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Highly cytotoxic agents have found an important niche in targeted
anticancer therapy. Here we develop a new light release strategy for
the targeting of one of these agents, 2-pyrrolinodoxorubicin,
showing dramatic enhancements in toxicity with light and single
digit nM potency.

One of the major contributing factors for the failure of promising
anticancer drugs in the clinic is off-target toxicity."” This problem
is particularly acute when one considers highly potent cytotoxins
as potential anticancer therapeutics.> While they are potent
anticancer agents, the high toxicity typically leads to a very narrow
therapeutic window that prevents clinical use. Instead, research
has focused on developing novel methods using antibodies to
target these molecules directly to the tumor itself.*®

A promising alternative strategy for directing the release of
highly potent cytotoxins involves the use of light. To date,
photodynamic therapy (PDT) has proven a popular and effective
strategy for treatment of cancer with light.”® PDT relies on an
administered photosensitizer that is activated using wavelengths of
light between 650-800 nm. Once activated, the photosensitizer (PS)
creates singlet oxygen, which is cytotoxic to cancerous cells. How-
ever, the deeper regions of tumors are typically hypoxic, making
photodynamic therapy ineffective for larger tumors. Moreover, the
short-lived nature of singlet oxygen prevents its diffusion into deeper
regions of the tumor where light cannot penetrate.'

A more recent alternative to PDT is photoactivated chemotherapy
where a standard cancer chemotherapeutic is converted into a light-
activatable form.""'> A common strategy is to attach the molecule
to a photocage,” a releasable group that blocks the anticancer
agent’s activity until illumination. We and others have pursued
this strategy by caging conventional anticancer agents such as
doxorubicin, cisplatin, etc.">*>' Each of these advances has
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focused on delivery of anticancer agents with moderate cytotoxicity.
Release of a more potent drug should enable deeper tissue activation
as less efficient release should still lead to the cytotoxic effect.
Here we describe the photoactivation of one of these highly
potent agents, 2-pyrrolino doxorubicin (2P-Dox)**** (Fig. 1a).
2P-Dox is a derivative of the standard cancer chemotherapeutic
doxorubicin (Dox) which is prescribed for the treatment of a
variety of cancers including ovarian, breast, and lung cancer, as
well as leukemia.>* 2P-Dox is 100-1000 fold more potent than
Dox in vitro against a number of Dox resistant cell lines, and
has ICs, values in the low nM to high pM range.>® The
extreme potency of 2P-Dox is a result of its ability to form an
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Fig. 1 2-pyrrolinodoxorubicin (2P-Dox) and its prodrugs. (a) Structure of
Dox and 2P-Dox. (b) A previously described esterase activated prodrug of
2P-Dox and the light-activated prodrug of 2P-Dox described here.
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aminal adduct with an amino group of a guanine base in close
vicinity to its binding site in DNA.>” 2P-Dox is also not a substrate
of the P-gp pump which is the key factor for resistance of Dox.*’
Research efforts have focused on targeting 2P-Dox through anti-
body or peptide conjugation,”**°?" but here we describe the
synthesis and analysis of a photoactivatable version of 2P-Dox.

We have based our strategy on the di-acetoxy prodrug of
2P-Dox.>®*” The acetates on this prodrug are cleaved intra-
cellularly by esterases releasing the latent aldehyde which cyclizes
to form 2P-Dox (Fig. 1b). We reasoned that a suitable photo-caging
group for the latent aldehyde® would lead to a light-activatable
2P-Dox (1, Fig. 1b).

Kantevari et al. previously utilized a bis(4,5-dimethoxy-2-
nitrophenyl)ethylene glycol for the photorelease of various aldehydes
and ketones through acetal protection.*> We have chosen to use
a modified version of this strategy for our drug delivery. To
prepare compound 1 (Scheme 1), we started by a chlorination of
commercially available nitroveratryl alcohol (2), which was then
reacted with triphenyl phosphine to generate phosphonium salt
3. The salt was then reacted with formaldehyde under Wittig
reaction conditions to give a styrene which was dihydroxylated
to give diol 4. The diol was acetal protected with commercially
available 3-cyanopropionaldehyde dimethyl acetal (5) to give
diastereomeric acetals, and the nitrile group was reduced with
DIBAL-H?? to give aldehyde 6 which was coupled to doxorubicin
under reductive amination conditions to yield 1. The overall
yield was 41%. We also prepared a control compound, 7, formed
by the reductive amination of aldehyde 6 and cyclohexylamine.

With 1 in hand, we investigated the rates of release of 2P-Dox
under UV illumination via thin layer chromatography (Fig. 2).
Cleavage begins to take place after 2 min with 88% cleavage
after 60 min irradiation (Fig. 2a and b). A clean MS showing
2P-Dox was observed after 60 min (Fig. 2c). No cleavage was
observed in the dark (not shown). HPLC traces of the reaction
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Scheme 1 (i) SOCly; (ii) PPh3z/toluene; (iii) formaldehyde/water; (iv) OsO,4/

NMO/CH,Cl/H,O; (v) PPTS/benzene; (vi) DIBAL-H/CH,CL,; (vii) NaCNBH3/H,O.
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Fig. 2 Thin layer chromatography release assay. (a) A 20 mM solution of 1
in PBS buffer was irradiated under 380 nm light (9.0 mW cm™2) and the
release of 2P-Dox was monitored via TLC over time (min). (b) Graph
representing the increase in intensity of the lower Ry TLC spot corres-
ponding to 2P-Dox (in red) and decrease in intensity of higher R TLC spot
corresponding to 1 (in blue) over time. (c) ESI-MS of the solution after
60 min reaction time showing the clean formation of 2P-Dox. Calculated
m/z for (M + H)* = 596.21; observed m/z = 596.38.

before and after illumination were consistent with the TLC
results (Fig. S1, ESIT).

Once we determined that light had no effect on cytotoxicity
(Fig. S2a, ESIT) we proceeded with cellular studies to demonstrate
that the 2P-Dox released led to the expected enhancement in
cytotoxicity. We performed the cellular viability assay in three
human cancer cell lines: MCF-7 (breast), A2780 (ovarian) and
A2780ADR (doxorubicin resistant ovarian) using the CellTiter-
Blue method to evaluate the light-induced effects of compound 1
as well control compound 7 (Table 1, Fig. 3 and Fig. S2-S5, ESIY).
We observed excellent photo-induced toxicity of compound 1
with impressive 327-750 fold increase over dark toxicity. 1
exhibited remarkably low ICs, values ranging from 0.1-50 nM
in presence of light (380 nm, 30 min); these values were compar-
able to that obtained for 2P-Dox alone. The control compound 7
showed no toxicity; demonstrating that the cytotoxic effects were
completely due to released drug (Fig. S5, ESIT). In accord with
previously reported observations,> >’ we found that 2P-Dox
displayed higher potency than doxorubicin and also retained
its activity in the doxorubicin-resistant cell line A2780ADR,
where it was 330-fold more active than doxorubicin alone in
A2780ADR cells.

We next exploited the fluorescent properties of doxorubicin
and compound 1 to quantify the cellular uptake in MCF-7 cell

This journal is © The Royal Society of Chemistry 2019
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Table 1 ICsq values (uM) as obtained from cell titer blue cell survival assays in human cancer cell lines
MCF-7 A2780 A2780ADR
(+) light (-) light (+) light (—) light (+) light () light
1 0.05 £ 0.01 18.7 £ 2.4 0.002 £ 0.001 1.5+ 0.6 0.003 & 0.001 0.98 £ 0.26
Dox 1.3 +£0.2 1.4 £0.1 0.076 £ 0.016 0.095 + 0.021 0.99 + 0.25 1.3 £0.3
2P-Dox 0.010 £ 0.007 0.013 £ 0.005 n.d. 0.0017 £ 0.0004 n.d. 0.002 £ 0.001
7 >50 >50 >50 >50 >50 >50
~ ¢(a) (b) in activity suggest that this approach will have an effective
S 100 100 therapeutic window. Although UV light is poorly tissue penetrating,
z one could envision the use of alternate protecting groups that
2 0 50 can be released with longer wavelengths of light that are
> v(+)L v(+)L more penetrant.>’~*° The high potency of 2P-Dox will further
2 m()L o B(IL improve tissue penetration as even poorly illuminated deep
0.01 1 100 0.01 1 100 tissues will contain enough released 2P-Dox for the cytotoxic
Concentration (uM) effect. More broadly, this work opens up new opportunities for
(c) DAPI Drug  Bright-Field Merged repurposing of highly potent cytotoxins for effective cancer
chemotherapy.
° M. C. T. H. acknowledges support of this work by the NIH
g (CA167582). The mass spectral analyses were done with Massey
o Cancer Center Proteomics Resources supported by CCSG grant
NCI 5P30CA16059-35. P. S. D. acknowledges the Altria Corporation
9 for a graduate fellowship. K. M.’s postdoctoral fellowship was
8 supported by the Virginia Commonwealth Health Research
Board (236-03-16).
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Fig. 3 Cell culture assays with compound 1. Cell viability as determined
by CellTiter-Blue assay in MCF-7 cells treated with (a) compound 1 and
(b) doxorubicin in absence (black squares) or presence of light (380 nm,
9.0 mW cm2, 30 min, purple triangles). (c) Confocal microscopic images
of MCF-7 cells alone (first row) or treated with 10 uM of doxorubicin (Dox,
second row) and compound 1 (third row) for 2 h. The columns from left to
right show: DAPI nuclear staining (blue channel), Dox or compound 1 (red
channel), the brightfield image, and a merge of the red and blue channels.
Scale bar = 10 pm.

lines using flow cytometry (Fig. S6, ESIt). The obtained data
clearly indicates that compound 1 showed higher cellular uptake
than doxorubicin. Several studies have shown that N-alkylation
or O-alkylation of DOX with lipophilic moieties can improve both
the amount and rate of cell uptake,**>**' and we expect a similar
phenomenon is operating here. The enhanced uptake also likely
contributes to the improved cytotoxicity of compound 1 relative to
Dox. To understand the sub-cellular localization, we carried out
confocal microscopic studies. The images revealed the nuclear
co-localization of compound 1 and doxorubicin (Fig. 3c). Taken
together, our light-releasable compound 1 mirrors the activity of
the parent drug 2P-Dox, yet has significantly reduced activity in
the dark.

Here we have shown for the first time that we can generate
2P-Dox in a light dependent manner. The large enhancements

This journal is © The Royal Society of Chemistry 2019
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