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A B S T R A C T

Although targeting the androgen signaling pathway by androgen receptor (AR) inhibitors, including enzaluta
mide, has shown therapeutic effectiveness, inevitable emergence of acquired resistance remains a critical chal
lenge in the treatment of advanced prostate cancer (PCa). Recognizing targetable genomic aberrations that 
trigger endocrine treatment failure holds great promise for advancing therapeutic interventions. Here, we 
characterized PLXNA1, amplified in a subset of PCa patients, as a contributor to enzalutamide resistance (ENZR). 
Elevated PLXNA1 expression facilitated PCa proliferation under enzalutamide treatment due to AKT signaling 
activation. Mechanistically, PLXNA1 recruited NRP1 forming a PLXNA1-NRP1 complex, which in turn potenti
ated the phosphorylation of the AKT. Either inhibiting PLXNA1-NRP1 complex with an NRP1 inhibitor, 
EG01377, or targeting PLXNA1-mediated ENZR with AKT inhibitors, abolished the pro-resistance phenotype of 
PLXNA1. Taken together, combination of AKT inhibitor and AR inhibitors presents a promising therapeutic 
strategy for PCa, especially in advanced PCa patients exhibiting PLXNA1 overexpression.

Introduction

Prostate cancer (PCa) stands as the second most common malignancy 
affecting males worldwide [1]. Androgen deprivation therapy (ADT) has 
been successful in treating advanced PCa, yet it is not curative. However, 
most PCa patients develop castration-resistant prostate cancer (CRPC) 
within a few years after diagnosis. [2]. One of the key drivers of CRPC is 
the persistent androgen receptor (AR) signaling, including elevation of 
AR expression (e.g., AR amplification/mutation; increased protein sta
bilization), or activation of AR signaling through crosstalk pathways (e. 
g., AKT; glucocorticoid receptor pathway) [3]. Numerous androgen re
ceptor signaling inhibitors have been developed to treat this AR addicted 
CRPC. However, these treatments, including enzalutamide, an intense 

AR inhibitor, initially display efficacy by prolonged progression-free 
survival, but ultimately leads to acquired drug resistance [4,5]. The 
intrinsic or acquired resistance to enzalutamide poses a significant 
challenge to the effective management of PCa. Therefore, it is crucial to 
understand the mechanism of enzalutamide resistance (ENZR) in order 
to develop new therapeutic strategy for PCa.

The discovery of multiple escape pathways driving ENZR has 
sparked renewed interest in investigating the role and interplay among 
non-AR signaling pathways. Exploration of mechanisms circumventing 
AR signaling, particularly AKT signaling pathway, has provided insights 
into the clinical implications of AKT inhibitors in PCa. Alterations in 
components of the AKT signaling pathway, including mutations, 
changes in expression levels, and variations in copy numbers, were 
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detected in primary tumors at rates between 34 % and 43 %. Whereas in 
metastatic tumors, these alterations were observed at rates ranging from 
74 % to 100 % [6]. Emerging evidence suggests a crucial role for the AKT 
signaling pathway, enabling PCa systems to sustain proliferation within 
low-androgen environments [7]. Co-targeting the AR and AKT signaling 
pathways has shown promise as a therapeutic approach [8,9]. However, 
further investigation is needed to identify predictive biomarkers for this 
combination.

Plexin-A1 (PLXNA1) is a transmembrane receptor protein that be
longs to the plexin family, which acts as the semaphorin receptor in the 
axon guidance pathway. Evidence reveals that axon guidance pathway 
extends beyond their role in development of central nervous system and 
potentially participates in carcinogenesis and tumor progression.

Recent studies have shown increased expression of PLXNA1 in 
various cancer types, such as breast cancer, lung cancer, and PCa, sug
gesting its potential as a broad biomarker for malignancies [10-13]. This 
overexpression has been closely tied to tumor progression, metastasis, 
and a poor prognosis [14-16]. The absence of PLXNA1 suppresses pro
liferation and invasion of glioblastoma stem cells [17]. Intriguingly, in 
the context of PCa, the PLXNA1 copy number gain/amplification serves 
as an important event in Chinese population [9,18]. Axon guidance 
pathway rewires to an activate state upon ADT failure [19].

PLXNA1 overexpression ushers in a resistance to enzalutamide ef
fects, whereas silencing PLXNA1 re-sensitize enzalutamide-resistant 
cells. The resistance induced by PLXNA1 was orchestrated through AKT 
pathway. Our study highlights translational promise of combining AKT 
inhibitors with enzalutamide in advanced PCa patients exhibiting 
PLXNA1 copy number gain or amplification at the DNA level.

Materials and methods

PCa tissue and immunohistochemistry (IHC)

Our study included 171 patients diagnosed with PCa at Qilu Hospital 
between 2010 and 2015. Criteria for participant inclusion and exclusion 
are detailed in the Supplementary Table 1. Among the participants, 
there were142 locally primary PCa patients and 29 CRPC patients. Of 
these 142 primary PCa patients, 89 patients (62.6 %) received post- 
prostatectomy hormonal therapy, with 14 subsequently developed 
CRPC. Additional detailed information was available in Supplementary 
Table 2.

IHC was performed following established protocols as described 
previously [20]. Primary antibodies against PLXNA1, p-AKT and Ki67 
were employed in this investigation. The IHC slides were blindly eval
uated by two pathologists (H.L. and J.H.) to validate the expression of 
PLXNA1 and p-AKT, as previously described [20].

Cell culture

Human PCa cell lines LNCaP (CVCL_0395), DU145 (CVCL_0105), C4- 
2B (CVCL_4784), 22Rv1 (CVCL_1045), and PC3 (CVCL_0035) and 
HEK293T (CVCL_0063) were obtained from the ATCC and cultured 
following ATCC’s instructions. All cell lines were validated to be devoid 
of mycoplasma contamination. Additionally, the cumulative duration of 
cell culture, from thawing to utilization in this study, did not exceed 15 
passages. The C4-2B-ENZR cell lines were established as described 
previously [21]. The LNCaP-ENZR cell line was developed by long-term 
culture at a concentration of 10 µM enzalutamide for over 6 months. We 
conducted thorough experimental verification to confirm that the 
resistance phenotype had been established. Enzalutamide (E120461), 
EG01377 (T72276), and perifosine (S1037) were procured from Energy 
Chemcial.

Cell transfection

PLXNA1 and AR expression vectors were synthesized by Biosune 

Biotech. Ribobio provided all siRNA sequences and negative controls. 
The pCMV shPLXNA1 plasmid, along with packaging and envelope 
plasmids, were co-transfected into 293T cells. This process generated the 
PLXNA1 shRNA lentiviral particles, which were subsequently harvested, 
stored at -80◦C, and utilized for later transduction of PCa. We then 
constructed PCa ENZR cell lines with stable shRNA knockdown of 
PLXNA1. Detailed information on the specific target sequences were 
provided in Supplementary Table 3.

Cell viability assays

We used the MTS Kit (BestBio) to measure cell viability. The cells 
treated according to different experimental purposes were seeded in 96- 
well plates. MTS was added at relevant experimental time points, and 
after incubating at 37◦C for 2 hours, absorbance was measured. The 
colony formation assay was used to assess cell clonogenic capacity. The 
treated cells were seeded in 6-well plates, treated with respective drugs, 
fixed, stained, and counted after approximately 15 days. Experiments 
were independently replicated three times.

Immunofluorescence (IF)

For immunofluorescence analysis, 4 μm tissue sections were fixed 
and stained with antibodies against PLXNA1 (1:100, Abcam, ab217634) 
and NRP1 (1:100, Proteintech, 60067-1-Ig). The sections were then 
treated with fluorescent secondary antibodies, followed by DAPI stain
ing for nucleus visualization. Finally, we used a confocal microscope for 
observation and image acquisition.

RNA extraction

The cells were lysed with an appropriate amount of Trizol (Invi
trogen), and mRNA was extracted according to the experimental pro
cedure. The primer sequences were provided in Supplementary 
Table 4.

Apoptosis detection

PCa cell lines with ENZR were transfected with siPLXNA1 and then 
treated for 48 hours. Apoptosis was assessed using an annexin V-FITC/ 
propidium iodide (PI) staining kit (C1062, Beyotime, China), following 
the manufacturer’s protocol. The distribution of cells at various stages of 
apoptosis was then analyzed using a Beckman Coulter FC500 flow cy
tometer (Brea, CA). The data were processed with FlowJo software.

Chromatin immunoprecipitation (ChIP)

Chromatin from pretreated cells was fixed with 1 % formaldehyde 
for 11 minutes. DNA was fragmented into 200-500 bp fragments using a 
sonicator (106 cells in 500 μL volume; ultrasound 15s, stop 9s, repeated 
five times). Immunoprecipitation of chromatin was conducted using 
anti-AR antibodies (Abcam, Cambridge, MA, USA) and anti-IgG anti
bodies (St. Louis, MO, USA). The enrichment of AR within PLXNA1 
promoter was assessed by RT-qPCR using chromatin immunoprecipi
tated from cells with the indicated primers listed in Supplementary 
Table 4.

In vivo study

All animal experiments adhered to the experimental animal welfare 
and ethics regulations of Qilu Hospital, Shandong University. Male nude 
mice (nu/nu) were injected with C4-2B, C4-2B-ENZR, C4-2B-ENZR- 
shNC, or C4-2B-ENZR-shPLXNA1 cells (3 × 106) at 5 weeks of age. 
When tumors reached a certain volume, mice bearing C4-2B-ENZR tu
mors were randomly assigned to four groups (n = 5-6): control (DMSO), 
enzalutamide (10 mg kg-1), perifosine (100 mg kg-1), or combination 
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therapy. Tumor growth was monitored every 2-5 days until mice were 
sacrificed, with tumor sizes serving as the primary measure of response. 
The mice in the other groups were treated individually with enzaluta
mide. Our research has been approved by an ethical committee that 
adheres to the principles of the Basel Declaration.

Bioinformatics analysis

We obtained datasets from the GEO database (https://www.ncbi. 
nlm.nih.gov/geo/), including GSE48403, GSE51873, GSE126881, 
GSE78201, GSE44905, GSE64143, GSE8511, GSE6752, GSE6919, 
GSE23451, GSE29079, GSE70769, GSE46602, and GSE141551 [22-32]. 
ChIP-seq data of AR in PCa cells was downloaded from GEO database as 
GSM2058879, GSM1501185 and GSM1586660, respectively [33,34]. 
The visualization of ChIP-seq data was performed with UCSC browser. 
The SU2C 2019 dataset was downloaded from cBioPortal (http://www. 
cbioportal.org). The gene expression data was analyzed for enrichment 
of biological themes using Gene Set Enrichment Analysis (GSEA) (htt 
ps://www.gsea-msigdb.org/gsea/login.jsp) [35,36]. We explored the 
relationship between PLXNA1 expression and disease-free survival in 
PCa cases using the GSE46602 and GSE70769 datasets.

Western blotting

Western blotting was performed following previously described 
procedures [21]. Co-IP assays were carried out following the in
structions provided with the Pierce™ Co-IP Kit (Thermo, cat no 26149). 
The resulting immuno-complexes were collected and subsequently 
analyzed using western blotting. Primary antibodies utilized in the 
western blotting assays are listed in Supplementary Table 5.

Fluorescence resonance energy transfer (FRET)

To detect protein-protein interactions, we conducted FRET experi
ments. 293T cells were transfected with sensor pairs plasmids, 
comprising cyan fluorescent protein (CFP)-PLXNA1 and yellow fluo
rescent protein (YFP)-NRP1, and cultured on glass coverslips for 24 
hours. Following the incubation period, cells were treated with 4 % 
paraformaldehyde and subjected to immunocytochemistry. Histogram 
data representing mean FRET efficiency were generated from analysis of 
> 15 cells per sample. Each experimental trial was conducted inde
pendently and repeated a minimum of three times.

Molecular docking

The crystal structures of PLXNA1 (protein ID: Q9UIW2) and NRP1 
(protein ID: O14786) were retrieved from the AlphaFold database (htt 
ps://alphafold.com). The central coordinates for docking were deter
mined using GRAMM Docking (https://gramm.compbio.ku.edu), fol
lowed by virtual molecular docking using AutoDock Vina. The optimal 
binding pose was visualized using PyMOL (version 2.5.7) to generate the 
docking image.

Statistical analysis

The experiments were independently repeated at least three times, 
producing consistent results. Numerical data are presented as mean ± SD 
and were assessed for normality using Shapiro-Wilk test and visually 
using both histograms and boxplots. Categorical data are expressed as 
number (%). If the data followed a normal distribution, we used Student’s 
t-test for analysis. Otherwise, Mann-Whitney U test was used. Survival 
analysis employed the Kaplan-Meier method with Log-rank tests. Statis
tical analyses were conducted using GraphPad Prism 9 software (RRID: 
SCR_002798), and correlations were assessed with either the Chi-Square 
Test or Fisher’s exact test. Tumor growth data were analyzed using the 
ANOVA method, with statistical significance defined as P < 0.05.

Results

Elevated PLXNA1 expression correlates with enzalutamide resistance in 
PCa cells

Overexpression of PLXNA1 has been demonstrated to correlate with 
advanced pathological staging and poor survival outcomes in primary 
PCa [18]. Firstly, we verified the phenotype of the 
enzalutamide-resistant cell lines (Supplementary Fig. 1A-B). Of interest, 
PLXNA1 expression was found to be significantly higher in ENZR cells 
compared to parental cells (Fig. 1A). Bioinformatics analysis also showed 
that higher mRNA expression of PLXNA1 was observed in ENZR xeno
graft (Fig. 1B left panel) and enzalutamide treated cells (Fig. 1B right 
panel) of PCa. To support this notion, we constructed Parental/ENZR 
xenografts with nu/nu mice to investigate the PLXNA1 expression in 
vivo. The IHC result revealed increased PLXNA1 expression in ENZR 
xenografts in compare with that of the parental tumors (Fig. 1C). 
Moreover, prolonged enzalutamide treatment (~3 months) in PCa cells 
resulted in augmented PLXNA1 expression (Fig. 1D-E). Bioinformatics 
analysis revealed the top 5 enriched signaling pathways altered after 
androgen ablation, including the axon guidance pathway, which in
volves the role of PLXNA1. This suggested that PLXNA1 may be asso
ciated with the failure of ADT (Fig. 1F). Bioinformatic analysis revealed 
the positive correlation between axon guidance pathway and pathways 
that were elevated in CRPC and ENZR [9,37], in PCa, and in pan-cancer 
setting as well (Fig. 1G). Noteworthy, among the receptors within the 
axon guidance pathway, only PLXNA1 showed increased levels after 
enzalutamide treatment in VCaP cells (Fig. 1H). This collective data 
demonstrated a heightened expression of PLXNA1 in PCa with ENZR.

PLXNA1 contributes to ENZR and promote ENZR tumor progression

To explore the involvement of PLXNA1 in ENZR development, we 
performed PLXNA1 knockdown in ENZR cells and overexpression in 
parental cells (Supplementary Fig. 2A-B). Following incubation with 20 
μM enzalutamide for 4 days, PLXNA1 depletion in ENZR cells 
augmented the inhibitory impact of enzalutamide on cell growth 
(Fig. 2A-B). Conversely, overexpression of PLXNA1 in parental cells 
appeared to rescue cells from enzalutamide-induced growth inhibition 
(Fig. 2C-D). The inhibitory effect of enzalutamide on cells is neutralized 
in the presence of DHT. Similar trends were observed in anchorage- 
independent colony formation assays. Upon exposure to enzalutamide, 
cells with PLXNA1 knockdown displayed a notable reduction in the 
colony number (Fig. 2E-F). Conversely, heightened PLXNA1 expression 
amplified the colony formation capacity, leading to increased numbers 
and sizes of colonies (Fig. 2G-H). In addition, PLXNA1 knockdown in 
ENZR cells increased, whereas PLXNA1 overexpression in parental cells 
reduced the sensitivity to enzalutamide (Fig. 2I-J). Knockdown of 
PLXNA1 in ENZR cells also led to a slight increase of apoptosis as 
measured by flow cytometry (Supplementary Fig. 2C-E). Additionally, 
suppression of PLXNA1 in C4-2B-ENZR xenografts significantly 
decreased tumor growth. The mean tumor volume was 307.5 mm3 in 
PLXNA1 knockdown xenografts, compared to 1477.3 mm3 in the control 
group (Fig. 2K, Supplementary Fig. 2F). In the meantime, a significant 
decrease in average tumor weight (0.36 g vs. 1.24 g) and reduced cell 
proliferation, assessed by Ki67 IHC, were also observed in PLXNA1 
knockdown xenograft (Fig. 2L-M, Supplementary Fig. 2G-H). Collec
tively, these results provided compelling evidence that PLXNA1 confers 
survival advantage to PCa cells under enzalutamide treatment, thereby 
facilitating ENZR tumor progression.

AR directly repressed PLXNA1 gene transcription

To determine whether PLXNA1 is an androgen regulated gene, we 
initially demonstrated that both PLXNA1 mRNA and protein levels 
exhibited a significant decrease upon DHT treatment (Fig. 3A-C). AR 
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Fig. 1. Identification of PLXNA1 high expression in enzalutamide resistant PCa.
(A) The expression of PLXNA1 in previously constructed enzalutamide sensitive and resistant LNCaP and C4-2B cells. RT-qPCR and western blotting assays were used 
to assess mRNA level (left) and protein level (right), respectively. (B) PLXNA1 expression in the public datasets of GSE51873 and GSE126881. The assessment 
included PLXNA1 expression in enzalutamide-sensitive (con) and resistant (LREX) xenografts (left panel), as well as in vehicle-treated and enzalutamide-treated C4- 
2B cells (right panel) (Mann-Whitney U test). (C) Representative images of IHC staining of PLXNA1 in tumor sections isolated from enzalutamide sensitive and 
resistant xenograft. Scale bar, 50 μm. (D-E) The mRNA level and protein level of PLXNA1 during prolonged enzalutamide treatment of LNCaP and C4-2B cells. LNCaP 
and C4-2B cells were treated with 1 μM enzalutamide for 0–90 days. PLXNA1 mRNA and protein levels were detected at the indicated time points by RT-qPCR and 
western blotting. (F) The top KEGG pathways enriched (P<0.05) in androgen-deprivation therapy-resistant tumors in GSE48403 datasets. (G) The correlation 
heatmap describing the association between axon guidance pathway and multiple cancer hallmarks in pan-cancer using the z-score algorithm. (H) The radar charts 
showing the expression levels of axon guidance receptors in VCaP cells treated with dihydrotestosterone or enzalutamide according to GSE55063 data. ENZ, 
enzalutamide. d, days; DHT, Dihydrotestosterone; ENZ, enzalutamide; CON, Mice were then treated with vehicle; LREX, LNCaP Resistant to Enzalutamide Xenograft 
Derived; Angio, angiogenesis. Data are represented as mean ± SD of three independent experiments. The data were assessed for normal distribution using the 
Shapiro-Wilk test. The two-sided Student’s t-test was utilized for comparing differences among these variables. *P<0.05, **P<0.01, ***P<0.001.
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Fig. 2. PLXNA1 promotes cell growth.
(A-H) Cell proliferation assessed by MTS assay and colony formation assay in indicated cells. LNCaP-ENZR and C4-2B-ENZR cells were transfected with shNC or 
PLXNA1 shRNA (shPLXNA1, stable transfection) and LNCaP-Parental and C4-2B-Parental cells were transfected with empty vector (VEC) or PLXNA1 overexpression 
plasmid (PLXNA1). For colony formation assays, colonies containing >50 cells were counted and plotted. Quantitative analysis of colony numbers was shown in the 
right panel. ENZ, 20 μM enzalutamide; DHT, 10nM DHT. (I-J) Cell viability measured by MTS assay in the indicated cell lines under enzalutamide treatment. LNCaP- 
ENZR, C4-2B-ENZR (I), and LNCaP-Parental, C4-2B-Parental (J) cells were transfected as indicated and treated with titrated doses of enzalutamide for 3 days. (K-M) 
Effect of PLXNA1 knockdown on tumorigenesis in vivo evaluated with ENZR xenografts model. C4-2B-ENZR cells with stable knockdown of PLXNA1, as well as their 
parental controls, were subcutaneously injected into nude mice (n = 5/group). The tumor volume was measured every two days after nude mice were castrated (K). 
Tumors were isolated from mice, photographed, and weighed at the endpoint (L, M). Data are represented as mean ± SD of three independent experiments. The data 
were assessed for normal distribution using the Shapiro-Wilk test. The two-sided Student’s t-test was utilized for comparing differences among these variables. 
*P<0.05, **P<0.01, ***P<0.001.
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silencing in LNCaP and C4-2B cells led to elevated PLXNA1 levels 
(Fig. 3D-E), whereas exogenous AR suppressed PLXNA1 expression in 
PC3 and DU145, which were AR-negative cell lines (Fig. 3F-G). Inter
rogation of publicly available data revealed chromatin binding of AR in 
PLXNA1 promoter region across three PCa cell lines (Fig. 3H). Using 
JASPAR and the PROMO database, we identified a potential AR binding 
site. ChIP-qPCR assays confirmed AR recruitment to the PLXNA1 region 
in LNCaP and ENZR cells, which was decreased with enzalutamide 
treatment (Fig. 3I). Our studies collectively demonstrated that AR 
directly represses PLXNA1 transcription through recruitment to the 
PLXNA1 promoter.

PLXNA1 enhances ENZR by activating AKT signaling pathway in PCa cells

The aforementioned data (Fig. 1G) displayed the potential for 
crosstalk between axon guidance pathway and AKT pathway, but no 
significant correlation with AR pathway in PCa. Therefore, we hypoth
esized that PLXNA1 may active AKT signaling pathway to promote 
ENZR. As indicated, phosphorylated AKT (p-AKT) was significantly 
elevated in both ENZR cells and ENZR xenografts, exhibiting a similar 
trend as PLXNA1 (Fig. 4A-C). Moreover, depletion of PLXNA1 reduced 
(Fig. 4D left panel), whereas PLXNA1 overexpression intensified the 
phosphorylation levels of AKT (Fig. 4D right panel, Supplementary 
Fig. 3A). Furthermore, GSEA analysis unveiled a notable enrichment of 
the AKT signaling pathway linked to elevated PLXNA1 expression in 
ENZR PCa cells (Fig. 4E-F). To further validate the correlation between 
PLXNA1 and AKT signaling in ENZR development, we treated PLXNA1- 
altered cells with AKT inhibitor, perifosine. Perifosine reduced AKT 
phosphorylation in ENZR cells (Supplementary Fig. 3B-C). PLXNA1 
overexpression enabled sustained proliferation of LNCaP and C4-2B cells 
in presence of enzalutamide, which was counteracted by perifosine 
treatment (Fig. 4G). Moreover, the viability of ENZR cells could be 
compromised either by silencing PLXNA1 or by treatment with peri
fosine (Fig. 4H). Overexpression of PLXNA1 in parental cell lines can 
increase the phosphorylation of AKT protein, and this increase can be 
blocked by perifosine (Fig. 4I). Additionally, the enhanced cell prolif
eration induced by PLXNA1 overexpression can also be blocked by 
perifosine (Fig. 4J). To fulfill the crosstalk between axon guidance 
pathway and AKT signaling pathway, the ligand of PLXNA1, 
Semaphorin-3a (Sema3A), was investigated.

The activation of the AKT signaling pathway by Sema3A could be 
inhibited by PLXNA1 knockdown (Supplementary Fig. 4A-B). However, 
the phosphorylation of AKT induced by PLXNA1 expression was not 
diminished in absence of Sema3A (Supplementary Fig. 4C-D). Taken 
together, PLXNA1 serves as a pivotal mediator in coordinating the 
crosstalk between the axon guidance pathway and the AKT signaling 
pathway in ENZR.

PLXNA1 activates AKT signaling pathway by recruiting NRP1

NRP1 is a transmembrane glycoprotein receptor known to mediate 
signaling within the axon guidance pathway [38]. Zhang et. al have 
documented NRP1′s involvement in activating AKT in response to EGFR 
stimulation [39]. Additionally, ENZR PCa cells had more NRP1 protein 
compared to the parental cells (Supplementary Fig. 5A). To investigate 
whether NRP1 participated in PLXNA1-induced AKT phosphorylation, 
we inhibited NRP1 using either siRNA or a small-molecule inhibitor, 
EG01377. Western blotting results revealed that the inhibition of NRP1 
resulted in decreased phosphorylation of AKT in the presence of PLXNA1 
overexpression, suggesting NRP1′s contribution to PLXNA1-mediated 
AKT activation. (Fig. 5A-B). We observed that EG01377 blocked 
PLXNA1 induced phosphorylation of PDK1, the direct kinase of AKT 
phosphorylation, acts as a master kinase in AKT signaling pathway by 
phosphorylation of AKT at T308 [40]. Co-IP assays revealed that 
PLXNA1 interacts with NRP1 in ENZR cells (Fig. 5C). Co-localization of 
PLXNA1 and NRP1 was further confirmed with confocal 

immunofluorescence (Fig. 5D). Significantly, the interaction between 
PLXNA1 and NRP1 was notably stronger in ENZR cells than in parental 
cells (Fig. 5E). To determine whether PLXNA1 and NRP1 directly bind to 
each other, we have applied pb-FRET analysis. The results showed direct 
binding between these two proteins (Fig. 5F left panel). Moreover, 
treatment with EG01377 decreased the interaction between PLXNA1 
and NRP1 (Fig. 5F right panel). To identify the key region of PLXNA1 
involved in the interaction with NRP1, Co-IP assays were conducted 
using three truncated NRP1 constructs (Fig. 5G, Supplementary Fig. 5B). 
The Co-IP analysis showed that PLXNA1 interacted with both the 
NRP1-CUB and NRP1-MAM domains, underscoring the significance of 
the b domain of NRP1 in facilitating this interaction (Supplementary 
Fig. 5C). Additionally, the protein molecular docking model supported 
this observation (Fig. 5H). Treatment with NRP1 inhibitor, EG01377, 
disrupt the complex of PLXNA1-NRP1, and further recruitment of PDK1 
by NRP1 as well (Supplementary Fig. 5D-E). As shown in Supplemen
tary Fig. 5F-G, co-treatment with EG01377 remarkably reduced the 
IC50 values for enzalutamide in ENZR cells. These findings implied that 
PLXNA1 may activate the AKT signaling pathway by engaging NRP1.

AKT inhibition suppresses ENZR PCa cell growth and xenograft tumor 
progression

We then examined if perifosine could enhance enzalutamide efficacy 
in ENZR PCa cells. ENZR cells were exposed to DMSO, enzalutamide, 
perifosine, or a combination of enzalutamide and perifosine. As shown 
in Fig. 6A and Fig. 6B, perifosine alone showed growth inhibitory effects, 
which were notably strengthened when combined with enzalutamide. 
To validate the synergistic effect of perifosine and enzalutamide, we 
assessed the half-maximal inhibitory concentration (IC50). As shown in 
Fig. 6C-D, co-treatment with perifosine remarkably reduced the IC50 
values for enzalutamide in LNCaP-ENZR (119.7μM vs. 42.8μM) and C4- 
2B-ENZR cells (122.2μM vs. 38.1μM). Combined treatment of enzalu
tamide with perifosine in ENZR cell lines resulted in substantial dose- 
dependent growth inhibition of enzalutamide, as well as reduction in 
clone numbers assessed by colony formation assays (Fig. 6C-E). The 
combination of enzalutamide and perifosine exhibited synergy effect in 
vitro (Fig. 6F-G, Supplementary Fig. 6A-B). To assess synergistic effects 
in vivo, we used ENZR xenograft models in nude mice. Enzalutamide 
alone modestly decreased tumor weight, while combining enzalutamide 
with perifosine substantially reduced both tumor size and weight 
(Fig. 6H-I), as well as reduction in cell proliferation index, Ki67 (Fig. 6J- 
K). No anomalies in the function or histology of major visceral organs 
were detected (Supplementary Fig. 6C). Treatment with the combina
torial regimen (enzalutamide plus perifosine) also induced the decrease 
of phosphorylation level of AKT (Supplementary Fig. 6D). These results 
imply that incorporating an AKT inhibitor alongside enzalutamide 
treatment could heighten the responsiveness of prostate tumors, thereby 
advocating for the combination therapy in managing patients with CRPC 
(Fig. 6L).

PLXNA1 overexpression predicts poor prognosis in PCa

Ren et al. demonstrated that approximately 23 % of primary PCa 
cases from Chinese patients exhibited commonly dysregulation of axon 
guidance pathway genes through gain/amplification or overexpression 
[18]. We also found PLXNA1 amplification in CRPC and primary PCa 
patients from western populations, with elevated proportion in CRPC 
(Fig. 7A-B). GSEA analysis identified AKT signaling enrichment in both 
CRPC and primary PCa patients with PLXNA1 amplification, indicating 
potential clinical implications for AKT inhibitor in this subgroup 
(Fig. 7C-D).

Increased PLXNA1 expression was positively corelated with PLXNA1 
copy number and were observed consistently in metastatic CRPC pa
tients across various cohorts (Supplementary Fig. 7A-E). For further 
validate the clinical significance of PLXNA1 in PCa, IHC was performed 
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Fig. 3. PLXNA1 is an AR repressed gene.
(A-C) Androgen responsiveness of PLXNA1 in PCa cells. LNCaP cells were cultured in CS-FBS medium for 4 days before challenged with 0-10 nM DHT for 24 h or 1 
nM DHT for 0-48 h. The mRNA and protein expression levels of PLXNA1 were measured by RT-qPCR and western blotting assays. DHT, dihydrotestosterone; h, hours. 
(D-G) RT-qPCR (D, F) and western blotting (E, G) analysis of AR, PLXNA1 and PSA in PCa cells that were treated with AR siRNA or AR expression plasmid. siNC, small 
interfering Negative Control; VEC, vector. (H) Analysis of ChIP-seq data from VCaP cells (GSM2058879), LNCaP cells (GSM1501185) and C4-2B cells (GSM1586660) 
showing AR enrichment in PLXNA1 promoter region. (I) ChIP-qPCR analysis of AR recruitment onto the PLXNA1 promoter in LNCaP, LNCaP-ENZR and C4-2B-ENZR 
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cells. Purified rabbit IgG was used as a negative control. Primers covering the AR binding site on the PSA gene promoter were used as positive controls. Data are 
represented as mean ± SD of three independent experiments. *P<0.05, **P<0.01, ***P<0.001.

Fig. 4. PLXNA1 activates AKT signaling to promote the enzalutamide resistance.
(A) Immunoblots of indicated proteins in LNCaP-Parental/LNCaP-ENZR and C4-2B-Parental/C4-2B-ENZR cells. (B) Representative images of IHC staining of PLXNA1 
and p-AKT in tumor sections isolated from xenograft mice. Representative cases of PLXNA1 (upper panel) or and p-AKT (lower panel) staining are shown. (C) Western 
blotting results showing PLXNA1 and p-AKT expression in four enzalutamide sensitive (P1-4) and four resistant (R1-4) xenograft samples. (D) Immunoblots showing 
phosphorylation level of AKT in indicated cells. LNCaP-Parental, C4-2B-Parental, LNCaP-ENZR and C4-2B-ENZR cells were transfected with indicated plasmid or 
siRNA. Cells were then collected and analyzed by western blotting. (E-F) Enrichment of AKT-mediated gene program analyzed by GSEA. GSEA analysis was per
formed to determine the enrichment of AKT downstream target gene set in gene expression dataset profiling PLXNA1_low and PLXNA1_high in GSE78201 as well as 
GSE44905. NES, normalized enrichment score. (G-H) Cell viability was measured in the indicated cell lines under AKT pathway inhibitor perifosine or enzalutamide 
treatment. (I) Western blotting analysis of phosphorylation level of AKT in indicated cells with or without perifosine treatment. LNCaP-Parental and C4-2B-Parental 
cells were transfected with indicated plasmid or PLXNA1 under AKT signaling pathway inhibitor perifosine or DMSO treatment. (J) Clonal assay of indicated cells 
with or without perifosine treatment. Representative images (upper panel) and quantification (lower panel) were presented. Data are represented as mean ± SD of 
three independent experiments. The two-sided Student’s t-test was utilized for comparing differences among these variables. *P<0.05, **P<0.01, ***P<0.001.
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on a total of 171 PCa samples, including 142 primary PCa and 29 CRPC. 
Out of the 142 patients with primary PCa, 80 individuals (56.34 %) 
exhibited either negative or weak staining, while 62 individuals (43.66 
%) demonstrated moderate or strong cytoplasmic staining for PLXNA1. 
Nonetheless, within the subset of 29 CRPC patients, 6 individuals (20.69 
%) exhibited negative or weak staining, and 23 individuals (79.31 %) 
displayed moderate or strong cytoplasmic staining for PLXNA1. The IHC 
results validated elevated PLXNA1 expression in CRPC (Fig. 7E-F). Of 
significance, patients with elevated PLXNA1 expression exhibited 
decreased disease-free survival rates (Fig. 7G-I).

Discussion

We found upregulated expression of PLXNA1 in ENZR PCa, and 
overexpression of PLXNA1 conferred robust acquired drug resistance. 
Mechanistically, PLXNA1 recruited NRP1 forming a PLXNA1-NRP1 
complex, which in turn potentiated the phosphorylation of the AKT. 
Perifosine, an AKT inhibitor, was able to reinstate the inhibitory effect of 
ENZR cells. Additionally, combined therapy using an AKT inhibitor and 
enzalutamide effectively overcome PLXNA1-induced ENZR. Therefore, 
our findings hold promising translational potential and benefit patients 
suffering with ENZR PCa.

PLXNA1, acting as a receptor for SEMA3A in the axon guidance 
pathway, plays a multifaceted role in various aspects of nervous system 
development, ranging from neuron migration and polarization, syn
aptogenesis to energy homeostasis and glucose homeostasis [41,42]. 
The role of PLXNA1 in cancer remains incompletely understood, but 
various mechanisms have been proposed. Though binding to SEMA3A, 
PLXNA1 counteract the anti-angiogenic properties of SEMA3A, thereby 
stimulating angiogenesis—an event that supports tumor progression and 
metastasis [42,43]. In addition, there are studies reporting that SEM
A3C/PlexinA2/NRP1 promotes perineural invasion of PCa cells [44]. 
This similarity to our research findings strengthens the credibility of our 
study and provides broader background support. Zhang et al. discovered 
that NRP1 facilitates the aggressiveness of PCa by triggering the AKT 
signaling pathway through EGFR activation [39]. Further exploration in 
this field will advance our comprehension of PCa development and 
treatment strategies. The interactions between PLXNA1 and other 
cytokine receptors, notably VEGFR2 and EGFR, have the potential to 
trigger downstream signaling pathways, thereby fostering tumor growth 
and metastasis [45].

Additionally, research has shown that PLXNA1 facilitates cell 
migration and invasion in breast cancer and PCa cells, potentially 
through its interaction with the extracellular matrix and the activation 
of signaling pathways such as the Rho family of GTPases [46]. Our 
findings uncovered a significant correlation between elevated PLXNA1 
expression and the acquisition of ENZR, thus linked to a poorer prog
nosis in PCa. The aberrant expression of PLXNA1 appears to constitute a 
plausible mechanism contributing to the failure of hormonal treatments.

Resistance to ADT can arise via various mechanisms, including 
genomic alterations of the AR, acquisition of linage plasticity, activation 

Wnt-β-catenin pathway and AKT pathway, etc. [47-50]. In 
PTEN-deficient PCa, amplified AKT signaling and a reciprocal feedback 
loop with AR signaling synergistically promote cell survival [51]. 
Notably, the activation of the AKT signaling pathway, independent of 
Receptor Tyrosine Kinases (RTKs), may derive from alternative intra
cellular signaling pathways or cytokine receptors, including G-protein 
coupled receptors [52]. The present study has clarified the interplay 
between the axon guidance pathway and the AKT signaling pathway, 
with a particular focus on the involvement of PLXNA1 in triggering the 
activation of the AKT signaling pathway in ENZR. PLXNA1 activates the 
AKT signaling pathway through recruitment of NRP1 and further 
phosphorylation of PDK1, independent of PTEN status. Dysregulation of 
AKT signaling pathway is known to drive drug resistance in various 
malignances with involving extensive crosstalk with other cell signaling 
networks. The efficacy of AKT targeted therapeutic strategies has been 
validated in preclinical and clinical trials [53].

Enzalutamide treatment has been found to activate the AKT signaling 
pathway through the stabilization of AKT phosphatase, thus promoting 
the development of ENZR [54]. Targeting AKT signaling pathway, 
which has been considered in primary PCa, maybe a promising approach 
to overcome androgen targeted therapy failure. Combination of AKT 
inhibitors, AZD5343, and enzalutamide markedly postponed the onset 
of ENZR by enhancing apoptosis and inducing cell cycle arrest [4]. Other 
AKT inhibitors are being studied in clinical trials, using liquid biopsies 
and genomic profiling to personalize cancer therapy [55]. To achieve 
clinical implication of AKT inhibitors, it is still necessary to nominate 
biomarkers to screening potential candidates and monitoring treatment 
effectiveness.

Axon guidance pathway is frequently altered, and likely be to a 
pathogenesis of PCa [18]. In both primary PCa and CRPC setting, a 
certain proportion of patients carry PLXNA1 amplification, which re
sults in augment PLXNA1 mRNA level [16,23]. The accumulation of 
PLXNA1 leads to the recruitment of NRP1, which in turn catalyzes the 
phosphorylation of AKT in PCa cells. The analysis of transcriptomic data 
from PCa patients revealed the enrichment of the AKT signaling in both 
CRPC and primary PCa patients carrying PLXNA1 amplification. These 
findings underscore the potential clinical significance of AKT inhibitors 
within this subgroup.

This study elucidated the involvement of dysregulated PLXNA1 
expression in ENZR development. Furthermore, we observed that peri
fosine efficiently inhibited the proliferation of ENZR cells, both inde
pendently and when combined with enzalutamide. Therefore, this 
innovative combination approach merits consideration for clinical trials 
aimed at overcoming ENZR in PCa. However, our study was mainly built 
with cell line models which is easily genetically manipulated and 
pharmacologically tested. The cell models only represent the clonal 
population of PCa and do not fully recapitulate tumor heterogeneity and 
individual diversity, both of which play a role in treatment resistance. 
Additionally, our ENZR cell models, even when used in xenograft ex
periments, were unable to fully encompass the complex interactions 
between PCa cells and mesenchymal or immune cells during ENZR 

Fig. 5. PLXNA1 activates AKT signaling pathway through the recruitment of NRP1.
(A) Immunoblots of indicated proteins in LNCaP-Parental and C4-2B-Parental cells. The cells were transfected with indicated plasmid or siRNA. Cells were then 
collected and analyzed by western blotting. (B) Immunoblots of indicated proteins in LNCaP-Parental and C4-2B-Parental cells. The cells were transfected with 
PLXNA1 plasmid or EG01377. Cells were then collected and analyzed by western blotting. (C) Immunoblots of Co-IP assays showing interaction between PLXNA1 and 
NRP1. Co-IP assays were performed using LNCaP-ENZR and C4-2B-ENZR cell lysates. (D) Immunofluorescence staining showing PLXNA1 (green) and NRP1 (red) 
localizations in LNCaP-ENZR and C4-2B-ENZR cells. All pictures were imaged using a confocal microscope. Representative images are shown with a 10 μm scale bar. 
Boxes represent regions in higher magnification. (E) Co-IP assays of PLXNA1 and NRP1 were performed using LNCaP-Parental/ENZR and C4-2B-Parental/ENZR cell 
lysates. (F) Representative FRET measurement illustrating interaction of PLXNA1 and NRP1 in 293T cells. FRET was performed to examine the 293T cells were co- 
transfected with plasmids of FRET sensor pairs cyan fluorescent protein (CFP)-Donner (PLXNA1) and yellow fluorescent protein (YFP)-Acceptor (NRP1). Fluorescence 
intensity were detected using a confocal microscope. Representative images are shown with a 10 μm scale bar (top). The fluorescence intensity of CFP and YFP 
channels before and during acceptor photobleaching (bottom). All pictures were imaged using a confocal microscope (63 ×). (G) Immunoblots of Co-IP assays 
showing interaction between PLXNA1 and NRP1. Co-IP assays were performed using C4-2B-ENZR cell lysates. (H) Molecular docking analysis shows the interaction 
domain between PLXNA1 and NRP1. Data are represented as mean ± SD of three independent experiments. The two-sided Student’s t-test was utilized for comparing 
differences among these variables. *P<0.05, **P<0.01, ***P<0.001.
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development. To translate our findings to clinical setting, further 
investigation with more sophisticated models, such as organoid, or pa
tient derived xenograft (PDX) model is needed. Tissue engineering ad
vancements now facilitate the creation of PDX from both primary and 
metastatic PCa lesions. These PDX models hold promise for the 

development of novel strategies in cancer precision medicine, bridging 
the gap between laboratory research and clinical applications [56].

In conclusion, our findings suggest that PLXNA1 may facilitate the 
progression of ENZR by recruiting NRP1 to activate AKT phosphoryla
tion. Combining perifosine with enzalutamide may offer a more 

Fig. 6. Perifosine inhibits growth of enzalutamide resistant PCa.
(A-B) Cell viability was assessed by MTS assay. LNCaP-ENZR and C4-2B-ENZR cells were treated with DMSO, enzalutamide (20 μM), perifosine (10 μM) or in 
combination for 0-4 days. (C-D) Cell viability was measured in the indicated cell lines under enzalutamide treatment. LNCaP-ENZR and C4-2B-ENZR cells were 
seeded in 96-well plates, 24 h later, these cells were exposed to enzalutamide with − /+ perifosine (10 μM) for 3 days. Cell viability was measured by MTS assays. (E) 
Clonal assay of indicated cells with perifosine alone or in combination with enzalutamide. LNCaP-ENZR (left) and C4-2B-ENZR (right) cells were treated with DMSO, 
enzalutamide (20 μM), perifosine (10 μM) or in combination. Colonogenic assay was performed, and colony numbers were quantified. (F-G) The 3D-plots showing 
effect on cell growth and drug synergism of perifosine and/or enzalutamide at varied concentrations in LNCaP-ENZR and C4-2B-ENZR cells. (H-K) Mice bearing C4- 
2B-ENZR xenografts were treated with vehicle control, enzalutamide (10 mg kg-1 p.o.), perifosine (100 mg kg-1 p.o.), or their combination for 4 weeks (n = 5/group). 
Tumor volumes were measured 2 to 5 days. Tumors were collected, photographed and weighed (H-I) when mice were sacrificed. IHC staining of Ki67 on tumor slide 
from each group were shown (J-K). (L) A putative schematic diagram illustrating the role of PLXNA1 in contributing to ENZR. Data are represented as mean ± SD of 
three independent experiments. The Mann-Whitney U test was employed to compare differences among variables. *P<0.05, **P<0.01, ***P<0.001.
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effective approach to suppress the progression of ENZR. These results 
enhance our understanding of ENZR development and propose a 
promising strategy for intervention in its progression.
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Fig. 7. PLXNA1 amplification correlates with AKT signaling pathway and PCa prognosis.
(A) Molecular profiles of PLXNA1 in primary PCa and CRPC according to cBiopartal for Cancer Genomics. (B) Copy-number variations (CNVs) of axon guidance 
pathway receptors in CRPC according to SU2C 2019 data (n=444). (C-D) Enrichment of AKT signaling pathway in CRPC and primary PCa patients harboring PLXNA1 
amplification. SU2C 2019 data were used as CRPC cohort and TCGA data for primary PCa. (E-F) PLXNA1 expression assessed by IHC in localized and CRPC tissues in 
Qilu cohort. Representative IHC images (E) and quantitative results (F) were shown. Scale bar, 50 μm. (G-I) Kaplan–Meier survival analysis of PCa cases according to 
high and low PLXNA1 expression levels. PCa cases in Qilu cohort, GSE46602 (50 % cut-off) and GSE70769 (25 % cut-off) were stratified based on PLXNA1 expression 
levels and analyzed for disease-free survival. Survival analysis was conducted using the Kaplan-Meier method along with Log-rank tests. m, months.
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