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ABSTRACT: Photoremovable protecting groups added to bioactive molecules provide spatial and temporal control of the
biological effects. We present synthesis and characterization of the first photoactivatable small-molecule tubulin inhibitor. By
blocking the pharmacophoric OH group on compound 1 with photoremovable 4,5-dimethoxy-2-nitrobenzyl moiety we
developed the photocaged prodrug 2 that had no effect in biological assays. Short UV light exposure of the derivative 2 or UV-
irradiation of cells treated with 2 resulted in fast and potent inhibition of tubulin polymerization, attenuation of cell viability, and
apoptotic cell death, implicating release of the parent active compound. This study validates for the first time the photoactivatable
prodrug concept in the field of small molecule tubulin inhibitors. The caged derivative 2 represents a novel tool in antitubulin
approaches.
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Delivering bioactive molecules to cells with temporal and
spatial precision is useful for elucidating complex

biological processes. One method for regulating the action of
bioactive molecules employs photolabile-protecting groups
(PPGs).1 The PPG is a chromophore covalently attached to
the pharmacophoric moiety of the bioactive molecule, thus
blocking its biological activity, a concept known as “caging”.
The covalent bond between the bioactive molecule and the
PPG is cleaved by irradiation with ultraviolet (UV) light,
leading to the release of the parent bioactive molecule
(“uncaging”). A number of PPGs have been developed for
this purpose, including p-nitrobenzyl, 4,5-dimethoxy-2-nitro-
benzyl (DMNB), and 6-bromo-7-hydroxycoumarine-4-ylmeth-
yl,2 and the caging concept has been successfully applied to
phototrigger calcium, neurotransmitters, nucleic acids, and
antibiotics.3,4 For example, photocaged rapamycin has been

used to induce controlled activity of the small GTPase Rac in
the cellular context,5 and photocaged anisomycin has been
employed to locally inhibit protein synthesis.6 Photocaged
puromycin was effectively applied for spatiotemporal monitor-
ing of mRNA translation.7 We have recently developed a
number of caged kinase inhibitors that serve as valuable
molecular probes to delineate signaling pathways.8−10 Fur-
thermore, photocaging has been applied for delivery of
molecules across membranes and for the control of side
effects.11,12

Microtubule-targeting agents (MTAs) disrupt polymerization
of α- and β-tubulin to form microtubules. Microtubules are
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crucial for cell division in mitosis, and this explains why
compounds that bind to tubulin and interfere with tubulin
polymerization are highly effective in killing rapidly proliferat-
ing cancer cells. Importantly, tubulin has a crucial role also in
nonmitotic cells, which underlies the overall success of MTAs
in cancer therapy.13−15

MTAs are structurally diverse and very often structurally
complex molecules as the vast majority of these agents are
natural products isolated from bacteria, plants, and marine
sponges.16 With the long history of clinical efficacy, MTAs
remain to date the most classical yet reliable chemo-
therapeutics. Microtubules targeting Vinca alkaloids (vinblas-
tine, vincristine) and taxanes (paclitaxel, cabazitaxel) are
frontline treatments for breast, ovarian, and hormone-refractory
prostate cancers. However, the acquired resistance developed
over the time of treatment has plagued the success of these
drugs.
Mechanisms of MTA resistance are manifold, including

overexpression of efflux proteins, point mutations at the
paclitaxel-binding site, or polymorphism resulting in the
overexpression of various β-tubulin isotypes.13 Another major
limitation in the use of MTAs is the high rate of neuropathy
induced by these compounds. This effect manifests itself as a
painful peripheral axonal pain for which there is currently no
effective symptomatic treatment.17 Myeloid toxicity and
neutropenia is also frequently observed with MTAs, with
subtle differences between compounds within the same family.
Clinically approved MTAs are ineffective for treatment of

brain tumors as their large molecular weight (>800 g/mol)
renders them unable to cross the blood−brain barrier. Hence,
there has been increasing research interest toward the
development of effective MTA delivery methods18−20 or
identification of small-molecule tubulin inhibitors able to
cross the blood−brain barrier.21,22 We discovered that a
small-molecule known as CMPD1 and initially developed to
inhibit p38 MAPK-MK2 signaling pathway,23 primarily inhibits
tubulin polymerization.24 CMPD1 showed potent antimitotic
and apoptotic activity in a panel of cancer cells. This cytotoxic
activity and the small molecular weight (349 g/mol) made
CMPD1 an attractive lead for the development of potential
chemotherapeutic agents for brain tumors. Recently, we
reported synthesis of CMPD1 analogues with improved
molecular properties and demonstrated their anticancer efficacy
in patient-derived glioblastoma cells.25

Herein, we present a novel concept in the class of small-
molecule tubulin inhibitors. In order to reduce side effects
associated with tubulin inhibitors, we developed a caged tubulin
inhibitor by addition of a photoactivatable protecting group and
describe its pharmacology in glioblastoma cells. We have
chosen glioblastoma cell-based models as this heterogeneous
brain cancer represents a major unmet medical need. Although
glioblastoma was one of the first cancers to be profiled through
The Cancer Genome Atlas project, making it genomically a
well-characterized cancer,26 the results of glioblastoma trials
using inhibitors of oncogenic drivers have been disappointing
so far.27 Importantly, glioblastoma cells are sensitive to
MTAs,22,25 suggesting that MTAs able to cross the blood−
brain barrier could be effective in glioblastoma therapy. The
photoactivatable approach presented in this work opens a new
avenue to reduce side effects of MTAs as the active drug may
be locally released at the tumor site.
To synthesize the photoactivatable tubulin inhibitor, the

tubulin inhibitor 1 was converted into a photocaged derivative

2 (Scheme 1). We have chosen the 4,5-dimethoxy-2-nitro-
benzyl (DMNB) as the PPG because of its excellent

quantitative cleavage by UV irradiation.1,9,10 DMNB was
attached to the phenol moiety of compound 1, as the SAR
study demonstrated that the removal of the OH group resulted
in significant loss of cellular efficacy.25 DMNB-caged derivative
2 was obtained in 60% yield in the final synthetic step using
DMNB-bromide as a reagent, followed by reversed-phase
chromatography purification. UV spectra of compounds 1 and
2 (Figure S1) revealed that inhibitor 1 shows no absorption at
365 nm, whereas the photoprodrug 2 possesses an absorption
maximum around 350 nm. As the high absorption of
photocaged molecules at the irradiation wavelength is crucial
to trigger the PPG cleavage, we identified 365 nm as suitable
irradiation wavelength.
In the photocaging concept it is essential that the parent

molecule is sufficiently stable under the conditions used for
uncaging by UV irradiation. Otherwise, the irradiation would
degrade the released active drug immediately after the PPG
cleavage. Initially, in an analytical setup to examine the UV
stability of the tubulin inhibitor 1, we used a light-emitting
diode (LED) reactor and a wavelength of 365 nm (5400 mW,
Figure S2, lamp A) to irradiate compound 1 (1 mM). HPLC
and LC−MS analysis of samples collected over the period of 20
min confirmed that inhibitor 1 was stable under these
conditions (Figure S3).
To determine the kinetics of the photorelease, caged

analogue 2 was UV irradiated at 365 nm (2700 mW, Figure
S2, lamp A), and samples were collected at indicated time
points for quantitative HPLC analysis (Figure 1). After 1 min
of irradiation, approximately 80% of the bioactive inhibitor 1
was released from the photoprodrug 2. The reaction progress
curve excellently fitted (R2 = 1) to the exponential one-phase
decay kinetics with a time constant (τ) of 0.605 min. The
maximum measured concentration of parent inhibitor 1 was
reached after 2 min of irradiation. This data confirm that
DMNB-caged compound 2 possesses suitable uncaging
kinetics.
To assess the inactivity of caged prodrug 2, as well as

reactivation and recovery of the cytotoxic effects, we performed
a series of cell viability assays using U251 and patient-derived
RN1 glioblastoma cells. The U251 cell line was established

Scheme 1. Synthesis of the Photoactivatable Tubulin
Inhibitor 2a

aReagents and conditions: (a) AlCl3, HCl, N2, 96 h; (b) Zn/Hg, HCl,
toluene, 24 h; (c) PYBOP, DIPEA, DMF; (d) Pd(PPh3)4, Na2CO3,
EtOH/H2O, MW 130°C, 20 min; (e) K2CO3, DMF, RT.
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prior to genome analysis of glioblastoma tumors and is not
assigned to any glioblastoma subtype. The patient-derived RN1
cell line was established in our laboratories28,29 and represents
the most common (>60%) classical subtype of glioblastomas.
RN1 cells were grown as stem cells under defined conditions in
order to maintain the phenotype and genotype of the primary
resected tumor.30

First, we investigated the effects of UV light on cell viability
in order to determine tolerable levels of UV exposure. We
exposed U251 and RN1 cells to UV light up to 5 min (lamp B,
1800 mW, Figure S2) and after 24 h of incubation performed
viability assay using Cell TiterBlue reagent. We found that
U251 and RN1 cells tolerated a continuous UV light exposure
of 1 min and 30s, respectively (Figure S4).
To assess the cytotoxic effects, cells were treated with

uncaged inhibitor 1 and caged derivative 2 for 72 h, and cell
viability assays were performed to evaluate the number of viable
cells. The parent compound 1 decreased the viability of U251
and RN1 cells with EC50 values of 1.3 and 0.3 μM, respectively
(Figure 2), which is in good agreement with previously
published data.24,25 UV irradiation of cells treated with
compound 1 did not affect the efficacy of the uncaged
derivative (Figure 2). In contrast to the bioactive compound 1
and as expected by our PPG design, caged derivative 2 had no
significant cytotoxicity up to high micromolar concentrations
(EC50 = 72 and 37.4 μM for U251 and RN1, respectively),
providing evidence that addition of the PPG to compound 1
resulted in the loss of cytotoxic activity. UV irradiation (30 s of
RN1 and 1 min of U251 cells) restored the activity of
compound 2 and efficacy in both cell lines was equivalent to the
efficacy of the uncaged compound (EC50 = 2.1 and 1.2 μM for
U251 and RN1, respectively), suggesting that a recovery of the
cytotoxic activity is achieved with a short period of UV
irradiation.
To confirm that addition of the bulky PPG was detrimental

to the cytotoxicity of compound 1, compound 3 containing a
benzyl moiety on the phenolic OH group was synthesized and
its cytotoxicity tested using U251 glioblastoma cells (Figure 3).
Compound 3 affected U251 cell viability only at concentrations
higher than 40 μM. We also synthesized 4,5-dimethoxy-2-
nitrobenzyl (tert-butoxycarbonyl)alaninate 4 to investigate if
the DMNB moiety released via irradiation of the caged
derivative 2 could be cytotoxic to the cells. Importantly,
compound 4 when UV irradiated to release DMNB did not

change the viability of U251 cells up to 100 μM concentration
(Figure 3). Together, these data indicate that (i) the
unsubstituted phenolic group is crucial for the biological
activity of 1 and that (ii) cytotoxicity after UV irradiation
results from uncaging the inhibitor 1 and not from the released
DMNB.
To further validate that the caging with DMNB caused loss

of biological activities determined for compound 1 in cells, we
conducted an in vitro tubulin polymerization and tubulin
binding assays using uncaged and caged analogues 1 and 2,
respectively (Figure 4). Purified β-tubulin was incubated with
clinical MTAs paclitaxel and vinblastine, as well as with
compounds 1 and 2. Compared to control, paclitaxel enhanced
tubulin polymerization, whereas vinblastine and compound 1
inhibited tubulin polymerization (Figure 4A), which is in
agreement with their established mechanism of action.24 In
contrast, caged derivative 2 did not exhibit any effect on the
kinetics of tubulin polymerization. However, if the same assay
was performed with derivative 2 exposed to UV irradiation, the
inhibition of tubulin polymerization was indistinguishable from
that obtained with the uncaged compound 1. Thus, the
uncaging of 2 by UV irradiation produced a bioactive molecule

Figure 1. Photolytic characterization of the caged derivative 2. A
solution of compound 2 (1 mM) was irradiated at 365 nM, and
samples collected at indicated time points were analyzed by HPLC.
Compound 2 was photolyzed to produce compound 1 in one-phase
decay kinetics (τ = 0.605 min, R2 = 1). Data represent mean ± SEM
from two independent experiments performed in duplicate.

Figure 2. Evaluation of the uncaging protocol in a cell viability assay.
(A) U251 and (B) patient-derived RN1 glioblastoma cells were grown
as adherent cultures, treated with uncaged inhibitor 1 and caged
derivative 2. U251 cells were UV irradiated (365 nm, 1800 mW) for 1
min, RN1 cells were irradiated for 30 s. Cellular efficacy (EC50) values
were determined using Cell TiterBlue viability assay after 72 h of drug
treatment. Data represent mean ± SEM from three independent
experiments performed in triplicate.
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inhibiting tubulin polymerization with the same efficacy as the
unmodified tubulin inhibitor 1 (Figure 4A).
Small molecules inhibiting tubulin polymerization predom-

inantly bind into the colchicine binding site on tubulin.31 To
investigate the binding site of compound 1, we performed
fluorescence-based colchicine binding assay.32,33 Competition
of the inhibitor and colchicine for the binding site will decrease
the intrinsic fluorescence of colchicine-tubulin complex by
reducing the amount of colchicine bound. With this assay, we
confirmed that compound 1, but not the caged derivative 2,
decreased the intrinsic colchicine fluorescence in a dose-
dependent manner (Figure 4B). Nocodazole, tubulin inhibitor
binding to the colchicine site (positive control) also efficiently
decreased the fluorescence, whereas vinblastine (negative
control) had no effect on the fluorescence. The observation
that compound 1 caused a weaker decrease in the fluorescence
compared to nocodazole suggests that compound 1 is likely to
bind in the vicinity or allosterically to colchicine.
We next examined in greater detail how addition of the PPG

to compound 1 alters the microtubule network in cells. For this,
U251 glioblastoma cells were treated with 1 and 2, and the
effect on the microtubules was investigated via immunofluor-
escence staining of β-tubulin. Treatment of U251 cells with
compound 1 (5 μM) led to a disassembly of microtubules and
pronounced changes in cell morphology (Figure 5). However,

treatment with compound 2 had no effect on cell morphology
and the tubulin network; the images of cells treated with 2
resembled the images of untreated control cells. Importantly, if
cells were treated with UV irradiated (365 nm, 1800 mW, 5
min) compound 2, cells rounded up and lost their star-shaped
structure. Furthermore, tubulin filaments lost their organiza-
tion, suggesting that UV irradiation of compound 2 released a
compound that acts as tubulin inhibitor and disrupts the highly
organized tubulin network in cells.
Microtubule targeting agents not only characteristically

disrupt the tubulin network and cell morphology as
demonstrated in Figure 5, they also induce apoptosis through
the intrinsic (mitochondrial) apoptotic pathway.34 In order to
determine whether this mechanism contributes to the cellular
efficacy of the caged derivative 2 after UV irradiation, we
quantified apoptosis in drug-treated RN1 cells by Annexin V
staining (Figure 6). UV irradiation (365 nm, 1800 mW, 30 s) of
the patient-derived RN1 cells did not increase the basal level of

Figure 3. Efficacy of negative control compounds 3 and 4 in the cell
viability assay. (A) Chemical structures of compounds 3 and 4. (B)
Cellular efficacy of compound 3 and UV-irradiated (365 nm, 1800
mW, 1 min) compound 4 in U251 glioblastoma cells was determined
using Cell TiterBlue viability assay after 72 h of drug treatment. Data
represent mean ± SEM from three independent experiments
performed in triplicate.

Figure 4. Tubulin polymerization and colchicine binding assay. (A)
Porcine brain tubulin was incubated with paclitaxel, vinblastine, and
compounds 1 and 2 ± UV irradiation (365 nm, 1800 mW, 5 min).
Assembly of microtubules was monitored by an increase in
fluorescence. Data represent the mean from three independent
experiments; each data point was performed in triplicate. (B)
Colchicine binding assay. Porcine tubulin was incubated with
colchicine and tested compounds. Fluorescence intensity (F) was
normalized to the fluorescence of the colchicine−tubulin complex
(F0). Data represent mean ± SEM from four independent experi-
ments.

Figure 5. Immunofluorescence imaging of treated cells. U251 cells
treated with compounds 1 and 2 and UV-irradiated (365 nm, 1800
mW, 5 min) compound 2. All treatments were done with 5 μM
concentration for 24 h. Cells were fixed and stained with Alexa488-
labeled anti-β-tubulin antibody (green) or DAPI (blue). Representa-
tive images of two independent experiments are shown.
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Annexin V-positive cells (8.1% and 10.1% for Ctr and UV
treated cells, respectively; Figure 6). Treatment of RN1 cells
with the parent bioactive compound 1 (5 μM, 48 h) increased
the amount of apoptotic cells to 47.8%. In agreement with
previous data, compound 2 was ineffective in inducing
apoptosis (12.6% of Annexin V-positive cells). However, the
quantity (55.9%) of apoptotic RN1 cells when treated with
compound 2 combined with UV irradiation (365 nm, 1800
mW, 30 s) was comparable to the quantity of apoptotic cells
after treatment with compound 1 (47.8%), further confirming
that the uncaging with UV light released an active compound.
In summary, we have described the synthesis of the novel

photocaged tubulin inhibitor 2, as well as its photolytic and
pharmacological characterization. By using DMNB as photo-
labile protecting group to cage a small molecule tubulin
inhibitor, we demonstrate spatial and temporal photoinducible
toxicity to glioblastoma cells, inhibition of tubulin polymer-
ization, and induction of apoptotic cell death. Collectively,
these data show for the first time that caging concept combined
with UV irradiation can be used to control the activity of small
molecule tubulin inhibitors. This concept offers a novel tool for
pharmacological studies and potentially a novel therapeutic
approach to reduce the side effects of microtubule-targeting
agents.
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