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Ferritinophagy is a process of ferritin degradation in lysosomes; however, how its effect on other cellular events, such as epithelial-
mesenchymal transition (EMT) and ferroptosis remains elusive. In this study, we determined how ferritinophagic flux influence
the status of EMT and ferroptosis in HepG2 cell. Our data revealed that 2-pyridylhydrazone dithiocarbamate s-acetic acid (PdtaA)
induced EMT inhibition involved ferritinophagy-mediated ROS production, but addition of ferrostatin-1 could attenuate the
effect of PdtaA on the regulation of EMT-related proteins, suggesting that ferroptosis might involve in the EMT regulation. Next,
downregulation of Gpx4 and xCT as well as enhanced lipid peroxidation further supported that PdtaA was able to induce
ferroptosis. Knockdown of NCOA4 significantly attenuated the regulatory effect of PdtaA on related proteins which highlighted
that the strength of ferritinophagic flux (NCOA4/ferritin) was a driving force in determination of the status of EMT and
ferroptosis. Furthermore, NDRGI activation was also observed, and knockdown of NDRGI similarly influenced the expressions
of ferroptosis-related proteins, suggesting that NDRGI also involved ferroptosis induction, which was first reported. Taken
together, PdtaA-induced EMT inhibition, ferroptosis, and NDRGI activation all depended on the strength of ferritinophagic flux.

1. Introduction

Hepatocellular carcinoma is the third leading cause of cancer
death [1]; surgical resection, transplantation, ablation,
transarterial chemoembolization [2, 3], and tyrosine-kinase
inhibitors (sorafenib, lenvatinib, and regorafenib) are gen-
erally used treatments for this disease [4]. Clearly, chemo-
therapy is still an important clinical treatment; however, its
side effects and drug resistance generated are commonly
faced. To improve the therapeutic effect, therefore, a new
therapeutic strategy for liver cancer therapy requires to be
developed. Recently, the role of tumor microenvironment in
tumor metastasis has been realized [5]; tamed macrophages
(or called tumor-associated macrophages (TAMs)) in the

tumor environment can phagocytize apoptotic or necrotic
cells, as well as senescent blood cells, which releasing iron,
copper ions, and cytokines for tumor cells growth and
angiogenesis. Therefore, depletion of the metal ion by
chelation was proposed to inhibit tumor cell growth [6, 7].

Epithelial-to-mesenchymal transition (EMT) is a cellular
process wherein epithelial cells lose their junctional archi-
tecture, endowing the polarized epithelium cells a more
invasive features (8, 9]; thus, cancer cell metastasis is con-
sidered to be related to EMT transition. Multiple molecular
mechanisms were reported involving EMT transition, in-
cluding growth factors and cytokines [10]. Transforming
growth factor (TGF-f1) is commonly used in the induction
of EMT. In addition, EMT transition in hepatocellular
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carcinoma can be regulated directly and indirectly through
other genes, microRNA and LncRNA [11-14]; clearly, EMT
regulation is complex and remains to be determined. Un-
doubtedly, insight into the mechanism of EMT would help
us to develop a new strategy or inhibitor in order to inhibit
EMT and cancer metastases.

Mitochondria are the main sites for reactive oxygen
species (ROS) production, and the species include super-
oxide anion and hydrogen peroxide [15]. In addition, hy-
droxyl radical is one of species of ROS, which is generated
from hydrogen peroxide reaction with iron released from
degradation of iron-containing proteins in lysosomes and
proteasomes [16, 17]. Therefore, ROS as an umbrella term
covers a range of small molecule oxidizing, nitrosating,
nitrating, halogenating, and thiol-reactive species, produced
in biological systems [18].

Ferritin degradation in lysosomes requires the assistance
of NCOAA4, and the process was termed ferritinophagy [19],
which also generates ROS, especially hydroxyl radical. Some
iron chelators act as ferritinophagy inducers, but if the
occurrence of ferritinophagy resulting in ROS production is
pluralistic. DFO can induce ferritinophagy, but often is used
as a ROS scavenger, while dithiocarbamate derivatives act
both in ferritinophagy and ROS inducer [20, 21]. Ferroptosis
is an iron-dependent cell death that is executed by reactive
oxygen species (ROS)-mediated peroxidation of polyun-
saturated fatty acids (PUFAs). Lipid peroxidation can be
reduced by glutathione peroxidase 4 (GPx4)-mediated
glutathione (GSH) [22]. Cysteine is a material for GSH
synthesis, derived from cystine reduction. Cystine is
transported into the cell through the system Xc™ transporter
through SLC7A11 subunit. Therefore, GPx4 and Xc~ system
modulate cellular redox homeostasis and determine fer-
roptosis fate [23].

N-myc downstream regulated gene 1 (NDRG1) belongs
to the NDRG protein family consisting of NDRG1-4, which
are evolutionarily well conserved and predominantly lo-
calized in the cytoplasm [24]. NDRGI1 has contradictory
roles in cancers, either suppressing metastasis and onco-
genesis or promoting tumor growth and metastasis [24]. It
was reported that a marked enhancement of NDRGI ex-
pression resulted in tumor growth suppression [25]; in
addition, NDRGI as a stress responder has been shown to
associate with EMT [26]. 2-Pyridylhydrazone dithiocar-
bamate s-acetic acid (PdtaA) exhibited certain antitumor
activity against HepG2 in our previous work [27], with
insight into more molecular details in the action of the
mechanism of the agent; in the present study, we inves-
tigated the effect of PdtaA on EMT regulation, revealing
that PdtaA-induced EMT inhibition involved ROS pro-
duction that derived partly from ferritinophagy induction.
While, the alterations in ferroptosis-related proteins im-
plied PdtaA being able to induce ferroptosis. In addition,
NDRGI1 was activated and involved in regulation of the
ferroptosis, which was report for the first time. The cor-
relation analysis revealed that PdtaA induced EMT inhi-
bition, ferroptosis induction, and NDRG1 activation, all
depended on the strength of ferritinophagic flux (ratio of
NCOAA4/ferritin).
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2. Results

2.1. PdtaA-Induced EMT Inhibition Involved ROS Production.
An alteration in the morphology of HepG2 cells was noted
when the cells are exposed to PdtaA (Fig S1), which
prompted us to think about whether the morphology change
involved EMT regulation. Thus, an EMT model was first
established through TGF-f1 induction. The levels of EMT-
related proteins (E-cadherin and vimentin) before and after
PdtaA treatment were determined by the immunofluores-
cence method. Figure 1 shows that TGF-f1 treatment led to
a significant increase of vimentin compared to that of
nontreatment; however, addition of PdtaA could cripple the
regulatory effect of TGF-f1 on EMT regulation, i.e.,
vimentin was weakened in color intensity, while E-cadherin
accordingly markedly enhanced (Figure 1) based on the
alterations in colors. In addition, ROS production was re-
ported in the EMT process [27, 28], if a similar situation
occurred in PdtaA induced EMT inhibition? To this end,
N-acetyl-L-cysteine (NAC), a ROS scavenger was used to
determine if ROS production involved the EMT inhibition.
Thus, we cotreated the HepG2 cells with PdtaA and NAC.
Figure 1 clearly shows that the combined treatment indeed
weakened the regulatory effect of PdtaA on EMT regulation,
suggesting that ROS production was involved in the EMT
inhibition.

2.2. PdtaA-Induced EMT Inhibition Involved Autophagy.
It has been showed that autophagy is accompanied by the
production of ROS [29], if this occurred in our study. For
this purpose, an autophagy inhibitor, 3-methyladenin (3-
MA), was further used to determine whether autophagy
involved PdtaA-induced EMT inhibition. Figure 2 shows
that addition of 3-MA markedly attenuated the regulatory
effect of PdtaA on EMT-related proteins, implying that the
EMT inhibition involved autophagy. The additional of in-
formation from Figure 2 shows that the EMT inhibition
induced by PdtaA owed to autophagic degradation of Snail,
an EMT transcription factor, which led to downregulation of
vimentin.

2.3. PdtaA-Induced Ferritinophagy Was Redox Active and
Partly Responsible for the ROS Production. Now that ROS
production involved EMT inhibition induced by PdtaA, the
source of ROS production required to be determined. Mi-
tochondria were the main source of ROS; in addition,
degradation of iron-containing protein in proteasomes and
lysosomes also contributes to ROS production. NCOA4-
mediated ferritin degradation in lysosomes (ferritinophagy)
was observed in our previous investigation [21]; similar
scene might occur in action of the mechanism of PdtaA. To
this end, the levels of ferritin and NCOA4 were assayed via
the immunofluorescence technique. As shown in
Figure 3(a), a decrease of red fluorescence of ferritin and an
enhanced green fluorescence of NCOA4 were observed after
PdtaA treatment. The merged photos showed clearly the
changes, indicating that the ferritin degradation was through
autophagic degradation. Additional results from Western
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FiGure 1: PdtaA-induced EMT inhibition involved ROS production. The dose of PdtaA used in all experiments was at 25 yM, unless

otherwise specified. Objective size: 40 x 10, scale bar: 100 ym.

blotting analysis further supported above conclusion be-
cause PdtaA-induced ferritin downregulated and NCOA4
upregulated (Figure 3(b)) and was in consistent with the
result from immunofluorescence (Figure 3(a)). This clearly
indicated that PdtaA was able to induce the occurrence of
ferritinophagy. Figure 3(c) shows that the differences of
ferritinophagy-related proteins were significant in statistics
(p<0.05) before and after PdtaA treatment. Importantly,
addition of NAC significantly attenuated the regulatory
effect of PdtaA on ferritinophagy-related proteins, indicat-
ing that PdtaA-induced ferritinophagy was redox active and
responsible for the ROS production.

2.4. NCOA4-Mediated Ferritinophagy Contributed to the
EMT Inhibition. As mentioned above, PdtaA induced both
territinophagy and EMT inhibition, the causal relationship
between the two cellular events required to be further de-
termined. To this end, NCOA4 was knocked down to de-
termine its role in EMT regulation. As shown in Figure 4,
knockdown of NCOA4 resulted in an obvious increase of
vimentin compared to that in the siRNA-mate group.

Although PdtaA treatment resulted in upregulation of
E-cadherin and downregulation of vimentin (Figure 4(a)),
the changes in EMT-related proteins were significantly at-
tenuated by knockdown of NCOA4 (Figure 4(a)). Similar
results were from Western blot analysis (Figure 4(b)). Those
supported that there was a correlation between ferritinophay
induction and EMT inhibition. To emphasize the role of
territinophagy in the EMT process, the ratio of NCOA4 to
ferritin in abundance was termed as ferritinophagic flux and
used for indicative of the strength of ferritinophagy.
Figure 4(b) clearly shows that the stronger ferritinophagic
flux, the greater inhibition of EMT, indicating that the
ferritinophagic flux was a dominant driving force in the
determination of EMT state [22, 28]. The quantitative
analysis from Western blotting is shown in Figure 4(c), and
the differences in E-cadherin and vimentin before and after
PdtaA treatment were significant (p <0.05).

2.5. Ferroptosis Induction Was due to an Occurrence of Redox
Active Ferritinophagy. Ferroptosis is an iron-dependent
accumulation of reactive oxygen species (ROS) that leads to
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FIGURE 2: PdtaA-induced EMT inhibition involved autophagy. (a) Western blotting analysis of EMT-related proteins. (b) Quantitative
analysis derived from (a). The quantitative analysis of EMT-related proteins is from twice experiments (**>> *p<0.05; ***p<0.01 vs.

control, one-way ANOVA with Dunnett post hoc correction).

lipid peroxidation and cell death [30]; however, the causal
relationship between ferritinophagy and ferroptosis was still
lacking. PdtaA induced an occurrence of ferritinophagy,
involving iron-mediated ROS production, required for
ferroptosis induction. Gpx4 inhibition is a significant hall-
mark and indicator of ferroptosis [31, 32]. In agreement with
these reports, the depletion of Gpx4 and xCT in our study
(Figure S2) seemed to support that PdtaA had the ability of
ferroptosis induction. To support the above conclusion that
the depletions of Gpx4 and xCT correlated with the ferri-
tinophagy induction, NCOA4 was genetically knocked down
by small-interfering RNA. As shown in Figure 5(a),
knockdown of NCOA4 resulted in increase in both Gpx4
and xCT and markedly attenuated the regulatory effect of
PdtaA on ferroptosis-related proteins. The quantitative
analysis clearly demonstrated that the ferritinophagic flux
was a crucial factor in determination of the status of fer-
roptosis (Figure 5(b)), i.e., the stronger the ferritinophagic
flux, the higher chance in ferroptosis induction. Similarly, on
addition of an autophagy inhibitor, chloroquine could also
achieve similar results, supporting that autophagy (ferriti-
nophagy) played a role in ferroptosis induction (Figure S3).
The enhanced lipid peroxidation after PdtaA treatment
corroborated that PdtaA could induce ferroptosis
(Figure S4).

2.6. The Regulatory Effect of Ferroptosis on EMT. Since PdtaA
induced both ferroptosis and EMT inhibition, the interre-
lation between the two cellular events needed to be clarified.
To this end, the cells that underwent EMT were treated by
PdtaA, ferrostatin-1, and combination of them, respectively.
The immunofluorescence results are shown in Figure 6(a). It
was surprised that ferrostatin-1 treatment could upregulate
vimentin and downregulate E-cadherin; thus, it could be
imagined that the regulatory effect of PdtaA on EMT was
neutralized. Western blot analysis in Figure 6(b) shows that

ferrostatin-1 treatment resulted in a significant increase in
Snail and a decrease in E-cadherin, but no obvious changes
in those related proteins in the combination treatment.
Those clearly indicated that ferroptosis induced by PdtaA
had a certain role in EMT regulation. The quantitative
analysis of relative proteins is shown in Figure 6(c); the
difference in ferroptosis and EMT-related proteins before
and after PdtaA treatment was significant in statistics
(p<0.05).

2.7. NDRG1 Activation Correlated with Ferroptosis Induction
and EMT Inhibition. NDRGI protein has been associated
with numerous cellular events, such as EMT and stress
response [33-35]. Ferroptosis is a ROS-dependent cell death,
which may trigger NDRG1 response. To this end, the level of
NDRGI was assayed. As expected (Figure S5), a significant
increase of NDRG1 was observed upon PdtaA treatment. To
insight into the association between ferroptosis and NDRG1,
genetical knockdown of NDRG1 was performed. Figure 7(a)
shows that knockdown of NDRGI led to upregulation of
Gpx4 and xCT; thus, it is conceivable that NDRGI1
knockdown would attenuate the regulatory effect of PdtaA
on ferroptosis induction, indicating that NDRGI also in-
volved the ferroptosis induction. To our knowledge, the
association between ferroptosis and NDRGI1 was first re-
ported. The quantitative analysis of those proteins is shown
in Figure 7(b). In addition, the effects of NCOA4 and
NDRGI on lipid peroxidation were further investigated.
Figure S6 shows that knockdown of both NCOA4 and
NDRGI could attenuate the effect of PdtaA on lipid per-
oxidation, but the regulatory effect of NCOA4 was stronger
than that of NDRGI; those indicated that both NCOA4 and
NDRGI were all involved in ferroptosis regulation.

In addition, NDRGI activation associated with an iron
chelator induced EMT inhibition [36]; this may occur in the
mechanism of action of PdtaA due to its iron chelating
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FiGure 3: PdtaA-induced ferritinophagy was responsible for ROS production. (a) Immunofluorescence analysis. (b) Western blotting
analysis. (c) Quantitative analysis derived from (b). The results from (c) are from twice experiments (**’ #* p<0.05 *** p<0.01 vs. control,

one-way ANOVA with Dunnett post hoc correction).

ability. Thus, the effect of NDRGI on EMT regulation in
HepG2 cells was further investigated. As shown in
Figure 7(c), knockdown of NDRGI led to a slight increase in
vimentin, supporting that NDRGI involved EMT regulation,
in consistent with the results reported previously [37].

3. Discussion

Vimentin and E-cadherin are important markers in epi-
thelial-mesenchymal transition (EMT) process; thus, an
increase in vimentin or a decrease in E-cadherin was con-
sidered the cells undergoing EMT [37, 38]. In cancer cells,
E-cadherin is suppressed through the transcriptional re-
pressors (SNAIL, SLUG, and ZEB1) binding to the E-cad-
herin promoter [39, 40]. Our data showed that PdtaA
treatment caused a significant downregulation of vimentin
and an upregulation of E-cadherin (Figures 1, 2), supporting

that PdtaA was able to inhibit EMT. In addition, compelling
evidence reveals reactive oxygen species (ROS) as crucial
conspirators in EMT engagement [41], but whether EMT
inhibition was achieved through massive ROS is unclear. In
our study, addition of NAC significantly attenuated the
regulatory effect of PdtaA on EMT-related proteins, clearly
indicating that the EMT inhibition involved ROS production
(Figure 1). This further strengthens the viewpoint that ROS
have a dual role in EMT regulation, moderate ROS promotes
EMT, and massive ROS production reverses EMT [42].
Next, the origin of ROS was further explored. Mitochondria
are the main sites of ROS production, but lysosomes and
proteasomes are also auxiliary sources [43]. It was reported
that ferritin degradation contributed to EMT was reported
[28], a similar observation was in the present study. In-
terestingly, we demonstrated that PdtaA similarly induced
ferritinophagy as other dithiocarbamate acted (Figure 3)
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FIGURE 4: NCOA4 involved the EMT inhibition induced by PdtaA. (a) Immunofluorescence analysis of EMT-related proteins. Objective
size: 40 X 10, scale bar: 100 ym. (b) Alterations of EMT and ferritinophagy-related proteins. (c) Quantitative analysis derived from (b). The
results from (c) are from twice experiments. (*** *p <0.05; ***p < 0.01 vs. control, one-way ANOVA with Dunnett post hoc correction).

[28, 44], which at least, partly contributed to the ROS
production [21, 22]. Next, the causal relationship between
EMT and ferritinophagy was determined. We knocked down
NCOAA4 to observe its effect on EMT status; such action
attenuated the regulatory effect of PdtaA on EMT inhibition
in HepG2 cells, strengthening this concept that “ferritino-
phagic flux (NCOA4/ferritin)” was a dominant driving force

in the determination of EMT status (Figure 4), which was in
consistent with that reported previously [22, 28].
Ferroptosis is caused by iron-dependent ROS production
[45]. Ferritinophagy may trigger ferroptosis accordingly [46];
however, ferritinophagy was not necessarily for ferroptosis,
such as DFO-induced ferritinophagy, but the lack of ROS
production is due to the formation of a nonredox activity
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chelate [47]. Thus, the causal relationship between ferriti-
nophagy and ferroptosis still needed to be determined. The
depletions of Gpx4, xCT, and cellular antioxidants as well as
accumulation of lipid peroxidation are when HepG2 cells
exposure to PdtaA supported that PdtaA acted as a ferroptosis
inducer (Figure 5). Our data clearly illustrated that the stronger
the ferritinophagic flux, the higher chance of ferroptosis in-
duction (Figure 5(b)), indicating that ferritinophagy-mediated
ROS production is a major requisite for ferroptosis induction.
It was noted that although many compounds can trigger
ferroptosis [32], iron chelator originated from dithiocarbamate
derivatives as ferroptosis inducer was few.

Recently, a study showed that TGF-f1 could induce EMT
and restrain ferroptosis [48]. PdtaA treatment resulted in
EMT inhibition and ferroptosis induction, indicating that the
agent had a reverse action compared to TGF-f1 (Figure 6).
Therefore, PdtaA acted as EMT inhibitor. In addition, our
data supported that EMT inhibition benefited from ferrop-
tosis induction. On the other hand, NDRGI as a stress re-
sponder associates with EMT [35, 49]. Similarly, NDRG1
activation was shown in iron chelators-induced EMT inhi-
bition [50]. Our data demonstrated that NDRGI activation
was also associated with ferroptosis induction (Figure 7),
while NDRG1 knockdown led to a significant increase in
Gpx4 and xCT and further highlighted the concept that
NDRGTI also regulated the ferroptosis process. Above all, the
action of the mechanism of PdtaA in EMT inhibition could be
proposed based on the presented data (Figure 8).

Taken together, PdtaA induced EMT inhibition, ferroptosis
induction, and NDRGI activation in HepG2 cell depending on
its ability in ferritinophagy induction. However, the detail of
how NDRGI regulates ferroptosis was not fully solved and
required more investigations. Similarly, more cell lines used to
support the above conclusions are required in a future study.

4. Materials and Methods

4.1. General Information. HepG2 cell line was obtained from
HonorGene (Changsha, China). Ferrostatin-1, MTT, 3-
methyladenin (3-MA), chloroquine (CQ), RPMI-1640, and
other chemicals were purchased from Sigma-Aldrich. 2-
Pyridylhydrazone dithiocarbamate s-acetic acid (PdtaA) was
prepared in our laboratory [27]. GPx4, xCT (SLC7A11),
NDRGI, vimentin, and NCOA4 antibody were obtained
from the Proteintech Group (Wuhan, China). Antibodies of
E-cadherin and secondary antibodies (fluorescence-labeled
for immunofluorescence) were purchased from Cell Sig-
naling Technology (USA). Ferritin antibody for immuno-
fluorescence was obtained from Santa Cruz Biotechnology
(USA, Santa Cruz). NCOA4 antibody for immunofluores-
cence was purchased from Atlas Antibody (Sweden). Sec-
ondary antibodies for Western blotting were obtained from
EarthOx, LLC (San Francisco, USA).

4.2. ROS Detection. 3x10° HepG2 cells were treated with
given conditions (PdtaA or transfection) 24 h following PBS
washing and trypsin digestion; finally, the cells were
resuspended in H,DCF-DA containing serum-free culture
medium and incubated for 30 min (active oxygen detection
kit, Beyotime Biotechnology). The intracellular ROS was
determined on a flow cytometer (CytoFLEX, Beckman
Coulter, USA).

4.3. Immunofluorescence Analysis. The HepG2 cells were
grown in 6-well plates with cover glass overnight. Following
the indicated treatments (PdtaA or transfection), the cells
were fixed with 4% paraformaldehyde, permeabilized with
0.2% triton-X-100, blocked with 1% BSA, and incubated
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with either ferritin (H chain, Santa Cruz Biotechnology) or ~ temperature and were further counterstained with DAPI
combined with NCOA4 (Atlas antibodies) primary antibody ~ after removing the secondary antibody. Finally, visualization
at 4°C for overnight based on the protocol described pre- of the cells was on a confocal laser scanning microscope
viously [18]. Next, the cells were further incubated with ~ (Nikon Eclipse Ts2, Japan), and the representative cells were
fluorescence-labeled secondary antibody for 3h at room  selected and photographed.



10

NCOA

ferritin

Journal of Oncology

F1GURE 8: The action of mechanism of PdtaA in EMT inhibition. PdtaA treatment resulted in ferritinophagy that triggered ROS production.
ROS production further triggered to ferroptosis and NDRGI response (activation), which caused snail downregulation, and ultimately
achieved the EMT inhibition (downregulation of vimentin and upregulation of E-cadherin).

4.4. Knockdown of NCOA4 and NDRGI. The procedure as
described previously for knockdown of NCOA4 and
NDRGI1 was followed [10]. The small-interfering RNA
(siRNA-mate (siN0000001-1-5) and siRNA
(siG000008031A-1-5, siG000008031B-1-5 for NCOA4;
siB12314144804A-1-5, siB12314144746-1-5 for NDRGI)
were obtained from RiboBio, China. Briefly, the HepG2 cells
(1x10°% were transfected with 100 pmol of siRNA using
Lipofectamine™ Stem Transfection Reagent (Invitrogen,
USA) for 12 h. For immunofluorescence analysis, the HepG2
cells were first cultured in 24-well plates with cover glass
overnight, and then, transfection was conducted as de-
scribed above.

4.5. Western Blotting Analysis. HepG2 cells at given con-
ditions were scraped off in lysis buffer and hydrolyzed on ice
for 30 min., as described previously [10]. The supernatant
was collected by centrifugation (14,000 x g) and stored at
—80°C. Upon determination of the protein concentrations,
30 ug of proteins was loaded on a 13% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) and subjected to
electrophoresis and transferred onto a PVDF membrane.
After blocked by 5% nonfat skimmed milk in TBS con-
taining 0.1% Tween-20 for 2 h, the membrane was incubated
at 4°C overnight with the primary monoantibody at a di-
lution of 1:300 in TBST buffer. Finally, the membrane was
incubated with a secondary antibody (1 :2,000 in TBST) for
1h at room temperature. The protein bands were deter-
mined on an Syngene G: BOX Chemi XX9 (Syngene, UK).

4.6. Statistical Analysis. Results are presented as the
mean + SEM. The comparisons between multiple groups
were performed by one-way ANOVA with Dunnett post hoc
correction. A P value<0.05 was considered statistically
significant.
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article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Hao Li, Wei Zhou, and Huiping Wei performed the ex-
periments and contributed equally to this work. Yongli Li,
Shaoshan Li, and Changzheng Li conceived and designed the
experiments. Longlong Li and Xu Wang performed im-
munofluorescence experiments and data analysis. Changz-
heng Li prepared and wrote the article.

Acknowledgments

The present study was supported by grants awarded by the
Natural Science Foundation of China (21571153), Henan
Provincial Department of Science and Technology
(212102310770), the Key Research Project Funding Program
of Higher Educational Institutions of Henan Province
(19A310021, and 21A310017), and Innovation Team awar-
ded by Sanquan College of Xinxiang Medical University
(STD201903).

Supplementary Materials

Figure S1. The effect of PdtaA on morphology of HepG2 cell.
(a) DMSO (70%). (b) PdtaA. Arrowheads are the cells that
underwent morphologic change. Objective size: 20 x10. Figure
S2. PdtaA induced a downregulation of ferroptosis-related
proteins. (a) Western blotting analysis and (b) quantitative
analysis derived from (A). * **P<0.05; **** **p <0.01 vs.
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control. Figure S3. Chloroquine attenuated the action of PdtaA
on the regulatory effect on ferroptosis-related proteins. (a)
Western blotting analysis and (b) quantitative analysis derived
from (A). 7, **, %P < 0.05; *** p < 0.01 vs. control. Figure S4.
PdtaA treatment results in alteration in lipid peroxidation. ***’
P < 0.01 vs. control. Figure S5. PdtaA treatment results in an
upregulation of NDRGL. (a) Western blotting analysis and (b)
quantitative analysis derived from (A). **P < 0.05; *** p <0.01
vs. control. Figure S6. Activation of NCOA4 and NDRGI1
involved PdtaA-induced ferroptosis. The HepG2 cells treated
with either siRNA-mate or siRNA-NCOA4, followed by PdtaA
treatment. The lipid peroxidation was measured based on the
method described previously. The molar absorptivity of the
ferric thiocyanate complex expressed per mol of LOOH was
determined to be 58,440 M'em™ [2]. ¥P < 0.05 vs. control;
*** p<0.01 vs. control. (Supplementary Materials)
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