was a noticeable recovery could be 
observed (Fig. 3A and B). Additionally, WB analysis was conducted to 
detect the apoptotic proteins. It was observed that the combined treat-
ment of OS cells with the ferroptosis inhibitor DFO and MPPα-PDT 
resulted in inhibited expression of pro-apoptotic proteins. Furthermore, 
an increased expression of the anti-apoptotic protein Bcl-2 could also be 
observed, which further supports the validation of a synergistic effect 
between ferroptosis and apoptosis (Fig. 3C and S5). To further investi-
gate the potential mechanism underlying this synergistic effect, lipid 
peroxidation in OS cells was measured. Flow cytometry analysis 
revealed that MPPα-PDT noticeably induced lipid peroxidation in OS 
cells, whereas combined treatment effectively inhibited this process 
(Fig. 3D–H). In summary, the concurrent administration of ferroptosis 
inhibitors can significantly counteract the pro-apoptotic and pro- 
ferroptotic effects of MPPα-PDT. Hence, we propose that there is a 
synergistic effect between apoptosis and ferroptosis as mediated by 
MPPα-PDT.

3.4. Ferrintinophagy is inhibited by MPPα-PDT

Autophagy is a crucial cellular process involved in the degradation 
and recycling of intracellular components, playing a vital role in main-
taining cellular homeostasis and responding to various physiological 
processes and stressors. Autophagic flux, which refers to the dynamic 
sequence of autophagosome formation, fusion with lysosomes, and 
subsequent cargo degradation, is a key measurement of autophagy ac-
tivity. Bafilomycin A1 (Baf A1) serves as a commonly tool for monitoring 
autophagic flux by impeding the fusion between autophagosomes and 
lysosomes through inhibition of V-ATPase activity, thereby preventing 
acidification within lysosomal compartments [26]. In this study, we 
initially used Baf A1 to inhibit autophagy flux in OS cells. Then, a 
notable increase in the expression of green-fluorescent eGFP-LC3 auto-
phagosomes could be observed using CLSM, confirming the successful 
blockade of autophagy flux. LC3 is involved in a nucleocytoplasmic 
transport mechanism that relies on acetylation and deacetylation regu-
lated by autophagy signals, which play a crucial role in the formation of 
autophagosomes [27]. Under stress conditions, nuclear-localized Sirt1 
becomes activated and deacetylates LC3 within the nucleus. The 
resulting deacetylated LC3 molecules then translocate to the cytoplasm, 
where they interact with autophagy effectors such as Atg7 [28]. In this 
study, noticeable fluorescence transfer from the nucleus to the cyto-
plasm was observed following MPPα-PDT treatment, indicating induc-
tion of autophagy. Furthermore, combined treatment further augmented 
expression of autophagosomes (Fig. 4A and B). Similarly, through WB 
analysis, we monitored alterations in the expression of 
autophagy-related proteins following MPPα-PDT treatment and found a 
significant upregulation of LC3II, Atg3, and Atg5 proteins. Concurrently, 
there was a substantial inhibition in P62 protein expression (Fig. 4C and 
S6). As shown in Fig. 2I, we preliminarily confirmed that MPPα-PDT 
inhibits the expression of NCOA4 and limits the degradation of ferritin, 
thereby suppressing ferritinophagy. However, we also found that 
mega-autophagy in OS cells could be induced by MPPα-PDT. To further 
clarify the interaction between autophagy and ferroptosis mediated by 
MPPα-PDT, we first used small interfering RNA (siRNA-Atg5) to inhibit 
the expression of Atg5 protein (Fig. 4D and S7). It was found that 

Y. Zhang et al.                                                                                                                                                                                                                                   Redox Biology 76 (2024) 103328 

6 



Fig. 2. The effect of MPPα-PDT on promoting apoptosis and ferroptosis. (A) The mitochondrial fragmentation of OS cells as observed by CLSM after MPPα-PDT. 
Scale bar: 30 μm. (B) The apoptosis rate of OS cells after MPPα-PDT treatment by flow cytometry analysis. (C) The ΔΨm of OS cells after MPPα-PDT treatment by flow 
cytometry analysis. (D) The expression of mitochondrial apoptotic proteins was detected by Western blot analysis after MPPα-PDT treatment. (E) Fluorescent images 
and flow cytometry analysis of lipid peroxides in OS cells. Scale bar: 100 μm. (F) Fluorescent images and flow cytometry analysis of lipid-ROS in OS cells. Scale bar: 
100 μm. (G) Fluorescent images and flow cytometry analysis of Fe2+ in OS cells. Scale bar: 100 μm. (H) MDA contents in OS cells after various treatments. (I) The 
expression of ferroptosis related proteins in OS cells was detected by Western blot analysis. Analyses were repeated in triplicate (n = 3). *P < 0.05, **P < 0.01, ***P 
< 0.001.
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Fig. 3. Synergistic effect of apoptosis and ferroptosis. (A–B) Effect of various treatments on OS cells activity was tested using CCK-8 assay. (C) The expression of 
apoptotic proteins after various treatment were detected by Western blot analysis. (D–E) Analysis of LPO, Lipid-ROS and ROS by flow cytometry after different 
treatments. (F– H) Quantitative analysis of LPO, Lipid-ROS and ROS by flow cytometry results after different treatments. Analyses were repeated in triplicate (n = 3). 
*P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. Ferrintinophagy is inhibited by MPPα-PDT. (A–B) Fluorescence images of ADV-eGFP-LC3 in OS cells after various treatments. The white arrow indicates 
LC3 fluorescence within the nucleus. Scale bar: 50 μm. (C) The expression of autophagy related proteins after various treatments was detected by Western blot 
analysis. (D) The expression of Atg5 protein after siRNA treated was detected by Western blot analysis. (E) Effect of silencing Atg5 on OS cells activity was tested 
using CCK-8 assay. (F–G) Analysis of Fe2+ by flow cytometry after different treatments. (H) MDA contents in OS cells after various treatments. (I) mRNA expression of 
NCOA4, FTH1, FTL after different treatments as measured by qPCR. Analyses were repeated in triplicate (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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silencing Atg5 significantly inhibits the antitumor efficacy of MPPα-PDT 
(Fig. 4E). The Fe2+ content was monitored using the FerroOrange 
fluorescence probe, revealing that inhibition of autophagy could atten-
uate the elevation in Fe2+ mediated by MPPα-PDT (Fig. 4F and G). 
Furthermore, the assessment of MDA revealed that the inhibition of Atg5 
also effectively suppressed lipid peroxidation induced by MPPα-PDT 
(Fig. 4H). Hence, we tentatively propose that silencing Atg5-mediated 
autophagy inhibition can partially suppress ferroptosis triggered by 
MPPα-PDT. Additionally, we observed the transcriptional activity of 
iron metabolism genes. Interestingly, the expression of NCOA4 was 
activated following MPPα-PDT treatment, suggesting that ferritinoph-
agy was activated at the transcriptional level (Fig. 4I). Therefore, we 
hypothesize that NCOA4 may be activated in transcription following 
MPPα-PDT treatment, but there appears to be some form of inhibition or 
degradation in translation. Thus, actively investigating the potential 
mechanisms underlying the inhibition NCOA4 protein could be a crucial 
factor in overcoming ferritinophagy inhibition and enhancing the effi-
ciency of ferroptosis.

3.5. Targeting NCOA4 enhances ferroptosis mediated by MPPα-PDT

NCOA4 functions as a pivotal cargo receptor implicated in ferritin 
degradation and plays a crucial role in ferritinophagy. To obtain clinical 
prognosis analysis of the NCOA4 gene in OS patients, we scrutinized the 
mRNA microarray data from the GEO database (GSE42352) using an 
online bioinformatics visualization platform (https://hgserver1.amc.nl/ 
cgi-bin/r2/main.cgi). The result revealed that individuals with elevated 
NCOA4 expression exhibited more favorable clinical prognoses 
(Fig. 5A). Furthermore, immunohistochemical (IHC) staining revealed a 
higher expression of NCOA4 in the adjacent tissue compared to the 
tumor site in human OS tissue (Fig. 5B). Based on these findings, we can 
indirectly conclude that NCOA4, which acts as an inhibitory protein, has 
the potential to be a therapeutic target for the treatment of OS. The 
expression of NCOA4 was simultaneously assessed in HOS, 143B, MG63, 
U2OS cell lines, and osteoblast Hfob1.19 cells by WB analysis. Notably, 
the levels of NCOA4 were relatively low in HOS and 143B cell lines 
(Fig. 5C and S8A). Therefore, we chose HOS and 143B cells as models for 
subsequent investigations. To ascertain the biological function of 
NCOA4, the gene was overexpressed by lentiviral vector. The efficiency 
of viral transduction was then confirmed by WB (Fig. 5D and S8B). The 
present study confirms the induction of autophagy by MPPα-PDT, which 
prompts us to explore the synergistic treatment by combining MPPα- 
PDT with NCOA4 overexpression to fully activate ferritinophagy. The 
impact of MPPα-PDT combined with NCOA4 overexpression on ferrop-
tosis was investigated by initially assessing the lipid peroxidation in OS 
cells. Through flow cytometry analysis, we observed an obviously in-
duction of lipid peroxidation upon the combination treatment, as 
demonstrated by FerroOrange, LPO, and C11-Bodipy fluorescent probes 
(Fig. 5E and F, S8C-S8E). Afterward, the expression changes in ferritin 
were also detected via WB. The results revealed that NCOA4 over-
expression could not induce alterations in ferritin levels. This may be 
attributed to the incomplete activation of autophagy under basal con-
ditions, which hinders the degradation pathway of ferritin. However, 
when combined with MPPα-PDT, NCOA4 overexpression resulted in 
complete activation of ferritinophagy and subsequently facilitated the 
degradation of ferritin (Fig. 5G and H, and S8F-S8H). Additionally, we 
employed Perls staining to assess the iron deposition after treatments in 
OS cells. It was observed that the combination of MPPα-PDT and NCOA4 
overexpression led to the complete activation of ferritinophagy, result-
ing in the increased degradation of ferritin, gradual elevation of iron ion 
expression, and subsequent accumulation of numerous iron particles 
under microscopy (Fig. 5I). Subsequently, we examined the mitochon-
dria after virous treatments using transmission electron microscopy 
(TEM). Notably, MPPα-PDT induced characteristic apoptotic changes in 
mitochondria, including significant swelling, irregular arrangement, or 
breakage of mitochondrial cristae. Simultaneously, when combined 

with NCOA4 overexpression, MPPα-PDT caused a distinct ferroptosis- 
like mitochondrial appearance characterized by a reduction in volume 
and diminished cristae (Fig. 5J).

3.6. Transcriptome sequencing and bioinformatics analysis

To further elucidate the mechanisms underlying degradation in 
translation, we initially examined the transcriptomic changes induced 
by MPPα-PDT using high-throughput transcriptomic sequencing. The 
findings revealed that MPPα-PDT treatment resulted in the upregulation 
of 1001 genes and the downregulation of 727 genes (Fig. 6A and B). 
Importantly, HERC1, which belongs to the extensive HERC family and is 
recognized as a potential E3 ubiquitin protein ligase due to its HECT 
domain [29,30], showed a noticeable increase in transcription. Given 
the existence of multiple ubiquitination regulatory sites on NCOA4 [17], 
it is hypothesized that HERC1 functions in facilitating the 
ubiquitin-mediated degradation of NCOA4. Additionally, enrichment 
analysis of differentially expressed genes revealed marked enrichment of 
NRF2, TNF, NF-κB, PI3K-Akt, and others in the KEGG analysis. 
Furthermore, we also observed enriched functional signals related to 
apoptosis and ferroptosis, providing further evidence for the effective 
regulation by MPPα-PDT. GO enrichment analysis also demonstrated 
noticeable enrichment of biological processes such as “apoptosis-related 
pathways,” “cell response to oxidative stress,” and “ferritin complex” 
(Fig. 6C and D). To investigate the distribution of HERC1 and NCOA4 
genes in OS tissues and their correlation, we performed bioinformatics 
analysis on single-cell sequencing data, including data integration, 
quality control, standardization, dimensionality reduction, clustering, 
and expression analysis of HERC1 and NCOA4. The results identified 23 
distinct cell subgroups within the UMAP clusters. The CellMarker2.0 
database was utilized to identify marker genes for each cell subgroup 
based on their expression patterns, and each cell subgroup was subse-
quently named accordingly. Importantly, our findings demonstrated 
that both HERC1 and NCOA4 were expressed in OS cells (Fig. 6E–I). 
Furthermore, Spearman correlation analysis indicated a significant as-
sociation between HERC1 and NCOA4 (P < 0.001) (Fig. 6J).

3.7. HERC1 interacts with NCOA4

To investigate the potential degradation of NCOA4 protein through 
the ubiquitination pathway, we initially treated OS cells with a pro-
teasome inhibitor MG132 (15 μM). WB analysis revealed that the com-
bined treatment of MG132 and MPPα-PDT in OS cells led to a gradual 
recovery in the expression of the NCOA4 protein over time (Fig. 7A and 
S9). These findings provide preliminary evidence suggesting that the 
NCOA4 protein may undergo degradation through ubiquitination. To 
further validate the ubiquitination of NCOA4, we employed Co- 
immunoprecipitation (co-IP) to ascertain its interaction with ubiq-
uitin. The results demonstrated that the immunoprecipitation antibody 
specific to NCOA4 effectively captured ubiquitin, providing evidence for 
the interaction between NCOA4 and ubiquitin (Fig. 7B). This supports 
the scientific hypothesis that NCOA4 undergoes degradation via the 
ubiquitination process. Next, to confirm the involvement of HERC1 in 
the ubiquitination degradation of NCOA4, we employed co-IP to eval-
uate the interaction between HERC1 and NCOA4 proteins. The results 
demonstrated successful capture of NCOA4 protein by immunoprecipi-
tation using HERC1 antibody, providing evidence for their potential 
interaction (Fig. 7C). Subsequently, we utilized immunofluorescence co- 
localization staining in OS cells to validate the shared subcellular 
localization of HERC1 and NCOA4 proteins. Our study revealed an 
obvious increase in subcellular localization of both proteins especially 
after MPPα-PDT treatment. In conclusion, our findings indicate an 
interaction between HERC1 and NCOA4 proteins, along with a notable 
degree of subcellular colocalization (Fig. 7D–G). To investigate the 
regulatory role of HERC1 on NCOA4, we knocked out the HERC1 gene 
using CRISPR/CAS9 single vector lentivirus (sg-HERC1). We then 
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Fig. 5. Targeting NCOA4 enhances ferroptosis mediated by MPPα-PDT. (A) The impact of NCOA4 on the clinical prognosis of OS patients was analyzed using 
data from GSE42352 database. (B) Expression of NCOA4 in human OS and adjacent tissues was detected using IHC. (C) Basic expression of NCOA4 protein in OS cells 
was tested by Western blot analysis. (D) Expression of the protein in OS cells was tested by Western blot analysis after NCOA4 overexpression. (E–F) Analysis of LPO, 
Lipid-ROS and Fe2+ by flow cytometry after different treatments. (G–H) The expression of protein NCOA4, FTH1, FTL in OS cells after various treatments were 
detected by Western blot analysis. (I) Detection of iron ion deposition images in OS cells after different treatments using Prussian blue staining. Scale bar: 50 μm. (J) 
Observation of mitochondria in OS cells by Transmission Electron Microscopy. The red or blue arrow refers to the mitochondria in OS cells. Scale bar: 1 μm. Analyses 
were repeated in triplicate (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)
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Fig. 6. Transcriptome sequencing and bioinformatics analysis. (A) Heat map analysis of differential genes after MPPα-PDT treatment. (B) Volcano map of 
differential genes after MPPα-PDT treatment. (C) KEGG enrichment analysis of differential genes after MPPα-PDT treatment. (D) GO enrichment analysis of dif-
ferential genes after MPPα-PDT treatment. (E–F) Cellular umap grouping. (G–H) The expression of marker genes in various cell subpopulations. (I) Expression of 
HERC1 gene and NCOA4 gene in various cell subpopulations. (J) Spearman correlation analysis between HERC1 gene and NCOA4 gene.
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Fig. 7. HERC1 interacts with NCOA4. (A) The expression of NCOA4 protein in OS cells after various treatments was detected by Western blot analysis. (B) co-IP 
images of NCOA4 protein and ubiquitin protein in OS cells. (C) co-IP images of NCOA4 protein and HERC1 protein in OS cells. (D–G) Images and analysis of 
immunofluorescence double staining in OS cells after MPPα-PDT treatment. Scale bar: 50 μm. (H) The expression of HERC1 in OS cells was detected by Western blot 
analysis. (I) Quantitative analysis of HERC1 protein expression in OS cells, with the value of GAPDH as the loading control. (J–K) The expression of proteins in HOS 
cells after various treatments was detected by Western blot analysis. (L–M) The expression of proteins in 143B cells after various treatments was detected by Western 
blot analysis. (N) co-IP images of NCOA4 protein and ubiquitin protein in OS cells. Analyses were repeated in triplicate (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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detected the knockout efficiency of HERC1 by WB (Fig. 7H and I). 
Following this, to investigate the impact of HERC1 knockout on NCOA4 
protein stability, we initially suppressed protein synthesis using cyclo-
heximide (CHX) and subsequently assessed NCOA4 protein stability via 
WB analysis. It was observed that the degradation rate of NCOA4 protein 
dramatically decreased compared to the control when MPPα-PDT was 
combined with CHX treatment in sg-HERC1 cells. These findings 
demonstrated that HERC1 knockout substantially enhances NCOA4 
protein stability and indirectly suggests the involvement of HERC1 in 
NCOA4 ubiquitination (Fig. 7J–M and S10). To further verify the effect 
of HERC1 knockout on the ubiquitination of NCOA4 protein, we con-
ducted co-IP to detect the binding between NCOA4 protein and ubiq-
uitin due to HERC1 was knockout. The results revealed an obvious 
inhibition in the binding between NCOA4 protein and ubiquitin mole-
cules due to HERC1 knockout. These results demonstrate that HERC1 
knockout can effectively inhibit the ubiquitination of NCOA4 protein 
(Fig. 7N).

3.8. Targeting HERC1 enhances the anti-tumor efficiency of MPPα-PDT

To validate the impact of HERC1 knockout on the anti-tumor efficacy 
of MPPα-PDT, we initially assessed the apoptosis rate and ΔΨm in OS 
cells. The results revealed a higher apoptosis rate in OS cells under 
combined treatment of HERC1 knockout and MPPα-PDT compared to 
MPPα-PDT alone, accompanied by a notable reduction in ΔΨm 
(Fig. 8A–C). To further investigate the pro-apoptotic effect of combined 
treatment on OS cells, we performed WB analysis to examine the 
expression of pro-apoptotic proteins. The results revealed that a more 
pronounced pro-apoptotic effect was observed compared to MPPα-PDT 
treatment when HERC1 was knocked out (Fig. 8D). Similarly, the 
degradation of NCOA4 protein through ubiquitination is also inhibited, 
which prevents autophagy-mediated degradation of ferritin and subse-
quently reduces lipid peroxidation significantly. To further confirm the 
impact of HERC1 knockout on iron homeostasis in OS cells, we utilized 
flow cytometry to assess the level of lipid peroxidation. The results 
demonstrated that combining HERC1 knockout with MPPα-PDT treat-
ment markedly increased lipid peroxidation. Specifically, there was a 
notable elevation in Fe2+ content as well as level of ROS, LPO, and C11- 
Bodipy (Fig. 8E–L). In conclusion, our findings indicated that combining 
HERC1 knockout with MPPα-PDT treatment effectively elevate Fe2+

contents and induce lipid peroxidation in OS cells, thereby promoting 
ferroptosis.

3.9. NRF2 is a potential regulator of HERC1

Nuclear factor erythroid 2-related factor 2 (NRF2) is a pivotal tran-
scription factor involved in regulating the antioxidant response system 
in cells. Numerous studies have demonstrated that NRF2 exerts direct or 
indirect control over GPX4, Fe2+, mitochondrial function, and nicotin-
amide adenine dinucleotide phosphate (NADPH) regeneration among 
others, thereby governing the process of ferroptosis [31,32]. We have 
performed KEGG enrichment analysis on differentially expressed genes 
using RNA sequencing and identified a significant enrichment of the 
NRF2 signaling pathway. To preliminarily confirm the potential corre-
lation between HERC1 and NRF2, bioinformatics analysis was con-
ducted to examine their association. We found considerable enrichment 
of NRF2 and KEAP1 genes in OS cells (particularly in osteoblast OS and 
chondroblast OS), indirectly supporting their involvement in OS cells 
(Fig. 9A). At the same time, we observed a significant correlation (P <
0.001, R = 0.53) between the NRF2 and HERC1 through Spearman 
correlation analysis (Fig. 9B). Furthermore, we categorized individuals 
into high or low group based on the median expression of HERC1 as the 
threshold value using Target osteosarcoma data. Subsequently, we 
examined the relationship between the HERC1 and NRF2 signaling 
pathway in a heatmap format. The findings revealed a greatly positive 
correlation between the gene HERC1 and genes such as NRF2, HMOX1, 

NQO1, CAT among others (Fig. 9C). To preliminarily investigate the 
impact of MPPα-PDT on the NRF2, we initially assessed the nuclear 
translocation of NRF2 through immunofluorescence staining. Our find-
ings revealed a marked induction of NRF2 nuclear translocation by 
MPPα-PDT. Additionally, WB analysis was performed to examine pro-
tein expression associated with the NRF2 signaling pathway. The results 
demonstrated that MPPα-PDT effectively activated the NRF2 signaling 
pathway and induced expression of proteins related to this pathway 
(Fig. 9D and E, and S11). Then, with the intention of further investi-
gating the regulatory role of NRF2 in HERC1, we pretreated OS cells 
with the NRF2 inhibitor ML385 and observed a noticeable inhibition of 
the NRF2 signaling pathway. Concurrently, there was also a varying 
degree of reduction in HERC1 expression. Furthermore, when combined 
with MPPα-PDT, ML385 exhibited a certain extent of inhibition on both 
the NRF2 and HERC1 expression. Therefore, we tentatively suggest that 
NRF2 may potentially act as a regulator for the HERC1 gene (Fig. 9F–J). 
NRF2, as a protective factor in tumor cells, plays a crucial role in 
maintaining the oxidation-antioxidant homeostasis. Therefore, inhibit-
ing NRF2 may be a potential therapeutic strategy. In this study, we 
found that the lipid peroxidation in OS cells was further increased when 
treated with an NRF2 inhibitor combined with MPPα-PDT. Considering 
the potential targeting of HERC1 by NRF2 inhibition, suppression of 
NRF2 can significantly regulate ferritinophagy and ferroptosis 
(Fig. 9K–M).

3.10. Targeting HERC1-NCOA4 axis enhances the antitumor effect of 
MPPα-PDT in vivo

As a second-generation photosensitizer, MPPα is a kind of chloro-
phyll derivative. Compared to the first-generation photosensitizer, it is 
more stable and easier to absorb, with better absorbance and stronger 
photoelectric sensitivity [7,24,25]. These fluorescence characteristics 
make it suitable for biomarkers and photodynamic diagnosis [33]. In 
this study, we utilized the biomarker functionality of MPPα to investi-
gate in vivo distribution and tumor targeting capabilities through fluo-
rescence imaging. The results showed that MPPα exhibited noticeable 
fluorescence enrichment 6 h after injection, particularly in tumor tissue, 
which further confirmed the specific tumor-targeting capability of MPPα 
and provided favorable conditions for subsequent PDT treatment 
(Fig. 10A and B). To further investigate the therapeutic efficacy of tar-
geting the HERC1-NCOA4 axis in combination with MPPα-PDT in vivo, 
we evaluated the growth inhibition of different treatments on xenograft 
tumor model. It was observed that treatment with either ML385 or 
MPPα-PDT alone exhibited limited inhibition on the tumor growth. 
However, the combined treatment or HERC1 knockout together with 
MPPα-PDT markedly suppress tumor growth, with the latter one 
showing more pronounced results. These findings suggest that targeting 
the HERC1-NCOA4 axis in combination with MPPα-PDT can effectively 
suppress subcutaneous tumor growth in tumor-bearing nude mice 
(Fig. 10C–F). Subsequently, we performed IHC staining to detect marker 
protein associated with proliferation, such as Ki67, and marker related 
to apoptosis, such as Cleaved-caspase 3. The results revealed that 
treatment with NRF2 inhibition or MPPα-PDT alone let to some inhibi-
tion of tumor growth, as evidenced by the suppression of Ki67 and an 
increase in Cleaved-caspase 3. Furthermore, when targeting the 
HERC1-NCOA4 axis in combination with MPPα-PDT, this inhibitory 
effect was significantly enhanced (Fig. 10G). Consistent results were 
obtained using the TUNEL staining. (Fig. 10H). To further investigate 
the potential mechanism of targeting the HERC1-NCOA4 axis on lipid 
peroxidation induced by MPPα-PDT, we performed IHC staining to 
assess COX2 expression, a protein closely associated with oxidative 
stress in tumors. Concurrently, the C11-Bodipy fluorescent probe was 
employed to assess the lipid peroxidation. It was observed that treat-
ment with ML385 or MPPα-PDT induced a certain degree of oxidative 
stress and lipid peroxidation. However, when targeting the 
HERC1-NCOA4 axis in combination with MPPα-PDT, there was a great 
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Fig. 8. Targeting HERC1 enhances the anti-tumor efficiency of MPPα-PDT. (A) The ΔΨm of OS cells after various treatments by flow cytometry analysis. (B) The 
apoptosis rate of OS cells after various treatments by flow cytometry analysis. (C) JC1 fluorescence images of OS cells after different treatments. Scale bar: 100 μm. 
(D) The expression of pro-apoptotic proteins after HERC1 knockout combined with MPPα-PDT was detected by Western blot analysis. (E–F) Detection of Fe2+ and 
ROS in OS cells after different treatments using flow cytometry. (G–H) Quantitative analysis of flow cytometry data. (I–J) Detection of lipid-ROS and LPO in OS cells 
after different treatments using flow cytometry. (K–L) Quantitative analysis of flow cytometry data. Analyses were repeated in triplicate (n = 3). *P < 0.05, **P <
0.01, ***P < 0.001.
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Fig. 9. NRF2 is a potential regulator of HERC1. (A) The distribution of NRF2 and KEAP1 in OS tissue analyzed through bioinformatics analysis. (B) Spearman 
correlation analysis between HERC1 gene and NRF2 gene analyzed through bioinformatics analysis. (C) Heat map of the correlation between NRF2 signaling 
pathway and HERC1 analyzed through bioinformatics analysis. (D) Fluorescence images of OS cells nuclear translocation. Scale bar: 50 μm. (E–F) The expression of 
NRF2 signaling pathway proteins after MPPα-PDT treatment was detected by Western blot analysis. (G–J) Quantitative analysis of the relative expression level of 
NRF2, NOQ1, HO1, and HERC1 protein, with the value of GAPDH as the loading control. (L–N) Effect of different treatments on ROS and Lipid-ROS in OS cells by 
flow cytometry. Analyses were repeated in triplicate (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 10. Targeting HERC1-NCOA4 axis enhances the antitumor effect of MPPα-PDT in vivo. (A) Fluorescence images in vivo after MPPα processing. (B) 
Quantitative analysis of fluorescence intensity at different time points. (C) Growth curves of tumors after different treatments. (D) Photographs of tumors harvested 
from mice after various treatments. (E) Gross tumor volume of tumors after different treatments. (F) Weight of tumors after different treatments. (G) The expression 
of Ki67, Cleaved caspase 3, and COX2 proteins detected by IHC. Scale bar: 50 μm. (H) The fluorescent images of TUNEL and lipid-ROS. Scale bar: 50 μm. Analyses 
were repeated in triplicate (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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increase in both oxidative stress and lipid peroxidation within the 
tumor, as evidenced by notable COX2 protein expression and pro-
nounced enrichment of C11-Bodipy green fluorescence. These findings 
suggest that by targeting the HERC1-NCOA4 axis in combination with 
MPPα-PDT, it is possible to effectively increase oxidative stress and lipid 
peroxidation within the tumor. This indirectly indicates a significant 
induction of ferroptosis in tumors (Fig. 10G and H).

4. Discussion

Osteosarcoma (OS) is a primary malignant bone tumor that origi-
nates from osteoid cells, which are mesenchymal cells. Approximately 
4.4 cases of OS are reported annually per million children [34]. The 
current standard treatment for OS involves radical tumor resection 
combined with neoadjuvant chemotherapy, specifically high-dose 
methotrexate (MTX), doxorubicin (DOX), ifosfamide (IFO), and 
cisplatin (CIS) [35]. Despite advancements in radiotherapy and immu-
notherapy, patients with OS still face a challenging prognosis due to the 
persistent risk of metastasis as indicated by the 5-year survival rates 
ranging from 60 to 70 % for localized OS [35]. Furthermore, patients 
who experience metastasis or recurrence after treatment continue to 
have a poor prognosis [36]. Therefore, it is imperative to explore novel 
therapeutic targets and develop innovative treatment strategies for OS.

Photodynamic therapy (PDT) is an emerging minimally invasive 
treatment modality expected to be utilized for OS treatment. The three 
fundamental components of PDT include a photosensitizer (PS), specific 
wavelength light, and oxygen [37], which need to be integrated. As the 
pivotal component among these, the photosensitizer plays a decisive 
role in determining therapeutic efficacy throughout the entire PDT 
process due to its distinctive physicochemical properties and biological 
effects. Importantly, subcellular localization of the photosensitizer holds 
paramount importance in the PDT procedure and specificity as it 
markedly influences treatment efficiency, cell death mechanisms, and 
potential side effects [38]. In this study, we observed that the photo-
sensitizer MPPα predominantly localizes within the mitochondria, 
which are vital organelles responsible for ATP production and play 
crucial roles in cellular processes such as cell growth, death, division, 
and signal transduction. Consequently, we initially hypothesized that 
MPPα-PDT could induce damage to mitochondria of OS cells. Subse-
quent investigations revealed mitochondrial fragmentation, providing 
direct evidence of impairment caused by MPPα-PDT and serving as one 
of the initiating factors leading to cell death. Mitochondrial damage 
leads to depolarization of the inner membrane and subsequent 
dysfunction, resulting in the release of cytochrome c, mitochondrial 
DNA (mtDNA), and other contents. The electron transport chain on the 
inner membrane is a primary site for generating reactive oxygen species 
(ROS) within cells. When mitochondrial function is compromised, 
excessive ROS production exceeds the body’s ability to clear them, 
activating specific signal transduction pathways that trigger cellular 
damage or other reactions [39]. This process involves multiple 
sequential steps and crucial protein interactions, including sensing and 
responding to cellular stress and injury signals, regulating the activity of 
bcl-2 proteins, inducing mitochondrial membrane permeabilization 
(MOMP), forming apoptotic bodies, activating the Caspase cascade, 
executing apoptosis, and clearing cellular debris [40,41]. The present 
study demonstrates that MPPα-PDT effectively triggers mitochondrial 
impairment, consequence causing apoptosis through the mitochondrial 
pathway. PARP is a nuclear enzyme crucial for recognizing and repair-
ing DNA damage, thereby preserving genomic integrity and cell sur-
vival, especially in response to strong genotoxic stresses or therapeutic 
interventions like chemotherapy, radiation, or photodynamic therapy 
[42,43]. Caspase-3 and Caspase-7 act as primary effector proteases, 
cleaving various proteins involved in apoptosis, including PARP [44]. 
Under conditions that induce apoptosis, an increase in PARP levels can 
occur, driven by heightened DNA damage response and stress signaling 
preceding cell death [45,46]. Differences in apoptotic signaling 

pathways, p53 status, ROS response, and metabolic traits may explain 
the varying responses to apoptotic signals across different cell types [4,
47,48]. These factors collectively contribute to distinct sensitivities to-
wards apoptosis and observed response patterns in experimental 
settings.

Ferroptosis is a novel form of programmed cell death that distin-
guishes itself from other cell death in terms of morphology, genetics, and 
biochemistry, which is characterized by the accumulation of iron- 
dependent lipid peroxides and oxidative damage [49]. Our findings 
demonstrated that ferroptosis could be significantly induced by 
MPPα-PDT in OS cells, as evidenced by notable lipid peroxidation and 
iron overload. Additionally, the expression of proteins such as GPX4, 
SLC7A11, and TFR1 were also found to be altered. However, it is 
noteworthy that the inhibition of NCOA4, a crucial protein involved in 
ferritin degradation, was observed after MPPα-PDT treated. This indi-
rectly suggests a limited degradation of ferritin, potentially leading to 
impaired ferritinophagy. Ferroptosis and apoptosis are distinct modes of 
cell death, however, they can influence cell fate in pathological condi-
tions through complex interactions and cross-regulation of signaling 
pathways. Iron ions play a pivotal role in ferroptosis, as their excessive 
accumulation can induce the expression of the pro-apoptotic poly-
unsaturated fatty acids (PUMA) via the ERS-mediated PER-
K-eIF2α-ATF4-CHOP pathway, thereby triggering apoptotic signaling. 
Moreover, oxidative stress serves as a critical link between apoptosis and 
ferroptosis: ROS accumulation not only activates mitochondrial 
pathway-mediated apoptosis but also plays a key role in lipid peroxi-
dation during ferroptosis [50,51]. In this study, we treated OS cells with 
a ferroptosis inhibitor in combination with MPPα-PDT. We discovered 
that inhibiting ferroptosis could restrain the pro-apoptotic effect medi-
ated by MPPα-PDT. Therefore, the synergistic effect of ferroptosis and 
apoptosis reveals the complexity and dynamics in the regulation of cell 
death and offers a new perspective for understanding how cells respond 
to different death signals.

Autophagy is a highly conserved catabolic process that plays a 
crucial role in cellular waste clearance. It primarily facilitates the 
recycling or degradation of cellular components through lysosomes or 
vacuoles, thereby providing cells with energy and metabolites [52]. 
Excessive or dysfunctional autophagy can result in cell death, known as 
“autophagy-dependent cell death,” which represents a unique regulated 
cell death (RCD) [53]. Although the specific cascade signals remain to be 
elucidated, this process mainly involves the progressive depletion or 
degradation of cytoprotective proteins. In our previous research [11,
54], we have demonstrated preliminary evidence that MPPα-PDT can 
effectively induce autophagy in MG-63 cells. Furthermore, targeting 
autophagy as a therapeutic approach significantly enhances the thera-
peutic efficacy of MPPα-PDT. In this study, we further observed that 
MPPα-PDT prominently stimulates autophagy in OS cells, establishing a 
close association between autophagy and ferroptosis.

Ferritinophagy is an autophagic process intimately associated with 
ferroptosis. Its activation is entirely dependent on NCOA4 and regulated 
by intracellular Fe2+ levels [55]. NCOA4 functions as a selective cargo 
receptor that plays a role in the autophagic degradation of ferritin [55]. 
Upon activation of ferritinophagy, NCOA4 binds to FTH1, MAP1, and 
LC3-PE on the autophagosomal membrane, sequestering the ferritin 
complex into the autophagosome [56]. This ultimately leads to the 
fusion of the autophagosome with the lysosome, resulting in the com-
plete degradation of ferritin. In this study, we have demonstrated that 
ferroptosis induced by MPPα-PDT depends on autophagy and contrib-
utes to the anti-tumor mechanism. Additionally, we observed an upre-
gulation of NCOA4 in transcription following MPPα-PDT treatment. 
However, there appears to be an inhibition or degradation of the NCOA4 
protein, leading to limited ferritin degradation and suppressed ferrop-
tosis. Studies have demonstrated that the expression of NCOA4 is 
regulated by various genes and influences the occurrence of ferriti-
nophagy. Autophagy-related genes (ATG) can activate NCOA4, while 
overexpression of NCOA4 can enhance intracellular iron transport and 
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ferritinophagy, thereby inducing ferroptosis [57,58]. Conversely, 
knockdown of NCOA4 or ATG (such as ATG3, ATG5, ATG7, and ATG13) 
significantly inhibits Erastin-induced ferritin degradation, iron accu-
mulation, and lipid peroxidation [59]. Therefore, targeting ferriti-
nophagy to promote ferritin degradation is of great significance in 
enhancing PDT-mediated ferroptosis. In this study, we employed 
lentiviral-packaged plasmids to overexpress the NCOA4 in combination 
with MPPα-PDT for a synergistic treatment approach to OS. The results 
revealed that the combined treatment markedly activated the process of 
ferritinophagy in OS cells, leading to enhanced ferritin degradation and 
considerable ferroptosis. Specifically, notable iron overload and lipid 
peroxidation were observed along with characteristic features indicative 
of ferroptosis within mitochondria including reduced size, decreased or 
absent mitochondrial cristae, and rupture on the outer membrane.

The ubiquitin-proteasome system (UPS) is a crucial post- 
translational modification mechanism responsible for degrading 
approximately 80 % of cellular proteins [60]. This intricate system 
comprises various components, including ubiquitin (Ub), E1 ubiquitin 
activase, E2 ubiquitin conjugase, E3 ubiquitin ligase, E4 ubiquitin chain 
elongation factor, 26S proteasome, and deubiquitinating enzyme (DUB). 
Its primary function is to eliminate misfolded or surplus proteins as well 
as damaged ones to maintain protein homeostasis. In this study, through 
a series of experiments, we have demonstrated that MPPα-PDT can 
effectively facilitate the ubiquitination and subsequent degradation of 
the NCOA4 protein in OS cells. As a result, this impacts the subsequent 
activation of ferritinophagy. Therefore, actively identifying key factors 
involved in NCOA4 degradation becomes an essential approach towards 
activation of ferritinophagy and ferroptosis.

The E3 ubiquitin ligase acts as a mediator in the UPS, transferring 
ubiquitin from the E2 conjugase to substrate proteins. It ensures the 
specificity of the ubiquitination process by interacting with specific se-
quences or domains of substrate proteins. This specific recognition 
mechanism enables selective labeling of target proteins within the cell, 
thereby regulating their stability and activity [61]. HERC1 is an E3 
ubiquitin ligase that contains a HECT domain and has been 
well-established for over two decades. The HERC1 gene is located on the 
15q22 locus of the human chromosome [62] and exhibits widespread 
expression across various mammalian tissues, with higher levels 
observed in the brain and testis, and minimal expression in the liver. 
Importantly, HERC1 demonstrates significant upregulation in diverse 
human tumor cell lines compared to those derived from normal fibro-
blasts [63]. Extensive research has revealed frequent mutations within 
the HERC family across different cancer types, including leukemia and 
solid tumors [30]. Mutations identified in HERC1 have underscored its 
pivotal role in oncogenesis among patients diagnosed with acute T-Cell 
Acute Lymphoblastic Leukemia (T-ALL) [64]. In this study, we initially 
screened the key protein HERC1 which potentially participates in the 
ubiquitination degradation of NCOA4, through transcriptome 
sequencing combined with bioinformatics analysis. Subsequently, a se-
ries of investigations substantiated the interaction between HERC1 and 
NCOA4. Moreover, by employing CRISPR/CAS9 technology to knock 
out the HERC1 gene, we observed a significant inhibition of NCOA4 
ubiquitination and an enhancement in its stability. Finally, to compre-
hensively demonstrate the impact of targeting HERC1 on MPPα-PDT’s 
efficacy, we combined HERC1 knockout with MPPα-PDT for OS treat-
ment. The results unequivocally indicated that targeting HERC1 sub-
stantially augmented the therapeutic effect of MPPα-PDT, as evidenced 
by a notable increase in OS cell apoptosis and lipid peroxidation.

NRF2, a transcription factor and member of the leucine zipper 
family, is involved in transcribing genes related to antioxidant and 
detoxification responses [65]. While its role in maintaining redox ho-
meostasis has been well established, it also plays a crucial role in 
mediating various metabolic pathways such as protein stability, exoge-
nous drug metabolism, iron/heme metabolism, lipid metabolism, and 
programmed cell death. Dysregulation of the NRF2 signaling pathway 
contributes to tumor occurrence and progression [66,67]. Studies have 

shown that NRF2 exhibits pronounced oncogenic activity in certain tu-
mors, specifically characterized by elevated NRF2 expression. This 
heightened expression is primarily attributed to somatic mutations 
occurring in KEAP1, thereby facilitating tumor progression, metastasis, 
and conferring resistance against anti-tumor therapies [68,69]. Addi-
tionally, clinical patients with elevated NRF2 expression demonstrate a 
poor long-term prognosis [70]. Therefore, targeting NRF2 holds promise 
as a potential approach for anti-tumor treatment. Furthermore, several 
studies have revealed that multiple proteins involved in ferroptosis are 
direct target genes of NRF2, such as SLC7A11 and the catalytic and 
modified subunit of GCLC/GCLM. These proteins synergistically interact 
to regulate the levels of GSH. In this study, we preliminarily confirmed 
through a series of experiments that HERC1 is a potential target gene of 
NRF2. The NRF2 signaling pathway is fully activated after MPPα-PDT 
treatment, subsequently regulating the downstream target gene HERC1. 
It has been demonstrated that HERC1 functions as an E3 ubiquitin ligase 
for NCOA4, participating in its ubiquitination and degradation process. 
Ultimately, by targeting HERC1, we successfully inhibited the ubiq-
uitination and degradation of NCOA4 protein, leading to the activation 
of ferritinophagy and ferroptosis.

In conclusion, this study comprehensively elucidated the anti-tumor 
mechanism of MPPα-PDT through a series of investigations combined 
with transcriptomics, bioinformatics analysis, and in vivo tests. 
Furthermore, we proposed a novel approach titled “Apoptosis induced 
by MPPα-PDT combined with ferroptosis in osteosarcoma treatment” 
(Scheme 1). Additionally, we identified HERC1 as a crucial factor 
involved in the ubiquitination and degradation of NCOA4, along with 
the potential upstream signaling pathway NRF2 associated with HERC1. 
This provided a comprehensive demonstration of the signaling logic 
chain. Finally, by targeting the HERC1-NCOA4 axis, we successfully 
achieved complete activation of ferritinophagy after MPPα-PDT treat-
ment, which greatly facilitated ferroptosis and enhanced the anti-tumor 
efficacy of MPPα-PDT.
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