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ABSTRACT

As the primary innate immune cells of the brain, microglia respond to damage and disease
through pro-inflammatory release of cytokines and neuroinflammatory molecules. Histone acet-
ylation is an activating transcriptional mark that regulates inflammatory gene expression.
Inhibition of histone deacetylase 3 (Hdac3) has been utilized in pre-clinical models of depression,
stroke, and spinal cord injury to improve recovery following injury, but the molecular mechanisms
underlying Hdac3’s regulation of inflammatory gene expression in microglia is not well under-
stood. To address this lack of knowledge, we examined how pharmacological inhibition of Hdac3
in an immortalized microglial cell line (BV2) impacted histone acetylation and gene expression of
pro- and anti-inflammatory genes in response to immune challenge with lipopolysaccharide (LPS).
Flow cytometry and cleavage under tags & release using nuclease (CUT & RUN) revealed that
Hdac3 inhibition increases global and promoter-specific histone acetylation, resulting in the
release of gene repression at baseline and enhanced responses to LPS. Hdac3 inhibition enhanced
neuroprotective functions of microglia in response to LPS through reduced nitric oxide release
and increased phagocytosis. The findings suggest Hdac3 serves as a regulator of microglial
inflammation, and that inhibition of Hdac3 facilitates the microglial response to inflammation
and its subsequent clearing of debris or damaged cells. Together, this work provides new
mechanistic insights into therapeutic applications of Hdac3 inhibition which mediate reduced
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neuroinflammatory insults through microglial response.

Background

As the resident immune cells of the brain, microglia
are acutely sensitive and respond rapidly to changes in
the local brain environment [1-3]. Due to their ability
to respond to a diverse number of stimuli, microglia
are involved in virtually all CNS disorders, ranging
from degenerative and neurodevelopmental diseases
to autoimmune neuroinflammatory conditions [4].
Dozens of genetic loci affecting microglial phagocyto-
sis, activation, or immunoregulation have been linked
to Parkinson’s disease (e.g., TREM2) [5], Alzheimer’s
disease (e.g, ABCA7, EPHA1l, MS4A6A, CD2AP,
CD33) [6], frontotemporal dementia (e.g., GRN) [7],
schizophrenia (e.g., C4) [8], and multiple sclerosis
(MS) (e.g, TNFRSF1A, IRFS, CD6) [9-11]. Both

over and under active microglial phenotypes have
been linked to disease pathogenesis across different
brain disorders [4]. However, it is often unclear if
altered microglial activity is helpful or harmful [4],
necessitating a deeper understanding of microglial
regulation and functional impacts on the brain in
both health and disease.

In reaction to an immune insult, microglia
rapidly increase expression of inflammatory cyto-
kines, allowing for increased phagocytosis of infec-
tious agents [12]. This requires induction of gene
expression that is controlled through modifica-
tions of chromatin structure via epigenetic
mechanisms [13]. Epigenetic regulation occurs
through numerous mechanisms including changes
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to nucleosome positioning, DNA methylation,
non-coding RNAs and histone tail posttransla-
tional modifications [14-17]. Histone tail modifi-
cations are one of the best studied and most

dynamic  epigenetic = modifications  [14,17].
Histone tail acetylation is an epigenetic regulator
of active transcription, both at promoters

(H3K9ac) and enhancers (H3K27ac). These acet-
ylation marks promote open chromatin by loosen-
ing the interactions between the DNA and
histones and are recognized by transcriptional
activators [18]. Histone tail acetylation is added
by histone acetyltransferases (Hats) and removed
by Histone deacetylases (Hdacs). Hdacs are classi-
fied into five major classes: Class I (Hdacl, 2, 3
and 8), Class IIA (Hdac4, 5 7 and 9), Class IIB
(Hdac6 and 10), Class III (Sirtuins) and Class IV
(Hdac 11). Removal of histone tail acetylation by
Hdacs alters DNA-chromatin electrostatic contacts
resulting in compaction of chromatin structure,
decreased accessibility for transcription factor
binding and inhibition of transcription [18].
Manipulating histone acetylation can modulate
microglial gene expression and the immune
response. However, there are conflicting findings
in the literature on how Hdac inhibition can shape
microglial function. The Hdac inhibitor drugs
sodium butyrate, suberoylanilide hydroxamic acid
(SAHA) and trichostatin A (TSA) that block class
I and ITA Hdac activity enhance Il-6 and nitric
oxide (NO) release following LPS treatment in N9
microglial cells [19,20]. TSA [19], but not sodium
butyrate [20], enhanced Il-6 and NO release in
primary rat microglial cultures and hippocampal
slice cultures. Valproic acid, an inhibitor of both
Class I and II Hdacs, enhanced LPS-induced his-
tone acetylation and pro-inflammatory cytokine
(Il-6, II-1B, Tnfx) expression in primary rat micro-
glia cultures [21]. In contrast, LPS-induced anti-
inflammatory cytokine (Il-10) expression was
blunted by valproic acid [21]. Another study in
BV2 microglial cells found that SAHA and VPA
both repressed II-6 and Tnfa in response to LPS
[22]. In primary mouse microglial cultures, both
TSA and SAHA increased histone 3 acetylation
levels, but blunted LPS-induced expression of II-
6, Tnfa, II-1f3, iNos, II-10, and Tgf and protein
secretion of Il-6 and Tnfa [23]. Similarly, in
human fetal microglial cultures, TSA and valproic

acid repressed cytokine expression [24]. In pri-
mary mouse microglial cultures, TSA treatment
blunted Argl induction in response Il-4 treatment,
classically used to induce an ‘anti-inflammatory’
phenotype in macrophages, supporting Hdac reg-
ulation of multiple classes of inflammatory genes.
TSA treatment also attenuated LPS-induced che-
motaxis towards Adenosine Triphosphate (ATP),
suggesting Hdac inhibition blunts immune
responses in microglia [23]. In vivo TSA given
prior to LPS injection in mice reduced sickness
behaviour and blunted cytokine gene expression
and Ibal stained microglial morphology changes
[25]. Together, these conflicting findings across
different microglial culture and in vivo systems
make the therapeutic utility of pan-Hdac inhibi-
tors for treating neuroinflammation unclear.

In order to reconcile the conflicting literature
on how histone acetylation and Hdac inhibition
regulate microglial gene expression, recent work
has focused on targeting specific Hdacs. Given
that the majority of pan-Hdac inhibitors target
Class I and II Hdacs, targeting these Hdacs has
gained recent attention. For example, siRNA
knockdown of Hdacl and 2 suppressed LPS-
induced expression of II-6 and Tnfa in BV2
microglial cells [22]. Pharmacological inhibition
of Hdac3 reversed LPS-induced microglial mor-
phology changes [25,26]. In response to brain
damage, translation of Hdac3 is upregulated in
both cortical [27] and spinal cord microglia [28].
The increase in Hdac3 protein levels appears to
confer pro-inflammatory functions [27,28] as
conditional deletion of Hdac3 in microglia
improves outcomes following brain injury [29]
and pharmacological inhibition of Hdac3’s dea-
cetylase activity reduces neuroinflammation and
is protective in models of depression [26], stroke
[27], and spinal cord injury [28,30]. However,
how Hdac3 functionally regulates gene expres-
sion underlying microglial responses during
neuroinflammation is not well characterized.

Previous work has explored Hdac3 as a key
negative regulator of gene expression in the
brain [31]. Hdac3 is the only Hdac found in
the N-CoR/SMRT complex [32] and serves as
the catalytic component of the complex, leading
to histone deacetylation and transcriptional
repression. The unique regulation of Hdac3 in



microglia supports a critical role for Hdac3 in
the regulation of microglial-mediated inflamma-
tion and provides a unique opportunity to target
Hdac3 clinically to negate the negative impacts
of neuroinflammation in brain disease. To inves-
tigate the potential neuroprotective mechanisms
of Hdac3-inhibition, we investigated epigenetic,
gene expression, and microglial functional shifts
in an in vitro microglia model of immune acti-
vation by LPS.

Methods

All procedures were approved by the University of
British Columbia biosafety committee (B19-0013).

BV2 immortalized microglia culture

BV2 is a transformed cell line that was purchased
from ATCC. Cells were cultured in DMEM/F12
(ThermoFisher, Gibco #11320033), 10% HI-FBS
(ThermoFisher, #12484028), 1x L-Glutamine
(ThermoFisher, #25030081), 1x Penicillin-
Streptomycin (ThermoFisher, Gibco #15140148).
Cells were plated in reduced serum media
DMEM/F12 and 2% HI-FBS without antibiotics
for each experiment.

Hdac inhibitor, NOS inhibitor and LPS treatments

Hdac Inhibitor drugs RGFP966 (Hdac3 inhibitor)
(APExBio #A8803), suberoylanilide hydroxamic
acid (SAHA) (pan-Hdac inhibitor) (StemCell
#73902) and Romidepsin (Hdacl and 2 inhibitor)
(Sigma-Aldrich #SML1175) were resuspended and
stored in DMSO (Cell Signal Technology #12611).
BV2  cultures  were  pre-treated  with
15uM  RGFP966, 1uM  SAHA, 15nM
Romidepsin, or DMSO (vehicle control) for 1
hour.  Nw-Nitro-L-arginine =~ methyl  ester

Table 1. RT-Qpcr primer sequences.
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hydrochloride (L-NAME) was resuspended in dis-
tilled H,O (vehicle control) and added at
a concentration of 100 pM. Lipopolysaccharides
(LPS) from Escherichia coli (SigmaAldrich
#L5418) was diluted in H,O and added at con-
centrations of 0.01-500 ng/mL for 1-, 3-, 6- or
24-h.

Reverse transcription quantitative real-time
polymerase chain reaction (RT-qPCR)

BV2 cells were collected in RNA lysis buffer (from
Zymo Research Quick-RNA Microprep kit) and
RNA extraction performed using Zymo Research
Quick-RNA  Microprep kit (Zymo Research
#R1051). Complementary DNA (cDNA) was
synthesized from 200ng RNA using LunaScript®
RT-SuperMix kit (New England Biolabs #E3010).
RT-qPCR reactions were performed using Luna®
Universal qPCR Master Mix (New England
Biolabs #M3003). Primers for qPCR reactions are
shown in (Table 1). All primer melt curves were
evaluated to verify a single product of the pre-
dicted size was produced. Primer efficiency was
validated by standard curve. ACt values were cal-
culated using the AACt method. In all experi-
ments, the house keeping gene Hprtl was tested
to verify no significant changes across conditions.

Cleavage under targets & release using nuclease
assay (CuT&RUN)

CUT & RUN was performed using Cell Signaling
Technology CUT & RUN Assay kit (Cell Signaling
Technology #86652) according to manufacturer’s
protocol. A total of 200,000 bead-bound cells were
incubated with primary antibody overnight at 4°C
(1:100 Acetyl-Histone H3 (Lys27) Rabbit mAb
(Cell Signaling Technology #8173), 1:50 Acetyl-

Gene target (mRNA)

Forward sequence

Reverse sequence

-6 CGATGATGCACTTGCAGAAA ACTCCAGAAGACCAGAGGAA
Tnfa GGGTGATCGGTCCCCAAA TGAGGGTCTGGGCCATAGAA
I-1b TGGCAACTGTTCCTGAACTCA GGGTCCGTCAACTTCAAAGAAC
I-10 ACAAAGGACCAGCTGGACAA TAAGGCTTGGCAACCCAAGTA
Cxcl16 ATCAGGTTCCAGTTGCAGTC TTCCCATGACCAGTTCCAC

Argl AGTGTTGATGTCAGTGTGAGC GAATGGAAGAGTCAGTGTGGT
Nos2 GAGGAGCAGGTGGAAGACTA GGAAAAGACTGCACCGAAGATA

Hprt1

CAGTACAGCCCCAAAATGGTTA

AGTCTGGCCTGTATCCAACA
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Table 2. CUT & RUN gPCR primer sequences.

Gene target

Forward sequence

Reverse sequence

Cxcl16 Promoter TGCAGGGATGAGAATGGAGG TGAGTTTTGTGCCCCAGGTA
Il-1b Promoter TCTCGCCTCCTTGTGCTTAA AAGTGCGTCTCTCCAGAA
Arg1 Promoter GCCTCTCTCATCTGCCCTAG AATCGAAACGGAGCAATGGG
Nos2 Promoter TAGTGGGGAAATGCTGGTCA ATATTCCAACACGCCCAGGA

Histone H3 (Lys9) Rabbit mAb (Cell Signaling
Technology #9649), 1:20 negative control Rabbit
(DA1E) mAb IgG LEGENDplex® Isotype Control
(Cell Signaling Technology #66362), and 1:50 posi-
tive control Tri-Methyl-Histone H3 (Lys4) Rabbit
mAb (Cell Signaling Technology #9751)). Bead-
cell-antibody samples underwent permeabilization
by digitonin buffer, followed by incubation with
modified micrococcal nuclease digestion at 4°C for
30 min. DNA fragments were released by shaking
incubation and isolated using DNA Purification
Buffers and Spin Columns (Cell Signaling
Technology #14209). Yeast spike-in DNA (5ng)
was added to each reaction for normalization
using Sample Normalization Primer Set (Actl).
Positive control antibody H3K4me3 was tested
for successful reaction completion using
SimpleChIP*RPL30 primers. qPCR reactions were
performed using XP® Universal gPCR Master Mix
(New England Biolabs #M3003).

CUT & RUN primer design

Primers were designed within the promoter
regions (1000bp upstream of transcription start
site, TSS) of Cxcli6, Il-1b, Nos2 and Argl using
Primer3Web (Version 4.1.0) (Table 2). Only pri-
mers with linear amplification and one product by
melt curve analysis were used.

Input sample preparation and analysis of CUT &
RUN gPCR data

Input control samples were prepared for each
treatment condition for whole cell chromatin
using micrococcal nuclease (Cell Signaling
Technology #10011) digestion to mononucleo-
somes. qPCR of input samples was run for each
qPCR primer set in serial dilutions of 1x, 1:5, 1:25,
and 1:125. The Ct values of antibody-isolated CUT
& RUN samples were referenced to standard curve
(Ct values of input dilutions vs. Logl0% input)

and calculated as % of input. The % of input for
each sample was then normalized by the ActI
yeast-spike in DNA to account for pipetting
error. Normalized values were compared as fold
enrichment over the DMSO-H,O treatment.

LEGENDplex assay for cytokine protein level
analysis

BV2 cells were plated at 1E6 cells per well in a six-
well plate in reduced serum media (DMEM/F12 and
2% HI-FBS) and allowed to settle for 3 hours prior
to treatment. Cells were treated with RGFP966
(15uM) for 1 hour followed by the addition of LPS
(10 ng/mL) for 24 hours prior to media collection.
Media was collected and the cytokine expression
was profiled using the bead-based immunoassay
LEGENDplex® (LEGENDplex® Mouse
Macrophage/Microglia Standard Cocktail,
BioLegend #740852) according to manufacturer’s
instructions. Beads included were for IL10, IL1b,
IL6 and TNFa. Beads were analysed using
a CytoFLEX Flow Cytometer and data was analysed
using the Biolegend Qognit software. Only IL6 and
TNFa were within detectable range, so further ana-
lysis was only completed on those cytokines.
Concentrations determined were normalized as
a fold change to control within sample and com-
pared when log transformed.

Phagocytosis assay quantified by flow cytometry

Phagocytic activity of BV2 microglia was detected
using engulfment of pHrodo Red E. coli
BioParticles®  Conjugate  for ~ Phagocytosis
(ThermoFisher Scientific, #P35361). Cells were
treated in last hour of incubation with 1:1000
dilution of pHrodo red E. coli BioParticles™. Cells
were washed with FACS buffer and resuspended in
1% PFA for 1 hour at room temperature. The cells
were washed twice in FACS buffer and run on the
CytoFLEX Flow Cytometer. Flow cytometry data



was analysed using gating for cell size, granularity,
singlet cell population, and phycoerythrin (PE)
red-channel signal to detect cells with bead engulf-
ment. FlowJo was used to assess the percent of
phagocytic positive cells gated on the no stain in
the PE channel and the median fluorescent inten-
sity (MFI) of the positive population.

Protein quantified by flow cytometry

Global protein concentration of the BV2 cells post
treatment was assessed via flow cytometry using
intracellular protein staining using the True-
Nuclear  Transcription Factor Buffer  Set
(Biolegend # 424401). Cells were incubated with
primary antibodies for 30 min — 1:100 Acetyl-
Histone H3 (Lys27) Rabbit mAb (Cell Signaling
Technology #8173) or 1:250 Acetyl-Histone H3
(Lys9) Rabbit mAb (Cell Signaling Technology
#9649). Antibodies were detected with 1:500
LEGENDplex® 568  Donkey  Anti-Rabbit
(Invitrogen #A10042) incubated with cells for 30
min. Cells were run on the CytoFLEX Flow cyt-
ometer. FlowJo was used to gate the cells for cell
size (FSC A vs SSC A), singlets (FSC-H vs FSC-
W), and then for positive signal in the 585 channel
to detect antibody fluorescence. MFI for the 585
positive population was used as a measure for
protein level. MFIs were normalized to the control
condition to determine fold change and compared
across conditions.

Griess reagent assay

The Griess Reagent kit (ThermoFisher #G7921)
was used to quantify nitrite concentrations in
media released by BV2 microglia as described by
the manufacturer. A standard curve was prepared
from nitrite-containing samples and used to deter-
mine sample concentrations.

Statistical analysis

In instances of one treatment, ordinary one-way
ANOVAs were run comparing the mean of each
treatment to the control. Dunnett’s post hoc com-
parisons were run for individual treatment com-
parisons. Residuals were tested for normality using
Shapiro-Wilk test. In instances of two treatments
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(Hdac inhibitor and LPS treatment) a two-way
ANOVA was run to fit a full effect model (Hdac
inhibitor, LPS treatment and the interaction).
Tukey’s or Sidak post hoc comparisons were run
to compare individual conditions. Outliers were
eliminated with ROUT method (Q=5%).
Residuals were tested for normality using
Shapiro-Wilk test and homoscedasticity using the
Spearman’s test for heteroscedasticity. All mea-
sures passed normality and homoscedasticity
testing.

Results
BV2 microglial cells response to LPS treatment

Previous work has assessed the feasibility of BV2
microglia as a robust model of microglial
responses [33,34]. We initially performed a dose
curve experiment to assess the gene expression and
histone acetylation responses in BV2s to LPS. The
expression of interleukin-6 (II-6), tumour necrosis
factor alpha (Tnfa), and interleukin 1 beta (Il-1b),
were all significantly increased in expression at an
LPS range of 10-500 ng/mL [35] for a 3-h duration
(Figure 1a) (Table S1).

Responsiveness to 10ng/mL LPS was then
tested over a time course of 1, 3, 6, and 24
hours (Figure 1b) for gene expression of pro-
inflammatory cytokines II-6, Tnfa, and II-1b, anti-
inflammatory cytokine Il-10, chemokine
(C-X-C motif) ligand 16 (Cxcl16), arginase 1
(Argl), and nitric oxide synthase 2 (Nos2). One-
way ANOVAs revealed a significant main effect of
LPS duration for IlI-6, Tnfa, II-1b, and II-10,
Cxcll6, Argl, and Nos2 (Table S1). Dunnett’s
post hoc comparisons were run for each LPS dura-
tion compared to H,O control and revealed the
expected significant increase in cytokine and che-
mokine expression by 1hour of treatment that
largely maintained to 24 hours. Argl and Nos2,
two enzymes that regulate nitric oxide (NO) pro-
duction, showed significant repression at 1 hour of
LPS. Argl remained below baseline levels while
Nos2 increased above baseline by 6 and 24
hours of treatment.

To examine impact of LPS treatment on histone
acetylation, we measured global protein levels of
H3K27ac and H3K9ac by intracellular flow
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Figure 1. BV2 Immortalized microglia robustly regulate gene expression and histone acetylation to LPS treatment. (a) RT-gPCR
assessment of gene expression of /-6, Tnfa, and /I-1b in BV2 microglia treated with different LPS doses of 10, 100, or 500 ng/mL for 3
h. Shown as bar graph of Log2(Fold Change) + SEM Dunnett’s post hoc significances denoted (***p < 0.0002, ****p < 0.0001).



cytometry (Figure 1c). LPS treatment significantly
increased both H3K27ac and H3K9ac. H3K27ac
was significantly increased by 1 hour and
H3K9ac after 6 hours of LPS.

Hdac inhibition modulates BV2 microglial gene
expression

To test the role for different Hdacs in regulating
LPS mediated gene expression, we utilized the
clinically approved pan-Hdac inhibitor SAHA
that inhibits all Class I and II HDACs (HDAC
1-10) [36], Hdac3-selective small-molecule inhibi-
tor RGFPY66 that inhibits the enzymatic activity of
Hdac3 (IC50=80nM) with >200-fold selectivity
over other Hdacs [37] and Romidepsin, a potent
prodrug inhibitor of Hdacl and Hdac2 that is
activated by glutathione [38]. Hdac inhibitors
were applied to BV2 cultures for 1 hour prior to
treatment with either LPS or vehicle (water) for 3
hours (Figure 2a). We then examined the gene
expression of Il-1b, Tnfa, Il6, II-10, Cxcll6, Argl,
and Nos2. The genes analysed were responsive to
both Hdac inhibition and LPS treatment. We
therefore analysed the gene expression by two-
way ANOVA with Tukey’s multiple comparison
tests. All statistical test results are reported in
Table S2.

The gene expression for II-1b revealed a significant
enhancement in response to Hdac3 inhibition in both
the vehicle and LPS treated conditions (Figure 2b).
This response was specific to Hdac3 inhibition as
Hdac1/2 inhibition by Romidepsin resulted in sup-
pression of II-1b gene expression both in the vehicle
and LPS treated conditions. SAHA moderately
enhanced baseline and LPS-induced II-1b, suggesting
the increased expression is likely driven by inhibition
of Hdac3. As direct Hdac inhibition is hypothesized to
activate gene expression, the results from the inhibitor
treatment indicate that Il-1b might be directly
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regulated by Hdac3 but is unlikely to be directly
regulated by Hdacl1/2.

We next examined expression of the anti-
inflammatory cytokine II-10 and similar to II-1b,
we observed Hdac3-inhibition specific enhance-
ments in gene expression (Figure 2c). RGFP966
treatment resulted in enhancement of Il-10 gene
expression both at baseline and after LPS treat-
ment. Meanwhile, neither SAHA nor Romidepsin
enhanced baseline or LPS-induced II-10 expres-
sion. Rather, romidepsin treatment blunted LPS-
induced II-10 levels. Similar to II-10, for the che-
mokine Cxcll6 Hdac3 inhibition produced
a significant enhancement in CxclI6 expression
both at baseline and in response to LPS
(Figure 2d). In contrast, both SAHA and
Romidepsin significantly blunted LPS-induced
Cxcl16 expression, suggesting that Hdac3 may be
the predominant regulator of II-10 and CxclI6.

We next investigated the expression of Tnfa.
Unlike the previously investigated cytokines,
there was no effect of Hdac3 inhibition on Tnfa
gene expression (Figure 2e). However, both SAHA
and Romidepsin repressed Tnfa gene expression at
baseline and blunted responses to LPS. This pat-
tern of Hdacl/2 inhibition suggests Tnfa may
more strongly be regulated by Hdacl and 2 than
Hdac3.

We also investigated Il6 gene expression in
response to LPS treatment and Hdac inhibition
(Figure 2f). Hdac3 inhibition increased Il6 gene
expression at baseline, but not in response to
LPS. In comparison, both SAHA and Romidepsin
treatment resulted in an enhancement of gene
expression at baseline, but only SAHA blunted
116 expression in response to LPS.

To examine a gene with LPS-induced repression,
we measured Argl gene expression, which decreases
expression in response to LPS treatment in BV2 cells
(Figure 1). In response to Hdac3 inhibition, Argl
expression was significantly increased at baseline and

(b) RT-gPCR assessment of gene expression of /-6, Tnfa, II-1b, II-10, Cxcl16, Arg1, and Nos2 of BV2 microglia treated with 10 ng/mL
LPS for 1, 3, 6, or 24 h. Shown as bar graph of Log2(Fold Change) + SEM Dunnett’s post hoc significances denoted (*p < 0.03, **p <
0.002, ***p < 0.0002, ****p < 0.0001). (c) Global histone modifications by flow cytometry. Events are gated for cell size on side scatter
(SSC) Area vs Forward Scatter (FSC) height and singlets on FSC-height vs FSC-width. The cells that are positive for the histone mark
signal are gated based on an FMO in the same channel. The median fluorescence intensity of the positive population is exported for
downstream analysis. Median fluorescent intensity (MFI) for global levels of H3K27ac levels as measured by intracellular flow
cytometry. Fold Change = SEM. Dunnett’s post hoc significances denoted (*p < 0.05, **p < 0.007, ***p < 0.0005, ****p < 0.0001). n=
2-7 replicates per condition from at least two independent sets of cultures.
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Figure 2. Hdac inhibition modulates LPS regulated gene expression. (a) Experimental design for testing the role of Hdacs in
modulating lipopolysaccharide (LPS) regulated gene expression in BV2 cultures. For all subsequent panels DMSO control is shown in
blue, RGFP966 shown in red, SAHA in purple and Romidepsin in green. Each gene is depicted as three panels — DMSO vs. RGFP966,
DMSO vs. SAHA, and DMSO vs. Romidepsin. (b) /I-1b, (c) /110 and (d) Cxcl16 gene expression are enhanced by Hdac3 inhibition but
not by Hdac1/2 inhibition (e) Tnfa expression is unaltered by Hdac3 inhibition but reduced by Hdac1/2 inhibition (f) /6 expression is
enhanced by Hdac3 inhibition at baseline but not in response to LPS. (g) RGFP966 blocks Arg1 repression after LPS treatment.
Hdac1/2 inhibition results in the repression of Arg1 gene expression (h) Nos2 expression is increased moderately by RGFP966 both at
baseline and in response to LPS. SAHA results in blunted gene expression at baseline and in response to LPS Romidepsin results
blunting of Nos2 gene expression at baseline but not in response to LPS. Each panel is Log2 fold change relative to DMSO H,0 and
error bars are = SEM. In all panels DMSO H,0 versus DMSO LPS significance is not shown, but reaches statistical threshold (*p < 0.05)
for all genes. n=4-6 per condition in at least 3 independent cultures. *p < 0.05, **p<0.01, ***p < 0.001, ****p < 0.0001.

failed to undergo LPS-induced repression (Figure 2g).
Both SAHA and Romidepsin significantly repressed
Argl gene expression at baseline and blunted the LPS-
induced decreases, but only to a moderate effect.
Together, this indicates that Hdac3 has a unique
impact on Argl gene expression and that blocking
Hdac3 activity prevents LPS-induced decreases in
Argl gene expression.

As Argl acts in opposition to iNos (Nos2) in the
generation of NO, we also examined impacts on Nos2

expression. RGFP966  treatment  significantly
enhanced baseline and LPS-induced Nos2 expression
(Figure 2h). Both SAHA and Romidepsin significantly
decreased baseline Nos2 levels and SAHA blunted
LPS-induced Nos2. Together, these findings suggest
Hdac3 inhibition produces a specific increase in Nos2.

Overall, the gene expression findings indicate that
Hdac3 specifically negatively regulates microglial
gene expression at baseline and in response to LPS.
Inhibition of Hdacl/2 did not produce similar
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Figure 3. Changes in cytokine release and global histone acetylation upon Hdac inhibition. (a) BV2 microglial cells were treated with
DMSO, RGFP966, SAHA or Romidepsin for 1 hour and then H,0 or LPS was added for 24 hours. Media was harvested for cytokine
protein level assessment. Cells were then harvested, and intracellular staining was performed for H3K9ac or H3K27ac. LEGENDplex
immunoassay levels of cytokine (b) Tnfa shows no impact of Hdac3 inhibition in combination with LPS. (c) 116 protein levels were
enhanced in response to Hdac3 inhibition at baseline. Graphs are depicted as log2fold change relative to DMSO H,0 treated
samples. n =6 per treatment in 3 independent replication experiments. Tukey’s corrected posthocs *p < 0.05, **p < 0.005, ***p <
0.001, ****p < 0.0001. (d) Global levels of H3K27ac were increased with RGFP966, SAHA, and Romidepsin at baseline and upon LPS
treatment. (e) Global levels of H3K9ac were significantly increased with RGFP966, SAHA and Romidepsin at baseline and upon LPS
treatment. MFI: median fluorescence intensity. Fold change is relative to DMSO treated water samples. n=9 per treatment in 3
independent cultures. Tukey's corrected posthocs *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001.

increases in gene expression and in the majority of
genes either had no impact or a blunting of response.
SAHA, as an inhibitor of Hdacl, 2 and 3 produced
intermediate impacts on the expression of many of
the genes, potentially reflecting the additive impact
of inhibition of Hdac3 enhancing and Hdac1/2 inhi-
bition inhibiting expression.

Hdac3 inhibition modulates BV2 microglial
cytokine release

As Hdac3 inhibition increased cytokine gene
expression both at baseline and in response to
LPS, we aimed to examine whether these gene
expression changes at 3 hours were maintained at
a protein level through released cytokine assess-



10 (&) L MELEADY ET AL.

a pA-MNase MNase
Cell-bead binding Antibodies:  # & incubation activation /’ Yeast spike-in
- BV2 H3K27ac ) (B0 and DNA qCPR target region
Microglia H3K9ac pA~MN' @ Van sdraction &yeast spike-in
Concanavalin- Beads IgGY ) ‘//,(\\ L//J;
HDAC Inhibitor LPS Treatment % =\ s & N, » ° A >
1-hour 3-hour Z 2 9 2 /‘ < ) )40;§ Promoter 28%%%
15uM RGFP9666 10 ng/mL LPS N N < -
or DMSO (vehicle) or H;0 (vehicle) Permeabilization
Magnetic
bgead Cell nucleus DNA cleavage
b Cxcl16 Promoter H3K27ac Cxcl16 Promoter H3K9ac (o) 1I-18 Promoter H3K27ac 1I-18 Promoter H3K9ac
B DMSO H3K27ac [l DMSO IgG [l DMSO H3K9ac [ DMSO IgG p=0.0618 p=0.1511
[ RGFP966 H3K27ac [[JRGFP966 IgG I RGFP966 H3K9ac [ |RGFP966 IgG
0109 =+ 104 o 207 p=0.0996 . 20 .
3 o a o
L E . H SER 219
g8 g . §§3_ g s 164 §§1s-
% . 14 2% 14 L3
~ S ~ | c ® .
gg 6 gg 61 g? 12 E’Q 12
52 £2 §2 101 52 10
Eo, 4 20,4 | . . £o. 8 EO #
3% 3 3% e 5T e
w9 24 29 21 w9 44 2g 44
g ® 3 2 s z 21 3 . 2 2
o o 0 o
H,0 LPS H,0 LPS H,0 LPS H,0 LPS
d Arg1 Promoter H3K27ac Arg1 Promoter H3K9ac e Nos2 Promoter H3K27ac Nos2 Promoter H3K9ac
*
14 * 14+ 10+ 10
2 2 p=0.1536 2 ° p=0.126
_E124 * . 5 E 124 p=0.3030 5Eg ] % 8
$% 10l 3% ol . 28 ] $.3 ¥ p=00801 .
2 8 < 8 g 2 6
£2 52 S £
= 64 0, 6 T35 44 0O, 44
o &= o & =
oy 4 T+ 44 T T+
S & ] : s T So
So frd . Lo 2 . . o 24
g 24 . E 7 2 I : g
S0 i % = 3 - %o
H,0 LPS H,0 LPS H,0 LPS H,0 LPS

Figure 4. Histone acetylation changes at Hdac3 modulated genes.
and H3K9ac over promoters of key Hdac regulated target genes.
a percentage of input sample based on standard curve. Signal then

(a) Experimental design for CUT&RUN qPCR analysis of H3K27ac
All samples are normalized to yeast spike in and expressed as
calculated as fold enrichment relative to the H3K27ac or H3K9ac

antibody levels in the DMSO and water treated control. DMSO and RGFP966 non-immune IgG samples were included for all
experiments (b) H3K27ac and H3K9ac signal is significantly increased over the Cxcl16 promoter with RGFP966 treatment. (c) Trends

for increased H3K27ac and H3K9ac signal with RGFP966 over the |
the Arg1 promoter with RGFP966 treatment. H3K9ac shows simil
significantly increased over the Nos2 promoter with RGFP966 and
significance. All plots are fold enrichment with £ SEM. n =3 per co

ment at 24 hours. RGFP966 was applied to BV2
cultures for 1 hour prior to treatment with either
LPS or vehicle (water) for 24 hours (Figure 3a).
The LEGENDplex bead-based immunoassay was
used to assess the levels of Tnfa and 116 (Table S3).
For Tnfa, similar to the gene expression results,
there was no impact of Hdac3 inhibition on the
cytokine release at baseline or in response to LPS
(Figure 3b). Similarly, for 116, there is an effect of
Hdac3 inhibition at baseline but not in response to
LPS, as was observed in the gene expression
(Figure 3c). Together, these data suggest that the
cytokine release correlates to the gene expression
patterns in response to Hdac3 inhibition.

I1-b promoter. (d) H3K27ac signal is significantly increased over
ar trends but did not reach significance. (e) H3K27ac signal is
LPS treatment. H3K9ac shows similar trends but did not reach
ndition in independent cultures. *p < 0.05.

Hdac inhibition enhances histone acetylation

The impact of Hdac3 inhibition on gene expression
both at baseline and in response to LPS supports
a model in which increased histone acetylation in
response to RGFP966 is permissive for LPS regulated
gene expression. Consequently, the increases in his-
tone acetylation would then be consistent with the
observed pattern gene expression patterns of released
gene repression at baseline, enhanced LPS-induced
gene expression and prevention of LPS-induced
repression of gene expression. To test this hypothesis,
we first examined global histone acetylation changes
in response to Hdac inhibition by SAHA, RGFP966 or
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Figure 5. Hdac inhibition enhances microglial phagocytosis in a Nitric Oxide dependent matter. (a) Experimental design for
phagocytosis assay and NO Assay. Media was collected for NO measurement prior to bead addition for phagocytosis. pHrodo
beads were added for 1 hour and the percent of cells engulfing pHrodo beads was quantified by flow cytometry (b) Schematic of
how Nw-Nitro-L-arginine methyl ester hydrochloride (L-NAME) acts as a Nos inhibitor of which inhibits NO production and the
predicted impacts on phagocytosis. (c) Example phase contrast and fluorescent images depicting enhanced bead engulfment by
RGFP966 treatment at baseline and in response to LPS. Engulfed beads are shown in red. (d) Hdac3 inhibition blunts NO production
in response to LPS. (e) Hdac3 inhibition enhances the percent of cells engulfing beads both at baseline and in response to LPS. (f)
L-NAME blunts NO release in response to LPS and removes the impact of Hdac3 inhibition (g) L-NAME eliminates the impact of
Hdac3 inhibition on phagocytosis following LPS treatment, but not at baseline. Mean + SEM. n = 5-6 from 3 independent cultures

*p < 0.05, **p<.01, ***p < 0.001, ****p < 0.0001.

Romidepsin and LPS treatment by flow cytometry.
For all three Hdac inhibitors, there was a significant
effect of both drug treatment and LPS treatment on
the global levels of both H3K9Ac and H3K27Ac
(Table S3). Tukey’s corrected posthoc comparisons
revealed that all Hdac inhibitors significantly
increased H3K27ac and H3K9ac at baseline and
upon LPS treatment (Figure 3d-f).

To examine the link between gene expression and
changes in histone acetylation by Hdac3, we exam-
ined H3K27ac and H3K9ac by CUT&RUN qPCR at
the promoters of select genes with expression

regulated by Hdac3 inhibition (Figure 4a). The posi-
tive control H3K4me3 antibody produced significant
enrichment over non-immune IgG (t(6) =2.511, p=
0.0458) indicating the CUT&RUN procedure was
working as expected. As there is expected to be
impacts of both LPS treatment and Hdac3 inhibition,
we analysed the data by two-way ANOVA with
Sidak’s posthoc comparisons. All statistical data is
reported in Table S4.

We examined H3K27ac and H3K9ac over the
Cxcl16 promoter (Figure 4b). Posthoc comparisons
between RGFP966 and DMSO treated samples
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revealed a significant increase in H3K27ac promoter
signal with Hdac3 inhibition both at baseline and in
response to LPS. Likewise, there was a significant
increase in H3K9ac promoter signal with Hdac3
inhibition both at baseline and in response to LPS.

For the IlI-1b promoter H3K27ac levels, we
found no effect of LPS treatment but a significant
enhancement effect of RGFP966 treatment
(Figure 4c). H3K9ac levels showed a similar pat-
tern over the Il-1b promoter with a significant
effect of Hdac inhibition with no effect of LPS or
interaction. Posthoc comparisons showed non-
significant trends towards enhanced H3K27ac
and H3K9ac signal over the promoter at baseline
and with LPS.

At the Argl promoter, for both H3K27ac and
H3K9ac, there was a significant effect of Hdac3
inhibition with no effect of LPS treatment or
interaction (Table S4). Posthoc comparisons
revealed a significant increase in H3K27ac signal
after RGFP966 treatment over DMSO at both
baseline and in response to LPS. Similar
increases were also observed for H3K9ac, but
did not reach  statistical  significance
(Figure 4d). At the Nos2 promoter, for both
H3K27ac and H3K%ac, there was a significant
effect of Hdac3 inhibition with no effect of
LPS treatment or interaction (Table S4). Sidak
corrected posthocs revealed a trend for increased
H3K27ac with RGFP966 treatment at baseline
and a significant enhancement upon LPS treat-
ment. There were trends for RGFP966 induced
increases in H3K9ac at baseline and with LPS,
but they did not reach statistical significance
(Figure 4e).

Hdac inhibition enhances microglial
phagocytosis and impairs NO release

To examine microglia function, we measured
release of NO into the media at 24 hours of LPS
treatment and phagocytosis of pH-rodo tagged
E. coli (Figure 5a). Two-way ANOVA results
revealed a significant interaction between LPS
treatment and Hdac3 inhibition and posthoc tests
revealed that RGFP966 treatment blunted LPS-
mediated NO release (Figure 5d and Table S5).
To examine how Hdac inhibition may impact
microglia phagocytosis, we measured engulfment

of pH-rodo E. coli labelled beads. These beads
specifically fluoresce when in the low pH environ-
ment of the phagolysosome which allows them to
be easily quantified by flow cytometry. At 24
hours following treatment, there was a significant
effect of both LPS treatment and Hdac3 inhibition
on the percent of BV2 microglial cells that had
engulfed beads (% bead positive). Posthoc tests
revealed that RGFP966 treatment significantly
increased the percent of cells engulfing beads
both at baseline and in response to LPS
(Figure 5c-e).

We next hypothesized that the blunting of
LPS-mediated NO release (Figure 5d) could be
causing the increase in phagocytosis (Figure 5c-e)
in following RGFP966,, as previous work has
indicated that NO can regulate phagocytosis
[39]. To test this hypothesis, we inhibited Nos,
which catalyzes the production of NO from
L-arginine, with 100 uM L-w-nitroarginine
methyl ester (L-NAME) and verified that
L-NAME blocked LPS-mediated NO release
with  and  without RGFP966  treatment
(Figure 5f). To test the impact on phagocytosis,
we treated the cells with 100 uyM L-NAME con-
currently with RGFP966 for 1 hour prior to LPS
treatment for 24 hours and assessed bead engulf-
ment (Figure 5g). We observed that inhibiting
Nos did not block the RGFP966 mediated
enhancements of phagocytosis at baseline but
did abolish RGFP966 enhancements of phagocy-
tosis in response to LPS. Together, this suggests
that RGFP966 mediated blunting of NO is
required for the enhancement of LPS-induced
phagocytosis, but not baseline levels of microglial
phagocytosis activity.

Discussion

Pharmacological inhibition of Hdac3’s deacetylase
activity reduces neuroinflammation and is protec-
tive in models of depression [26], stroke [27], and
spinal cord injury [28,30]. Conditional deletion of
Hdac3 in microglia shifts microglial responses in
traumatic brain injury towards a more inflamma-
tion-resolving phenotype and improved functional
recovery [29]. Together, this suggests a role for
Hdac3 in regulating microglial function and that
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Figure 6. Model for Hdac3 regulation of LPS-mediated gene expression and function in microglia. Hdac3 represses baseline gene
expression through deacetylation of H3K27ac and H3K9ac marked histones. Upon LPS stimulation Hdac3 releases, allowing for
increased histone acetylation and immune activation. In the presence of RGFP966, Hdac3's deacetylase activity is blocked, allowing
for increased histone acetylation at baseline and an aberrant increase in baseline gene expression. LPS treatment combined with
inhibition of Hdac3 results in hyper-induction of Hdac3 target genes and a lack of suppression of genes normally repressed by LPS.
These gene expression shifts ultimately culminate in repressed NO release and increased phagocytosis, driving microglia towards
a phenotype that promotes debris clearance. Hdac3 inhibition may drive the changes in NO and phagocytosis through modulation
of arginine usage in response to LPS by increasing Arg7 expression and pushing the reaction away from NO generation.

suppression of Hdac3 is beneficial for combating
neuroinflammation. Our findings indicate that the
beneficial effects of inhibiting Hdac3 may be due
to several functions of Hdac3 in microglia
(Figure 6). We found that Hdac3 inhibition
robustly increased histone acetylation and gene
expression of numerous cytokines (Il1-b, II-10),
chemokines (Cxcl16) and LPS inducible regulators
(Argl, Nos2) both at baseline and in response to
LPS. Hdac3 inhibition blunted LPS-induced NO

release that drove enhanced phagocytosis in
response to LPS. While classically considered
a pro-inflammatory response, enhanced phagocy-
tosis following injury or acutely during disease is
beneficial for clearing dead or dying cells in the
brain. Augmenting this microglial response may
ultimately facilitate brain recovery after damage as
observed in vivo with Hdac3 inhibition.

Our gene expression findings indicate that
RGFP966 may regulate NO release and
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phagocytosis activity through control of expression
of Argl and Nos2 (iNos). The enzymatic processes
of Argl and iNos compete for the substrate
L-arginine with opposing cellular phenotypes
[40]. Argl hydrolyzes L-arginine to produce urea
and L-ornithine, which removes nitrogen from
amino acid metabolism via the urea cycle and
promotes cell proliferation [41]. The substrate
L-arginine is also used by iNos in the production
of L-citrulline and NO. We found a decrease in
Argl expression with LPS treatment that would
effectively decrease competition for L-arginine,
allowing iNos to increase production of NO, as
we observed in DMSO treated cells upon LPS.
RGFP966 effectively prevented the decrease in
Argl expression and had only marginal impacts
on Nos2, potentially shifting the microglial activa-
tion state away from NO production. In concor-
dance with this conclusion, we found decreased
LPS-induced NO production after RGFP966 treat-
ment. We also found that RGFP966 treatment
enhanced microglial phagocytosis and that this
enhancement was dependent on NO. Overall, our
findings are consistent with Hdac3 inhibition
enhancing microglial immune responses. Acutely
enhanced phagocytosis would be predicted to
improve removal of dead and damaged -cells,
enhancing recovery, consistent with the observed
effects of RGFP966 in the context of stroke [27]
and spinal cord injury [28,30]. Hdac3 inhibition
also enhanced expression of both pro- and anti-
inflammatory cytokine expression, supporting
a more complex role in Hdac3 regulation of
inflammatory responses. However, based on our
phagocytosis effects, chronic administration of
RGFP966 beyond the acute injury phase may
prove detrimental after resolution of the initial
inflammatory event has occurred. This supports
the need for future work on chronic impacts of
Hdac3 inhibition on microglial functions before
moving Hdac3 inhibitors into the clinic for treat-
ing neuroinflammation.

The primary function of NO release by immune
cells is to defend against pathogens [42]. At low
concentrations NO acts as a signalling molecule to
promote growth and activity of immune cells. At
high concentrations, NO diffuses across cellular
membranes of invading pathogens and binds to
DNA, proteins and lipids resulting in oxidative

damage and pathogen death [43]. Microglia in
culture or in vivo increase expression of iNos and
NO release under inflammatory conditions such as
exposure to parasites [44], LPS [45-47], stroke
[48], injury [49], and in models of neurodegenera-
tion [50]. High concentrations of NO can be toxic
to the host tissue, leading to neuronal [51] or glial
[45] death. For example, in a mouse model of
prion disease, LPS treatment induced microglial
expression of iNos, release of NO and triggered
increases in neuronal death [51]. NO release in an
LPS-induced model of neurodegeneration
mediated dopaminergic neuron death [46] and
blocking iNos was protective. The ability of
RGFP966 to repress LPS-induced NO release may
similarly be neuroprotective.

Similar to our finding that RGFP966 can
enhance phagocytosis in a NO-dependent man-
ner, NO has previously been shown to alter sev-
eral microglial functions. NO promotes
microglial motility towards an injury in vitro
[52] and in vivo [49], potentially facilitating
wound healing. NO also impacts phagocytosis
capacity, but with conflicting findings in the lit-
erature. NO can induce suppression of phagocy-
tosis in macrophages [53] and BV2 cell microglia
[54] through altered actin dynamics [53]. NO can
also enhance phagocytosis in BV2 cell microglia
[39]. For example, addition of NO donors to
culture media enhanced BV2 phagocytosis both
under media conditions [55] and in the presence
of LPS [39]. The LPS-induced increase in phago-
cytosis was blocked by co-treatment with
a synthetic arginine analogue that inhibits NO
synthesis [56]. Microglia from iNos knockout
mice display reduced phagocytosis capacity [39].
The rules governing NO impacts on microglial
phagocytosis might depend on the larger context
of the immune response. For example, under
pathological conditions, such as pathogen infec-
tion or injury, initial NO release would drive
increases in microglial phagocytosis to facilitate
pathogen and cellular debris removal, facilitating
infection clearance and injury recovery. In the
context of chronic inflammation such as in neu-
rodegenerative disease, chronically high NO
could repress phagocytosis. Later stages of disease
progression in many neurodegenerative diseases
actually show impaired microglial phagocytosis



[57]. Using NO inhibitors to target microglial
inflammation has gained traction [58] but will
require careful consideration before clinical use.

Previous work in microglial cultures and in vivo
has revealed conflicting results for how pan-Hdac
inhibitors modulate microglial gene expression
and inflammation. Even the same inhibitors have
documented enhancing [19-21] or suppressing
[22,23] impacts on inflammatory gene expression.
In our BV2 microglial cell system we observed
only enhancements in gene expression with
Hdac3 inhibition, suggesting that the previously
observed enhancements using pan-Hdac inhibitors
may have been driven by Hdac3 inhibition. In
comparison, pan-Hdac inhibitor suppression of
gene expression may be more strongly driven by
impacts on Hdacl or 2 as previously indicated by
knockdown of Hdacl or 2 blocking induction of
inflammatory gene expression in BV2 cells [22]
and our findings with Romidepsin treatment.
Given that SAHA targets Hdacl, 2 and 3 it is not
surprising that its impacts on BV2 cell gene
expression were often intermediate between those
of Romidepsin and RGFP966. All three inhibitors
significantly increased global levels of H3K27ac,
suggesting that their unique impacts on gene
expression are due to altered genomic localization
of acetylation changes. We verified increased
H3K27ac at promoters of several RGFP966
enhanced genes, but future sequencing-based
work will be needed to examine histone acetyla-
tion changes across the genome for different Hdac
inhibitors. Together, our work supports the need
for additional studies that specifically target Hdac3
to promote the resolution of neuroinflammation
for treating brain injury. Future work can expand
this work into additional brain diseases such as
Alzheimer’s disease where previous work has
demonstrated that Class I Hdac inhibition can
dampen neuroinflaimmation and improve beha-
viour [59].

Hdac3 appears to be a critical regulator of
inflammatory responses in multiple types of tis-
sue resident macrophages. Loss of Hdac3 in lung
macrophages or cultured bone marrow derived
macrophages (BMDM) increases expression of
genes that promote wound-healing [60]. Similar
to our findings in microglia, Hdac3 inhibition
significantly increased baseline expression of
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genes that were normally decreased in expression
by LPS stimulation in BMDM [61]. Paradoxically,
macrophage Hdac3 also promotes activation of
inflammatory gene expression [62,63] through
a non-canonical activating role via recruitment
of activating transcription factor ATF2 [63]. The
activating role does not require Hdac3’s deacety-
lase activity, and consequently genetic deletion of
Hdac3 results in loss of both the canonical tran-
scriptional repression and the non-canonical
transcriptional activating roles [63]. In microglia,
pharmacological inhibition of Hdac3 reduces
neuroinflammation and promotes recovery from
stroke [27], injury [28,30] and depression [26]. In
spinal cord microglia, inhibition of Hdac3 after
injury shifts gene expression responses towards
proliferation, cytokine activity and synaptogen-
esis [30]. These changes were non-overlapping
with expression changes in spinal macrophages
from the same animals [30], indicating a distinct
role for Hdac3 regulation of inflammatory gene
expression in microglia. Furthermore, condi-
tional deletion of Hdac3 in microglia facilitates
recovery from traumatic brain injury by reducing
microglial pro-inflammatory responses [29].
Together, these findings support our work on
Hdac3 regulation of microglial gene expression
and suggest a role for both the enzymatic and
non-enzymatic functions of Hdac3 in regulating
microglial functions; however, future work will
be required to parse these impacts on gene
expression using conditional Hdac3 deletion
models.

Hdac3 can also have indirect regulatory roles on
microglial gene expression through deacetylation
of a number of non-histone proteins. For example,
Hdac3 can deacetylate both the Hats p300 [64] and
CBP [65], inhibiting their Hat functions. Hdac3
can also deacetylate NF-kB subunit RelA, promot-
ing its nuclear export and termination of NF-kB
signalling [66]. In a mouse model of stroke,
RGFP966 reduced brain damaged and facilitated
behavioural recovery by inhibition of the AIM2
inflammasome through enhanced acetylation of
STAT1. This suggests that Hdac3 normally
represses the AIM2 inflammasome through deace-
tylation of STAT1 [27]. Similarly, in macrophages
Hdac3 interacts with the transcription factor
FOXK1 to regulate expression of STAT1 [67].
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Future work will be needed to evaluate these alter-
native protein targets of Hdac3 in microglial gene
regulation and function.

One of the limitations of our study is that all
experiments were performed in the BV2 micro-
glial immortalized cell line. While in vitro stu-
dies provide a number of advantages for high
throughput and controlled testing of gene
expression mechanisms, in vitro regulation does
not always recapitulate in vivo microglial regula-
tion [3,68]. Henn et al. (2009) [33] found that
the majority of genes induced in BV2 cells by
LPS treatment were also induced in primary
microglia (90%) and freshly isolated hippocam-
pal microglia (50%), although BV2 microglia
gene expression changes were less pronounced
than primary microglia. Given similar functional
findings using RGFP966 in vivo and recent find-
ings showing altered microglial responses in
Hdac3 microglial conditional knockout mice
[26-30], our in vitro model captures fundamen-
tal gene regulation mechanisms and demon-
strates how Hdac3 regulation of microglial
gene expression leads to in vivo improvements
in models with brain inflammation.

Conclusion

Together, our findings demonstrate an impor-
tant role for Hdac3 as a negative regulator of the
microglial gene expression response to LPS. Our
epigenetic profiling indicates Hdac3 suppresses
microglial gene expression through deacetylation
of histone targets at the promoters of both clas-
sically pro- and anti-inflammatory genes.
Inhibition of Hdac3 shifts the microglial LPS
response towards enhanced phagocytosis and
reduced NO release, potentially enhancing clear-
ance of dead/dying cells during injury. Our find-
ings support a model in which Hdac3 inhibition
driven shifts in microglial gene expression and
function ultimately conveys neuro-protection in
brain disease.

Highlights

e Inhibition of Hdac3 in microglia cells
enhances global and gene-specific histone
acetylation marks H3K27ac and H3K9ac

¢ Inhibition of Hdac3 in microglia cells increases
baseline and lipopolysaccharide-induced pro-
and anti-inflammatory gene expression

e Inhibition of Hdac3 enhances suppresses
nitric oxide release, facilitating microglial

phagocytosis
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