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Abstract

Objective: Despite a multitude of detection and treatment advances in the past 2 decades, prostate cancer remains the second leading
cause of deaths due to cancer among men in the United States. Technological evolution and expanding knowledge of tumor biomarkers have
invigorated exploration in prostate cancer therapeutics. Prostate-specific membrane antigen (PSMA) was one of the first prostate cancer
biomarkers successfully cloned. Since then, it has been characterized as the prototypical cell-surface marker for prostate cancer and has been
the subject of intense clinical inquiry. In this article, we review the relevant research in PSMA on the 20th anniversary of its cloning.
Methods and materials: A PubMed search using the keywords “prostate-specific membrane antigen” or “glutamate carboxypeptidase II”

provided 1019 results. An additional 3 abstracts were included from scientific meetings. Articles were vetted by title and abstract with
emphasis placed on those with clinically relevant findings.
Results: Sixty articles were selected for inclusion. PSMA was discovered and cloned in 1993. Its structure and function were further

delineated in the ensuing decade. Consensus sites of expression in normal physiology are prostate, kidney, nervous system, and small
intestine. PSMA has been implicated in the neovasculature of several tumors including urothelial and renal cell carcinomas. In prostate
cancer, expression of PSMA is directly related to the Gleason grade. PSMA has been tested both in imaging and therapeutics in a number of
prostate cancer clinical trials. Several recent approaches to target PSMA include the use of small molecule inhibitors, PSMA-based
immunotherapy, RNA aptamer conjugates, and PSMA-targeted prodrug therapy. Future study of PSMA in prostate cancer might focus on its
intracellular functions and possible role in tumor neurogenesis.
Conclusions: Twenty years from its discovery, PSMA represents a viable biomarker and treatment target in prostate cancer. Research to

delineate its precise role in prostate carcinogenesis and within the therapeutic armamentarium for patients with prostate cancer remains
encouraging. r 2014 Elsevier Inc. All rights reserved.
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1. Objectives

Prostate cancer is the most prevalent noncutaneous
malignancy in men in the United States and remains the
second leading cause of deaths due to cancer in this
population [1]. Recently, as a result of well-publicized
large randomized controlled trials [2,3], the use of prostate-
specific antigen (PSA) as a screening tool has come under
fire. This has culminated in the publication of guidelines
aimed at reducing or in some cases eliminating the use of
PSA as a screening tool for prostate cancer [4,5]. The
necessary consequence of this reduction in screening is a

decrease in the number of cancers detected. As a result,
some have expressed concern that the abandonment of PSA
screening may harbinger a return to prostate cancer present-
ing as symptomatic local or metastatic disease [6]. It is
clear, then, that innovative biomarkers for the detection and
treatment of prostate cancer are sorely needed. Prostate-
specific membrane was one of the first prostate cancer
biomarkers successfully cloned and has been the subject of
intense clinical inquiry as an imaging and therapeutic agent
since 1993 [7]. In this article, we review lessons learned
from 20 years of research on prostate-specific membrane
antigen (PSMA) with a focus on the current clinical
implications in prostate cancer imaging and therapeutics.
Further, potential novel avenues of research taking advant-
age of PSMA biological function are proposed.
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2. Materials and methods

A PubMed search using the keyword “prostate-specific
membrane antigen” or “glutamate carboxypeptidase type II”
yielded 1019 results. An additional 3 abstracts were
included from scientific meetings. Articles were vetted by
title and abstract with emphasis placed on those with
clinically relevant findings. Articles not written in English
were excluded. A total of 85 articles were selected based on
abstract and the full text was read in entirety. From this, 60
articles were selected for inclusion in the review (Fig. 1).

3. Results

3.1. Discovery, structure, and physiology of PSMA

PSMA was first cloned in 1993 [7]. Since then, it has
been shown to be identical to both folate hydrolase 1 found
at the jejunal brush border and N-acetyl-alpha–linked acidic
dipeptidase (NAALADase) in the nervous system [8]. The
multiple names have led some to argue for standardization
of nomenclature based on function (e.g., glutamate carbox-
ypeptidase type II), however, this has not been widely
accepted. Regardless of name, PSMA is a type II trans-
membrane protein with an N-terminal cytoplasmic tail,
a helical transmembrane structure, and an extracellular
C-terminus. The extracellular portion, existing as a dimer,
makes up most of the protein and includes a binding motif
featuring 2 zinc ions. This extracellular binding domain has

been shown to bind glutamate and glutamate-like structures,
hence its natural substrates (N-acetyl aspartylglutamate and
folyl-poly-γ-glutamates) both have C-terminal glutamates.
Internalization mechanisms for PSMA have been charac-
terized and are believed to be mediated by cytoplasmic
N-terminal tail interactions with calveolin-1 and clathrin-
coated pits [9].

As aforementioned, PSMA has been called many differ-
ent names based largely on its location of discovery. Four
consensus sites of expression in normal physiology exist:
prostate (secretory acinar epithelium), kidney (proximal
tubules), nervous system glia (astrocytes and schwann
cells), and the small bowel (jejunal brush border) [10,11].
Despite accepted expression in these tissues, the function is
only well defined in nervous system glia and small bowel.

At the jejunal brush border, PSMA is called folate
hydrolase 1. Here, it is responsible for assisting in folate
absorption for transportation to the rest of the body. Dietary
folates exist in the form of folyl-poly-γ-glutamates, but
only monoglutamated folates can be absorbed by jejunal
enterocytes [12]. PSMA is responsible for removing the
C-terminal glutamates from dietary folates to allow for
enteral absorption in humans and pigs. Interestingly, although
rats do not express PSMA at the brush border, a similar folate
hydrolase is released in murine pancreatic secretions allowing
for enteral absorption of dietary folates [13].

In the nervous system, PSMA has been termed NAA-
LADase, which is responsible for hydrolyzing N-acetyl
aspartylglutamate (NAAG). NAAG is the most abundant
peptide neurotransmitter in the mammalian nervous system

Fig. 1. Article selection for review. (Color version of figure is available online.)
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