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NCOA4-mediated ferroptosis
conducive to EMT inhibition in
colorectal cancer cells was achieved
through the PI3K/AKT/mTOR
pathway

Yun Fu?, Qiufeng Zhao'-3, Yongli Li?, Yanjie Sun?, Bingyu He?, Cuiping Li*, Wei Zhang?,
YanyanYin3* & Changzheng Li%***

The link of epithelial-mesenchymal transition (EMT) program with metastasis is well documented.
However, the role of ROS in EMT process is self-contradictory. DpdtpA was a dithiocarbamate
derivative (an iron chelator) that exhibits excellent growth and wound healing inhibitory effects in
colorectal cancer (CRC) cell lines, but the underlying mechanism of action was not fully determined.
The present data in this study revealed that the ROS derived from autophagic degradation of ferritin
were conducive to EMT repression. Genetically knockdown of NCOA4 promoted expression of
mesenchymal characteristics, supporting that NCOA4 involved EMT regulation. In addition, DpdtpA
treatment also caused depletion of Gpx4 and xCT, triggering ferroptosis as Erastin acted. The causal
relationship analysis demonstrated that depletion of Gpx4 and xCT, (or ferroptosis) contributed to the
EMT inhibition. Moreover, there seemed to be a feedback loop between Gpx4 and xCT, knockdown
of Gpx4 led to upregulation of xCT, but knockdown of xCT brought about downregulation of Gpx4.
Further study demonstrated that the depletion of Gpx4 and xCT was due to enhanced autophagy. In
addition, PI3K/AKT/mTOR/pathway was showed involving EMT and ferroptosis regulation. In short,
our data suggested that the status of EMT and ferroptosis largely was dominated by the continuous
NCOA4-mediated ROS production.

Keywords 2,2’-Dipyridylhydrazone dithiocarbamate s-propionic acid ester (DpdtpA), EMT, Ferroptosis,
Ferritinophagy, ROS

Abbreviations

ROS Reactive oxygen species

NCOA4 Nuclear receptor coactivator 4

DpdtpA  2,2’-Dipyridylhydrazone dithiocarbamate s-propionic acid ester

NAC N-acetyl-L-cysteine

CQ Chloroquine

CHX Cycloheximide

Fer-1 Ferrostatin-1

ECL Electrochemiluminescence
SEM Standard error of the mean

ANOVA  Analysis of variance
siRNA Small interfering RNA
PI3K Phosphoinositide-3 kinase
AKT Protein kinase B
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mTOR Mammalian target of rapamycin
MTT 3-(45)-Dimethylthiahiazo (-z-y1)-35-dicytetrazoliumromide

Colorectal cancer (CRC) is a common adverse malignant tumor with high morbidity and mortality in the
digestive system and is the leading cause of cancer-related death worldwide!. Surgical treatment and chemical
treatment are still the main methods, although considerable progress has been made in the treatment of CRC.
However, the side effects and drug resistance of chemotherapy can also lead to treatment failure; clearly, the
development of more effective therapies is still urgently needed.

More than 90% of cancer-associated deaths are caused by metastatic disease rather than by the corresponding
primary tumor?. The increased motility/invasiveness associated with the mesenchymal cell state has linked the
epithelial-mesenchymal transition (EMT) program with metastasis®>. The EMT is a biological process in which
epithelial cells transform into mesenchymal surface cells, endowing the cells with invasiveness and infiltration®.
These changes allow cancer cells to acquire high mobility and migrate from the primary site>. It is well
documented that the transforming growth factor (TGF), receptor tyrosine kinase (RTK), Wnt, Notch, hedgehog,
Hippo, cytokine, and nuclear receptor pathways are involved in EMT regulation’%. In addition, reactive oxygen
species (ROS) participate in the EMT process’, but their effects on the status of EMT are contradictory.
Therefore, insight into the cellular and molecular mechanisms of EMT is needed to develop novel diagnostic
and therapeutic strategies or inhibitors to prevent and treat metastasis.

NCOA4 mediates ferritin degradation in lysosomes through a process termed ferritinophagy'°. The iron ions
generated upon undergoing reduction can react with oxygen, producing hydroxyl radicals via the Fenton reaction.
It has been demonstrated that some iron chelators act as ferritinophagy inducers; however, ferritinophagy does
not necessarily result in the production of ROS, such as DFO!!2, Ferroptosis is an iron-dependent form of
cell death characterized by the accumulation of peroxidated polyunsaturated fatty acids (PUFAs) that can be
reduced by glutathione peroxidase 4 (Gpx4)-mediated glutathione (GSH)*>. It is well documented that Gpx4 and
xCT play crucial roles in ferroptosis induction: xCT expression is regulated by growth factor receptors'4, CD44
variants'® and Smad3!. Additionally, it is transcriptionally activated by nuclear factor erythroid 2-related factor
2 (Nrf2) and activating transcription factor 4 (ATF4) under conditions of oxidative stress or hypoxia'”:!%, The
SLC7A11 catalytic subunit (called xCT) and SLC3A2 constitute system xc’, and the level of xCT is correlated
with system xc” activity and tumor invasion!®-2!. Gpx4 is a selenoprotein, and a selenocysteine residue is located
in its active site?2. This protein acts as an antioxidant enzyme in reducing phospholipid hydroperoxides by using
GSH in membranes, thus conferring cytoprotection against ferroptosis?. Cysteine is required for GSH synthesis,
while cystine is transported into the cell through the system xc~ transporter through the SLC7A11 subunit.
Therefore, the cystine is transported into the cell via the systemic xc” transporter through the SLC7A11 subunit.
Clearly, the Gpx4 and xc” systems modulate cellular redox homeostasis and determine ferroptosis fate?*.

Ferroptosis has been shown to be involved in EMT regulation®*; however, the role of ferroptosis in regulating
EMT has been controversial. Yao et al. reported the promoting role of ferroptosis in lung adenocarcinoma
EMT progression®. In contrast, ferritinophagy-mediated ferroptosis suppressed the EMT in gastric cancer and
HepG2 cells in our previous studies?”-?3. These results indicated that there was a complex relationship between
ferroptosis and EMT. Clarifying this relationship could help develop novel strategies for cancer therapies. In this
study, we investigated the effect of the 2,2’-dipyridylhydrazone dithiocarbamate s-propionic acid ester (DpdtpA)
on the EMT in CRC cells. The upregulation of epithelial features and downregulation of mesenchymal features
indicated that DpdtpA could reverse TGF-P1-induced EMT, which involved the production of ROS. Further
research also suggested the occurrence of ferroptosis accompanied by EMT inhibition. Correlation analysis
showed that Gpx4 and xCT have their own effects on EMT status, and there was a feedback loop between them.
Their levels are controlled by autophagic degradation through activation of LC3-II and beclin. In addition, the
PI3K/AKT/mTOR complex played a crucial role in both EMT and ferroptosis induction. In summary, NCOA4-
mediated ROS production may be a prime mover behind all the above mentioned events.

Materials and methods

General information

The HCT-116 cell line was obtained from HonorGene (Changsha, China). SW480 cells were purchased from
Procell (Wuhan, China). Ferrostatin-1 (Fer-1), MTT, chloroquine (CQ), RPMI-1640, and other chemicals were
purchased from Sigma-Aldrich. 2,2’-Dipyridylhydrazone dithiocarbamate s-propionic acid ester (DpdtpA) was
prepared by our laboratory?. Gpx4, xCT (SLC7A11), LC-3, beclin, vimentin, snail, and NCOA4 antibodies were
obtained from Proteintech Group (Wuhan, China); antibodies against E-cadherin and secondary antibodies
(fluorescence labeled for immunofluorescence) were purchased from Cell Signaling Technology (USA). Ferritin
antibody for immunofluorescence was obtained from Santa Cruz Biotechnology (USA, Santa Cruz). The
NCOA4 antibody for immunofluorescence was purchased from Atlas Antibody (Sweden). Secondary antibodies
for western blotting were obtained from EarthOx, LLC (San Francisco, USA).

Cell proliferation and viability assay

The effects of DpdtpA on the proliferation and viability of HCT-116 and SW480 cells were assessed using MTT
assay. Cells were seeded in 96-well plates at a density of 5000 cells per well and treated for 48 h. Then, MTT
solution (5 mg/ml) was added to each well, and cells were incubated for 4 h. After carefully removing the cell
culture, 100 ul DMSO was added to each well to dissolve the formazan crystals. The absorbance was measured
at 490 nm. The OD, value indirectly reflects cell proliferation.

Scientific Reports |

(2025) 15:39542 | https://doi.org/10.1038/s41598-025-23180-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Cell migration and colony formation assay

The HCT-116 cells were seeded into 6-well plates and grown to 90% confluence. A sterile pipette tip was used to
scratch the cell monolayer, and the suspended cells were removed by washing with PBS before adding medium
containing different concentrations of DpdtpA (1/2 IC, ). Wound healing was recorded at 0 h and 48 h using an
Olympus microscope (model CKX53) to assess cell migration ability, which can effectively evaluate the impact of
DpdtpA on cell migration by measuring the rate of cell movement into the scratched area. The colony formation
assay was perfored based on our previous protocol®’. Brieftly, the HCT-116 (or SW480) cells in the exponential
phase were trypsinized and seeded in 6-well plates at the density of 500 cells/well. DpdtpA at dose of 1/20 or
1/10 IC,, with cell culture was added. Fourteen days later, colonies were fixed in 3.7% paraformaldehyde, stained
with 0.1% crystal violet. Colonies containing 50 cells at least were counted under an inverse microscope (Nikon,
Tokyo, Japan), and the clone numbers were analyzed subsequently.

ROS detection

A total of 3 x 10° HCT-116 cells were treated with agents (DpdtpA, etc.) for 24 h, followed by washing with
PBS and trypsin digestion. Finally, the cells were stained with H,DCF-DA in serum-free culture medium
and incubated for 30 min (Active Oxygen Detection Kit, Beyotime Biotechnology). The intracellular ROS
concentration was assayed via a flow cytometer (Cytoflex, Beckman Coulter, USA).

Immunofluorescence analysis

The HCT-116 cells were grown in 6-well plates with coverslips overnight. To establish an EMT model, the cells
were pretreated by 5 ng/ml TGF-B1 for 12-24 h. Following the treatments with DpdtpA (or NAC(150 uM)),
the cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, blocked with 1% BSA,
and incubated with either ferritin (H chain, Santa Cruz Biotechnology) or NCOA4 (alternative antibodies) (or
vimentin and E-cadherin) primary antibody at 4 °C overnight based on the protocol described previously'2. Next,
the cells were further incubated with a fluorescence-labeled secondary antibody for 3 h at room temperature and
further counterstained with DAPI after the secondary antibody was removed. Finally, the cells were visualized
on a confocal laser scanning microscope (Nikon Eclipse Ts2, Japan), and representative cells were selected and
photographed.

Knockdown of NCOA4, Gpx4 and xCT (SLC7A11)

NCOA4-specific siRNAs (siNCOA4, siG000008031A-1-5, siG000008031B-1-5), Gpx4 (siG161130095946-1-
5, siG1611300953-1-5) and xCT (siG10118141107-5, siG10118141120-1-5) as well as negative control siRNA
(siCON, siN0000001-1-5) were purchased from Ribo Biotechnology (Guangzhou, China). The procedure for
knocking down NCOA4, Gpx4 and xCT was performed according to the manufacturer’s instructions. Briefly,
HCT-116 (SW480) cells (1 x 10°) were transfected with 100 pmol of siRNA using Lipofectamine™ Stem
Transfection Reagent (Invitrogen, USA) for 12 h.

Western blotting analysis

HCT-116 (SW480) cells were hydrolyzed in lysis buffer on ice for 30 min. The supernatant was collected
by centrifugation (14,000 x g) and stored at -80 °C. Following determination of the protein concentrations,
25 pg of protein was loaded on a 13% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), subjected to
electrophoresis and transferred onto a PVDF membrane. Next, the investigated protein band was cropped and
treated with 5% nonfat skim milk in TBS containing 0.1% Tween-20 for 2 h, the membrane was incubated at
4 °C overnight with the primary monoantibody at a dilution of 1:300 in TBST buffer. Finally, the membrane
was incubated with a secondary antibody (1:2,000 in TBST) for 1 h at room temperature. The protein bands
were visualized on a SYNGENE G: BOX Chemi XX9 (SYNGENE, UK). Grayscale analysis was performed with
Image].

Statistical analysis
The results are presented as the mean + SEM. Comparisons between multiple groups were performed by one-way
ANOVA with Dunnett post hoc correction. A P value < 0.05 was considered to indicate statistical significance.

Results

Antiproliferative and migratory effects of DpdtpA in HCT-116 and SW480 cells

Our previous studies revealed that the 2,2’-dipyridylhydrazone dithiocarbamate s-propionic acid ester (DpdtpA,
insert in Fig. 1C) had excellent biological activity'**!. As a continuation of our work, we further determined the
effect of DpdtpA on the proliferation of human colorectal carcinoma (CRC) cells. HCT-116 and SW480 cells
were treated with various concentrations of the agent, and the cell viability, colony formation and wound healing
ratio at the indicated time points were investigated. As shown in Fig. 1A-B, the cells underwent changes in
morphology during DpdtpA treatment. Along with the occurrence of rounded cells, cell viability was markedly
reduced in these two cell lines. The concentration-dependent growth inhibition data are presented in Fig. 1C.
The IC, values were 0.75 + 0.22 uM for HCT-116 cells and 2.5 + 0.34 uM for SW480 cells. To assess whether
ROS are involved in growth inhibition, the ROS scavenger, N-acetyl-1-cysteine (NAC) was introduced into the
assay. Clearly, NAC could partly affect the inhibitory effect of DpdtpA (Fig. 1D), indicating that ROS played a
certain role in growth inhibition. Similarly, colony formation inhibition was observed in these two cell lines.
Figure 1E showed that DpdtpA treatment resulted in smaller size in colonies in HCT-116 cell compared to
that in control. Simialr scene was observed in SW480 cells (Fig. 1F). Those clearly indicated that DpdtpA had
good proliferative inhibition in CRC cell lines. In addition, we wondered whether these changes might affect
the migratory ability of HCT-116 and SW480 cells due to morphological changes. Thus, a wound healing
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Fig. 1. DpdtpA significantly inhibited both the proliferation and migration of CRC cells. (A) the effect of
DpdtpA on the morphology of HCT-116 cells; (B) the effect of DpdtpA on the morphology of SW480 cells; (C)
the growth inhibition of DpdtpA in HCT-116 and SW480 cell lines; (D) DpdtpA induced growth inhibition

in CRC cells involving ROS production; (E) the effect of DpdtpA on colony formation of HCT-116 cells, the
concentration as indicated in the figure; (F) the effect of DpdtpA on colony formation of SW480 cells; (G) the
effect of DpdtpA on wound healing in HCT-116 cells; (H) the effect of DpdtpA on wound healing in SW480
cells. @@@## p < 0.01 vs control; one-way ANOVA with Dunnett post hoc correction.

assay was further carried out. Figure 1G-H showed that the decrease in wound closure was caused by DpdtpA
administration. Quantitative analysis revealed that repair capacity of HCT-116 cell was significantly decreased
(from 46.55 + 2.57% to 19.35 + 1.42%) after DpdtpA treatment. Similar attenuation was observed in SW480 cell
(from 45.45 + 2.83% to 20.63 £ 1.04%). Those strongly suggested that DpdtpA suppressed the proliferation and
migration of CRC cells.

ROS played a role in the EMT inhibition induced by DpdtpA in CRC cells

During epithelial wound healing, viable epithelial cells at the edge of the wound site undergo partial EMT to
promote motility and movement as a coordinated group of cells to help reconstruct the epithelial cell sheet®.
EMT is defined as a cellular process during which epithelial cells acquire mesenchymal phenotypes and behavior
following the downregulation of epithelial features. Given that DpdtpA treatment leads to significant changes in
morphology and impaired wound healing in CRC cells, it might exert its effect on EMT, as indicated by many
studies revealing that EMT plays a critical role in cancer invasion and migration!!. Thus, HCT-116 and SW480
cells were treated with DpdtpA at a 1/2 the half-maximal inhibitory concentration (IC,,) for 24 h. Figure 2A-B
showed that E-cadherin was markedly upregulated, while vimentin and snail were downregulated after DpdtpA
exposure in HCT-116 cells, indicating that DpdtpA was able to inhibit EMT. Similarly, this repression of EMT
was also observed in SW480 cells (Fig. 2C-D). In addition, immunofluorescence confocal microscopic analysis
revealed that the trends in the expression of the EMT-related proteins E-cadherin and vimentin were similar
to those observed via western blot analysis (Fig. 2E-F). These results demonstrated that DpdtpA inhibited the
EMT process in CRC cells. In addition, since ROS are involved in growth inhibition, they may participate in
EMT suppression®*?3. To this end, the effect of NAC on the activity of DpdtpA was further investigated. As
expected, DpdtpA-induced EMT inhibition was neutralized by NAC (Fig. 2G). To corroborate the effect of
DpdtpA on EMT, an EMT model is needed. TGF-1, a putative inducer of EMT was widely used by scholars>.
Thus, the HCT-116 cells were pretreated with TGF-B1. Usually, when stimulated with TGF-B1, the cells undergo
morphologic and phenotypic EMT-like changes, including cytoskeleton reorganization, mesenchymal marker
up-regulation, and cadherin switching®*¢. As expected, TGF-B1 treatment resulted in a significant increase in
vimentin expression (Fig. 2H), while following treatment with DpdtpA (Fig. 2I), the regulatory effect of TGF-f1

Scientific Reports |

(2025) 15:39542 | https://doi.org/10.1038/s41598-025-23180-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

or}
)
o

C

O
N
o

A = snail

= snail

r — 2 g4 == vimentin i 2.0 == vimentin
[ i
| — E-cad o = E-cadherin o == E-cadherin
(- - o — - 2

B s ~eep— e
‘- - vimentin ; —-— vimentin @
[ e — 4 B | >

= 10 &=
‘. F snal ® D e e s 5
L — { § 05 1 o

S S | o2pdh

o) N
) 3
N 9

| -

» N )
X . =) N
N & AR

=)
o

N o
o o¥® o

merged

E-cadherin

vimentin

E(omso) bapi

F (Dpdtpa)

G (DpdtpA+NAC)

Herpn

|(TGF-p1+DpdtpA)

Fig. 2. The repressive effect of DpdtpA on EMT in CRC cells. (A) the changes in EMT-related proteins in
HCT-116 cells; (B) quantitative analysis of EMT related proteins derived from (A), the results from two
experiments; (C) the changes in EMT related proteins in SW480 cells; (D) quantitative analysis of EMT-related
proteins derived from (C), the results from two experiments. (E-I) immunofluorescence confocal microscopic
analysis of HCT-116 cells: (E) DMSO, (F) DpdtpA, (G) DpdtpA + NAC, (H) TGF-p1, and (I) DpdtpA + TGF-
B1. @@@ #4553 5 £ 0,01 vs control; one-way ANOVA with Dunnett post hoc correction.
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on EMT-related proteins was significantly attenuated, confirming the above conclusion that DpdtpA was capable
of repressing EMT.

Redox-active ferritinophagy had role in the ROS production

Our previous study revealed that DpdtpA was able to induce ferritinophagy in CT26 cells'?, but this phenomenon
might occur similarly in human colorectal cancer cells. As we know, ferritinophagy is a process that NCOA4
mediated ferritin degradation in lysosomes. To this end, the levels of NCOA4 and ferritin were investigated.
As shown in Fig. 3A-B: DpdtpA treatment resulted in upregulation of NCOA4 and downregulation of ferritin
in HCT-116 cell line, indicating that ferritinophagy indeed occurred. Similar changes in NCOA4 and ferritin
were observed in SW480 cells (Fig. 3E-F). To determine whether ferritinophagy was responsible for the ROS
production, the ROS scavenger NAC was used to assess the nature of ferritinophagy. Figure 3C-D showed that the
addition of NAC significantly neutralized the regulatory effect of DpdtpA on ferritin and NCOA4, but enhanced
autophagy-related proteins expression, suggesting that ferritinophagy was redox active and accompanied
by autophagy (Fig. 3D). Similarly results were observed in SW480 cells (Fig. 3G-H), the levels of ferritin,
NCOA4, LC3-II and beclin were significantly upregulated compare to that in DpdtpA treatment. In addition,
immunofluorescence confocal microscopic analysis of HCT-116 cells further confirmed that ferritinophagy was
redox active because NAC addition significantly decreased the NCOA4 expression (Fig. 31-K). Next, analysis of
ROS in different conditions via flow cytometry was conducted. DpdtpA treatment resulted in 30.76% increase
in ROS abundance compared to that of control, addition of NAC significantly weaken the effect of the agent on
ROS production (Fig. 3L), further supporting that the induced ferritinophagy was redox active. In addition,
since autophagy occurs, does it have any impact on ROS? Thus, an autophagy inhibitor, 3-MA was introduced to
the assay. Clearly autophagy inhibition indeed decreased the ROS production. Finally, ferritinophagy is a cellular
event related to iron, the addition of iron chelator may also influene the ROS production. DFO, a widely used
iron chelator, significantly attenuated the action of DpdtpA in ROS production (Fig. 3L), which was related to
the decrease in free iron ion due to iron chelate formation. Those indicated that redox-active ferritinophagy was
responsible for the ROS production.

NCOAA4 perpetrator was responsible for ferroptosis induction and EMT inhibition

Ferroptosis is an iron-dependent accumulation of reactive oxygen species (ROS) that lead to lipid peroxidation
and cell death”. Generally, ferritinophagy leads to iron accumulation and, accordingly, triggers ferroptosis.
Gpx4 depletion is a significant hallmark and indicator of ferroptosis®*®3°. As shown in Fig. 4A, along with ferritin
downregulation, depletion of Gpx4 and xCT was observed in HCT-116 cells following DpdtpA exposure. The
crucial changes in the expression of these proteins are presented in Fig. 4B. These results suggested that DpdtpA
could induce ferroptosis. To validate this conclusion, the standard ferroptosis inducer, Erastin and the inhibitor
ferrostatin-1 (Fer-1) were used in the present study. Figure 4C showed that DpdtpA treatment resulted in the
depletion of ferritin, similar to the effect of Erastin, but this effect could be stopped by the addition of Fer-1,
confirming that the mechanism of action of the agent involved ferroptosis induction. The quantitative analysis
of those proteins was presented in Fig. 4D. Same protocol was applied to measure the changes of those protins
in SW480 cell, similar results were obtained as that in HCT-116 cells (Fig. 4E-H). These results indicated that
DpdtpA could induce ferroptosis in CRC cells. Next, the role of NCOA4 in ferroptosis induction was further
investigated. As shown in Fig. 41, in contrast to that of DpdtpA, genetic knockdown of NCOA4 resulted in an
increase in Gpx4 and xCT, suggesting that there was a causal relationship between them in HCT-116 cells. It was
anticipated that knockdown of NCOA4 would attenuate the regulatory effect of DpdtpA on Gpx4 and xCT. The
significant alterations in ferritinophagy and ferroptosis-related proteins are presented in Fig. 4]. Similar changes
were also observed in SW480 cells (Fig. 4K-L). In addition, since DpdtpA inhibits EMT and induces ferroptosis,
the causal relationship between the two kind proteins requires to be further investigated. As a precautionary
measure, Erastin and DpdtpA were used in parallel in the experimental design. As shown in Fig. 4M, DpdtpA
acted as an Erastin, leading to EMT inhibition accompanied by depletion of Gpx4 and xCT, suggesting that
ferroptosis was conducive to EMT inhibition. The results of the quantitative analysis of the indicated proteins
are presented in Fig. 4N. Thus far, we inferred that NCOA4 was a perpetrator and responsible for all the cellular
events mentioned above. Thus, the regulatory effects of NCOA4 on EMT and ferroptosis-related proteins were
further assayed. As shown in Fig. 40-P, downregulation of NCOA4 clearly counteracted the regulatory effect of
DpdtpA on EMT and ferroptosis related proteins. Similar results were found in SW480 cells (Fig. 4Q-T). These
findings suggested that NCOA4 was perpetrator and responsible for ferroptosis induction and EMT inhibition.

Gpx4 and xCT regulated the EMT

Since DpdtpA acts as an Erastin in ferroptosis induction, leading to the downregulation of both Gpx4 and xCT,
the intrinsic role of these proteins in EMT must be determined. To this end, each of these genes was genetically
knocked down via an interfering RNA technique. As shown in Fig. 5A, Gpx4 knockdown in HCT-116 cells led to
an increase in epithelial characteristics (upregulated E-cadherin) and a decrease in mesenchymal characteristics
(downregulated vimentin), which could be weakened by addition of Fer-1, suggesting that Gpx4 was involved
in the EMT regulation, which was consistent with previous reports*’. However, unexpectedly, Gpx4 knockdown
led to the upregulation of xCT, which may be a stress response to Gpx4 depletion. The results of the quantitative
analysis of the related proteins are presented in Fig. 5B. Similar results were obtained in SW480 cells (Fig. 5C-
D). Next, the role of xCT in regulating EMT was further investigated in HCT-116 cells. As shown in Fig. 5E,
similar to the downregulation of Gpx4, knocking down xCT also resulted in the downregulation of vimentin
and snail; however, Gpx4 was also downregulated, which was consistent with that reported recently?!. The results
of the quantitative analysis of those proteins are shown in Fig. 5E Similar changes in the expression of these

Scientific Reports |

(2025) 15:39542 | https://doi.org/10.1038/s41598-025-23180-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A B C D
20 = ferritin - anm> beclin 30 = ferritin
= NCOA4 Lca o 2%
R, ° - ]
=1 i © 20
s T T NcoAd © ~ —— | I -
| 0 o STV R
W e e feritn = $ | 2 1o
e = = __d % - -— -‘ ferritn [
0.5
W e W oopch = e a  02pdh
0.0
0@‘50 oT® 6@“\ — 078 156 078 DpdtpA(uM) — 078 156 078
s — — — 100 NAC(uM) - - — 100
E F G H

e | beclin 3.0
- 3 o A e C3-] 6

I 2 “ “NCOAd [ - W | LC3-lI 7 20
0 - e “ # = NCOA4 o
- 1 >

- S . feritin B - ——eritn T 10
T ° ! 2
- =4

— - - gapdh i o s

o Q — 25 50 25 DpdtpA(pM)
0\@ 5‘9 S

IS S — 100 NAC(uM)

liowso)oaP — NCOA4
: ...

K(DpdlpA*NAC) ...

L #2507 puso DpdlpA(15uM) DpleA’fNi’TC Dpcnpms JA 1 DpdlpA+DYO
! ]
] | ]
200 i | j | £ ‘I 1 |
‘ ]
o | 1507 5005% ||| 49.95% 19.29% ‘ | 80.71% iss.oo% \ 67.00% | 3122% ||| 6878% |] 31.97% 68.03%
] ‘ 1 ]
S | 100 \ ‘ l E \ bl
3 50 H \ 1 3 \ ] |
N \ } 1‘ \ | ] b
L Wby | L opiith, |1 )
[ mr e L e L AL L S
100" 102 10° 10' 10° 10°10910' 107 10° 10¢ 10° 10°10%10' 10° 10° 10° 10° 10°10°10' 10° 10° 10° 10° 10°10%10' 10° 10° 10° 10° 10°

Fluorescence

Fig. 3. DpdtpA treatment resulted in the occurrence of both ferritinophagy and autophagy. (A) Western
blotting analysis of ferritinophagy-related proteins in HCT-116 cells; (B) quantitative analysis derived

from (A); (C) a redox activity of ferritinophagy and autophagy induced by the agent in HCT-116 cells; (D)
quantitative analysis derived from (C); (E) western blotting analysis of ferritinophagy-related proteins in
SW480 cells; (F) quantitative analysis derived from (E); (G) a redox activity of ferritinophagy and autophagy
induced by the agent in SW480 cells; (H) quantitative analysis derived from (G); (I-K) immunofluorescence
confocal microscopic analysis of ferritinophagy-related proteins in HCT-116 cells: (I) DMSO; (J) DpdtpA; (K)
DpdtpA + NAC. (L) ROS production was partly from ferritinophagy in HCT-116 cells.
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Fig. 4. Ferritinophagy-mediated ferroptosis contributed to the EMT inhibition in CRC cells. (A-D) HCT-
116 cells: (A) ferritinophagy along with downregulation of Gpx4 and xCT; (B) quantitative analysis derived
from (A); (C) DpdtbA-induced ferroptosis; (D) quantitative analysis derived from (C). (E-H) SW480 cells:
(E) ferritinophagy along with downregulation of Gpx4 and xCT; (F) quantitative analysis derived from (E);
(G) DpdtpA-induced ferroptosis; (H) quantitative analysis derived from (G). (I) NCOA4 mediated ferroptosis
induction in HCT-116 cells; (J) quantitative analysis derived from (I); (K) NCOA4 mediated ferroptosis
induction in SW480 cells; (L) quantitative analysis derived from (K); (M-P): HCT-116 cells: (M) DpdtpA
induced EMT inhibition as like Erastin; (N) quantitative analysis derived from (M); (O) NCOA4-mediated
ferroptosis contributed to EMT inhibition; (P) quantitative analysis derived from (O). (Q-T): SW480 cells:
(Q) DpdtpA induced EMT inhibition as like Erastin; (R) quantitative analysis derive from (Q); (S) NCOA4-
mediated ferroptosis contributed to EMT inhibition; (T) quantitative analysis derived from (S). The results of
the quantitative analysis were from two experiments. " #$$%%.&& 5 0 05 vs control; " ##$$5%%.&E&NN 1
0.01 vs control; one-way ANOVA with Dunnett post hoc correction.
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Fig. 5. Gpx4 and xCT played roles in regulating EMT. (A) the effect of Gpx4 on EMT-related genes and xCT
in HCT-116 cell; (B) quantitative analysis derived from (A), the results were from three experiments; (C) the
effect of Gpx4 on EMT-related genes and xCT in SW480 cell; (D) quantitative analysis derived from (C), the
results were from three experiments; (E) the effect of xCT on EMT-related genes and Gpx4 in HCT-116 cell;
(F) quantitative analysis derived from (E), the results were from three experiments; (G) the effect of xCT on
EMT-related genes and Gpx4 in SW480 cell; (H) quantitative analysis derived from (G), the results were from
two experiments. ©@% p < 0.01 vs control; @@@ ###883.%%% 2" 1,  ( 01 vs control.

genes were observed in SW480 cells (Fig. 5G-H). These findings suggested that there might be a feedback loop
between Gpx4 and xCT.

Lysosome and proteasome degradation played a role in the regulation of Gpx4 and xCT
Downregulated xCT/Gpx4 signaling contributes to ferroptosis induction. DpdtpA treatment resulted in
ferritinophagy-mediated ferroptosis. The enhanced ROS production certainly triggered the occurrance of
autophagy (Fig. 3C and G), thus, we speculated that the autophagy might have some role in controling the levels
of Gpx4 and xCT. Whereupon, the effect of posttranslational modifications on ferroptosis related genes were
investigated. It was reported that Gpx4 is regulated by autophagy*?, and both Gpx4 and xCT are regulated by
beclin®’. In addition, protein synthesis controls many targets of genes in biosystems. The effect of the agent on
protein synthesis was first determined. As shown in Fig. 6A, the protein synthesis inhibitor CHX significantly
inhibited the expression of Gpx4 and xCT in HCT-116 cells; however, cotreatment with CHX and DpdtpA
did not obviously decrease the expression of these genes, and the changes in Gpx4 and xCT expression under
treatment with either CHX or both were almost parallel. The results of the quantitative analysis of those proteins
are presented in Fig. 6B. Similar results were observed in SW480 cells (Fig. 6C-D). These results indicated that
DpdtpA had no significant effect on protein synthesis. Next, the autophagy inhibitor chloroquine (CQ) was used
to determine whether autophagy was involved in this regulatory effect. Figure 6E-F showed that CQ markedly
attenuated the regulatory effect of DpdtpA on Gpx4 and xCT in HCT-116 cells, suggesting that their depletion
was partly achieved by enhanced autophagy (activation of LC3-II and beclin, Fig. 3B and D). Similar results were
obtained in SW480 cells. These findings suggested that autophagy played an important role in the regulation of
Gpx4 and xCT. In addition, further research was conducted to investigate whether proteasome degradation was
involved in the regulation of Gpx4 and xCT. Figure 6G-H showed that the proteasome inhibitor MG-132 had
a certain regulatory effect on Gpx4, but had a lesser effect on xCT; however, it indeed attenuated the regulatory
effect of DpdtpA on xCT. The regulatory effect of CQ and MG132 on DpdtpA were similar in SW480 cells
(Fig. 61-L).

The PI3K/AKT/mTOR pathway was involved in the regulation of ferroptosis and EMT

It is well documented that the PI3K/AKT/mTOR pathway plays an important role in cell survival and
proliferation*, and in tumor cells, the level of this pathway is greater than that in normal cells*>*®. Considering
that DpdtpA had an antiproliferative effect on CRC cells, we inferred that the PI3K/AKT/mTOR pathway
may play a role in this antiproliferative effect. Thus, the expression levels of p-PI3K, AKT, phospho-AKT (a
measure of AKT activation), and mTOR were determined via western blotting. As shown in Fig. 7A, DpdtpA
treatment decreased the phosphorylation of p-PI3K, AKT and mTor, indicating that the mechanism of action
of DpdtpA involved the PI3K/AKT/mTOR pathway. The quantitative analysis of the genes in this pathway was
presented in Fig. 7B. The effect of the PI3K/AKT/mTOR pathway on the regulation of EMT and ferroptosis was
further investigated. To this end, an agonist of this pathway, sc79, was used in the following assay. As shown in
Fig. 7C, compared to DpdtpA, sc79 had the opposite effect on this pathway, as did both EMT and ferroptosis.
The inhibitory effect of sc79 on proteins affected by DpdtpA was expected. Figure 7D showed the results of the
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Fig. 6. The regulatory effect of DpdtpA on the expression of Gpx4 and xCT. (A) the regulatory effect of protein
synthesis on Gpx4 and xCT in HCT-116 cells; (B) quantitative analysis derived from (A), the results were

from two experiments; (C) the regulatory effect of protein synthesis on Gpx4 and xCT in SW480 cells; (D)
quantitative analysis derived from (C), the results were from two experiments; (E) the effect of autophagy on
the expression of Gpx4 and xCT in HCT-116 cells; (F) quantitative analysis derived from (E), the results were
from three experiments; (G) the effect of the proteasome on the expression of Gpx4 and xCT in HCT-116 cells;
(H) quantitative analysis derived from (G), the results were from three experiments; (I) the effect of autophagy
on the expression of Gpx4 and xCT in SW480 cells; (J) quantitative analysis derived from (I), the results were
from three experiments; (K) the effect of the proteasome on the expression of Gpx4 and xCT in SW480 cells;
(L) quantitative analysis derived from (K), the results were from three experiments. ®®* p < 0.05 vs control;
@@@.##% n < 0.01 vs control.

quantitative analysis. Similarly, the same procedure was used for SW480 cells (Fig. 7E-H). These results clearly
indicated that the PI3K/AKT/mTOR pathway played an important role in regulating EMT and ferroptosis.

Discussion

Colorectal cancer (CRC) is the leading cause of cancer-related death worldwide'. The prognosis of metastatic
CRC is poor, with a 5-year survival rate of less than 20%%’. Clearly, a new treatment is needed. Cancer cells have
two significant characteristics: uncontrolled growth and infiltration. Obviously, a new agent with such inhibitory
abilities is expected. DpdtpA is a dithiocarbamate derivative that was shown to have excellent biological activity
in our previous study'2. CRC cell proliferation and colony formation were inhibited (Fig. 1). In addition, DpdtpA
also impaired wound healing. These findings prompted us to explore the underlying mechanism involved. It is
well documented that dormant tumor cells of epithelial origin first acquire invasive potential to travel from the
main tumor and enter the bloodstream®. During the invasive process, tumor cells must undergo epithelial-
mesenchymal transition (EMT). Once tumor cells enter blood vessels, they will circulate. A portion of the
circulating tumor cells at this stage may leak out of the blood vessels and begin to move to distant sites where they
colonize®. To adapt to their new environment, tumor cells once again undergo mesenchymal-epithelial transition
(MET). Clearly, reducing cancer-related mortality may be achieved by preventing cancer metastasis, while EMT
inhibition in the early phases may be a good option®. Vimentin and E-cadherin are important markers of EMT.
In cancer cells, E-cadherin is suppressed through the binding of transcriptional repressors (snail, slug, and zeb1)
to the E-cadherin promoter®>2. Western and immunofluorescence analyses revealed that DpdtpA treatment
caused significant downregulation of vimentin and upregulation of E-cadherin (Fig. 2), suggesting that the agent
was able to inhibit EMT>?4, In addition, compelling evidence reveals reactive oxygen species (ROS) as crucial
conspirators in EMT>?, such as in TGF-B1-induced EMT®; However, it is unclear whether EMT is inhibited by
ROS. The addition of NAC significantly attenuated the regulatory effect of DpdtpA on EMT-related proteins,
suggesting that EMT inhibition was also achieved through ROS production (Fig. 2). This further strengthens the
viewpoint that ROS play dual roles in regulating EMT, i.e., moderate ROS promote EMT, massive ROS reverse
EMT?>* In addition, the autophagy inhibitor 3-MA and DFO (iron chelator) both attenuated the regulatory effect
of the agent on EMT-related proteins, indicating that EMT suppression might involve autophagy and iron ions.
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Fig. 7. The PI3K/AKT/mTOR pathway involved in the regulation of ferroptosis and EMT. (A) DpdtpA
treatment resulted in inactivation of PI3K/AKT/mTOR in HCT-116 cell; (B) quantitative analysis derived
from (A), the results were from three experiments; (C) the effect of PI3K/AKT/mTOR pathway on regulation
of EMT and ferroptosis in HCT-116 cell; (D) quantitative analysis derived from (C), the results were from

two experiments; (E) DpdtpA treatment resulted in inactivation of PI3K/AKT/mTOR in SW480 cell; (F)
quantitative analysis derived from (E), the results were from three experiments; (G) the effect of PI3K/AKT/
mTOR pathway on EMT-related and ferroptosis related genes in SW480 cell; (H) quantitative analysis derived
from (G), the results were from two experiments, @@##$5%%""™ 1 < (0,05 vs control, @@ ###5858,%%%,M,&&& =1l
p < 0.01 vs control.

Thus, the source of ROS was further investigated. Mitochondria are crucial ROS sources due to the presence of
the respiratory chain, but lysosomes and proteasomes may also be auxiliary sources. Since iron ions are involved,
ferritin degradation in lysosomes or proteasomes might occur. The activation of autophagy-related proteins
suggested that ferritinophagy occurred, and the downregulated ferritin and upregulated NCOA4 expression
observed via western blotting and immunofluorescence assays supported the above conclusion (Fig. 3). This
finding was consistent with previous findings®!%27:2855,

The regulatory effect of ferritinophagy on EMT is pluralistic. Generally, NCOA4-mediated ferritinophagy
is correlated with ROS production; however, this process is highly dependent. Usually, ROS generated by
downregulation of ferritin or upregulation of NCOA4 have redox activity, but are not iron chelators, such as
DFO. Although DpdtpA acted as an iron chelator, its chelate was redox active (the iron chelate of DFO was
redox inactive). In addition, a study showed that TGF-p1-induced EMT involved ROS production“; however,
the ROS insult was periodic, while DpdtpA-induced EMT inhibition in CRC cells may be related to sustained
insults from ROS*, strengthening the concept that NCOA4-mediated ROS production was a dominant driving
force in the determination of EMT status.

Ferroptosis is an iron-dependent form of cell death®’. Accumulating studies have demonstrated that the
induction of ferroptosis in CRC successfully eliminates cancer cell resistance to other modes of cell death.
Therefore, ferroptosis may be considered a new direction for the design of CRC therapy!. Ferroptosis may be
caused by feritinophagy; however, ferritinophagy is not necessary for ferroptosis, and ROS may be a decisive
factor. The depletion of Gpx4 and xCT triggers ferroptosis'>!’, and DpdtpA downregulated Gpx4 and xCT
like Erastin, indicating its ability to induce ferroptosis (Fig. 4). The genetic knockdown of NCOA4 protected
cells from ferroptosis, suggesting that NCOA4-mediated ferritinophagy plays a crucial role in ferroptosis
induction and EMT inhibition. Yao et al. reported a positive correlation between EMT and ferroptosis via single-
cell RNA sequencing, and Gpx4 was found to strongly regulate EMT?®. In addition, SLC7A11 inhibition was
found to be a common cause of EMT and ferroptosis in A549 cells*. These results indicated that Gpx4 or xCT
(SLC7A11) are involved in EMT regulation. In our study, genetic knockdown of either Gpx4 or xCT led to EMT
inhibition in CRC cells (Fig. 5), which was consistent with previous report**. The contradictory conclusions
about the role of ferroptosis in EMT may be related to the cell lines used. Importantly, we found that there
was a feedback loop between Gpx4 and xCT: genetic depletion of Gpx4 led to redox stress, and in response to
this stress, upregulation of xCT was necessary. As we know, GPX4 reduces intracellular lipid peroxides in the
presence of GSH. Knockdown of GPX4 will increase oxidative stress (or ROS enhancement), and decrease GSH.
This triggers biological system synthesizes GSH. To achieve this goal, it needs to provide cystine through xCT,
triggering upregulation of xCT. Therefore, the upregulation of xCT was to cope with oxidative stress. However,
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Ferroptosis

Fig. 8. NCOA4-mediated ROS production contributed to the autophagic degradation of Gpx4 and xCT, EMT
inhibition and inactivation of PI3K/AKT/mTor in the mechanism of action of DpdtpA in CRC cells.

when knockdown of xCT, similarly it also triggers ROS production, dowregulation of GSH, but it has little effect
on the expression of Gpx4. Next, the mechanism of Gpx4 and xCT depletion was further investigated. Our data
showed that autophagy-related proteins, such as beclin and LC3-II, influenced the levels of both Gpx4 and xCT
(Fig. 6), which was consistent with previous findings**. Proteasome degradation of Gpx4 was also observed in
our study (Fig. 6)°*%°. In addition, the PI3K/AKT/mTOR pathway was found to play a role in proliferation, EMT
and ferroptosis in CRC cells (Fig. 7). Similar results were found by others**.

Taken together, these findings revealed that DpdtpA significantly regulated colony formation, proliferation,
EMT and ferroptosis in CRC cells. Causality analysis revealed that ferritinophagy-mediated ferroptosis played a
crucial role in EMT inhibition, while NCOA4-mediated continuous ROS production initiated these events and
inactivates the PI3K/AKT/mTOR pathway (Fig. 8).
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