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Elucidation of the working principle of a gene-directed
caged HDAC inhibitor with cell-type selectivity

The concept of a gene-directed caging strategy has been
applied to prepare a doubly “locked” prodrug that can
genetically target cells of interest. This work demonstrates
optochemical regulation of endogenous histone deacetylase
activity in mammalian cells.
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Histone deacetylases (HDACs) play crucial roles in the epigenetic
regulation of gene expression. Here, we report CM-Bhc-SAHA, a
novel caged HDAC inhibitor, genetically targeting cells of interest.
Mammalian cells expressing porcine liver esterase led to the opto-
chemical inhibition of endogenous HDAC activity when treated
with CM-Bhc-SAHA and irradiated with 405 nm light.

Epigenetic regulation of gene expression critically regulates
physiological processes such as proliferation," development,”
and cellular memory® and potentially causes common diseases
such as cancer.” Histone acetylation is a primary epigenetic
process that regulates transcription by loosening or tightening
chromatin structure. Histone deacetylases (HDACs) are enzymes
that catalyze the deacetylation of ¢-acetylated lysine residues and
mainly promote repression of gene expression.>® There are two
types of HDAC families:” Zinc-dependent Class I (HDAC 1-3, 8),
Ila (HDAC 4-7, 9), ITb (HDAC 6, 10), IV (HDAC 11), and NAD-
dependent Class III (SIRT1-7). Recent studies have shown that
many non-histone target proteins are dynamically deacetylated
by HDACs outside the nucleus, thereby demonstrating HDAC
functions beyond the chromatin.® HDAC dysregulation causes
various diseases: abnormal expression of Class I HDACs in
broad ranges of cancer cells,” an association of deregulation
of Class I (HDAC 1 and 2) and Class IIb (HDAC6) with cognitive
impairment,'® and neurodegenerative diseases."* Thus, HDAC
inhibitors (HDACi) have emerged as chemical probes to eluci-
date post-transcriptional protein modification mechanisms and
as drug candidates for treating diseases such as cancer'? and
neurodegenerative disorders.'® The pan-selective nature of the
HDACIis for the HDAC family would render off-target effects
upon systemic administration.
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Elucidation of the working principle of a gene-
directed caged HDAC inhibitor with cell-type

Kotoko Sakamoto, Ayumi Hirano, Rika Hidaka, Akinobu Z. Suzuki, Taro Ueno

Tissue- and cell-type-selective modulation of HDAC activity is
desirable for basic research and clinical applications. To achieve
this goal, light-controlled modulation of HDAC activity by photo-
responsive chemical probes, such as azobenzene-derived reversi-
ble HDAC inhibitors'*"® and photocaged HDACi,'*>° has been
reported. Light triggering of photocaged compounds is a power-
ful technique that can control biological systems with high
spatiotemporal resolution in experimental designs with adherent
cells or tissue slices.*"** Caged compounds are small molecular
weight organic compounds that are not genetically encoded, and
hence cannot target specific types of cells or tissues of interest. To
overcome this problem, we recently reported the concept of gene-
directed caged compounds that are photoactivated only in cells
tagged with preselected genes.”* Our gene-directed caging strat-
egy allows the use of a variety of substrate/enzyme pairs as
photochemical “locks” and their “key” enzymes. In our previous
paper, we used a pair of B-galactosyl moiety and E. coli B-
galactosidase to prepare gene-directed caged cyclic nucleotides
that function as optochemical tools with cell-type selectivity.>*
This study reports a new gene-directed caged HDAC inhibitor
with the 1-methyl-1-cyclopropancarboxylmethyl (CM) moiety as a
chemical lock to expand the repertoire of gene-directed caged
compounds and achieve cell-type selective inhibition of HDAC
activity. The CM group was designed to be orthogonally hydro-
lyzed in mammalian cells only in the presence of externally
expressed porcine liver esterase (PLE).>®

For our proof-of-concept experiments, as an HDACIi, we
chose suberoylanilide hydroxamic acid (SAHA), also known as
vorinostat, a pan-selective HDAC inhibitor effective in both
Classes I and IIb HDACs.*® This hydroxamic acid coordinates
to zinc ions, located inside the active site of HDAC. Therefore,
we decided to mask this group with a CM-Bhc group to
suppress its inhibitory activity. We hypothesized the locked
caged HDAC inhibitor CM-Bhc-SAHA to be photoactivatable
only in the presence of its “key” enzyme PLE (Fig. 1).

Synthesis of Bhc-caged SAHAs was performed starting from
MOMBhc-CH,O0H,*” as shown in Scheme 1. The 4-hydroxymethyl
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Fig. 1 Gene-directed caged HDAC inhibitor. CM-Bhc-SAHA is inert to
405 nm light because of a chemical “lock” on it. The lock is removed by its
"key” enzyme, PLE, to produce Bhc-SAHA, which can release an HDAC
inhibitor SAHA when exposed to 405 nm light.

group was converted to alkoxyamine by Mitsunobu reaction and
reduction®® to yield MOMBhc-CH,ONH, (1). Esterification with
suberanilic acid and removal of MOM protection produced
Bhce-SAHA (2). Alkylation of the 7-OH group with CM moiety
yielded a candidate for gene-directed caged SAHA, CM-Bhc-SAHA
(3)- This synthetic method can also be applied to other HDAC
inhibitors with hydroxamic acids, such as Trichostatin A and
Panobinostat.

The absorption maximum of 3 is at 330 nm in an aqueous
solution at neutral pH, while that of 2 is at 374 nm. CM-Bhec-
SAHA does not absorb light at a wavelength longer than 380 nm
(purple shaded area in Fig. 2a). Therefore, we hypothesized
405 nm light irradiation to cause selective uncaging of 2 in the
presence of 3. The time course of photolysis of caged SAHAS is
shown in Fig. 2b where Bhc-SAHA produced SAHA (Fig. S1, ESIt)
at 405 nm (3.4 mJ s~ ') with a photolysis quantum yield (®,05) of
0.12. Photolysis efficiency (¢®) of 900 M~ em ™' is higher than
that of previously reported diethyaminocoumarin-caged SAHA'®
and lower than that of Bhc-cAMP (¢® 2840 M~ " cm™').>* The
difference in quantum yield observed between Bhc-SAHA (0.12)
and Bhc-cAMP (0.40) can be attributed to changes related to the
difference in the acidity of the leaving groups. The pK, of the
hydroxamic acid moiety of SAHA is 9.2, which is much more
weakly acidic than that of the cyclic phosphate of cAMP (pK,
3.92). As expected from its absorption properties, no photolytic
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Scheme 1 Synthesis of CM-Bhc-SAHA.
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Fig. 2 Photolysis of caged cNMPs. (a) UV-vis absorption spectra of caged
SAHAs in an aqueous solution (pH 7.4). Most of the phenolic OH of 2 is
jonized in this condition. (b) Photolysis time course of the caged SAHAs.
Samples (10 uM) were irradiated at 405 nm (3.4 mJ s~ under simulated
physiological conditions (pH 7.4). 2 (purple square), SAHA released from 2
(red triangle), 3 (gray circle). The dashed lines are the best fit for single
exponential decay and rise. The values represent the averages of triplicate
experiments =+ the standard deviation (SD) of the mean.

consumption of 3 was observed under the same irradiation
conditions, confirming that the modification by the CM group
locks the photolability of 3 (Fig. 2b).

The hydrolytic stability of caged SAHA was measured in an
aqueous solution at neutral pH under dark conditions; no
traceable amounts of degradation were observed after 15 days
for 2 and 5 days for 3. Because SAHA is hydrolysed in the
presence of plasma proteins (half-life 75-115 min),”® degrada-
tion of 3 was observed in serum containing medium at 37 °C.
Since only 4% conversion from 3 to 2 was observed after 24 h,
stability was not considered to be a problem in subsequent
experiments.

We checked whether locked caged SAHA 3 served as a
substrate of PLE and produced unlocked 2 with a practically
usable reactivity. Thus, we treated 3 with PLE from the porcine
liver. Analysis of the reaction mixture by HPLC confirmed the
yield of 2 to be 80% (Fig. 3a and Fig. S2, ESIt). The Michaelis
constant (K,,) and apparent reaction rate (k.,) of 3 were 3.2 uM
and 0.87 s~ ', respectively. The specificity constant (keqi/Ky) was
determined to be 2.7 x 10° M~ s™', comparable to reported
CM derivatives, such as fluorescein-CM, (K, = 0.50 pM, kcat/
Km = 5.1 x 10* M™* s7%).>° The results indicated that 3 is a
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Fig. 3 Enzymatic transformation of CM-Bhc-SAHA (3) with PLE.
(a) 54 uM of 3 was treated with 1.5 x 1072 U mL™! of PLE (from the
porcine liver). The remaining percentage of 3 (gray triangle) and formation
of Bhc-SAHA (2) (purple circle). (b) Time course for the enzymatic
transformation of 3 with HEK293T cell lysates. PLE(+) lysates: red triangle,
PLE(—) lysates: blue square.
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suitable substrate for PLE and produces 2 with a reactivity
comparable to known substrates that have been successfully
used in live-cell experiments.

Next, we examined the effect of mammalian internal
esterases on the hydrolytic stability of the 1-methylcyclo-
propylcarboxy methyl group (CM). Therefore, 3 was treated
with either HEK293T/PLE (PLE(+)), which constitutively
expresses the PLE gene, or HEK293T (PLE(—)), which does
not express PLE. The conversion from 3 to 2 was completed
in 1 minute, using PLE(+) cell lysate, suggesting the practical
reactivity of 3 for PLE expressed in mammalian cultured cells
(Fig. 3b and Fig. S3, ESIf). Unexpectedly, the PLE(—) lysate
gradually deprotected the CM group under the same reaction
conditions (15% conversion in 30 min). Since 3 was hydrolyti-
cally stable at neutral pH during the experiments, the deprotec-
tion observed with PLE(—) lysates considered a
consequence of enzymatic hydrolysis catalyzed by internal
esterases. To confirm that SAHA is photochemically produced
from 3 in the presence of PLE(+) cells, the reaction mixtures
were irradiated with 405 nm light; 3 was incubated with PLE(+)
or PLE(—) cell lysates for 1 h and irradiated with 405 nm light
(3.4 mJ s7') for 120 s. HPLC analysis revealed that SAHA was
produced only from PLE(+) lysate (Fig. S4, trace 2, ESI) and not
from the PLE(—) one (Fig. S4, trace 4, ESIt).

In HEK293T cells, the internal esterase-mediated enzymatic
hydrolysis of the CM moiety of 3 was not entirely suppressed,
although, the reactivity with PLE was much better than that with
internal esterases in the test cells, suggesting 3 can be used as a
gene-directed caged SAHA with PLE as a “key” enzyme.

The introduction of caging groups must inhibit the HDAC
inhibitory activity of caged SAHAs. Therefore, we measured the
lysine deacetylation activity of HDACs from HeLa cell nuclear
extracts in the presence of caged SAHAs (Fig. 4a). The half-
maximal inhibitory concentrations (ICso) of caged SAHAs were
16.2 uM for 2 and over 70 pM for 3, which was 1/1000 of the
inhibitory activity of unmodified SAHA (IC5, 39.6 nM). Since SAHA
is a nonspecific, broad-spectrum inhibitor of HDAC subtypes®®
and Class I HDACs primarily involve HeLa cell nuclear extracts, the
IC5, values observed with caged SAHAs must directly reflect the
suppression of inhibitory activity achieved by the caging of hydro-
xamate moiety. The lesser residual activity of CM-Bhc, which is
bulkier than Bhe, is also consistent with the caging effect. The
bulkiness of the chemical lock allows caged SAHAs to suppress
residual HDACi activity in non-target cells and, as a result,
suppress the undesirable off-target effects.

Since the CM-Bhc caging group is converted to Bhc group
when applied to PLE-expressing cells, we examined photo-
induced HDAC inhibition both in a cuvette and in cells using
2. HDAC activity was quantified after incubation of HeLa cell
nuclear extracts with 500 nM of 2 and irradiation with 405 nm
light (3.4 mJ s ). As shown in Fig. S5 (ESI{), photon dose-
dependent inhibition of HDAC activity was observed in the
presence of 2, confirming that photochemically liberated SAHA
achieved HDAC inhibition.

The compounds were then tested in live cultured cells. SAHA
was added to live HEK293T cells to estimate the working
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Fig. 4 Inhibition of HDAC activity in-cuvette and in-cell experiments. (a)
Inhibition of HDAC in Hela nuclear extracts. Enzymatic activity of Hela
HDACs was measured in the presence of the tested compounds: SAHA
(red circle), 2 (purple circle), and 3 (gray triangle). Solid lines are best fitted
to the nonlinear regression model. (b)-(d) Photo-mediated Inhibition of
endogenous HDAC in HEK293T cells. Cells were treated with the indicated
compounds for 1 h. The cells were washed with PBS to remove the
compound in the culture media and irradiated at 405 nm (3.4 mJ s™3
for 60 s. The enzymatic activity of HDACs from non-irradiated control cells
treated with DMSO alone was quantified. Percentages of the HDAC activity
were normalized to this group. The values represent the averages of
triplicate experiments =+ the standard deviation (SD) of the mean. (b) Effect
of 405 nm irradiation. Cells were treated with 100 pM of 2. Solid gray: non-
irradiated, Shaded light gray: irradiated. (c) Effect of PLE expression. Cells
were treated with 2 uM of 3. Solid gray: PLE(—), Shaded light gray: PLE(+).
(d) Dose dependency. PLE(+) cells were treated with the indicated
concentration of 3 and then exposed to 405 nm light. Solid gray: non-
irradiated, Shaded light gray: irradiated. * Student’'s T-test p < 0.0005.

concentration, and the deacetylation activity of endogenous
HDACs was quantified (Fig. S6, ESIt). 625 nM SAHA in culture
medium achieved approximately 40% inhibition. This HDACi
activity was consistent with the in-cuvette experiments shown
in Fig. S5 (ESIt), in which 500 nM Bhc-SAHA caused 52% HDAC
inhibition when exposed to 405 nm light (204 mJ cm >, relative
HDAC activity: DMSO 71.6%, Bhc-SAHA 37.6%). Since the
expected concentration of photochemically released intracellu-
lar SAHA was likely lower than the caged SAHAs applied to the
culture media, subsequent experiments were performed using
caged compounds at concentrations of 2 uM or higher.
Incubation of HEK293T cells with 100 uM of 2 and irradia-
tion with 405 nm light (204 mJ cm~?) inhibited approximately
80% of endogenous HDAC activity. Under these conditions,

This journal is © The Royal Society of Chemistry 2022
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neither 405 nm light irradiation nor adding 2 alone affected the
endogenous HDAC activity (Fig. 4b). When the effect of PLE
expression was tested in HEK293T (PLE(—)) or HEK293T/PLE
(PLE(+)) cells using 2 pM of 3, HDAC activity was inhibited by
40% only when PLE(+) cells were exposed to 405 nm light
(Fig. 4c). Fig. 4d shows the dose dependence of HDACI activity
of 3 when exposed to 405 nm light (204 mJ cm™?), confirming
that the majority of endogenous HDAC activity in PLE(+) cells is
almost completely suppressed photochemically by the addition
of 10 uM or more of 3 to the culture media. From these results,
we conclude that CM-Bhc-SAHA (3) is a membrane-permeable
gene-directed caged SAHA that can selectively suppress
endogenous HDAC activity in cells expressing the ‘key”
enzyme, PLE.

In conclusion, we developed a new caged HDAC inhibitor
that can genetically target cells of interest. CM-Bhec-SAHA (3) is
stable in an aqueous solution at neutral pH, is inert to 405 nm
irradiation, and produces Bhc-SAHA (2) with practical reactivity
(keat/Kim 2.7 x 10° M~ * s7%) as a substrate for PLE. The HDAC
inhibitory activities of caged SAHAs 2 and 3 were suppressed by
a factor of 10°> compared to SAHA alone. The target cells were
tagged with an externally expressed PLE gene, and photo-
induced selective inhibition of endogenous HDAC activity was
achieved using a new caged SAHA 3. Thus, the CM-Bhc group is
a new addition to the gene-directed photocaging groups that
can be selectively uncaged by 405 nm light irradiation in the
presence of its “key” enzyme. The same gene-directed caging
strategy can be applied to other class-selective HDAC inhibitors
having hydroxamic acid moieties.** Gene-directed caged HDAC
inhibitors would further expand the utility of methods to
modulate HDACI activity in a cell- and tissue-type-selective
and spatiotemporal manner. Some issues remain to be
improved. Uncaging by PLE and 405 nm light should only
occur in cells expressing PLE, but since the Bhc-SAHA and
SAHA produced are membrane permeable, they could diffuse
out of the cells and re-enter nearby cells, reducing cell type
selectivity. This can be an inherent drawback of this system as
long as a membrane-permeable HDACI is used.

By utilizing the concept of gene-directed caging, cell-type
targetability can be incorporated into previously reported Bhe-
caged compounds.*!*? Furthermore, because of their substrate
specificity, it is possible to use two or more chemical lock-and-
key enzyme pairs in a biologically orthogonal manner. This
would allow, for example, the simultaneous targeting of two or
more caged molecules and separate targeting of different types
of cells or tissues.
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