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M a c r o p h a g e s  ar e  m e c h a n o s e n siti v e  c ell s  t h at  c a n  e x q ui sit el y  fi n e-t u n e  t h eir  f u n cti o n  i n  r e s p o n s e  t o  t h eir 

mi cr o e n vir o n m e nt.  W hil e  m a cr o p h a g e  p ol ari z ati o n  r e s ult s  i n  c o n c o mit a nt  c h a n g e s  i n  c ell  m or p h ol o g y  a n d 

e pi g e n eti c  r e pr o gr a m mi n g,  h o w  bi o p h y si c all y-i n d u c e d  si g n ali n g  c a s c a d e s  c o ntri b ut e  t o  g e n e  r e g ul at or y  pr o -

gr a m s t h at dri v e p ol ari z ati o n r e m ai n s u n k n o w n. W e r e v e al a c yt o s k el et o n- d e p e n d e nt Sr c- H 3 a c et yl ati o n ( H 3 A c) 

a xi s r e s p o n si bl e f or i n fl a m m ati o n- a s s o ci at e d hi st o n e h y p er a c et yl ati o n. I n fl a m m at or y sti m uli c a u s e d i n cr e a s e s i n 

tr a cti o n  f or c e s,  Sr c  a cti vit y  a n d  H 3 A c  m ar k s  i n  m a cr o p h a g e s,  a c c o m p a ni e d  b y  r e d u c e d  c ell  el o n g ati o n  a n d 

m otilit y.  T h e s e  eff e ct s  w er e  c urt ail e d  f oll o wi n g  di sr u pti o n  of  H 3 A c- si g n ali n g  t hr o u g h  eit h er  mi cr o p att er n- 

i n d u c e d c ell el o n g ati o n or i n hi biti o n of H 3 A c r e a d er s ( B R D pr ot ei n s) dir e ctl y. Sr c a cti v ati o n r eli e v e s t h e s u p -

pr e s si o n of p 3 0 0 hi st o n e a c et yltr a n sf er a s e ( H A T) a cti vit y b y P K C δ . F urt h er m or e, w hil e i n hi biti o n of Sr c r e d u c e d 

p 3 0 0 H A T a cti vit y a n d H 3 A c m ar k s gl o b all y, l o c al H 3 A c l e v el s wit hi n  t h e Sr c pr o m ot er w er e i n cr e a s e d, s u g -

g e sti n g  H 3 A c  r e g ul at e s  Sr c  l e v el s  t hr o u g h  f e e d b a c k.  T o g et h er,  o ur  st u d y  r e v e al s  a n  a d h e s o m e-t o- e pi g e n o m e 

r e g ul at or y n e x u s u n d erl yi n g m a cr o p h a g e m e c h a n o s e n s ati o n, w h er e Sr c m o d ul at e s H 3 A c- a s s o ci at e d e pi g e n eti c 

si g n ali n g  a s  a  m e a n s  of  t u ni n g  i n fl a m m at or y  g e n e  a cti vit y  a n d  m a cr o p h a g e  f at e  d e ci si o n s  i n  r e s p o n s e  t o 

mi cr o e n vir o n m e nt al c u e s.   

1. I nt r o d u cti o n 

M a cr o p h a g e s pl a y a n i m p ort a nt r ol e i n ti s s u e h e ali n g a n d r e g e n er -

ati o n. A gr o wi n g n u m b er of st u di e s h a v e d e m o n str at e d t h at t h e s e i n n at e 

i m m u n e c ell s r e c o g ni z e e xtr a c ell ul ar m e c h a ni c al c u e s t h at c a n c o n s e-

q u e ntl y m o d ul at e t h eir r e s p o n s e t o bi o c h e mi c al p ert ur b ati o n s [ 1 ,2 ]. A s 

m e c h a n o s e n siti v e c ell s, m a cr o p h a g e s r e s p o n d t o bi o p h y si c al c u e s s u c h 

a s t h e e xtr a c ell ul ar m atri x ( E C M) ar c hit e ct ur e a n d c o m p o siti o n, ti s s u e 

stiff n e s s, c ell- c ell c o nt a ct s, fl ui d fl o w- m e di at e d str et c h, a n d c o m pr e s si v e 

or s h e ar f or c e s [ 1 ]. T h e s e sti m uli c o ntri b ut e t o m a cr o p h a g e h o m e o st ati c 

f u n cti o n  a n d al s o m o d ul at e t h eir a cti v ati o n [3 ]. I n p arti c ul ar, st u di e s 

h a v e  d e m o n str at e d  t h at  t h e  r e s p o n s e  of  m a cr o p h a g e s  t o  pr oi n -

fl a m m at or y  c yt o ki n e s  i s  d a m p e n e d  wit hi n  l o w- a d h e si v e  c o n diti o n s 

w h er e c ell s ar e, f or e x a m pl e, p att er n e d i nt o c o n fi n e d [ 2 ] or el o n g at e d 

m or p h ol o gi e s [ 4 ], or i n c o nt a ct wit h s oft s u b str at e s [ 5 ]. I nt er e sti n gl y, 

m or e r e c e nt w or k s h a v e al s o d e m o n str at e d t h at m a cr o p h a g e s g e n er at e 

diff er e nti al e xtr a c ell ul ar f or c e s i n r e s p o n s e t o alt er e d E C M stiff n e s s a n d 

d uri n g cl a s si c al pr o-i n fl a m m at or y ( oft e n r ef err e d t o a s M 1) a cti v ati o n 

i n d u c e d  b y  b a ct eri al  li p o p ol y s a c c h ari d e  ( L P S),  w hi c h  mi g ht  f urt h er 

c o ntri b ut e t o l o c al ti s s u e m e c h a ni c s [ 6 ,7 ]. 

C ell s h a p e alt er ati o n s h a v e b e e n li n k e d t o s e v er al a s p e ct s of c ell ul ar 

f u n cti o n, i n cl u di n g gr o wt h a n d a p o pt o si s [8 ], diff er e nti ati o n a n d li n e -

a g e  c o m mit m e nt  [ 9 ,1 0 ],  a n d  p at h ol o g y  [ 1 1 ,1 2 ]. I n  vitr o o b s er v ati o n s 

s h o w  m uri n e  b o n e  m arr o w  d eri v e d  m a cr o p h a g e s  ( B M D M)  u n d er g o 

s h a p e  c h a n g e s  u p o n  a cti v ati o n  [ 4 ].  I n fl a m m at or y  a cti v ati o n  t hr o u g h 

L P S /I F N γ c a u s e s a fl att e ni n g of a d h er e d B M D M s, e x hi biti n g a si g n at ur e 
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fried-egg morphology and causing a significant drop in the aspect ratio 
of the cells [4]. M2 activation (alternative activation, pro-wound heal
ing) bestowed by the introduction of interleukins IL-4/IL-13 causes 
significant elongation of the macrophage population [4]. Such cell shape 
changes can also be triggered by mechanical changes within the cell 
microenvironment. For example, facilitated elongation of mouse 
BMDMs through the micropatterning of ECM proteins shows that elon
gated cells express higher M2 phenotypic markers even in the absence of 
polarizing exogenous cytokines [4]. Additionally, micropatterning 
macrophages enhanced the production of M2 marker Arginase upon 
IL-4/IL-13 treatment and reduced the expression of M1 marker iNOS 
post LPS/IFN exposure [4]. Other works observe a similar effect when 
BMDMs were cultured on topographically grooved substrates, where cell 
elongation presents with reduced inflammatory tumor necrosis factor 
(TNF ) secretion, and increased interleukin-10 (IL-10) and Arginase-1 
production [13,14]. These observations have also been corroborated 
in vivo wherein implantation of biomaterials presenting grooved to
pographies elicited higher production of healing markers Arginase-1 and 
IL-10, compared to flat control materials [13]. 

Epigenetic gene regulatory mechanisms are key to both pro- and 
anti-inflammatory macrophage phenotypes [15]. Specifically, 
LPS-induced inflammation has been observed to enhance histone acetyl 
transferase (HAT) activity in BMDMs [16] and alveolar macrophages 
[17]. Moreover, several epigenetic drugs that either impede histone H3 
acetylation (H3Ac) or their recognition by transcriptional complexes 
display anti-inflammatory effects [15]. Of considerable interest are the 
inhibitors of bromodomain and extraterminal domain (BET) proteins 
such as iBet762 [18] and JQ1 [19], which have substantial 
anti-inflammatory properties. Well-known members of the BET family 
of proteins include BRD2 and BRD4, both of which have been implicated 
in inflammation based on their localization to inflammatory gene pro
moters during macrophage polarization [19,20]. These H3Ac readers 
bind to relaxed regions of the chromatin marked by acetylated histones 
and act as scaffolds on euchromatin, facilitating binding by transcription 
elongation factors, transcriptional factors and other coactivators [21]. 
By supporting the stability and localization of protein complexes 
comprising inflammatory transcriptional factors such as NF- B, STATs 
and IRFs, BET proteins contribute significantly to inflammatory program 
activation within macrophages [21]. 

Biophysically-induced cell shape changes have been known to 
modulate chromatin accessibility and control cellular behaviors such as 
reprogramming [22] and motility [23] through epigenetic histone 
modifications. In this study, we hypothesized that extracellular me
chanical signaling alters inflammatory gene activity and macrophage 
fate decisions by tuning epigenetic regulation of transcription. We found 
that seeding macrophages on micropatterned (5 m wide) fibronectin 
lines caused reduced expression of inflammatory markers such as Nos2 
and Ccl2 when stimulated with LPS/IFN . These changes were 
concomitant with a reduction in bulk histone acetylation, and we sought 
a mechanism that would explain this observation. We found that Src and 
p300 HAT activity, both hallmarks of inflammatory activation, were 
suppressed in macrophages cultured on micropatterned lines. In addi
tion, micropatterns induced similar cellular morphology and 
anti-inflammatory effects as soluble pharmacological BET inhibitors, 
and we explored these effects in parallel to identify their mechanistic 
intersections. 

2. Materials and methods 

2.1. Primary macrophage culture, activation and treatment conditions 

BMDMs were cultivated and stimulated as previously described [4]. 
8- to 12-week old female C57BL/6J mice (Jackson Laboratory) were 
sacrificed, and their femur and tibia dissected per Institutional for Ani
mal Care and Use Committee (IACUC) approved protocols established at 
the University of California-Irvine. Subsequently, the bone marrow from 

each of the bones was flushed out and treated with ACK cell lysis buffer 
(Gibco). The cells were then cultured in D10 media (DMEM with 10% 
fetal bovine serum (FBS), 100 U/mL Penicillin, 100 g/mL Strepto
mycin, 292 g/mL L-glutamine, all from Gibco) supplemented with re
combinant murine macrophage colony stimulating factor (derived from 
CMG14-12/L929 cell supernatant) for 7 days on non-treated culture 
dishes. Day-7 cells were then seeded and allowed to adhere for 2 h (h) 
prior to stimulation. The macrophages were stimulated with 1 ng/mL of 
LPS (from E. coli O111:B4, Sigma Aldrich) and recombinant mouse IFN
(R&D Systems) for 16 h resulting in macrophage inflammatory activa
tion. Unstimulated cells were used as controls. iBet treatment, when 
used, was performed by introducing 1 M of iBet762 (Sigma Aldrich) 
into the culture medium 30 min (min) prior to stimulation. 

Gene knockdown were performed by electroporation using siRNA, 3 
days prior to experiments (4D-Nucleofector, Lonza). BRD2 siRNA pool 
(GGAAAGGGCUCAUCGCCUA, CGGAAGCCCUACACUAUUA, GAAUUG 
GGAUCGAUGAAGA, GAGCUUGAGCGAUAUGUUU) (Horizon Discov
ery, Cat. M-043404-01-0005), and BRD4 siRNA pool (GAACCUCCCU
GAUUACUAU, CAACAAACUUCCUGGUGAG, AAGGAAACCUCAAGCUG 
AA, ACAAUCAAGUCUAAACUAG) (Horizon Discovery, Cat. M-041493- 
00-0005) were both a mixture of 4 siRNA. Cytoskeletal inhibitors, when 
used, were also introduced 30 min pre-stimulation. Cytoskeletal in
hibitors Cytochalasin-D (10 M), Blebbistatin (30 M), Y27632 (30 M) 
and RKI-1447 (10 M) were used at the indicated concentrations (all 
from Tocris Bioscience). Src inhibition and knockdown experiments 
were performed on cell seeded onto tissue culture plates. Src inhibitors 
PP1 (Cayman Chemicals) and PP2 (Millipore Sigma) were used at a 
concentration of 5 M for a period of 6, 24 or 48 h. Src knockdown was 
performed using an siRNA pool (pool of 4 siRNA UGACCGAGCU
CACCACUAA, GGGAAACGGGCAAAUAUUU, GCACGGGACAGACC 
GGUUA, GCCAAGGGCCUAAAUGUGA) (Horizon Discovery, Cat. M- 
040877-01-0005), nucleofected at day 6 for a period of 48 h. A scram
bled siRNA pool (UGGUUUACAUGUCGACUAA, UGGUUUACAUGUU
GUGUGA, UGGUUUACAUGUUUUCUGA, UGGUUUACAUGUUU 
UCCUA) (Horizon Discovery, Cat. D-001810-10-05) was used for non- 
target controls. Cells were treated with rottlerin (5 M, Tocris Biosci
ence) and curcumin (30 M, Sigma) for 6 h before stimulation to inhibit 
the activity of PKC and p300 respectively. 

After stimulation with 1 ng/ml of LPS and IFN , the cells were either 
fixed with 4% paraformaldehyde for immunostaining, lysed in Trizol 
(Sigma Aldrich) for qRT-PCR and NanoString gene expression profiling, 
or lysed in RIPA buffer (VWR) with protease and phosphatase inhibitor 
cocktail (Thermo Fisher) for proteins analysis through western blotting. 
The stimulation time course experiments in this study were performed 
using inflammatory stimuli concentrations of 10 ng/ml for LPS and 
IFN . A minimum of three individual biological replicate experiments 
were performed for all the analyses. 

2.2. Micropatterning 

Micropatterning was performed as described earlier [4]. In brief, 
silicon wafers with an array of 5 m lines and 5 m spacing was fabri
cated by standard photolithography and used to create PDMS (1:10 ratio 
of resin base to crosslinker, Sylgard 184) stamps by replica molding (soft 
lithography). These stamps were washed with 70% ethanol and dried 
with a nitrogen gun, before being incubated with 20 g/mL fibronectin 
for 1 h at room temperature (RT). PDMS spin-coated 25-mm coverslips 
were treated with UV Ozone (Jelight) and stamped onto with the 
fibronectin-coated PDMS stamps. The coverslips were then incubated in 
0.2% (w/v) Pluronic F-127 (Sigma Aldrich) for 1 h at RT. The surfaces 
were washed with phosphate buffered saline (PBS) thrice before being 
seeded with cells at a density of 80,000 cells/mL. Flat controls were 
prepared by casting PDMS on 10 cm petri dishes and used for creating 
control unpatterned protein surfaces. 
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2.3. Cell migration and quantification 

Cells were tracked via live-cell imaging of macrophages post stimu
lation for 12 h, with a capture frequency of 2 min. In brief, fibronectin 
was stamped onto PDMS-coated glass coverslips of dimensions 10 mm 
8 mm and transferred into glass bottom 8-chamber slides (Nunc Lab- 
Tek), before being blocked using Pluronic F-127 as described above. 
Cells were seeded at a density of 20,000 cells per well, and imaging was 
performed post stimulation. The images were processed to track the cell 
centroids using MTrackJ plug-in of Fiji [24]. The centroid data was 
analyzed using a custom python script. The metrics measured were: 
velocity total distance traveled over unit time of observation, 
maximum displacement the farthest distance traveled by a cell relative 
to its starting position, and mean square displacement (MSD) average 
(over all observations) of the square of displacement. At least 40 cells 
per condition, from two biological replicates were analyzed. 

2.4. Traction force microscopy (TFM) 

Polyacrylamide (PA) gel substrates were prepared with a modified 
procedure of previously published protocols [25,26]. Briefly, glass 
coverslips (10 mm 8 mm) were UV-ozone treated and functionalized 
using 0.3% (v/v) 3-(Trimethoxysilyl)propyl methacrylate (Sigma 
Aldrich) in 95% ethanol and 0.5% glacial acetic acid. Glass slides were 
functionalized with 0.1 mg/mL poly-D-lysine (Gibco) and a 1:800 (v/v) 
dilution of red fluorescent micro-spheres (0.5 m carboxylate-modified, 
Thermo Fisher) in water [26]. A solution of 40% acrylamide and 2% 
bis-acrylamide (both Bio-Rad) was mixed to prepare 20 kPa gels [25]. 
Polymerization was initiated by the addition of 1:1000 (v/v) tetrame
thylethylenediamine and 1:100 (v/v) of a 1% ammonium persulfate 
solution (both Sigma Aldrich). 5 L of PA solution was pipetted onto the 
functionalized glass slides and the functionalized glass coverslip was 
placed on top. After polymerization, the gels were peeled off, and 
fibronectin (20 g/mL) was conjugated to the surface of gels with 
sulfo-SANPAH reagent (Thermo Fisher) [25]. The prepared PA gels were 
rinsed with PBS, and surfaced disinfected with UV light for 30 min, after 
which cells were seeded at 20,000 cells per well in glass bottom 8-cham
ber slides (Nunc Lab-Tek). Traction force microscopy imaging was per
formed by capturing images of microbeads and cell location at 2 h, 6 h 
and 15 h post stimulation. The cells were released from the gel surface 
with a 0.1% sodium dodecyl sulfate solution. Fiji software [24] was used 
to register any unaligned images. Subsequently, particle image veloc
imetry and Fourier transform traction cytometry were performed as 
previously described [27]. A custom code was written in Python and IJ1 
macro language to batch process the single cell traction forces. While the 
estimated total elastic energy is the integrated strain energy of the PA gel 
under elastic deformation by cell traction forces, the root-mean-squared 
(RMS) forces are calculated as the square root of the mean squared 
forces associated with the bead displacement by single cells, measured 
using 24 pixel interrogation windows as described before [6,28]. A 
minimum of 40 cells per condition from two biological replicates were 
analyzed. 

2.5. RNA extraction, qRT-PCR and qPCR 

RNA was extracted using Direct-zol RNA extraction kit (Zymo 
Research #R2051) and converted to cDNA using the High-Capacity 
cDNA Transcription Kit (Thermo Fischer Scientific #4368814). 
Reverse transcribed cDNA or genomic DNA from ChIP samples were 
used for quantitative PCR (qPCR). Samples were analyzed using 
SsoAdvanced Universal SYBR Green Supermix reagent (Bio-Rad 
#1725272). Primer concentrations were kept at 300 nM and 2 step qPCR 
was performed as described according to the manufacturer s protocol. 
The primers used for qRT-PCR and qPCR are attached in the supplement 
(Table S1). 

2.6. Gene expression panel 

Multiplexed gene expression analysis for 240 inflammatory genes 
was performed on macrophages undergoing stimulations on the flat 
(unpatterned) and micropatterned surfaces using the nCounter inflam
mation panel (NanoString Technologies). Samples from two biological 
replicate experiments were processed as recommended by the manu
facturer. 2 h and 16 h LPS/IFN -treated cells were analyzed to under
stand differential gene expression at early and late time points. Data 
underwent background subtraction and filtering to eliminate lowly 
expressed genes, and was subsequently normalized to the geometric 
mean of six reference genes: Cltc, Gapdh, Gusb, Hprt, Pgk1, and Tubb5. 
Gene expression was also normalized to the positive controls in the 
panel. Genes that were expressed higher than two standard deviations 
above the mean of the negative background controls were selected for 
further analysis. Fold-change data were represented on a Log2 scale for 
both replicates and time-points. 

2.7. Gene coregulation network analyses 

Gene correlation analysis was performed using gene expression data 
(GEO Number: GSE21764) from BMDMs stimulated for 1, 2, or 4 h with 
LPS and with or without iBet treatment. Pearson s correlation co
efficients for all pairwise arrangements were calculated for the inflam
matory genes that showed over 1.5-fold change in micropatterned vs. 
flat surfaces (averaged across two biological replicates) in our gene 
expression dataset, as well as LPS-sensitive integrin and cadherin genes 
(from the adhesome gene sets in Refs. [29 31]). A correlation threshold 
of 0.9 was set for the adjacency matrix. Gene nodes without any corre
lation were excluded. The correlation network was visualized using the 
igraph package in R [32]. Protein-protein interactions in this study were 
mapped using the String database [33]. 

2.8. ChIP-seq data mining 

H3Ac enrichment data were obtained from ChIP-Seq experiments 
from a separate published study (GEO: GSE21910) [18]. H3Ac enrich
ment was measured for the genes in the gene correlation network 
described above. H3Ac binding was quantified as a summation of 
enrichment above a background threshold, in the promoter regions 
defined by 10 kilobases centered around the start of each gene. The 
enrichment data were converted to Z-scores for visualization as a 
heatmap for annotation of the gene correlation network described 
above. 

2.9. Immunostaining, western blots and ELISA 

Cells were fixed with 4% paraformaldehyde (EMS), and per
meabilized with 0.3% Triton X-100 (Sigma Aldrich) in PBS with a 10 
min incubation. Primary antibody, against either integrin V/ 3 (1:200 
(v/v), Novus Biologicals, Cat. SC56-07), H3Ac (1:500 (v/v), Millipore 
Sigma, Cat. 06 599), iNOS (1:50 (v/v), Abcam, Cat. 15323), NF- B 
(1:200 (v/v), Santa Cruz, Cat. sc-8008), or Src (1:500 (v/v), Cell 
Signaling, Cat. 2108) was used overnight at 4 C. After 3 h of incubation 
at RT with Alexa Fluor 594 conjugated secondary antibody (Abcam), 
cells were incubated for 30 min with Alexa Fluor 488-Phalloidin and 
DAPI (both Life Technologies). The samples were then mounted with 
fluoromount-G (Southern Biotech) for visualization using a confocal 
microscope (Zeiss LSM780 or Olympus Fluoview FV3000). Staining for 
vinculin/focal adhesion kinase were performed using a staining kit 
(Sigma, Cat. FAK100) following the manufacturer s instructions. For 
western blotting, SDS-PAGE was performed using 4 15% gels (Bio-Rad) 
at 70 V, and the proteins were transferred using a dry blot transfer 
system to nitrocellulose membranes (iBlot2). The blot was blocked with 
5% bovine serum albumin (BSA) and probed overnight at 4 C with 
either H3Ac (1:1000 (v/v), Millipore Sigma, Cat. 06 599), Src (1:1000 
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( v / v), C ell Si g n ali n g, C at. 2 1 0 8), p h o s p h o Sr c ( Y 4 1 6) a nti b o d y ( 1: 1 0 0 0 

( v / v), C ell Si g n ali n g, C at. 6 9 4 3), p h o s p h o P K C δ ( Y 3 1 1) ( 1: 1 0 0 0 ( v / v), 

C ell Si g n ali n g, C at. 2 0 5 5), P K C δ ( 1: 1 0 0 0 ( v / v), A b c a m, C at. a b 1 8 2 1 2 6), 

p h o s p h o S T A T 1 ( Y 7 0 1) ( 1: 1 0 0 0 ( v / v), C ell Si g n ali n g, C at. 9 1 6 7), S T A T 1 

( 1: 1 0 0 0 ( v / v), C ell Si g n ali n g, C at. 1 4 9 9 4), or HI F 1 α ( 1: 1 0 0 0 ( v / v), C ell 

Si g n ali n g, C at. 3 6 1 6 9) pri m ar y a nti b o d y f oll o w e d b y i n c u b ati o n wit h a n 

a nti-r a b bit I g G H R P s e c o n d ar y a nti b o d y ( 1: 2 0 0 0 ( v / v), C ell Si g n ali n g) at 

R T f or a n h o ur. G A P D H ( 1: 2 0 0 0, S a nt a Cr u z, C at. s c- 5 9 5 4 0) w a s u s e d t o 

n or m ali z e t h e c ell l y s at e l o a di n g. E LI S A w a s p erf or m e d a s p er st a n d ar d 

t e c h ni q u e s u si n g a m o u s e M C P- 1 kit ( Bi ol e g e n d, C at. 4 3 2 7 0 4). 

2. 1 0.  C yt o ki n e pr o flli n g 

C yt o ki n e pr o fll e s f or m a cr o p h a g e r e s p o n s e t o L P S /I F N γ wit h i n hi b -

it or y  dr u g  tr e at m e nt s  w er e  pr o b e d  b y  m ulti pl e x e d  a n al yt e  a n al y si s 

( M o u s e  C yt o ki n e  Arr a y / C h e m o ki n e  Arr a y  3 1- Pl e x  ( M D 3 1),  E v e 

Fi g.  1.  M a c r o p h a g e s  e x hi bit  alt e r e d  m o r p h ol o g y  a n d  i n fi a m m at o r y  a cti v ati o n  wit h  B E T  i n hi biti o n  a n d  f a cilit at e d  el o n g ati o n. ( a)  S c h e m ati c  f or  t h e 

mi cr o p att er ni n g  t e c h ni q u e  u s e d  t o  g e n er at e  t h e  5 μ m  fl br o n e cti n  li n e s,  a n d  ti m eli n e  of  e x p eri m e nt s  d e s cri bi n g  t h e  e x p eri m e nt al  w or k fl o w.  ( b)  M or p h ol o g y  of 

u n sti m ul at e d a n d sti m ul at e d B M D M s o n fl at s, fl at s wit h i B et a n d mi cr o p att er n e d li n e s, wit h F- a cti n st ai n e d i n t h e i n s et fl g ur e s. ( c) R el ati v e g e n e e x pr e s si o n of M 1 

m ar k er g e n e s N os 2, a n d C cl 2 i n c ell s sti m ul at e d wit h L P S /I F Nγ f or 1 6 h, o n t h e fl at s, fi at s wit h i B et a n d mi cr o p att er n e d c o n diti o n s. G e n e e x pr e s si o n h a v e b e e n 

i n di vi d u all y n or m ali z e d t o G a p d h . Q u a nti fl c ati o n of c ell ul ar ( d) a n d n u cl e ar ( e) a s p e ct r ati o s f or t h e B M D M s o n fl at s, fl at s wit h i B et a n d mi cr o p att er n e d li n e s, a n d 

c orr e s p o n di n g n u cl e ar ar e a (f), a n d n u cl e ar v ol u m e ( g). ( h) M or p h ol o g y of c ell s tr e at e d wit h si R N A a g ai n st B R D 2 a n d B R D 4 f or 3 d a y s, a n d sti m ul at e d wit h 1 n g / ml 

L P S /I F N γ f or 1 6 h. F- a cti n h a s b e e n st ai n e d i n t h e i n s et fi g ur e s. (i) R el ati v e g e n e e x pr e s si o n of M 1 m ar k er g e n e s N os 2, a n d C cl 2 i n c ell s sti m ul at e d f or 1 6 h wit h 1 n g / 

ml  L P S /I F N γ ,  aft er  tr e at m e nt  wit h  siB R D 2 a n d  si B R D 4 f or  3  d a y s.  G e n e  e x pr e s si o n  h a v e  b e e n  i n di vi d u all y  n or m ali z e d  t o G a p d h .  D at a  i n  all  p a n el s  h a v e  b e e n 

r e pr e s e nt e d a s m e a n ± S E M. O n e- w a y A N O V A wit h m ulti pl e c o m p ari s o n s u si n g T u k e y t e st w a s p erf or m e d. Vi oli n pl ot s s h o w q u artil e s a n d m e di a n. S o ur c e d at a 

ar e pr o vi d e d. 
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T e c h n ol o gi e s, C al g ar y, C A N). 

2. 1 1.  C hr o m ati n i m m u n o pr e ci pit ati o n f oll o w e d b y q P C R ( C hI P- q P C R ) 

C hI P  e x p eri m e nt s  w er e  p erf or m e d  u si n g  pr e vi o u sl y  e st a bli s h e d 

m et h o d s  [ 3 4 ].  Fl at  a n d  mi cr o p att er n e d  s urf a c e s  w er e  cr e at e d  o n  1 5 0 

m m P D M S- c o at e d p etri di s h e s o nt o w hi c h 5 milli o n c ell s w er e pl at e d f or 

e a c h  of  t h e  c o n diti o n s.  Aft er  2  h  of  sti m ul ati o n,  c ult ur e  m e di a  w a s 

a s pir at e d o ut a n d t h e c ell s w er e cr o s sli n k e d wit h 1 % p ar af or m al d e h y d e 

( E M S) f or 1 0 mi n at R T. T h e fl x ati o n w a s q u e n c h e d wit h t h e a d diti o n of 

0. 1 2 5 M gl y ci n e i n P B S f or 5 mi n a n d c ell s w er e s cr a p p e d i nt o c ell l y si s 

b uff er ( 0. 5 % N o ni d et- 4 0 a n d 8 5 m M K Cl i n 2 0 m M Tri s- H Cl, p H 8. 0). 

N u cl ei w er e p ell et e d at 2 5 0 0 × g f or 5 mi n, a n d t h e n l y s e d wit h n u cl ei 

l y si s b uff er ( 0. 1 % s o di u m d o d e c yl s ulf at e, 0. 5 % s o di u m d e o x y c h ol at e, 

1 % N o ni d et- 4 0 i n 1 0 m M Tri s- H Cl, p H 7. 5). C hr o m ati n fr o m t h e n u cl e ar 

l y s at e w a s t h e n s h e ar e d f or 8 mi n ( 0. 7 s o n a n d 1. 3 s off p ul s e s) u si n g a 

pr o b e s o ni c at or ( Br a n s o n S o ni fl er S F X 2 5 0) at 4 0 % a m plit u d e. All st e p s 

w er e p erf or m e d o n i c e. A p pr o xi m at el y 1 0 μ g of c hr o m ati n w a s u s e d p er 

i m m u n o pr e ci pit ati o n wit h 2 μ g of H 3 A c a nti b o d y ( Milli p or e Si g m a, C at. 

0 6 – 5 9 9) at 4 ◦ C o v e r ni g ht. T h e pr e ci pit at e s w er e r e c o v er e d wit h m a g -

n eti c pr ot ei n A / G b e a d s ( T h er m o Fi s h er), a n d w a s h e d t wi c e s eri all y wit h 

l o w  s alt  i m m u n o c o m pl e x  b uff er,  hi g h  s alt  i m m u n o c o m pl e x  b uff er, 

lit hi u m c hl ori d e i m m u n o c o m pl e x w a s h b uff er, a n d Tri s- E D T A ( p H 8). 

I m m u n o pr e ci pit at e d pr ot ei n- D N A c o m pl e x e s w er e el ut e d i nt o a s ol uti o n 

of  1 %  S D S  a n d  1 0 0  m M  s o di u m bi c ar b o n at e,  a n d  t h e n  r e v er s e  cr o s s -

li n k e d  o v er ni g ht  at  6 5 ◦ C  i n  a  s ol uti o n  c o nt ai ni n g  R N a s e  A  a n d  pr o -

t ei n a s e  K.  T h e  D N A w a s  r e c o v er e d  u si n g  A M P ur e X P  m a g n eti c  b e a d s 

( B e c k m a n C o ult er), w a s h e d wit h 7 0 % et h a n ol, a n d t h e n q u a nti fi e d b y 

q P C R. D N A e nri c h m e nt h a s b e e n r e pr e s e nt e d a s t h e fr a cti o n of i n p ut a n d 

i s pr e s e nt e d a s f ol d v er s u s H 3 A c bi n di n g i n m a cr o p h a g e s c ult ur e d o n 

fl at s. 

2. 1 2.  H A T a cti vit y ass a y 

T ot al H A T a cti vit y w a s m e a s ur e d u si n g a c ol ori m etri c kit ( E pi g e nt e k, 

C at. P- 4 0 0 3- 9 6), f oll o wi n g t h e m a n uf a ct ur er ’s r e c o m m e n d e d pr ot o c ol. 

N u cl e ar e xtr a ct s fr o m 5 × 1 0 6 c ell s c oll e ct e d 2 h aft er L P S /I F N γ sti m -

ul ati o n w er e i s ol at e d u si n g t h e m et h o d s d e s cri b e d a b o v e f or C hI P- q P C R. 

p 3 0 0  H A T  a cti vit y  w a s  m e a s ur e d  u si n g  t h e  s a m e  a s s a y  t e c h ni q u e s, 

e x c e pt t h at p 3 0 0 w a s i m m u n o pr e ci pit at e d [ 3 5 ] u si n g a p 3 0 0 a nti b o d y 

( A b c a m C at. a b 1 0 4 8 5, 1: 1 0 0 ( v / v)) o v er ni g ht a n d p uri fl e d u si n g m a g -

n eti c pr ot ei n A / G b e a d b ef or e t h e H A T a s s a y. 

2. 1 3. I m a g e a n al ysis 

A n al y s e s  of  c ell  m or p h ol o g y  a n d  q u a nti fl c ati o n  of  fl u or e s c e nt 

Fi g. 2.  M a c r o p h a g e s e x hi bit alt e r e d a d h e si v e st r u ct u r e s a n d m otilit y wit h B E T i n hi biti o n a n d f a cilit at e d el o n g ati o n. ( a) Vi n c uli n st ai ni n g of u n sti m ul at e d 

a n d 1 n g / ml L P S /I F N γ sti m ul at e d B M D M s o n fl at s, fl at s wit h i B et a n d mi cr o p att er n e d li n e s at 1 6 h p o st sti m ul ati o n. Q u a nti fi c ati o n s of m a xi m u m di s pl a c e m e nt ( b), 

v el o cit y ( c), a n d m e a n s q u ar e di s pl a c e m e nt s ( d) f or B M D M s tr a c k e d f or 1 2 h p o st sti m ul ati o n, a n d di s pl a c e m e nt r o s e- pl ot s ( e) f or t h e c ell s o n fl at s, fl at s wit h i B et a n d 

mi cr o p att er n s, wit h a n d wit h o ut L P S /I F N γ sti m ul ati o n. (f) R o ot- m e a n- s q u ar e d ( R M S) tr a cti o n f or c e s m e a s ur e d at 2 h, 6 h a n d 1 5 h p o st sti m ul ati o n, vi a tr a cti o n f or c e 

mi cr o s c o p y  s h o w  a n  i n cr e a s e  i n  f or c e s  wit h  i n fl a m m at or y  a cti v ati o n  t h at  i s  s u b d u e d  wit h  i B et  tr e at m e nt.  ( g)  Ti m e-l a p s e  mi cr o s c o p y  fi g ur e s  d e m o n str ati n g  t h e 

m otilit y b e h a vi or s of a r e pr e s e nt ati v e m a cr o p h a g e o n fl at s wit h a n d wit h o ut i B et tr e at m e nt; arr o w s p oi nt t o l e a di n g- e d g e li k e pr otr u si o n s t h at w er e tr a n si e nt a n d 

n u m er o u s ( > 2) i n i B et-tr e at e d c ell s. D at a i n all p a n el s h a v e b e e n r e pr e s e nt e d a s m e a n ± S E M. O n e- w a y A N O V A wit h m ulti pl e c o m p ari s o n s u si n g T u k e y t e st w a s 

p erf or m e d. Vi oli n pl ot s s h o w q u artil e s a n d m e di a n. S o ur c e d at a ar e pr o vi d e d. 
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intensity were performed using Fiji software [24]. Cell morphology was 
ascertained by demarcating the outlines of phalloidin stained cells 
manually. DAPI-stained nuclei were used as masks for nuclear intensity 
quantification of the protein/channel of interest, and the integrated 
intensity of protein fluorescence in the nucleus was assessed on a per-cell 
basis. A minimum of 60 cells were analyzed from replicate experiments. 

2.14. Data acquisition and mining 

Data represented in this manuscript (specifically Fig. 1c-f, 3a and 7c- 
d) had been collected as part of a published doctoral dissertation at UCI 
[36]. Data were also mined from publicly available microarray (GEO 
Number: GSE21764) and ChIP-Seq datasets (GEO: GSE21910) [18]. 
Previously curated adhesome gene sets that described the components of 
the integrin and cadherin networks were used for analysis [29 31]. 

2.15. Statistical analysis 

One-way ANOVA with multiple comparisons using Tukey test were 
performed on GraphPad Prism (v8, GraphPad software). The same 
software was used to perform Student s t-test in experiments where 
there were only two treatment groups. Data are represented as mean 
SEM in the bar plots. Median and quartiles have been marked in the 
violin plots. 

3. Results 

3.1. BET inhibition and facilitated cell elongation prevent inflammation- 
associated cell rounding and gene expression 

To assess the effects of inflammation on cell shape, we activated 
macrophages cultured on flat control substrates with 1 ng/ml LPS/IFN . 
Unstimulated macrophage populations appeared as a mixture of elon
gated and, occasional, circular cells. LPS/IFN treatment caused cyto
skeletal flattening and rounding, thereby significantly reducing the cell 
aspect ratio (Fig. 1b,d) [4]. We used micropatterning to facilitate cell 
elongation on 5 m wide fibronectin lines, while keeping unpatterned, 
flat stamped surfaces as a control (Fig. 1a and b). Macrophages display 
an elongated morphology on micropatterned surfaces in both unstimu
lated and LPS/IFN -treated conditions, demonstrating the abrogation of 
shape changes associated with the M1 phenotype (Fig. 1b,d). Interest
ingly, the disruption of H3Ac readers by iBet762 (henceforth described 
as iBet) and JQ1 also caused most of the population to retain an elon
gated morphology even with LPS/IFN stimulation (Figs. 1b and S1a). In 
addition, we observed that inflammatory genes responsible for free 
radical production (Nos2) and macrophage recruitment (Ccl2) were both 
downregulated in macrophages with BET inhibition and 
micropattern-facilitated elongation (Fig. 1c). 

Quantification of the nuclear aspect ratio and two-dimensional 
projected area revealed a notable change with LPS/IFN activation 
(Fig. 1e and f). LPS/IFN stimulation caused rounding of nuclei within 
the cell population while increasing the nuclear area, without altering 
nuclear volume (Fig. 1g). Interestingly, while the micropatterned cells 
resist the rounding and flattening of nuclei that typically occurs with 

LPS/IFN stimulus, iBet treatment did not prevent inflammation- 
associated shape changes within nuclei (Fig. 1f). However, the nuclear 
volume was significantly lower with micropatterning and iBet treat
ment, pointing to a more compact nucleus (Fig. 1g). BET inhibition using 
JQ1 causes morphological changes identical to that of iBET treatment 
(Figs. S1b d), further confirming that cellular elongation was likely 
caused by BET inhibition. Silencing both BRD2 and BRD4 suppresses 
inflammatory markers Ccl2 and Nos2, and abrogates the inflammatory 
stimulation-induced circularization of cells (Fig. 1h and i). Together, 
these observations on morphology and gene expression suggest that 
altered inflammatory states in macrophages might be coordinated 
through both BET signaling and cell shape changes. 

3.2. Cellular elongation alters adhesive structures 

Our analysis of adhesome genes in macrophages over time demon
strate the dynamic expression of cytoskeleton and associated genes with 
inflammatory polarization (Fig. S5). Such a dynamic adhesome [1,37] is 
suggestive of an altered mechanical state in response to LPS/IFN
stimulation that can explain cell shape-related morphological observa
tions. Based on this, we hypothesized that the micropatterning induced 
macrophage elongation causes differential regulation of cell adhesive 
structures. Given that the fibronectin-binding integrin v 3 is involved in 
cell-substrate engagement and guided cellular behavior like migratory 
persistence [38], we examined its expression by staining. In agreement 
with our previous report [39], we find that integrin v 3 was lower 
expressed in cells that were stimulated with LPS/IFN (Fig. S2). Inter
estingly, treatment with iBet or elongation along micropatterns caused 
higher integrin v 3 expression, although this is not necessarily indica
tive of higher integrin engagement. Therefore, we also visualized focal 
adhesions by staining vinculin. On the micropatterns and in cells treated 
with iBet, vinculin staining was more diffuse and lower overall (Fig. 2a), 
suggesting that adhesive interactions may be repressed in elongated 
cells [14]. Given these results, we next explored the possibility of al
terations in motility and traction forces caused by such disruptions to 
adhesive structures. 

3.3. Cellular elongation correlates with increased motility 

Cell motility is a hallmark of macrophages and a critical attribute for 
carrying out their functions of innate immunity. Cell motility across 
control, iBet-treated, and micropatterned conditions showed no signif
icant differences across all metrics of motility measured (displacement 
and velocity) in the absence of stimulation. We noted that, as previously 
reported [7,39], LPS/IFN -activated BMDMs exhibited a reduced pro
pensity for migration relative to unstimulated cells (Fig. 2b e). BET 
inhibition protected activated macrophages from this 
inflammation-associated reduction in motility, as motility metrics 
remained elevated in iBet-treated cells relative to untreated cells upon 
LPS/IFN treatment (Fig. 2b e). We observe similar trends in cells that 
were micropatterned. Inflammatory stimuli did significantly reduce 
migration speed on patterns, however cells cultured on patterns still 
tended to migrate farther and faster than stimulated cells on flat sur
faces. These data suggest that modulation of macrophage motility 

Fig. 3. Inflammatory and cell adhesion genes are co-regulated during macrophage stimulation and associate with dynamic histone acetylation. (a) Heat 
map of dynamic inflammatory genes being differentially regulated with facilitated elongation (consistent across two biological replicates), at both early and late 
inflammatory states, and donut charts showing overlap between genes regulated with iBet treatment. (b) Gene coregulation network built with elongation-regulated 
differentially-expressed inflammatory genes (dynamic genes from a), and LPS-sensitive adhesome genes, and the correlations per gene for the various categories of 
genes in the network. (c) Heatmap showing differentially enriched H3Ac at promoter regions of the networked genes reveals a highly dynamic H3Ac landscape at 1 h 
post stimulation. (d) Statistics of correlations within the network show that the dynamic adhesome and inflammatory genes are highly coregulated upon LPS 
stimulation. (e) Intercluster statistics that reveal that intra-cluster 1 correlations were highly positive. (f) Statistical of genes in the network, plotting them based on 
the number of number of correlations. (g) Immunofluorescence images and H3Ac quantifications in macrophages treated with cytoskeletal inhibitor drugs - 
cytochalasin-D (10 M), blebbistatin (30 M), Y27632 (30 M) and RKI-1447 (10 M), showing a reduced bulk H3Ac levels in LPS/IFN -activated cells. Cytoskeletal 
inhibitors were added 30 min prior to cytokine addition, and the cells were stained at 16 h post stimulation. p-values displayed are from one-way ANOVA with 
multiple comparisons using Tukey test. Violin plots show quartiles and median. Source data are provided. 
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through use of micropatterned substrates or iBet treatment is coordi
nated with macrophage shape and phenotype. 

3.4. BET inhibition in macrophages prevents the upregulation of cell 
traction forces during stimulation with LPS/IFN

Our analysis of morphology revealed a sizable proportion of iBet- 
treated cells presenting increased leading-edge like protrusions (i.e. 
greater than 2) that were rapidly formed and dissipated (Fig. 2g). These 
transient lamellipodia/filopodia-like appendages, were observed in 
actively migrating cells and could be involved in mechanosensation 
[40]. Macrophage motility has been previously described as being 
driven by frontal-towing, where the force generated by the migrating 
cell is concentrated in its leading edge [6]. Since traction and adhesive 
forces drive cell motility, we sought to see if there existed differential 
traction forces in iBet-treated cells. LPS/IFN -mediated polarization of 
macrophages resulted in an increase in root-mean-squared (RMS) trac
tion forces (Fig. 2f) up to 15 h post LPS/IFN addition. These heightened 
traction forces were dampened in the presence of iBet, which corrobo
rates our observations of reduced motility in iBet-treated cells. Traction 
forces are often attributed to cell shape changes [41], among other 
factors. Thus, this increase in traction forces could potentially explain 
the flattening of macrophages in response to inflammatory stimuli. 

3.5. Micropattern-elongated and iBet-treated macrophages display largely 
divergent responses to inflammatory stimulation 

To gain a better molecular understanding of the inflammatory gene 
suppression that occurs when macrophages cultured on micropatterned 
surfaces are subjected to LPS/IFN stimulus, we utilized a multiplexed 
inflammatory gene analysis panel. We were able to ascertain that 
patterned surfaces modulate inflammatory gene expression after as little 
as 2 h of an inflammatory stimulus (Fig. 3a). However, such differential 
expression is more apparent after 16 h of stimulation, where there is a 
significant downregulation of canonical inflammatory makers, such as 
Nos2 and Ccl2. Unexpectedly, we also find that our patterned surfaces 
upregulate the expression of Nfkb1 (pro-inflammatory transcription 
factor NF- B) along with a number of other genes in this inflammatory 
panel. Comparing these data with the documented effects of iBet (GEO: 
GSE21764 [18]), we find that very few genes that were upregulated by 
the patterned surfaces experience similar changes with iBet treatment. 
These discrepancies in gene regulation could be due to fact that iBet 
globally targets (and competitively inhibits) BET proteins, which are 
epigenetic readers of H3Ac that are involved in gene activation, while 
the pathways affected by patterned surfaces may have a more nuanced 
impact on gene regulation at specific targets. 

3.6. Elongation-induced dynamic inflammatory genes are strongly 
coregulated with adhesome genes dynamically regulated during 
polarization 

To further investigate the relationship between biophysically-altered 
gene regulation in macrophages and the H3Ac epigenetic landscape, we 
leveraged temporal gene expression data of polarized macrophage from 
the previously mentioned dataset [18] to build a gene expression cor
egulation network of genes involved in inflammation and macrophage 
mechanoregulation. To do so, we first included inflammatory genes that 
we observed to by dynamically regulated by patterned surfaces from our 
NanoString data (Fig. 3a). Given that we have previously observed that 
monocyte differentiation into macrophages and subsequent LPS stimu
lation lead to dynamic expression levels in the genes which encode for 
proteins involved in cell-ECM and cell-cell contact-mediated forces [1] 
(described by others as the integrin and cadherin adhesomes, respec
tively [29 31]), we added LPS-sensitive adhesome genes to our network 
analysis. By building this network using LPS-sensitive adhesome genes 
and the inflammatory genes that were differentially regulated by 

patterned surfaces, we observe a notable relationship between the 
expression of several adhesome and inflammatory genes (Fig. 3b). The 
network shows a strong correlation between inflammatory and adhe
some genes, suggesting that these genes may be coregulated in response 
to LPS-treatment (Fig. 3b,f). While the number of positive correlations 
per gene is roughly the same for both inflammatory and adhesome 
genes, it was interesting that the adhesome genes displayed nearly 
double the number of negative correlations compared to the inflam
matory genes (Fig. 3b). In addition, there existed a sizable proportion of 
both positive and negative correlations between adhesome and inflam
matory gene network connections (Figs. 3d and S3a). This points to
wards a strong coregulation of inflammatory and adhesome genes with 
inflammatory polarization. Mapping the protein-protein interactions 
using the tools from String database [33], we find that several of the 
adhesome and inflammatory genes under consideration have been re
ported to be associated on a protein level as well (Fig. S3b). Particularly 
noteworthy is Src (an adhesome gene that was highly correlated in our 
coregulation network) which has been reported to have protein-level 
interactions with several inflammatory and adhesome genes, placing it 
at the interface of several adhesome to inflammatory signaling cascades 
(Fig. S3b). 

3.7. H3Ac levels at coregulated gene promoters are dynamic upon 
stimulation 

Following the creation of our gene correlation network, we sought to 
identify potential epigenetic regulatory mechanisms that might explain 
such coordination in adhesome and inflammatory gene regulation. To 
accomplish this goal, we performed a differential enrichment analysis on 
a previously existing ChIP-seq dataset (probed for H3Ac peaks) in pri
mary mouse macrophages stimulated with LPS, with or without iBet 
treatment (GEO: GSE21910) [18]. From this analysis, we identify genes 
from our correlation network whose promoters exhibit changes in H3Ac 
enrichment following LPS stimulation. We were also able to identify 
promoters whose H3Ac levels were dependent on BET signaling (e.g., 
those that were altered by iBet exposure). We used this analysis to 
cluster genes according to promoter H3Ac enrichments and identify 
trends in the dynamic relationship between promoter H3Ac and gene 
expression across experimental conditions (Fig. 3c). Accordingly, cluster 
1 comprised genes whose H3Ac enrichment within their promoter re
gion was maintained with LPS-treatment, but still sensitive to iBet. 
Cluster 2 contained genes with reduced H3Ac enrichment upon in
flammatory stimulation, and that were potentially sensitive to addi
tional losses in H3Ac by iBet treatment. We found that most of the 
negative gene correlations in the network involved genes of cluster 2, 
irrespective of whether the correlation was an inter- or intra-cluster 
(Fig. 3e). The intra-cluster correlations between the genes belonging 
to cluster 1 were majorly positive (96%), suggesting a high degree of 
coexpression in the genes of this cluster in response to LPS treatment. In 
addition, a significant number of adhesome genes within cluster 1 
correlated tightly with a vast majority of genes in the network, 
explaining their prominent presence at the center of the network. To 
better highlight the relationship between each cluster category and the 
genes within our coregulation network, we have added this annotation 
to our network (Fig. 3b). Since the clusters were fundamentally different 
in their H3Ac dynamics, this observation suggested that epigenetic 
regulatory mechanisms through promoter H3Ac in response to LPS 
could be responsible for at least some of the inflammation-associated 
adhesome gene changes. In addition, these observations support the 
existence of co-regulatory mechanisms of inflammatory and adhesome 
gene expression through epigenetic means, although further studies 
would be necessary to establish more definitive proof of such 
mechanisms. 

P.K. Veerasubramanian et al.                                                                                                                                                                                                                
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3. 8.  C yt os k el et al disr u pti o n i m p e d es i n fl a m m ati o n- ass o ci at e d hist o n e 

h y p er a c et yl ati o n 

T h e C hI P- s e q a n al y si s s u g g e st e d a hi g hl y d y n a mi c H 3 A c st at e i n t h e 

flr st  h o ur s of  i n fi a m m at or y sti m ul ati o n. H e n c e, w e  wi s h e d  t o c h ar a c -

t eri z e c h a n g e s t o gl o b al H 3 A c l e v el s r e s ulti n g fr o m L P S /I F Nγ sti m ul a -

ti o n. St ai ni n g f or H 3 A c, w e n ot e d a s ur g e i n t h e t ot al H 3 A c l e v el s i n c ell s 

p ol ari z e d  wit h  L P S /I F N γ (Fi g.  3 g).  F urt h er m or e,  w e  o b s er v e d  t h at 

m a cr o p h a g e s  tr e at e d  wit h  c yt o s k el et al  i n hi bit or s  t ar g eti n g  t h e  a ct o -

m y o si n  n et w or k  di s pl a y e d  l o w er  H 3 A c  l e v el s,  e v e n  wit h  a cti v ati n g 

sti m uli.  T h e s e  fl n di n g s  s u g g e st  t h at  bi o m e c h a ni c al  f or c e s  a n d  ot h er 

si g n ali n g  e v e nt s  tr a n sl at e d  t hr o u g h  t h e  c yt o s k el et o n  m a y  b e  i n str u -

m e nt al  t o  t h e  o b s er v e d  ri s e  i n  H 3 A c  l e v el s  i n  r e s p o n s e  t o  L P S /I F N γ 

a cti v ati o n. Fr o m o ur g e n e c or e g ul ati o n a n al y si s, C hI P- s e q mi ni n g a n d 

r e p ort e d  pr ot ei n- pr ot ei n  i nt er a cti o n s,  w e  n arr o w e d  o ur  s e ar c h  f or  a n 

L P S- a n d i B et- s e n siti v e a d h e s o m e c o m p o n e nt t h at p ot e nti all y m o d ul at e d 

H 3 A c l e v el s d o w n t o t h e si g n ali n g ki n a s e Sr c. 

3. 9. Sr c e x pr essi o n a n d a cti vit y is ess e nti al f or i n fl a m m at or y hist o n e 

h y p er a c et yl ati o n 

Si n c e  Sr c  e m er g e d  a s  a  pr o mi si n g  c a n di d at e  pi v ot al  t o  a  p ut ati v e 

m e c h a n o s e n s or y-i n fl a m m at or y  H 3 A c  a xi s,  w e  h y p ot h e si z e d  t h at  Sr c 

si g n ali n g w a s i n v ol v e d i n hi st o n e H 3 h y p er a c et yl ati o n i n m a cr o p h a g e s. 

T o t e st t hi s, w e k n o c k e d d o w n Sr c u si n g a si R N A p o ol. W e c o n flr m e d Sr c 

d e pl eti o n  at  4 8  h  b y  q u a ntif yi n g  b ot h  m R N A  a n d  pr ot ei n  e x pr e s si o n 

(Fi g s.  S 6 a  a n d  b ).  si Sr c  tr e at m e nt  r e s ult s  i n  r e d u c e d  i n fl a m m at or y 

e x pr e s si o n  of  i N O S  a n d  M C P- 1  ( Fi g.  4 a  a n d  b),  a n d  al s o  of  t h eir 

r e s p e cti v e  m R N A  tr a n s cri pt s N os 2 a n d C cl 2 (Fi g.  4 c).  N ot a bl y,  si Sr c 

tr e at m e nt  c a u s e d  a  r e d u cti o n  i n  b ul k  H 3 A c  l e v el s  i n  u n sti m ul at e d 

(Fi g. 4 d) a n d L P S /I F N γ - sti m ul at e d (Fi g. 4 e) c ell s. N e xt, w e w a nt e d t o 

e x pl or e  t h e  p o s si bilit y  of  Sr c  c o ntr olli n g  H 3 A c  l e v el s  b y  m o d ul ati n g 

hi st o n e a c et yltr a n sf er a s e ( H A T) a cti vit y. W e f o u n d t h at t ot al H A T a c -

ti vit y i n cr e a s e s i n c o ntr ol m a cr o p h a g e s w h e n tr e at e d wit h L P S /I F N γ - 

p o s si bl y  d u e  t o  i n fl a m m at or y  pr o gr a m s  r e q uiri n g  a n  i n cr e a s e  i n  t h e 

a c c e s si bilit y of i n fi a m m ati o n- s p e ci fl c g e n e s [ 4 2 ]. Sr c d e pl eti o n r e s ult s i n 

a n a b o ut 2 0 % r e d u cti o n i n t ot al H A T a cti vit y ( Fi g. 4 f). Sr c d e pl eti o n al s o 

i m p air e d  t h e  i n fl a m m ati o n- a s s o ci at e d  s ur g e  i n  H A T  a cti vit y  t h at  w a s 

o b s er v e d i n c o ntr ol c o n diti o n. Si n c e p 3 0 0 i s a n i m p ort a nt H A T a s s o ci -

at e d wit h m a cr o p h a g e i n fl a m m ati o n [ 1 5 ,4 2 ], w e al s o m e a s ur e d p 3 0 0 

H A T  a cti vit y  b y  c o u pli n g  i m m u n o pr e ci pit ati o n  t e c h ni q u e s  wit h  H A T 

a cti vit y a s s a y s. W e fi n d t h at p 3 0 0 H A T a cti vit y i s i n cr e a s e d b y a b o ut 

5 0 % wit h i n fl a m m at or y a cti v ati o n. si Sr c tr e at m e nt c a u s e s a si g ni fi c a nt 

d e cr e a s e i n p 3 0 0 H A T a cti vit y i n c ell s sti m ul at e d wit h L P S /I F N γ , a n d 

t h e s e p 3 0 0 a cti vit y l e v el s w er e c o m p ar a bl e t o t h o s e o b s er v e d i n u n sti -

m ul at e d c ell s. T hi s s u g g e st e d t h at t h e gl o b al i n cr e a s e i n H 3 A c l e v el s t h at 

ar e  tri g g er e d  d uri n g  i n fl a m m at or y  a cti v ati o n  i s  or c h e str at e d  b y 

Sr c- d e p e n d e nt p 3 0 0 H A T a cti vit y. 

E arli er st u di e s h a v e s h o w n t h at n ot o nl y d o Sr c l e v el s i n cr e a s e wit h 

i n fl a m m ati o n, b ut Sr c al s o g et s a cti v at e d b y p h o s p h or yl ati o n of r e si d u e 

Y 4 1 6 u p o n i n fl a m m at or y p ol ari z ati o n [ 4 3 ]. W e utili z e d Sr c p h ar m a c o -

l o gi c i n hi bit or s P P 1 a n d P P 2 t o c ur b t h e a cti v ati o n of Sr c at t h e pr ot ei n 

l e v el, a n d f o u n d t h at b ot h of t h e s e i n hi bit or s si g ni fi c a ntl y i m p air e d Sr c 

p h o s p h or yl ati o n  ( Fi g s.  5 a  a n d  S 7 a ).  Sr c  i n hi biti o n  c a u s e d  d a m p e n e d 

Fi g.  4. S r c  c o nt r ol s  H 3  h y p e r a c et yl ati o n  u p o n  L P S /I F N γ sti m ul ati o n  t h r o u g h  p 3 0 0. i N O S  e x pr e s si o n  ( a),  M C P- 1  pr o d u cti o n  ( b),  a n d N os 2 a n d C cl 2 g e n e 

e x pr e s si o n l e v el s ( c) at 1 6 h p o st 1 n g / ml L P S /I F N γ sti m ul ati o n i n si Sr c -tr e at e d c ell s p ortr a y Sr c a s a n i n fl a m m at or y g e n e. Hi st o n e a c et yl ati o n st ai ni n g i n c ell s tr e at e d 

wit h si Sr c f or 4 8 h ( d), a n d a f urt h er 1 6 h of 1 n g / ml L P S /I F Nγ sti m ul ati o n ( e) s h o w l o w er gl o b al H 3 A c l e v el s wit h Sr c k n o c k d o w n. (f) T ot al H A T a n d p 3 0 0 H A T 

a cti vit y m e a s ur e d i n si Sr c -tr e at e d c ell s 2 h p o st L P S /I F Nγ sti m ul ati o n s h o w l o w er p 3 0 0 H A T a cti vit y. D at a h a s b e e n r e pr e s e nt e d a s m e a n ± S E M, a n d o n e- w a y 

A N O V A  wit h  m ulti pl e  c o m p ari s o n s  u si n g  T u k e y  t e st  w a s  p erf or m e d.  E x c e pti o n s  i n  p a n el s  b – e  w h er e  o nl y  2  c o n diti o n s  ar e  a v ail a bl e  w er e  i n st e a d  s u bj e ct e d  t o 

St u d e nt ’s t-t e st f or a n al y si s. Vi oli n pl ot s s h o w q u artil e s a n d m e di a n. S o ur c e d at a ar e pr o vi d e d. 
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i N O S e x pr e s si o n  (Fi g.  5 d) a n d  M C P- 1 pr o d u cti o n  ( Fi g. 5 b) b y  m a cr o -

p h a g e s e x p o s e d t o L P S /I F N γ . T hi s al s o c orr o b or at e s wit h t h e l o w er C cl 2 

a n d N os 2 g e n e  e x pr e s si o n  o b s er v e d  wit h  Sr c  i n hi biti o n  ( Fi g s.  5 c  a n d 

S 7 b ). P P 1 / 2- m e di at e d Sr c i n hi biti o n al s o r e s ult s i n l o w er H 3 A c l e v el s i n 

b ot h r e sti n g ( Fi g s. 5 e a n d S 7 c ) a n d L P S /I F Nγ -tr e at e d c ell s (Fi g. 5 f). W e 

al s o m e a s ur e d p 3 0 0 H A T a cti vit y wit h P P 1 a n d P P 2 tr e at m e nt s. B ot h 

dr u g s s u p pr e s s e d L P S /I F N γ - a s s o ci at e d i n cr e a s e s i n p 3 0 0 H A T a cti vit y, 

f urt h er d e m o n str ati n g t h at Sr c a cti v ati o n i s r e s p o n si bl e f or i n fl a m m a-

t or y hi st o n e h y p er a c et yl ati o n a n d p 3 0 0 H A T a cti vit y (Fi g. 5 g). Si n c e Sr c 

i n hi biti o n r e s ult e d i n di mi ni s h e d C cl 2 e x pr e s si o n, w e s o u g ht t o t e st if 

t hi s  c a n  b e  e x pl ai n e d  t hr o u g h  c h a n g e s  t o  H 3 A c  l o c all y  at  t h e C cl 2 

pr o xi m al  pr o m ot er.  P P 1  a n d  P P 2  tr e at m e nt s  c a u s e d  si g ni fl c a nt 

Fi g. 5. S r c a cti v ati o n d ri v e s H 3 h y p e r a c et yl ati o n t h r o u g h p 3 0 0 . ( a) Eff e ct s of P P 1 ( 5 μ M) a n d P P 2 ( 5 μ M) tr e at m e nt o n Sr c a cti v ati o n m e a s ur e d b y W e st er n bl ot. 

A nti-i n fi a m m at or y eff e ct s of P P 1 a n d P P 2 tr e at m e nt s d e m o n str at e d b y M C P- 1 pr o d u cti o n ( b), C cl 2 a n d N os 2 g e n e l e v el s ( c), a n d i N O S st ai ni n g ( d) i n c ell s tr e at e d 

wit h Sr c i n hi bit or s f or 6 h, f oll o w e d b y sti m ul ati o n of 1 n g / ml L P S /I F N γ f or 1 6 h. Gl o b al H 3 A c l e v el s i n c ell s tr e at e d wit h P P 1 a n d P P 2 f or 2 4 h ( e), a n d 6 h Sr c 

i n hi bit or s f oll o w e d b y 1 6 h 1 n g / ml L P S /I F Nγ tr e at m e nt (f) s h o w Sr c i n hi biti o n s u p pr e s s H 3 A c e x pr e s si o n. ( g) p 3 0 0 a cti vit y i n u n sti m ul at e d a n d sti m ul at e d c ell s 

w h er ei n 6 h dr u g tr e at m e nt w a s f oll o w e d b y 2 h of 1 n g / ml L P S /I F N γ tr e at m e nt s h o w s u p pr e s s e d p 3 0 0 a cti vit y i n P P 1- a n d P P 2-tr e at e d c ell s. ( h) C cl 2 pr o xi m al 

pr o m ot er H 3 A c e nri c h m e nt m e a s ur e d at t w o diff er e nt l o ci i n 6 h P P 1- a n d P P 2-tr e at e d c ell s t h at w er e s u b s e q u e ntl y sti m ul at e d f or 2 h wit h 1 n g / ml L P S /I F N γ ; C hI P- 

q P C R  wit h  pr e-i m m u n e  I g G  di s pl a y e d  b a c k gr o u n d  si g n al  a n d  w a s  c o m p ar a bl e  a cr o s s  c o n diti o n s  ( d at a  n ot  s h o w n).  (i) Sr c pr o xi m al  pr o m ot er  H 3 A c  e nri c h m e nt 

m e a s ur e d i n 6 h P P 1- a n d P P 2-tr e at e d c ell s t h at w er e s u b s e q u e ntl y sti m ul at e d f or 2 h wit h 1 n g / ml L P S /I F N γ . (j) Sr c g e n e e x pr e s si o n i n i n 6 h P P 1- a n d P P 2-tr e at e d 

c ell s t h at w er e s u b s e q u e ntl y sti m ul at e d f or 1 6 h wit h 1 n g / ml L P S /I F N γ . D at a h a s b e e n r e pr e s e nt e d a s m e a n ± S E M, a n d o n e- w a y A N O V A wit h m ulti pl e c o m p ari s o n s 

u si n g T u k e y t e st w a s p erf or m e d. Vi oli n pl ot s s h o w q u artil e s a n d m e di a n. S o ur c e d at a a n d u n pr o c e s s e d bl ot s ar e pr o vi d e d. 

P. K. V e er as u br a m a ni a n et al.                                                                                                                                                                                                                



Bi o m at eri als 2 7 9 ( 2 0 2 1 ) 1 2 1 2 3 6

1 1

r e d u cti o n s  i n  H 3 A c  e nri c h m e nt  at  t h e C cl 2 pr o m ot er  i n  u n sti m ul at e d 

c ell s, a n d m ar gi n al dr o p s i n L P S /I F N γ -tr e at e d c ell s (Fi g. 5 h). 

I nt er e sti n gl y, w e o b s er v e t h at i n hi biti n g Sr c a cti vit y u si n g P P 1 a n d 

P P 2  r e s ult s  i n  el e v at e d  pr o m ot er  H 3 A c  e nri c h m e nt  i n  i n fl a m m at or y 

p ol ari z e d c ell s ( Fi g. 5 i). T h er e i s al s o a c orr e s p o n di n g i n cr e a s e i n Sr c 

tr a n s cri pt l e v el s i n t h e c ell s tr e at e d wit h Sr c i n hi bit or s (Fi g. 5 j). T hi s i s 

s u g g e sti v e of a r e g ul at or y c o m p e n s ati o n m e c h a ni s m i n v ol vi n g n e g ati v e 

f e e d b a c k t h at m a k e s it p o s si bl e f or c ell s t o wit h st a n d s uf fl ci e nt l e v el s of 

Sr c a cti vit y d uri n g i n fi a m m at or y sti m ul ati o n. 

3. 1 0. P K C δ li n ks Sr c a cti v ati o n wit h el e v at e d p 3 0 0 H A T a cti vit y 

W hil e  t h e  i n fl u e n c e  of  Sr c  o n  p 3 0 0  H A T  a cti vit y  a n d  H 3 A c  l e v el s 

w er e  e vi d e nt  fr o m  o ur  r e s ult s,  w e  s o u g ht  a  m e c h a ni s m  b y  w hi c h  Sr c 

c o ul d  i m p a ct  p 3 0 0.  I n  o ur  lit er at ur e  s e ar c h,  w e  c a m e  a cr o s s  pr ot ei n 

ki n a s e  C  d elt a  ( P K C δ ),  a  ki n a s e  t h at  c o ntri b ut e s  t o  i n fl a m m ati o n  i n 

m a cr o p h a g e s  a n d  h a s  b e e n  r e p ort e d  t o  r ei n  i n  p 3 0 0  H A T  a cti vit y  b y 

p h o s p h or yl ati o n  wit hi n  s o m e i n  vitr o s y st e m s  [ 4 4 ].  I n  a d diti o n,  t h e 

a cti v ati o n of Sr c ki n a s e h a s b e e n s h o w n t o p h o s p h or yl at e P K C δ at Y 3 1 1 

w hi c h  s u p pr e s s e s  it s  a cti v ati o n  b y  c a s p a s e- m e di at e d  cl e a v a g e  i n  3 T 3 

fl br o bl a st s [ 4 5 ]. Y 3 1 1  p h o s p h or yl ati o n of P K C δ al s o  r e s ult s i n it s p o -

t e nti al u bi q uiti n ati o n a n d d e gr a d ati o n [4 5 ,4 6 ]. W e wi s h e d t o e x pl or e 

t h e p o s si bilit y t h at Sr c a cti v ati o n l e a d s t o a n i n cr e a s e i n p 3 0 0 H A T a c -

ti vit y a n d hi st o n e h y p er a c et yl ati o n b y s u p pr e s si n g P K Cδ , a n d e x pl or e 

t h e  r el e v a n c e  of  s u c h  a  m e c h a ni s m  i n  t h e  m a cr o p h a g e  i n fl a m m at or y 

pr o c e s s. 

T o  a n s w er  t hi s,  w e  flr st  p erf or m e d  a n  L P S /I F N γ sti m ul ati o n  ti m e 

c o ur s e,  e x pl ori n g  c h a n g e s  i n  Sr c  a cti v ati o n,  hi st o n e  a c et yl ati o n  a n d 

P K C δ l e v el s (Fi g. 6 a). W e f o u n d t h at Y 4 1 6 p h o s p h or yl at e d Sr c i n cr e a s e d 

wit hi n  t h e  flr st  1 5  mi n  of  i n fi a m m at or y  sti m ul ati o n  a n d  t h e  l e v el s 

r e m ai n e d  h ei g ht e n e d  f or  t h e  d ur ati o n  of  o ur  ti m e  c o ur s e  ( 3 6 0  mi n). 

Hi st o n e a c et yl ati o n w a s al s o s e e n t o i n cr e a s e q ui c kl y, a n d w a s si g ni fl -

c a ntl y hi g h er at t h e 6 0- mi n ti m e p oi nt, w hi c h c oi n ci d e d wit h t h e st art of 

tr a n s cri pti o n al a cti vit y of f a ct or s s u c h a s N F-κ B. T hi s i n cr e a s e i n H 3 A c 

l e v el s  w a s  s u st ai n e d  f or  u p  t o  at  l e a st  3 6 0  mi n  ( d at a  n ot  s h o w n). 

I nt er e sti n gl y, Y 3 1 1 p h o s p h or yl at e d P K Cδ i n cr e a s e d tr a n si e ntl y, wit h a n 

a br u pt d e c a y b e gi n ni n g ar o u n d 9 0 mi n aft er t h e o n s et of sti m ul ati o n. 

T hi s al s o c oi n ci d e d wit h a tr a n si e nt dr o p i n t ot al P K C δ l e v el s, t h at r et ur n 

t o pr e- sti m ul ati o n l e v el s. B a s e d o n pr e vi o u s r e p ort s t h at p 3 0 0 H A T a c -

ti vit y i s s u p pr e s s e d b y P K Cδ [ 3 5 ,4 4 ], w e p o sit e d t h at p 3 0 0 a cti vit y i s 

Fi g. 6. L P S /I F N γ sti m ul ati o n t ri g g e r s S r c a cti v ati o n a n d s u p p r e s s e s P K C δ , i n c r e a si n g H 3 A c t h r o u g h d e r e p r e s si o n of p 3 0 0 H A T a cti vit y. ( a) Sti m ul ati o n ti m e 

c o ur s e wit h 1 0 n g / ml L P S /I F N γ dri v e s u p Sr c a cti vit y, a n d hi st o n e a c et yl ati o n l e v el s, al o n g wit h tr a n si e nt dr o p s i n t ot al P K C δ a n d a bri ef i n cr e a s e i n Y 3 1 1 p h o s p h o- 

P K C δ . ( b) C yt o ki n e pr olif e of c ell s tr e at e d f or 6 h wit h i n hi bit or y dr u g s t h at s u p pr e s s Sr c, P K Cδ a n d p 3 0 0 a cti vit y, b ef or e sti m ul ati o n wit h 1 n g / ml L P S /I F N γ f or 1 6 h. 

C yt o ki n e s i n t h e h e at m a p ar e or d er e d b y t h e c o n c e ntr ati o n o b s er v e d (I L- 6 b ei n g t h e hi g h e st). ( c) Hi st o n e a c et yl ati o n st ai ni n g i n c ell s tr e at e d f or 6 h wit h r ottl eri n ( 5 

μ M) a n d c ur c u mi n ( 3 0 μ M), a n d 1 6 h of 1 n g / ml L P S /I F N γ sti m ul ati o n. ( d) p 3 0 0 H A T a cti vit y s h o ot s u p wit h r ottl eri n tr e at m e nt a n d di mi ni s h e s wit h c ur c u mi n 

a d diti o n. ( e) L e v el s of t ot al a n d Y 3 1 1 p h o s p h o- P K C δ i n c ell s tr e at e d f or 6 h wit h P P 1 ( 5 μ M) a n d P P 2 ( 5 μ M), 1 h aft er 1 n g / ml L P S /I F N γ sti m ul ati o n. D at a h a s b e e n 

r e pr e s e nt e d a s m e a n ± S E M. O n e- w a y A N O V A wit h m ulti pl e c o m p ari s o n s u si n g T u k e y t e st w a s p erf or m e d. Vi oli n pl ot s s h o w q u artil e s a n d m e di a n. S o ur c e d at a a n d 

u n pr o c e s s e d bl ot s ar e pr o vi d e d. 
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fr e e d fr o m s u p pr e s si o n b y P K Cδ a s a r e s ult of Sr c a cti v ati o n u p o n i n -

fl a m m at or y p ol ari z ati o n. 

T o st u d y t h e eff e ct s of Sr c, P K C δ , a n d p 3 0 0 o n m a cr o p h a g e i n fl a m-

m at or y a cti v ati o n, w e bl o c k e d t h e a cti vit y of t h e s e m ol e c ul e s wit h P P 1 / 

P P 2, r ottl eri n a n d c ur c u mi n, r e s p e cti v el y, a n d pr o fil e d c yt o ki n e s e cr e -

ti o n  (Fi g.  6 b).  W e  f o u n d  t h at  bl o c ki n g  p 3 0 0  h a d  si g ni fl c a nt  a nti- 

i n fl a m m at or y  o ut c o m e s  i n cl u di n g  a  r e d u c e d  I L- 6,  T N Fα ,  a n d  M C P- 1 

pr o d u cti o n.  P P 1  w a s  o v er all  a nti-i n fl a m m at or y,  a n d  al o n g  wit h  P P 2 

c a u s e d a d e cr e a s e d M C P- 1 pr o d u cti o n b y t h e c ell s. T h e i m p a ct of r ot -

tl eri n w a s mi x e d, a s it b ot h u pr e g ul at e d a n d d o w nr e g ul at e d s o m e i n -

fl a m m at or y  g e n e s.  W e  al s o  st u di e d  t h e  i m p a ct  of  t h e s e  dr u g s  o n 

tr a n s cri pti o n al f a ct or s s u c h a s N F-κ B, S T A T 1 a n d HI F- 1 α . W e fl n d t h at 

c ur c u mi n r e d u c e s t ot al N F- κ B l e v el s i n b ot h u n sti m ul at e d a n d L P S /I F N γ 

sti m ul at e d  c ell s  ( Fi g.  S 8 b ).  I n fl a m m ati o n-i n d u c e d  S T A T 1  a cti v ati o n, 

w hi c h  i s  m ar k e d  b y  a n  i n cr e a s e  i n  Y 7 0 1  p h o s p h or yl at e d  S T A T 1,  i s 

bl o c k e d i n c ell s tr e at e d wit h r ottl eri n ( Fi g. S 8 a ), p ot e nti all y e x pl ai ni n g 

s o m e of t h e a nti-i n fi a m m at or y eff e ct s of r ottl eri n o b s er v e d wit hi n o ur 

c yt o ki n e s e cr eti o n pr o fll e s. HI F- 1 α , w h o s e l e v el s i n cr e a s e wit h i n fl a m-

m ati o n a s a r e s ult of st a bili z ati o n, ar e s u p pr e s s e d i n t h e a b s e n c e of Sr c 

a cti v ati o n, a s s e e n i n b ot h P P 1 a n d P P 2 tr e at e d c ell s ( Fi g. S 8 a ). T h e s e 

r e s ult s u n d erli n e t h e eff e ct s of e a c h of t h e s e m ol e c ul e s i n m a cr o p h a g e 

i n fl a m m ati o n. 

O ur n e xt e x p eri m e nt e x a mi n e d t h e eff e ct s of r ottl eri n a n d c ur c u mi n 

o n b ul k H 3 A c l e v el s ( Fi g. 6 c). A s e x p e ct e d, o ur p 3 0 0 i n hi bit or c ur c u mi n 

l e d t o a dr a sti c dr o p i n H 3 A c e x pr e s si o n, w hil e r ottl eri n c a u s e d a n i n-

cr e a s e i n H 3 A c l e v el s. T h e s e r e s ult s c a n b e e x pl ai n e d b y t h e o p p o si n g 

Fi g. 7.  M a c r o p h a g e c ell el o n g ati o n r e d u c e s gl o b al a n d l o c al hi st o n e a c et yl ati o n. ( a) Sr c g e n e e x pr e s si o n i n c ell s wit h i B et tr e at m e nt a n d mi cr o p att er ni n g, 1 6 h 

p o st L P S /I F N γ sti m ul ati o n. ( b) W e st er n bl ot a n al y si s of Sr c a cti v ati o n i n c ell s wit h i B et tr e at m e nt a n d mi cr o p att er ni n g, 3 0 mi n a n d 1 2 0 mi n p o st L P S /I F N γ sti m -

ul ati o n. ( c) W e st er n bl ot s of m a cr o p h a g e s s h o wi n g r e d u c e d b ul k H 3 A c l e v el s o n mi cr o p att er n e d s urf a c e s at 1 6 h p o st L P S /I F N γ sti m ul ati o n. ( d) I m m u n o fi u or e s c e n c e 

i m a g e s a n d c orr e s p o n di n g q u a nti fl c ati o n s of m a cr o p h a g e s i n s a m e c o n diti o n s. ( e) T ot al a n d p 3 0 0 H A T a cti vit y m e a s ur e d i n c ell s wit h i B et tr e at m e nt a n d mi cr o -

p att er ni n g. (f) C hI P- q P C R s h o wi n g r e d u c e d H 3 A c e nri c h m e nt o n t h e pr o xi m al pr o m ot er s of i n fi a m m at or y g e n e s C cl 2 , Sr c , a n d C d 8 6 wit h f a cilit at e d el o n g ati o n o n 

mi cr o p att er n s; C hI P- q P C R wit h pr e-i m m u n e I g G di s pl a y e d b a c k gr o u n d si g n al a n d w a s c o m p ar a bl e a cr o s s c o n diti o n s ( d at a n ot s h o w n). D at a h a s b e e n r e pr e s e nt e d a s 

m e a n ± S E M. O n e- w a y A N O V A wit h m ulti pl e c o m p ari s o n s u si n g T u k e y t e st w a s p erf or m e d. Vi oli n pl ot s s h o w q u artil e s a n d m e di a n. S o ur c e d at a a n d u n pr o c e s s e d 

bl ot s ar e pr o vi d e d. 
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impacts that these drugs have on p300 HAT activity e.g., curcumin 
induced a precipitous drop in p300 HAT activity, while rottlerin caused 
an increase in p300 activity in both unstimulated and stimulated cells 
(Fig. 6d). These results demonstrate that suppression of PKC can acti
vate p300 HAT activity and lead to histone hyperacetylation. 

We next wished to test the hypothesis that Src inactivation relieves 
PKC suppression and degradation. Observing total PKC and Y311 
phosphorylated PKC levels in cells treated with PP1 and PP2 at 1-h 
post-stimulation, we observe that PP1 and PP2 treatments reduce 
Y311 phosphorylation of PKC , and diminish the transient drop in PKC
levels (Fig. 6e). These results show that Src activation post-stimulation is 
indeed necessary for the suppression and degradation of PKC . 

3.11. Micropatterned-induced macrophage elongation reduces global and 
local histone acetylation 

Based on our observation that Src activation and subsequent PKC
suppression was necessary for p300-mediated H3 hyperacetylation, we 
wished to observe Src expression and activation in iBet-treated and 
micropatterned (elongated) cells. We found that iBet treatment causes 
downregulation of Src gene expression as expected (Fig. 7a, Fig. S5) 
[18]. However, Src levels in micropatterned cells were unchanged in 
both unstimulated and LPS/IFN -treated comparisons. We next wanted 
to observe if Src activation was hampered in the elongated cells. By 
measuring the ratio of phospho-Src (Y416) to total Src using western 
blots, we observe that there is an increase in Src activation upon 
LPS/IFN stimulation as expected [43]. However, phospho-Src levels do 
not increase significantly on micropatterned cells (Fig. 7b). This suggests 
that adhesome rearrangements induced by cellular elongation hamper 
Src activation by inflammatory stimulus, but do not trigger upregulation 
of Src expression as previously observed during pharmacological inhi
bition of Src activity through PP1/PP2 on flat surfaces (Fig. 5i and j). 

Previous studies had noted that cellular elongation changes H3Ac 
level in fibroblasts and mesenchymal stem cells [22,47]. We wished to 
ascertain if total H3Ac levels varied with the elongation of macrophages. 
We noticed with both western blotting and immunofluorescence imag
ing that micropatterned cells exhibited lower global H3Ac marks (Fig. 7c 
and d). We also observed reduced total HAT and p300 HAT enzymatic 
activity in macrophages on micropatterns that were treated with in
flammatory stimulus (Fig. 7e), corroborating with the reduced bulk 
H3Ac levels. 

We further postulated that global reduction in H3Ac on micro
patterns would translate to decreased levels of H3Ac at inflammatory 
gene promoters. ChIP-qPCR analysis showed significant drops in H3Ac 
enrichment at Ccl2 and Src promoter regions of micropatterned cells 
compared to unpatterned cells (Fig. 7f). We also observe reduced H3Ac 
enrichment at the promoter of Cd86 (an pro-inflammatory macrophage 
marker), and unchanged H3Ac levels at the Mrc1 (an anti-inflammatory 
marker) gene promoter in unstimulated micropatterned cells. 

4. Discussion 

Many studies have focused on cell shape associated phenotypic 
changes, and their relationship with altered epigenetic states. One such 
study found that cellular elongation and spreading correlate with nu
clear deformation and orientation [48]. Furthermore, elongated cells 
also exhibited significantly higher chromatin condensation and cell 
proliferation [48]. Elongation of mesenchymal stem cells by micro
topography or mechanical stretch causes increased nuclear elongation, 
and differential histone 3 acetylation (H3Ac) and histone modifying 
enzyme activity [47]. The biophysical regulation of osteogenic differ
entiation [49] and cell reprogramming [22] are also associated with 
changes in the epigenetic landscape. In mammary epithelial cells, it was 
reported that disruption of the actin cytoskeleton caused histone 
deacetylation [50]. Furthermore, the morphology of macrophages is 
known to correlate with their molecular phenotype in vivo. For instance, 

elongated macrophages found within atherosclerotic lesions of coronary 
arteries, a microenvironment that exhibits abnormal biomechanical 
cues, express CD68 and CD14 while rounded macrophages express CD68 
only [51]. With these in mind, we asked if similar forms of biophysically 
induced epigenetic modulation can explain the altered inflammatory 
response commonly observed in elongated macrophages [4]. 

In this study, we revealed altered epigenetic states and inflammatory 
gene expression profiles that arise alongside the elongation of macro
phages and compared these altered molecular signatures with those 
induce through inhibition of BET (H3Ac reader) epigenetic signaling. 
Notably, we found that, similar to micropatterned and alternatively 
activated macrophages [4], iBet treatment promoted a more elongated 
cell morphology along with a suppressed inflammatory response. This 
morphological and inflammatory suppression of macrophage response 
to LPS/IFN was also reproduced in BRD2 and BRD4 deficient cells, 
showing that these specific BRD proteins play a role in guiding macro
phage inflammation. Furthermore, we found that, in addition to ca
nonical alteration in cellular shape, macrophages also increased the 
magnitude of their ECM traction forces upon inflammatory stimulation 
(with LPS/IFN addition), which led to concomitant reductions in 
migratory potential (speed and maximum displacement). This suggests 
that increased traction forces in inflamed cells may be utilized to in
crease ECM anchorages in order to reduce cell mobility. These effects on 
migration and traction force were also subdued in the presence of iBet, 
and cells cultured on low-adhesive micropatterned surfaces also 
retained significantly higher migratory potential. Taken together, these 
findings more closely connect cell-mediated force generation and the 
migratory potential of macrophages, which are undoubtably influenced 
by properties of the local microenvironment, to the expression of 
proinflammatory cytokines, including those involved in the recruitment 
of additional macrophages into the local tissue environment (e.g., 
MCP-1) to facilitate critical functions of innate immunity. These findings 
also corroborate a number of recent studies highlighting the importance 
of heightened cytoskeleton tension in macrophage polarization [52 54], 
where the acquisition of an inflammatory state requires cytoskeletal 
tensions large enough to facilitate the nuclear shuttling of key mecha
notransducers (e.g., YAP/TAZ [5] or MRTF [2]) and activation of 
mechanically-gated ion channels (e.g., Piezo1) [55]. 

While elongated macrophages expressed lower levels of classical M1 
markers and inflammation-associated cellular and nuclear shape 
changes, an analysis of 240 inflammatory genes reveals that the impacts 
of facilitated macrophage elongation on LPS/IFN treatment are not 
classifiable as purely pro- or anti-inflammatory. This was in stark 
contrast to the effects of iBet, which largely suppressed pro- 
inflammatory (M1) marker expression. However, the relationship be
tween cell shape, motility and traction forces as macrophages polarize 
with LPS/IFN stimulation were also substantiated by examining the 
effect of polarization on adhesion and motility related genes. Specif
ically, reanalysis of existing datasets revealed that LPS stimulation 
caused sweeping changes in adhesome gene expression levels, possibly 
to further support alterations in morphology and migratory behavior 
(Figs. S4 and S5). Additionally, we noted a multifaceted relationship 
between adhesome and inflammatory gene expression using gene cor
relation network analysis. Intriguingly, iBet treatment partially blocks 
the incidence of inflammation-associated changes in adhesome and in
flammatory gene expression, potentially explaining the persistence of 
cellular elongation even in the presence of inflammatory stimulus 
(Figs. S4 and S5). This also suggested that epigenetic regulatory mech
anisms involving H3 acetylation may influence the co-regulation of in
flammatory and adhesome genes during inflammatory stimulation. 

Acetylation of lysine residues in histones is generally associated with 
a relaxed and permissive chromatin architecture, and therefore, indic
ative of positive transcriptional regulation [56]. We report that total 
H3Ac levels increase in cells when stimulated with LPS/IFN , in a 
cytoskeleton-dependent manner. Indeed, previous studies have 
demonstrated a link between inflammation and histone acetylation. 
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Fi g.  8. S u m m a r y  ill u st r ati o n  of  S r c- H 3  a c et-

yl ati o n si g n ali n g a xi s i n m a c r o p h a g e s. ( T o p) 

S u m m ar y  of  o b s er v ati o n s  o n  c ell  m or p h ol o g y, 

m otilit y, Sr c a n d p 3 0 0 a cti vit y, hi st o n e a c et yl a-

ti o n l e v el s a n d i n fl a m m at or y a cti v ati o n, i n c ell s 

tr e at e d  wit h  i B et  or  u n d er g oi n g  f a cilit at e d 

el o n g ati o n.  T h e  r el ati v e  i m p a ct  of  e a c h  c o n di-

ti o n  o n  a  gi v e n  c ell  c h ar a ct eri sti c  i s  c o n v e y e d 

t hr o u g h t h e  dir e cti o n ( u p or d o w n) a n d si z e of 

arr o w h e a d s. ( B ott o m) S c h e m ati c p ortr a yi n g t h e 

c yt o s k el et o n- e pi g e n eti c  n e x u s  t h at  m o d ul at e 

i n fl a m m ati o n  i n  m a cr o p h a g e s  e x p eri e n ci n g 

el o n g ati o n  or  p h ar m a c ol o gi c al  p ert ur b ati o n 

( gr a y  d a s h e d  arr o w s  i n di c at e  pr e vi o u sl y  r e-

p ort e d  m e c h a ni s m s).  Sr c  a cti v ati o n  i s  a c hi e v e d 

b y  b ot h  e x p o s ur e  t o  bi o c h e mi c al / s ol u bl e  c u e s 

s u c h  a s  L P S  (t hr o u g h  a  M y D 8 8- d e p e n d e nt 

m e c h a ni s m)  [ 6 4 ]  a n d  I F N γ (t hr o u g h  a  J A K 1 

d e p e n d e nt  m e c h a ni s m),  a n d  bi o m e c h a ni c al 

e v e nt s  s u c h  a s  E C M-i nt e gri n  e n g a g e m e nt  [ 6 5 ]. 

Sr c  a cti v ati o n  dri v e s  P K C δ d e gr a d ati o n  a n d 

s u p pr e s si o n  b y  p h o s p h or yl ati o n  at  Y 3 1 1.  Sr c 

i n hi bit or s  s u c h  a s  P P 1  a n d  P P 2  pr e v e nt  t h e 

a cti v ati o n of t hi s si g n ali n g c a s c a d e. P K C δ a cti v-

it y  s u p pr e s s e s  p 3 0 0  H A T  a cti vit y  b y  p h o s p h or-

yl ati o n  at  S 8 9  [ 4 4 ].  W e  s h o w  t h at  c ell ul ar 

el o n g ati o n  c a n  s u p pr e s s  Sr c  a cti v ati o n  e v e n  i n 

t h e  pr e s e n c e  of  L P S /I F Nγ sti m ul ati o n.  T hi s 

e v e nt u all y l e a d s t o a di mi ni s h e d p 3 0 0 H A T a c-

ti vit y  i n  el o n g at e d  c ell s.  p 3 0 0  a c et yl at e s  hi s-

t o n e s, all o wi n g tr a n s cri pti o n al c o m pl e x bi n di n g 

t o t h e c hr o m ati n. A di mi ni s h e d p 3 0 0 a cti vit y i n 

el o n g at e d  c ell s  t h u s  l o w er s  tr a n s cri pti o n al  a c-

ti vit y  of  i n fi a m m at or y  g e n e s.  I n  c o ntr a st,  t h e 

a nti-i n fl a m m at or y  a cti vit y  of  i B et s  st e m s  fr o m 

t h eir  i n hi biti o n  of  B E T  f a mil y  pr ot ei n s  ( e. g., 

Br d 2 a n d Br d 4) t h at f a cilit at e tr a n s cri pti o n f a c-

t or  a n d  el o n g ati o n  f a ct or  bi n di n g  t o  t h e  c hr o-

m ati n.  T hi s  w or k  d e m o n str at e s  a  n o v el 

m e c h a ni s m  t hr o u g h  w hi c h  bi o p h y si c al  c u e s 

fr o m  t h e  mi cr o e n vir o n m e nt  c a n  r e g ul at e  tr a n-

s cri pti o n al  pr o gr a m s  s u c h  a s  i n fl a m m ati o n  b y 

r a pi dl y  m o dif yi n g  hi st o n e s.  N ot a bl y,  t h e s e 

bi o p h y si c all y-i n d u c e d eff e ct s c a n b e o n p ar wit h 

t h o s e o b s er v e d t hr o u g h tr e at m e nt s wit h s ol u bl e 

p h ar m a c ol o gi c al a g e nt s.   
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Endothelial shear stress-induced inflammatory eNOS secretion is tied to 
enhanced p300 HAT activity at the Nos3 promoter. Macrophages treated 
with HAT inhibitors, specifically curcumin [57], garcinol [58], and 
C646 [59], show reduced NF- B activation and inflammatory marker 
expression upon stimulation. Here, we also report a decrease in global 
H3Ac levels in elongated macrophages. 

From our network analysis, we also note an intricately connected set 
of genes that upregulate during LPS stimulation but whose gene 
expression may also be H3Ac dependent. Examining protein-level in
teractions between the genes of this cluster using previously reported 
associations through the String database, we find that the tyrosine ki
nase Src is at the interface of connections between the inflammatory and 
adhesome clusters. Src was also one of the genes whose promoter 
showed substantial increases in H3Ac with LPS in an iBet-sensitive 
manner. In addition, we also found that focal adhesions (visualized by 
vinculin staining), which help activate Src, were more diffuse and 
weaker in cells on micropatterns and those treated with iBet. This led us 
to explore the effect of Src knockdown and inhibition on H3Ac acety
lation and find that a Src-p300 axis controls H3Ac levels in macro
phages, and that this is vital for inflammatory activation. Src activation 
requires integrin engagement [43] and an intact cytoskeleton [60], 
making it highly probable that the dampened Src activity observed in 
cells on micropatterns are due to morphological and adhesome modifi
cations caused by low-adhesive culture conditions. In addition, previous 
studies have shown that Src activity (and consequent RhoA inactivation) 
is dampened within micropatterned HeLa cells [61]. 

In our LPS/IFN stimulation time course, we find that Src gets acti
vated, and PKC levels transiently drop with a concomitant increase in 
Y311 phosphorylated PKC . Our experiments also show that the change 
in levels of PKC are Src-dependent. Blocking PKC through rottlerin 
also results in elevated p300 activity and H3Ac levels. Src has been 
previously reported to phosphorylate PKC at Y311 leading to its 
functional inactivation and degradation [45,46]. While PKC is a known 
antagonist of p300 HAT activity [35,44], our results reveal that Src 
activation is linked to p300 and H3 hyperacetylation through PKC
phosphorylation and subsequent degradation during early macrophage 
polarization. We do note, however, that PKC levels rise back to 
pre-stimulation levels by 120 min post-stimulation, further suggesting 
that this transient drop in PKC represents a temporal window for 
release of p300 repression. Fig. 8 provides an illustration summarizing 
the Src-H3 acetylation signaling axis proposed in this study. 

5. Conclusions 

In summary, it has been proposed that macrophages fine-tune their 
immune responses, in part, through the activity of signaling molecules 
that function as mechanosensitive rheostats , which operate by effec
tively increasing (or deceasing) the output of certain signaling path
ways. Given their demonstrated ability to both i) propagate mechanical 
signals from outside of the cell and ii) modulate the activity of integrin 
and immunoreceptor signaling pathways, Src and several Src-family 
member kinases have been proposed as candidate drivers of this 
rheostat-like behavior [62], however a clear mechanism has not been 
fully elucidated. At the same time, several studies have recently estab
lished that epigenetic modifications are essential for immune signal 
activation in macrophages, yet no studies to date have explored whether 
macrophages utilize epigenetic mechanisms as a means to fine-tune 
immune signaling output in response to biophysical cues. Here, we 
examined the role of epigenetic signaling in the regulation of mecha
nosensitive inflammatory gene activity. Our current study reveals, for 
the first time, a Src-histone H3 acetylation (H3Ac) signaling axis that is 
essential to the macrophage inflammatory response, and serves as both a 
modulator of immune signaling gain as well as an autoregulatory 
(negative) feedback mechanism to maintain Src expression levels during 
polarization. Importantly, we also observe that Src kinase activity was 
attenuated within low-adhesive culture conditions (where decreases in 

global levels of H3Ac were also noted) suggesting that Src may be largely 
responsible for biophysically-induced changes in histone modifications 
as reported by us and many others [5,22,63]. 

Taken together, our study highlights Src as a mediator of shape- 
dependent changes in H3Ac levels and inflammatory activation of 
macrophages. We provide first-ever evidence that Src acts as a rheostat 
to immune signaling activity in macrophages through a novel Src- 
epigenetic signaling axis. Given that Src plays multiple roles in macro
phage biology, we believe our results have the potential to clarify critical 
regulatory mechanisms of innate immunity and greatly advance our 
understanding of the cell-material interface. 
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