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Abstract

Cells that detach from the extracellular matrix (ECM) undergo various forms of cell death, including

ferroptosis. Previous studies have demonstrated that prostate cancer (PCa) cells undergo ferroptosis following

ECM detachment, and resistance to ferroptosis may facilitate tumor metastasis. Pyruvate dehydrogenase El

alpha 1 (PDHA1) has been identified as a key regulator in the progression of several malignancies; however, its

role in ferroptosis and prostate cancer metastasis remains unclear. In this study, anoikis resistance (AnoR)

prostate cancer cells exhibited a substantial increase in PDHAT1 expression, which enhanced their survival and

metastatic potential by increasing resistance to ferroptosis. Mechanistically, nuclear PDHA1 in AnoR cells

facilitated histone H3 lysine 9 acetylation (H3K9Ac) that significantly accumulated at the promoter region of

peroxisome proliferator-activated receptor alpha (PPARA), thereby upregulating its expression. PPARA, in turn,

activated the transcription of apoptosis-inducing factor mitochondria-associated 2 (AIFM2), whose upregulation

inhibited ferroptosis in AnoR prostate cancer cells. This study demonstrates that PDHA1 expression is found to

be elevated in primary tumors from patients with metastatic prostate cancer. Additionally, the aberrant

overexpression of PDHA1 in AnoR prostate cancer cells upregulates PPARA and AIFM2 expression through

nuclear translocation, collectively suppressing ferroptosis and promoting metastasis. These findings reveal a

novel role for PDHA1 in mediating ferroptosis resistance during ECM detachment and provide a potential

therapeutic target for prostate cancer treatment.
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INTRODUCTION

Prostate cancer ranks as the second most common malignancy among the global male population and

represents the fifth leading cause of cancer-related deaths in men. In 2022, approximately 1.5 million new cases

and 397,000 PCa-related deaths were reported worldwide [1]. Despite advancements in its diagnosis and

treatment in recent years, metastasis remains the principal cause of mortality in PCa, posing significant social

and economic burdens [2]. Therefore, elucidating the molecular mechanisms underlying prostate cancer

metastasis and identifying effective therapeutic targets have become critical priorities in clinical prostate cancer

treatment [3].

Tumor metastasis is a complex process that has several stages: detachment of tumor cells from the primary

lesion, dissemination via the circulatory system, and colonization at distant organs [4]. Because the circulatory

system lacks an extracellular matrix (ECM), cells that detach from the ECM undergo a specific type of

programmed cell death known as anoikis [5]. Anoikis resistance (AnoR), which allows tumor cells to survive

and disseminate through vascular and lymphatic systems, is a crucial prerequisite for metastasis [6-8].

Ferroptosis, a newly identified type of regulated cell death (RCD), is driven by iron-dependent lipid peroxidation

of polyunsaturated fatty acid phospholipids [8,9] and can be triggered by erastin, a selective lethal compound

[10]. Widely regarded as a regulated cell death mechanism, ferroptosis has also been shown in recent studies to

be implicated in tumor cell death after detachment from ECM [5,6]. Moreover, ferroptosis is tightly regulated at

multiple levels, including epigenetic modifications, such as histone acetylation [11]. Histone acetylation

neutralizes the positive charge on lysine residues, thereby facilitating gene transcription activation. Histone H3

lysine 9 acetylation (H3K9AC) is widely recognized as a hallmark of gene activation, playing a crucial role in

transcription initiation and elongation [12]. Research has shown that cell division cycle 25A (Cdc25A)



upregulates ErbB2 expression via the PKM2-pH3T11-H3K9Ac pathway, thereby protecting cervical cancer

cells from autophagy-mediated ferroptosis [13].

Acetyl-coenzyme A (acetyl-CoA) serves as a crucial substrate for histone acetylation. In eukaryotes cells,

due to the membrane impermeability of acetyl-CoA and the instability of its high-energy thioester bond, its

biosynthesis is compartmentalized within subcellular organelles, with a unique nuclear mechanism for histone

acetylation [14]. As a core intermediate of the carbon source, acetyl-CoA not only generates ATP through the

tricarboxylic acid (TCA) cycle but also serves as an essential acetyl donor for lysine acetylation in mammalian

cells, which is crucial for cell growth and survival [15]. The pyruvate dehydrogenase complex (PDC) is a

multiprotein complex that comprises three enzymatic components—pyruvate decarboxylase (E1),

dihydrolipoamide acetyltransferase (E2), and dihydrolipoamide dehydrogenase (E3) [16]. PDC catalyzes the

conversion of pyruvate to acetyl-CoA. Pyruvate dehydrogenase (PDH), the initial rate-limiting enzyme in this

process, is responsible for the oxidative decarboxylation of pyruvate to produce acetyl-CoA, thereby influencing

histone acetylation [17]. Pyruvate dehydrogenase E1 alpha 1 (PDHAL1), a catalytic subunit of PDH, is regulated

via phosphorylation by pyruvate dehydrogenase kinases (PDKs) and dephosphorylation by pyruvate

dehydrogenase phosphatases (PDP1 and PDP2) [18]. Although traditionally regarded as a key player in

mitochondrial metabolism, PDHA1 has also been implicated in controlling the nuclear acetyl-CoA pool recently,

thereby promoting histone acetylation and influencing gene expression [14]. Additionally, high PDHAI

expression has been found to promote metastasis in other cancers, such as cholangiocarcinoma [19]. While

previous studies have demonstrated the pro-metastatic role of PDHA1 and the regulatory function of histone

acetylation in ferroptosis and metastasis, the specific regulatory mechanisms of PDHA1 in prostate cancer

remain unclear. Therefore, it is imperative to elucidate the potential functions of PDHA1 and histone acetylation



in ferroptosis and anoikis resistance in prostate cancer to gain deeper insight into the molecular basis of this

disease.

This study systematically examined ferroptosis-associated gene expression and found that apoptosis-

inducing factor mitochondria-associated 2 (AIFM2) was significantly impacted by PDHA1l. We

demonstrated that in AnoR PCa cells, PDHA1 enhances core histone acetylation through extensive nuclear

translocation, subsequently enriching H3K9Ac within the peroxisome proliferator-activated receptor alpha

(PPARA) promoter region. This process upregulated the expression of PPARA and AIFM2. Animal models

corroborated that targeting the PDHA1-AIFM2 axis enhanced the suppression of AnoR PCa progression.

Collectively, these findings reveal a novel checkpoint in ferroptosis resistance in prostate cancer and suggest that

enhancing ferroptosis might be a strategy for improving anti-tumor efficacy.

RESULTS

PDHAL is highly expressed in AnoR PCa cells and correlates with PCa metastasis and prognosis

To further investigate the relationship between PDHA1 and anoikis resistance, we cultured parental PC-

3 and 22Rvl cells in ultra-low-attachment six-well plates, thereby creating an AnoR cell model to simulate

anoikis resistance. Previous studies have shown that AnoR cells exhibit greater migratory and invasive capacities

compared with their parental counterparts [21]. In addition, our findings indicate that AR cells also display

enhanced viability (Supplementary Fig. 1A). Western blot revealed a significant increase in PDHA1

protein expression in AnoR PCa cells compared with their parental (P) cells (Fig. 1A). PDH activity

was also stronger in AnoR cells (Fig. 1B). Previous studies have demonstrated that PDHA1, the catalytic

subunit of the PDH complex, directly determines PDH activity [20]; therefore, an increase in PDH activity

indicates elevated PDHA1 expression. Bioinformatics analysis of the MCTP cohort using the cBioPortal for



Cancer Genomics (http://cbioportal.org) showed that PDHA1 expression was significantly upregulated in the

primary tumors of metastatic prostate cancer patients compared to those without metastasis (Fig. 1C). For

further validation, we collected prostate cancer primary lesions from 10 patients negative for lymph node

metastasis (NO) and 10 patients positive for lymph node metastasis (N1). Immunohistochemical assays

revealed higher PDHA1 expression in the prostate tumor tissues from patients with lymph node

metastasis (Fig. 1D-E). Western blot results were consistent with findings of the

Immunohistochemical assays (Fig. 1 F-G). Moreover, analysis of The Cancer Genome Atlas (TCGA)

database indicated an association between elevated PDHA1 expression and disease-free survival (DFS), Gleason

score and lymph node metastasis (Supplementary Fig. 1B-D). A further transwell assay showed that

PDHA1 knockdown significantly reduced the migration and invasion of AnoR PCa cells (Fig.1H-

K), and overexpression of PDHA1 promoted migration and invasion (Supplementary Fig. 1E-G).

Additionally, Wound healing assay demonstrated that PDHA1 knockdown significantly reduced

metastasis of AnoR PC-3 cells (Fig. 1L-M and Supplementary Fig. 1H-I), whereas overexpression

of PDHA1 produced the opposite effect (Supplementary Fig. 1J-L). Collectively, these findings

indicate that PDHAT1 is highly expressed in AnoR PCa cells, and its high expression is closely

correlated with prostate cancer metastasis and prognosis.

PDHA1 promotes ferroptosis resistance in AnoR PCa cells

Previous studies have shown that inactivation of PDHA1 can inhibit the proliferation of

prostate cancer cells [22]. Additionally, ferroptosis, a form of programmed cell death characterized by iron-

dependent lipid peroxidation, plays an important role in the death process of tumor cells following detachment

from the extracellular matrix (ECM) [21,23]. Given these observations, we hypothesized a link between PDHA,



ferroptosis, and anoikis resistance. We first performed CCK-8 assays to monitor changes in cell

viability following treatment with various cell death inhibitors, including Z-VAD (apoptosis

inhibitor), Disulfiram (pyroptosis inhibitor), Necrostatin-2 (necroptosis inhibitor), and Ferrostatin-

1 (ferroptosis inhibitor), either alone or in combination with Erastin (ferroptosis inducer). Stable

downregulation of PDHAT1 in AnoR PC-3 cells treated with Erastin showed a significant decrease in

cell viability, which was reversed by Ferrostatin-1. However, the Z-VAD, Disulfiram, and

Necrostatin-2 did not significantly reverse this decreasing effect. A similar effect was observed in

AnoR 22Rv1 cells (Fig. 2A). Subsequently, we utilized the TCGA database to categorize patients

into two groups based on high and low PDHAI1 expression levels and conducted gene set

enrichment analysis (GSEA). The analysis indicated a significant association between elevated

PDHAT1 expression and the reactive oxygen species (ROS) pathway (Fig. 2B). Since reduced ROS

levels are known to inhibit ferroptosis [24], we assessed ROS levels and observed that ROS levels were

markedly increased in AnoR PCa cells with stable PDHA1 knockdown (Fig. 2C and Supplementary

Fig. 2A). Conversely, overexpression of PDHA1 in AnoR PCa cells resulted in a decreased ROS

level (Supplementary Fig. 2B). Additionally, further investigation of ferroptosis-related indicators

revealed that PDHA1 downregulation significantly reduced mitochondrial membrane potential

(MMP) levels in AnoR PC-3 cells (Fig. 2D) and AnoR 22Rv1 cells (Supplementary Fig. 2C).

Additionally, downregulated PDHAT1 led to a significantly elevated MDA level in AnoR PCa cells

(Fig. 2E), while overexpression exerted a diametrically opposite effect (Supplementary Fig. 2D).

Following PDHA1 knockdown, lipid reactive oxygen species levels were markedly elevated, whereas

intracellular iron levels showed no significant change (Fig. 2F-G and Supplementary Fig. 2E-F).



Transmission electron microscopy (TEM) revealed that AnoR PC-3 and 22Rv1 cells with PDHA1
knockdown exhibited significantly smaller mitochondria, shorter or complete disappearance of
mitochondrial cristae, and increased membrane density (Fig. 2H and Supplementary Fig. 2G).
Moreover, evidence showed that inhibition of ferroptosis promoted metastasis in gastric and breast cancers
[25,26]. Combining these findings with previous studies, we concluded that PDHA1 can promote
anoikis resistance and tumor metastasis in PCa by inhibiting ferroptosis.
PDHAT1 inhibits ferroptosis of AnoR PCa cells by upregulating AIFM2

To investigate how PDHAL upregulation inhibits ferroptosis, we analyzed ferroptosis-related genes that
could be affected by PDHA1 in ANOR PCa cells, including SLC3A2, GPX4, ACSL4, SLC7A11, DHODH,
and AIFM2 [27-32]. Western blot analysis showed that AIFM2 levels were significantly elevated
in AnoR PC-3 and 22Rv1 cells with stable PDHA1L overexpression. In contrast, the expression of
other related proteins (SLC3A2, GPX4, ACSL4, SLC7A11 and DHODH) was not affected.
Knockdown of PDHAL resulted in a reduction of AIFM2 levels, without affecting other related
proteins (Fig. 3A and Supplementary Fig. 3A). Correlation analysis of expression levels in prostate cancer
specimens from the TCGA PRAD database revealed a significant association between PDHAL and AIFM2
expression (Supplementary Fig. 3B). We subsequently investigated the relationship between AIFM2
and prostate cancer metastasis. Bioinformatic analysis using the cBioPortal MCTP cohort and TCGA
database showed that AIFM2 expression was elevated in primary lesions of metastatic prostate cancer patients
(Fig. 3B) and an association between elevated PDHAL1 expression and pathological N stage
(Supplementary Fig. 3D). Additionally, AIFM2 expression was found to be higher in prostate

cancer tissues with lymph node metastasis compared to those without lymph node metastasis (Fig.



3C-D). Further validation by west blot analysis revealed that the expression level of AIFM2 was

higher in PCa with lymph-node metastasis compared to their counterparts without (Fig. 3E). These findings

collectively suggest that AIFM2 serves as a key downstream effector of PDHAL in inhibiting ferroptosis and

promoting prostate cancer metastasis.

Subsequently, Western blot analysis demonstrated that overexpression of AIFM2 reversed the effects of

PDHA1 knockdown, whereas knockdown of AIFM2 counteracted the effects of PDHA1 overexpression,

confirming that AIFM2 is regulated by PDHA1 (Fig. 3F and Supplementary Fig. 3C). In CCK-8

experiments, we observed that AIFM2 overexpression promoted cancer cell survival, while PDHA1

knockdown suppressed it (Fig. 3G and Supplementary Fig. 3E). Overexpression of AIFM2

inhibited the levels of ferroptosis-related indicators triggered by PDHA1 downregulation including

MDA (Supplementary Fig. 3G), MMP (Fig. 3H and Supplementary Fig. 3F), lipid reactive oxygen

species (Fig. 31 and Supplementary Fig. 3H) and ROS (Fig. 3J) in AnoR PC-3 and 22Rv1 cells.

Collectively, these findings suggest that increased PDHA1 inhibits ferroptosis by promoting

AIFM2 expression.

AIFM2 rescues progression of PDHA1 knockdown AnoR PCa cells

We performed in vitro and in vivo experiments to assess if PDHA1 exerts its biological effects via AIFM2.

Transwell assays demonstrated that AIFM2 overexpression significantly enhanced the migration and

invasion of AnoR PC-3 and 22Rv1 cells. Conversely, PDHA1 knockdown reduced their migration

and invasion, and these effects were reversed by AIFM2 overexpression, thereby enhancing metastatic

potential (Fig. 4A-D). Wound healing assay demonstrated that upregulation of AIFM2 restored the

lowered cellular metastasis induced by PDHA1 downregulation (Fig. 4E-H).



To validate these findings in vivo, we developed a lung metastasis model by injecting red fluorescent AnoR
PC-3 cells into the tail vein of nude mice. Consistent with the aforementioned results, bioluminescent
imaging exhibited that PDHA1 knockdown significantly reduced the number and size of lung
metastatic tumors, and we observed a greater survival probability in mice in vivo experiment.
However, AIFM2 overexpression significantly counteracted the effect of PDHA1 knockdown,
resulting in an increase in the number and size of lung metastatic tumors and a decrease in survival
probability (Fig. 41-J). These findings confirmed that the downregulation of PDHA1 inhibited the
progression of AnoR PCa cells by reducing AIFM2 expression, both in vitro and in vivo.

PDHA1 promotes downstream gene expression by translocating into the nucleus to regulate
histone acetylation

Recent studies indicated that PDHA1 could regulate nuclear acetyl-CoA levels in the cell nucleus, thereby
influencing H3K9 acetylation (H3K9Ac) [16]. Based on this evidence, we used immunofluorescence
and protein fractionation techniques to analyze PDHA1 localization. We found nuclear localization of
PDHA1 was stronger in AnoR cells compared to their parental counterparts (Fig. 5A, B). Subsequent
analysis of intracellular H3K9Ac levels revealed higher levels in AnoR PCa cells than in parental cells (Fig.
5D). Notably, knocking down PDHA1 in AnoR PCa cells decreased the H3K9Ac level, while
overexpression of PDHAT1 increased it (Fig. 5C), potentially affecting gene expression.

Cellular compartmentalization enables the concurrent execution of distinct metabolic
reactions, and aberrant protein compartmentalization has been linked to cancer development [33].
To verify whether PDHA1 regulates histone acetylation level by translocating into the nucleus, we

investigated the role of nuclear PDHA1 in AnoR PCa cells by expressing nuclear localization



signaling fusion PDHA1 (NLS-PDHA1) and mutated NLS sequences (NLS-PDHA1-mut) vectors in

AnoR PCa cells previously infected with short hairpin RNA of PDHA1 (shPDHA1) (Fig. SE, F and

Supplementary Fig. 31). Functional validation revealed that mutation of these NLS motifs markedly reduced

the nuclear accumulation of PDHAI, thereby supporting the functional relevance of the identified NLS

sequences in mediating nuclear import. We observed that reintroducing NLS-PDHAT1 into shPDHA1

cells restored H3K9Ac and ferroptosis-related gene AIFM2 expression (Fig. 5G). These results

suggest that PDHA1 regulates the expression of ferroptosis-related genes autonomously by

translocating into the nucleus. Interestingly, after we utilized UCSC (http://genome.ucsc.edu/) and

the Cistrome database (http://cistrome.org/db/) to predict the H3K9Ac binding site on the AIFM2

promoter (Supplementary Fig. 4E), we observed via ChIP-PCR that the increased histone acetylation

level induced by overexpression of PDHA1 did not directly influence AIFM2 expression changes (Fig.

SH). In addition, the co-immunoprecipitation (Co-IP) results for PDHA1 and AIFM2 indicated that there was

no direct interaction between the two proteins (Supplementary Fig. 3J). We therefore postulated that the

relationship between PDHA1 and AIFM?2 expression might be mediated by other molecules.

PDHAT1 upregulates AIFM2 expression by promoting transcriptional activation of PPARA
To investigate the mechanism of PDHAL regulating AIFM2 expression, we utilized the Gene
Expression Omnibus (GEO) dataset (GEO accession: GSE100629) and identified 2,370
differentially expressed genes in AnoR cells, of which 1,183 were upregulated (Log2FC > 1, p <
0.05). Given that H3K9Ac generally promotes transcriptional activation [34], we cross-
referenced these upregulated genes with the genes that inhibited ferroptosis in FerrDb V2 database
(http://www.zhounan.org/ferrdb) of and identified 13 genes (Fig. 6A). Subsequently, qRT-PCR showed
that overexpression of PDHAL resulted in the most significant change in PPARA expression

among these 13 genes (Fig. 6B). This was further verified by Western blot analysis, showing that



knockdown of PDHA1 decreased PPARA expression, while overexpression of PDHAL increased
it (Supplementary Fig. 4A). Similarly, we used the TCGA database to divide the patients into
two groups based on high and low PDHA1 expression and conducted a gene set enrichment
analysis (GSEA). The analysis revealed a significant correlation between high PDHA1
expression and the peroxisome pathway (Supplementary Fig. 4B). To further validate the role of
PPARA in metastasis, we evaluated the pharmacological inhibition of PPARA using GW6471, and the results
demonstrated that GW6471 treatment significantly suppressed the metastatic capacity of prostate cancer cells
(Supplement Fig. 4C). The IHC analysis revealed that the expression level of PPARA was higher in
the prostate tissues of patients with lymph node metastasis compared to their counterparts without
(Fig. 6C). These findings indicate that pharmacological inhibition of PPARA effectively suppresses the
metastatic potential of prostate cancer cells, supporting the functional relevance of the PDHA1-PPARA-
AIFM2 axis in regulating tumor progression.

Additionally, expressing NLS-PDHAT1 in AnoR PCa cells infected with shPDHA1 increased PPARA
expression compared with cells not expressing NLS-PDHAT1 (Fig. 6D).

To verify whether PPARA is a mediator of PDHA1 regulation of AIFM2, we first utilized the
UCSC and Cistrome databases to predict whether H3K9Ac binding sites on the PPARA promoter
(Supplementary Fig. 4D). ChIP-PCR confirmed that PDHAL modulates PPARA expression by regulating
H3K9Ac enrichment at its promoter (Fig. 6E). The results suggested that PDHAL nuclear translocation
influences H3K9Ac levels and subsequently regulates PPARA expression.

PPARA is a key transcription factor in large-scale reorganization of lipid homeostasis [35] and
had been reported to transcriptionally activate SLC47A1 expression to regulate ferroptosis [36].
Therefore, we examined whether PPARA influenced AIFM2 expression through its transcriptional
activity. Using the hTFtarget database (http://bioinfo.life.hust.edu.cn/hTFtarget), we predicted
potential PPARA binding sites on the AIFM2 promoter (Fig.6F and Supplementary Fig. 4F). A
dual-luciferase reporter plasmid containing the wild-type (wt) AIFM2 promoter was constructed and
transfected into AnoR PC-3 and AnoR 22Rv1 cells to assess the transcriptional activity of PPARA.

Overexpression of PPARA significantly enhanced luciferase activity relative to the control vector



(Fig. 6G).

To further explore how PPARA regulates AIFM2 transcription, we constructed the dual-luciferase reporter
plasmid with the mutated AIFM2 promoter. Our findings revealed that PPARA's capacity to activate AIFM2
transcription was substantially diminished only when transcription factor binding site 1 (TFBS1) was altered,
while mutations at other sites had no similar effect (Fig. 6H). Moreover, when all binding sites were mutated,
the results mirrored those seen with the TFBS1 mutation alone (Supplementary Fig. 4G). Therefore, we
concluded that PPARA enhances AIFM2 expression specifically through TFBS1. To further confirm
that PDHAL1 influences AIFM2 via PPARA, rescue experiments were performed. Western blot analysis
revealed that PPARA overexpression rescued the decrease in AIFM2 protein levels caused by knockdown
of PDHA1 (Fig.61). Moreover, the overexpression of either PDHA1 or PPARA alone increased AIFM2
expression and relative reporter activity compared to the empty vector control, with a further
increase observed when both were overexpressed simultaneously (Fig.6J and Supplementary Fig.
4H). These findings demonstrate that PDHA1 enhances PPARA expression through increased
H3K9Ac enrichment, thereby transcriptionally activating AIFM2 (Fig.7).

DISCUSSION

Anoikis resistance is a critical early event in cancer metastasis, enabling cancer cells to survive after
detachment from the ECM, enter the vasculature, and disseminate to distant organs. It has been demonstrated
to be a prerequisite for hematogenous metastasis [37] and lymphatic metastasis [38]. Understanding
the mechanisms underlying anoikis resistance and its connection to prostate cancer metastasis may
provide in-depth insights into cancer biology and help identify new therapeutic targets for preventing cancer
progression [39,40].

The role of PDC in cancer, whether it act as a pro-tumorigenic or tumor-suppressive factor, remains
controversial [41,42,43,44]. In this study, by establishing a detachment resistance model to mimic the anoikis
resistance environment, our data provided a new perspective by demonstrating that PDHAT1, a subunit
of PDC, was upregulated at the protein level in AnoR PCa cells and was active in the nucleus, thereby
promoting AnoR PCa cells metastasis and survival. PDHA1 overexpression significantly enhanced

the proliferation, migration, and invasion of AnoR PCa cells, whereas PDHA1 knockdown impaired



these abilities. Furthermore, high PDHA1 expression was closely associated with worse disease-
free survival (DFS), higher Gleason score, and advanced pathological N stage. Based on these data,
we propose that increased PDHAT1 plays an important role in promoting PCa progression. Thus,
our study provides a prospect of targeting PDHA1 for the management of prostate cancer metastasis.
Future studies should aim at the development of PDHAT1 inhibitors to efficaciously prevent prostate
cancer metastasis.

Before metastasizing to distant organs, cancer cells must acquire anoikis resistance to
survive in the circulation [45]. Anoikis can occur via an intrinsic pathway resulting from
mitochondrial perturbation or an extrinsic pathway triggered by cell surface death receptors [46].
In the intrinsic pathway, ROS generation is markedly increased following detachment, leading to oxidative
damage to cellular macromolecules and subsequent cell death [47]. Excessive ROS is also closely associated
with ferroptosis, and recent studies have suggested that anoikis-resistant cancer cells exhibit resistance to
ferroptosis [48]. Beyond prostate cancer, ferroptosis has been widely recognized as a key determinant of
metastatic behavior across diverse malignancies. It not only impacts primary tumor progression but also
modulates epithelial-mesenchymal transition and adaptation to metastatic niches [49], thereby shaping the
overall metastatic cascade. Collectively, these findings support the concept that targeting ferroptosis may
represent a promising therapeutic avenue to prevent or limit cancer metastasis.

By integrating the aforementioned findings, our results suggested that the decreased cell
viability induced by Erastin in PDHA1 knockdown AnoR PCa cells was enhanced by Ferrostatin-
1 but not by other death inhibitors. At the same time, PDHAL knockdown and overexpression
correspondingly increased or decreased intracellular MMP, lipid reactive oxygen species, ROS and
MDA levels, respectively. On the basis of these findings, we propose that PDHAL plays a role in
ferroptosis regulation during ECM detachment in PCa cells. Subsequently, we measured levels of key
ferroptosis-related genes and found that PDHAL regulates the expression of AIFM2. We were led to
theorize that PDHA1 might help AnoR PCa cells resist ferroptosis by increasing AIFM2
expression. AIFM2 has been identified as an endogenous ferroptosis inhibitor that exerts an

inhibitory effect on lipid peroxidation by lowering CoQ10 with NAD(P)H [50]. It has been



shown that AIFM2 promotes hepatocellular carcinoma metastasis by activating mitochondrial SIRT1/PGC-
la signaling [51]. In this study, both in vitro and in vivo experiments demonstrated that AIFM2
overexpression reversed the suppression in metastasis and survival potential of AnoR PCa cells and restored
ferroptosis sensitivity induced by PDHA1 knockdown. These findings suggest that PDHAL promotes AnoR
PCa cell metastasis by upregulating AIFM2 expression and suppressing ferroptosis.

Acetylation is one of the post-translational modifications (PTMs) that affects diverse aspects
of protein biology [52]. Histone acetylation is associated with transcriptional activation, which
weakens histone-DNA interactions by neutralizing the positive charge of lysine, thereby improving
chromatin accessibility [53]. In fact, growing evidence indicates that aberrant histone acetylation
constitutes one of the pathogenic mechanisms of cancer development. For instance, HMGCL
increases P-hydroxybutyrate (B-OHB)-mediated acetylation of DPP4 at histone H3 lysine 9,
promoting its expression and resulting in HCC cells being more susceptible to erastin-induced
ferroptosis [54]. Changes in acetyl-CoA levels can alter H3K27ac modification, triggering the
transcription of FOXM1 and nuclear translocation of P-catenin involved in the progression of
glioblastoma multiforme [55]. Acetyl-CoA, a key substrate for histone acetylation, is involved in
a range of biological functions, including energy metabolism, fatty acid metabolism, and
cholesterol synthesis [43]. When cytoplasmic citrate (which can cross the nuclear membrane to
produce acetyl-CoA via ACL is reduced due to production inhibition or diversion towards lipid
synthesis, a nuclear source of acetyl-CoA becomes critical. Nuclear PDC generates acetyl-CoA
necessary for histone acetylation, establishing a connection between metabolism and epigenetic
regulation [16]. We demonstrated that PDHA1 was abundant and functional in the nucleus of AnoR
PCa cells. Nuclear PDHA1 could produce acetyl coenzyme A for histone acetylation, providing an
experimental basis for further studies of epigenetic and PCa metastasis.

PPARA, an intracellular fatty acid sensor, modulates lipid remodeling by transactivating
genes involved in lipid metabolism [35]. Owing to its role in metabolic modulation and its druggable nature,
PPAR agonists have been developed and utilized to treat metabolic disorders, particularly

dyslipidemia and type 2 diabetes mellitus (T2DM). For instance, fibrates, which are selective



PPARa agonists, are commonly prescribed in combination with statins for treating atherosclerotic
hyperlipidemia and hypertriglyceridemia [56]. GW6471, a competitive PPARA antagonist, at
nanomolar concentrations, is widely used pharmacologically as an agent for blocking PPARA
activation. Its antitumor effects have been investigated in a renal cancer cell model, where GW6471
had the ability to induce apoptosis and cell cycle arrest in the GO/G1 phase, and was associated
with a significant reduction in cyclin D1, CDK4, and c-Myc protein expression [36]. Evidence
showed that PPARA was also intimately associated with ferroptosis [57]. In this study, we found
that PDHA1 was unable to significantly impact AIFM2 expression directly through histone
acetylation but indirectly affected AIFM2 expression by enriching H3K9Ac in the PPARA promoter
region to influence PPARA transcriptional activation. Through the dual-luciferase reporter assay, we
found that PPARA positively regulated AIFM2 and PPARA overexpression enhanced the PDHA1
overexpression-induced elevation of AIFM?2 relative reporter gene activity and protein levels. We
further confirm that PDHAT1 upregulates AIFM2 expression through PPARA.

Because PDHAL1 is essential for normal metabolism, systemic inhibition may induce on-target toxicity.
Tumor-selective approaches provide feasible solutions. Nanoparticle-based carriers can enhance tumor
accumulation of PDHA inhibitors via the enhanced permeability and retention (EPR) effect or active targeting
using antibodies, peptides, or glycan ligands. Stimuli-responsive nanocarriers, designed to release drugs in acidic,
hypoxic, or enzyme-rich tumor environments, further improve selectivity [58]. Antibody—drug conjugates
(ADCs) offer another level of precision by linking PDHA1 inhibitors to tumor-specific antibodies, thereby
minimizing exposure of normal tissues [59]. For localized tumors, regional delivery strategies can also reduce
systemic effects [60]. Together, these strategies highlight viable avenues to reduce toxicity while preserving the

therapeutic potential of PDHA 1-targeted therapies.

CONCLUSION

We demonstrated that PDHA1 expression was upregulated, and it was markedly translocated to

the nucleus in AnoR PCa cells, causing an increase in H3K9Ac levels and enrichment in the PPARA

promoter region, leading to PPARA transcriptional activation, which impacted the expression of



AIFM2 and might inhibit ferroptosis to promote prostate cancer metastasis. These insights may guide

future therapeutic strategies targeting PDHA 1-mediated ferroptosis suppression in metastatic prostate cancer

MATERIALS AND METHODS
1. Reagents

Ferrostatin-1 (S7243) was procured from Selleck Chemical (Shanghai, China). Z-VAD-FMK (HY-16658B),
Erastin (HY-15763), Disulfiram (HY-B0240) and Necrostatin-2 (HY-14622) were purchased from
MedChemExpress (Shanghai, China).
2. Cell culture and establishment of the anoikis resistance cell line

Human prostate cancer cell lines PC-3 and 22Rv1l were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). All cell lines were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (Hyclone, USA) supplemented with 10% fetal bovine serum (FBS) (Biological Industries, Israel)
and incubated at 37 °C in a 5% CO2 environment. The AnoR cell model was constructed by using a method
described in the previous study [21]. Each cell line was verified within six months prior to use using short tandem
repeat profiling and was confirmed to be free of Mycoplasma contamination.
3. Human samples

Forty male prostate cancer tissue samples were obtained from the Department of Urology of Union Hospital,
affiliated with Tongji Medical College. Informed consent was obtained from all participants. The study
procedures adhered to the principles of the Declaration of Helsinki, and the research protocol received approval
from the Research Ethics Committees of Union Hospital, Tongji Medical College, Huazhong University of
Science and Technology, China.
4. Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, Japan).
Cell suspensions were prepared in complete medium, and 5000 cells were inoculated into each well of a 96-
well plate and incubated for 24 hours. After the treatment, the CCK-8 working solution was prepared and
incubated at 37°C in the dark for 1 hour. The optical density at 450 nm absorbance of each well was measured
using a microplate reader (Tecan, Mannedorf, Switzerland).

5. Pyruvate dehydrogenase (PDH) activity assay



PDH activity was measured using the PDH Assay Kit (Solarbio, China) following the manufacturer’s
instructions.

6. Quantitative real-time PCR (qRT-PCR)

RNA from the cells was isolated with Trizol reagent (Invitrogen, USA). cDNA was generated from this
RNA using the PrimeScript RT Reagent Kit (Takara, Japan). Quantitative real-time PCR (QRT-PCR) was carried
out on a StepOnePlus™ Real-Time PCR System (Applied Biosystems, USA) utilizing the ChamQ SYBR gPCR
Master Mix (Vazyme, China). 2-AACT method was employed for data processing, with ACTB (B-actin)
serving as internal control. The primers used for mRNA expression are shown in Supplemental file
1.

7. Western blot

Cellular proteins were extracted using RIPA lysis buffer (Servicebio, China), and their
concentration was determined with a BCA protein assay kit (Beyotime, China). The protein samples
were then mixed with loading buffer (ThermoFisher Scientific, USA) and stored at -20°C.
Electrophoresis was carried out using the sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then the sample was transferred onto the polyvinylidene fluoride (PVDF)
membrane (Millipore). Next, the membranes were blocked with 5% skim milk for 1-2 hours,
followed by three 10-minute washes in Tris-buffered saline with Tween-20 (TBST) at room
temperature. Afterward, they were incubated overnight at 4°C with the specific primary antibodies,
followed by a 1 hour incubation with a horseradish peroxidase (HRP)-conjugated secondary
antibody at room temperature. The protein bands were visualized using an Enhanced
Chemiluminescence (ECL) Substrate Kit (Millipore). The following antibodies were used: HRP -
conjugated Affinipure Goat anti-mouse antibody (SA00001-1, Proteintech), HRP-conjugated
Affinipure Goat anti-rabbit antibody (SA00001-2, Proteintech), Anti-PDHA1(A13687, ABclonal),
Anti-PPARA (A24835, ABclonal), Anti-AIFM2 (A22278, ABclonal), Anti-ACSL4 (A20414,
ABclonal), Anti-SLC3A2 (A3658, ABclonal), Anti-SLC7A11 (A2413, ABclonal), Anti-GPX4
(A11243, ABclonal), Anti-H3K9Ac (A7255, ABclonal), Anti-GAPDH (10494-1-AP, Proteintech), Anti-

Lamin B1 (66095-1-Ig, Proteintech), Anti-o Tubulin (11224-1-AP, Proteintech), Anti-DHODH (67977-1-Ig,



Proteintech)
8. Cell migration and invasion assays

The invasive and migratory potential of the cells was assessed using polycarbonate membrane
with 8-pum pores inserted into 24-well Transwell plates (Corning, USA). For the migration assay, cells were
first starved in serum-free medium for 18 hours. Then 4 x 10* cells, added to 200 pl of serum-free
medium, were seeded into the upper chamber of transwell plates and 750 pl of complete medium
was added to the lower chamber. The sample was cultured for 48 hours, and then non-migratory
cells on the upper chamber of the transwell membrane were removed with a cotton swab. The
migratory cells on the lower surface of the membrane were fixed with 4% paraformaldehyde for
15 minutes, stained with 0.1% crystal violet for 30 minutes at room temperature and washed three
times with phosphate-buffered saline (PBS). The invasion experiments followed the same procedure as
the migration assay, with the exception that 50 pl of Matrigel matrix (BD Biosciences, China) was applied to
each upper chamber. Finally, three areas were randomly selected for cell counting under an inverted
phase contrast microscope (Olympus, Japan).

9. Immunohistochemistry (IHC)

Samples were paraffinized, rehydrated, blocked with 3% H»0, and then incubated with normal goat serum
(Vector Laboratories, Burlingame, CA, USA). After overnight incubation at 4°C with primary antibodies Anti-
PDHAI1 (A13687, ABclonal) and Anti-AIFM2 (A22278, ABclonal), the sections were washed with PBS and
incubated with biotinylated secondary antibodies (Vector Laboratories). Subsequently, the average optical
density was calculated to assess immunoreactivity by combining the percentage and intensity of positively
stained PCa cells.

10. Measurement of intracellular Fe?"

Intracellular Fe?* levels were measured using the FeRhoNox™-1 fluorescent probe (GORYO Chemical,
Japan). Cells were cultured on dishes for 24 hours and then washed three times with PBS. The 5 uM
concentration of the FeRhoNox™-1 probe was applied, and the cells were incubated for 1 hour, shielded from
light. After three additional PBS washes, the nuclei were stained with DAPI for 15 minutes. The cells were then

analyzed using a Nikon A1Si laser scanning confocal microscope (Nikon Instruments, Japan).



11. Malondialdehyde (MDA) detection

The intracellular MDA level was determined by using the MDA detection kit (A003-4-1, Nanjing Jiancheng
Bioengineering Institute, China). Briefly, MDA in peroxidized lipid degradation products could condense with
thiobarbituric acid (TBA) to form a red product at 95 °C for 40 minutes Absorbance was measured at 530 nm.
MDA was expressed as nmol/mg (cell protein).
12. Intracellular ROS production assays

Intracellular ROS levels were analyzed by using a Reactive Oxygen Assay Kit (Beyotime, S0033, China)
according to the manufacturer's instructions. Cells were seeded into 6-well plates and diluted DCFH-DA (a
fluorescent probe sensitive to oxidation) was added the next day, and the cells were incubated at 37 °C for 20
minutes. After washing with serum-free medium three times, cells were digested with trypsin. The cells were
then collected by centrifugation, and the resulting cells were resuspended in PBS. Reactive oxygen species (ROS)
levels were subsequently measured using a flow cytometer (Beckman Coulter, USA).
13. Transmission electron microscopy

Following treatment, cells were fixed in 2.5% glutaraldehyde at 4°C for 2 hours, and
transmission electron microscopy was performed by Servicebio (Wuhan, China).
14. Plasmid transfection

The plasmids with PDHA1 overexpression and knockdown, PPARA overexpression and
knockdown, the overexpression lentivirus of nuclear localization signal fused PDHA1 (NLS-
PDHAT1), Renilla luciferase TK and NLS-PDHA 1-mut were purchased from GeneChem (Shanghai,
China). AIFM2-overexpressing plasmid was bought from Vigene Biosciences (Shandong, China).
Firefly luciferase (FLuc) AIFM2-promoter wild type (wt), Fluc AIFM2 promoter mutant type and mutant type
1/2/3/4 were constructed by and purchased from General Biol (Anhui, China).
15. Immunofluorescence staining

Cells were inoculated in confocal dishes for 16 h. Subsequently, cells were fixed with 4%
paraformaldehyde on ice for 20 minutes, permeabilized with 0.3% Triton X-100 for 5 minutes and
blocked with 3% BSA for 1 hour at room temperature. Then, cells were incubated with primary

antibodies overnight at 4°C. On the following day, cells were incubated for 1 hour with



fluorescently labeled secondary antibodies, and nuclei were stained with DAPI for 15 minutes. For
mitochondrial immunofluorescence, cells were incubated with 100 nM MitoTracker® Red
CMXRos (40741ES50, YEASEN, China) for 30 minutes in the dark prior to fixation. Fluorescence
images were then captured using a Nikon A1Si laser scanning confocal microscope (Nikon
Instruments, Japan). For specific molecular labeling, Anti-PDHA1 (A13687, ABclonal) and
CoraLite 488-conjugated Goat Anti-Rabbit IgG (H + L) (SA00013-2, Proteintech) were used.

16. Chromatin immunoprecipitation (ChIP)

The ChIP assay kit (P2078, Beyotime, China) was used by following the manufacturer's
instructions. Briefly, cells were mixed at 37°C with an appropriate amount of formaldehyde to a
final concentration of 1%, and the reaction was terminated by adding 0.125 M glycine for 10 minutes at
room temperature. Cells were washed twice with pre-cooled PBS containing 1 mM PMSF, harvested
into SDS lysis buffer of the ChIP assay kit, then lysed on ice prior to sonication, and finally,
incubated overnight with specific primary antibodies at 4°C. The DNA fragments were then
purified using a DNA purification kit (D0033, Beyotime, China). Primers used for ChIP-qPCR
were in Supplemental file 1.

17. Dual-luciferase reporter assay

Cells were uniformly seeded into 6-well culture plates and transfected with the PPARA overexpression
plasmid, pGL3-basic luciferase reporter plasmids containing AIFM2 promoter and Renilla luciferase TK plasmid
to assess the transcriptional regulation of AIFM2 by PPARA. To identify specific binding sites between PPARA
and AIFM2, cells were transfected with wild-type or mutant plasmids containing the AIFM2 promoter along
with the PPARA overexpression plasmid. Cells were then cultured for 48 hours. Luciferase activities were
measured according to the manufacturer's instructions on the Dual- Luciferase Reporter Assay System (RG027,
Beyotime, China).

18. Nuclear and cytosolic protein extraction

Nuclear and cytoplasmic fractions were isolated using the Nuclear and Cytoplasmic Protein Extraction Kit

(P0027, Beyotime, China). Western blot analysis was then conducted on the extracted proteins, with Lamin B1

and o tubulin serving as internal controls for the nuclear and cytoplasmic fractions, respectively.



19. Mitochondrial Membrane Potential (MMP) Assays

Mitochondrial Membrane Potential was detected using the Mitochondrial membrane potential assay kit
with JC-1 (C2006, Beyotime, China) according to the manufacturer's instructions. In normal cells with high
MMP, JC-1 spontaneously forms J-aggregates in mitochondria and emits red fluorescence. However, in
abnormal cells, MMP decreases, and JC-1 is released from mitochondria and exists as a monomer, emitting green
fluorescence. Images were taken under an inverted phase contrast microscope (Olympus, Japan).
20. Wound healing assay

The cells were cultured in six-well plates until confluence. A pipette tip was used to draw a line across the
layer of cells to simulate the wound. The wound was photographed after 0 and 24 h of serum-free 1640 medium
incubation. Floating cells and shattering pieces were removed by PBS rinsing before photographing. All
experiments were repeated three times, and the results were analyzed by ImageJ.
21. Tumor xenograft assay
The 4-week-old male athymic BALB/c nude mice were purchased from Beijing HFK Bioscience Co. Ltd.
All animal experiments were approved by the Ethics Committee for Animal Experiments at Huazhong University
of Science and Technology, China. During the study, mice were randomly assigned to experimental groups
(five mice per group). To establish a lung metastasis model, we injected stably transfected AnoR PC-3 cells (2 x
10%) into the tail vein of each mouse. The mice were monitored daily after injection and allowed to survive until
natural death. Those that did not die spontaneously within eight weeks were humanely sacrificed at that time.
Lungs were then collected for fluorescence imaging using the FX PRO Imaging System (Bruker Corporation,
USA) under standardized exposure settings (570 nm).
22. Co-immunoprecipitation (Co-IP) assay

After treatment, the cells were collected by centrifugation in prechilled PBS and lysed using NP-40 buffer
supplemented with protease inhibitors. Approximately 5% of the total lysate was retained as an input control,
and the remaining portion was incubated with protein A/G beads at room temperature for 2 hours to reduce
nonspecific binding. The resulting mixture was evenly distributed into two microcentrifuge tubes and incubated
overnight at 4 °C with either 5 pg of FLAG antibody or an IgG isotype control. The following day, fresh protein

A/G beads were added, and the samples were rotated for an additional 3 hours at 4 °C. After thorough washing,



sample buffer was added, and the bound proteins were subjected to western blot analysis. Co-immunoblotting
was performed using the following antibodies: Rabbit IgG control (AC005, Abclonal) and anti-DDDDK-tag
antibody (AE005, Abclonal).
23. Lipid reactive oxygen species (ROS)

The C11-BODIPY 581/591 probe (S0043S, Beyotime, China) was employed to measure the levels of lipid
reactive oxygen species (ROS), following the instructions provided in the manual.
24.Statistical analysis

Data were analyzed using GraphPad Prism 8.0 (La Jolla, CA, USA) software and expressed

as mean + standard deviation (SD). A two-tailed Student's t-test was used to compare differences
between two groups, while analysis of variance (ANOVA) was employed for comparisons involving
multiple groups. Kaplan-Meier analysis was performed to evaluate survival data, with the log-rank
test used to compare survival differences. All in vitro experiments were repeated 3 times. P < 0.05
was considered statistically significant (* P <0.05, ** P<0.01, *** P<0.001, **** P <0.0001).-
DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding author upon reasonable
request
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Fig. 1 PDHATL is highly expressed in AnoR PCa cells and promotes tumor metastasis and survival



(A) Western blot analysis of PDHA1 expression in parental (P) and AnoR PCa cells. (B) Relative
PDH activity in parental (P) and AnoR PCa cells. (C) mRNA expression Z-scores of PDHA1 in
primary and metastatic prostate cancer. Samples in indicated comparison from the cBioPortal
cohort. (D, E) Immunohistochemistry (IHC) of PDHA1 expression (D) and relative average optical
densities (E) in PCa tissues with negative (NO) and positive for lymph node metastasis (N1). Scale bars, 50
um. (F.G) Western blot of PDHA1 expression in PCa tissues with negative (NO) and positive (N1) for
lymph node metastasis (G) with densitometric and statistical analysis (F). (H-K) Transwell analysis of the
migration and invasion of AnoR PCa cells with PDHA1 knockdown. Scale bars, 50 um. (L.M) Scratch-wound
healing assays assessing migration in AnoR PC-3 cells with or without PDHA1 knockdown. Scale bars, 100 p
m. Data are presented as representative images or as the mean + SD of three independent experiments. * P <

0.05, ** P <0.01, ****P < (0.0001, ns, not significant.
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Fig. 2 PDHAT1 promotes ferroptosis resistance in AnoR PCa cells




(A) Cell viability of AnoR PCa cells with PDHA1 knockdown after 24h treat with Erastin (Era, 5
uM), Erastin (Era, 5 uM) in combination with Ferrostatin-1 (Ferr-1, 5 uM), Z-VAD-FMK (Z-VAD,
20 uM), Necrostatin-2 (20 pM) and Disulfiram (20uM), respectively. (B) GSEA of PDHA1 high and
low expression groups for reactive oxygen species (ROS)-related gene sets from the Hallmark
database. (C) Intracellular ROS levels in PDHA1 knockdown AnoR PC-3 cells were detected by
flow cytometry using DCFH-DA staining with corresponding quantitative bar graphs. (D) MMP
assessed by JC-1 staining in AnoR PC-3 cells transfected with sh-vector, shPDHA1#1 and
shPDHA1#2. (E) Content of MDA in PDHA1 knockdown AnoR PCa cells. (F) The levels of lipid
ROS measured with C11-BODIPY 581/591 probe. Scale bars, 10 um. (G) Confocal imaging of
intracellular Fe?* levels in AnoR PC-3 cells using a FeRhoNox™-1 fluorescent probe. Scale bars,
10 um. (H) Mitochondrial morphological changes in PDHA1 knockdown AnoR PC-3 cells were
observed by transmission electron microscopy. Scale bars, 2.5 um and 1 pm, respectively. Data are
presented. as representative images or as the mean = SD of three independent experiments. * P <

0.05, **P<0.01, *** P <0.001, ****P <0.0001.
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Fig. 3 PDHAI inhibits ferroptosis in AnoR PCa cells by upregulating AIFM2



A. Western blot was performed to detect protein levels of ferroptosis-related genes in PDHA1
overexpression and knockdown AnoR PC-3 cells. B. The mRNA expression Z-scores of AIFM?2 in
primary and metastatic prostate cancer. Samples in indicated comparison from cBioPortal cohorts.
(C-D) Immunohistochemical evaluation (C) and quantification of relative average optical densities
(D) of AIFM2 expression in PCa tissues with negative (NO) and positive lymph-node metastasis (N1).
Scale bars, 50 um. (E) Western blot analysis of PDHA1 expression in PCa tissues with negative
lymph-node metastasis (NO) and positive lymph-node metastasis (N1). (F) Western blot was performed to detect
the reversal effect of AIFM2 overexpression following PDHA1 knockdown in AnoR PCa cell lines. (G) The
cell viability of PDHA1 knockdown and AIFM2-overexpressing PCa cells after 24 h of Era (5 uM) and Era (5
uM) with Ferr-1 (5 uM) was detected by CCK-8 assay in AnoR PC-3 cells. (HYMMP in AnoR PC-3 cells was
assessed by JC-1 staining. (I) The levels of lipid ROS measured with C11-BODIPY 581/591 probe.
Scale bars, 10 pm. (J) Intracellular ROS in each group were detected by flow cytometry using DCFH-DA
staining and the corresponding bar graph of active oxygen levels. Data are presented as representative

images or as the mean + SD of three independent experiments. *P < 0.05; ***P < 0.001; ****P < (0.0001.
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Fig. 4. AIFM2 rescues progression of PDHA1 knockdown AnoR PCa cells




(A-B) Transwell analysis of the migratory and invasive capacities of stably transfected AnoR PC-
3 cells. Scale bars, 50 um. (C-D) Transwell analysis of the migratory and invasive capacities of
stably transfected AnoR 22Rv1 cells. Scale bars, 50 pm. (E-F) Wound healing assay of metastasis
capacity of stably transfected AnoR PC-3 cells. Scale bars, 100 um. (G-H) Wound healing assay of
metastasis capacity of stably transfected AnoR 22Rv1 cells. Scale bars, 100 um. (I-J) Representative
bioluminescence images of metastatic lung colonization in nude mice injected with the
corresponding cells via the tail vein (I) and Kaplan-Meier survival curves of metastasis assays in
nude mice (J). Data are presented as representative images or as the mean + SD of three

independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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histone acetylation

(A) Representative confocal images of PDHAL in AnoR and parental (P) cells (blue, DAPI;
green, PDHAL; red, MitoTracker). Scale bars,10 um. (B) Western blot of PDHAL expression in
the nuclear and cytoplasmic fractions of AnoR cells and parental (P) cells (C) Western blot for
the detection of expression levels of H3K9Ac in PDHAL overexpression and knockdown AnoR
PC-3 and 22Rv1 cells. (D) Western blot of H3K9Ac expression in parental(P) and AnoR PCa
cells. (E) Representative confocal images of shPDHA1 AnoR PCa cells infected with NLS-
PDHAL alone (blue, DAPI; green, PDHAL). Scale bars, 10 um. (F) Western blot analysis of PDHA1
expression in the nuclear and cytoplasmic compartments of AnoR PCa cells with or without NLS-PDHA1
infection. (G) Western blot analysis of indicated proteins in shPDHA1 AnoR PC-3 and 22Rv1
cellsnfected with or without NLS-PDHAL1 infection. (H) Chromatin immunoprecipitation of the
binding of H3K9Ac at the promoter of AIFM2. Data are presented as representative images or as

the mean = SD of three independent experiments. ns, not significant.
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Fig. 6 PDHAT1 upregulates AIFM2 expression by promoting transcriptional activation of PPARA



(A) Volcano plot of differentially expressed genes (DEGs) in the GSE100629 dataset. Venn diagram
illustrating the overlap between upregulated genes in the GSE100629 dataset and ferroptosis-
suppressing genes in the FerrDb V2 database. (B) qRT-PCR analysis of 13 genes that were
upregulated in AnoR cells and shown to repress ferroptosis in AnoR PC-3 cells following PDHA1
overexpression. (C) Chromatin immunoprecipitation analysis showing H3K9Ac enrichment at the
promoter region of PPARA. (D) Western blot analysis of PPARA expression in shPDHA1 AnoR
PCa cells with or without NLS-PDHAT1 infection. (E) Immunohistochemistry (IHC) of PDHAI
expression and relative average optical densities in PCa tissues with negative (NO) and positive for lymph
node metastasis (N1). Scale bars, 50 um. (F) Predicted transcription factor binding site maps showing
four corresponding mutation sites within the PPARA and AIFM2 promoters. (G) Luciferase activity
of wt AIFM2 promoter after transfection of PPARA-overexpressing plasmid in AnoR PC-3 cells.
(H) Luciferase reporter assay showing the activity of the wt AIFM2 promoter after transfection
with a PPARA-overexpressing plasmid in AnoR PC-3 cells. (I) Western blot of indicated protein
level. (J) Western blot of AIFM2 protein level in experimental group, and luciferase reporter assay
showing AIFM2 promoter activity in AnoR PC-3 cells. Data are expressed as representative images

or as the mean £ SD of three independent experiments. *P < 0.05; **P < 0.01; ns, not significant.
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Fig.7 PDHAL is highly expressed in ano@sy\(stance prostate cancer cells. Increased entry of PDHAT1 into
the nucleus of anoikis resistan %&s an elevation of H3K9Ac level, which in turn induces the
expression of PPARA thatQ’motes the expression of AIFM2 through transcriptional activation,

thereby inhibiting ferroptgis to promote metastasis.



