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Histone deacetylases (HDACs) are key epigenetic regulators and classified into four subtypes. Despite the various
roles of each HDAC isoform, the lack of selective HDAC inhibitors has limited the elucidation of their roles in
biological systems. HDAC11, the sole class-IV HDAC, is highly expressed in the brain, however, the role of
HDAC11 in microglia is not fully understood. Based on the modification of MC1568, we developed a novel HDAC
inhibitor, 5. Interestingly, 5 suppresses lipopolysaccharide-induced microglial activation by the initiation of

autophagy and subsequent inhibition of nitric oxide production. Furthermore, we demonstrated that 5 signifi-
cantly alleviates depression-like behavior by inhibiting microglial activation in mouse brain. Our discovery re-
veals that specific pharmacological regulation of HDAC11 induces autophagy and reactive nitrogen species
balance in microglia for the first time, which makes HDAC11 a new therapeutic target for depressive disorder.

1. Introduction

Histone deacetylases (HDACs) are key epigenetic regulators that
control DNA transcription and modulate cellular processes by deacety-
lating lysine residues on histones or non-histone proteins, such as
various transcription factors, heat shock protein 90, signaling proteins,
and tubulin [1]. In general, HDACs are divided into four classes based on
their structure and function: class I (HDACI, 2, 3, and 8), class II (further
subdivided into Ila (HDAC4, 5, 7, and 9), and IIb (HDAC6 and 10)), class
III (SIRT1-7), and class IV (HDAC11) [2].

Although HDACs are widely considered important therapeutic tar-
gets for various cancers [3], individual HDAC isoforms mediate different
biological phenomena observed in diverse tissues and diseases. Class I
HDACs regulate neuroinflammation and class II HDACs are related to
stellate cell activation in the liver, renal fibrosis, neuronal cell death,
and Parkinson’s disease [4]. Regarding the function of HDACs in the
brain, the inhibition of HDAC6 enhances autophagy and lysosomal
function in mice with Cockayne syndrome [5]. HDAC1 and HDAC2 are
responsible for the development of the cells and the maintenance of
homeostasis in the central nervous system (CNS), which they achieve by
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regulating microglia phagocytosis [6]. Microglia are brain-resident im-
mune cells that mediate immune responses in the brain and sustain CNS
homeostasis [7]. The depletion of HDAC1 and HDAC2 levels in an Alz-
heimer’s disease (AD) mouse model increased the phagocytic activity of
microglia, resulting in reduced AD pathology [6]. It is worth mentioning
that these findings provide a new therapeutic strategy for AD associated
with epigenetic mechanisms. Therefore, elucidating the novel role that
HDAGCs play in various biological processes in microglia has rendered
them attractive therapeutic targets.

HDAC11 is the only isoform in class IV; it is also the most recently
identified and smallest HDAC enzyme [8]. HDAC11 is mainly expressed
in the brain, testis, and immune cells, and plays important roles in
tumorigenesis, immune response, and metabolism [9]. The
anti-inflammatory effect of pan-HDAC inhibitors such as trichostatin-A
(TSA) and suberoylanilide hydroxamic acid (SAHA) alleviate cognitive
dysfunction and ischemia, respectively, by preventing microglia acti-
vation and inducing neuroprotection [10]. Regardless of these efforts,
the cellular functions of individual HDACs in microglia are not fully
understood; especially that of HDAC11, despite its high expression level
in the brain.

To elucidate the specific modulation of particular HDAC isoforms
and demonstrate their therapeutic potential, the discovery of selective
HDAC inhibitors is important. Nevertheless, most pan-HDAC inhibitors,
such as TSA, SAHA, and valproic acid (VPA), have been used since the
1990 s (Fig. 1A) [11]. To promote selective events, several inhibitors
targeting specific HDAC classes have been developed and are commer-
cially available: MS-275 for HDAC1, 2, and 3 (class I); MC1568 for class
II HDACs; LMK-235 for HDAC4 and HDAC5; and ACY-1215 for
HDAC1-3 and 6 [12]. However, only a few inhibitors of HDAC11 such as
SIS17 and FT895 have been reported to date (Fig. 1A), despite notable
advances in the discovery of selective HDAC inhibitors [13]. Unfortu-
nately, the X-ray crystal structure of HDAC11 has not yet been charac-
terized, which can limit the application of classic strategies such as
target-based drug design for the development of new chemical en-
tities. In addition, it has been reported that HDAC11 exhibits not only
deacetylase activity but also potent defatty-acylase and
de-myristoylation activities [14]. Even if it has a versatile function, the
role of HDAC11 remains unknown owing to the lack of chemical tools
for its biological evaluation.

In this study, we discovered an HDAC11 inhibitor, compound 5, that
clearly improved the potency of cellular-level pan-HDAC inhibition than
MC1568 and modulated deacetylase function of HDAC11 in contrast to
SIS17 (Fig. 1A). Interestingly, 5 regulated autophagy and reactive ni-
trogen species (RNS) system in microglia, that was not corresponding to
the cellular pan-HDAC activity. We elucidated that the cellular pheno-
type induced by 5 corresponded to the in vitro HDAC11 inhibitory
pattern. Therefore, our discovery of a new HDAC11 inhibitor unveiled
the new role of HDAC11 which is significantly involved in autophagy
and RNS production in microglia via its deacetylase function. Further-
more, we demonstrated the therapeutic potential of 5 by inhibition of
HDAC11 to alleviate depression-like behavior in mice.

2. Materials and methods
2.1. Chemical synthesis

All commercially available reagents were used without further pu-
rification unless noted otherwise. Dried solvents and triethylamine
(EtsN) were passed through solvent purification systems equipped with
activated alumina columns (Glass Contour). NMR analyses were carried
out using Varian/Oxford As-500 (500 MHz; Varian Assoc., Palo Alto,
USA) or Bruker AVANCE 600 (600 MHz; Bruker, Germany) spectrome-
ters. The chemical shift values of the proton (*H) and carbon (*3C) NMR
spectra were reported in parts per million (6), to the internal standard
tetramethylsilane (TMS) or to the residual solvent peak (CDClg, Big 7.26,
13¢: 77.16; DMSO-ds, 'H: 2.50, 13C: 39.52). The multiplicities of the 'H
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NMR peaks are reported as follows: s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), dd (doublet of doublets), dt (doublet of trip-
lets), td (triplet of doublets), and br s (broad singlet). The coupling
constants (J) were reported in Hz. Low-resolution mass spectrometry
(LRMS) spectra were obtained on an LCMS-2020 spectrometer (Shi-
madzu, Japan) using the electrospray ionization (ESI) method. High-
resolution mass spectra were analyzed using the ESI mode of an LCQ
LC/MS spectrometer (Thermo Fisher Scientific, USA). To monitor the
progress of the reactions, analytical thin-layer chromatography (TLC)
analysis was performed using glass plates precoated with silica gel (60
F254, Merck, Germany), and the components were observed under UV
light (254 and 365 nm). Flash column chromatography was performed
using silica gel 60 (230-400 mesh, Merck, Germany).

2.2. Cell culture

HMC3 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS; Hyclone) and 1% (v/v) antibiotic-penicillin solution
(Corning). HMOG6 and BV-2 cells were cultured in DMEM supplemented
with 10% (v/v) heat-inactivated FBS (Gibco), 1% (v/v) antibiotic-
penicillin solution, and 0.1% (v/v) anti-mycoplasma solution. HeLa
cells were obtained from KCCB and cultured in RPMI 1640 supple-
mented with 10% (v/v) heat-inactivated FBS (Hyclone) and 1% (v/v)
antibiotic-penicillin solution. The cells were incubated at 37 °C in a 5%
CO3 incubator under a humidified atmosphere.

2.3. Cell-based HDAC activity assay

Nuclear extraction was performed using a NE-PER nuclear cyto-
plasmic extraction reagent kit (Pierce) according to the manufacturer’s
instructions. Briefly, the cell pellet was suspended in 200 pL of cyto-
plasmic extraction reagent by vortexing. The suspension was incubated
on ice for 10 min, followed by the addition of 11 pL of a second cyto-
plasmic extraction reagent, vortexed for 5 s, incubated on ice for 1 min,
and finally centrifuged for 5 min at 16,000g. The insoluble pellet frac-
tion, which contained crude nuclei, was resuspended in 100 pL of nu-
clear extraction reagent by vortexing for 15s, incubated on ice for
10 min, and then centrifuged for 10 min at 16,000g. The constituting
nuclear extract was used for the HDAC activity assay using a fluoro-
metric assay kit (Enzo) according to the manufacturer’s protocol. In
brief, assays were performed with HDAC inhibitors in 10 pL of an HDAC
fluorometric assay buffer (50 mM Tris/Cl, pH 8.0, 137 mM sodium
chloride, 2.7 mM potassium chloride, and 1 mM magnesium chloride),
15 pL of nuclear extract, and 25 pL of 1 mM acetylated Fluor de Lys
substrate. The plates were incubated for 3 h at 37 °C. Subsequently,
50 pL of Fluor de Lys developer solution containing TSA was added to
each well, and the plate was incubated for an additional 5 min with
gentle shaking at r.t. Readings were collected at an excitation wave-
length of 360 nm, and the emitted light was detected at 460 nm using a
Tecan microplate reader (BioTek). Negative controls with buffer only
and positive controls with HeLa extract in place of inhibitor were per-
formed in the same manner as described above.

2.4. Western blot analysis

Cells were harvested in RIPA lysis buffer (Biosesang) containing
protease inhibitors and phosphatase inhibitors (Thermo Fischer). After
cell lysis, each sample was centrifuged at 14,000 rpm for 20 min. The
supernatant was harvested, and the protein concentration was normal-
ized using the BCA assay (Thermo Fischer). The prepared samples were
analyzed by SDS-PAGE and then, following a western blotting proced-
ure, the proteins were transferred to a PVDF membrane and blocked
with 5% bovine serum albumin (BSA; Biosesang) in a solution of Tris-
buffered saline with Tween 20 (TBST; Biosesang) for 1 h. The mem-
brane was incubated with the primary antibody in TBST at 4 °C
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Fig. 1. Development of new HDAC inhibitors. (A) Structures of known and newly designed HDAC inhibitors. (B) Scheme for the synthesis of 5 and 7. (C-E)
Evaluation of cellular histone deacetylase (HDAC) activity in microglia. pan-HDAC activity was measured by individual compound treatment using nuclear extracts of

HMC3, HMO6, and BV-2 cells. Graphs show mean and standard deviation (SD) values.
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overnight, followed by washing with TBST. Primary antibodies used
include: anti-Actin (1:3000, 4970 S; CST), anti-LC3 (1:1000, 3868 S;
CST), anti-p62 (1:1000, 39749 S; CST), anti-iNOS (1:1000, 13120 S;
CST), anti-mTOR (1:1000, 2983 S; CST), anti-pmTOR (1:1000, 5536 S;
CST), anti-pS6K (1:1000, 9204 S; CST), and anti-HDAC11 (1:1000,
PA5-11249; Invitrogen). Then, the membrane was incubated with a
secondary antibody (1:3000, 7074 S, CST) at r.t for 1 h, followed by
washing with TBST. Finally, the membrane was developed with an ECL
prime solution (Amersham), and chemiluminescence signals were
analyzed using ChemiDoc (Bio-Rad).

2.5. Griess assay

NO production was assayed by measuring the nitrite concentration in
the supernatant of cultured BV-2 cells. Cells were seeded at a density of
3 x 10° cells/mL in 384-well plates and incubated overnight. The cells
were stimulated with 100 ng/mL of lipopolysaccharide (LPS; Sigma-
—Aldrich) in the absence or presence of test compounds for 24 h, after
which they were briefly centrifuged. The supernatant was mixed with an
equal volume of Griess reagent (1% sulfanilamide, 0.1% naphthyl eth-
ylenediamine dihydrochloride, and 2.5% H3PO4, Sigma-Aldrich) and
incubated at r.t for 15 min. Nitrite concentrations were determined by
measuring the absorbance of the supernatant at 560 nm. Sodium nitrite
(NaNO3) was used to generate a standard curve. Cell viability was
determined by measuring the luminescence, which was accomplished by
adding 20 pL of Cell Titer Glo reagent (Promega) to the cells and incu-
bating them at r.t for 10 min avoiding direct light. The luminescence
signal was measured using a Tecan microplate reader (BioTek). Each
value was normalized by the value of DMSO-treated cells.

2.6. Immunofluorescence

Cells were seeded in a confocal dish and maintained for 1 d. The cells
were stimulated with 200 ng/mL of LPS (Sigma-Aldrich) in the absence
or presence of test compounds for 24 h. After aspirating the media and
washing with PBS, 200 pL of a 100% ice-cold MeOH solution was added
and the cells were incubated at — 20 °C for 5 min. The solution was then
aspirated and the sample was washed with phosphate-buffered saline
(PBS) three times. For permeabilization to enable antibody binding,
300 pL of 0.1% Triton-X-100 in PBS solution was added and incubated at
r.t for 15 min. The solution was then removed, and the sample was
washed with PBS three times. Samples were blocked with 2% BSA in a
PBS solution at r.t for 1 h, and the solution of 2% BSA in PBS was then
removed and the primary antibody solution of 1% BSA in PBS was added
for overnight treatment at 4 °C. The antibody concentration was opti-
mized according to the manufacturer’s instructions. The primary anti-
body solution was removed, and the sample was washed with PBS three
times. The secondary antibody solution of 1% BSA in PBS was incubated
at r.t for 1 h. Next, the antibody solution was aspirated and the sample
was washed with PBS three times. For nuclear staining, Hoechst 33342
was diluted in PBS, added to each well, and incubated at r.t for 5 min.
Hoechst 33342 was then removed and the chamber was filled with PBS
for subsequent imaging with a microscope.

2.7. Engyme-linked immunosorbent assay

Cell culture supernatants were collected and assayed for cytokines.
The levels of tumor necrosis factor-a (TNF-a) were quantified using
enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems). The
experiments were performed according to the manufacturer’s in-
structions. In brief, 96-well microplates (R&D Systems) were coated
overnight at r.t with capture antibody diluted in PBS without carrier
protein, followed by washing with a wash buffer (0.05% Tween 20 in
PBS, pH 7.2-7.4) using a microplate washer (BioTek). Microplates were
blocked by adding reagent diluent (1% BSA in PBS, pH 7.2-7.4, 0.2 um
filtered) and incubated at r.t for 1 h, followed by washing with the wash
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buffer. Samples or standards were added to each well and incubated for
2h at r.t, followed by washing with the wash buffer. The detection
antibody was diluted in reagent diluent and then added to each well and
incubated for 2 h at r.t, followed by washing with the wash buffer.
Streptavidin-HRP was added to each well and incubated for 20 min atr.t
avoiding direct light, followed by washing with the wash buffer. TMB
solution (Biosesang) was added to each well and incubated for 20 min at
r.t avoiding direct light. Subsequently, a stop solution (2 N H3SO4) was
added to each well and the optical density of each well was immediately
determined using a Tecan microplate reader (BioTek) set to 450 nm.

2.8. Invitro HDAC activity assay

Activity assays for individual HDAC isoforms were performed by
Eurofins using fluoro-lysine [15]. Human recombinant HDAC6 and 8
were incubated with 25 pM and 400 pM of a fluorogenic HDAC substrate
for 30 min at r.t. Human recombinant HDAC11 was incubated with
50 pM of a fluorogenic HDAC substrate (class IIa) for 30 min at 37 °C.
The analysis was performed using Hill software developed by Cerep.

2.9. Cellular thermal shift assay

BV-2 cells were seeded in 100-mm culture dishes and incubated
overnight. The cells were stimulated with 50 pM of compound for 3 h in
the 5% CO, incubator at 37 °C. After compound treatment, the cells
were washed with PBS and harvested. Distributed each cell suspension,
i.e., with DMSO control or with the test compound, into 0.2-mL PCR
tubes with 80 pL of cell suspension in each tube. The aliquot of cell
suspension was heated for 3 min with the indicated temperature using
thermal cycler (Bio-Rad). Then heated cell suspension were lysed by
RIPA buffer (Biosesang) and lysates were analyzed by western blot
analysis.

2.10. RT-PCR analysis

Cellular mRNA was prepared using NucleoSpin RNA Plus (Macherey-
Nagel) according to the manufacturer’s instructions. The prepared RNA
(1000 ng) from each sample was subjected to reverse transcription at
25 °C for 5 min, 42 °C for 30 min, and 85 °C for 5 min. The ¢cDNA
product was mixed with IQ SYBR Green Supermix (Bio-Rad) and indi-
vidual primers (Bioneer) for RT-PCR analysis using a real-time thermal
cycler (Bio-Rad, CFX Connect). GAPDH was used as a housekeeping gene
to normalize mRNA levels. The following primer sequences were used:
human HDAC6: forward, 5-GCCTCAATCACTGAGACCATCC-3'; reverse,
5-GGTGCCTTCTTGGTGACCAACT-3; human HDACS: forward, 5-

TGTGCTGGAAATCACGCCAAGC-3;  reverse, 5 -TGTGCTGGAAAT-
CACGCCAAGC-3'; human HDACI11: forward, 5-
CTTCTGTGCCTATGCGGACATC-3'; reverse, 5-GAAGTCTCGCT-

CATGCCCATTG-3; human GAPDH: forward, 5-AGGGCTGCTTT-
TAACTCTGGT-3'; reverse, 5-CCCCACTTGATTTTGGAGGGA-3'.

2.11. Animal studies

All animal experiments were performed according to guidelines
approved by the Institutional Animal Care and Use Committee (IACUC)
of the Korea Institute of Science and Technology (KIST, KIST-
2021-01-012). ICR mice were obtained from Daehan Bio Link (DBL,
South Korea) and housed under controlled conditions of a 12 h light/
dark cycle at standard temperature (22 + 2 °C) with 50 + 5% humidity
and provided with food and water ad libitum throughout the study. All
mice were acclimated 1 week prior to the beginning of the experiments
and were handled daily for at least 3 days before the initiation of the
behavior test. The day before every test began, 31-33 g mice were
injected intraperitoneally (i.p) with either saline or HDAC inhibitor 5
(50 mg/kg). After 1 h, mice were injected intravenously (i.v) with either
saline or LPS (1 mg/kg) to induce a depression-like state following a
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previous study with slight modifications [16]. After injection, the mice
were moved to individual cages that were 10 cm wide, 27 cm high, and
13 cm deep.

2.12. Immunohistochemistry

Animals were perfused with cold 4% paraformaldehyde (4% PFA;
Biosesang). Before perfusion, animals were anesthetized with 15% (w/
v) urethane solution intraperitoneally (i.p). Isolated brains were incu-
bated with PFA for 2 h at 4 °C, and transferred to 30% sucrose solution.
Samples were cut at 10 pm thickness by cryo-section (Leica CM1860).
After pre-treating with solution (40% MeOH, 1.2% H50, in distilled
water) for 15 min, sections were incubated in blocking solution (10%
normal chicken serum, 0.6% Triton X-100 in PBS) for 2 h. For the pri-
mary antibodies, sections were incubated with goat anti-Ibal (1:500,
PA5-18039; Invitrogen) overnight at 4 °C, then washed with 0.01 M
PBS two times before secondary antibody labeling. Following incubating
the secondary antibody (1:1000, A11055; Invitrogen) for 1 h, sections
were fixed by mounting medium with DAPI (H-1800; VECTASHIELD).
Imaging was conducted by Nikon Eclipse TS2 microscope with 20 x
objective lens.

2.13. Tail Suspension Test (TST)

TST was performed using a previously described method with slight
modifications. The box was 44 cm high, 14 cm wide, and 14 cm deep. To
prevent the animals from observing or interacting with each other, each
mouse was suspended within its own three-walled rectangular
compartment. A suspension ring that was used to suspend the tail of
each mouse was positioned at the top of the box. A 17 cm fragment of
tape was cut and a length of 2 cm from one end was marked. This 2 cm
portion of the tape was attached to the end of the tail, while the
remaining 15 cm was used for the suspension of the mouse; the tape
adhered to both the mouse’s tail and the suspension ring. For the animal
behavior observations, all procedures were conducted before 3 p.m.
Video was recorded for a total of 8 min, but we only used the portion
between 2 min and 8 min for immobility analysis. The definition of
immobility in the TST is the center point of the mouse remaining con-
stant as it hangs without struggling. The immobility time was deter-
mined using an EthoVision video tracking system (Noldus Information
Technology, Wageningen, The Netherlands.

2.14. Forced Swimming Test (FST)

FST was performed following the method introduced in a previous
study with slight modifications [17]. The dimensions of the cylinder
were 20 cm in height and 10 cm in diameter, and it was filled with water
(21-23 °C) to a depth of 15 cm. The water in the cylinder was changed
after testing each mouse. For the animal behavior observations, all
procedures were conducted before 3 p.m. Video was recorded for a total
of 6 min, but only the portion of 2-6 min was used for immobility
analysis. The definition of immobility in the FST is the mouse floating in
the water, without struggling, making only the movements necessary to
keep its head above the water. The counting immobility time was
determined using the EthoVision video tracking system.

2.15. Sucrose Preference Test (SPT)

SPT was carried out twice during the behavioral experiments in the
mice home cages. One day before the LPS injection, the mice were first
habituated to a solution of 14 mL of water and 1% sucrose for 24 h that
was contained in a 15 mL tube with a ball nozzle. The day after the TST
and FST, the SPT was performed for 24 h. The consumption of water and
sucrose by each mouse was measured by weighing their fluid intake on
an absolute basis (sucrose and water intake separately). Sucrose pref-
erence was calculated using the following formula: sucrose preference
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ratio (%) = sucrose intake (G) / [sucrose intake (G) + water intake (G)]
x 100%. Anhedonia was defined as a reduction in the sucrose prefer-
ence ratio relative to the control group in the SPT.

2.16. small-interfering RNA (siRNA) Transfection

For gene knockdown, siRNAs were transfected with lipofectamine
RNAiIMAX reagent (Thermo Fisher) following the manufacturer’s pro-
tocol, then incubated for 24 h in the 5% CO; incubator at 37 °C. After
transfection, cells were subjected to LPS (100 ng/ml) treatment for 24 h
and protein expression was analyzed by western blot analysis. For NO
production, the nitrite concentration in the supernatant of cultured
medium was analyzed by Griess assay.

3. Results
3.1. Development of new potent HDAC inhibitor

With a structural insight, we designed new HDAC inhibitors based on
the modification of a known HDAC inhibitor, MC1568 (Fig. 1A).
MC1568 was synthesized according to a reported procedure [18]. The
synthetic pathway employed to prepare compounds 5 and 7 is illustrated
in Fig. 1B. First, the Horner-Wadsworth-Emmons olefination reaction of
1 with triethyl phosphonoacetate afforded compound 2, which was
followed by the Vilsmeier-Haack reaction using oxalyl chloride and
DMF to give aldehyde 3. Compound 4 was generated through the aldol
condensation reaction of compound 3 with 2-acetylthiophene and sub-
sequent saponification using a 2 N KOH solution to hydrolyze the ester
moiety. To introduce a hydroxamic acid moiety, compound 4 was con-
verted into an acid chloride followed by coupling with NH,OTHP and
subsequent removal of the THP group by treatment with p-TsOH, which
provided compound 5. For the synthesis of compound 7, compound 3
was subjected to aldol condensation with 3-acetylpyridine in the pres-
ence of a base (Ba(OH),) to afford compound 6. Subsequent saponifi-
cation of compound 6 with KOH (2 N) gave an acid intermediate, which
converted into an acid chloride that then underwent a coupling reaction
with NHyOTHP. Finally, the THP-protecting group was removed by
treatment with p-TsOH, providing compound 7.

With the desired compounds in hand, we evaluated the inhibitory
effect of each derivative using a pan-HDAC activity assay in a cell-based
system using microglial cell lines. The replacement of the m-fluo-
rophenyl unit of MC1568 with a thiophenyl (5) or pyridinyl (7) moiety
remarkably improved the potency for HDAC inhibition in HMC3 and
HMO6 human microglial cells and BV-2 mouse microglial cells
(Fig. 1C-E). Compared to MC1568, these new compounds exhibited 2.1-
to 6.1-fold greater potency for cellular HDAC inhibition. Notably, the
potency was slightly better with the thiophenyl functional group (5)
than with the pyridinyl group (7) (Fig. 1C-E). None of the compounds
showed any remarkable differences according to the cell line (Supple-
mentary Fig. 1).

3.2. New HDAC inhibitors specifically induce autophagy in microglial
cells

Because HDACs are known to play a critical role in the regulation of
autophagy and homeostasis in the brain, we investigated the effect of
HDAC inhibitors on autophagy in human microglia. LC3 cleavage from
LC3-I to LC3-II is an early-stage autophagy marker associated with the
formation of autophagosomes, then we examined LC3 cleavage upon
treatment with MC1568 and new HDAC inhibitors, 5 and 7.

Despite the ICsg ranges of 5 and 7 for cellular HDACs being similar in
HMC3 cells (Fig. 1C), only 5 induced the conversion of LC3-II in HMC3
cells, while no effects were noted with MC1568 or 7 (Fig. 2A). Inter-
estingly, all three compounds had a marginal effect on LC3 cleavage in
HMOE6 cells (Fig. 2A). For the further validation, we confirmed cell type-
specific LC3 conversion by 5 treatment using a dose-dependent
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Fig. 2. Regulation of autophagy process by HDAC inhibitor in microglia. (A)
Western blot analysis of LC3. HMC3 (left) and HMO6 (right) cells were treated
with 60 uM of the indicated compound for 20 h or 10 h. (B) Dose-response tests
of 5 for LC3 in HMC3 and HMOS6. (C) Dose-response effect of 5 on LC3 in BV-2
cells for 24 h. The arrowhead indicates LC3-I and the double arrowhead in-
dicates LC3-1I (left). Bafilomycin Al (Baf A, Vacuolar HT-ATPase inhibitor,
40 nM) was used as a positive control. (D) Densitometry graph of western blot
analysis in C. LC3 II/I ratio (left) and LC3 II expression (right). *; P < 0.05,
wksks P < 0.0001 by t-test (E) Western blot analysis of p62 in BV-2 cells treated
with 10 uM of compound 5 for 24 h.

evaluation, where 5 clearly increased the LC3-II levels in HMC3 cells,
and no effect was observed in the HMO6 cells (Fig. 2B). To evaluate
whether 5-induced LC3 conversion particularly observed in HMC3 cells,
we examined the effect of 5 in BV-2 cells, where it also increased the
LC3-II (Fig. 2C and D). For the clarification of the effect on autophagy
flux, we investigated the p62 level as a cargo protein for late-stage
autophagy marker, and then validated the decrease in p62 level by
autophagic degradation upon 5 treatment (Fig. 2E). From these data, we
determined that only 5 specifically initiated autophagy in certain
microglia cells, which was unexpectedly not consistent with cell-based
pan-HDAC inhibition.

3.3. 5 Inhibits LPS-mediated microglial activation by suppressing RNS
generation

The generation of RNS such as NO, nitrite, or peroxy-nitrite is critical
for the activation of microglia and the promotion of neurotoxicity by
neuroinflammation [19]. Considering the anti-inflammatory effect of
pan-HDAC inhibition [20], we investigated whether MC1568 and new
HDAC inhibitors, 5 and 7, regulate the RNS system by measuring
LPS-induced NO production in microglia. Due to the inconsistent range
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of inflammatory response of immortalized human microglial cell lines
[21], we investigated BV-2 mouse microglial cells that robustly
increased NO production in response to LPS.

Interestingly, only 5 inhibited LPS-induced NO production in
microglia (Fig. 3A). The same structure-activity relationship (SAR) re-
sults were observed in the LPS-mediated NO production when moni-
toring autophagy. In response to LPS, 5 effectively suppressed RNS
generation, but 7 did not, despite the two providing similar HDAC
inhibitory effects in cells (Fig. 1E). To confirm whether the suppression
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Fig. 3. Anti-neuroinflammatory effect of 5 by inducing autophagy signaling
through HDAC inhibition. (A) Griess assay for monitoring NO production. BV-2
cells were pre-treated with indicated concentrations of MC1568, 5, or 7 for 1 h,
and then treated with lipopolysaccharide (LPS; 100 ng/mL) for 24 h. Graphs
show mean and SD values. (B) Immunofluorescent images of BV-2 cells. Cells
were pre-treated with 5 or DMSO for 1 h, and then treated with LPS (200 ng/
mL) for 24 h. Green: anti-Ibal, Blue: Hoechst. The scale bar is 50 um. Quanti-
fication graph for green fluorescent intensity about approximately 100 cells
from three experiments. (C) Western blot analysis of inducible NOS (iNOS). BV-
2 cells were treated with 30 and 60 pM of 5 for 24 h. (D) Western blot analysis
of inducible NOS (iNOS) by inhibition of autophagy flux with Baf A. BV-2 cells
were treated with 40 pM of 5 and 20 nM of Baf A for 24 h. (E) Western blot
analysis of mTOR signaling pathway. BV-2 cells were treated with 40 pM of
compound 5, 100 nM of rapamycin, and medium without serum for 24 h.
Starvation indicated serum starvation.
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of NO indeed affects the activation of microglia, we monitored the Ibal
as a marker for microglial activation. By treatment of 5, LPS-induced
microglial activation was clearly decreased in BV-2 cells confirmed by
Iba-1 staining (Fig. 3B). However, the LPS-induced TNF-a secretion,
which is one of the common pro-inflammatory cytokines, was not sup-
pressed by 5 treatment (Supplementary Fig. 2). Previous studies have
shown that pan-HDAC inhibitors such as SAHA and VPA mostly sup-
pressed the production of pro-inflammatory cytokines, TNF-a and IL-6,
as well as NO in LPS-treated microglia [22]. Based on these findings,
we assumed the RNS-generating process as a specific regulatory mech-
anism of 5 distinct from other HDAC inhibitors and further examined the
inducible nitric oxide synthase (iNOS) level in BV-2 cells. It was
demonstrated that 5 clearly reduced the protein level of iNOS, not the
mRNA level of iNOS by 5 treatment (Fig. 3C and Supplementary Fig. 3).
Because 5 particularly induced autophagy in microglia, we tested
whether 5-mediated autophagy decreased the protein level of iNOS.
Blocking late autophagy process using Bafilomycin Al recovered
5-induced iNOS degradation (Fig. 3D). We further monitored the ca-
nonical signaling pathway of autophagy. It was confirmed that 5
induced autophagy by inhibiting mTOR signaling pathway (Fig. 3E).
These results indicated that 5-induced autophagic flux maintained RNS
homeostasis by degradation of iNOS in microglia.

3.4. HDAC11 as responsible isoform for desired cellular phenotype of 5

The lack of correlation between HDAC enzymatic function and
cellular phenotype such as autophagy and NO production in the SAR
study led us to explore the activity of MC1568 analogs for individual
HDAC isoforms. Through in vitro profiling against 11 different HDACs,
we established that all three compounds exhibited inhibitory effects on
HDAC6, HDAC8, and HDAC11. Notably, MC1568 and compound 5
displayed higher selectivity compared to compound 7, which inhibited
the majority of HDAC isoforms at high dose concentrations (Table 1).

Surprisingly, of the three HDAC isoforms — HDACS6, 8, and 11, the
inhibitory pattern of HDAC11 was completely identical to the SAR re-
sults of LC3 conversion in HMC3 and LPS-mediated NO suppression in
BV-2. The ICs¢ (pM) values of MC1568, 5, and 7 towards HDAC11 were
21, 1.2, and 22, respectively (Table 1). These results indicated that
cellular response for initiating autophagy and attenuating RNS genera-
tion phenocopied the inhibition of HDAC11. In vitro dose-response
graphs of compounds 5 and 7 regarding HDAC6 and 8 were very similar,
with 0.7- and 0.94-fold differences of ICsy values for HDAC6 and 8,
respectively (Fig. 4A). Contrastingly, the activity of the two compounds

Table 1

Activity profiling for HDAC isoforms®.
HDAC MC1568 5 7
HDAC1 N.C' N.C N.C
HDAC2 N.C N.C N.C
HDAC3 N.C N.C > 30"
HDAC4 N.C N.C > 30
HDAC5 N.C N.C > 30
HDAC6 8.4+ 1.1° 0.78 +£1.09 0.54 £1.05
HDAC7 N.C N.C > 30
HDAC8 18.2+1.1 1.0+1.1 094 +1.1
HDAC9 N.C N.C N.C
HDAC10 N.C N.C > 30
HDAC11 21.4+1.3 1.24+13 22+1.3

@ 1Cso (uM) value of each compound. Human recombinant HDAC enzymes
were used for in vitro activity profiling. The assays were performed with con-
centrations of 0.3-30 pM of each HDAC inhibitor and the respective reference
compound was tested concurrently. Trichostatin-A (TSA) for HDAC1-10 and
scriptaid for HDAC11 were used as reference compounds. The ICsq values of TSA
for HDAC1-10 were measured to be 5.3 x 10-9-4.7 x 10-6 M and the ICsq
value of scriptaid for HDAC11 was measured as 5.6 x 10-6 M.; tN.C: ICs, value
not calculable with less than 25% inhibitory effect at 30 pM.;

b > 30: IC5, value above 30 pM with less than 50% inhibitory effect at 30 pM.;

¢ ICsp values show mean and error.
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(5 and 7) was highly distinguishable with respect to HDAC11, where an
18-fold difference was observed in their ICsg values (Fig. 4A). Based on
these results, we identified that HDAC6, 8, and 11 were binding targets
of 5. Among them, we assumed that HDAC11 was the major functional
target of 5 for regulating autophagy and RNS in microglia.

To verify whether HDAC11 is the direct target of 5 at the cellular
level, we performed a cellular thermal shift assay. In response to
increasing temperature, a thermal stability of protein is perturbed. Once
it binds to protein, the compound provides a structural stability and the
thermal stability of target protein would be shifted. We examined the
thermal stability of HDAC11 with or without 5 treatment in BV-2 cells.
Proteins were denatured by increasing temperature in DMSO control,
whereas the interaction of HDAC11 with 5 induced toleration against
denaturation of HDAC11 by extra thermal stability (Supplementary
Fig. 4). Furthermore, we investigated the loss-of-function effect using
HDAC11 knock-down (KD) in BV-2 cells. Even though si-HDAC11
transfection was not highly efficient and exhibited an impact on the
basal status of BV-2 cells, the KD of HDAC11 induced the inhibition of
LPS-induced NO-releasing and the increase of LC3 cleavage in BV-2 cells
(Supplementary Fig. 5 and 6). Due to the low KD efficiency, 5 still
induced LC3 conversion in si-HDAC11 transfection, nevertheless its
potency was reduced compared to control transfection (Supplementary
Fig. 6). These cellular evidences supported HDAC11 as a cellular binding
target of 5 in microglia cells. To further confirm the relationship be-
tween HDAC11 and the cell type-specific effect of 5 in human microglia,
we examined the gene expression levels in both HMC3 and HMOG6 cells.
As expected, the RNA expression level of HDAC11 in HMC3 cells was
upregulated compared to that in HMO6 cells, while no substantial dif-
ferences were observed between their HDAC6 and 8 levels (Fig. 4B).

Overall evidence such as 5-specific SAR results for autophagy and
RNS regulation, in vitro enzyme activity, direct binding of 5 with
HDAC11, and HDAC11-high cell-type-specific phenotype of 5 suggested
that HDAC11 is mainly responsible for the desired phenotype of 5 in
microglia. Therefore, we concluded that HDAC11 plays a critical role in
5-mediated autophagy and RNS in microglia.

3.5. 5 Inhibits deacetylase function of HDAC11

HDAC11, as the sole class-IV HDAC, has been reported to exhibit
characteristic properties such as defatty-acylase activity towards serine
hydroxymethyl transferase 2 (SHMT2) as well as deacetylase [23]. It
should be noted that the HDAC profiling performed in this study works
for deacetylase function using a fluorogenic acetylated peptide substrate
(Table 1). This result suggested the possibility that 5 inhibits the
deacetylase function of HDAC11. For further validation, we confirmed 5
as a deacetylase inhibitor of HDAC11 because the acetylation level of
histone 3 (H3) was clearly increased in 5-treated cells (Fig. 4C).

To elucidate the mechanism of action for 5-inhibited RNS genera-
tion, we evaluated the pharmacological effects of 5, SIS17, and FT895 on
LPS-induced NO production. SIS17 is a known HDAC11 inhibitor that
selectively inhibits de-myristoylation rather than deacetylation, while
FT895 inhibits deacetylation of H3 [13,24]. Upon comparing the in vitro
ICsp values of 5 (1.2 pM, Table 1), SIS17 [13] (0.83 pM), and FT895 [25]
(0.74 pM) towards HDACI11, SIS17 hardly showed inhibition for
NO-releasing despite their similar dosage ranges (Fig. 4D). We further
investigated the effect of SIS17 on autophagy initiation, then SIS17
showed a marginal effect on LC3 cleavage (Fig. 4E). Furthermore, a
previous study reported that HDAC11 down-regulated type I interferon
(IFN) response through a defatty-acylation of SHMT2 [14]. We
measured the effect of SIS17 and 5 on the secretion of IP-10, one of the
type I IEN cytokine, by stimulation of type I IFN signaling, then only
SIS17 enhanced IP-10 secretion, not 5 (Supplementary Fig. 7). All these
results indicated that deacetylase and defatty-acylase functions of
HDAC11 distinctly controlled the particular biological phenomena. Our
finding indicated that the inhibition of deacetylase function of HDAC11
attenuated RNS generation in microglia.
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Fig. 4. 5 inhibits deacetylase function of HDAC11. (A) In vitro activity for HDAC6, HDAC8, and HDAC11 upon treatment with individual HDAC inhibitors. HDAC
activity was calculated as the percentage of the control-treated enzyme activity. Graphs show mean and SD values. (B) Gene expression for HDAC isoforms in human
microglia cells. Relative expression levels for the RNA of HDAC6, HDAC8, and HDAC11 were measured by HMC3 and HMOG6 cells. HeLa was used for a comparison of
the relative levels. Relative quantification (RQ) was normalized by GAPDH as an internal standard. Graphs depict mean and RQmax values. (C) Western blot analysis
of H3-Ac. BV-2 cells were treated with 30, and 60 pM of compound 5 for 24 h. (D) BV-2 cells were pre-treated with indicated concentrations of SIS17, FT895, or 5 for
1 h, and then treated with LPS (100 ng/mL) for 24 h. Production of NO in the conditioned media was determined using Griess assay. Graphs show mean and SD
values. (E) Western blot analysis for LC3 by treatment of SIS17. BV-2 cells were treated by SIS17 of the indicated concentration for 24 h. (F) Molecular docking study.
Complex models of 5 (left), FT895 (middle), and SIS17 (right) molecules docked to the human HDAC11 AlphaFold model. Ligand molecules are prepared and docked
using Rosetta GALigandDock following the standard receptor-flexible protocol. Energy minimum structures are shown in the figures.
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Computational analysis for chemical structures and small molecule-
HDAC11 interaction also supported the different biological activity be-
tween 5 and SIS17. 3D conformer generation provided the molecular
similarity of three compounds, 5, SIS17, and FT895 which resulted in
SIS17 having quite different structural similarity compared to 5 and
FT895 with the distinguished number of conformers (Supplementary
Table 1). We further investigated the binding mode for three com-
pounds, 5, SIS17, and FT895 against HDAC11 by molecular docking
study. Because no crystal structure for HDAC11 has been available so
far, we utilized the AlphaFold model of HDAC11 (Supplementary Fig. 8).
Corresponding to the chemical structure analysis, the binding modes of
5 and FT895 with HDAC11 were similar, whereas SIS17 showed distinct
interaction based on the flexible lipid chain. In the predicted complexes
for 5 and FT895, ligands are buried inside the N-terminus part of the
receptor (right-hand side to the zinc), while in the SIS17 complex, the
ligand is exposed to the surface and stacked at the exposed hydrophobic
patch (Fig. 4E, highlighted in dark blue color). Structural similarity and
docking analysis suggested the different mode-of-action between 5 and
SIS17 for HDAC11. The distinct binding modes between 5 and SIS17
would regulate the different activity for HDAC11. Based on the phar-
macological and computational analysis, therefore, we concluded that
the desired phenotype mediated by 5 resulted from its disruption of the
deacetylase function of HDAC11.

3.6. Protective effect of depressive-like symptoms by 5

CNS homeostasis by microglia is critical for regulating cognitive
function in brain [26]. There exists growing evidence regarding the
correlation between microglial activation and various pathological
conditions, including immunological, physiological, and psychological
stress [27]. Recent studies and growing clinical evidence have suggested
that depression is considered a microgliopathy [28]. Furthermore,
endotoxin-induced neuroinflammation is a well-known animal model
used to study the acute effects of depressive-like behavior in mice [29].
Regarding the important role of HDAC-mediated microglial activation,
we investigated the anti-depressant activity of 5 in response to LPS
treatment in mice.

To validate the microglia-mediated anti-neuroinflammation of 5 in
vivo system, we first examined whether 5 altered the microglial activa-
tion in mouse brain. Because microglia are found in various regions of
the brain, we monitored the LPS-induced microglial activation
throughout the brain by Iba-1 staining. As we expected, administration
of 5 reduced LPS-induced microglial activation in most brain regions
such as the amygdala, prefrontal cortex (PFC), hippocampus (HIP),
anterior cingulate cortex, ventral tegmental area, and olfactory bulb
(Fig. 5A and Supplementary Fig. 9). In particular, the amygdala, PFC,
and HIP are known regions where microglia are activated in the status of
depression, and administration of 5 inhibited the activation of microglia
by LPS in all three regions [30].

With the desired response of 5 in immunohistochemistry of mice
brain, we performed the tail suspension test (TST) and forced swimming
test (FST) to monitor behavioral despair, and the sucrose preference test
(SPT) for monitoring anhedonia to evaluate the pharmacological effect
(Fig. 5B). These behavioral tests are widely used to evaluate the phar-
macological effects of a drug against stress-evoked depressive-like
behavior in rodents [31]. The results showed that mice injected with LPS
had significantly increased immobility time in the TST or FST and
decreased sucrose preference compared to that of the control group.
Interestingly, administration with HDAC inhibitor 5 significantly
rescued the LPS-induced depressive-like symptoms in all three behav-
ioral tests. The high immobility times observed for LPS-treated mice in
the TST and FST were significantly alleviated upon their treatment with
5 (Fig. 5C and D). In addition, the reduced consumption of sucrose so-
lution induced by LPS treatment was significantly recovered by 5
treatment (Fig. 5E). No remarkable acute toxicity was observed in the
5-treatment group during the behavioral tests. All these results suggest
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targeting HDAC11 as a novel therapeutic strategy for microgliopathy
and the therapeutic potential of 5 as an antidepressant in animal models.

4. Discussion

Given the fact that HDACs are highly related to autophagy and
inflammation response, the pharmacological inhibition of HDACs is
being considered a potential therapy by various disease research fields
[32]. For example, pan-HDAC inhibitors were reported to induce auto-
phagy in cancer cells via intrinsic mitochondria or the FOXO1 pathway
and they are also known to play an important role in microglial
phagocytic capacity and neuroinflammation [33,34]. SAHA also
improved autophagic function in Cockayne syndrome group B-deficient
mice and induced neuroprotection for ischemia by an anti-inflammatory
effect in microglia [5,10]. In addition to pan-HDAC inhibitors, class I/1I
HDAC inhibitor was reported to regulate microglial polarization and
mitigate neuroinflammation through the GSK3p pathway, thus pre-
venting traumatic brain injury [22].

Because HDAC11 is mainly expressed in the CNS and the entirety of
the brain, where it regulates neural differentiation, it is considered a
therapeutic target for psychiatric diseases, such as schizophrenia, as well
as depression [35]. Additionally, HDAC11 is considered an attractive
target for treating myeloproliferative neoplasm malignant hematopoi-
esis [24]. Despite significant research efforts, the HDAC11 modulation
of autophagy and inflammation processes in microglia remained unclear
due to a lack of proper chemical tools for such an analysis. In this study,
we developed a potent new HDAC inhibitor 5, that initiated the auto-
phagy process and reduced NO production in microglia. The selectivity
profiling of MC1568 derivatives for HDAC isoforms successfully eluci-
dated the important role of HDAC11 in the regulation of autophagy and
RNS in microglia.

The modulation of HDAC11 via inhibitor 5 in microglia initiated the
autophagy process and induced the clearance of cargo proteins such as
iNOS, which is a key mediator of RNS regulation. Based on these results,
we assumed that HDAC11-mediated autophagy regulation is distinct
from that of other HDAC isoforms. HDAC11 has unique biological
functions, that is deacetylation and long-chain deacylation. SIS17 and
FT895 are respectively known as defatty-acylase inhibitor and deace-
tylase inhibitor for HDAC11. The evaluation for SIS17, FT895, and 5
demonstrated that the perturbation of deacetylase function was mainly
responsible for autophagy and NO production in microglia (Fig. 2, 4D,
and 4E). Structural analysis and binding mode prediction for HDAC11 of
three compounds also supported a different regulation of HDAC11 by 5
and SIS17 (Fig. 4E and Supplementary Table 1). Even though 5 inhibited
HDAC6, HDACS8, and HDAC11 (Table 1), only HDAC11 was significantly
expressed in HMC3 cells (Fig. 4B). Therefore, we concluded that the
deacetylase function of HDAC11 is mainly responsible for the RNS
regulation of microglia by autophagic degradation of iNOS.

In terms of therapeutic applications, microglia-mediated neuro-
inflammation has been considered an important mechanism in depres-
sion [36]. Behavioral tests for despair and anhedonia in mice
demonstrated the therapeutic potential of 5 for antidepressant activity.
Note that the complete inhibition of NO production by 5 was sufficient
to induce antidepressant activity without the alteration of
pro-inflammatory cytokine levels, such as those of TNF-a.

These findings reveal that the development of specific HDAC in-
hibitors could be a valuable tool for exploring the biological function of
HDAGs. Further study of the identification of more selective HDAC11
inhibitors may provide an efficient treatment strategy for depressive
disorder.

5. Conclusion
Histone deacetylases are epigenetic controllers that play crucial roles

in various signaling pathways such as inflammation and autophagy.
Among them, HDAC11, which belongs to the recently discovered class
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Fig. 5. Immunohistochemistry and behavior test for antidepressant activity of compound 5 in LPS-induced mice. (A) Representative immunohistochemistry images
of Ibal and DAPI staining (left) and quantified graph (right). n = 3-5 mice per experimental group. Sections were visualized with anti-Iba-1 (green) and DAPI (blue).
The scale bar is 100 um. 10 images per animal were analyzed and quantified by the number of microglia per mm? at indicated regions. Graphs show mean and SD
values. P *<0.05 by two-way ANOVA. PFC: prefrontal cortex, HIP: hippocampus. (B) Schematic workflow of three different behavior tests. Mice were subjected to
intraperitoneal treatment of 5 (50 mpk), then intravenously injected with LPS (1 mpk). Behavior tests were performed the next day with a sequence of tail suspension
test (TST), forced swimming test (FST), and sucrose preference test (SPT) (C-E). For administration, mice were classified into three different groups (saline, LPS, and
co-treatment with LPS and 5 (LPS + 5)). Immobility time in TST (C) and FST (D) and sucrose preference percentage in SPT (E) were measured for the three different
groups. Graphs show mean and SD values; n = 8 for each group. P *<0.05, **< 0.01, ****< 0.0001 by t-test.
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IV HDAC and is expressed predominantly in the brain, has received
significant attention due to its potential as a key regulator in brain
research. In this study, we present a newly designed compound, 5, that
could induce initial autophagy in microglia and degrade the levels of
NOS, resulting in the suppression of inflammation and neuroprotection
in both human and murine cell lines. Furthermore, our in vivo experi-
ments confirmed that the administration of compound 5 could alleviate
the symptoms of inflammation-induced depression in mouse models.
Our investigation of the role of HDAC11 in microglia provides the po-
tential of HDAC inhibition as an anti-inflammatory strategy for brain
disorders. We have elucidated the specific function of HDAC11 and
proposed possibilities for targeting HDAC11 in the brain for therapeutic
purposes.
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