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Abstract 

Background 

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 

acetylation is an activating transcriptional mark that regulates gene expression, which is altered 

in states of disease. Inhibition of histone deacetylase 3 (Hdac3) has been utilized in pre-clinical 

models of disease to dampen inflammation, but the molecular mechanisms underlying Hdac3’s 

regulation of inflammatory gene expression in microglia is not well understood.  

 

Methods 

Functional changes in immortalized microglia were characterized using a Hdac3 specific 

inhibitor RGFP966 in response to an immune challenge lipopolysaccharide (LPS). Flow 

cytometry and cleavage under tags & release using nucleases (CUT & RUN) were used to 

investigate global and promoter-specific histone acetylation changes, resulting in altered gene 

expression.  

 

Results 

Hdac3 inhibition enhanced neuroprotective functions of microglia in response to LPS through 

reduced nitric oxide release and increased baseline phagocytosis. Inhibition of Hdac3 enhanced 

histone acetylation globally and at specific gene loci, resulting in the release of gene repression 

at baseline and enhanced responses to LPS.  

 

Conclusion 

The findings suggest Hdac3 serves as a negative regulator of microglial gene expression, and 

that inhibition of Hdac3 facilitates the microglial response to inflammation and its subsequent 

resolution. Together, this work provides new mechanistic insights into therapeutic applications 

of Hdac3 inhibition which mediate reduced neuroinflammatory insults through microglial 

response.  
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Background 

As the resident immune cells of the brain, microglia are acutely sensitive and respond rapidly 

to changes in the local brain environment(Gosselin et al., 2014, 2017; Lavin et al., 2014). 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 (Prinz et al., 2021). Dozens of genetic loci affecting microglial 

phagocytosis, activation, or immunoregulation have been linked to Parkinson’s disease (e.g., 

TREM2)(Guerreiro et al., 2013), Alzheimer disease (e.g., ABCA7, EPHA1, MS4A6A, CD2AP, 

CD33)(Hollingworth et al., 2011), frontotemporal dementia (e.g., GRN)(Sims et al., 2017), 

schizophrenia (e.g., C4)(Sekar et al., 2016), and multiple sclerosis (MS) (e.g., TNFRSF1A, IRF8, 

CD6)(De Jager et al., 2009; Leppä et al., 2011; Park et al., 2013). Both over and under active 

microglial phenotypes have been linked to disease pathogenesis across different brain 

disorders (Prinz et al., 2021). However, it is often unclear if altered microglial activity is helpful 

or harmful (Prinz et al., 2021), 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 

cytokines and adopt an ameboid morphology, allowing for increased mobility to sites of 

infection and efficient phagocytosis of infectious agents(Hammond et al., 2018b). This rapid 

mobilization requires induction of gene expression that is controlled through modifications of 

chromatin structure via epigenetic mechanisms(Kaikkonen et al., 2013).  Epigenetic 

modifications control gene expression through DNA methylation, histone tail post-translational 

modifications (acetylation, methylation, phosphorylation, etc.), nucleosome remodeling, and 

non-coding RNAs. Histone acetylation is also a key marker of active transcription, both at 

promoters (H3K9ac) and enhancers (H3K27ac). These acetylation marks promote more open 

chromatin by loosening the interactions between the DNA and histones and also are recognized 

by bromo domain containing transcriptional activators(Talbert and Henikoff, 2021). Histone 

acetylation is regulated by two classes of opposing enzymes, histone acetyltransferases (Hats) 

and Histone deacetylases (Hdacs). Hats add acetyl groups to histone tails, while Hdacs repress 
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gene expression through removal of acetyl histone modifications. Removal of histone 

acetylation alters DNA-chromatin electrostatic contacts resulting in compaction of chromatin 

structure, decreased accessibility for transcription factor binding and inhibition of 

transcription(Talbert and Henikoff, 2021). 

 

Previous work has explored Hdac3 as a key negative regulator of gene expression in the 

brain(Mcquown and Wood, 2011). Hdac3 is the only Hdac found in the N-CoR/SMRT 

complex(Ishii, 2021) and serves as the catalytic component of the complex, leading to histone 

deacetylation and transcriptional repression. In neurons Hdac3 serves as a negative regulator of 

activity dependent immediate early gene expression. Genetic deletion or pharmacological 

inhibition of Hdac3 enhances learning induced gene expression and memory formation in a 

wide variety of learning paradigms, brain regions and species(Mcquown and Wood, 2011; 

Vogel-Ciernia and Wood, 2012; Malvaez et al., 2013, 2018; Phan et al., 2017; Kwapis et al., 

2018; Campbell et al., 2021). In response to brain damage, translation of Hdac3 is upregulated 

in both cortical(Zhang et al., 2020) and spinal cord microglia(Kuboyama et al., 2017). In cultured 

primary microglia, LPS treatment increases Hdac3 protein levels and enzymatic activity within 3 

hours and remains elevated for at least 24 hrs(Zhang et al., 2020). In vivo, the increase in Hdac3 

protein levels appears to confer pro-inflammatory functions(Kuboyama et al., 2017; Zhang et 

al., 2020). However, activation of microglia during injury can be both beneficial and detrimental 

as microglia localized to the site of injury promote tissue repair but contribute to secondary 

damage through release of pro-inflammatory factors. This unique regulation of Hdac3 in 

microglia supports a critical role for Hdac3 in the regulation of microglial-mediated 

inflammation and provides a unique opportunity to target Hdac3 clinically to negate the 

negative impacts of neuroinflammation in brain disease. 

 

Pharmacological inhibition of Hdac3’s deacetylase activity reduces neuroinflammation and is 

protective in models of depression(Bian et al., 2021), stroke(Zhang et al., 2020), and spinal cord 

injury(Kuboyama et al., 2017; Wahane et al., 2021). General inhibition of class I Hdacs(Hsing et 

al., 2015) or specifically Hdac3(Bian et al., 2021) can reverse LPS induced sickness behaviour, 
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weight loss and anhedonia when given just prior to LPS injection. Hdac inhibition also reduced 

pro-inflammatory cytokine expression in brains and reversed LPS induced microglial 

morphology changes(Hsing et al., 2015; Bian et al., 2021). Together this suggests a pro-

inflammatory role for class I Hdacs in microglial regulation, which is counterintuitive given the 

canonical role of Hdacs in suppressing inflammatory gene expression. However, given the 

positive disease modulating impacts of Hdac inhibitors across models of neuroinflammation, 

understanding how Hdacs regulate immune function is critical for designing better, more 

specific inhibitors for clinical use. To investigate the potential neuroprotective mechanisms of 

Hdac3-inhibition, we investigated epigenetic and gene expression shifts in an in vitro microglia 

model of pro-inflammatory response (LPS). 

 

Methods 

BV2 Immortalized Microglia Culture 

BV2 is a transformed cell line derived from C57BL/6 female (age 1 week) mus musculus (mouse) 

immortalized by recombinant retrovirus J2. Cells were cultured in DMEM/F12, 10% HI-FBS, 1x L-

Glutamine (ThermoFisher #25030081), 1x Penicillin-Streptomycin. Before plating cells were 

trypsinized using 0.25% Trypsin- Ethylenediaminetetraacetic acid (EDTA) (ThermoFisher 

#25200072) and spun at 300g for 7 minutes, then plated in reduced serum media DMEM/F12 

and 2% HI-FBS without antibiotics. 

 

Hdac Inhibitor and LPS Treatments 

Hdac Inhibitor drugs RGFP66 (APExBio #A8803) and Suberoylanilide hydroxamic acid (SAHA) 

(StemCell #73902) were resuspended and stored in DMSO (Cell Signal Technology #12611). BV2 

cultures were treated with 15uM RGFP966, 1uM SAHA, or DMSO (vehicle control) for 1 hour. 

Lipopolysaccharides (LPS) from Escherichia coli (SigmaAldrich #L5418) were diluted to 10ng/ml 

in distilled H2O (also used as vehicle control). Lipopolysaccharide (LPS) was added at 

concentrations of 0.01-500ng/mL for 1-, 3-, 6-, or 24-hour incubation.  
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Immunofluorescent Staining of Cell Culture 

Immunofluorescent staining of microglia cultures was performed directly in 8-well chamber 

slides (MilliporeSigma™ Millicell™ EZ slides #PEZGS0816) pre-coated for 2 hours with poly-D-

lysine (Gibco #A3890401). The cells were fixed using 4% paraformaldehyde (PFA) (Alfa Aesar 

#J61899-AK) for 10 minutes. The cells were washed with phosphate buffered saline (PBS), 

followed by permeabilization with 0.3% Triton-X100™ (FisherScientific #BP151-500) for 5 

minutes.  Non-specific antibody binding was blocked for 1 hour using 5% Normal Donkey Serum 

(NDS) (Jackson ImmunoResearch #017-000-121). A primary antibody was added to blocking 

buffer overnight at 4°C, washed with PBS and a secondary antibody added for 2 hours. The 

antibodies used include ionized calcium binding adaptor molecule 1 (IBA1) polyclonal antibody 

(Invitrogen #PA5-18039) detected using anti-goat IgG, highly cross-absorbed, CF™594 antibody 

(Millipore Sigma #SAB4600319), HDAC3 Rabbit mAb (Cell Signaling Technology #85057) 

detected by AlexaFluor® 647 Donkey Anti-Rabbit IgG (Jackson ImmunoResearch #711606152), 

acetyl-histone H3 (Lys27) Rabbit mAb (Cell Signaling Technology #8173) and acetyl-histone H3 

(Lys9) Rabbit mAb (Cell Signaling Technology #9649) detected by AlexaFluor® 647 Donkey Anti-

Rabbit IgG (Jackson ImmunoResearch #711606152). Cell nuclei were stained using 4’,6-

Diamidino-2-Phenylindole (DAPI) (Biolegend #422801) and slides were mounted in 

VECATSHIELD Antifade mounting medium (FisherScientific #NC9265087).  

 

Reverse Transcription Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)  

Primary rat microglia or BV2 cells were collected in RNA lysis buffer (from Zymo Research 

Quick-RNA Microprep kit) by gentle pipetting. Lysates were placed on ice and RNA extraction 

performed using Zymo Research Quick-RNA Microprep kit (Zymo Research #R1051). The RNA 

was eluted in 30uL nuclease free water and RNA concentration was determined by nanodrop. 

Complementary DNA (cDNA) was synthesized from 200ng RNA using LunaScript® RT-SuperMix 

kit (New England Biolabs #E3010) polymerase chain reaction (PCR). RT-qPCR reactions were 

performed using Luna® Universal qPCR Master Mix (New England Biolabs #M3003). Primers for 

qPCR reactions were pre-designed by Integrated DNA Technologies for microglia activation and 

candidate genes (Il-6, Tnfa, Il-1b, Il-10, Cxcl16, Nr4a2, Arg1, Tlr4) as well as housekeeping genes 
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(Hprt1, Gapdh). All primer melt curves were evaluated to verify a single product of the 

predicted size was produced. Primer efficiency was validated by standard curve. Reactions were 

run in MicroAmp™ Fast Optical 96-Well Reaction Plates (Applied Biosystems #4346907) using 

Quant-Studio 6 qPCR machine. Reactions were recorded for 40 qPCR cycles (95°C for 15sec, 

60°C for 30sec) followed by a primer melt curve. DCt values were calculated (Ct gene of interest 

– Ct housekeeping gene), DDCt values were calculated (DCt treatment condition- DCt control 

condition), fold change values were calculated (2^(-DDCt)). In all experiments, the house 

keeping gene was tested to verify no significant changes across conditions.  

 

Gene	Target	(mRNA)	 Forward	Sequence	 Reverse	Sequence	

Il-6	 CGATGATGCACTTGCAGAAA	 ACTCCAGAAGACCAGAGGAA	

Tnfa	 GGGTGATCGGTCCCCAAA	 TGAGGGTCTGGGCCATAGAA	

Il-1b	 TGGCAACTGTTCCTGAACTCA	 GGGTCCGTCAACTTCAAAGAAC	

Il-10	 ACAAAGGACCAGCTGGACAA	 TAAGGCTTGGCAACCCAAGTA	

Cxcl16	 ATCAGGTTCCAGTTGCAGTC	 TTCCCATGACCAGTTCCAC	

Nr4a2	 GTAACTGTAGCTCTGAGAAGCG	 CACTGTCCACCTTTAATTTCCTC	

Arg1	 AGTGTTGATGTCAGTGTGAGC	 GAATGGAAGAGTCAGTGTGGT	

Tlr4	 GACACCAGGAAGCTTGAATCC	 GCTGAGTTTCTGATCCATGCA	

Nos2	 GAGGAGCAGGTGGAAGACTA	 GGAAAAGACTGCACCGAAGATA	

Hprt1	 CAGTACAGCCCCAAAATGGTTA	 AGTCTGGCCTGTATCCAACA	

 

Table 1. RT-qPCR Primer Sequences 

 

Cleavage Under Targets & Release Using Nucleases Assay (CUT&RUN)  

BV2 microglia (200,000 cells per sample) were collected by trypsinization and pelleting (300g x 

6 minutes). CUT & RUN was performed using Cell Signaling Technology CUT & RUN Assay kit 

(Cell Signaling Technology #86652) according to manufacturer’s protocol. Cell pellets were 

washed, and Concavalin A beads were activated. Bead-bound cells were incubated with primary 

antibody dilutions overnight at 4°C 1:100 Acetyl-Histone H3 (Lys27) Rabbit mAb (Cell Signaling 

Technology #8173), 1:50 Acetyl-Histone H3 (Lys9) Rabbit mAb (Cell Signaling Technology 

#9649), 1:20 negative control Rabbit (DA1E) mAb IgG XP® Isotype Control (Cell Signaling 
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Technology #66362), and 1:50 positive 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 (pAG-MNase) 

digestion activated by calcium chloride at 4°C for 30 minutes. DNA fragments were released by 

shaking incubation and isolated using DNA Purification Buffers and Spin Columns (ChIP, 

CUT&RUN) (Cell Signaling Technology #14209). Yeast spike-in DNA (5ng) was added to each 

reaction for normalization using Sample Normalization Primer Set (Act1) included in assay kit. 

Positive control antibody H3K4me3 was tested for successful reaction completion using 

SimpleChIP® Mouse RPL30 primers included in assay kit. qPCR reactions were performed using 

Luna® Universal qPCR Master Mix (New England Biolabs #M3003). Reactions were run in 

MicroAmp™ Fast Optical 96-Well Reaction Plates (Applied Biosystems #4346907) using Quant-

Studio 6 qPCR machine. Reactions were recorded for 40 qPCR cycles (95°C for 15sec, 60°C for 

30sec) followed by a primer melt curve. 

 

CUT & RUN Primer Design  

Primers were designed within the promoter regions (1000bp upstream of transcription start 

site, TSS) of Cxcl16, Il-1b, Tlr4, Arg1 and Arg1. The University of California Santa Cruz (UCSC) 

Genome Browser was used to extract genomic sequences of regions of interest. Primers were 

designed to the sequence using Primer3Web (Version 4.1.0) with primer size 18-23 bp, product 

size 100-120 base pairs, GC content of 50-70%, and primer melting temperature of 57-62°C. 

Primers were tested by UCSC Genome Browser In-Silico PCR tool, only primers with one 

possible product were selected. Primers (DNA oligomers) were ordered from Integrated DNA 

Technologies and tested by qPCR on genomic mouse DNA, only primers with linear 

amplification and one product by melt curve analysis were used.  

 

Gene	Target	 Forward	Sequence	 Reverse	Sequence	

Cxcl16	Promoter	 TGCAGGGATGAGAATGGAGG	 TGAGTTTTGTGCCCCAGGTA	

Tlr4	Promoter	 TGCAATGCGTCATCAGTCAG	 TGTTTCCTGCAGCTTGTCAT	

Il-1b	Promoter	 TCTCGCCTCCTTGTGCTTAA	 AAGTGCGTCTCTCCAGAA	
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Arg1	Promoter	 GCCTCTCTCATCTGCCCTAG AATCGAAACGGAGCAATGGG 

Nos2	Promoter	 TAGTGGGGAAATGCTGGTCA ATATTCCAACACGCCCAGGA 

 

Table 2. CUT & RUN qPCR Primer Sequences 

 

 

Input Sample Preparation and Analysis of CUT & RUN qPCR Data 

Input control samples were prepared for each treatment condition for whole cell chromatin 

using micrococcal nuclease (Cell Signaling Technology #10011) digestion to mononucleosomes. 

The isolated DNA was analyzed by bioanalyzer high sensitivity assay, which showed high 

enrichment for mono-nucleosome sized fragments. 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 input serial 

control dilutions were plotted vs. Log10 (% input) to make a standard curve. The Ct values of 

antibody-isolated CUT & RUN samples were referenced to standard curve and calculated as 

percentages (%) of input using the standard curve linear regression. The % of input for each 

sample was normalized by a factor for the Act1 yeast-spike in DNA to account for pipetting 

error. After normalization the % of input for each sample was compared as fold enrichment 

over the DMSO and H2O treatment condition. This was repeated for each antibody including 

the IgG control.  

 

Phagocytosis Assay Quantified by Flow Cytometry  

Phagocytic activity of BV2 microglia was detected using engulfment of pHrodo Red E.coli 

BioParticles ä Conjugate for Phagocytosis (ThermoFisher Scientific #P35361). BV2 microglia 

(200,000 cells) were plated in 96 well clear round bottom plates. Cells were treated in last hour 

of incubation with 1:500 dilution of pHrodo red e.coli BioParticles ä. Cells were spun 1500rpm 

for 5 minutes, plate flicked to remove media, washed once in 200uL FACS buffer (500mL Hank’s 

Balanced Salt Solution (HBSS), 0.146g powdered Ethylenediaminetetraacetic acid (EDTA), 10g 

Bovine Serum Albumin (BSA)). Cells were spun 1500rpm for 5 minutes, plate flicked to remove 

media and resuspended in 1% PFA for overnight 4°C fixation. The next day cells were washed 

twice in FACS buffer. Samples were run on the CytoFLEX Flow Cytometer. Flow cytometry data 
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was analyzed using gating for cell size, granularity, singlet cell population, and phycoerythrin 

(PE) red-channel signal to detect cells with bead engulfment. Controls run included a no stain 

control and background PE signal caused by pHrodo Red E.coli BioParticles ä was tested using 

2% sodium azide (FisherScientific #BP9221-500) inhibition at 0°C to reduce phagocytosis. 

FlowJo was used to assess the percent of phagocytic positive cells gated on the no stain in the 

PE channel and the median fluorescent intensity 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. BV2 microglia (500,000 cells) were plated in a 12 well 

untreated cell culture plate in experimental media. Following drug treatment, the cells were 

removed from the plate using 0.25% trypsin-EDTA and aliquoted into 96 well clear round 

bottom plates. The cells were fixed and permeabilized using the True-Nuclear Transcription 

Factor Buffer Set (Biolegend # 424401) according to the manufacturer’s instructions. Cells were 

incubated with primary antibodies for 30 minutes - 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 AlexaFluor® 568 Donkey Anti-Rabbit 

(Invitrogen #A10042) incubated with cells for 30 minutes. Following antibody incubation, cells 

were spun at 500g for 5 mins and flicked then washed twice with FACS buffer. Cells were run on 

the CytoFLEX Flow cytometer. 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. Median fluorescence intensity (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. Griess Reagent was prepared from equal volumes of N-(1-

naphthyl)ethylenediamine and sulfanilic acid. Microplate assay involved mixing 20uL Griess 
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Reagent, 150uL nitrite-containing sample (culture supernatant), and 130uL deionized water. 

The samples were incubated for 30minutes at room temperature alongside a calibration curve 

of nitrite standards (1-50uM). Absorbance of the nitrite-containing samples was measured at 

548nm. A standard curve was prepared from nitrite-containing samples (plotted as nitrite 

concentrations vs. absorbance). Nitrite concentrations of samples were determined using linear 

regression of standard curve line.  

 

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 comparisons were run for individual 

treatment comparisons. Residuals were tested for normality using Shapiro-Wilk test. In 

instances of two treatments (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. Residuals were tested for 

normality using Shapiro-Wilk test. All measures passed normality testing. 

 

Results 

 

BV2 Microglial Cells Response to LPS Treatment 

Previous work has assessed the feasibility of BV2 microglia as a robust and model of microglial 

responses(Anja Henn, Søren Lund, Maj Hedtjärn, André Schrattenholz, Peter Pörzgen, 2009; 

Pollock et al., 2020). 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 (Il-

6), tumor necrosis factor alpha (Tnfa), and interleukin 1 beta (Il-1b) were examined at an LPS 

range of 10 – 500ng/mL(Kacimi et al., 2011) for a 3-hour duration (Figure 1A). A one-way 

ANOVA revealed a significant effect of LPS on expression of Il-6 (F(3,8)=122.0, p<0.0001), Tnfa 

(F(3,8)=32.95, p<0.0001), and Il-1b (F(3,8)=58.18, p<0.0001), with significant increases in 

expression of all genes at all timepoints (Dunnett’s post hoc comparisons p<0.05).  
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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 Il-6, Tnfa, Il-1b, anti-

inflammatory cytokine Il-10, chemokine(C-X-C motif) ligand 16 (Cxcl16), nuclear receptor 

subfamily 4 group A member 2 (Nr4a2), arginase 1 (Arg1), and nitric oxide synthase 2 (Nos2). 

One-way ANOVAs revealed a significant main effect of LPS duration for Il-6 (F(4,9)=2293, 

p<0.0001), Tnfa (F(4,9)=1410, p<0.0001), Il-1b (F(4,9)=1379, p<0.0001), and Il-10 (F(4,9)=58.51, 

p<0.0001), Cxcl16 (F(4,9)=32.45, p<0.0001), Nr4a2 (F(4,8)=405.4, p<0.0001), Arg1 (F(4,9)=52.09, 

p<0.0001), and Nos2 (F(4,9)=269.2, p<0.0001). Dunnett’s post hoc comparisons were run for 

each LPS duration compared to H2O control and revealed the expected significant increase in 

cytokine and chemokine expression by 1hr of treatment that largely maintained to 24hrs. 

Nr4a2, a known Hdac3 target gene in neurons, showed a transient increase at 1hr followed by a 

significant repression at subsequent time points. Arg1 and Nos2, two enzymes that regulate 

nitric oxide production, showed significant repression at 1hr of LPS. Arg1 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 cytometry. One way ANOVA revealed a significant 

with LPS treatment in both H3K27ac (F(4,29)=19.61, p<0.0001) and H3K9ac (F(4,19)=6.892, 

p=0.0013). Dunnett’s post hoc comparisons demonstrated a significant increase in H3K27ac by 

1 hour of LPS that was consistently increased at 6 and 24 hours. H3K9ac levels were also 

significantly increased after 6 and 24 hours of LPS. We also examined global levels of Hdac3 

protein and found a significant but minor fluctuation in protein levels at 6 hours of LPS 

(F(4,9)=11.6, p=0.0013). 

 

Hdac Inhibition Modulates BV2 Microglial Gene Expression 

To test the role for Hdac3 in regulating LPS mediated gene expression, we utilized the Hdac3 

selective small molecule inhibitor RGFP966 that inhibits the enzymatic activity of Hdac3 

(IC50=80nM) with >200-fold selectivity over other Hdacs(Malvaez et al., 2013). As a comparison, 

we also used the clinically approved pan-Hdac inhibitor SAHA that inhibits all Class I and II 
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HDACs (HDAC 1-10)(Marks, 2007). Hdac inhibitors were applied to BV2 cultures for 1 hour prior 

to treatment with either LPS (10ng/ml) or vehicle (water) for 1 or 3 hours (Figure 2A). We then 

examined the mRNA expression of Il-1b, Tnfa, Il-10, Cxcl16, Nr4a2, Arg1, and Nos2.  

 

A two-way ANOVA for Il-1b at 1 hour of LPS treatment revealed a significant main effect of LPS 

(F(1,18)=834.6, p<0.001), of Hdac inhibition (F(2,18)=135.1, p<0.0001) and an interaction 

F(2,18)=15.55, p=0.0001). At 3 hour of LPS treatment, Il-1b showed a significant main effect of 

LPS (F(1,18)=2638, p<0.001), of Hdac inhibition (F(2,18)=285.7, p<0.0001) and but no 

interaction F(2,18)=1.461, p=0.2581). Tukey’s multiple comparisons revealed a significant 

increase in Il-1b with RGFP966 above vehicle both at baseline and in response to LPS at 1 and 3 

hours. This enhancement in expression was not observed with SAHA treatment at 1 hour and a 

slight increase in baseline at 3 hours, suggesting the increased expression is largely driving by 

inhibition of Hdac3. 

 

We next investigated the expression of Tnfa and found at 1 hour LPS a significant main effect of 

LPS (F(1,16)=9439, p<0.0001), Hdac inhibition (F(2,16)=39.72, p<0.001) but no interaction 

(F(2,16)=1.339, p=0.2899). At three hours there was a main effect of LPS (F(1,18)=728.8, 

p<0.0001) but no effect of Hdac inhibition (F(2,18)=3.308, p=0.0598) nor interaction 

(F(2,18)=0.1194, p=0.8881). Tukey’s posthoc comparisons at 1 hour LPS showed a small but 

significant decrease in Tnfa expression at baseline and with LPS for both RGFP966 and SAHA. All 

comparisons were no longer significant by 3 hours, indicating that Hdacs are not negative 

regulators of Tnfa expression. 

 

We also examined expression of the anti-inflammatory cytokine Il-10 and similar to Il-1b, we 

observed largely RGFP966 specific enhancements in gene expression. At 1 hour of LPS 

treatment there was a significant main effect of LPS (F(1,18)=56.88, p<0.0001), Hdac inhibition 

(F(2,18)=21.69, p<0.0001) and a significant interaction (F(2,18)=13.64, p=0.0002). At 3 hours of 

LPS treatment there was a significant main effect of LPS (F(1,16)=34.72, p<0.0001), Hdac 

inhibition (F(2,16)=19.24, p<0.0001) and but no interaction (F(2,16)=1.228, p=0.3191). Tukey’s 
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posthocs revealed a significant increase in Il-10 levels at baseline with both RGFP966 and SAHA, 

but no modulation of LPS induction. In contrast, at 3 hours of LPS there was a significant 

increase in baseline Il-10 expression and enhanced response to LPS only with RGFP966. These 

findings indicate that both pro and anti-inflammatory cytokines are modulated similarly by 

Hdac3 inhibition.  

 

To further explore the impact on additional gene targets, we examined the chemokine Cxcl16. 

Similar to Il-1b and Il-10, for Cxcl16 expression a two way ANOVA at 1 hour of LPS treatment 

revealed a significant main effect of LPS (F(1,18)=33.53, p<0.0001), Hdac inhibition 

(F(2,18)=151.7, p<0.0001) and a significant interaction (F(2,18)=4.242, p=0.0310). At 3 hours of 

LPS treatment, there was also a significant effect of LPS (F(1,18)=286.0, p<0.0001), Hdac 

inhibition (F(2,18)=302.0, p<0.0001) and an interaction (F(2,18)=21.56, p<0.0001). Tukey’s 

posthocs revealed a significant increase in Cxcl16 expression both at baseline at both time 

pointes with Hdac3 inhibition but and minimal impact with SAHA. In response to LPS, only the 

Hdac3 inhibitor enhanced gene expression beyond levels observed in the DMSO controls, 

suggesting that Hdac3 may be the predominant regulator of Cxcl16.  

 

In contrast, Nr4a2 expression was modulated by both RGFP966 and SAHA. At 1 hour of LPS, 

there was a significant main effect of LPS (F(1,18)=16.23, p=0.0008) and Hdac inhibition 

(F(2,18)=68.63, p<0.0001) but no interaction (F(2,18)=1.404, p=0.2713). At 3 hours of LPS, there 

was a significant main effect of LPS (F(1,18)=54.16, p<0.0001) and Hdac inhibition 

(F(2,18)=18.69, p<0.0001) and an interaction (F(2,18)=8.534, p=0.0025). Tukey’s posthocs 

revealed a significant increase in baseline gene expression with both RGFP966 and SAHA at 1 

hour of LPS but not 3 hours. In response to LPS at 1 hour there was a significant increase above 

DMSO-LPS for both Hdac inhibitors. At 3 hours of LPS, the DMSO control showed decreased 

gene expression relative to baseline, but this repression failed to occur in both Hdac inhibitor 

treated conditions. Together, this indicates that Nr4a2 is potentially regulated by multiple 

Hdacs in a bi-directional manner with enhanced baseline expression and impaired LPS mediated 

repression. 
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To examine another gene with LPS induced repression, we measured Arg1 gene expression. At 

1 hour of LPS there was not a significant main effect of LPS (F(1,18)=1.134, p=0.3010), a 

significant main effect of Hdac inhibition (F(2,18)=5.057, p=0.0181) and no interaction 

(F(2,18)=0.1193, p=0.8882). At 3 hours of LPS, there was a significant effect of LPS 

(F(1,18)=26.81, p<0.0001) and of Hdac inhibition (F(2,18)=24.62, p<0.0001) and a significant 

interaction (F(2,18)=4.994, p=0.0188). Tukey’s posthocs revealed no significant differences at 1 

hour of LPS. At 3 hours, there was no difference at baseline for either Hdac inhibitor compared 

to vehicle control, but a trend for a decrease with SAHA. In response to 3 hours of LPS, there 

was a significant repression in the DMSO control and SAHA treated samples, but not in the 

RGFP966 sample treated with LPS, similar to the failure in gene repression observed for Nr4a2. 

 

As Arg1 acts in opposition to iNos (Nos2) in the generation of nitric oxide, we also examined 

impacts on Nos2 expression. At 1 hour of LPS treatment there was a significant main effect of 

LPS (F(1,18)=8.917, p=0.0079) and Hdac inhibition (F(2,18)=25.00, p<0.0001), but no significant 

interaction (F(2,18)=1.364, p=0.2809). Similarly, at three hours of LPS, there was a significant 

main effect of LPS (F(1,18)=801.1, p<0.0001) and of Hdac inhibition (F(2,18)=16.18, p<0.0001), 

but no interaction (F(2,18)=0.4633, p=0.6365). Tukey’s posthoc comparisons revealed a 

significant increase in Nos2 expression at baseline and in response to LPS at 1 hour, an effect 

not observed with SAHA. At three hours, there was no difference between either Hdac inhibitor 

treated condition and the respective DMSO controls, indicating the impacts on Nos2 expression 

are short lived.  

 

Hdac Inhibition Enhances Histone Acetylation 

The Hdac inhibitor impacts on BV2 microglial gene expression both at baseline and in response 

to LPS, support a model in which increased histone acetylation is permissive for LPS regulated 

gene expression. Consequent increases in histone acetylation upon Hdac inhibition would then 

be consistent with the observed pattern of released gene repression at baseline, enhanced LPS 

induced gene expression and prevention of LPS induced repression of gene expression. To test 
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this prediction, we first examined global histone acetylation changes in response to Hdac 

inhibition and LPS treatment by flow cytometry. Global levels of H3K9ac showed a significant 

main effect of Hdac inhibitor (F(2,45)=104.18, p<0.0001), LPS treatment (F(1,45)=11.50, 

p=0.0015), but no interaction (F(2,45)=1.304, p=0.2814). H3K27ac also showed a robust 

increase upon Hdac inhibition with a significant main effect of Hdac inhibitor (F(2,44)=77.77, 

p<0.0001), LPS treatment (F(1,44)=6.841, p=0.0122), and no significant interaction 

(F(2,44)=2.999, p=0.0601). Tukey’s corrected posthoc comparisons revealed that both Hdac 

inhibitors significantly increased H3K9ac and H3K27ac at baseline and upon LPS treatment 

(Figure 3). 

 

To examine the link between gene expression and histone acetylation we examined H3K27ac 

and H3K9ac by CUT&RUN qPCR at the promoters of select genes with expression regulated by 

Hdac3 inhibition (Figure 4A). The positive 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. We examined H3K27ac and H3K9ac over the Cxcl16 promoter (Figure 

4B). There was a significant main effect of Hdac inhibition (F(1,8)=18.76, p=0.0025) but not for 

LPS treatment (F(1,8)=0.3512, p=0.5698) nor for the interaction (F(1,8)=0.0003, p=0.9576). 

Sidak corrected posthoc comparisons between RGFP966 and DMSO treated samples revealed a 

significant increase in H3K27ac promoter signal with Hdac3 inhibition at both baseline and in 

response to LPS. For H3K9ac over the Cxcl16 promoter, there was a significant main effect of 

Hdac inhibition (F(1,8)=33.86, p=0.0004) and for LPS treatment (F(1,8)=6.101, p=0.0387), but 

not for the interaction (F(1,8)=0.2133, p=0.6565). Sidak corrected posthoc comparisons 

between RGFP966 and DMSO treated samples revealed a significant increase in H3K9ac 

promoter signal with Hdac3 inhibition at both baseline and in response to LPS.  

 

For the Il1-b promoter H3K27ac levels, we found a significant main effect of Hdac inhibition 

(F(1,8)=11.99, p=0.0085), but no effect of LPS (F(1,8)=0.2425, p-0.6356) nor interaction 

(F(1,8)=0.048, p=0.8314). H3K9ac levels showed a similar pattern over the Il1b-promoter with a 

significant main effect of Hdac inhibition (F(1,8)=8.440, p=0.0187), no effect of LPS 
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(F(1,8)=0.773, p=0.4047) nor interaction (F(1,8)=0.003, p=0.9571). Sidak corrected posthocs for 

both H3K27ac and H3K9ac, revealed trends towards enhanced H3K27ac signal over the 

promoter at baseline and with LPS (Figure 4C).  

 

At the Arg1 promoter, H3K27ac levels showed a significant main effect of Hdac inhibition 

(F(1,8)=21.25, p=0.0017), no effect of LPS (F(1,8)=0.7804, p=0.4028) and no interaction 

(F(1,8)=0.4074, p=0.5411). For H3K9ac, there was a significant main effect of Hdac inhibition 

(F(1,8)=6.237, p=0.0371), no effect of LPS (F(1,8)=0.2290,p=0.6451) and no interaction 

(F(1,8)=0.1136, p=0.7447). Sidak corrected posthocs revealed a significant increase in H3K27ac 

signal with RGFP966 over DMSO at both baseline and in response to LPS. Similar trends in 

increase were also observed for H3K9ac, but did not reach significance (Figure 4D). At the Nos2 

promoter, H3K27ac levels showed a significant main effect of Hdac inhibition (F(1,8)=15.10, 

p=0.0046), no effect of LPS (F(1,8)=3.112, p=0.1157) and no interaction (F(1,8)=1.392, 

p=0.2719). For H3K9ac, there was a significant main effect of Hdac inhibition (F(1,8)=10.75, 

p=0.0112), no effect of LPS (F(1,8)=0.1060,p=0.7531) and no interaction (F(1,8)=0.0043, 

p=0.9493). Sidak corrected posthocs revealed a significant increase in H3K27ac with RGFP966 

upon LPS treatment and a trend at baseline. There were trends for RGFP966 induced increase 

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 how Hdac inhibition may impact microglia function, we examined phagocytosis of 

pH-rodo E. coli labelled beads. These beads specifically fluoresce when in the low pH 

environment of the phagolysosome and can then be quantified by flow cytometry. We 

quantified the impact of Hdac inhibition and LPS treatment on both the percentage of microglia 

that phagocytose beads and median fluorescence intensity (MFI) of the engulfed beads, a proxy 

for the number of beads phagocytosed (Figure 5A).  At three hours of LPS treatment there was 

no significant impact of LPS (F(1,36)=0.0796, p=0.7795) or Hdac inhibition (F(2,36)=3.119, 

p=0.563) or an interaction F(2,36)=0.1551, p=0.8569) for the percentage of bead positive 

microglia. For the MFI there was no significant effect of LPS (F(1,36)=3.521, p=0.0687) but there 
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was a significant effect of Hdac inhibition (F(2,36)=7.990, p=0.0013), an no interaction 

F(2,36)=0.5893, p=0.5600) (Figure 5B). At 24 hours of LPS treatment, there were more 

significant impacts on microglial phagocytosis. The percentage of positive microglia showed a 

significant effect of LPS F(2,36)=21.64, p<0.0001) and LPS (F(1,36)=14.28, p=0.0006) and a 

significant interaction (F(2,36)=19.21, p<0.0001). For the MFI at 24 hours there was not an 

effect of LPS (F(1,36)=0.0004, p=0.9851), but there was a significant effect of Hdac inhibition 

F(2,36)=16.31, p<0.0001) and a significant interaction F(2,36)=13.92, p<0.0001) (Figure 5C). 

Tukey’s corrected posthoc comparisons revealed a significant increase in phagocytosis positive 

microglia with both RGFP966 and SAHA treatment at baseline. There was no difference 

between Hdac inhibitor treatments with LPS, indicating that Hdac inhibition may drive maximal 

phagocytosis even without immune stimulation. At 24 hours of LPS treatment, Tukey’s 

corrected posthocs also revealed that Hdac inhibition produced a significant enhancement in 

the amount of phagocytosis of individual microglia at baseline but not in response to LPS.  

 

To further examine microglia function we measured release of nitric oxide into the media both 

at 3 hours and 24 hours of LPS treatment. At 3 hours, there were no significant differences 

between conditions and overall levels of nitric oxide were low. There was no effect of LPS 

(F(1,17)=1.033, p=0.3237), Hdac inhibition (F(2,17)=1.565, p=0.2337) nor interaction 

(F(2,17)=1.691, p=0.2140). At 24 hours there was a significant effect of LPS (F(1,30)=226.9, 

p<0.0001) of Hdac inhibition (F(2,30)=41.95, p<0.0001) and a significant interaction 

(F(2,30)=20.23, p<0.0001). Tukey’s corrected posthocs revealed a significant increase in NO 

release upon LPS treatment in the DMSO condition. This increase was blunted with SAHA 

treatment and reduced to baseline levels with RGFP966 (Figure 5D).  

 

Discussion 

Using BV2 microglial cells and LPS treatments, we developed a robust model to examine how 

Hdac3 regulates microglial gene expression. The Hdac3 selective inhibitor RGFP966 robustly 

increased gene expression of numerous cytokines (Il1-b, Il-10), chemokines (Cxcl16) and LPS 

inducible regulators (Nr4a2, Arg1, Nos2) both at baseline and in response to LPS. These 
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responses were not universal as Tnfa was not modulated by RGFP966 nor SAHA. Increases in 

gene expression were paralleled by global and promoter specific increases in H3K27ac and 

H3K9ac with RGFP966 treatment, supporting the role of Hdac3 as a negative regulator of 

histone acetylation in microglia. Hdac3 inhibition also had impacts on phagocytosis and NO 

release after 24 hours, with increases in phagocytosis and strong suppression of NO release. 

Together, our data indicate that Hdac3 acts as a repressor of histone acetylation and gene 

expression in microglia, but that the gene targets include both enhancers and suppressors of 

the inflammation response (Figure 6).  

 

Pharmacological inhibition of Hdac3’s deacetylase activity reduces neuroinflammation and is 

protective in models of depression(Bian et al., 2021), stroke(Zhang et al., 2020), and spinal cord 

injury(Kuboyama et al., 2017; Wahane et al., 2021). Conditional deletion of Hdac3 in microglia 

shifted microglial responses to a traumatic brain injury towards a more inflammation resolving 

phenotype and improved functional recovery(Zhao et al., 2022). Together this suggests a pro-

inflammatory role for Hdac3 in regulating microglial function and that 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. We found that inhibition 

of Hdac3 enhanced phagocytosis while simultaneously blunted NO release. While classically 

considered a pro-inflammatory response, enhanced phagocytosis following injury or acutely 

during disease is often beneficial for clearing dead or dying cells in the brain. Augmenting this 

microglial response may ultimately facilitate brain recovery after damage. RGFP966 suppression 

of NO release from microglia may further promote resolution of inflammation by damping 

downstream NO induced pro-inflammatory signals.  

 

Our gene expression findings indicate that RGFP966 may regulate NO release through control of 

expression of Arg1 and Nos2 (iNos). The enzymatic processes of Arg1 and iNos compete for the 

substrate L-arginine with opposing cellular phenotypes (Cherry et al., 2014). Arg1 hydrolyzes L-

arginine to produce urea and L-ornithine, which removes nitrogen from amino acid metabolism 

via the urea cycle and promotes cell proliferation(Yang and Ming, 2014). The substrate L-
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arginine is also used by inducible nitric oxide synthase (iNos) in the production of L-citrulline 

and NO. We found a decrease in Arg1 expression with LPS treatment across timepoints. This 

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 Arg1 expression and had only marginal impacts on Nos2 expression after 3 hours, 

potentially shifting the microglial activation state away from NO production. This would be 

consistent with the overall protective effect of RGFP966 in the context of stroke(Zhang et al., 

2020) and spinal cord injury(Kuboyama et al., 2017; Wahane et al., 2021). 

 

Hdac3 regulates a diverse repertoire of cellular processes, including differentiation, 

proliferation, apoptosis, metabolism and inflammation(Karagianni and Wong, 2007). We found 

that Hdac3 targets both classically anti-inflammatory (Il-10) and pro-inflammatory (Il-1b but not 

Tnfa) cytokines. The specificity of the regulation does not come from Hdac3, as it  does not 

contain a DNA binding domain but is instead is targeted to specific genes as part of a larger 

repressor complex that includes nuclear receptor corepressor (N-CoR) and silencing mediator 

for retinoid and thyroid hormone receptors (SMRT)(Li et al., 2000; Guenther et al., 2001; 

Karagianni and Wong, 2007). The genomic targeting specificity may stem from interactions with 

cell type specific transcription factors. In peripheral macrophages, Hdac3 deacetylates a subset 

of enhancers(Mullican et al., 2011) bound by PU.1, a key macrophage lineage determining 

transcription factor. Loss of Hdac3 leads to hyperacetylation of thousands of PU.1 

enhancers(Chen et al., 2012), demonstrating a role for Hdac3 in controlling immune activity 

dependent enhancer deacetylation. PU.1 is also a critical transcription factor in 

microglia(Kierdorf et al., 2013), and future work will be needed to parse direct or indirect 

interactions between PU.1 and the N-CoR/SMRT/Hdac3 complex in microglia. 

 

In other brain cells such as neurons, Hdac3 has been proposed as “brake” on gene expression 

through histone deacetylation (McQuown and Wood, 2011). However, in macrophages loss of 

Hdac3 produces complex impacts on gene expression. Consistent with a proposed role as a 

negative regulator, loss of Hdac3 in lung macrophages or cultured bone marrow derived 
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macrophages (BMDM) increases expression of genes that promote wound-healing(Mullican et 

al., 2011). Hdac3 has also been shown to supress downstream regulators of LPS induced gene 

expression such as Ptgs1 (Cox-1)(Chen et al., 2012). Similar to our findings with LPS, Hdac3 

inhibition significantly increased baseline expression of genes that were normally downregulated 

by LPS stimulation in BMDM(Ghiboub et al., 2020) and the deacetylase activity of Hdac3 is 

required for suppressing LPS induced gene expression(Nguyen et al., 2020).  

 

Paradoxically, macrophage Hdac3 also promotes activation of inflammatory gene 

expression(Chen et al., 2012; Nguyen et al., 2020). Recent work from the Lazar lab demonstrated 

that in response to LPS, Hdac3 plays a non-canonical activating role through recruitment of 

activating transcription factor ATF2. The activating role does not require Hdac3’s deacetylase 

activity, and consequently genetic deletion of Hdac3 results in loss of both the canonical 

transcriptional repression and the non-canonical transcriptional activating roles. The net result 

of loss of Hdac3 in macrophages was protective from a lethal dose of LPS, but inhibition of Hdac3 

enzymatic activity alone was not sufficient to rescue lethality(Nguyen et al., 2020). Our findings 

in microglia only directly tested the enzymatic role of Hdac3 in regulating gene expression and 

future work with conditional deletions of Hdac3 will be required to identify if microglial Hdac3 

also has a non-canonical activating function. 

 

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(Grégoire et al., 2007) and CBP(Chuang et al., 2006), inhibiting their HAT functions. 

Hdac3 can also deacetylate NF-kB subunit RelA, promoting its nuclear export and termination of 

NF-kB signaling(Chen et al., 2001). 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 deacetylation of STAT1(Zhang et al., 2020). Similarly, in macrophages Hdac3 interacts 

with the transcription factor FOXK1 to regulate expression of STAT1(Yang et al., 2022). Future 
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work will be needed to evaluate these alternative protein targets of Hdac3 in microglial gene 

regulation and function. 

 

Hdac3 is not the only important Hdac for microglial gene regulation. Hdac1 and 2 are important 

during early microglial development for cell survival, but not for maintaining homeostasis in 

adult microglia(Datta et al., 2018). Loss of microglial Hdac1/2 decreased amyloid load and 

improved cognitive impairment by enhancing microglial amyloid phagocytosis in a mouse 

model of Alzehimer’s(Datta et al., 2018). Hdac1/2 also facilitates the formation of microglial 

priming such that loss of microglia Hdac1/2 impairs enhancement of Il-1b, Tnfa and Il-10  to 

multiple LPS injections(Wendeln et al., 2018). In our study we used SAHA, a broader class I and 

II Hdac inhibitor alongside RGFP966 to interrogate Hdac3 specific impacts compared to other 

class I Hdacs including Hdac1/2. Both RGFP966 and SAHA globally increased histone acetylation 

to similar degrees, indicating that the doses used in this study were sufficient to inhibit their 

respective target enzymes. Generally, the broader inhibition of Hdacs by SAHA resulted in less 

pronounced changes in gene expression both at baseline and with LPS treatment. By 3 hours 

LPS stimulation, gene expression responses to SAHA were indistinguishable from DMSO 

treatment. However, functionally SAHA produced similar enhancements in phagocytosis as 

RGFP966 and blunted NO release, but to lesser magnitude. Together, these findings indicate 

that some of the SAHA mediated anti-inflammatory effects are mediated by inhibition of Hdac3, 

but that the more selective RGFP966 more effectively regulates microglial gene expression and 

function. 

 

One of the limitations of our study is that all experiments were performed in the BV2 microglial 

immortalized cell line. While in vitro studies 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 regulation(Gosselin et al., 2014; Bennett et al., 2018).Henn 

et. al (2009)(Anja Henn, Søren Lund, Maj Hedtjärn, André Schrattenholz, Peter Pörzgen, 2009) 

assessed the suitability of BV2 microglia as an alternative model to primary microglia culture, 

and a mimic of in vivo microglia. They found that the majority of genes induced in BV2 cells by 
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LPS treatment were also induced in primary microglia (90%) and freshly isolated hippocampal 

microglia (50%), although BV2 microglia gene expression changes were less pronounced than 

primary microglia. Henn et. al also analyzed BV2 responses in functional assays including NO 

production as well as signaling to astrocytes in co-culture, which demonstrated similar 

responses to primary microglia. Given similar functional findings using RGFP966 in vivo and 

recent findings showing altered microglial responses in Hdac3 microglial conditional knockout 

mice(Kuboyama et al., 2017; Zhang et al., 2020; Bian et al., 2021; Wahane et al., 2021; Zhao et 

al., 2022), we believe our in vitro model captures fundamental gene regulation mechanisms and 

demonstrates how Hdac3 regulation of microglial gene expression leads to in vivo 

improvements in models with brain inflammation. 

 

Conclusion 

Together our findings demonstrate an important 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 and specifically acts at the 

promoters of both classically pro- and anti-inflammatory genes. Inhibition of Hdac3 shifts the 

microglial LPS response towards resolution of inflammation through enhanced phagocytosis 

and reduced NO release.  Our findings provide mechanistic support a model in which Hdac3 

inhibition driven shifts in microglial gene expression and function ultimately conveys neuro-

protection in brain injury and disease.  

 

 

Figures 
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Figure 1. BV2 Immortalized microglia robustly regulate gene expression and histone 
acetylation to LPS treatment. (A) RT-qPCR assessment of gene expression of Il-6, Tnfa, and Il-1b 
in BV2 microglia treated with different LPS doses 10, 100, or 500ng/mL for 3 hours. Shown as 
bar graph of Log2(Fold Change) + SEM Dunnett’s post hoc significances denoted (*** p<0.0002, 
**** p<0.0001). (B) RT-qPCR assessment of gene expression of Il-6, Tnfa, Il-1b, Il-10, Cxcl16, 
Nr4a2, Arg1, and Nos2 of BV2 microglia treated with 10ng/mL LPS for 1, 3, 6, or 24 hours. 
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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) 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 LPS regulated gene 
expression in BV2 cultures. For all subsequent panels DMSO control is shown in blue, RGFP966 
shown in red and SAHA in purple.  (B) Il-1b expression is enhanced by Hdac3 inhibition at 
baseline and in response to LPS at 1 and 3 hours of treatment. (C) Tnfa expression is slightly 
repressed by Hdac inhibition at 1 hour and unmodulated at 3 hours of LPS treatment. (D) Il-10 
expression is enhanced by Hdac3 inhibition at baseline and in response to LPS at 3 hours of 
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treatment. (E) Cxcl16 expression is enhanced by Hdac3 inhibition at baseline and in response to 
LPS at 1 and 3 hours of treatment. (F) Nr4a2 expression is enhanced by both RGFP966 and 
SAHA at baseline and in response to LPS at 1 hour. Both RGFP966 and SAHA prevent the 
normal, LPS induced repression of Nr4a2 expression at 3 hours of LPS. (G) Arg1 expression is 
not above baseline in any condition at 1 hour of LPS treatment. At 3 hours, RGFP966, but not 
SAHA, blocks LPS induced repression of Nr4a2. (H) At 1 hour LPS, Nos2 expression is increased 
by Hdac3 inhibition, but not SAHA, under baseline conditions and in response to LPS. At 3 hours 
expression largely matches DMSO treated controls. Each panel is Log2 fold change relative to 
DMSO control treated with water and error bars are +/- SEM. In all panels DMSO water versus 
DMSO LPS significance is not shown, but reaches statistical threshold (*p<0.05) for all genes at 
1 hour of LPS except Nr4a2, Arg1, and Nos2 and was significant for all genes at 3 hours LPS. 
n=3-4 per condition in at least 3 independent replication experiments. *p<0.05, **p<.01, 
***p<0.001, ****p<0.0001.  
 
 
 
 
 

 
Figure 3. Global changes in histone acetylation upon Hdac inhibition 
BV2 microglial cells were treated with DMSO, RGFP966 or SAHA for 1 hour and then either 
water or LPS was added for three hours. Cells were then harvested and intracellular staining 
was performed for H3K9ac or H3K27ac. (A) Global levels of H3K9ac were significantly increased 
with both RGFP966 and SAHA at baseline and upon LPS treatment. (B) H3K27ac levels were 
increased with both RGFP966 and SAHA at baseline and upon LPS treatment. The magnitude of 
increase was similar with the two Hdac inhibitors. Tukey’s corrected posthocs *p<0.05, 
**p<0.005, ***p<0.001, ****p<0.0001. MFI: median fluorescence intensity. Fold change is 
relative to DMSO treated water samples. n=5-6 per treatment in 3 independent replication 
experiments. 
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Figure 4. Histone acetylation changes at Hdac3 modulated genes 
(A) Experimental design for CUT&RUN qPCR analysis of H3K27ac and H3K9ac over promoters of 
key Hdac regulated target genes. All samples are normalized to yeast spike in and expressed as 
a percentage of input sample based on standard curve. Signal then 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. (B) Trends for increased H3K27ac and H3K9ac signal with RGFP966 over the Il1-b 
promoter. (C) H3K27ac signal is significantly increased over the Arg1 promoter with RGFP966 
treatment. H3K9ac shows similar trends but did not reach significance. (D) H3K27ac signal is 
significantly increased over the Nos2 promoter with RGFP966 and LPS treatment. H3K9ac 
shows similar trends but did not reach significance. All plots are fold enrichment with +/- SEM. 
n=3 per condition in independent replication experiments. *p<0.05. 
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Figure 5. Hdac inhibition enhances microglial phagocytosis and suppresses nitric oxide release 
(A) Experimental design for phagocytosis assay. Both the percent of positive microglia and the 
MFI per microglia are quantified by flow cytometry (B) Hdac inhibition shows minimal impacts 
on phagocytosis of pH-rodo E. coli tagged beads at 3 hours of LPS treatment. (C) Hdac inhibition 
enhances phagocytosis at baseline after 24 hours, bringing the percent of positive microglia to 
LPS levels. (D) Hdac inhibition enhances phagocytosis at baseline after 24 hours, bringing it 
above LPS induced levels in the case of RGFP966. (E) Minimal release of NO after 3 hours of LPS. 
(E) At 24 hours of LPS treatment, DMSO treated samples show a significant increase in NO 
release. This effect was blunted with SAHA and completely repressed to baseline levels with 
RGFP966. Mean +/- SEM. n=4-7 from 2 or 3 independent experiments. *p<0.05, **p<.01, 
***p<0.001, ****p<0.0001.  
 
 

 
Figure 6. Model for Hdac3 regulation of microglial LPS mediated gene expression and function 
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. Upon LPS, inhibition of Hdac3 results in hyper-induction of Hdac3 
target genes and a lack of suppression of genes normally repressed by LPS treatment. These 
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gene expression shifts ultimately culminate in increased phagocytosis and repressed NO 
release, driving microglia towards a phenotype that promotes resolution of inflammation. 
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