Histone Deacetylase 3 Associates With Key
Regulators of NFκB Signaling in Lung Epithelial
Cells Under Stimulation With LPS.
Brent A Stanfield
Louisiana State University School of Veterinary Medicine https://orcid.org/0000-0002-0966-9662
Erik J Soderblom
Duke University Medical Center
Scott Palmer
Duke University Medical Center
Bruce Sullenger
Duke University Medical Center
Todd Purves
Duke University Medical Center
Karen Welty-Wolf
Duke University Medical Center
Suresh Agarwal
Duke University Medical Center
George Kasotakis (  george.kasotakis@duke.edu )
Duke University Medical Center https://orcid.org/0000-0002-7630-0742

Research
Keywords: Signal, lung epithelial cells, stimulation, Histone Deacetylase 3 (HDAC3), cell nucleus, human
pulmonary epithelial cells type II
Posted Date: July 7th, 2021
DOI: https://doi.org/10.21203/rs.3.rs-674720/v1
License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/21

Abstract
Introduction: Histone Deacetylase 3 (HDAC3) is a Class I member of the histone deacetylase family that
is recruited to nuclear enhancers. HDAC3 is located within the cell nucleus, where it constitutes the sole
endogenous HDAC interacting with the nuclear-receptor corepressor complex containing NCOR and SMRT
(NCOR2). As such, HDAC3 has a unique role in modulating the transcriptional activity of nuclear
receptors. We have previously demonstrated its involvement in the inflammatory response in
Lipopolysaccharide A (LPS)-stimulated human MH-S alveolar macrophages in vitro, and its interaction
with pro-inflammatory IL-12 and anti-inflammatory IL-10. Similarly, our previous work using the broad
spectrum HDAC inhibitor trichostatin A has demonstrated therapeutic efficacy reducing the pathogenesis
of acute gram negative pneumonia in-vivo. With the current project, we aim to identify the HDAC3
interactome in LPS-stimulated human pulmonary epithelial cells type II (A549), the first immune defense
in pathogens invading the lungs.
Methods: Human A549 cells were transfected with a BioID2-tagged HDAC3 plasmid, and were divided in
three groups: a. Untreated, b. stimulated with LPS, and c. stimulated with LPS and treated with Entinostat
(MS275, a HDAC1/3 inhibitor). Cells were lysed, and total and biotinylated protein were submitted for
quantitative Liquid Chromatography/Mass Spectrometry analysis to identify the peptides that directly
bind with HDAC3. Data were searched against the Swiss Protein Human database, and False Discovery
Rate (FDR) was set at 1%.
Results: The dataset yielded 395,776 peptide matches. After peptide sequencing by database searching
and validation, and FDR exclusion, we identified 2,666 proteins. Of these, 33 have been annotated to
function in the NF-kB signaling pathway and/or NF-kB-regulated transcriptional activity.
Conclusion: Protein acetylation is a reversible post-translational modification that is known to stabilize
protein structure and modify function and localization. With the current project we have identified several
potential proteins in the HDAC3 interactome that may be targeted early in the NF-κB activation process to
disrupt HDAC3-substrate interaction and potentially downstream signaling. Nuclear activation of NF-κB is
known to be involved in the early stages of Acute Respiratory Distress Syndrome and is a target of
intense study for the development of novel therapeutics.

Introduction
Acute Respiratory Distress Syndrome (ARDS) is a clinical syndrome characterized by an exaggerated
pulmonary immune response to local or systemic inflammatory stimuli, and manifests with severe
hypoxia necessitating prolonged ventilatory support and critical care (1). Acute Lung Injury (ALI)
describes collectively the pathologic changes observed in ARDS lungs. Over 10% of all ICU patients meet
criteria for ARDS(2) and more than 200,000 cases are diagnosed annually in the U.S.(1), costing over
$434,000 per hospital stay (3). Despite advances in critical care, no effective treatments for ARDS
currently exist. Broad-spectrum anti-inflammatory therapies have failed to improve mortality (4-9), which
Page 2/21

approximates 40% (2). Novel, highly targeted therapies for ARDS are thus sorely needed, yet crucial
factors limiting their development include our poor understanding of the underlying pathophysiology, and
the heterogeneous etiology of the syndrome.
Post-translational modification (PTM) of lysine residues by acetylation is a reversible modification
resulting in the neutralization of the positive charge on this amino acid. This results in changes to protein
structure and function similar to what is known to occur with phosphorylation PTM (10). Acetylation PTM
of histones as a chromatin marker of active transcription has been widely accepted for half a
century (11) and it was not until recently with newly developed proteomic technologies that the full
breadth of the acetylome extending beyond the nucleus to the cytoplasm have come into view (12). All
reversible lysine-acetylation PTMs are mediated by a distinct set of enzymes called histone
acetyltransferases (HATs) and histone deacetylases (HDACs) which dynamically regulate this PTM under
various conditions (13). Several proteins that undergo acetylation are known to drastically change their
function (RELA (14, 15), DUSP1 (MAPK1) (16), NLRP3 (17), HMGB1 (18), and others), however the
mechanism that regulates this phenomenon is purely understood. HDACs were first described as
enzymes that repress gene expression by deacetylation of target histones (19) resulting in a closed,
inaccessible chromatin conformation. However, we now know that HDACs play many regulatory
functions outside of the nucleus, target many other proteins beyond histones, and that acetylation is a
pleiotropic and dynamic post-translational modification that affects protein structure, function, and
localization anywhere inside the cell (20).
We have previously demonstrated in-vivo that the broad spectrum HDAC inhibitor trichostatin A (TSA) can
act therapeutically as an early intervention in mouse models of acute gram negative pneumonia (21).
Similarly, we have demonstrated in-vitro that inhibition of HDAC3 can significantly alter the inflammatory
response in alveolar macrophages, shifting the inflammatory response from a proinflammatory (TNFa,
CXCL2) to an anti-inflammatory (IL-10) cytokine/chemokine signature (22). We have also demonstrated
that HDAC3 is essential for the proliferation of the alveolar macrophage cell line MH-S (22).
HDAC3 has been shown to be essential for alveolar macrophage (AM) development and homeostasis.
Loss of HDAC3 during embryonic development (E14.5) significantly affects AM development and HDAC3
is essential for the regulation of AM homeostasis by binding to Pparg and Pparg transcriptional
enhancers (23). Similarly, HDAC3 has been shown to be essential for the development of brown adipose
tissue and is instrumental in the thermogenic response to cold challenge (24). Here we report the
identification of novel HDAC3 protein-protein interactions in human alveolar epithelial cells and describe
a novel regulatory mechanism on MyD88 signal transduction via TLR4 activation in response to
lipopolysaccharide (25).

Materials And Methods
Cell Culture
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A549 Cells (ATCC, CCL-185) were maintained in Ham's F-12K (Kaighn's) Medium (ThermoFisher,
21127022) containing 10% heat inactivated fetal bovine serum (HyClone, SH30071.03) and a 1:100
dilution of L-Glutamine–Penicillin–Streptomycin solution (Sigma, G6784). Cells were grown to density
between 6E3 and 6E4 cell/cm2 in a T75 flask. Cells were trypsinized by wasing cells in phosphate
buffered saline (ThermoFisher, 10010023) and suspended using trypsin-EDTA (0.05%) (ThermoFisher,
25300054). All cultures were maintained at 37°C 5% CO2.
Plasmids and Transfection
The human HDAC3 cDNA ORF clone (pcDNA3.1-HDAC3-DYK) was purchased (Genscript, OHu25621) and
sequence verified using primers 5’-3’ T7- TAATACGACTCACTATAGGG and BGHRTAGAAGGCACAGTCGAGG. This plasmid was then used to generate subsequent BioID2 tagged clones
pcDNA3.1-HDAC3-DYK-BioID2 and pcDNA3.1-DYK-BioID2 (Figure 1A) using the PCR based FastCloning
technique (26). Briefly, 10 ng of plasmid pcDNA3.1-HDAC3-DYK and 10 ng of plasmid myc-BioID2-MCS
(Addgene, Plasmid #74223) were used in PCR containing Phusion Hot Start II High-Fidelity PCR Master
Mix (ThermoFisher, F565L) 3% DMSO and primers 5’-3’ pcDNA3_1-c-DYK_FCTTATCGTCGTCATCCTTGTAATCGG, pcDNA3_1-c-DYK_R- TGATAAACCCGCTGATCAGCC and BioID2_FGGATGACGATAAGTTCAAGAACCTGATCTGG BioID2_R-ATCAGCGGGTTTATCACTATGCGTAATCCGGTAC.
The thermocycler was programmed to run at 98°C for 3 minutes followed by 18 cycles of 98°C for 10
seconds 55°C for 30 seconds and 72°C for 7 minutes. The reaction had a final extension at 72°C for 7
minutes after which was reduced to 4°C until removed. 5 µL of each reaction was ran on a 1% agarose
gel and visualized under UV light for single products. 1 µL of DpnI (NEB, R0176S) was added to the
remaining 45 µL of PCR to digest methylated template plasmid DNA. 5 µL of each PCR DpnI mixture were
then mixed together and digested at 37°C for 1 hour. 2 µL of this final digestion /ligation were then used
to transform XL10-Gold Ultracompetent Cells (Agilent, 200314) and plated on LB-Carbenicillin agar
plates. The negative control plasmid pcDNA3.1-DYK-BioID2 was similarly generated by deletion of the
HDAC3 ORF from plasmid pcDNA3.1-HDAC3-DYK-BioID2 using the FastCloning technique and primers
pcDNA3_1_c-DYK-BioID2_F- GTCATCCTTGTAATCCATGGTGGCGGATCCGAGC and pcDNA3_1_c-DYKBioID2_R- GATTACAAGGATGACGACGATAAG. Final constructs were sequence verified using primers T7
and BGHR as previously described.
The day before transfection A549 cells were split and plated in 6 well plates (VWR, 10861-696) at a
density of 5E5 cells per well. Plasmids were then prepared for transfection using Lipofectamine3000
(ThermoFisher, L3000001) as per the manufacturer’s instructions in Opti-MEM (ThermoFisher,
51985034). Transfection complexes were then applied to the cells for 4 hours at 37°C 5% CO2 (Figure 1B).
Stimulation and Biotin Pulse
Following the 4 hour transfection incubation the media was replaced with fresh prewarmed F12K media
containing 50 µM Biotin (Sigma, B4639) and either left unstimulated, stimulated with 1 µg/mL
Lipopolysaccharides from Escherichia coli O111:B4 (Sigma, L4391), or stimulated with 1 µg/mL
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Lipopolysaccharides from Escherichia coli O111:B4 (Sigma, L4391) and 10 µM MS275 (Santa Cruz
Biotechnology, CAS 209783-80-2). Stimulation and biotin pulse was continued for 16 hours at 37°C 5%
CO2 after which cells were washed with 1x PBS and lysed in BioID Lysis buffer (50 mM Tris HCl pH 7.4,
250 mM NaCl, 0.1% SDS, 0.25 mM DTT)(Figure 1B).
Sample Preparation
100 µL of Streptavidin coated magnetic beads (Genscript, L00424) were washed in 1x PBS and
resuspended in 500 µL of lysate containing 1-3 mg of total protein. Bead lysate mixtures were then
incubated a 4°C overnight with rotation. Protein bound to the beads were then washed 3x with wash
buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl, and 0.1% SDS. Protein was then eluted off of the beads
with 100 µL of elution buffer (2% SDS, 25 mM Tris ph 7.4, 5 mM DTT, and 5 mM biotin at 80°C for 10
minutes (Figure 1C). 10 µL of elution were then ran on a 4-16% gel transferred to a PVDF membrane,
blotted with streptavidin Dylite488 and visualized using a BioRad ChemiDoc MP imaging system.
The Duke Proteomics Core Facility (DPCF) received 12 samples (HDAC3 NA HDAC3 LPS, HDAC3 LPS
MS275, and mixed Control in triplicate). Samples were first spiked with a total of either 120 or 240 fmol
as an internal quality control standard. Then, they were supplemented with 18 µL of 20% SDS, reduced
with 10 mM dithiolthreitol for 30 min at 80C, alkylated with 20 mM iodoacetamide for 45 min at room
temperature, then supplemented with a final concentration of 1.2% phosphoric acid and 759 µL of S-Trap
(Protifi) binding buffer (90% MeOH/100mM TEAB). Proteins were trapped on the S-Trap, digested using
20 ng/µL sequencing grade trypsin (Promega) for 1 hr at 47C, and eluted using 50 mM TEAB, followed by
0.2% FA, and lastly using 50% ACN/0.2% FA. All samples were then lyophilized to dryness and
resuspended in 20 µL 1%TFA/2% acetonitrile containing 12.5 fmol/µL yeast alcohol dehydrogenase
(ADH_YEAST). From each sample, 3 µL was removed to create a QC Pool sample which was run
periodically throughout the acquisition period.
Quantitative Analysis
Quantitative LC/MS/MS was performed on 5 µL of each sample, using a nanoAcquity UPLC system
(Waters Corp) coupled to a Thermo Orbitrap Fusion Lumos high resolution accurate mass tandem mass
spectrometer (Thermo) via a nanoelectrospray ionization source. Briefly, the sample was first trapped on
a Symmetry C18 20 mm × 180 µm trapping column (5 μl/min at 99.9/0.1 v/v water/acetonitrile), after
which the analytical separation was performed using a 1.8 µm Acquity HSS T3 C18 75 µm × 250 mm
column (Waters Corp.) with a 90-min linear gradient of 5 to 30% acetonitrile with 0.1% formic acid at a
flow rate of 400 nanoliters/minute (nL/min) with a column temperature of 55C. Data collection on the
Fusion Lumos mass spectrometer was performed in a data dependent acquisition (DDA) mode of
acquisition with a r=240,000 (@ m/z 200) full MS scan from m/z 375 – 1500 with a target AGC value of
4e5 ions. MS/MS scans were acquired at Rapid scan rate (Ion Trap) with an AGC target of 1e4 ions and
dynamic injection time. The total cycle time for MS and MS/MS scans was 3 sec. A 20s dynamic
exclusion was employed to increase depth of coverage. The total analysis cycle time for each sample
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injection was approximately 2 hours. Following 15 total UPLC-MS/MS analyses (excluding conditioning
runs, but including 3 replicate QC Pool), data was imported into Proteome Discoverer 2.4 (Thermo
Scientific Inc.), and analyses were aligned based on the accurate mass and retention time of detected
ions (“features”) using Minora Feature Detector algorithm in Proteome Discoverer. Relative peptide
abundance was calculated based on area-under-the-curve (AUC) of the selected ion chromatograms of
the aligned features across all runs. The MS/MS data was searched against the Swiss Prot Human
database (downloaded in Apr2018), and an equal number of reversed-sequence “decoys” for false
discovery rate determination. Mascot Distiller and Mascot Server (v 2.5, Matrix Sciences) were utilized to
produce fragment ion spectra and to perform the database searches. Database search parameters
included fixed modification on Cys (carbamidomethyl) and variable modifications on Meth (oxidation)
and Asn and Gln (deamidation). Peptide Validator and Protein FDR Validator nodes in Proteome
Discoverer were used to annotate the data at a maximum 1% protein false discovery rate.
Ingenuity Pathway Analysis
Quantitative proteomics data was uploaded into Ingenuity Pathway Analysis (IPA, Qiagen) which was
utilized to identify canonical pathways in which the identified proteins were significantly enriched for the
3 groups of data (Untreated/NA, LPS stimulated, and LPS + MS275). These lists of canonical cellular
processes were then compared between the 3 groups to generate a Venn diagram (27) using the public
server at usegalaxy.org (28). Comparison analysis of the 3 data sets generated a heat map of canonical
pathways between the groups and Toll-Like Receptor signaling selected for expanded investigation.
Microscopy and Immuno-precipitation
A549 cells were cultured as previously described in the materials and methods however they were plated
directly on 4 well cell culture slides (MatTek, CCS-4) at a density of 5E4 cells/well. To ensure differential
acetylation status of HDAC3 target proteins cells were pretreated for 24 hours prior to LPS stimulation
with 10 µM MS275. Cells were then stimulated for 15 minutes with 1 µg/mL LPS. Cells were then washed
2x in PBS and fixed for 10 minutes at room temperature in 4% paraformaldehyde PBS pH 7.4. Cells were
then permeabilized by incubating the samples for 10 minutes with PBS containing 0.1% Triton X-100.
Following permeabilization cells were washed 3x 5 minutes each in PBS-T containing 0.1% Tween 20.
Nonspecific staining was then blocked by incubating cells with 1% BSA, 22.52 mg/mL glycine in PBS-T
for 30 min at room temperature. Mouse anti-IRAK4 clone 2H9 (Novus Biologicals, NBP2-37575) was
diluted 1:600 in 1% BSA PBS-T and applied to the cells overnight at 4°C. Cells were then washed 3x 5
minutes each in PBS-T and goat anti-mouse IgG Alexa Fluor 488 (Southern Biotech, 1030-30) diluted
1:1000 in 1% BSA PBS-T was then applied to the cells and incubated at room temperature for 1 hour.
Cells were then washed 3x 5 minutes each in PBS-T and mounted with antifade mounting medium with
Dapi (Vectashield, H-1200). Images were taken using a Zeiss Axio Imager 2 and a EC Plan-Neofluar 40x
objective. Fluorescence was visualized with 2 filter sets for Dapi (Ex. 335-383 nm, Em 420-470 nm) and
Alexa Fluor 488 (Ex. 450-490 nm, Em 500-550 nm) with exposure times of 333.33 ms and 844.85 ms
respectively.
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The immune-precipitation and immune-blot experiment was conducted by either leaving cells untreated or
treating A549 cells with 10 µM MS275 for 24 hours prior to washing cells 3x in PBS and lysis in nondenaturing lysis buffer (20 mM Tris HCl pH 8, 137 mM NaCl, 1% triton X-100, 2 mM EDTA) containing
protease and phosphatase inhibitors. 500 µg of whole cell lysates were immune-precipitated using 10 µL
of IRAK4 Antibody clone 2H9 conjugated to 50 µL of protein G Dynabeads. Antibody was crosslinked to
beads to reduce background using BS3 reagent. Following precipitation/washing bound proteins were
eluted and ran on a 4-15% gel. Total acetylation was visualized using rabbit anti-acetylated-lysine (Cell
Signaling technology, 9441S) diluted 1:1000 in 1% BSA PBS-T. Secondary goat anti-rabbit HRP (Abcam,
ab6721) diluted 1:1000 in 1% BSA PBS-T was used and bands were visualized using SuperSignal West
Femto maximum sensitivity substrate (ThermoFisher, 34096) and a BioRad ChemiDoc MP imaging
system.

Results
Quantitative LC-MS/MS analysis
Constructs, cell culture conditions, and total biotinylated protein precipitation is described in Figure 1.
Following quality control streptavidin western blot (Figure 2A), the remaining sample was submitted for
genomic and computational biology proteomics core for quantitative LC-MS/MS analysis. 5 µl of peptide
digests (~25% of each sample) were analyzed by ultraperformance liquid chromatography-tandem mass
spectrometry (LC-MS/MS). An SPQC pool containing an equal mixture of each sample was analyzed
after every 6 samples throughout the entire sample set (3 times total). Next, data was imported into
Proteome Discoverer 2.4 (Thermo Scientific Inc.) and all LC-MS/MS runs were aligned based on the
accurate mass and retention time of detected ions (“features”) which contained MS/MS spectra using
Minora Feature Detector algorithm in Proteome Discoverer. Missing values were imputed after sample
loading and trimmed-mean normalization in the following manner. If less than half of the values are
missing in a treatment group, values are imputed with an intensity derived from a normal distribution
defined by measured values within the same intensity range (20 bins). If greater than half values are
missing for a peptide in a group and a peptide intensity is > 5e6, then it was concluded that peptide was
misaligned and its measured intensity is set to 0. All remaining missing values are imputed with the
lowest 5% of all detected values. The following analyses are based on these normalized values. The
overall dataset had 395,776 peptide spectral matches. Additionally, 1,950,500 MS/MS spectra were
acquired for peptide sequencing by database searching (see Methods). Following database searching
and peptide scoring using Proteome Discoverer validation, the data was annotated at a 1% protein false
discovery rate, resulting in identification of 2,666 proteins. Raw expression levels (Figure 2B) and robust
mean normalized (Figure 2C) intensities of individual proteins are presented in Additional Files 2 and 3,
respectively.
Measures of analytical versus biological variability.
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In order to assess technical reproducibility, we calculated % coefficient of variation (%CV) for each protein
across 3 injections of an SPQC pool that were interspersed throughout the study. To assess biological +
technical variability, %CVs were measured for each protein across the individual groups. The mean %CV
of the SPQC pools was 16.9% for all proteins (Additional File 3). The %CV for the four biological groups
ranged from 21.8- 30.8%. This is reflected in the principal component analysis (PCA) of all quantified
proteins, where the sample groups were tightly clustered (Figure. 2D). Top 100 proteins contributing to
between group variability is presented in Additional File 7.
Statistical Analysis
As an initial statistical analysis, we calculated fold-changes between the HDAC3_NA v Control (Additional
File 4), HDAC3_LPS v Control (Additional File 5), and HDAC3_LPS_MS275 v Control (Additional File 6)
based on the average expression values and calculated two-tailed heteroscedastic t-test on log2transformed data for each of these comparisons. Briefly, peptides were filtered to include those with a
greater than 2-fold positive expression and a p-value of <0.05. This resulted in 816, 873, and 357 proteins
(Additional Files 4-6) for the HDAC3_NA v Control, HDAC3_LPS v Control, and HDAC3_LPS_MS275 v
Control comparisons, respectively. A heat map with hierarchal clustering was generated to visualize
sample/treatment variability and relatedness (Figure 3A). Proteins that passed fold change and p-value
criteria were also annotated if they were unique to the specific comparison. The number of unique
proteins were 122, 96, and 72 respectively (Figure 3B).
Ingenuity Pathway Analysis
Significantly enriched proteins for each of the treatments groups (Untreated: HDAC3_NA, LPS Stimulated:
HDAC3_LPS, and LPS + MS275 stimulated: HDAC3_LPS_MS275) were uploaded to Ingenuity Pathway
Analysis software (Qiagen). Canonical pathways were then identified for each individual data set. A
comparison of total identified canonical pathways were then compared between groups with 506, 511,
and 365 canonical pathways being identified for Untreated, LPS stimulated, and LPS + MS275 stimulated
respectively. Overall 335 pathways were shared between all 3 groups with 4, 12, and 27 being unique to
Untreated, LPS stimulated, and LPS + MS275 stimulated respectively (Figure 4A). A list of all the
identified canonical pathways identified for each group is included (Additional File 8). A comparison
analysis was performed with the 3 individual datasets and pathways relating to pathogen induced
inflammation expanded for closer examination. A heat map of these canonical pathways was generated
with individual node intensity representing the Z score for the given pathway (Figure 4B). Toll-like
Receptor Signaling was selected for further examination.
Proteins identified in each dataset to be involved in toll-like receptor signaling were labeled in red (Figure
5). Significant reproducibility between treatments was observed with known interactors (RELA, NF-kB)
being identified in all 3 datasets. Interestingly, HDAC3 is shown here to interact with multiple phases of
the TLR signaling cascade and implicates HDAC3 in the regulation of early (myddosome-mediated)
signaling events (Figure 5). With LPS stimulation interactions between myddosome components
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increases (Figure 5B) and in the presence of LPS and MS275 more components of the myddosome were
identified indicating that in the presence of MS275, HDAC3 is sequestered to the myddosome (Figure 5C).
Microscopy and Immuno-precipitation
Subcellular localization of IRAK4 in unstimulated (Figure 6A), stimulated with LPS (Figure 6B), or
stimulated with LPS + MS275 (Figure 6C) was visualized at 15 minutes following LPS exposure in the
indicated groups (Figure 6B and 6C). Unstimulated A549 cells demonstrate diffuse cytoplasmic
distribution of IRAK4 (Figure 6A). However, in the presence of LPS at 15 minutes post stimulation IRAK4
can be visualized localizing to regions proximal to the plasma membrane (Figure 6B). Interestingly,
pretreatment of A549 cells with MS275 significantly altered the subcellular localization of IRAK4
following 15 minute LPS stimulation to distinct perinuclear loci (Figure 6C). Twenty four hour treatment
of A549 cells with 10 µM MS275 is able to significantly alter the acetylation status of IRAK4 (Figure 6D).

Discussion
The objective of this study was to identify novel HDAC3 protein-protein interactions in alveolar epithelial
cells that can be targeted for future drug development applications. Similar mimetics and small molecule
inhibitors are poised to be the next generation of anti-inflammatory or immunomodulatory drugs with
minimal off target effects (29-33). Our data demonstrate that HDAC3 interacts with a large number of
nuclear and non-nuclear proteins and these interactions change in the context of LPS stimulation.
Similarly, our data demonstrate that introduction of a selective HDAC1/3 inhibitor can alter the HDAC3
interactome and modulate the intercellular localization of IRAK4: a key kinase in MyD88 mediated TLR
signal transduction.
In ARDS, among the first cells to respond to inflammatory insult are the alveolar epithelial cells (34). A
hallmark of ARDS is the overabundance of pro-inflammatory cytokines termed a “cytokine storm”, which
is considered to be the trigger of the maladaptive immune response that leads to ARDS and multiple
organ failure (35) and in the era of COVID-19, an area of intense investigation for therapeutic
discovery (36). Although alveolar macrophages are considered the chief proinflammatory cytokine
producers in the lung (37), alveolar epithelial cells are also major antigen presenting cells, and unlike
macrophages, exist in abundance in the pulmonary parenchyma (38, 39). As expected, the conjugation of
HDAC3 to the BioID2 proximity biotin ligase resulted in the biotinylation of specific HDAC3 protein
associations (Figure 2) and that stimulation with either LPS or LPS and the HDAC1/3 inhibitor MS275
resulted in significantly different associations (Figure 3). Pathway analysis of the identified interaction
networks identified TLR signaling as significantly enriched (Figure 4). Upon closer examination, treatment
with either LPS or LPS and MS275 increased either the strength of the association or the number of
associations within specific components of the TLR signaling cascade (Figure 5). Through this analysis
we identified IRAK4 as a probable HDAC3 substrate and the deacetylase activity of HDAC3 is important
for IRAK4 localization to the plasma membrane following TLR4 stimulation (Figure 6). Similar results
have been observed between HDAC3 and other components of the TLR signaling cascade. Specifically,
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HDAC3 deacetylation of the RELA p65 NFκB subunit has been shown to act as a molecular switch to
control the duration of NFκB mediated transcription and to play a role in the replenishment of inactive
cytoplasmic NFκB-IκBα complexes (40). Our data confirms these interactions and suggests that HDAC3
plays multiple regulatory roles in the induction of the NFκB response and specifically associates HDAC3
with early TLR signaling events proximal to the plasma membrane (Figure 7).
Previously, our work demonstrated that the HDAC1/3 inhibitor MS275 has potent immunomodulatory
properties in alveolar macrophages stimulated with LPS (22). These result largely reproduced the
previously reported role of HDAC3 in the regulation of intestinal macrophage homeostasis (41) however
the breadth of HDAC3 regulated genes and secreted cytokines/chemokines was expanded to include the
transcriptional regulation genes important for NFκB signaling. We demonstrated that MS275 increased
the secretion of IL-10 and IL-12b by alveolar macrophages in response to LPS while introduction MS275
inhibited the secretion of TNFα and CXCL2 (22). Here, we have focused on the TLR4 signaling cascade
better understand the regulatory role of HDAC3 in TLR signaling.
IRAK4 is considered the “master IRAK” and is indispensable for TLR signaling to occur (Figure 7). The
critical role of IRAK4 in this signaling network makes IRAK4 an attractive target for therapeutic
development for the treatment of immune and inflammatory diseases. Presently, the development of
IRAK4 inhibitors have targeted the kinase domain with inhibitory concentrations reaching 3 nM (42). Our
work presented here identifies an additional target for further drug development with IRAK4 acetylation
status drastically effecting IRAK4 oligomerization and localization at the plasma membrane following
TLR4 activation (Figure 6). Specifically, peptide binding epitopes designed to specifically inhibit HDAC3IRAK4 interactions could have improved therapeutic efficacy while minimizing the off target effects with
current kinase inhibitors (43).
In summary, we demonstrate that HDAC3 protein-protein associations can be altered by cellular signaling
events and that these associations can be altered with pharmaceutical intervention. Inhibition of HDAC3
results in decreased IRAK4 oligomerization at the plasma membrane following TLR4 activation and the
acetylation status of IRAK4 alters its cellular localization. Future work to assess the role of HDAC3 in the
innate immune response to gram negative stimuli is warranted. HDAC3 and its substrates could be the
targets of effective anti-inflammatory and immunomodulatory drug development in pursuit of a
treatment for ARDS.

Conclusions
HDAC3 plays an important role in the alveolar epithelial response to bacterial pathogen associated
molecular patterns. This work has identified many nuclear and cytoplasmic substrates that associate
with HDAC3 under different physiological conditions including components of the MyD88 dependent TLR
signaling complex. Many of the proteins identified in this study have been identified as acetyl-proteins in
large scale proteomics experiments and here we propose targeting the interaction between HDAC3 and
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these novel substrates could lead to the development of safer more effective therapeutics for
inflammatory conditions of the lung such as Acute respiratory distress syndrome.
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Figures

Figure 1
Constructs and Workflow. A. Graphical representation of proteins expressed from pcDNA3.1-HDAC3-DYKBioID2 and pcDNA3.1-DYK-BioID2 respectively. DYK represents an internal or N-Terminal DYKDDDDK
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Epitope tag. B. Graphical depiction of the in-vitro culture conditions of A549 cells and sample collection.
C. Graphical depiction of the streptavidin precipitation of biotinylated proteins and elution conditions.

Figure 2
Quality Control, sample normalization, and principal component analysis. A. Streptavidin Western Blot of
10 uL of elution. Triplicate biological replica of either control (BioID2) or target (HDAC3 BioID2) under
each culture condition UN (Unstimulated), LPS (Stimulated with 1 ug/mL LPS), or LPS + MS275
(Stimulated with 1 ug/mL LPS and treated with 10 uM MS275) were ran on a 4–15% precast
polyacrylamide gel and visualized using Dylite488 conjugated streptavidin on a BioRad ChemiDoc MP
imaging system. B. Raw sample variation from quantitative mass spec analysis. C. Normalized sample
variation from quantitative mass spec analysis. D. Scatter plot of the principal component analysis (PCA)
of the variation between biological replicas for the given samples.
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Figure 3
Comparison of Datasets. A. Heat map with hierarchal clustering of the quantitative mass spec data for
the control (BioID2), Untreated (HDAC3_NA), LPS Stimulated (HDAC3_LPS), LPS + MS275 Stimulated
(HDAC3_LPS_MS275), and quality Control (QCPool) samples. Node intensity is representative of the Z
score for the given value from Red (Negative) to Green (Positive). B. Venn Diagram of the significantly
enriched proteins in Untreated, LPS Stimulated (LPS), or LPS + MS275 Stimulated (LPS + MS275).

Figure 4
Ingenuity Pathway Analysis. A. Venn Diagram of canonical pathways identified for each individual data
set (Untreated, LPS stimulated, and LPS + MS275 Stimulated). B. Heat map generated using the
comparison analysis tool expanding upon pathogen induced inflammatory processes. Node intensity is
labeled by Z score from Blue (Negative) to Orange (Positive). Grey indicates a Z score was not able to be
calculated.
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Figure 5
HDAC3 is sequestered to the Myddosome and cytoplasmic NFkB in the presence of MS275. A-C. Pathway
analysis of Untreated, LPS Stimulated, and LPS + MS275 Stimulated data sets expanding on Toll-like
receptor signaling. Positive interactions are indicated by red labeled nodes. Intensity of the interaction is
visualized by Low (Pink) to High (Dark Red).
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Figure 6
Acetylation of IRAK4 induces localization to distinct intercellular loci with LPS stimulation. A549 cells
were either left A. untreated, B. untreated but stimulated with 1 ug/mL LPS, or C. treated with 10 uM
MS275 and stimulated with 1 ug/mL LPS. IRAK4 staining becomes more heavily membrane associated
with LPS stimulation and in the presence of MS275 sequesters to distinct intercellular loci. D. Immunoprecipitation of IRAK4 and western blot for pan acetyl-lysine from A549 cells without and with MS275
treatment. The visualized band is ~52 kDa the predicted molecular weight of human IRAK4.
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Figure 7
Proposed Mechanism of HDAC3 Interacting with the Myddosome. Left. Cannonical Myddosomal
oligomerization following Toll-like receptor 4 (TLR4) activation with Lipopolysaccarhide (LPS). Following
TLR4 activation by recognition of extracellular LPS, MyD88 adaptor-like (MAL) recruits 6 MyD88 to
cytoplasmic domains of activated TLR4. This in turn recruits 4 interleukin 1 receptor associated kinase 4
(IRAK4) and 4 interleukin 1 receptor associated kinase 1/2 (IRAK1/2) that then phosphorylate TRAF6
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which mitigates signal transduction between the myddosome and NFkB, ultimately resulting in the
expression of proinflammatory cytokines and chemokines. Right. Disruption of myddosome
oligomerization by inhibition of HDAC3 with MS275. The acetylation of IRAK4 inhibits membrane
associated myddosome oligomerization and efficient MyD88 dependent TLR4 signal transduction.
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