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Abstract 

Background Progression to castration resistance is the leading cause of death in prostate cancer patients. Long non-
coding RNAs (lncRNAs) have recently become a focal point in the regulation of cancer development. However, few 
lncRNAs associated with castration-resistant prostate cancer (CRPC) have been reported.

Methods Firstly, we explore the CRPC associated lncRNAs by RNA sequencing and validated using quantitative 
polymerase chain reaction (qRT-PCR) and RNA fluorescence in situ hybridization (RNA-FISH). The clinical significance 
of FLJ was evaluated in a collected cancer cohort. Functional loss assays were performed to assess the effects of FLJ 
on CRPC cells both in vitro and in vivo. The regulatory mechanism of FLJ was investigated using immunohistochemis-
try (IHC), qRT-PCR, dual-luciferase reporter assays, and chromatin immunoprecipitation (ChIP) assays.

Results FLJ is highly expressed in CRPC and is associated with higher stages and Gleason scores in prostate cancer. 
FLJ is strongly positively correlated with androgen receptor (AR), which acts as a transcription factor and directly 
binds to the FLJ promoter region to enhance its transcription. Knockdown of FLJ inhibits CRPC cell proliferation 
and increases sensitivity to castration and enzalutamide (ENZA) in vitro. Mechanistically, FLJ promotes castration 
resistance in prostate cancer cells by inhibiting AR nuclear import and cytoplasmic protein degradation, thereby 
activating the androgen-independent AR signaling pathway. Importantly, in vivo experiments showed that FLJ knock-
down inhibited tumor growth and enhanced the therapeutic effect of ENZA.

Conclusions This study identifies a novel regulatory mechanism by which lncRNA FLJ promotes CRPC progression. 
Sustained AR activation in CRPC acts as a transcription factor to upregulate FLJ expression. FLJ circumvents the tradi-
tional androgen-dependent survival mechanism by inhibiting AR nuclear entry and cytoplasmic protein degradation, 
thereby activating the AR signaling pathway. Targeting the FLJ-AR signaling axis may represent a novel therapeutic 
strategy for patients with castration-resistant prostate cancer.
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Introduction
Prostate cancer (PCa) is the second most common cancer 
among men worldwide and the fifth leading cause of can-
cer death [1]. Statistics indicate that 13 out of every 100 
men are diagnosed with PCa during their lifetime [2]. The 
development and progression of PCa are closely related 
to androgens. Endocrine therapy targeting the inhibi-
tion of androgens or androgen receptors (AR), known as 
androgen deprivation therapy (ADT), is the most effec-
tive treatment for early PCa [3–5]. However, the majority 
of cases become resistant to treatment within 1–2 years, 
progressing to castration-resistant prostate cancer 
(CRPC) [6, 7].

The primary mechanism of CRPC is believed to be 
the sustained activation of AR. Enzalutamide (ENZA) is 
a first-line treatment for CRPC, but resistance—either 
congenital or acquired—often develops, leading to tumor 
recurrence, metastasis, and ultimately patient death. This 
resistance is closely associated with abnormal reactiva-
tion of AR [8, 9]. As CRPC is almost inevitable, there is 
an urgent need to study the cellular pathways and molec-
ular mechanisms that enable tumors to evade ADT and 
develop resistance, particularly the abnormal reactivation 
of AR in CRPC.

Non-coding RNAs, especially long non-coding RNAs 
(lncRNAs), exhibit high tissue and tumor specificity, 
playing unique regulatory roles in various cancers and 
emerging as candidate molecules for novel biomark-
ers [10]. However, the potential application of lncRNAs 
in prostate cancer has not been fully explored. Basic 
research has confirmed the regulatory crosstalk between 
lncRNAs and AR [11, 12]. Yet, whether lncRNAs are 
involved in the sustained activation of the AR signaling 
pathway in CRPC and the progression of ENZA resist-
ance, along with the specific regulatory mechanisms, 
remains unclear.

Autophagy is a highly conserved physiological catabolic 
process [13]. Increasing evidence suggests that autophagy 
plays a crucial role in resistance to targeted therapy in 
various cancers, and inhibiting autophagy can resensitize 
resistant cells to treatment [14, 15]. However, due to its 
dual role, identifying patients who might benefit most 
from this approach presents challenges and opportuni-
ties, complicating the development of novel inhibitors 
and clinical trial strategies targeting autophagy. Investi-
gating the molecular network regulating autophagy in the 
tumor microenvironment to select alternative therapeu-
tic targets may offer an effective treatment strategy for 
advanced cancer.

In this study, we demonstrated that FLJ is highly 
expressed in CRPC and tissues of CRPC patients. Mech-
anistically, the sustained activation of AR in CRPC acts 
as a transcription factor to promote FLJ transcription. 

FLJ inhibits AR nuclear entry in the cytoplasm of CRPC, 
thereby preventing AR protein downregulation and acti-
vating the AR signaling pathway. Additionally, target-
ing FLJ can enhance AR-mediated autophagy-induced 
castration resistance, inhibit tumor growth in  vivo, and 
improve ENZA treatment sensitivity. In summary, our 
work elucidates the crucial role of FLJ in the progres-
sion of CRPC and proposes a new strategy for cancer 
treatment.

Materials and methods
Clinical samples
Six pathological tissue samples of prostate cancer, along 
with their matched adjacent tissues, were collected from 
patients who underwent surgery at the Department of 
Urology, First Affiliated Hospital of Chongqing Medical 
University, between 2021 and 2022. Additionally, patho-
logical tissue sections from paraffin blocks were obtained 
from the Clinical Pathology Diagnostic Center of the 
same hospital between 2017 and 2022, including 22 cases 
of benign prostatic hyperplasia and 50 cases of prostate 
cancer. Clinical and pathological parameters such as age, 
pathological stage, Gleason score, lymph node metasta-
sis, and distant metastasis were also documented. All tis-
sue samples were diagnosed by pathology experts, and 
informed consent was obtained from patients and their 
families, with ethical approval granted by the Ethics 
Committee of Chongqing Medical University.

Cell culture
Normal human prostate epithelial cells (RWPE-1), hor-
mone-sensitive prostate cancer cells (lncaP), castration-
resistant prostate cancer cells (22Rv1, C4-2, C4-2B), and 
AR-negative prostate cancer cells (PC3, DU145) were 
purchased from the American Type Culture Collection 
(ATCC). All cells were cultured in Roswell Park Memo-
rial Institute (RPMI)-1640 medium (Gibco, Shanghai, 
China), supplemented with 10% fetal bovine serum (FBS; 
Shanghai ExCell Biology, China) and 1% penicillin–strep-
tomycin. Cells were maintained in a humidified atmos-
phere with 5% CO2 at 37 °C.

qRT‑PCR and RNA sequencing
Total RNA was extracted utilizing the TRIzol reagent 
(Takara, Japan), and cDNA synthesis was performed with 
the PrimeScript RT Reagent Kit (Takara, Japan). Quanti-
tative real-time PCR was conducted using the SYBR Pre-
mix Ex Taq II kit (Takara, Japan). The primer sequences 
employed in qRT-PCR are detailed in Supplementary 
Table  1. RNA sequencing was conducted by SHBIO 
(Shanghai, China), and the data were analyzed using 
R software with the DEGseq package. The criteria for 
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identifying significant differences were set at a log2|fold 
change|≥ 1 and a P-value of < 0.05.

Bioinformatics analysis
FLJ expression in prostate cancer was analyzed using the 
TCGA database, which included 489 prostate cancer tis-
sue samples and 51 normal prostate tissue samples. FLJ 
expression across various cancers was analyzed using the 
Sangerbox biomedical data analysis platform, including 
495 prostate cancer tissue samples and 52 normal pros-
tate tissue samples. The microarray data used in this 
study were obtained from the Gene Expression Omnibus 
(GEO) datasets under accession numbers GSE28680.

RNA‑fluorescence in situ hybridization (FISH)
The distribution of lncRNA FLJ in BPH and PCa paraffin 
tissue sections was detected using a LncRNA FISH Probe 
Mix and Fluorescence in  situ Hybridization Kit (RIBO 
Bio, China). FISH was conducted according to the man-
ufacturer’s instructions. In brief, the sections were fixed 
with 4% polyformaldehyde for 15 min and then permea-
bilized using 0.5% Triton X‐100 for 30  min. Afterward, 
the sections were incubated overnight at 4  °C with the 
lncFLJ FISH Probe or a control probe, followed by the 
application of Cy3‐labeled anti‐rabbit IgG as the second-
ary antibody. The images were captured using a confocal 
microscope.

Plasmid construction and transfection
shRNAs specifically targeting lnc FLJ, AR, and control 
hairpins were cloned into the PGL3 vector, and cells were 
transfected with lentiviral constructs expressing either 
shRNA or shNC for 24 h. Transfected cells were selected 
with puromycin over a 2-week period to establish stable 
lines. The sequences of the effective shRNAs are listed 
in Table  S2, Supporting Information. Cells transfected 
with lentiviral vectors for AR overexpression or with 
control vectors were similarly selected with puromycin 
for 2 weeks following a 24-h transfection period. All len-
tiviruses were obtained from GENE CREATE (Wuhan, 
China).

Dual‑luciferase reporter assay and chromatin 
immunoprecipitation (ChIP) assay
In summary, HEK293T cells were seeded in a 96-well 
plate and co-transfected with either the lncFLJ pro-
moter vectors and pcDNA3.1 (+)-AR or a control vec-
tor. The pGL3-lncFLJ WT reporter or pGL3-lncFLJ 
MUT reporter was introduced into HEK293T cells using 
Lipofectamine 2000, with the Renilla luciferase reporter 
vector (PRL-TK vector) serving as a control. After 24  h 
of transfection, cell lysates were harvested, and the 
activities of Renilla and Firefly luciferase were measured 

using a dual-luciferase reporter assay system (Promega, 
USA). Chromatin immunoprecipitation (ChIP) assays 
were conducted using the ChIP Kit from Cell Signaling 
Technology (New York, USA) with AR and control IgG 
antibodies. The primer sequences for ChIP are listed in 
Supplementary Table 3.

Immunohistochemical (IHC) analysis
Paraffin-embedded tissue sections were dewaxed using 
xylene and then rehydrated through a graded series of 
alcohols. Endogenous peroxidase activity was inhibited 
with 3% H2O2, followed by microwave heating for anti-
gen retrieval. To prevent nonspecific binding, sections 
were blocked with 5% BSA at 37 °C for 1 h. The sections 
were then incubated overnight at 4 °C with primary anti-
bodies specific for Ki67, AR, or LC3B (1:1000 dilution, 
ABclonal, China). Afterward, the sections were treated 
with the appropriate secondary antibodies at 37  °C for 
1  h, followed by staining with diaminobenzidine and 
counterstaining with hematoxylin. Images were captured 
using an light microscope.

Western blot (WB) assay
Cell proteins were extracted and subjected to separa-
tion using 10% SDS-PAGE gels, followed by transfer 
onto 0.22 μm PVDF membranes (Millipore, USA). These 
membranes were then blocked with 5% skim milk pow-
der and incubated overnight at 4 °C with specific primary 
antibodies. Subsequently, the membranes were treated 
with the corresponding secondary antibodies, and pro-
tein bands were visualized using an ECL detection system 
(Bio-Rad, USA). β-Actin served as the loading control. 
The primary antibodies utilized in this study included 
the following: BAX (Abmart, 1:500), Caspase-3 (Abmart, 
1:500), BCL-2 (Abmart, 1:1000), ATG5 (Abmart, 1:1000), 
Beclin-1 (Abmart, 1:500), P62 (Abmart, 1:500), PI3K 
(CST, 1:500), P-PI3K (CST, 1:1000), AKT (CST, 1:500), 
P-AKT (CST, 1:500), mTOR (Abcam, 1:1000), P-mTOR 
(Abcam, 1:500), ATG4B (Abcam, 1:500), ATG4D 
(Abcam, 1:500), ULK1 (Abcam, 1:1000), ULK2(Abcam, 
1:1000), AR(ABclonal, 1:1000), KLK3(Abcam, 1:1000), 
FABP5(Abcam, 1:1000).

IC50 assay
Cells (5 ×  104/well) were seeded into a 96-well plate. After 
cell adhesion, 10 µL of various concentrations of ENZA 
(MCE, USA) were added to each well. The cells were 
cultured for 48 h, then washed twice with PBS. The cul-
ture medium was replaced, and 10 µL of CCK8 solution 
(Biosharp, China) was added to each well. The cells were 
incubated for an additional 2  h. Absorbance was then 
measured at 450  nm using an enzyme-linked immuno-
sorbent assay (ELISA) reader.
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Colony formation assay
Transfected cells were counted and then seeded at a 
density of 500 cells per 6 cm plate. After 1–2 weeks, the 
resulting cell colonies were washed with PBS, fixed in 
ethanol for 10  min, and stained with crystal violet for 
20  min. The colonies were subsequently imaged and 
counted.

Tumor xenograft model
22Rv1 cells (2.5 × 10⁷ cells) with or without lncFLJ 
knockdown were suspended in 200  μl PBS and injected 
subcutaneously into the flanks of 4–6-week-old nude 
male mice. After 30  days, the mice were sacrificed, and 
the tumors’ maximum (L) and minimum (W) lengths 
and weights were measured. Tumor volume was calcu-
lated using the formula ½  LW2. Hematoxylin and eosin 
(H&E) staining was conducted to evaluate tissue mor-
phology. The animal experiments were approved by the 
Animal Care and Use Committee of Chongqing Medical 
University.

Statistical analysis
Each experiment was conducted in triplicate, with data 
presented as the mean ± S.D. derived from three inde-
pendent trials and analyzed using GraphPad Prism soft-
ware (version 8.0). For the comparison of two groups, 
Student’s t-test or chi-square test was applied. Pearson’s 
correlation coefficient was used to assess the relationship 
between lncFLJ and AR expression levels. Statistical sig-
nificance was determined at P < 0.05.

Results
The novel LncRNA FLJ is highly expressed in CRPC 
and correlated with a poor prognosis in prostate cancer
To explore the effect of LncRNA on the malignancy 
of CRPC tumors, HSPC cells (lncaP) and CRPC cells 
(22Rv1) were selected for RNA-Seq screening to identify 
differentially expressed LncRNAs. The results showed 

that 1086 transcripts were upregulated and 1460 tran-
scripts were downregulated in CRPC (|log2FC|> 1, 
P < 0.01). After excluding transcripts with uneven expres-
sion levels, LncRNA-FLJ20021 was identified as the most 
significantly upregulated target in CRPC (Fig.  1A). This 
novel transcript, named FLJ, had not been previously 
explored. Similarly, analysis of the GEO dataset revealed 
that drug-responsive patients (responders) exhibited low 
levels of FLJ expression, whereas castration-resistant 
patients displayed the opposite expression pattern (Fig-
ure S1A). 489 PCa tissue samples and 51 normal prostate 
tissue samples from the TCGA database were analyzed. 
The results showed that FLJ was highly expressed in PCa 
(Fig.  1B). Next, FLJ expression in various cancer tissues 
was analyzed using Sangerbox, revealing that FLJ’s high 
expression in PCa is tissue-specific (Fig.  1C), indicating 
its potential as a molecular diagnostic or therapeutic tar-
get in PCa.

Furthermore, FLJ expression in PCa series cells was val-
idated through qRT-PCR, and the upregulated LncRNA 
FLJ was further confirmed in the CRPC cell line 22Rv1 
(Fig. 1D). Interestingly, it was found that FLJ was almost 
not expressed in AR-negative PCa cells PC3 and DU145, 
suggesting an association between FLJ and AR (Fig. 1D).

To further determine the clinical significance of FLJ in 
prostate cancer, FLJ expression was detected by RNA-
FISH in a cohort of 22 BPH and 50 PCa paraffin-embed-
ded tissue sections (Fig.  1E), and the average optical 
density of FLJ fluorescence images was quantified using 
ImageJ (Fig. 1F). The results showed that, compared with 
BPH, FLJ was highly expressed in both PCa-L and PCa-H 
groups, with higher expression in PCa-H than in PCa-L. 
Overall, FLJ expression in PCa was higher than in BPH 
(Fig. 1G). To account for tissue heterogeneity, RNA from 
6 PCa matched adjacent non-cancerous tissue samples 
was also collected, confirming high FLJ expression in PCa 
tissue (Fig.  1K). To investigate whether FLJ is involved 
in the progression of clinical PCa, the quantitative 

(See figure on next page.)
Fig. 1 The FLJ exhibits elevated expression levels in CRPC and is associated with a poor prognosis in prostate cancer. A The microarray volcano 
plot indicates the most significantly upregulated lncRNAs in 22Rv1. LncRNA-FLJ20021 (FLJ) is markedly upregulated in 22Rv1 (right panel). The red 
dots denote significantly upregulated lncRNAs in 22Rv1, whereas the blue dots represent significantly downregulated lncRNAs in LNCaP. Threshold: 
|logFC|> 2, in comparison to LNCaP, P < 0.05. B The TCGA database reveals the expression levels of FLJ in 51 normal prostate tissue samples and 489 
PCa tissue samples. C Sangerbox biomedical data analysis reveals FLJ expression across various cancers, encompassing 52 normal prostate 
tissue samples and 495 PCa tissue samples. D qRT-PCR compared FLJ expression in normal prostate epithelial cells (RWPE-1), benign prostatic 
hyperplasia cells (BPH-1), androgen-dependent (LNCaP) and androgen-independent (22Rv1, C4-2, C4-2B) PCa cell lines, as well as AR-negative 
(PC3, DU145) PCa cell lines. E Representative RNA-FISH images of FLJ in 22 BPH and 50 PCa paraffin-embedded tissue samples, with a scale 
bar of 250 μm. F The mean fluorescence intensity of the representative RNA-FISH images was quantified using ImageJ. G RNA-FISH results in 22 
BPH and 50 PCa paraffin-embedded tissue samples were quantified using ImageJ. H RNA-FISH results in 19 PCa paraffin-embedded tissue samples 
with pathological stages T1a-T2c and 31 samples with stages T3a-T4 were quantified using ImageJ. I RNA-FISH results in 15 PCa paraffin-embedded 
tissue samples with Gleason scores of 6–7 and 35 samples with scores of 8–10 were quantified using ImageJ. J Fluorescence images were scored 
based on mean fluorescence intensity (0–4 points) using ImageJ, and the proportion of scores was analyzed according to pathological stage (left) 
and Gleason score (right). K FLJ expression in 6 PCa tissues and their matched adjacent non-cancerous tissues was analyzed using qRT-PCR
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Fig. 1 (See legend on previous page.)
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RNA-FISH results were reclassified. The results showed 
that FLJ expression was higher in 31 tissues at patho-
logical stages 3a-4 compared to 19 tissues at stages 1a-2c 
(Fig. 1H). Similarly, FLJ expression was higher in 35 tis-
sues with Gleason scores of 8–10 compared to 15 tis-
sues with scores of 6–7 (Fig.  1I). Additionally, higher 
average fluorescence intensity scores were observed 
in groups with higher pathological stages and Gleason 
scores (Fig. 1J). Furthermore, our analysis of TCGA data 
revealed that FLJ expression levels were elevated in pros-
tate cancer patients with higher pathological stages and 
Gleason scores (Figure S1B-S1C). Finally, clinical patho-
logical analysis (Table 1) showed that FLJ was associated 
with pathological staging (P = 0.003) and Gleason score 
(P = 0.043) in PCa patients, but not with age (P = 0.666), 

lymph node metastasis (P = 0.711), or distant metasta-
sis (P = 0.439). These data indicate that lncFLJ is highly 
expressed in CRPC and closely associated with prostate 
malignancies.

LncFLJ is upregulated by AR
Previous research suggested that FLJ may be associ-
ated with AR. Considering the important role of AR in 
PCa, further exploration was conducted to investigate 
the correlation between FLJ and AR in PCa tissue and 
CRPC cells. In the same batch of BPH and PCa paraf-
fin-embedded tissue sections, the expression of AR was 
detected by IHC, and the specimen type was verified 
by HE staining results (Fig.  2A). The IHC scores were 
quantified and grouped by pathological stage, revealing 
that the distribution of AR was consistent with that of 
FLJ (Fig.  2B). Spearman correlation coefficient analysis 
indicated a strong positive correlation between FLJ and 
AR, with a correlation coefficient of r = 0.71 (Fig.  2C). 
Correspondingly, the FLJ level was positively correlated 
with AR in TCGA database (Fig. S1D). The expression 
of FLJ was shown to increase in a dose-dependent man-
ner (Fig. 2D) and a time-dependent manner (Fig. 2E) fol-
lowing the addition of AR activator DHT. ARN-509, an 
inhibitor that competes with androgens to bind AR and 
inhibits AR nuclear translocation to target gene pro-
moter regions, was also tested. The addition of ARN-509 
resulted in a dose-dependent (Fig. 2F) and time-depend-
ent (Fig. 2G) decrease in FLJ expression. Following 48 h 
of DHT treatment and subsequent addition of ARN-509, 
FLJ expression was reversed (Fig. 2H), indicating that FLJ 
expression in CRPC cells is regulated by AR.

In PCa, AR acts as a transcription factor to activate 
downstream signaling pathways that promote tumor cell 
survival. Further investigation was conducted to deter-
mine whether the high expression of AR in CRPC is 
responsible for the upregulation of FLJ. The JASPAR data-
base predicted two AR transcription factor binding sites, 
ARE1 and ARE2, in the FLJ promoter region, each with 
scores greater than 5 (Fig. 2I). Based on these sequences, 

Table 1 Correlation between FLJ expression and 
clinicopathological features in PCa patients

*P < 0.05, **P < 0.01

Characretistics Cases (%) FLJ expression

Low High P‑value

Total patients(N) 50 8 42

Age (years)

 < 60 11(22) 1(2) 10(20) 0.666

 ≥ 60 39(78) 7(14) 32(64)

Histological stage

 T1a–T2c 19(40) 7(16) 12(24) 0.003**

 T3a–T4 31(60) 1(0) 30(60)

Gleason score

 6–7 15(30) 5(10) 10(20) 0.043*

 8–10 35(70) 3(6) 32(64)

Lymphnodes status N

 Negative 27 5(10) 22(44) 0.711

 Positive 23 3(6) 20(40)

Distant metastasis M

 M0 22 2 20 0.439

 M1 28 6 22

Fig. 2 FLJ expression is positively correlated with AR and AR directly regulates FLJ transcription. A Representative images of HE staining (top) 
and IHC detection of AR (bottom) in paraffin-embedded tissue sections from 22 cases of BPH and 50 cases of PCa, with a scale bar of 200 μm. 
B Quantification of AR staining in paraffin-embedded tissue sections from 22 cases of BPH, 19 cases of PCa with pathological stages T1a-T2c, 
and 31 cases of PCa with stages T3a-T4, based on AR staining scores. C The correlation between FLJ fluorescence scores and AR staining 
scores in 50 paraffin-embedded PCa tissue sections was analyzed using Spearman correlation. D, E qRT-PCR analysis of FLJ expression 
in response to dose- and time-dependent changes induced by the AR agonist DHT. F, G qRT-PCR analysis of FLJ expression in response 
to dose- and time-dependent changes induced by the AR inhibitor ARN-509. H qRT-PCR analysis of FLJ expression following 48 h of treatment 
with DHT and ARN-509. I Schematic representation of AR binding sites ARE1 and ARE2 within the FLJ promoter region. J Dual-luciferase assay 
to assess the activity of FLJ luciferase reporters in wild-type and mutant ARE1 and ARE2 plasmids. K Dual-luciferase assay to evaluate the effect 
of DHT or ARN-509 on FLJ luciferase reporter activity in wild-type and mutant ARE1 plasmids. L ChIP assay to assess the impact of DHT 
or ARN-509 on AR binding to the FLJ promoter region. M, N qRT-PCR analysis of FLJ and AR expression following transfection with AR knockdown 
and overexpression plasmids

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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mutant plasmids were designed. Dual luciferase reporter 
assays showed that, compared with the wild-type control, 
the luciferase activity of MUT1 decreased, while MUT2 
had no effect (Fig. 2J), indicating that the AR transcrip-
tion factor primarily binds to the ARE1 site in the FLJ 
promoter region. Further experiments revealed that the 
luciferase activity of WT1 increased after the addition 
of DHT and decreased after the addition of ARN, while 
MUT1 was unaffected by either DHT or ARN (Fig. 2K). 
This demonstrated the reliability of AR binding to the 
ARE1 site in the FLJ promoter region. ChIP experiments 
confirmed that AR antibody precipitation enriched the 
ARE1 site sequence in the FLJ promoter region, with 
enrichment levels increasing or decreasing in response to 
DHT or ARN treatment (Fig. 2L and M). Further verifi-
cation by qRT-PCR showed that FLJ transcription levels 
decreased after transfection with AR knockdown plas-
mids in CRPC cells (Fig. 2M), while FLJ transcription lev-
els increased after transfection with AR overexpression 
plasmids (Fig.  2N). These data indicate that AR plays a 
critical role in regulating lncFLJ expression.

FLJ promotes the proliferation of CRPC cells and inhibits 
sensitivity to in vitro simulated castration
To explore the biological function of FLJ in CRPC, the 
expression of FLJ in 22Rv1 cells was stably knocked 
down using lentivirus (Fig. 3A). The proliferation ability 
of CRPC cells was then tested, and it was shown by the 
CCK8 assay that FLJ-deficient inhibited the proliferation 
of CRPC cells (Fig. 3B, left). Simultaneously, an in vitro 
simulated castration model was constructed by adding 
10% hormone-deprived fetal bovine serum (cs-FBS) to 
RPMI 1640 medium to deplete androgens. Compared 
with the control group, knocking down FLJ expression in 
the cs-FBS group resulted in a greater inhibition of cell 
proliferation (Fig. 3B, right). The clone formation experi-
ment yielded similar results (Fig. 3C, D). However, con-
trol cells did not show statistically significant differences 
between the control group and the cs-FBS group, indicat-
ing that FLJ inhibits the responsiveness of CRPC cells to 
androgen deprivation, i.e., suppresses in  vitro simulated 
castration sensitivity.

Subsequently, the sensitivity of CRPC cells to the 
anti-androgen drug ENZA after FLJ knockdown was 
explored. Compared with the control, the IC50 values of 
FLJ-low expression cells significantly decreased (Fig. 3E), 
from 121.4 μM to 24.61 μM and 21.19 μM, respectively 
(Fig.  3F). Next, the cells were treated with DMSO or 
20 μM ENZA. Compared with the DMSO group, the cell 
viability of the control cells did not change within 72  h 
after adding ENZA, while the cell viability of the FLJ-
knockdown cells began to decrease after 48 h (Fig. 3G). 
Furthermore, the control and FLJ-knockdown cells were 

treated with 20 μM and 50 μM ENZA, respectively. The 
results showed that the cell viability of the control cells 
did not change, while the cell viability of the FLJ-knock-
down cells significantly decreased (Fig. 3H). These results 
indicate that knocking down FLJ restored the sensitivity 
of CRPC cells to ENZA treatment.

FLJ promotes CRPC cell proliferation through trace 
androgen induced autophagy
The biological function of FLJ in the progression of pros-
tate cancer (PCa) was further explored. It was found 
that silencing FLJ had no effect on cell cycle distribu-
tion (Figure S2A, B) but increased the number of apop-
totic cells (Figure S2C, D). Consistently, the expression 
of apoptosis-associated proteins BAX and Caspase-3 was 
promoted, while the expression level of BCL-2 was inhib-
ited by FLJ silencing (Figure S2E). Previous research has 
demonstrated that cell apoptosis is closely related to the 
progression of cancer resistance and autophagy associ-
ated with drug resistance [16]. Therefore, the regulatory 
effect of FLJ on autophagy in castration-resistant pros-
tate cancer (CRPC) cells was further investigated. Inter-
estingly, the transformation of the autophagy marker 
protein LC3B from type I to type II was inhibited by 
FLJ silencing, and the expression of autophagy-related 
proteins ATG7, ATG5, and Beclin-1 was suppressed, 
while the expression of P62 was promoted (Figure S2F). 
Immunofluorescence experiments confirmed that the 
low expression of FLJ inhibited the number of LC3B 
fluorescent spots in cells (Fig. 4A, B). These results indi-
cate that autophagy levels in CRPC cells are regulated by 
FLJ. The effect of FLJ on the classical autophagy regula-
tory pathway PI3K-AKT-mTOR was then explored. It 
was found that silencing FLJ did not affect PI3K, AKT, 
mTOR, or their phosphorylation levels (Figure S2G). Pre-
vious studies have proposed an autophagy phenomenon 
induced by trace amounts of androgens [17, 18]. It was 
found that, compared to control group cells, trace andro-
gen induction did not significantly upregulate the activity 
of FLJ-silenced cells, indicating that the responsiveness 
of CRPC cells to trace androgen induction was inhibited 
by FLJ silencing. By depriving cells of androgen (cs-FBS) 
and inducing them with 10 nM DHT, it was found that 
FLJ silencing inhibited the transformation of LC3B type 
I to type II and promoted the expression of P62 in both 
the control and DHT induction groups. After androgen 
deprivation, there was no significant change in the con-
version of LC3B type I to type II or in the expression of 
P62 (Fig. 4D). Further research found that the number of 
autophagosomes was inhibited by FLJ silencing in both 
the control and DHT-induced groups, while the number 
of autophagosomes after androgen deprivation was not 
affected by FLJ silencing (Fig. 4E, F). On the other hand, 
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compared with the DMSO group, 10 nM DHT-induced 
autophagy significantly upregulated the proliferation and 
colony size of both control and FLJ-silenced cells. After 
in  vitro simulated castration, the control group showed 
no significant response to cs-FBS after DHT-induced 

autophagy compared with the DMSO group, and cell 
proliferation ability remained upregulated. However, 
FLJ-silenced cells showed a significant response to cs-
FBS, with an upregulation of cell proliferation ability 
that was not statistically significant (Fig.  4H, I). These 

Fig. 3 FLJ enhances CRPC cell proliferation while reducing their sensitivity to castration simulated in vitro. A FLJ knockdown efficiency in 22Rv1 
cells was measured via qRT-PCR. B The impact of FLJ knockdown on cell proliferation and viability under normal and in vitro castration-simulated 
conditions was assessed through the CCK8 assay. C The ability of cells to form colonies following FLJ knockdown was evaluated using a colony 
formation assay under both normal and castration-simulated conditions in vitro. D Quantitative analysis of the colony formation assay results 
presented in Figure C was performed. E, F The IC50 value of ENZA after FLJ knockdown was determined through the IC50 assay. G The effect 
of 20 μM ENZA on cell viability over a period of 0 to 96 h was assessed via the CCK8 assay. H Cell viability at 48 h after FLJ knockdown, treated 
with 20 μM and 50 μM ENZA, was measured using the CCK8 assay
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results indicate that FLJ silencing restores the sensitiv-
ity of CRPC cells to a simulated castration environment 
in vitro through androgen-induced autophagy.

Finally, the IC50 values of ENZA after DHT-induced 
autophagy were analyzed. The results showed that after 
DHT-induced autophagy, the IC50 of FLJ low expression 
was still downregulated (Fig. 4J, K), indicating that DHT-
induced autophagy increased the resistance of CRPC 
cells to ENZA. However, FLJ knockdown restored the 
sensitivity of CRPC cells to ENZA, with no significant 
effect on DHT-induced autophagy. To further validate 
the function of FLJ in this process, cells were treated with 
or without DHT induction with a series of gradient times 
of 20  µM ENZA. The results showed that after DHT-
induced autophagy, the activity of control group cells was 
upregulated, while there was no difference in the activ-
ity of FLJ low-expressing cells (Fig. 4L). Further analysis 
revealed that in the control group (0  µM ENZA), both 
FLJ control cells and FLJ-silenced cells showed upregula-
tion of activity after DHT induction. In the 20  µM and 
50  µM ENZA treatment groups, the activity of con-
trol group cells was upregulated after DHT induction, 
while there was no difference in the activity of FLJ low-
expression cells (Fig. 4M). These results indicate that FLJ 
silencing restores drug sensitivity of CRPC cells to ENZA 
through androgen-induced autophagy.

FLJ promotes trace androgen‑induced autophagy 
through AR‑mediated pathway
Due to the crucial regulatory role of the androgen recep-
tor (AR) in androgen-induced autophagy [17], further 
investigation was conducted to determine whether the 
regulation of androgen-induced autophagy by FLJ is 
dependent on AR. It was found that silencing FLJ inhib-
ited the conversion of LC3B type I to type II, and the 
expression of AR protein was also suppressed (Fig. 5A). 
Subsequently, AR activator DHT (20 µM) or AR inhibi-
tor ARN-509 (10  µM) was added to treat the cells. The 

results showed that DHT treatment increased the con-
version of LC3B type I to type II in both the control 
and FLJ-silenced cells, while the addition of ARN-509 
reduced this conversion. This finding suggests that 
autophagy is activated with AR activation and inhibited 
with AR inhibition. However, in FLJ-depleted cells, the 
conversion of LC3B type I to type II generally showed a 
decreasing trend (Fig. 5B). Therefore, these results indi-
cate that the modulation of androgen-induced autophagy 
by FLJ is associated with AR. This conclusion was further 
confirmed by detecting LC3B fluorescent spots (Fig. 5C, 
D). Given that androgen-induced autophagy is mediated 
by the AR-dependent expression of ATG4B, ATG4D, 
ULK1, and ULK2 [17], the expression levels of these four 
markers molecules were further explored to determine 
whether they are regulated by FLJ. Interestingly, com-
pared to FLJ control cells, FLJ silencing inhibited the 
mRNA and protein expression of these four marker mol-
ecules in the DHT-induced group, while no significant 
differences were observed in the androgen-deprivation 
group (Fig. 5E, F). These results indicate that the regula-
tion of autophagy by FLJ also depends on androgens.

Finally, AR overexpression plasmids were transfected 
into FLJ control and FLJ-silenced cells to directly demon-
strate the AR-mediated regulation of androgen-induced 
autophagy by FLJ. Compared to their respective control 
plasmids, AR overexpression increased the conversion 
of LC3B type I to type II and the protein expression of 
the four marker molecules. Furthermore, the inhibi-
tion of LC3B type I to type II conversion caused by FLJ 
silencing was reversed after AR overexpression (Fig. 5G). 
This result was further validated by detecting the forma-
tion of LC3B fluorescent spots (Fig. 5H, J). Additionally, 
autophagosomes were detected by projection electron 
microscopy, revealing that AR overexpression increased 
the number of autophagosomes compared to their 
respective control plasmids. Moreover, in FLJ-silenced 
cells, the inhibition of LC3B autophagosome count was 

Fig. 4 FLJ enhances CRPC cell proliferation by inducing autophagy in response to trace levels of androgen. A Immunofluorescence was used 
to detect LC3B expression, an autophagy marker, following FLJ knockdown in cells, with a scale bar of 25 μm. B The mean fluorescence intensity 
of LC3B in Figure A was quantified. C The response of FLJ knockdown to trace androgen stimulation was evaluated using the CCK8 assay. D Western 
blot analysis was conducted to assess the regulation of autophagy markers after FLJ knockdown under conditions of androgen deprivation 
or the addition of trace androgens. E Transmission electron microscopy (TEM) was used to observe autophagosome regulation after FLJ knockdown 
under androgen deprivation or the addition of trace androgens, with a scale bar of 500 nm. F Quantification of autophagosomes in Fig. 4D 
was performed. G The effects of FLJ knockdown on cell proliferation and viability were assessed using the CCK8 assay, following autophagy 
induction by trace androgens, under normal culture conditions (left) and in vitro castration-simulated conditions (right). H, I The colony-forming 
ability after FLJ knockdown was evaluated using a colony formation assay, following autophagy induction by trace androgens, under normal culture 
conditions (top) and in vitro castration-simulated conditions (bottom). J, K The IC50 value of ENZA was determined using the IC50 assay after FLJ 
knockdown and autophagy induction by trace androgens. L The effect of 20 μM ENZA on cell viability over 0–96 h was evaluated using the CCK8 
assay after autophagy induction by trace androgens. M The impact of FLJ knockdown on cell viability was assessed using the CCK8 assay at 48 h 
after treatment with 20 μM and 50 μM ENZA, following autophagy induction by trace androgens

(See figure on next page.)
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reversed after AR overexpression (Fig.  5I, K). In sum-
mary, these results indicate that FLJ regulates androgen-
induced autophagy through AR mediation.

FLJ regulates AR localization and stability
The regulatory mechanism of FLJ on AR was subse-
quently investigated. AR expression levels and those of 
its target proteins were initially examined in both FLJ 
control and FLJ-silenced groups. Silencing FLJ signifi-
cantly reduced the protein expression of AR and its target 
genes, KLK3 and FABP5 (Fig. 6A). However, FLJ silenc-
ing did not significantly affect the mRNA expression of 
AR or its target genes KLK3 and FABP5 (Fig.  6B), sug-
gesting that FLJ primarily regulates AR at the post-tran-
scriptional level. Using the lncLocator website, FLJ was 
predicted to be primarily localized in the cytoplasm 
(Fig.  6C). This prediction was confirmed by RNA-FISH 
and nuclear-cytoplasmic fractionation experiments, 
which demonstrated that FLJ is predominantly located 
in the cytoplasm (Fig. 6D, E). Similarly, it was found that 
FLJ in C4-2 and C4-2B cells was predominantly localized 
in the cytoplasm, as confirmed by nuclear-cytoplasmic 
fractionation (Figure S2H). Immunofluorescence analy-
sis revealed that AR protein expression in the cytoplasm 
significantly decreased, while its nuclear expression 
increased, following FLJ silencing (Fig. 6F). Quantitative 
analysis showed that the overall fluorescence intensity of 
AR protein decreased after FLJ silencing (Fig.  6G). Fur-
thermore, nuclear-cytoplasmic fractionation revealed 
that FLJ silencing primarily suppressed AR protein 
expression in the cytoplasm while increasing it in the 
nucleus, compared to the FLJ control (Fig.  6H). These 
findings suggest that FLJ silencing promotes AR nuclear 
import while inhibiting AR expression in the cytoplasm. 
Further studies revealed that FLJ silencing significantly 
accelerated AR protein degradation when cells were 
exposed to varying time gradients of cycloheximide 
(CHX), compared to the FLJ control group (Fig.  6I). 
These results indicate that FLJ regulates cytoplasmic AR 
protein stability via the proteasome degradation pathway.

Essential role of FLJ in modulating sensitivity to ENZA 
treatment and tumorigenesis
As previously mentioned, we found that drug respon-
sive patients (responders) exhibited a low expres-
sion pattern of FLJ, while castration resistant patients 
showed the opposite expression pattern (Supplemen-
tary Figure S1A). Thus, the tumor-promoting role 
of FLJ in AR-related tumorigenesis was investigated 
in  vivo. FLJ control cells and FLJ-silenced cells were 
subcutaneously injected into male nude mice aged 4 
to 6  weeks. Two weeks after tumor formation, DMSO 
or ENZA dissolved in corn oil was administered via 
oral gavage every 2  days at a dose of 10  mg/kg for 
2 weeks (Fig. 7A). In comparison to the control group, 
FLJ knockdown in CRPC cells significantly reduced 
tumor volume; after ENZA treatment, the tumor vol-
ume in the FLJ-silenced group was further significantly 
reduced compared to the DMSO group (Fig. 7B). Nota-
bly, the body weight of nude mice in the FLJ-silenced 
group significantly increased following ENZA treat-
ment (Fig.  7C). Moreover, the size and weight of 
tumors formed in the FLJ knockdown group in CRPC 
cells were significantly lower than those in the control 
group. In comparison to the DMSO group, tumor size 
and weight were further significantly reduced following 
FLJ knockdown combined with ENZA treatment, lead-
ing to maximum inhibition of tumor growth (Fig.  7D, 
E). These findings indicate that FLJ knockdown inhib-
ited tumor growth in  vivo and enhanced the thera-
peutic efficacy of ENZA. IHC results and quantitative 
staining scores demonstrated that FLJ silencing inhib-
ited the expression of AR, LC3B, and Ki67 in tumors, 
while FLJ knockdown combined with ENZA treatment 
further reduced the expression levels of these mol-
ecules (Fig.  7F–I). Interestingly, FLJ expression levels 
were reduced in the ENZA treatment group compared 
to the DMSO group, with a more pronounced decrease 
observed in the FLJ knockdown combined with ENZA 
treatment group (Fig. 7J). These results suggest that FLJ 
expression levels were suppressed in vivo following AR 

(See figure on next page.)
Fig. 5 FLJ promotes autophagy induced by trace androgens via the AR-mediated pathway. A The expression of AR and the autophagy marker LC3B 
following FLJ knockdown was assessed by WB. B The expression of LC3B, an autophagy marker, after AR activation and inhibition was evaluated 
by WB. C The fluorescence intensity of LC3B following AR activation and inhibition was measured using immunofluorescence, with a scale 
bar of 25 μm. D The mean fluorescence intensity of LC3B in C was quantified. E The pathway proteins involved in AR-mediated autophagy 
induced by trace androgens and their dependency on trace androgens after FLJ knockdown were assessed by WB. F The pathway molecules 
involved in AR-mediated autophagy induced by trace androgens and their dependency on trace androgens following FLJ knockdown were 
evaluated by qRT-PCR. G The effect of AR overexpression on LC3B expression and AR-mediated autophagy pathway proteins induced by trace 
androgens following FLJ knockdown was evaluated by WB. H The effect of AR overexpression on LC3B fluorescence intensity after FLJ knockdown 
was measured using immunofluorescence, with a scale bar of 25 μm. I The effect of AR overexpression on autophagosomes after FLJ knockdown 
was evaluated using TEM, with a scale bar of 500 nm. J Quantification of the average fluorescence intensity of LC3B in Fig. 5H. K Quantification 
of autophagosomes presented in I 
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inhibition by ENZA treatment, confirming the role of 
AR in regulating lncFLJ expression.

Discussion
LncRNAs have been implicated in the progression of 
castration-resistant prostate cancer (CRPC) [19–21]. 
For instance, LncRNA HOTAIR enhances androgen 
receptor-mediated transcriptional programs, driving the 
development of CRPC [19]. LncRNA PTTG3P facilitates 
CRPC progression by upregulating PTTG1 [20]. Addi-
tionally, LncRNA HOXD-AS1 is overexpressed in CRPC 
cell lines and promotes CRPC progression by interacting 
with the WDR5/MLL1 complex [21]. Altered LncRNA 
expression profiles in CRPC are considered one of the 
driving forces behind cellular transformation, suggesting 
that LncRNAs play significant biological roles in prostate 
cancer progression and could serve as valuable biomark-
ers for clinical diagnosis and treatment. In this study, 
we screened for novel targets related to CRPC progres-
sion using RNA-Seq and identified a novel AR-related 
LncRNA named FLJ. FLJ is significantly upregulated in 
PCa cell lines and patient tissues and is associated with 
higher pathological stages and Gleason scores in PCa. 
These findings suggest that FLJ functions as a tumor pro-
moter in PCa progression and may serve as a potential 
biomarker for PCa progression and prognosis.

Nearly all CRPC cases involve aberrant activation of 
AR signaling [22]. However, research on AR-regulated 
LncRNAs remains relatively limited. Known androgen-
regulated LncRNAs are generally associated with AR 
reactivation. For example, androgen-repressed HOTAIR 
increases AR expression by blocking the E3 ubiqui-
tin ligase MDM2, which targets AR for ubiquitination, 
thereby promoting the post-translational stabilization of 
AR protein [23]. Androgen-induced ARLNC1 stabilizes 
AR mRNA through RNA-RNA hybridization, enhanc-
ing post-transcriptional AR expression levels [24]. Thus, 
LncRNAs, particularly AR-regulated LncRNAs, consti-
tute an important regulatory layer in AR reactivation. 
In this study, we found a significant positive correlation 

between FLJ and AR expression in the same batch of PCa 
tissues. Furthermore, we discovered that AR can regu-
late FLJ transcription in CRPC cells through a traditional 
transcription factor activation mechanism. These find-
ings suggest that FLJ is a novel molecule activated by 
AR and may explain the high expression of FLJ in CRPC 
cells, which could be related to AR reactivation.

The function of LncRNAs is often associated with their 
unique subcellular localization [25]. We found that FLJ is 
primarily localized in the cytoplasm of CRPC cells, where 
it exerts dual regulatory functions on AR. On the one 
hand, FLJ inhibits AR nuclear translocation, suppressing 
the conventional androgen-dependent growth regulation 
pathway. On the other hand, FLJ prevents the degrada-
tion of AR protein retained in the cytoplasm, mediating 
micro-androgen-induced autophagy activation, thereby 
enabling CRPC cells to survive in a castration environ-
ment and develop drug resistance. This discovery reveals 
a novel mechanism by which CRPC cells survive and 
develop resistance under micro-androgen influence, 
offering new insights into the mechanisms maintaining 
high AR levels in CRPC.

Both autophagy and LncRNAs have the potential 
to promote or inhibit cancer progression. Persistent 
autophagy is considered a key mechanism underlying 
cancer treatment resistance and immune evasion, and 
safely reducing autophagy flux is a promising strategy for 
the treatment of advanced cancer [26]. As research on 
LncRNAs has deepened in recent years, they have been 
shown to play significant roles in regulating autophagy 
in PCa. For example, LncRNA HULC inhibits autophagy 
by modulating Beclin-1 levels and targeting the mTOR 
pathway [27], while LncRNA SNHG1 inhibits autophagy 
by binding to EZH2 and regulating the PI3K-AKT-mTOR 
and Wnt-β-catenin pathways [28]. These studies establish 
LncRNAs as potential therapeutic targets for regulating 
cancer autophagy. However, most studies on LncRNA 
regulation of autophagy have focused on the classical 
mTOR pathway and its upstream regulatory molecules. 
Research has found that castration does not completely 

Fig. 6 LncFLJ prevents AR from entering the nucleus and stabilizes its protein in the cytoplasm. A The expression of AR and target proteins 
following FLJ knockdown was assessed by WB. B The expression of AR and target genes following FLJ knockdown was evaluated by qRT-PCR. C 
The lncLocator website was used to predict the subcellular localization of FLJ. D The subcellular localization of FLJ in 22Rv1 cells was assessed 
by RNA-FISH, with a scale bar of 50 μm. E The subcellular localization of FLJ in 22Rv1 cells after RNA nuclear and cytoplasmic separation 
was evaluated by qRT-PCR. F, G The subcellular distribution of AR after FLJ knockdown was assessed by immunofluorescence, with a scale 
bar of 25 μm. H The subcellular distribution of AR and target proteins after nuclear and cytoplasmic separation was assessed by WB. I The regulation 
of cytoplasmic AR protein degradation rate following FLJ knockdown was evaluated by WB

(See figure on next page.)
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eliminate androgens in the prostate tumor microenviron-
ment, and these residual androgens are involved in nearly 
all AR-mediated signaling mechanisms in CRPC [17]. 
In this study, we revealed a novel pathway of LncRNA-
regulated autophagy—specifically, androgen-induced 
autophagy. FLJ regulates CRPC cell proliferation and 
castration sensitivity through AR-mediated androgen-
induced autophagy. The AR-mediated autophagy path-
way in PCa has been confirmed [17, 18], and we are the 
first to study the regulatory pattern of LncRNAs in this 
pathway, identifying the impact of LncRNAs on the bio-
logical functions and drug sensitivity of CRPC cells.

Overcoming CRPC and its resistance to enzalutamide 
(ENZA) has been a major challenge in PCa treatment 
and remains the leading cause of death in prostate cancer 
patients. Compared with protein-coding genes and miR-
NAs, LncRNAs are gradually emerging as new targets in 
cancer treatment [29]. For example, antisense oligonu-
cleotides targeting MALAT1 have successfully prevented 
lung cancer metastasis in vivo [30]. The overexpression of 
GAS5 inhibits glioma growth by targeting miR-222 and 
prolongs survival [31]. In this study, we demonstrated 
that FLJ inhibits CRPC cell proliferation and enhances 
the biological functions related to simulated castration 
and ENZA drug sensitivity. More importantly, knock-
ing down FLJ significantly inhibited tumor growth and 
enhanced the efficacy of ENZA treatment. These results 
suggest that FLJ is a novel and promising therapeutic tar-
get for CRPC treatment.

Currently, cancer treatments predominantly focus 
on proteins, while the rapidly evolving field of lncRNA-
based therapies is garnering increasing attention. In this 
study, we identified the pivotal role of the novel lncRNA 
FLJ in the development of resistance to castration-resist-
ant prostate cancer (CRPC). Targeting FLJ represents 
a promising and innovative therapeutic approach for 
CRPC. Several strategies exist for targeting long non-cod-
ing RNAs (lncRNAs). One such strategy involves “Gap-
mer” antisense oligonucleotides (ASOs), which bind to 
their complementary target lncRNAs, inducing their deg-
radation by RNaseH1 in the nucleus. Another approach 
employs steric blocker ASOs (SB-ASOs), which disrupt 

the interactions between lncRNAs and other molecu-
lar partners, thereby inhibiting their activity throughout 
the cell [32, 33]. Furthermore, small interfering RNAs 
(siRNAs), which consist of double-stranded RNA, have 
emerged as potential therapeutic agents for targeting 
lncRNAs. Advances in siRNA chemistry and formulation 
have significantly enhanced their therapeutic efficacy, 
allowing for prolonged in  vivo activity. These innova-
tions now make it possible to administer siRNA treat-
ments on a 6-month dosing cycle, representing a major 
improvement over the daily or weekly administration 
required for traditional small molecule drugs [34]. Sev-
eral oncogenic lncRNAs, including HOTAIR, MALAT1, 
CCAT1, lncRNA-ATB, and CRNDE, have been effec-
tively targeted using siRNAs [35]. Another strategy for 
modulating lncRNAs involves the use of classical small 
molecules. For example, compound X1 has been shown 
to bind to and destabilize the lncRNA XIST, suppress-
ing the growth and metastasis of breast cancer cells both 
in vitro and in vivo [36]. With the ongoing advancements 
in sequencing technologies and biotechnological innova-
tions, lncRNA-targeted therapies are emerging as one of 
the most promising and transformative areas of cancer 
treatment in the near future.

In summary, our study reveals a novel AR-interacting 
LncRNA-FLJ that promotes CRPC cell proliferation 
while suppressing sensitivity to simulated castration and 
antiandrogen drugs through AR-mediated micro-andro-
gen-induced autophagy. Targeting FLJ may represent a 
new potential therapeutic approach for CRPC patients.

Conclusions
Herein, the elevated androgen receptor (AR) environ-
ment in castration-resistant prostate cancer (CRPC) 
induces the expression of the novel long non-coding RNA 
(lncRNA) FLJ. FLJ inhibits AR nuclear translocation, 
thereby disrupting the conventional androgen-depend-
ent cell survival pathway while concurrently preventing 
AR protein degradation in the cytoplasm. Additionally, 
FLJ induces autophagy through AR-mediated low-dose 
androgen stimulation, promoting CRPC cell proliferation 
and inhibiting sensitivity to castration-mimetic condi-
tions and anti-androgen therapies in vitro (Fig. 8).

(See figure on next page.)
Fig. 7 Critical Role of FLJ in Regulating ENZA Treatment Sensitivity and Tumor Development. A Schematic of the in vivo experimental procedure. 
B Graph showing changes in subcutaneous tumor volume. C Weight change graph for nude mice. D Diagram of excised tumors. E Chart 
displaying the weights of excised tumors. F HE staining and IHC analysis of AR, LC3B, and Ki67 in tumor tissue sections, with a scale bar of 50 μm. G 
Quantification of AR IHC scores in tumor tissue sections. H Quantification of LC3B IHC scores in tumor tissue sections. I Quantification of Ki67 IHC 
scores in tumor tissue sections. J qRT-PCR analysis of FLJ expression in RNA extracted from tumor tissues
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Supplementary Material 1. Figure S1 A. FLJ expression levels in androgen 
deprivation therapy (ADT) responding or castrate-resistant patients. B‑C. 
Analysis of FLJ expression in human prostate cancer, stratified by tumor 
stage (B) and Gleason scores (C), was conducted using data obtained from 
the TCGA database. D. Pearson correlation analysis of FLJ and AR expres-
sion based on data from TCGA database. Figure S2 A‑B. The influence of 
FLJ knockdown on cell cycle distribution was analyzed by flow cytometry. 
C‑D. The impact of FLJ knockdown on cell apoptosis was evaluated using 
flow cytometry. E. Apoptosis-related markers following FLJ knockdown 
were detected through Western blot analysis. F. Autophagy-related 
markers following FLJ knockdown were identified via Western blot 
analysis. G. Key proteins in the PI3K/AKT/mTOR signaling pathway after 
FLJ knockdown were detected by Western blot analysis. H. The subcellular 
localization of FLJ in C4-2 and C4-2B cells after RNA nuclear and cytoplas-
mic separation was evaluated by qRT-PCR.
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