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Prostate-specific membrane antigen (PSMA) is a transmembrane protein that is overexpressed in prostate cancer and
correlates with the aggressiveness of the disease. PSMA is a promising target for positron emission tomography (PET)
imaging and theranostics in prostate cancer patients validated in recent prospective trials. Several clinical trials are
currently ongoing to define the role of PSMA targeting radioligands in different settings and to evaluate the potential of
other PSMA-based therapeutic modalities in prostate cancer.
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| 1. Introduction

Prostate cancer is the second most commonly diagnosed cancer in men and the sixth leading cause of cancer-related
deaths among men worldwide although incidence and mortality of prostate cancer vary depending on the country @,
Incidence and mortality rates have been on the decline or have stabilized recently particularly in high-income countries.
Although the prognosis for localized prostate cancer is good, with 5-year survival rates above 90%, recurrence can occur
after radical therapy, and many patients have metastases at the time of primary diagnosis . Conventional 9°™Tc-bone
scintigraphy and computed tomography (CT) showed limited diagnostic accuracy to detect and localize disease or
treatment response in many cases. In particular, they are insensitive in the event of biochemical relapse with a rising
prostate-specific antigen (PSA) after radical treatment, presenting an unmet need for better methods.

The first-line treatment option for metastatic prostate cancer is androgen deprivation therapy (ADT) that can be combined
with docetaxel chemotherapeutic agent or drugs interfering with androgen signaling in early castration naive state, but
eventually, the lethal castration-resistant disease develops @&l The therapeutic landscape of metastatic prostate cancer
has evolved during recent years to extend survival. Prostate-specific membrane antigen (PSMA) is a promising clinically
validated target for expression-based imaging and therapies, but a deeper understanding of the underlying biology is
needed to optimize its use. Evidence from the first randomized phase IlI trial supports the benefit of therapeutically
targeting PSMA 4],

| 2. The Role of PSMA in the Biology of Prostate Cancer
2.1. Gene and Protein Structure of PSMA

PSMA, also known as glutamate carboxypeptidase Il (GCPIl), N-acetylaspartylglutamate peptidase, and N-acetyl-L-
aspartyl-L-glutamate peptidase | (NAALADase |), is a type Il transmembrane glycoprotein encoded by FOLH1 (folate
hydrolase 1) gene mapped to chromosome 11 short arm (11p11-11p12) and contains 19 exons, encoding a protein of
750 amino acids and a molecular weight of approximately 100 kDa =I(€],

PSMA contains a catalytic domain responsible for both NAALADase and folate hydrolase activity and belongs to the M28
metalloprotease family that contains aminopeptidases and carboxypeptidases. PSMA protein has a large extracellular
domain, a short transmembrane domain, and a short cytoplasmic tail [EIZIE] The extracellular domain consists of three
subdomains: the protease, the apical domain, and the dimerization domain, which are all necessary for substrate binding
(919 (Figure 1A). In the binding cavity of PSMA, the pharmacophore pocket stabilizes glutamate-like moieties using polar
and van der Waals interactions 1. The active site of PSMA contains two catalytic zinc ions coordinated by His377,
His553, Asp387, Asp453, and Glu425 1912l The short intracellular domain contains an internalization motif and interacts
with proteins, such as caveolin-1, clathrin, and clathrin adaptor protein 2, enabling PSMA endocytosis via caveolae-
dependent mechanisms and via clathrin-coated pits 2241151 Additionally, an interaction between actin-binding protein
Filamin A (FLNa) and the cytoplasmic tail of PSMA has been shown to decrease the internalization and the enzymatic
NAALADase activity of PSMA in vitro 18],
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Figure 1. Structure of PSMA and PSMA-targeting therapeutical modalities. (A) The large extracellular portion of PSMA
contains the protease domain that cleaves glutamate from NAAG and polyglutamated folates. The cytoplasmic tail
interacts with several proteins some of which can induce the endocytosis of PSMA. (B) A radionuclide capable of emitting
ionizing radiation due to radioactive decay can be combined with a PSMA-specific antibody to create a PSMA-targeting
cytotoxic molecule. (C) A similar function is gained when a small molecule, naturally bound by PSMA, is linked to a
radionuclide emitting ionizing radiation. (D) ADCs are altered antibodies carrying therapeutic agents to the targeted
protein. Current ADC trials are testing PSMA-targeting antibodies carrying microtubule-disrupting agents (Table 1). (E)
Bispecific antibodies can be designed to target PSMA and simultaneously attach to CD3 or CD28 expressed by T cells.
(F) Autologous or allogeneic T cells can be engineered to express PSMA-targeting CARs. Current clinical trials are also
studying similarly engineered NK cells. CAR T or NK cells can be designed to ignore immunosuppressive signals from the
tumor microenvironment by making them insensitive to certain molecules e.g., PD-1. Abbreviations: PSMA = prostate-
specific membrane antigen, NAAG = N-acetylaspartylglutamate, ADC = antibody-drug conjugate, CD3 = cluster of
differentiation 3, CD28 = cluster of differentiation 28, CAR = chimeric antigen receptor, NK = natural killer cell, PD-1 =
programmed cell death protein 1.

2.2. Expression and Function of PSMA in Normal Tissues

In general, only very low levels of PSMA protein expression have been detected in healthy tissues such as the kidney,
intestine, salivary glands, and brain, and it seems that prostatic epithelium is the only tissue to express a significant level
of PSMA [LI28] pespite more than three decades of extensive research, the exact biological role of the human PSMA
protein is not fully understood. Several independent research groups have inactivated the PSMA-encoding gene Folh1 in
mice to understand the physiological role of the mouse homolog of human PSMA 12021221 |n mice, PSMA is
particularly expressed in the brain and kidney according to the Northern blot analyses 23, Bacich et al. ¥ report that
PSMA null mice (intron-exon boundary sequences of exons 1 and 2 deleted and stop codons inserted in exon 1 and 2)
have similar N-acetyl-L-aspartyl-L-glutamate (NAAG) levels in the brain as compared to wild-type (WT) mice, suggesting
genetic redundancy. The null mice developed normally to adulthood but in comparison to WT showed lower susceptibility
to peripheral neuropathies and traumatic brain injury 24, In accordance, Gao et al. 22 reported PSMA null mice (deletion
of exons 3 to 5) with normal breeding performance and no obvious phenotype. Vorlové et al. (23] produced PSMA deficient
mice by inactivating (deleted exon 11) Folh1l gene using transcription activator-like effector nuclease (TALEN)-mediated
mutagenesis. They confirmed that PSMA protein was not expressed and NAAG hydrolyzing activity was lowered, but the
PSMA-deficient mice bred and developed normally. They reported that PSMA-deficient aged mice might have an
increased propensity for enlarged seminal vesicles compared to WT, but no other obvious phenotype in the urogenital
system. In contrast, Tsai et al. 29 reported that PSMA null mice (deletion of exons 9 and 10) died during embryogenesis.
The same research group later generated mice also by using the strategy reported by Bacich et al., and again reported
that PSMA knockout is embryonically lethal 2221, They suggest that PSMA expression in embryonic stem cells might be

important at very early stages of embryonic development, but the reason for the discrepancy with other studies is not clear
[21]

In humans, the functional role of PSMA is context-dependent and tissue-specific. PSMA has an enzymatic activity to
release glutamate from the substrate as a folate hydrolase and NAALADase [28127128] | the intestine, PSMA detaches
glutamates from the C-terminal end of poly-y-glutamate of the dietary folic-polyglutamates enabling absorption of
monoglutamated folates into the enterocytes 2B |n the nervous system, PSMA modulates neuronal signaling by
catalyzing the hydrolysis of the neurotransmitter NAAG yielding N-acetyl-aspartate (NAA) and free L-glutamate [31.



Glutamate is the major excitatory neurotransmitter in the nervous system. The released glutamate activates postsynaptic
metabotropic (mGIuR) and ionotropic (iGIUR) receptors of glutamate B2, In conclusion, although PSMA is a multifunctional
protein expressed in some healthy tissues, the most significant expression levels are found in humans in the prostatic
epithelium.

2.3. Expression and Function of PSMA in Malighancies

PSMA was first characterized in 1986 by the murine monoclonal antibody 7E11, delivered from mice immunized with
partially purified, cell membrane fractions isolated from the human prostate adenocarcinoma cell line LNCaP @. Later
PSMA has been implicated a role in diseases, such as amyotrophic lateral sclerosis (ALS), schizophrenia, multiple
sclerosis, inflammatory bowel disease (IBD), and cancer [331341351(36] | cancer, PSMA expression has been detected on
the endothelial cells of the neovasculature of several solid tumors, such as renal, bladder, gastric, and colorectal cancer
as well as prostate cancer LABABEIEA |n prostate cancer, PSMA is highly overexpressed at the protein level in cancer
cells when compared to normal prostate tissue 2%, Expression level correlates with the aggressiveness of the disease
and high PSMA expression levels have been associated with hormone-refractory and metastatic prostate cancer [18149][41]
(4214311441 However, the expression of PSMA in prostate cancer can be very heterogeneous, and some primary tumors and
metastases are negative for PSMA [L8I140I45] The yse of different antibodies in immunohistochemistry with different
epitopes can also challenge the interpretation of results 28, Heterogenous expression of PSMA may be explained by
regulation of PSMA by local biological factors and tumor cell microenvironment.

Interestingly, by using a PSMA targeting antibody (YPSMA-1), an inhibitor of the enzymatic activity (2-PMPA) or PSMA
null mice as models, it was shown that PSMA regulates endothelial cell invasion into the extracellular matrix without
significantly affecting viability, proliferation, or morphogenesis 8. This suggests that PSMA regulates angiogenesis
depending on the enzymatic activity. Mechanistically, laminin-specific integrin ; activation promotes activation of p21-
activated kinase 1 (PAK) to interact with FLNa, disrupting PSMA-FLNa interaction and the enzymatic activity of PSMA.
Disruption of PSMA-FLNa interaction causes a reduction in both integrin B; signaling and PAK activation creating a
negative feedback loop. Later, it was recognized that PSMA takes part in a pathway producing pro-angiogenic fragments
from extracellular protein laminin, promoting angiogenesis by regulating integrin B; signaling in endothelial cells 24, In
conclusion, high PSMA expression levels have been detected specifically in prostate cancer cells and in the
neovasculature of some solid tumors, making it an attractive target for molecular imaging and therapeutics.

2.4. Functional Role of PSMA in Prostate Cancer

Although PSMA was originally identified in a prostate cancer LNCaP cell line and early on linked to prostate cancer
aggressiveness, PSMA is not expressed in many other commonly used commercially available prostate cancer cell lines
and preclinical publications have been in part contradictory, demonstrating inhibition of PSMA to either promote or prevent
invasion in vitro (48149 First, in 2005, Ghosh et al. 48 showed that transfecting PSMA negative PC3 cells to overexpress
wild-type PSMA reduced invasiveness and knocking down endogenous PSMA in LNCaP cells increased invasiveness in
the Matrigel invasion assay. Later, they showed using the PSMA-overexpressing transgenic mouse model, that PSMA
overexpression increased prostate cancer cell growth in prostate recombinants 42, Moreover, they repeated the Matrigel
invasion assay using low levels of folate and surprisingly observed that ectopic expression of PSMA induced invasiveness
in PC3 cells, suggesting that folate levels might modulate the functional consequence to inhibition of PSMA in prostate
cancer cells—at least within in vitro. Colombatti et al. also suggested that treating LNCaP cells endogenously expressing
PSMA with antibodies against PSMA induced proliferative MAPK pathway activation B, The abundance of PSMA in
prostate tissue allows increased hydrolysis of the polyglutamated folates yielding glutamate and folate monoglutamate
enabling the intake of folates into the cell via proton-coupled folate transporters (PCFT), reduced folate carriers (RFC), or
possibly by PSMA itself BU52 Folate is crucial for one-carbon metabolism and is involved in the synthesis of DNA and
RNA, and amino acid metabolism 1. Some studies suggest that decreased folate levels cause epigenetic changes, DNA
breaks, translocations, and uracil misincorporation into DNA suggesting a possible carcinogenic role for low folate levels
(5315415511561 pyt the role of folate in cancer seems complex and also conflicting results exist, suggesting that decreased
folate levels are a protective factor against prostate carcinogenesis B4. Based on a meta-analysis, high blood folate levels
associate with increased risk of prostate cancer although the increased dietary and total folate intake do not appear
significantly to associate with prostate cancer risk 22,

Folic acid is a synthetic, fully oxidized, monoglutamated version of folate—found for example in vitamin supplements—
that can directly be transported into cells while polyglutamated folates have to be hydrolyzed into monoglutamates before
being absorbed in the digestive tract. It has been suggested that polyglutamated folate in turn could become available as
a substrate for PSMA in particular if intracellular molecules were released by cancer cells undergoing necrotic cell death
(58] |nterestingly, tumor necrosis in radical prostatectomies was associated with aggressive features 59, Treatment of



LNCaP cells endogenously expressing PSMA with folic acid induced activation of PI3KB-Akt pathway, which was not
observed in the presence of inhibitors of either PSMA, PI3KB, or mGIuR| activity 9. This suggests that PSMA is capable
of activating the PI3K-Akt cell survival pathway in prostate cancer and surprisingly finds mGIuRI as the major mediator of
folate-induced PI3K[B-Akt pathway activation by PSMA. Glutamate is a necessary metabolic precursor for other amino
acids and nucleotides and is involved in a variety of different transporter and receptor systems that activate proliferative
signaling pathways. Glutamate also mobilizes calcium from the endoplasmic reticulum via the activation of mGluR €%,
Expression of glutamate transporters and many of the different iGluRs and mGIuRs have been reported in LNCaP and
PC3 prostate cancer cell lines B4, Glutamate deprivation or blockade with mGluR1-antagonist results in significantly
decreased cell proliferation, migration, and invasion of prostate cancer cells, leading to apoptotic cell death,
demonstrating a potentially important role of glutamate pathway for prostate cancer growth 2. In prostate cancer
patients, serum glutamate levels directly correlate with Gleason Score and aggressiveness 82, Moreover, high mGIluR1
levels in primary and metastatic prostate cancer tissue when compared to benign prostate tissue samples have been
detected by immunohistochemistry €2,

Caromile et al. [83] crossed PSMA null mice with a TRAMP transgenic mouse model to investigate in vivo effects of PSMA
in prostate carcinogenesis. Prostate cancer progression in a TRAMP transgenic mouse model was less aggressive in
PSMA deficient background, suggesting a direct role for PSMA in prostate carcinogenesis. PSMA positive tumors were
bigger and had a higher microvessel density when compared to tumors in the PSMA knockout animals. Mechanistically,
PSMA was shown to interact intracellularly with a scaffolding protein receptor for activated C kinase 1 (RACK1) and
disrupt the interaction between insulin-like growth factor 1 receptor (IGF1-R) and integrin 1, resulting in a switchlike
change from activation of the proliferation-associated MAPK pathway to activation of a cell survival-associated PI3K-AKT
pathway. This suggested one mechanism of how PSMA overexpression could drive prostate cancer growth and indicated
that disrupting the interaction between PSMA and the scaffold might have therapeutic potential for patients with PSMA-
positive prostate cancer. Mutations targeting phosphatase and tensin homolog (PTEN) or other components of the PI3K-
AKT pathway are often found in prostate cancer and crosstalk between the PI3K-AKT pathway and AR signaling has been
described [B4I85] This reciprocal feedback regulation may be involved in resistance to therapeutics resulting in AR or
PI3K-AKT inhibition, resulting in the activation of the other pathway when the other one is inhibited 455 The integrin B;-
mediated mechanism linking PSMA to the PI3K-AKT pathway may thus result in a similar reciprocal feedback regulation
towards AR signaling. Interestingly, RACK1 has also been shown to interact with AR and inhibit its function, putatively also
connecting PSMA to AR signaling €€,

In conclusion, recent studies using different model systems including transgenic mouse models with PSMA null
background have elucidated several distinct mechanisms associating PSMA with survival-related signaling pathways with
connections to the androgen receptor (AR) signaling in prostate cancer (Figure 2). The newly discovered mechanisms
provide new context also for the earlier studies and cooperatively suggest a role for PSMA as an important participant in
multiple stages of prostate cancer progression.

GGG —
& e L S
PSMA. | 4 Y ( PSMA.

psuA "5 | 1 e &%/

S V¢ . @ G mGlR %

. P O
& rec B0 rer IGF-1R
| X a Sy
T * e
Y L \ RACK1 oplagy,

F

Ay X /
FLNa B ® E v S&;—
- | PI3K > [MAPK

o \
Co™ ot _ieleai‘i__}-r-‘i/' |
Ca® Ca A
DHT
o BROA' FLNa AR Ol
e
SOKT DHT

PSMA Transcription @ e

Figure 2. Function and regulators of PSMA in prostate cancer cells. PSMA is a transmembrane protein expressed on the
surface of prostate cancer cells. In the dimeric form, PSMA can enzymatically hydrolyze glutamated folates producing
glutamate and folates that can enter the cell through RFC or PCFT. Activation of mGIuR by glutamate induces the release
of calcium from the ER and activates cell survival associated with the PI3K-Akt pathway. In the absence of PSMA, Integrin



B (IB) and IGF1-1R interact intracellularly with a scaffold protein RACK1 leading to the activation of the MAPK pathway.
This interaction is disrupted by PSMA, changing the pathway activation from MAPK to PI3K-Akt in a switchlike manner.
DHT is the physiological activator of AR. PSMA transcription is suppressed by AR after activation by DHT. Another
potential repressor of PSMA transcription in prostate cancer cells is SOX7, which has been shown to bind to PSME.
Cytoskeleton-related protein FLNa interacts with the intracellular domain of PSMA. FLNa interestingly also interacts with
AR and BRCA1, and BRCA2. Abbreviations: PSMA = prostate-specific membrane antigen, FLNa = filamin A, G =
glutamate, F = folate, RFC = reduced folate carrier, PCFT = proton-coupled folate transporter, mGIuUR = metabotropic
glutamate receptor, ER = endoplasmic reticulum, I = integrin B, IGF-1R = insulin-like growth factor 1 receptor, RACK1 =
receptor of activated protein C kinase 1, MAPK = mitogen-activated protein kinase, PI3K = phosphoinositide 3-kinase,
Akt/PKB = protein kinase B, DHT = dihydrotestosterone, AR = androgen receptor, PSME = PSMA enhancer, BRCA =
breast cancer type 1 or 2 susceptibility protein, SOX7 = SRY-Box transcription factor 7, CaZ* = calcium ion.
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