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Prostate-specific membrane antigen (PSMA) targeted
singlet oxygen delivery via endoperoxide tethered ligands

A ligand with high affinity for PSMA makes endoperoxides
effective cytotoxic agents selective for prostate cancer
cells, providing further evidence that the targeted release
of singlet oxygen is likely to deliver significant therapeutic
benefits.
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Singlet oxygen is the primary agent responsible for the therapeutic
effects of photodynamic therapy (PDT). In this work, we demon-
strate that singlet oxygen release due to thermal endoperoxide
cycloreversion can be targeted towards specific features of
selected cancer cells, and this targeted singlet oxygen delivery
can serve as an effective therapeutic tool. Thus, cytotoxic singlet
oxygen can be delivered regioselectively into prostate specific
membrane antigen (PSMA) overexpressing lymph node carcinoma
(LNCaP) cells. However, unlike typical photodynamic processes,
there is no need for light or oxygen. The potential of the approach
is exciting, considering the limitations on the availability of light and
oxygen in deep-seated tumors.

Singlet oxygen is a reactive oxygen species (ROS) which can be
generated photochemically, chemically or enzymatically, both
invitro and in vivo." In aqueous solutions, the half-life of singlet
oxygen is about 3.5 microseconds. It is believed to have a very
short diffusion distance in vivo, as short as 10-20 nm, accord-
ing to certain estimates.> This short lifetime is mostly due to
physical quenching with biomolecules,® rather than water
inside the cells. Thus, if the generation (or release) of singlet
oxygen can be spatially controlled, a very precise therapeutic
tool can be obtained.

In recent years, controlled release of singlet oxygen has
attracted attention.* Previously, we proposed*”® that chemi-
cally and biochemically triggered singlet oxygen release from
endoperoxides may have important therapeutic implications
(Targeted Singlet Oxygen Delivery, or TSOD) by essentially
providing the benefits of PDT, without its limitations.

Prostate cancer (PCa) is the second-leading cause of cancer
mortality in men.® Prostate specific membrane antigen (PSMA)
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is a transmembrane protein and a metalloenzyme,” which is
highly expressed in the prostate, but is expressed up to 12-fold
more in a cancerous prostate. PSMA levels correlate with the
proliferation, migration, invasion, adhesion and survival char-
acteristics of cancer cells.® Thus, not surprisingly, this protein
is targeted in a number of therapeutic schemes.’

A large variety of ligands were tested for their affinity to
PSMA."® Typically, once the ligand binds to the target, the
PSMA-ligand complex undergoes endocytosis and unloads
the ligand, then it is recycled back to the membrane."" Most
of these ligands contain a particular unit abbreviated as KukE
(lysine-urea-glutamate) which targets the active site of the
protein. Among them, PSMA-617 was found to be highly
promising, and making use of its chelator DOTA unit, the
77Lu*" complex of PSMA-617 has undergone clinical tests
against certain types of prostate cancers (Fig. 1).

Here, in this work, we targeted a PCa associated
protein, prostate specific membrane antigen (PSMA), with
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Fig. 1 Structures of the ligand PSMA-617 and the endoperoxide com-
pounds PS-EPO1 and PS-EPO2 described in this work. All three com-
pounds have naphthalene or naphthalene-derived endoperoxide units and
the Lys—urea—Glu (KuE) structural motif (highlighted in green).
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Fig. 2 Metastable endoperoxide is targeted to PSMA overexpressing
cancer cells, where it is internalized by endocytosis. Thermally (@37 °C)
released singlet oxygen then attacks cellular targets, including organellar
membranes. The endoperoxide depicted here is PS-EPO2.

ligand-endoperoxide conjugates. The PSMA ligand (KuE) car-
ries a naphthalene derived unit; thus, we surmised that the
naphthalene endoperoxide structure to be substituted will only
cause minimal structural changes, and thus not impact the
affinity of the ligand for PSMA. The endocytosed ligand-endo-
peroxide conjugate would thermally release singlet oxygen into
the cytosol of targeted cancer cells (Fig. 2).

With these considerations, naphthalene precursors of
PS-EPO1 and PS-EPO2 (compounds 7 and 11, shown in Fig. 3)
were synthesized from commercially available materials in
good yields (see the ESIt). With these two precursors in hand,
we synthesized the corresponding endoperoxides PS-EPO1 and
PS-EPO2 by irradiation of compounds 7 and 11, respectively, in
the presence of methylene blue using a 630 nm LED array in
D,0. After completion of the reactions, photosensitizer methy-
lene blue was then removed using a cation exchange resin.

Our choice of the two structurally different naphthalene
endoperoxides PS-EPO1 and PS-EPO2 was guided by an under-
standing of the effects of substitution on the rates of cyclor-
eversion reactions.'® It was reported'*” that phenyl substitution
at the 2 position of the endoperoxide slows down the rate up to
10-fold compared to the parent compound (1,4-dimethyl-1,4-
endoperoxide). The rate of singlet oxygen release may be a more
important parameter than the total amount of singlet oxygen
released, because of the dynamic nature of the cells, with many
interlinked non-equilibrium processes.'*

We studied the rate of cycloreversion of both compounds
PS-EPO1 and PS-EPO2 using 'H NMR, and the results are
shown in Fig. 3. The NMR spectra in the aromatic region have
relatively isolated peaks, which allow us to follow the reaction.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Temporal evolution of partial *H NMR spectra of PS-EPO2 (top)
and PS-EPO1 (bottom) in D,O at 37 °C.
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The NMR spectra show the cycloreversion of PS-EPO1. The
peaks between 6.8 and 6.9 ppm are from the two protons in
the endoperoxide ring (H, and Hy,) and the newly generated
peaks between 7.2 and 7.3 ppm belong to its naphthalene
precursor (7). This result clearly indicated that endoperoxide
PS-EPO1 was converted to its naphthalene precursor 7 within
4 hours. A similar result was obtained when PS-EPO2 was tested
by the same procedure. When incubated at 37 °C in D,O, the
half-life of PS-EPOL1 is 0.59 h, whereas PS-EPO2 has a half-life of
3.1 h. As expected, the endoperoxide with a phenyl substitution
at the 2-position (PS-EPO2) has a longer half-life compared to
PS-EPO1. NMR data also showed that cycloreversion to
naphthalene precursors proceeds without any undesirable by-
products, with molecular oxygen as the only other product.

In order to confirm that the release of oxygen is in the
excited state (singlet oxygen) and at different rates with these
two endoperoxides, we monitored the reaction using the singlet
oxygen probe SOSG (Singlet Oxygen Sensor Green), following
the spectral changes (Fig. 4). The cycloreversion rate differences
are reflected in the rate of increase of fluorescence changes of
SOSG in buffered solutions. While PS-EPO1 releases singlet
oxygen much faster compared to PS-EPO2, the total amount of
singlet oxygen trapped with the probe is comparable.

The binding affinities of the endoperoxides were determined
by an ELISA (Fig. 5 and ESIt). As expected, both compounds
showed strong PSMA affinity with equilibrium dissociation
constants near 20 nM.

Before we tested the activity of the two PSMA-targeting
endoperoxides, we wanted to demonstrate enhanced expres-
sion of PSMA in LNCaP cells compared to two other prostate
cells with known lower expression of PSMA (PC3, DU145).

Chem. Commun., 2022, 58,1902-1905 | 1903
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Fig. 4 Thermalsinglet oxygen release by (a) PS-EPO1 and (b) PS-EPO2 as
monitored using the SOSG probe. Emission spectra were acquired by
excitation at 488 nm.
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Fig. 5 PSMA-based ELISA to determine the binding affinity of PS-EPO1
and PS-EPO2 for the PSMA protein. The Kp data were calculated using
GraphPad Prism.

This was confirmed by western blot analysis for the PSMA
which showed larger PSMA expression in the cell extracts and
membrane enriched extracts of LNCaP cells, as expected,
compared to the other two prostate cancer cell lines (PC3 and
DU145) (Fig. 6). B-Actin is the internal reference protein. In
addition, we carried out immunostaining imaging, showing the
expression levels of PMSA (ESL Fig. S17).
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Fig. 6 Western blot analysis for detection of PSMA expression in LNCaP,
DU145, and PC3 cell membranes, in comparison to internal reference
B-actin.
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Fig. 7 Percentage cell death difference (LNCaP-PC3) due to PS-EPO2 as
determined by MTT assays with LNCaP and PC3. The cell death is larger in
LNCaP cells except for the 1 uM data point.

MTT assays of cell viability also produce results confirming
the validity of our approach. First, the endoperoxide precursor
compounds 7 and 11 show negligible cytotoxicity towards all
three cell lines tested. However, endoperoxide PS-EPO1 and
especially PS-EPO2 discriminate between PSMA overexpressing
LNCaP cell lines and the others (Fig. 7 and ESI). As expected,
the cytotoxicity is more pronounced towards LNCaP, and the
difference in cell death is 20% more than PC3 cells. Among the
endoperoxides PS-EPO1 and PS-EPO2, the latter compound
seems to be more effective, possibly due to its longer half-life.
The ICs, of PS-EPO2 was determined to be 60 pM with LNCaP
cells, whereas for PC3 cells it is larger than 200 pM.

In order to eliminate any inhibitory effects as part of the
PSMA mediated toxicity, we compared the activities of the
precursor naphthalene compound 11 and PS-EPO2 (Fig. 8).
For all cell types, cytotoxicity is mostly due to singlet oxygen,
but the singlet oxygen toxicity is the most effective for PSMA
overexpressing LNCaP cells.
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Fig. 8 The difference in cell death as determined by MTT assays between
the endoperoxide compound PS-EPO2 and the precursor naphthalene 11
at the indicated concentrations.
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Fig. 9 Microscopy images of cell cultures treated with PS-EPO2. First row
(a—c): PC3 cells, second row (d—f): DU145 cells, and third row (g—i): LNCaP
cells. First column (a, d and g): ROS imaging with DCFH-DA, second
column (b, e and h): nuclear staining with DAPI, and third column (c, f
and i): merged images.

To track the generation of singlet oxygen in living cells, an
imaging experiment was conducted with a commonly used ROS
indicator, 2',7’-dichlorodihydrofluorescein diacetate (DCFH-
DA), by CLSM. When PC3 cells which express lower PSMA were
treated with DCFH-DA and PS-EPO2 accordingly, weak fluores-
cence emission was detected, indicating the existence of endo-
genous singlet oxygen (Fig. 9). Inspired by this result, DU145
and LNCaP cells were tested according to the same procedure.
As expected, LNCaP cells with enhanced expression of PSMA
showed significant green fluorescence compared to the other
two cell lines. It was indicated that a larger amount of singlet
oxygen is trapped by the probe when the LNCaP cells are
incubated with PS-EPO2 compared to the other cell types. This
is in accordance with our expectations of enhanced PSMA-
mediated endocytosis for the releasing
compound.

Also, in the absence of endoperoxides, all three cell types
showed no or hardly discernable emission following ROS probe
incubation (ESL Fig. S24), further confirming that the sources
of the ROS (singlet oxygen) are the endoperoxide compounds.

In conclusion, we developed a PSMA-targeted singlet oxygen
delivery system. The endoperoxide modified ligand shows good
inhibition towards PSMA overexpressing LNCaP cells. Compre-
hensive design of endoperoxide structures allows us to control
the release ratio of singlet oxygen and it is clear that the rate of
singlet oxygen delivery and the exact location of the singlet
oxygen release can be important parameters in optimizing the
effectiveness of the proposed method. We demonstrated that
Targeted Singlet Oxygen Delivery (TSOD) can be an effective

singlet oxygen

This journal is © The Royal Society of Chemistry 2022
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tool for cancer therapy, and our work in establishing this
approach is in progress.
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