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Abstract. The present review focuses on the molecular func‑
tions of prostate‑specific membrane antigen (PSMA) as a 
biologically active protein. Its clinical use as a positron emis‑
sion tomography imaging marker or radioligand therapy target 
is beyond the scope of the current review. The role of PSMA 
(also known as folate hydrolase 1/glutamate carboxypeptidase 
II/N‑acetylated‑α‑linked acidic dipeptidase) has progressed 
from that of a prostate cancer biomarker to a functional driver 
of tumor biology. Structurally, PSMA is a type II transmem‑
brane glycoprotein with glutamate carboxypeptidase and 
folate hydrolase activities, linking glutamate and one‑carbon 
metabolism to proliferation, redox balance and epigenetic 
regulation. PSMA undergoes clathrin‑dependent endocytosis 
and interacts with various scaffolding proteins, such as filamin 
A and receptor for activated C kinase 1, which are properties 

that underlie its functional role as a molecular signaling hub, 
in addition to being a therapeutic entry point. Its expression 
is dynamically regulated by androgen receptor signaling, 
NF‑κB activation and epigenetic modifiers, contributing to 
intra‑patient heterogeneity and treatment resistance. PSMA 
expression is not restricted to prostate epithelium but is also 
expressed in tumor‑associated endothelium across multiple 
malignancies, where it can promote angiogenesis through 
integrin/PI3K‑AKT‑mTOR signaling and paracrine induc‑
tion by extracellular vesicles. These molecular functions can 
result in immune exclusion, stromal activation and neuronal 
interactions, positioning PSMA as a key regulator of the 
tumor microenvironment. Although PSMA‑targeted imaging 
and therapies have demonstrated substantial clinical utility, 
understanding the biological basis of the function of PSMA is 
essential for interpreting the heterogeneous clinical responses 
and for designing next‑generation therapeutic strategies in 
association with this protein. By integrating enzymatic activity, 
non‑enzymatic scaffold signaling and tumor microenviron‑
mental regulatory information, the present review provides a 
functional framework in the PSMA biology field and discusses 
how these molecular properties can be leveraged to develop 
novel rational and effective PSMA‑targeted interventions.
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1. Introduction

Prostate‑specific membrane antigen (PSMA, also known as 
FOLH1/GCPII/NAALADase) is a type II transmembrane 
glycoprotein that is highly expressed in prostate cancer 
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cells and now widely exploited as a molecular imaging and 
therapeutic target. PSMA PET/CT has transformed prostate 
cancer staging and restaging, enabling the detection of micro‑
metastatic disease and guiding metastasis‑directed therapies. 
In particular, radioligand therapy (RLT) has emerged as a 
life‑prolonging treatment for advanced prostate cancer (1). 
Despite these clinical advances, the biological mechanisms 
regulating PSMA expression, its heterogeneity across meta‑
static sites and its functional consequences remain poorly 
understood (2). Therefore, a comprehensive overview of PSMA 
PET imaging or RLT is beyond the scope of this review. Instead, 
it focuses on the molecular functions of PSMA that underlie 
its biological and therapeutic relevance. A unified conceptual 
framework integrating the metabolic enzymatic activity of 
PSMA, non‑enzymatic scaffold signaling, tumor‑associated 
angiogenesis and immunological consequences within tumor 
biology is the focus of this review.

Recent studies have revealed that PSMA is not merely 
a passive marker but a multifunctional protein involved in 
glutamate and folate metabolism, clathrin‑mediated inter‑
nalization, potentially in signaling processes that influence 
tumor progression. Importantly, PSMA expression is not 
restricted to prostate epithelial cells but can also be found 
in tumor‑associated endothelium across a diverse range of 
malignancies, including renal cell carcinoma, colorectal 
cancer and glioblastoma (3,4). This endothelial expression 
profile implicates PSMA in angiogenesis and tumor microen‑
vironment (TME) remodeling. Consistent with this, paracrine 
mechanisms have been proposed in which PSMA‑positive 
extracellular vesicles (EVs) or membrane fragments induce 
PSMA expression in endothelial cells to enhance angiogen‑
esis, suggesting a positive feedback loop for reinforcing tumor 
vascularization (5). Additional evidence from renal cell carci‑
noma and other urological malignancies further supports the 
concept of PSMA as a pan‑tumor neovascular marker (6).

This review will provide a comprehensive summary of 
current knowledge on PSMA, covering its structural and 
enzymatic features, transcriptional and epigenetic regulatory 
profile, endothelial expression and roles in angiogenesis, inter‑
actions with immune and metabolic pathways, and clinical 
applications and future therapeutic opportunities (Fig.  1). 
Our goal is to shift the perspective on PSMA from a mere 
diagnostic biomarker to a potential driver of tumor biology 
and a versatile pan‑cancer therapeutic target.

2. Structure and basic molecular functions of PSMA

Features as a membrane protein. PSMA is encoded by the 
FOLH1 gene on chromosome 11p11.2 and was first cloned in the 
early 1990s as a prostate cancer‑associated surface antigen (7). 
Shortly thereafter, Bzdega et al (8) and Pinto et al (9) identified 
its enzymatic identity to be a glutamate carboxypeptidase II 
(GCPII; NAALADase I).

Structurally, PSMA is a type II transmembrane glyco‑
protein with a short N‑terminal cytoplasmic tail [~19 (amino 
acids)] containing a canonical MWNLL internalization motif, 
a single transmembrane helix (~24 aa) and a large extracellular 
ectodomain (~700 aa) that harbors the catalytic machinery (10). 
The ectodomain is organized into protease, apical and dimer‑
ization domains, where the protein exists predominantly as 

a non‑covalent homodimer, which is essential for optimal 
substrate binding and catalytic efficiency (10).

PSMA is heavily N‑glycosylated at up to 10 sites, where 
proper glycosylation is required for stability, surface expres‑
sion and enzymatic activity. By contrast deglycosylation leads 
to ER retention and loss of function (11). Internalization is 
constitutive and clathrin‑dependent, which is further accel‑
erated by ligand or antibody binding (12). Interaction with 
filamin A (FLNa) restrains constitutive endocytosis and has 
been reported to attenuate NAALADase activity (13). These 
properties underpin the use of PSMA as an entry point for 
antibody‑drug conjugates (ADCs) and RLT.

Enzymatic activities: General view. PSMA is a member of 
the M28 metallopeptidase family, functioning as a gluta‑
mate‑preferring carboxypeptidase. Its binuclear zinc active 
site is located within the protease domain, coordinated by 
a number of key residues, such as His377, Asp387, Asp453, 
Glu425 and His553. A positively‑charged substrate‑binding 
cavity (Arg210, Arg463, Arg534 and Arg536) stabilizes the 
γ‑carboxylate group of glutamate  (10). Pharmacologically, 
PSMA can be inhibited by phosphonate analogs [including 
2‑(Phosphonomethyl)pentanedioic acid] and can be clinically 
targeted by a range of urea‑based ligands, such as PSMA‑617 
and DCFPyL, for imaging and therapy (11).

GCPII activity and glutamate signaling. As NAALADase 
I/GCPII, PSMA hydrolyzes N‑acetylaspartylglutamate 
(NAAG) into N‑acetylaspartate (NAA) and glutamate. In the 
central nervous system, this reaction regulates extracellular 
glutamate levels to modulate metabotropic and ionotropic 
glutamate receptor signaling, thereby serving a key role 
in neuronal excitability  (14). Consistent with this, genetic 
knockout or pharmacologic inhibition of GCPII reduces 
susceptibility to seizures and excitotoxic injury by limiting 
glutamate release, supporting a physiological role of NAAG 
metabolism in neuroprotection (8,15).

In prostate cancer cells, PSMA‑derived glutamate exerts 
a distinct biological role beyond neurotransmitter regulation. 
Increased pericellular glutamate generated by GCPII activity 
can activate metabotropic glutamate receptor 1 (mGluR1), 
leading to the downstream stimulation of PI3Kβ‑AKT 
signaling and subsequent phosphorylation of mTOR effectors, 
such as ribosomal protein S6 kinase β1 (S6K) and eukaryotic 
initiation factor 4E‑binding protein 1 (4EBP1), ultimately 
promoting cell proliferation and survival (16,17). In particular, 
this aforementioned signaling cascade is initiated by enzymatic 
substrate hydrolysis and represents a metabolically‑mediated 
mechanism by which PSMA indirectly engages oncogenic 
signaling pathways, rather than a direct receptor‑scaffolding 
function.

Folate hydrolase activity. PSMA also exhibits folate hydrolase 
activity, cleaving poly‑γ‑glutamylated folates into monoglu‑
tamate forms that are competent for cellular uptake through 
the proton‑coupled folate transporter (PCFT) and the reduced 
folate carrier (RFC). Whilst this function is more physiologi‑
cally relevant in the jejunum, it is markedly upregulated in 
prostate cancer, where the increased folate availability supports 
nucleotide synthesis and one‑carbon metabolism (18).
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Previous transcriptomic analyses have demonstrated 
that FOLH1 expression is positively correlated with that 
of genes involved in one‑carbon metabolism, including 
MTHFD1L and SHMT2, suggesting a coordinated meta‑
bolic program in PSMA‑high tumors  (17). Through this 
enzymatic activity, PSMA increases the intracellular pool 
of folate‑derived one‑carbon units, thereby supporting DNA 
synthesis, redox balance and epigenetic regulation through 
S‑adenosylmethionine‑dependent methylation reactions.

The contribution of folate hydrolase activity to tumor 
progression is however primarily metabolic in nature 
and does not require the direct participation of PSMA in 
receptor‑associated signaling complexes. Together with 
GCPII‑mediated glutamate production, this function posi‑
tions PSMA as a metabolic gatekeeper that aligns nutrient 
availability with the biosynthetic and epigenetic demands of 
proliferating cancer cells.

Substrate specificity and signaling scaffolding. Beyond its 
enzymatic activities, PSMA also confers non‑enzymatic 
functions as a signaling scaffold that reorganizes membrane‑
associated receptor complexes. Structural and biochemical 
studies have shown that PSMA can interact with β1‑integrin 

and insulin‑like growth factor‑1 receptor through various 
adaptor proteins, such as receptor for activated C kinase 1, 
thereby forming macromolecular signaling assemblies at the 
plasma membrane (16).

Through these interactions, PSMA redirects downstream 
signaling from the MAPK pathway towards the PI3K‑AKT 
axis, a process referred to as ‘signaling rewiring’. In particular, 
this shift in signaling balance promotes cell survival, migra‑
tion and angiogenic potential, which has been associated with 
more aggressive tumor phenotypes (16).

However, scaffold‑mediated PSMA signaling is inde‑
pendent of its catalytic activity. Pharmacologic inhibition of 
GCPII enzymatic function does not abrogate PSMA‑driven 
PI3K‑AKT activation mediated through integrin‑associated 
complexes, underscoring that this pathway operates 
separately from its role in substrate hydrolysis‑dependent 
metabolic signaling. This distinction highlights PSMA's 
dual identity as both an ectoenzyme and a non‑enzymatic 
signaling adaptor.

In addition to integrin and growth factor receptor signaling, 
emerging proteomic studies have suggested that PSMA can 
associate with broader cytoskeletal and membrane‑organizing 
proteins, potentially expanding its scaffold repertoire beyond 

Figure 1. Integrated schematic of PSMA molecular functions and therapeutic implications. (A) Enzymatic features. PSMA structure and enzymatic activities 
in the (Aa) brain and (Ab) intestine, linking glutamate signaling and folate metabolism. (B) Endothelial expression across cancer types. PSMA expression in 
tumor‑associated vascular endothelium and its role in tumor angiogenesis. (C) Regulation of signaling pathways. PSMA functions as a signaling hub through 
interactions with integrins and other membrane proteins. (D) Internalization and recycling. Ligand‑induced internalization and recycling of PSMA, enabling 
targeted therapy and sustained surface signaling. This schematic illustration was created with the support of Medical Fig (https://medicalfig.medicaleducation.
co.jp/). AP‑2, adaptor protein 2; ECM, extracellular matrix; F, folate; G, glutamate; IGF‑1R, insulin‑like growth factor 1 receptor; mGluR, metabotropic 
glutamate receptor; NAAG, N‑acetylaspartylglutamate; NSCLC, non‑small cell lung cancer; PSMA, prostate‑specific membrane antigen; RACK1, receptor 
for activated C kinase 1; RFC, reduced folate carrier; RLT, radioligand therapy; TCA cycle, tricarboxylic acid cycle.
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its currently characterized partners  (19). Defining the full 
interactome of PSMA will be essential for understanding 
how its non‑enzymatic scaffolding functions can contribute to 
therapy resistance, cellular plasticity and tumor progression. 

Scaffold functions and unexplored protease activity. 
Collectively, PSMA functions as a dual‑mode regulator 
of tumor biology by integrating catalytic metabolic inputs 
and non‑enzymatic signaling rewiring through distinct but 
convergent mechanisms. Its enzymatic activities can generate 
glutamate and monoglutamyl folates, thereby indirectly 
activating oncogenic signaling pathways through metabolic 
reprogramming. In parallel, PSMA can also serve as a 
signaling scaffold to reorganize receptor‑associated complexes 
at the plasma membrane, redirecting downstream signaling 
towards PI3K‑AKT dominance independently of its substrate 
hydrolysis capabilities.

Although both axes tend to converge on PI3K‑AKT 
signaling, their biological origins and regulatory contexts 
are fundamentally different. Metabolically‑driven signaling 
depends on local substrate availability and enzymatic 
activity, whereas scaffold‑mediated signaling is governed by 
membrane localization, protein‑protein interactions and cyto‑
skeletal organization. The relative contribution of these two 
mechanisms is therefore context‑dependent, varying across 
cell types, disease stages and therapeutic pressures.

This dual functional framework provides a conceptual basis 
to understand several unresolved features of PSMA biology, 
including intratumoral heterogeneity, treatment‑induced 
PSMA modulation and differential therapeutic responses. In 
particular, it offers an explanation into how PSMA can sustain 
oncogenic signaling even under conditions of enzymatic 
inhibition or metabolic stress.

In endothelial cells, PSMA‑driven angiogenesis appears to 
rely predominantly on scaffold‑mediated signaling rather than 
its metabolic enzyme activity, whereas in prostate cancer cells 
both axes may operate in parallel. Recognizing this functional 
duality is critical for the rational design of PSMA‑targeted 
therapies and combination strategies.

3. Intracellular trafficking and endocytosis of PSMA

Clathrin‑dependent endocytosis triggered by ligand binding. 
PSMA undergoes constitutive internalization, which is mark‑
edly accelerated upon ligand or antibody engagement. The 
short N‑terminal cytoplasmic tail contains the MWNLL 
motif, both necessary and sufficient for clathrin‑ and adaptor 
protein‑2‑dependent endocytosis (12,20). Imaging and muta‑
genesis studies have reported its localization to clathrin‑coated 
pits, whilst disruption of the MWNLL motif has been shown to 
abrogate its internalization and delays surface clearance (20). 
Ligand‑triggered endocytosis has been observed with mono‑
clonal antibody (such J591), Glu‑urea‑based inhibitor and ADC 
treatment, resulting in rapid trafficking to early endosomes. 
From there, PSMA can either recycle back to the plasma 
membrane or proceed to late endosomes and lysosomes for 
ligand degradation or payload release (1).

Filamin A and endocytic regulation. The cytoplasmic tail of 
PSMA also bind FLNa, linking it to the actin cytoskeleton. 

FLNa binding restrains constitutive endocytosis and reduces 
NAALADase activity (12). Disruption of this interaction has 
been observed to enhance internalization, indicating that 
cytoskeletal context and extracellular cues can dynamically 
regulate PSMA trafficking (2).

Implications for targeted drug delivery. Ligand‑induced inter‑
nalization provides the mechanistic basis for using PSMA as a 
therapeutic gateway. ADCs exploit this process for lysosomal 
trafficking and payload release, resulting in potent cytotox‑
icity in PSMA‑positive cells (1). Similarly, RLT benefits from 
intracellular trapping of radionuclides, such as 177Lu and 225Ac, 
which increase the tumor absorbed dose (2). Beyond these, 
PSMA‑targeted nanoparticle platforms, including supramolec‑
ular systems using cucurbit‑[8]‑uril host‑guest chemistry, can 
achieve selective uptake and therapeutic efficacy in prostate 
cancer models (21). Taken together, these approaches highlight 
PSMA as a versatile entry point for the precise delivery of 
drugs, nucleic acids and imaging agents.

Clinical and translational implications. PSMA's traf‑
ficking behavior has direct clinical relevance. Its saturable, 
time‑dependent uptake informs dosing strategies to maximize 
tumor targeting whilst avoiding receptor downregulation (12). 
Recycling of internalized PSMA to the cell surface allows for 
repeated ligand binding and payload delivery, a principle lever‑
aged in fractionated RLT to enhance the cumulative tumor 
dose (1). However, resistance may arise from altered endo‑
somal trafficking, lysosomal dysfunction or the transcriptional 
downregulation of PSMA, all of which reduce payload release. 
Co‑targeting trafficking pathways or pharmacologically 
enhancing PSMA surface expression may therefore improve 
therapeutic efficacy and durability (17).

4. Regulation of PSMA expression and transcriptional 
control

Androgen receptor (AR) signaling and PSMA expression 
dynamics. FOLH1 expression is strongly regulated by AR 
signaling and generally shows an inverse correlation with AR 
activity. Under androgen stimulation, AR represses PSMA 
transcription, reducing PSMA protein expression at the 
cell surface (22). Conversely, androgen deprivation therapy 
(ADT) or potent AR antagonists, such as enzalutamide or 
apalutamide, induce a rapid ‘PSMA flare’, characterized by 
increased transcription and surface expression (23). Clinically, 
this enhances lesion detectability on PSMA PET/CT and may 
improve the uptake of PSMA‑targeted radioligands (24).

Mechanistic studies have suggested that AR may 
directly repress FOLH1 through intronic androgen response 
elements and indirectly through MYC and homeobox B13 
signaling (17). In castration‑resistant prostate cancer (CRPC), 
PSMA expression typically remains high or even increases, 
reflecting altered AR dependency and partial escape from 
AR‑mediated repression.

Transcriptional and epigenetic regulation. Beyond AR, 
FOLH1 expression is shaped by prostate‑specific cis‑regu‑
latory elements and inf lammatory pathways. Chronic 
NF‑κB activation is a known driver of prostate cancer 
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progression (25), where crosstalk between AR and NF‑κB 
represents a key axis influencing FOLH1 transcription (26). 
A well‑characterized intragenic enhancer within intron 3 of 
FOLH1, known as the PSMA enhancer element, augments 
promoter activity in PSMA‑expressing cells (27,28). Although 
direct NF‑κB‑driven activation of the FOLH1 promoter has 
not been conclusively shown, PSMA can itself activate NF‑κB 
through integrin‑dependent complexes, linking it to angiogen‑
esis and survival pathways (29,30).

Splice variants and functional implications. PSMA under‑
goes alternative splicing, generating isoforms with distinct 
subcellular localization and functional properties.

However, the canonical full‑length protein is membrane‑
anchored and enzymatically active, enabling ligand binding, 
internalization and downstream signaling. The splice variant 
lacking exon 13 (PSMAΔ13) is predominantly retained in the 
cytoplasm and fails to localize to the cell surface, resulting 
in reduced availability of functional PSMA at the plasma 
membrane (31).

Functionally, PSMAΔ13 has been proposed to act as a 
dominant‑negative isoform by interfering with membrane 
trafficking or stability of the full‑length protein, thereby 
decreasing effective surface PSMA levels. Such a reduction is 
expected to directly impair ligand binding, internalization and 
payload delivery, providing a mechanistic basis for reduced 
sensitivity to PSMA‑targeted approaches, including RLT and 
antibody‑drug conjugates (ADCs).

Experimental studies have previously demonstrated that 
PSMA protein expression alone is insufficient to confer its 
biological effects. In prostate cancer models, expression of 
catalytically inactive or structurally‑altered PSMA mutants 
abolished PSMA‑mediated functional effects despite preserved 
protein expression, indicating that intact enzymatic activity 
and proper membrane localization are critical for PSMA func‑
tion (31). These findings support the notion that PSMAΔ13 
represents a functionally deficient PSMA state rather than a 
simple quantitative reduction in expression.

Additional truncated PSMA isoforms have also been 
reported, including variants that may be secreted and detect‑
able in circulation  (1). Whilst the biological and clinical 
significance of PSMAΔ13 and related truncated isoforms 
remains to be fully elucidated, further studies are required 
to define their prevalence, regulation and direct impact on 
PSMA‑targeted diagnostics and therapies.

Upregulation during progression and spatial heterogeneity. 
PSMA expression generally increases with disease progres‑
sion, showing higher expression levels in tumors with higher 
Gleason scores, advanced stage, and CRPC (32). However, 
marked spatial heterogeneity complicates its clinical 
application. Studies have shown site‑specific variation in 
PSMA expression across metastases, with major therapeutic 
implications (33).

Liver metastases frequently display PSMA‑low or 
PSMA‑negative phenotypes, making them difficult to detect 
on PSMA‑PET (34,35). This ‘cold’ phenotype is associated 
with the reduced uptake of RLT and inferior responses, 
possibly reflecting lineage plasticity, neuroendocrine differen‑
tiation or the epigenetic silencing of FOLH1 (36). Importantly, 

PSMA‑low or PSMA‑negative phenotypes do not necessarily 
indicate the complete loss of FOLH1 transcription, since alter‑
native splicing, impaired membrane trafficking or intracellular 
retention can all result in functionally inactive PSMA despite 
preserved gene expression.

By contrast, bone and nodal metastases typically maintain 
high expression levels, at time exceeding that of primary 
tumors. Hope  et  al  (37) reported the high specificity of 
68Ga‑PSMA‑11 PET/CT for nodal disease, although sensitivity 
was reduced for lesions <5 mm. These findings highlight 
the need to integrate PSMA‑PET with histopathology and 
complementary diagnostics, such as dual‑tracer imaging, 
image‑guided biopsy or circulating tumor DNA profiling. 
Elucidating the molecular drivers of PSMA‑low states will be 
essential to optimize patient selection and develop strategies to 
restore expression before therapy.

5. Tumor angiogenesis and TME

PSMA expression in the tumor endothelium across cancer 
types. PSMA expression is not restricted to prostate epithe‑
lium but is also strongly expressed in the endothelium of the 
tumor‑associated neovasculature across a number of other solid 
tumors. Haffner et al (3) reported vascular PSMA positivity 
in 66% of gastric and 85% of colorectal adenocarcinomas, as 
well as in most metastases derived from these primary tumors. 
Subsequent studies confirmed vascular PSMA expression in 
renal cell carcinoma, glioblastoma, non‑small‑cell lung cancer, 
pancreatic, breast and thyroid cancers (38‑44). Representative 
immunohistochemistry images from three genitourinary cancer 
cases analyzed in the present study (Fig. 2) demonstrated that 
PSMA expression was consistently restricted to the endothelium 
of tumor‑associated neovessels across renal cell carcinoma, 
upper tract urothelial carcinoma and bladder cancer. As 
summarized in Table I, vascular PSMA expression has also 
been reported across a wide range of solid tumors, with substan‑
tial variability in reported frequencies (n/N) depending on 
cancer type and study. However, in other urological malignan‑
cies, such as testicular germ cell tumors or penile carcinoma, 
PSMA expression has not been detected in tumor‑associated 
vasculature, indicating that endothelial PSMA expression is not 
universally present across all cancer types.

It should however be noted that vascular PSMA expres‑
sion is not uniformly observed across all tumor types, 
where reported positivity rates vary substantially among 
studies and malignancies. These observations underscore 
the need for further stringent tumor‑type‑specific validation 
rather than assuming the universal applicability of vascular 
PSMA‑targeted imaging or therapeutic strategies.

Functional models also support a causal role of PSMA: 
in mice with transgenic adenocarcinoma of prostate, PSMA 
knockout (Folh1‑/‑) reduced microvessel density, increased 
hypoxia and apoptosis, impairing tumor growth  (16). 
Altogether, all of the aforementioned findings proposed 
PSMA as an active contributor to pathological angiogenesis 
and a robust, pan‑cancer vascular marker with translational 
potential for imaging and therapy.

Paracrine and epigenetic regulation of endothelial PSMA. 
Endothelial PSMA is actively regulated rather than passively 

https://www.spandidos-publications.com/10.3892/mmr.2026.13832
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expressed. EVs shed from PSMA‑positive tumor cells can 
induce de novo PSMA expression in HUVECs, promoting 
angiogenesis through NF‑κB signaling (5). Machado et al (45) 
showed that PSMA‑positive particles can stimulate VEGF‑A 
and angiogenin release with 4EBP1 phosphorylation, linking 
PSMA to mTOR‑dependent translational control. Similar find‑
ings were observed with renal cell carcinoma‑derived vesicles 
carrying growth differentiation factor 15 and myeloid‑derived 
growth factor (6). Although these findings support a paracrine 
regulatory model, the precise molecular mechanisms and their 
relevance in human tumors remain to be fully elucidated.

These data support a paracrine model in which 
tumor‑derived vesicles provide both inductive signals and 
pro‑angiogenic cargo. Importantly, vascular PSMA expres‑
sion persists even in metastases lacking epithelial PSMA (36). 
However, epigenetic regulation also contributes. Promoter 
hypermethylation or histone deacetylation can silence FOLH1, 
whereas histone deacetylase (HDAC) inhibition can restore 
endothelial PSMA  (37). Therefore, endothelial PSMA is 
likely dynamically regulated through a paracrine‑epigenetic 
feedback loop.

Downstream signaling pathways. PSMA can function 
not only as a peptidase but also as a signaling hub (Fig. 3). 
Conway et al (46) previously showed that PSMA can regu‑
lates laminin‑specific β1‑integrin‑p21‑activated kinase 1 
signaling, which is essential for endothelial invasion. Loss 
of PSMA was found to impair extracellular matrix (ECM) 
invasion and angiogenesis (46). Caromile et al (16) demon‑
strated that PSMA can redirect signaling from MAPK to 
PI3K‑AKT‑mTOR, enhancing endothelial survival, prolifera‑
tion and sprouting. In another study, Grant et al (47) further 
showed that PSMA can regulate angiogenesis in experimental 
models, including in vitro endothelial assays and in vivo mouse 
neovascularization models, at least in part independently of 
canonical VEGF signaling pathways (5). Although the precise 
relationship between PSMA‑driven angiogenic signaling and 
the canonical VEGF/VEGFR pathway remains incompletely 
understood, PSMA is currently hypothesized to regulate 
angiogenesis through mechanisms that are at least partially 

independent of VEGF signaling. These studies position 
PSMA as a central integrator of ECM cues, cytoskeletal 
remodeling and pro‑survival pathways, reinforcing its thera‑
peutic relevance.

Emerging pan‑cancer implications. Recognition of vascular 
PSMA across cancers broadens its biological and clinical 
significance. Immunohistochemistry and PET studies showed 
positivity in bladder cancer, upper tract urothelial carcinoma 
(UTUC), glioblastoma, thyroid, pancreatic, lung and breast 
tumors (38,39,47). In urothelial carcinoma, vascular PSMA 
expression has been shown to be positively correlated with 
increased microvessel density and poor prognosis  (48,49). 
These findings suggest that prostate‑derived therapies can 
be repurposed for vascular targeting across tumor types. 
Bladder and UTUC show heterogeneous but detectable 
vascular PSMA (4,50), where vascular expression persists 
even in tumors with low epithelial PSMA expression (such as 
in neuroendocrine variants) (33). Site‑specific heterogeneity is 
likely critical. In prostate cancer, liver metastases frequently 
lack PSMA expression, causing false‑negative PET and poor 
RLT responses (34,35), whereas bone and nodal metastases 
maintain robust expression and remain excellent therapeutic 
targets for exploiting PSMA. Knockout models have previ‑
ously confirm that the loss of PSMA can profoundly impair 
angiogenesis and tumor growth (16).

Collectively, these data suggest that vascular PSMA 
can serve as both a biomarker and therapeutic entry point. 
Future strategies may combine vascular‑directed RLT, 
ADCs or epigenetic modulators (36). Integrating PSMA‑PET 
with complementary imaging and liquid biopsy may more 
efficiently capture heterogeneity and refine patient selection.

6. Immunological roles of PSMA

PSMA expression and immunosuppressive TME. PSMA 
expression has been associated with an immunosuppres‑
sive TME. In prostate cancer and other solid tumors, 
PSMA‑positive lesions frequently show infiltration by immu‑
nosuppressive myeloid populations and increased levels of 

Figure 2. Immunohistochemical detection of PSMA in the tumor‑associated vasculature of genitourinary malignancies. Representative immunohistochemical 
images from 3 genitourinary cancer cases using surgically resected specimens obtained during routine clinical care as part of the present study: Case 1, renal 
cell carcinoma; case 2, upper tract urothelial carcinoma; and case 3, bladder cancer. All cases exhibited PSMA expression in tumor‑associated blood vessels. 
PSMA‑positive endothelial cells are highlighted by red arrowheads and were predominantly localized in the tumor‑associated vasculature surrounding tumor 
nests, whereas adjacent normal vessels remained negative. Formalin‑fixed, paraffin‑embedded sections (3‑5 µm) were stained with a mouse monoclonal 
anti‑PSMA antibody (M3620; Dako; Agilent Technologies, Inc.). Endothelial PSMA positivity was defined as distinct membranous and/or cytoplasmic 
staining in tumor‑associated blood vessels. Magnification, x400; scale bar, 50 µm. PSMA, prostate‑specific membrane antigen.
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inhibitory cytokines, such as IL‑10 and TGF‑β (51,52). These 
features suggest that PSMA‑positive tumors create conditions 
favoring immune evasion, by attenuating cytotoxic T cell 
activity. Reviews further emphasized that PSMA targeting 
could reshape the TME by reducing immunosuppressive 
signaling and altering myeloid balance, although direct mech‑
anistic evidence in patients remains limited (51,53). There is 

also conceptual interest in whether the enzymatic activity of 
PSMA in folate and glutamate metabolism can influence T cell 
function, an area requiring further study.

Correlations with tumor‑infiltrating lymphocytes (TILs), 
tumor‑associated macrophages and immune checkpoints. 
Transcriptomic and immunohistochemical studies have 

Table I. Tumor‑associated vascular PSMA expression and clinical implications across cancer types.

	 Vascular PSMA	D etection method	
Tumor type	 expression, n/N (%) (ref.)	 (as reported)	C linical implications (ref.)

Prostate cancer	 4/33 (12.1) (5)	I HC (PSMA clone	 High diagnostic performance of PSMA‑PET for 
		  3E6; CD31)	 primary and metastatic disease, with reduced 
			   sensitivity for liver metastases (34,35,65); 
			   transient PSMA flare after ADT (70,71); efficacy 
			   of PSMA‑targeted RLT in mCRPC (67‑69).
Bladder UC	 84/124 (67.7) (48); 	I HC/IF (PSMA; 	 PSMA‑PET signal largely vascular; vascular 
	 present (n/N not 	CD 31)	 PSMA associated with prognosis and therapeutic 
	 reported) (49)		  targeting potential (48,49,66).
UTUC	D etectable (n/N not	I HC	 Variable PSMA‑PET uptake compared with 
	 reported) (4)		  FDG; vascular PSMA expression may enable 
			   targeting in selected cases (50,66).
Renal cell	 16/21 (76.2) (23); 	I HC (various 	N on‑prostate PSMA uptake predominantly
carcinoma	 24/30 (80.0) (24); 	 antibodies; CD31)	 reflects vascular PSMA expression; rationale for 
	 45/45 (100.0) (6)		  vasculature‑directed strategies rather than 
			   tumor‑cell imaging (39,53,66).
Non‑small cell	 135/275 (49.1) (44)	 IHC (various 	 PSMA‑PET uptake largely reflects vascular PSMA 
lung cancer		  antibodies; 	 expression in tumor‑associated vasculature; 
		CD  31/CD34)	 potential angiogenesis‑related imaging/targeting 
			   (39,44,66).
Pancreatic cancer	R eported (n/N not	I HC (reported in	 Generally weak PSMA‑PET uptake; vascular 
	 reported) (4,38)	 reviews)	 PSMA expression suggests possible targeting in 
			   selected settings (39,66).
Breast cancer	 Vascular PSMA 	I HC	 PSMA‑PET uptake may be observed, including in 
	 expression reported 		  brain metastases; vascular PSMA expression 
	 (n/N not reported) (17,43)		  represents a potential therapeutic target (39,66).
Thyroid cancer	D istant mets: 9/9 (100.0) 	I HC (PSMA; 	 PSMA‑PET uptake predominantly vascular; 
	 (40); LN mets: 8/12 (66.7) 	CD 31/CD34)	 therapeutic relevance particularly in RAIR 
	 (40); 120/267 (44.9) (42)		  disease and metastases (39,40,42,66).
Glioblastoma	 32/32 (100.0) (38); 	I HC (3E6 or 	 PSMA‑PET and therapeutic approaches primarily 
	 5/5 (100.0) (41); 	 other clones; 	 target vascular PSMA expression in tumor‑
	 53/69 (76.8) (54)	CD 31/VWF)	 associated vasculature; neuro‑oncological 
			   vascular targeting rationale (38,39,63).
Gastric/colorectal	 Gastric: 79/119 (66.4) (3); 	I HC (PSMA clone	 Frequent vascular PSMA expression supports 
cancer	CRC : 110/130 (84.6) (3)	 3E6; CD31)	 feasibility of vascular imaging/targeting; 
			   association with tumor grade in CRC (3,39,66).

Tumor‑associated vascular PSMA expression is summarized by cancer type with reported n/N (%). n/N indicates the number of cases showing 
vascular PSMA expression (n) out of the total number of cases evaluated (N). Reference numbers supporting vascular PSMA expression are 
shown in the second column. The clinical implications column cites only clinical/translation studies explicitly discussed in the main text. When 
n/N was not reported, this is indicated. Differences in antibodies, staining protocols and scoring preclude cross‑study quantitative comparisons. 
ADT, androgen deprivation therapy; CRC, colorectal cancer; FDG, fluorodeoxyglucose; IF, immunofluorescence; IHC, immunohistochem‑
istry; LN, lymph node; mCRPC, metastatic castration‑resistant prostate cancer; mets, metastasis; PET, positron emission tomography; PSMA, 
prostate‑specific membrane antigen; RAIR, radioactive iodine‑refractory; RLT, radioligand therapy; UC, urothelial carcinoma; UTUC, upper 
tract urothelial carcinoma; VWF, von Willebrand factor.

https://www.spandidos-publications.com/10.3892/mmr.2026.13832
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indicated that PSMA‑positive tumors tend to harbor low levels 
of functional CD8+ TILs and an enrichment of exhausted 
or suppressive phenotypes  (51,52). In gliomas, endothelial 
PSMA correlated with aberrant vascular morphology (53). 
Such vessels exhibit reduced adhesion molecule expression 
and a disorganized structure, impairing T cell trafficking 
and contributing to ‘vascular immune exclusion’ (54). These 
observations support a model in which both epithelial and 
endothelial PSMA indirectly reinforce an immunologically 
cold phenotype by altering the immune composition and 
restricting lymphocyte access. However, direct causal links 
between PSMA activity and immune modulation in patients 
remain largely inferential and require further experimental 
validation.

Potential for vascular normalization and immune checkpoint 
inhibitor (ICI) combination therapy. Given its vascular 
localization, PSMA is currently being explored as a target for 
vascular normalization to improve perfusion and immune infil‑
tration, analogous to VEGF/VEGFR blockade (52). Preclinical 
studies have suggested that PSMA inhibition may synergize 
with ICIs, by reversing immune exclusion and enhancing T cell 
recruitment (55,56). In addition, PSMA‑targeted radiopharma‑
ceutical therapy (RPT) can exert immunomodulatory effects 
beyond cytotoxicity, including induction of immunogenic 
cell death, antigen release and activation of innate pathways 

(such as cyclic GMP‑AMP synthase‑stimulator of interferon 
genes) (55‑57). These mechanisms provide the rationale for 
ongoing trials combining RPT with ICIs, as well as the devel‑
opment of PSMA‑targeted bispecific T‑cell engagers (BiTEs) 
and other immunotherapies that can convert PSMA‑positive 
tumors from immunologically ‘cold’ to ‘hot’ states (56,57).

7. Novel and exploratory functions of PSMA

Metabolic reprogramming. The enzymatic products of PSMA, 
glutamate and monoglutamyl folate, connect it to central 
metabolic pathways. Hydrolysis of NAAG elevates pericellular 
glutamate levels, which fuels the TCA cycle through glutami‑
nolysis and activates mGluR1‑PI3Kβ‑AKT signaling, driving 
downstream phosphorylation of mTOR effectors S6K and 
4EBP1 (58,59). Simultaneous parallel folate hydrolase activity 
generates monoglutamyl folate for uptake by PCFT and RFC, 
augmenting one‑carbon metabolism and nucleotide synthesis 
whilst supplying methyl donors required for epigenetic 
regulation (60).

Importantly, PSMA expression is highest in CRPC, a stage 
marked by metabolic plasticity, suggesting that PSMA func‑
tions as a metabolic gatekeeper aligning nutrient availability 
with proliferative demand (18). This dual contribution to energy 
and biosynthetic flux positions PSMA at the intersection of 
metabolism, epigenetics and oncogenic signaling.

Figure 3. Proposed model of PSMA‑associated angiogenic signaling in the tumor microenvironment. Schematic model illustrating how tumor‑derived extra‑
cellular vesicles modulate the tumor microenvironment and induce PSMA upregulation in tumor‑associated endothelial cells. PSMA‑positive endothelial 
cells, together with other stromal components such as CAFs and TAMs, contribute to the release of pro‑angiogenic factors and activation of scaffold‑mediated 
signaling, thereby promoting endothelial activation and angiogenic sprouting. This schematic illustration was created with the support of Medical Fig 
(https://medicalfig.medicaleducation.co.jp/). CAF, cancer‑associated fibroblast; IGF‑1R, insulin‑like growth factor 1 receptor; RACK1, receptor for activated 
C kinase 1; PSMA, prostate‑specific membrane antigen; TAM, tumor‑associated macrophage.
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Crosstalk with cancer‑associated fibroblasts (CAFs) and the 
ECM. Although direct evidence for PSMA‑CAF interactions 
remains limited, the role of CAFs in ECM remodeling and 
tumor progression is well established  (61,62). Within this 
context, PSMA expression has been correlated with enhanced 
MMP‑2/9 activity and altered integrin signaling to facilitate 
ECM degradation and invasion  (63,64). Furthermore, EVs 
carrying PSMA can be internalized by fibroblasts, triggering 
the secretion of VEGF‑A and FGF2 to promote a CAF‑like 
phenotype that is characterized by α‑smooth muscle actin 
expression and contractility  (19). These changes stiffen 
the stroma and generate invasive tracks, suggesting that 
PSMA‑mediated stromal reprogramming contributes to both 
angiogenesis and metastatic potential.

Neuro‑oncological significance. In the central nervous system 
(CNS), PSMA can regulate synaptic NAAG turnover, gener‑
ating glutamate to activate mGluR and inotropic GluR signaling 
to modulate neuronal excitability (8,15). Human biochemical 
studies further support the neurophysiological importance of 
PSMA (14). These functions explain the low PSMA‑tracer uptake 
in normal brain but increased signals under neuroinflammatory 
or blood‑brain barrier‑compromised conditions.

Beyond physiological roles, PSMA expression can be 
detected in both glioma cells and the tumor vasculature (41). 
Elevated PSMA activity may increase extracellular glutamate 
levels, contributing to excitotoxic neuronal injury and seizures. 
PSMA‑derived glutamate can also promote neuron‑glioma 
synapse formation by α‑amino‑3‑hydroxy‑5‑methyl‑4‑isoxaz

olepropionic acid and N‑methyl‑D‑aspartate receptor activa‑
tion, now recognized to be a driver of glioma progression (63). 
Collectively, these findings link PSMA‑mediated neurotrans‑
mitter metabolism to neuro‑oncological processes and suggest 
therapeutic potential for PSMA inhibition in brain tumors.

8. Clinical applications and therapeutic implications

The major PSMA‑targeted therapeutic strategies, including 
radioligand therapy, antibody‑drug conjugates, bispecific 
antibodies, CAR‑T cells and combination approaches, are 
summarized in Table II.

PSMA‑PET/CT: Current status and limitations. PSMA‑​
PET/CT with tracers, such as 68Ga‑PSMA‑11, 18F‑DCFPyL 
and 18F‑rhPSMA‑7.3, have transformed prostate cancer 
staging and restaging. The proPSMA trial demonstrated 
superior sensitivity and accuracy over conventional imaging, 
detecting lesions even at low PSA levels (65). This has enabled 
metastasis‑directed treatment and improved systemic therapy 
selection. In this section, we focus on the current clinical 
performance and limitations of PSMA‑PET/CT.

Key limitations of PSMA tracker include heteroge‑
neous PSMA expression, particularly in liver metastases, 
physiologic uptake in salivary glands, kidneys and ganglia 
and restricted accessibility due to cost. Dual‑tracer PET 
(PSMA + fludeoxyglucose F‑18) and quantitative PET metrics 
are currently being explored to overcome these challenges and 
provide prognostic information.

Table II. Therapeutic strategies targeting PSMA: Modalities, mechanisms and clinical development.

Modality	E xamples	 Mechanism	C linical status/notes

RLT	 177Lu‑PSMA‑617, 	I nternalization → delivery of	 VISION trial demonstrated OS and PFS benefit; 
	 225Ac‑PSMA‑617	 β‑ or α‑particles	 225Ac‑PSMA‑617 was effective in disease 
			   refractory to 177Lu‑PSMA‑617 therapy but was 
			   associated with xerostomia and cytopenia.
ADC	 MLN2704, novel	 PSMA‑mediated endocytosis	E arly‑phase trials; toxicity (neuropathy and
	 cleavable‑linker ADCs	 → cytotoxic payload release	 myelosuppression) improving with next‑
			   generation designs
BiTEs	 Pasotuxizumab	 T‑cell recruitment to PSMA+ 	E arly trials: PSA declines; CRS major AE
		  cells	
CAR‑T cells	 PSMA CAR‑T	E ngineered T cells targeting	A ntitumor activity shown; on‑target/
		  PSMA	 off‑tumor effects in salivary glands and kidney
Nanoparticles	 PSMA‑targeted 	 Targeted drug/siRNA	 Preclinical and early translational studies
	 liposomes, supra-	 delivery	
	 molecular nanoparticles		
Combination	RL T + ICI; RLT + 	 Synergistic effects mediated	 Trials ongoing
strategies	 PARPi; epigenetic 	 by vascular normalization, 	
	 priming	 radiosensitization and PSMA 	
		  upregulation	

Overview of PSMA‑targeted therapeutic modalities, including RLT, ADC, bispecific antibodies, CAR‑T cells and nanoparticle‑based approaches, 
including representative agents, mechanisms of action and clinical development status. ADC, antibody‑drug conjugates; AE, adverse event; 
BiTEs, bispecific T‑cell engagers; CAR‑T cells, chimeric antigen receptor T cells; CRS, cytokine release syndrome; ICI, immune checkpoint 
inhibitor; OS, overall survival; PARPi, poly(ADP‑ribose) polymerase inhibitor; PFS, progression‑free survival; PSA, prostate‑specific antigen; 
PSMA, prostate‑specific membrane antigen; RLT, radioligand therapy; siRNA, small interfering RNA.

https://www.spandidos-publications.com/10.3892/mmr.2026.13832
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PSMA‑PET uptake in non‑prostate malignancies and the 
role of vascular PSMA. PSMA uptake has been observed in 
multiple non‑prostate cancers, including renal, liver, brain 
and thyroid malignancies  (66). While initially attributed 
to tumor‑cell expression, immunohistochemistry showed 
widespread PSMA in the tumor‑associated vasculature (3). 
Epigenetic regulation and tumor‑derived EVs also contribute 
to endothelial induction (36,5). Therefore, a substantial frac‑
tion of PSMA‑PET signals in non‑prostate cancers likely 
reflects vascular, rather than epithelial, expression. This 
reframes PSMA‑PET as a tool for imaging angiogenesis and 
supports its use in selecting patients for vascular‑targeted 
therapies.

RLT: Efficacy and resistance. 177Lu‑PSMA‑617 (Pluvicto™) 
has been approved for metastatic CRPC following 
AR‑pathway inhibition and taxanes, based on results from the 
VISION trial, which showed survival and progression‑free 
survival benefits  (67). The TheraP trial demonstrated 
higher prostate‑specific antigen (PSA) response rates and 
lower toxicity compared with cabazitaxel  (68). α‑emitter 
225Ac‑PSMA‑617 has shown efficacy in 177Lu‑refractory 
patients, with high PSA90 responses  (69), though xero‑
stomia, cytopenias and nephrotoxicity remain limiting. This 
toxicity profile reflects physiological PSMA expression in 
non‑malignant tissues, most prominently in salivary and 
lacrimal glands, in addition to in renal proximal tubules, 
where off‑target uptake can contribute to salivary gland 
dysfunction and renal toxicity.

Resistance arises from PSMA downregulation, altered 
trafficking or lineage plasticity. Combination strategies with 
poly (ADP‑ribose) polymerase inhibitors, AR blockade, DNA 
repair modulators and radiosensitizers are currently being 
investigated to overcome resistance.

Next‑generation immuno‑ and cell‑based therapeutics. 
PSMA is an appealing target for ADCs due to its tumor selec‑
tivity and internalization. First‑generation constructs, such as 
MLN2704, were however limited by toxicity, but newer designs 
with optimized linkers and payloads are in development (1). 
BiTEs, such as pasotuxizumab, have achieved durable PSA 
declines in early trials, though cytokine release syndrome 
remains a challenge (69). Chimeric antigen receptor (CAR) 
T‑cell therapy cells targeting PSMA showed antitumor activity 
but raised concerns of on‑target/off‑tumor effects in salivary 
glands and kidneys. Logic‑gated or transient CAR approaches 
are also currently being explored to mitigate risk.

Vascular PSMA as a therapeutic target. Consistent vascular 
expression of PSMA enables anti‑angiogenic therapy across 
various tumor types. Unlike VEGF/VEGFR inhibitors, 
which frequently face obstructions of adaptive resistance, 
PSMA‑targeted approaches can ablate PSMA‑positive vessels 
or deliver drugs directly to the vasculature. Preclinical 
studies with PSMA‑targeted liposomal doxorubicin and 
vascular‑directed RLT have revealed their abilities of vessel 
ablation and tumor necrosis (45). Combinations with ICIs, 
VEGF blockade or CAR‑T therapies may further normalize 
vasculature, enhance immune infiltration and improve tumor 
control.

Linking molecular function to patient selection and therapy 
design. PSMA expression is dynamic and can be pharma‑
cologically modulated. Short‑term ADT induces a transient 
‘PSMA flare’, enhancing PET detectability and radioligand 
uptake  (70,71). Epigenetic interventions, such as HDAC 
inhibition, can restore PSMA expression in low‑expressing 
tumors (36). These approaches expand patient eligibility and 
support personalized strategies in which PSMA expression is 
actively enhanced before imaging or therapy.

Toward a universal anti‑angiogenic strategy. Because 
vascular PSMA expression is pan‑cancer, it represents a 
potential universal target for angiogenesis‑directed therapy. 
Selective ablation of abnormal PSMA‑positive vessels could 
reduce hypoxia‑driven aggressiveness whilst providing a 
route for vascular‑specific drug delivery. In combination with 
immunotherapy, PSMA vascular targeting may normalize the 
vasculature, promote immune infiltration and produce durable 
antitumor responses, positioning PSMA as a candidate for 
broad‑spectrum anti‑angiogenic strategies.

9. Conclusions

In conclusion, this review revisits PSMA through a unified 
conceptual framework in which its metabolic enzyme activity, 
non‑enzymatic scaffold signaling, tumor‑associated angio‑
genesis and immunological consequences are functionally 
interconnected, providing a coherent biological basis for its 
diverse clinical manifestations and therapeutic potential. 

PSMA has progressed from being considered only 
as a biomarker of prostate cancer to being recognized as 
an active driver of tumor biology. Its dual role as a gluta‑
mate/folate‑processing ectoenzyme and as a signaling scaffold 
situates PSMA at the crossroads of tumor metabolism, angio‑
genesis, immune modulation and therapeutic response. 
Evidence across preclinical and clinical studies shows that 
PSMA can contribute to remodeling the TME, enhancing 
neovascularization, supporting stromal activation and shaping 
immune cell infiltration, thereby exerting a functional 
influence beyond its diagnostic utility.

Looking forward, several priorities emerge for advancing 
PSMA biology toward clinical translation. First, a deeper 
mechanistic understanding of PSMA heterogeneity, including 
alternative splicing, functional loss of surface expres‑
sion and context‑dependent regulation, will be essential to 
explain discordant imaging findings and variable therapeutic 
responses. Second, clarifying how PSMA‑driven angiogenic 
signaling interfaces with canonical VEGF/VEGFR path‑
ways will inform rational combinations of PSMA‑targeted 
and anti‑angiogenic therapies. Third, strategies to mitigate 
off‑target toxicities, particularly salivary gland and renal 
uptake in RLT, remain critical for improving treatment 
durability and patient quality of life.

At the same time, advances in precision medicine are 
reshaping the therapeutic landscape of prostate cancer. 
PSMA‑targeted RLT now joins PARP inhibition, immune 
checkpoint blockade and AKT inhibitors as components 
of biomarker‑driven treatment, whilst novel strategies for 
molecular subsets, such as CDK12‑altered or neuroendo‑
crine tumors are emerging. The integration of liquid biopsy, 
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multi‑omics approaches and AI‑assisted imaging‑genomics 
fusion promises to refine patient selection and expand the 
reach of personalized medicine.

Taken together, PSMA should be viewed not only as a 
diagnostic tracer target, but as a versatile biological switch 
and therapeutic entry point capable of influencing multiple 
hallmarks of cancer. The convergence of PSMA‑targeted 
modalities with systemic therapies and precision medicine 
strategies offers a realistic path to improve outcomes in pros‑
tate cancer and potentially other solid tumors. Whether PSMA 
ultimately fulfills its promise as a pan‑cancer anti‑angiogenic 
and immunomodulatory target will depend on sustained trans‑
lational efforts in the coming decade, but its central role in 
tumor biology is now firmly established.
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