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Abstract: Tumor cells in hypoxic environments generate large amounts of reactive oxygen species (ROS), and lipid 
droplets (LDs) play an essential role in maintaining redox homeostasis under these harsh conditions. The aryl 
hydrocarbon receptor (AhR) is a member of the basic helix-loop-helix (bHLH) transcription factor superfamily that 
is closely associated with malignant tumor phenotypes. AhR has been shown to drive prostate cancer (PCa) cell 
growth, but the specific mechanistic basis for this effect remains unclear. In this study, we used a hypoxia-induced 
PC-3M cell model to explore the molecular pathways through which AhR promotes PCa progression. Significant LD 
accumulation was observed in hypoxia-induced PC-3M cells, and AhR knockdown inhibited LD formation, support-
ing a potential role for AhR in this process. AhR-dependent LD formation enhanced the ability of PC-3M cells to adapt 
to oxidative stress, as evidenced by reduced ROS production and a decreased NADP/NADPH ratio. AhR-dependent 
LD formation also alleviated mitochondrial dysfunction, as evidenced by increased membrane potential, reduced 
cell apoptosis, and decreased levels of active caspase-3. Treatment with the LD inhibitor PF-06424439 reversed 
these protective effects, as did DGAT2 knockdown. Mechanistically, AhR was found to activate the PI3K/AKT path-
way through RAB3D, thereby promoting LD formation. Co-immunoprecipitation (Co-IP) experiments demonstrated 
that CYLD inhibits AhR activity by eliminating the K63-linked ubiquitination of AhR. In summary, under hypoxic 
conditions, these results indicate that AhR protects PCa cells from ROS-associated toxicity through the induction of 
LD formation.
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Introduction

Prostate cancer (PCa) continues to pose a seri-
ous threat to male health throughout the globe, 
with the highest cumulative incidence among 
all male malignancies [1]. As PCa is a hormone-
dependent cancer, androgen deprivation thera-
py has long been used as the first-line approach 
for its treatment [2]. Although significant prog-
ress has been made in diagnosing and treating 
PCa over the past decade, the incidence of PCa 
continues to rise due to various factors [3]. 
Conventional treatment methods can only facil-
itate disease control for a limited duration, and 
many patients will subsequently develop refrac-
tory androgen-independent PCa [4, 5]. At pres-
ent, the mechanism by which PCa cells acquire 
the ability to grow and invade in the absence of 

hormone stimulation remains incompletely 
understood, underscoring the need for system-
atic analyses of PCa pathogenesis and the 
identification of novel therapeutic targets.

Tumor cells exhibit a remarkable ability to ad- 
apt to adverse environmental conditions. Solid 
tumor cell exposure to hypoxic microenviron-
ments can trigger the generation of large quan-
tities of reactive oxygen species (ROS) [6]. 
Prolonged exposure to high levels of ROS, in 
turn, may induce oxidative stress-dependent 
cell death [7]. Lipid droplets (LDs) are essential 
organelles for lipid storage, but LD accumula-
tion in non-adipose cells is a recognized marker 
of carcinogenesis [8]. Notably, LDs can protect 
tumor cells from oxidative stress-induced dam-
age in hypoxic microenvironments [9].
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The aryl hydrocarbon receptor (AhR) is a mem-
ber of the basic helix-loop-helix (bHLH) tran-
scription factor superfamily [10]. AhR expres-
sion is upregulated in most tumor cells and is 
closely associated with tumor proliferation, 
invasion, metastasis, and immune evasion 
[11], with specific evidence for the ability of AhR 
to promote PCa cell proliferation [12]. AhR has 
also been reported to facilitate the accumula-
tion of LDs in various cell types [13, 14]. In PCa, 
more LDs are detectable in cancerous tissues 
as compared to normal tissues [15]. Based on 
these observations, we hypothesized whether 
AhR influenced the progression of PCa through 
LDs.

CYLD lysine 63 deubiquitinase (CYLD), a mem-
ber of the USP family, is a deubiquitinating 
enzyme that specifically removes K63-linked 
ubiquitin chains from target proteins [16]. AhR 
can undergo K63 ubiquitination that activates 
the AhR signaling pathway [17]. CYLD deficien-
cy has also previously been shown to stimulate 
PCa cell proliferation and survival [18]. This 
suggests that lower levels of CYLD expression 
may, at least in part, maintain the K63 ubiquiti-
nation of AhR, thereby activating the AhR path-
way and promoting PCa progression.

To test these hypotheses in the present study, 
we employed PC-3M cells, which are a human 
androgen receptor-negative and androgen-
independent PCa cell line. By modulating AhR 
expression in hypoxia-induced PC-3M cells, we 
sought to delineate the molecular mechanism 
by which AhR promotes PCa progression.

Materials and methods

Cell culture and hypoxic treatment

The hormone-insensitive human PC-3M cell 
line (iCell Bioscience Inc., Shanghai, China) was 
cultured in RPMI-1640 medium (Solarbio 
Science & Technology, Co., Ltd., Beijing, China) 
supplemented with 10% fetal calf serum 
(Tianhang, Hangzhou, China). For experiments 
under hypoxic conditions, PC-3M cells were 
incubated in a hypoxic chamber maintained at 
1% O2 and 5% CO2 at 37°C for 48 h.

Cell transfection and treatment

AhR or CYLD overexpression constructs (oe-
AhR or oe-CYLD) and corresponding control 
(oe-NC) were cloned and inserted into the 
pcDNA3.1 vector. AhR interference sequences 

(sh-AhR#1, sh-AhR#2) and RAB3D interference 
sequence (shRAB3D) were synthesized and 
cloned into the pRNA-H1.1 vector. A scrambled 
shRNA served as the negative control. For 
transfection, cells were seeded into 6-well 
plates for 24 h. Transfection was performed 
using Lipofectamine 3000 (Invitrogen, Carls- 
bad, CA, USA). To inhibit LD formation, PC-3M 
cells were treated with 10 μM PF-06424439 
(MedChemExpres, Shanghai, China) for 48 h. 
To suppress PI3K/AKT pathway activity, PC-3M 
cells were treated with 10 μM LY294002 
(Macklin, Shanghai, China) for 48 h.

Oil red O staining

The culture medium of treated PC-3M cells was 
removed, and cells were washed twice in PBS. 
Next, cells were fixed with ORO solution for 20 
min before staining. The cells were incubated in 
60% isopropanol for 20 s, and then incubated 
in oil red O staining solution for 10 min. Finally, 
the cells were washed twice and photographed. 
Oil red O was then extracted with isopropanol 
for 10 min, and the absorbance of the extract-
ed solution was detected at 490 nm.

RNA isolation and real-time PCR analysis

Total RNA from PC-3M cells was extracted 
using the TRIpure reagent (BioTeke Bio., Beijing, 
China). Reverse transcription was conducted 
with the All-in-One First-Strand SuperMix kit 
(Magen, Guangzhou, China) using 1 μg of RNA. 
Real-time quantitative PCR was performed  
with the SYBR Green mix (Solarbio Science & 
Technology, Co., Ltd., Beijing, China) on a real-
time PCR system (aperbio, Suzhou, China). The 
thermocycler protocol consisted of an initial 
pre-denaturation step at 95°C for 5 min, fol-
lowed by 40 cycles of 95°C for 10 s, 60°C for 
10 s, and 72°C for 15 s. 2-ΔΔCt method was used 
to quantify the related level of gene expression. 
Primers were as follows: AhR (forward, 5’-AAAA- 
GAAAGGGAAAGATGG-3’, reverse, 5’-TATGGGAC- 
TCGGCACAA-3’), RAB3D (forward, 5’-CTACCGCA- 
CCATCACCA-3’, reverse, 5’-CCTCAGCAGGCACAA- 
CA-3’), CYLD (forward, 5’-TTGCAGAGGCACCATC- 
ATGT-3’, reverse, 5’-GTCCGGATCGTCGTAGCATT- 
3’), and β-actin (forward, 5’-TTGCCGACAGGAT- 
GCAGAAGGA-3’, reverse, 5’-AGGTGGACAGCGA- 
GGCCAGGAT-3’).

Western blotting (WB)

Equal amounts of protein were analyzed by 
SDS-PAGE and then transferred to the PVDF 
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membrane (Abcam, Cambridge, UK). Blots were 
then blocked for 1 h with blocking buffer 
(Beyotime Biotech Co., Ltd., Shanghai, China) at 
37°C, followed by incubation with primary anti-
bodies overnight at 4°C. Membranes were then 
washed with washing buffer (Beyotime Biotech 
Co., Ltd., Shanghai, China) three times and 
incubated at room temperuture for 60 min with 
diluted (1:5000) secondary HRP-labeled IgG 
(goat anti-mouse IgG, Cat. No. A0216, Beyotime 
Biotech Co., Ltd., Shanghai, China; goat anti-
rabbit IgG, A0208, Beyotime Biotech Co., Ltd., 
Shanghai, China). The primary antibodies we- 
re as follows: AhR (1:1000, Thermo Fisher 
Scientific Inc., Cat. No. MA1-513, Pittsburgh, 
PA, USA), DGAT2 (1:1000, ABclonal Biote- 
chnology Co., Ltd., Cat. No. A13891, Wuhan, 
China), p-PI3K (1:500, ABclonal Biotechnology 
Co., Ltd., Cat. No. AP0427), PI3K (1:500, 
ABclonal Biotechnology Co., Ltd., Cat. No. 
A4992), p-AKT (1:500, ABclonal Biotechnology 
Co., Ltd., Cat. No. AP0637), AKT (1:500, ABclon- 
al Biotechnology Co., Ltd., Cat. No. A22412), 
RAB3D (1:500, ABclonal Biotechnology Co., 
Ltd., Cat. No. A10390), CYLD (1:500, pro- 
teintech, Cat. No. 11110-1-AP), Histone H3 
(1:80000, ABclonal Biotechnology Co., Ltd., 
Cat. No. AC070), and β-actin (1:20000, 1:500, 
ABclonal Biotechnology Co., Ltd., Cat. No. 
AC038).

ROS analyses

ROS levels in PC-3M cells were measured using 
the fluorescent DCFH-DA probe (Biosharp Life 
Sciences, Hefei, China). Briefly, the treated-PC-
3M cells were exposed to 10 μM DCFH-DA for 
30 min in the dark. Then, cells were washed 
with serum-free cell culture medium and ana-
lyzed using a fluorescence microscope.

NADP+/NADPH quantificatio

PC-3M cell samples were prepared according 
to the manufacturer’s instructions for the 
NADP+/NADPH Quantification Kit (Biosharp Life 
Sciences, Hefei, China). Sample supernatants 
from PC-3M cells were collected and analyzed 
for NADP+ and NADPH. NADP+ and NADPH con-
tent were quantified at 450 nm using a micro-
plate reader.

Caspase-3 activity assay

PC-3M cells were collected and lysed with the 
Caspase-3 Activity Detection Kit (Solarbio 
Science & Technology, Co., Ltd., Beijing, China) 

as directed. Protein concentrations were detect- 
ed using the Bradford Protein Concentration 
Determination Kit (Biosharp Life Sciences, 
Hefei, China). Finally, the absorbance was mea-
sured using a plate reader at 405 nm, and the 
caspase-3 activity was calculated according to 
the absorbance.

JC-1 analysis

To evaluate mitochondrial membrane potential, 
PC-3M cells were collected and resuspended 
with culture medium, followed by incubation 
with JC-1 staining solution (Biosharp Life 
Sciences, Hefei, China) for 20 min at 37°C. 
Cells were then collected and washed twice 
with JC-1 staining buffer (Biosharp Life Sci- 
ences, Hefei, China). Finally, stained cells were 
analyzed by flow cytometry.

Apoptosis

Appropriately treated PC-3M cells were collect-
ed and stained with 5 μL of Annexin V-FITC and 
10 μL PI (Biosharp Life Sciences, Hefei, China). 
Flow cytometric analysis was performed with a 
FACS Calibur instrument (Agilent, USA).

Co-Immunoprecipitation (Co-IP)

Whole-cell extracts from treated PC-3M cells 
were lysed on ice using a lysis solution contain-
ing 1 mM PMSF. Cell supernatants were centri-
fuged (10,000×g, 5 min) at 4°C, and the protein 
therein was quantified using a BCA kit (Beyotime 
Biotech Co., Ltd., Shanghai, China). Antibodies 
were immobilized on AminoLink coupling resin. 
Then, cell supernatants were separately added 
to the corresponding resins, and the samples 
were shaken gently for 2 h at room tempera-
ture. Subsequently, the target protein-antibody 
complex was eluted and analyzed by Western 
blotting. The following antibodies were used for 
Co-IP: anti-AhR (1:1000, Thermo Fisher Sci- 
entific Inc., Cat. No. MA1-513, Pittsburgh, PA, 
USA), anti-CYLD (1:500, Proteintech, 11110-1-
AP, Wuhan, China), and anti-Ubi-k63 (1:1000, 
Abcam, Cat. No. ab179434, Cambridge, UK). 
Goat anti-mouse IgG (1:5000, Beyotime Bio- 
tech Co., Ltd., Cat. No. A0216, Shanghai, China) 
and goat anti-rabbit IgG (1:5000, Beyotime 
Biotech Co., Ltd., Cat. No. A0208, Shanghai, 
China).

Immunofluorescence (IF)

Each cell slide was fixed with 4% paraformalde-
hyde for 15 min and then gently washed three 
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times with PBS. The cells were then blocked 
with 0.1% TritonX-100 for 30 min and 1% BSA 
for 15 min. Next, cells were incubated with pri-
mary anti-AhR (1:100, Thermo Fisher Scientific 
Inc., Cat. No. MA1-513, Pittsburgh, PA, USA) 
overnight at 4°C, washed with PBS, and incu-
bated with an Alexa Fluor® 488-conjugated 
secondary antibody (1:200, Cell Signaling 
Technology, Cat. No. 4408, Danvers, MA, USA) 
for 1 h at room temperature. Finally, the cells 
were counterstained with DAPI (Aladdin Re- 
gents Co., Ltd., Shanghai, China), mounted on 
glass slides, and imaged using a fluorescence 
microscope (Olympus, Japan).

Data analysis

All experiments were carried out in triplicate to 
ensure reproducibility, and all data were ana-
lyzed with GraphPad Prism 9. Normality was 
assessed prior to statistical analysis. For nor-
mally distributed data, two-group comparisons 
were performed using unpaired t-tests, while 
Welch’s t-test was used when homogeneity of 
variance was not satisfied. One-way ANOVAs 
followed by Tukey’s post hoc test were used for 
comparisons among three groups. Data are 
presented as mean ± standard deviation for all 
groups. P < 0.05 was considered significant.

Results

AhR promotes LD accumulation in hypoxia-
induced PC-3M cells

As shown in Figure 1A, a significant increase in 
LD accumulation was evident in PC-3M cells 
under hypoxic conditions. Western blotting 
demonstrated that AhR was activated under 
hypoxic conditions, as evidenced by increased 
nuclear AhR expression (Figure 1B). To investi-
gate the potential involvement of AhR in this 
process, AhR was overexpressed (Figure 1C) 
and knocked down in PC-3M cells (Figure 1D). 
Strikingly, AhR overexpression promoted LD for-
mation in PC-3M cells under hypoxic condi-
tions, while AhR knockdown inhibited the accu-
mulation of LDs (Figure 1E). This indicates that 
AhR promotes the formation of LDs in PC-3M 
cells under hypoxic conditions.

AhR-dependent LD biogenesis promotes 
oxidative stress adaptation in PC-3M cells and 
alleviates mitochondrial dysfunction

A previous study has demonstrated the ability 
of AhR to promote PCa progression [12]. To test 

the potential involvement of LDs in this pro-
cess, we examined the effects of hypoxia on 
PC-3M cells, and then performed loss-of-func-
tion experiments by either treating AhR-over- 
expressing PC-3M cells with the LD inhibitor 
PF-06424439 or knocking down DGAT2 (a key 
triglyceride synthesis enzyme that directly 
blocks LD formation) with an shRNA construct 
(Figure 2A). DGAT2 knockdown efficiency was 
confirmed by Western blotting (Supplementary 
Figure 1A). Hypoxia induced ROS production in 
PC-3M cells (Figure 2B), whereas AhR overex-
pression significantly decreased ROS levels 
(Figure 2D) and the NADP/NADPH ratio (Figure 
2C), consistent with the alleviation of cellular 
oxidative damage. Notably, both PF-06424439 
treatment and DGAT2 knockdown reversed 
these effects, leading to increased ROS pro-
duction and elevated NADP/NADPH ratios 
(Figure 2C, 2D; Supplementary Figure 1B, 1C). 
These findings indicate that the inhibition of 
ROS generation and the enhancement of cellu-
lar antioxidant capacity by AhR under hypoxic 
conditions are strictly dependent on LD for- 
mation.

Moreover, we assessed mitochondrial trans-
membrane potential and apoptotic signaling 
activity in PC-3M cells. AhR overexpression 
reduced the number of JC-1 monomers (Figure 
2E), consistent with the alleviation of mitochon-
drial damage. Additionally, AhR overexpression 
inhibited apoptosis, as evidenced by a reduc-
tion in apoptotic cells (Figure 2F) and a de- 
crease in active caspase-3 levels (Figure 2G). 
Importantly, the protective effects of AhR on 
mitochondrial function and apoptosis were 
effectively reversed following either PF- 
06424439 treatment or DGAT2 knockdown 
(Figure 2E-G; Supplementary Figure 1D-F). 
Collectively, these pharmacological inhibition 
and genetic knockdown results demonstrate 
that AhR alleviates mitochondrial dysfunction 
and apoptosis in PC-3M cells under hypoxic 
conditions by promoting the formation of LDs.

AhR promotes LD formation via PI3K/AKT 
pathway activation

Next, we investigated the mechanism by which 
AhR regulates the formation of LDs. Hypoxia 
induced an increase in the phosphorylation lev-
els of PI3K (p-PI3K) and AKT (p-AKT) in cells, 
consistent with PI3K/AKT signaling pathway 
activation (Supplementary Figure 2A, 2B). 
p-PI3K and p-AKT levels were further elevated 
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Figure 1. AhR promotes lipid droplet (LD) accumulation in hypoxia-induced PC-3M cells. (A) PC-3M cells were maintained under normoxic or hypoxic conditions for 
48 h, and Oil red O staining was performed. Representative images of LDs in PC-3M cells were then captured with corresponding quantification. Student’s t-test, 
***P < 0.001, Hypoxia vs. Normoxia. n = 3, Scale bar, 50 μm, 400×. (B) Nuclear AhR expression was increased in hypoxia-induced PC-3M cells. *P < 0.05, Hypoxia 
vs. Normoxia. n = 3. (C, D) AhR was overexpressed (C) or knocked down (D) in PC-3M cells, after which AhR expression was analyzed by Real-time PCR and western 
blotting. One-way ANOVA, ***P < 0.001, AhR vs. Control, shAhR-1/shAhR-2 vs. shNC. n = 3. (E) Oil red O staining was used to detect the effect of AhR overexpres-
sion or knockdown on LD formation in PC-3M cells under hypoxic conditions. Scale bar, 50 μm, 400×. Student’s t-test, **P < 0.01, AhR vs. Control; One-way ANOVA, 
***P < 0.001, shAhR-1/shAhR-2 vs. shNC. n = 3, Scale bar, 50 μm, 400×.
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following AhR overexpression in hypoxia-
induced PC-3M cells (Figure 3A), while they 
were reduced after AhR knockdown (Figure 
3B). LD formation after AhR overexpression 
was inhibited by LY294002 (a PI3K inhibitor) in 
hypoxia-induced PC-3M cells (Figure 3C), and 
the expression of active caspase-3 was also 
increased upon inhibitor treatment (Figure 3D). 
These results demonstrate that AhR promotes 

LD formation via the PI3K/AKT pathway, there-
by suppressing the apoptotic death of hypoxia-
induced PC-3M cells.

AhR activates the PI3K/AKT pathway through 
RAB3D

AhR has previously been shown to upregulate 
RAB3D, which in turn promotes PCa progres-

Figure 2. AhR-dependent LD generation promotes oxidative stress adaptation in PC-3M cells and alleviates mi-
tochondrial dysfunction. (A, B) After incubation under normoxic or hypoxic conditions for 48 h, intracellular ROS 
were measured using the DCFH-DA fluorescent probe (B). Scale bar, 100 μm, 200×. At 24 h post-transfection, 
PC-3M cells were treated with 10 μM PF-06424439 under hypoxic conditions for 48 h, followed by downstream 
experimental use. (C) NADP+/NADPH ratio analysis in PC-3M cells. One-way ANOVA, ***P < 0.001, AhR vs. Control, 
AhR+PF-06424439 vs. AhR. n = 3. (D) DCFH-DA-based analysis of ROS levels in PC-3M cells. n = 3. Scale bar, 100 
μm, 200×. (E) Treated-PC-3M cells were stained with the JC-1 probe and then analyzed by flow cytometry. One-way 
ANOVA, *P < 0.05, AhR vs. Control; ***P < 0.001, AhR+PF-06424439 vs. AhR. n = 3. (F) Flow cytometry-based 
analysis of PC-3M cell apoptosis with corresponding quantification. One-way ANOVA, *P < 0.05, AhR vs. Control; 
***P < 0.001, AhR+PF-06424439 vs. AhR. n = 3. (G) Caspase 3 levels in PC-3M cells. One-way ANOVA, *P < 0.05, 
AhR vs. Control; ***P < 0.001, AhR+PF-06424439 vs. AhR. n = 3.
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sion by activating the PI3K/AKT pathway [19]. 
In the present study, we sought to investigate 
whether RAB3D was involved in the activation 
of the PI3K/AKT pathway by AhR in hypoxia-
induced PC-3M cells. We successfully knocked 
down RAB3D in PC-3M cells (Figure 4A, 4B). In 
hypoxia-induced PC-3M cells, AhR overexpres-
sion promoted the expression of RAB3D, and 
this process was reversed by RAB3D knock-
down (Figure 4C). As expected, in hypoxia-
induced PC-3M cells, the overexpression of 
AhR increased the levels of p-PI3K and p-AKT 
(Figure 4D), whereas RAB3D knockdown inhib-
ited the expression of p-PI3K and p-AKT (Figure 
4E). These findings indicated that under hypox-
ic conditions, AhR still activated the PI3K/AKT 
pathway through RAB3D. Additionally, RAB3D 
knockdown inhibited the formation of LDs  
in hypoxia-induced PC-3M cells (Figure 4F). 
Knocking down RAB3D increased apoptosis in 
PC-3M cells, as evidenced by elevated levels of 

cleaved caspase-3 (Figure 4G). Therefore, AhR 
promotes LD formation and inhibits cellular 
apoptosis through a mechanism at least par-
tially mediated by RAB3D.

CYLD blocks the K63 ubiquitination of AhR, 
thereby reducing its activity

Lastly, the mechanisms governing AhR regula-
tion were analyzed at length. CYLD is a deubiq-
uitinating enzyme that removes K63-linked 
ubiquitin chains [16]. Online database analyses 
suggested a potential binding interaction be- 
tween CYLD and AhR [20]. To test the ability of 
CYLD to mediate deubiquitination of AhR, we 
therefore constructed a CYLD overexpression 
vector and successfully overexpressed CYLD in 
PC-3M cells (Figure 5A). Under hypoxic condi-
tions, CYLD overexpression inhibited the nucle-
ar expression of AhR, suggesting that CYLD 
suppressed AhR activation (Figure 5B). Co-IP 
assays verified the interaction between CYLD 

Figure 3. AhR promotes LD formation via PI3K/AKT pathway activation. (A, B) p-PI3K and p-AKT protein levels in 
PC-3M cells after AhR overexpression (A) or knockdown (B). Student’s t-test, *P < 0.05, AhR vs. Control; One-way 
ANOVA, ***P < 0.001, shAhR-1 or shAhR-2 vs. shNC. n = 3. (C) LD formation was measured after AhR overexpres-
sion and LY294002 treatment. Scale bar, 50 μm, 400×. One-way ANOVA, **P < 0.01, AhR vs. Control; **P < 0.01, 
AhR+LY294002 vs. AhR. n = 3. (D) Caspase 3 content in PC-3M cells. One-way ANOVA, **P < 0.01, AhR vs. Control; 
***P < 0.001, AhR+LY294002 vs. AhR. n = 3.
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and AhR (Figure 5C), and CYLD reduced the 
extent of the K63-linked ubiquitination of AhR 
(Figure 5D). CYLD overexpression also sup-
pressed LD formation (Figure 5E) and increa- 
sed active caspase-3 levels in hypoxia-induced 
PC-3M cells (Figure 5F). Collectively, these 
results indicated that CYLD inhibits the activa-
tion of AhR by removing its K63-linked ubiquiti-
nation (Figure 5G), thereby inhibiting LD forma-
tion and promoting apoptotic cell death.

Discussion

In this study, we report a novel role for hypoxia-
induced LD accumulation in the AhR-mediated 
promotion of PCa progression. We found that, 
under hypoxic conditions, LD storage was cru-
cial for AhR to alleviate oxidative damage and 
mitochondrial dysfunction in PC-3M cells. This 

may represent a mechanism by which PCa cells 
maintain their cancerous properties even in the 
absence of hormonal stimulation.

Hypoxia is a common characteristic of solid 
tumors, leading to numerous transcriptional 
and post-translational changes that sustain 
tumor survival [21, 22], with these changes 
playing a particularly important role in PCa [23]. 
Tumor microenvironmental factors such as 
hypoxia stimulate cancer cells to produce large 
amounts of ROS [24]. However, prolonged expo-
sure to high levels of ROS may induce oxidative 
stress, exacerbating tumor cell damage [25]. 
LDs play a crucial role in the intratumoral oxida-
tive stress response. They promote tumorigen-
esis through the storage, transport, and distri-
bution of fatty acids and lipids [26]. By buffering 
oxidative stress, LDs facilitate cellular redox 

Figure 4. AhR activates the PI3K/AKT pathway through RAB3D. (A, B) RAB3D was knocked down in PC-3M cells, and 
the expression of AhR was analyzed by Real-time PCR (A) and Western blotting (B). One-way ANOVA, ***P < 0.001, 
shRAB3D vs. shNC. n = 3. (C) RAB3D was knocked down in AhR-overexpressing PC-3M cells, and the expression of 
AhR and RAB3D at the mRNA level was measured. One-way ANOVA, ***P < 0.001, AhR vs. Control, shRAB3D vs. 
shNC. n = 3. (D, E) Analyses of p-PI3K (D) and p-AKT (E) protein levels in PC-3M cells after AhR was overexpressed 
and RAB3D was knocked down. One-way ANOVA, **P < 0.01, ***P < 0.001, AhR vs. Control, shRAB3D vs. shNC. n 
= 3. (F) Measurement of LD formation after AhR overexpression and RAB3D knockdown. Scale bar, 50 μm, 400×. 
One-way ANOVA, ***P < 0.001, AhR vs. Control; **P < 0.01, shRAB3D vs. shNC. n = 3. (G) Caspase 3 content in 
PC-3M cells. One-way ANOVA, **P < 0.01, AhR vs. Control; *P < 0.05, shRAB3D vs. shNC. n = 3.
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homeostasis, which is essential for the surviv-
al, growth, and proliferation of cancer cells 
[26]. Studies have shown that hypoxic environ-
ments induce LD accumulation in tumor cells 
[27], consistent with the present results. We 
further found that the hypoxia-induced LD 
accumulation in PC-3M cells is dependent on 
the expression of AhR. Ohashi et al. previously 
demonstrated that AhR promotes hepatic LD 
accumulation [13], while Wang et al. reported 
that AhR enhances LD biogenesis in bronchio-

lar exocrine cells [14]. However, the mechanism 
by which AhR induces LD accumulation in 
PC-3M cells under hypoxic conditions has not 
previously been clarified. Activation of the 
PI3K/AKT pathway has also been shown to pro-
mote intracellular LD accumulation [28]. Res- 
earch by Xie et al. revealed the activation of the 
PI3K/AKT pathway under hypoxic conditions 
[29], in line with our findings. We therefore 
hypothesized that AhR may promote LD for- 
mation by activating the PI3K/AKT pathway. 

Figure 5. CYLD reduces AhR activity by blocking its K63 ubiquitination. A. Confirmation of CYLD overexpression in 
PC-3M cells at the mRNA and protein levels. Student’s t-test, **P < 0.01, ***P < 0.001, CYLD vs. Control. B. The 
distribution of AhR in CYLD overexpressed-PC-3M cells as detected by immunofluorescence. Scale bar, 50 μm, 
400×. C. Co-IP analysis of the interaction between AhR and CYLD. D. Analysis of AhR K63-linked ubiquitination lev-
els in CYLD-overexpressing PC-3M cells. E. Analysis of LD formation after CYLD overexpression. Scale bar, 50 μm, 
400×. Student’s t-test, **P < 0.01, AhR+CYLD vs. AhR. F. Caspase 3 content in PC-3M cells after CYLD overexpres-
sion. Student’s t-test, *P < 0.05, AhR+CYLD vs. AhR. G. CYLD inhibited the activation of AhR by suppressing the 
K63-linked ubiquitination of AhR. Student’s t-test, **P < 0.01, AhR vs. Control.
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Consistently, we found that treatment with 
LY294002 inhibited AhR-induced LD accumula-
tion under hypoxic conditions, confirming that 
AhR can promote LDs formation by activating 
the PI3K/AKT pathway in a hypoxic environ-
ment. In a previous study, we demonstrated 
that RAB3D is upregulated by AhR and pro-
motes the progression of PCa by activating the 
PI3K/AKT pathway [19]. Here, we further con-
firmed that this process also takes place in 
PC-3M cells under hypoxic treatment condi-
tions. In summary, we found that in hypoxia-
induced PC-3M cells, AhR triggers RAB3D 
upregulation, in turn promoting the activation 
of the PI3K/AKT pathway and facilitating LD 
formation.

Under hypoxic conditions, mitochondrial ROS 
levels are significantly elevated, exacerbating 
cellular oxidative damage and mitochondrial 
dysfunction [25]. Abreu et al. demonstrated 
that hypoxia induces a substantial increase in 
ROS levels in tumor cells [30], and these ROS 
can further aggravate mitochondrial damage in 
tumor cells [31], consistent with the phenome-
na observed in our study. However, we found 
that AhR overexpression effectively alleviated 
hypoxia-induced damage, as evidenced by 
reduced ROS levels and a decreased NADH/
NADPH ratio. Moreover, AhR overexpression 
restored mitochondrial membrane potential 
and reduced apoptotic cell death. LDs have 
been reported to protect glioma and breast 
cancer cells from ROS-associated toxicity 
under hypoxic conditions [32]. The formation of 
LDs in gastric cancer cells also reportedly miti-
gates the occurrence of oxidative stress [33], 
and Oyer et al. found that LDs can sequester 
toxic levels of ROS in PCa cells, preserving 
redox homeostasis and sustaining proliferation 
[34]. In line with these findings, we noted that 
AhR overexpression alleviated hypoxia-induced 
oxidative damage and mitochondrial dysfunc-
tion in PC-3M cells, while this effect was abro-
gated following treatment with an LD inhibitor. 
LDs can form lipid droplet-mitochondria con-
tact sites, thereby trapping excess ROS pro-
duced by mitochondria and preventing their dif-
fusion into the cytoplasm to induce oxidative 
damage [35]. Additionally, intermediate prod-
ucts of LD metabolism generate NADPH 
through enzyme-catalyzed processes, provid-
ing reducing power for the synthesis of antioxi-
dant molecules and enhancing cellular capacity 
for ROS scavenging [33]. These factors may col-

lectively explain how AhR promotes LD forma-
tion to alleviate oxidative damage and mito-
chondrial dysfunction in PC-3M cells under 
hypoxic conditions.

The mechanisms governing AhR regulation 
were also explored at length. While prior reports 
have documented several regulatory process-
es, the K63 ubiquitination of AhR has been 
established as an activating modification [17]. 
CYLD is a deubiquitinating enzyme that specifi-
cally removes K63-linked ubiquitin chains [36], 
and CYLD deficiency has been reported to pro-
mote the proliferation and survival of PCa cells, 
as well as tumor growth [18]. This raised the 
possibility that CYLD may affect the progres-
sion of PCa by regulating the extent of AhR K63 
ubiquitination. Consistent with this hypothesis, 
we observed an interaction between CYLD and 
AhR, and found that CYLD inhibited both the 
level of K63 ubiquitination of AhR as well as the 
nuclear translocation of AhR. This confirmed 
the ability of CYLD to suppress AhR activity.

In summary, we specifically determined that 
AhR protects PCa cells from the toxic damage 
caused by ROS under hypoxic conditions by 
promoting the formation of LDs.
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Supplementary Figure 1. PI3K/AKT pathway activation is evident in hypoxia-induced PC-3M cells. A. DGAT2 was 
knocked down in PC-3M cells. One-way ANOVA, ***P < 0.001, shDGAT2 vs. shNC. B. ROS levels were detected 
with DCFH-DA in PC-3M cells. n = 3. Scale bar, 100 μm, magnification 200×. C. NADP+/NADPH ratio in PC-3M cells. 
Student’s t-test, **P < 0.01, shDGAT2 vs. shNC. n = 3. D. PC-3M cells were stained with the JC-1 probe and then 
analyzed by flow cytometry. Student’s t-test, **P < 0.01, shDGAT2 vs. shNC. n = 3. E. Caspase 3 content in PC-3M 
cells. Student’s t-test, **P < 0.01, shDGAT2 vs. shNC. n = 3. F. Apoptosis in PC-3M cells was analyzed by flow cytom-
etry with corresponding quantification. Student’s t-test, *P < 0.05, shDGAT2 vs. shNC. n = 3.

Supplementary Figure 2. The PI3K/AKT pathway was activated in hypoxia-induced PC-3M cells. (A, B) PC-3M cells 
were exposed to hypoxia for 48 h, and the cells were then lysed for western blotting. Phosphorylated forms of PI3K 
(p-PI3K) (A) and AKT (p-AKT) (B) were detected and normalized to total PI3K and AKT. Student’s t-test, **P < 0.01, 
Hypoxia vs. Normoxia. n = 3.


