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NF-kB dynamics determine the stimulus specificity
of epigenomic reprogramming in macrophages

Quen J. Cheng?+, Sho Ohta'f, Katherine M. Sheu, Roberto Spreafico*, Adewunmi Adelaja’,

Brooks Taylor', Alexander Hoffmann™3*

The epigenome of macrophages can be reprogrammed by extracellular cues, but the extent to which
different stimuli achieve this is unclear. Nuclear factor kB (NF-kB) is a transcription factor that is
activated by all pathogen-associated stimuli and can reprogram the epigenome by activating latent
enhancers. However, we show that NF-kB does so only in response to a subset of stimuli. This stimulus
specificity depends on the temporal dynamics of NF-kB activity, in particular whether it is oscillatory
or non-oscillatory. Non-oscillatory NF-kB opens chromatin by sustained disruption of nucleosomal
histone-DNA interactions, enabling activation of latent enhancers that modulate expression of
immune response genes. Thus, temporal dynamics can determine a transcription factor’s capacity to
reprogram the epigenome in a stimulus-specific manner.

he cellular epigenome, a regulatory net-

work involving transcription factors,

chromatin architecture, and histone mod-

ifications, contains stable, heritable infor-

mation that determines cell type-specific
programs of gene expression (I, 2). Neverthe-
less, the epigenome of differentiated cells re-
mains highly plastic, particularly in immune
cells such as macrophages (3, 4). These immune
sentinel cells detect microenvironmental im-
mune threats, mount appropriate gene expres-
sion responses, and reprogram their epigenomes
to tailor subsequent immune responses (5). At
a molecular level, this reprogramming is initi-
ated by the activity of signal-dependent tran-
scription factors (TFs) such as nuclear factor
kappa-light-chain-enhancer of activated B cells
(NF-kB) (6). In cooperation with chromatin mod-
ifiers and pioneering TFs, signal-dependent
TFs increase chromatin accessibility and mod-
ify histones at previously silent regions of the
genome, thus converting latent enhancers to
poised or active states (7-9). NF-«B activated
by bacterial lipopolysaccharide (LPS) has
been a model TF in this field. However, the
degree to which NF-xB or other TFs can alter
the epigenome in response to different stimuli
is unknown.

To investigate the stimulus specificity of
epigenomic reprogramming, we stimulated
bone marrow-derived macrophages (BMDMSs)
with five well-characterized ligands: tumor ne-
crosis factor (TNF) and the Toll-like receptor
agonists Pam3CSK, CpG, LPS, and Poly(I:C)
(polyinosinic: polycytidylic acid). We performed
chromatin immunoprecipitation sequencing
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(ChIP-seq) using antibodies recognizing the
monomethylation of lysine 4 on histone H3
(H3K4mel) to identify latent enhancers that
were activated upon stimulation. We found
3978 enhancer regions that segregated into
two clusters by the k-means algorithm (Fig. 1A
and fig. S1). The latent enhancers in cluster 1
were most strongly activated in response to
LPS and Poly(I:C) and were enriched for in-
terferon response factor (IRF) motifs (Fig.
1B, top), consistent with the fact that these
stimuli activate IRF3 and type I interferon (10);
in Irf37 " Ifnar”~ BMDMs, these regions no
longer acquired H3K4imel (Fig. 1C, top). Weak
H3K4mel signal was preserved in response to
TNF, which activates IRF1 but not IRF3 (11).

In contrast, the regions in cluster 2 were
highly enriched for NF-xB motifs (Fig. 1B, bot-
tom), implying that these were latent NF-xB
enhancers. We examined the contribution of
other stimulus-responsive signaling pathways
and found that the gain of H3K4mel was
preserved in Irf37 " Ifnar”~ BMDMs (Fig. 1C,
bottom) but disrupted by pharmacologic in-
hibition of mitogen-activated protein kinase
(MAPK) pathways (fig. S2, A and B). MAPK
inhibition also blocked activation of latent en-
hancers in cluster 1, suggesting that the MAPK
pathway is generally critical for epigenomic
reprogramming (12) and does not specifically
collaborate with NF-xB.

We next examined the contribution of NF-xB
family members. RelA:p50 is the dominant
NF-kB dimer in macrophages (13), but cRel
also plays a role (714). We knocked out cRel
(Rel™”") and found that H3K4mel ChIP-seq
signals were unchanged (fig. S2C), including
at the 1712b promoter (14). Knocking out p50
(nflebI™ ") only weakly diminished H3K4mel
signals, indicating that partial compensation
by RelA:p52 or RelA homodimers was suffi-
cient (15). These data indicated that RelA is the
primary activator of latent NF-kB enhancers
in macrophages.
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To focus on latent NF-kB enhancers, we
used RelA ChIP-seq data (16) to identify 1071
regions in cluster 2 that contained a RelA bind-
ing event. Unexpectedly, these regions acquired
H3K4mel in a stimulus-specific manner, even
though all five stimuli tested activate NF-xB
(17). Within these regions, the H3K4mel signal
was strongly induced by Pam3CSK, CpG, and
LPS, with median log, fold changes of 1.07,
1.16, and 1.33, respectively. TNF and Poly(1:C)
produced less H3K4mel, with median log,
fold changes of 0.60 and 0.70, respectively
(Fig. 1D, top). A pairwise comparison of sam-
ples quantitatively confirmed the stimulus
specificity of these NF-«B enhancers (Fig.
1D, bottom).

This stimulus specificity would be difficult
to explain if NF-xB acted as a binary on-off
switch, but NF-«B is activated with complex,
stimulus-specific temporal dynamics (17-19).
In response to various stimuli, NF-xB enters
the nucleus with distinct speeds, amplitudes,
and durations and may oscillate between the
nucleus and cytoplasm. To determine whether
stimulus-specific NF-kB dynamics play a role
in stimulus-specific activation of latent en-
hancers, we used live-cell microscopy of BMDMs
expressing NF-kB-RelA fused with the mVenus
fluorophore (mVenus-RelA) (20) to measure the
single-cell dynamics of NF-k B-RelA in response
to each of the five ligands (Fig. 1E). We quantified
the six NF-kB dynamic features that function
as signaling codons to encode ligand identity
and dose (20) and correlated them to mean
H3K4mel counts in the NF-kB-activated latent
enhancers (fig. S3). Oscillatory power [correla-
tion coefficient () = —0.95], total activity (r =
0.77), and peak amplitude (7 = 0.78) were highly
correlated with the capacity of a given stimulus
to activate latent enhancers (Fig. 1F).

‘We hypothesized that temporal dynamics of
NF-kB activity might affect its interaction with
chromatin. Crystallographic studies imply that
stable NF-kB-DNA binding requires the DNA
to be nucleosome-free, because NF-xB dimers
embrace the DNA double helix circamferen-
tially (21, 22) (Fig. 2A). However, NF-kB can
interact with nucleosomal DNA, particularly
when its binding site is distal to the nucleo-
some dyad (23). Indeed, the DNA-histone
interface is composed of low-affinity interac-
tions that allow spontaneous disassociation or
“breathing” (24). Thus, successive disruptions
of DNA-histone contacts by NF-kB, in collab-
oration with remodeling complexes such as
SWI/SNF (25), chaperone proteins such as FACT
(26, 27), and/or pioneer factors such as Pu.1
or CEB/Pa (28), may displace the nucleosome
(Fig. 2B). This may be followed by the depo-
sition of histone modifications on neighboring
nucleosomes, resulting in a poised or active
enhancer (7).

We created a multistep model describing
how dynamical NF-kB activity might interact
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Fig. 1. NF-xB-activated latent enhancers are stimulus-specific and corre-
late to dynamic features of NF-xB activity. (A) Heatmap of H3K4mel ChIP-
seq inducible peaks from BMDMs stimulated with five ligands for 8 hours,
unsupervised k-means clustering. Average of two biological replicates. (B) Known
transcription factor motifs with greatest enrichment in cluster 1 and cluster 2
peaks. ISRE, interferon-stimulated response element; OCT4, organic cation/
carnitine transporter 4. (C) Heatmap of H3K4mel ChIP-seq in Irf3™"Ifnar™~
BMDMs, using the same clusters as in (A). (D) Violin and box plots of log, fold

change in H3K4mel signal of 1071 NF-xB enhancers from cluster 2 that also
contain an NF-kB-RelA binding event. Corresponding matrix of P values of
H3K4mel ChIP-seq fold change, by two-tailed t test between pairs of conditions.
(E) Heatmaps of NF-xB activity in single cells by live cell microscopy of mVenus-
RelA BMDMs, showing nuclear abundance of NF-xB in response to five stimuli
over 8 hours. (F) Bar graph of correlation coefficients between mean H3K4mel
ChlIP-seq counts of NF-kB enhancers and the six signaling codons of NF-xB
dynamics (20); see also fig. S3.

with nucleosomal DNA. A series of 14 Hill equa-
tions described the competition between NF-«B
and histone for interaction with DNA (Fig.
20), reflecting the number of contact points in
the histone octamer-DNA crystal structure (29).
Relative rates of nucleosome wrapping and un-
wrapping were based on available biophysical
data (30). With measured single-cell NF-xB ac-
tivities (Fig. 1E) as inputs, the model simula-
tions reproduced the differences in experimental
H3K4mel ChIP-seq data (Fig. 2, D and E, and
fig. S4, A and B).

We used the model to investigate which fea-
tures of NF-kB dynamics affect chromatin ac-
cessibility. We examined the three features most
highly correlated with the H3K4mel ChIP-
seq data (Fig. 1F): oscillations, amplitude, and
total activity. The model indicated that a non-
oscillatory dynamic produces a twofold greater
chromatin accessibility than an oscillatory
dynamic (Fig. 2F). The model also indicated
that NF-xB activity must have a minimal am-
plitude (Fig. 2G and fig. S4C) and extend for
a minimal duration (Fig. 2H and fig. S4D) to
open chromatin; but above these thresholds,
non-oscillatory NF-xB always has greater capa-
city to open chromatin than does oscillatory
NF-kB. This was consistent across a range of
parameter values (fig. S5). These simulations
predicted that the presence or absence of
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oscillations, not the maximum amplitude or
duration of activity, is the key determinant of
whether NF-xB preserves or alters the chro-
matin state.

To test this prediction, we generated a mouse
in which NF-«B dynamics are perturbed. When
activated, NF-«xB rapidly induces expression of
Nfkbia, whose gene product is the negative
regulator IxBa (Fig. 3A) (31). IxBo knockout
alone is perinatal lethal owing to persistent in-
flammation (32), but we rescued this lethality
by genetically ablating endogenous TNF ex-
pression (33). We then crossed the composite
knockout strain with mVenus-RelA knock-in
mice to examine the dynamics of NF-kB by live-
cell microscopy. IkBo ™~ BMDMs responded to
TNF with altered NF-xB dynamics compared
with wild-type (WT) controls (Fig. 3B). We
quantified the differences in the distribution
of single-cell dynamic features by the non-
parametric Kolmogorov-Smirnov (K-S) test and
found that the greatest dynamic difference
between IxkBo ™~ and WT was a loss of oscilla-
tions, with a test statistic (D) of 0.85, cor-
responding to P < 107'° (Fig. 3C and fig. S6A).
Other dynamic features were either unaffected
or favored WT cells, as in the case of activa-
tion speed (D = 0.66) and early-versus-late
activity (D = 0.52). The area under the NF-xB
activity curve slightly favored WT cells at all

18 June 2021

time points (Fig. 3C and fig. S6B). We con-
cluded that loss of IxBo abolished NF-«B oscil-
lations without increasing its total activity.

We examined the chromatin state by stim-
ulating BMDMs from IxkBo ™/~ and littermate
control mice with TNF and performed the as-
say for transposase-accessible chromatin using
sequencing (ATAC-seq) at 2, 4, and 8 hours.
This was followed by a 16-hour period without
TNF, after which a final ATAC-seq sample was
collected (fig. S7A). We identified 1443 genomic
regions that demonstrated TNF-inducible
chromatin accessibility in either genotype. Of
these, 332 were differentially inducible be-
tween control and IxkBa /", and 97% of those
332 regions (n = 322) had greater chromatin
accessibility in the knockout than in the con-
trol (Fig. 3D), despite the slight reduction in
total NF-xB activity (fig. S6B). These differ-
entially inducible regions were enriched for
NF-xB motifs (Fig. 3E), and 311 of 322 regions
showed RelA binding by ChIP-seq (fig. S7B).
Ninety-six percent were located in intergenic
or intronic portions of the genome (fig. S7C),
suggesting that they function as cis-acting
enhancers of immune genes such as Ccl5 (Fig.
3F), which requires chromatin remodeling for
maximal expression (16).

Our model predicted that chromatin acces-
sibility is primarily determined by whether
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Fig. 2. Mathematical model predicts epigenetic A
response to distinct dynamic features of NF-«B.

(A) Crystal structures of nucleosomal DNA [Protein

Data Bank (PDB) ID 1F66] versus NF-kB-bound DNA

(PDB ID 1VKX), where the RelA:p50 NF-xB dimer is in
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Fig. 3. IxBa knockout abolishes NF-xB oscillations, increases chromatin
accessibility, and activates latent enhancers. (A) Schematic of IxBa as
inducible negative regulator of NF-kB. IKK, IxB kinase. (B) Heatmap of single-
cell NF-xB activity by live cell microscopy of mVenus-RelA BMDMs, comparing
TNF response in WT versus xBo™~ macrophages. A.U., arbitrary units. (C) Bar
graph of K-S test statistic for difference in distribution of six signaling
codons and areas under NF-xB activity curve (AUC), comparing IxBa™~ and
WT. (D) Heatmap of ATAC-seq signal after TNF stimulation at 322 genomic
regions that are TNF-inducible and differential between IxBo ™~ and control.
Average of two biological replicates. The term “wash” indicates 8 hours with
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followed by 16 hours without TNF stimulation. (E) Known transcription factor
motifs with greatest enrichment in differentially inducible ATAC-seq regions.
(F) Genome browser tracks for representative differentially inducible
ATAC-seq regions, two replicates per time point. (G) Percentage of cells with
non-oscillatory NF-xB trajectories by microscopy, compared with relative
percentage of cells with accessible chromatin by ATAC-seq at Chrl5 intergenic
peak (F). (H) Heatmap of H3K4mel ChIP-seq signal after TNF stimulation
over the 322 regions defined as differentially inducible by ATAC-seq. Average of
two biological replicates. The term “wash” indicates 8 hours with followed

by 16 hours without TNF stimulation.
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NF-kB is oscillatory or non-oscillatory at the
single-cell level. We therefore considered that
the magnitude of ATAC-seq signal can be in-
terpreted as the proportion of cells in a sample
in which a particular region of DNA is acces-
sible. As determined by microscopy, 87% of
IxkBa " cells had non-oscillatory NF-xB, com-
pared with 25% in WT cells. This was similar
to the magnitude of ATAC-seq differences be-
tween IxkBo '~ and control. For example, at an
intergenic peak on chromosome 15, 67% of
IxBa ™~ cells showed accessible chromatin,
compared with 22% of control cells (Fig. 3G).

To confirm that the negative feedback func-
tion of IxkBo was indeed critical for the ob-
served effects, we used an IxBa*®*® mutant
in which NF-xB binding sites in the promoter
of the Nfkbia gene are disrupted (34) (fig.
S8A). In this model, basal IxBa expression is
preserved, and the mice live into adulthood
without requiring compound suppressor mu-

tations. We found that upon TNF stimulation,
IxkBo*®/*E BMDMs activated NF-kB in a non-
oscillatory manner with minimal disruption of
other dynamic features (fig. S8, B to E). ATAC-
seq analysis of TNF-stimulated WT versus
IxkBo*®*B BMDMs recapitulated our findings
in the IxBa ™/~ system, with 131 genomic regions
demonstrating greater gain of chromatin ac-
cessibility in the mutant compared with WT
(fig. S8F). These regions were enriched for
NF-xB motifs, and 90% showed RelA binding
by ChIP-seq (fig. S8, G and H). Taken together,
the ATAC-seq data from both IxBo ™~ and
IxBa*®/*® experimental models indicated
that loss of NF-xB oscillations results in
greater chromatin accessibility at NF-xB
binding sites.

We examined whether regions with differen-
tially inducible chromatin accessibility acquired
the corresponding histone mark of enhancers.

H3K4mel ChIP-seq in TNF-stimulated BMDMs

showed that in the 322 differentially inducible
ATAC-seq regions there was also a greater gain
of H3K4mel signal in IxBa 7~ than in littermate
controls (Fig. 3H). These histone marks per-
sisted for 16 hours after TNF was removed, sug-
gesting that chromatin opening facilitated by
NF-«B may be transient but leads to durable
H3K4 methylation even after the stimulus is
removed, thus activating a latent enhancer and
reprogramming the epigenome.

Because histone methylation is more durable
and more indicative of enhancer function, we
analyzed the H3K4mel ChIP-seq data inde-
pendently and identified 2081 regions that
acquired more H3K4 methylation in IxBa ™/~
cells than did controls (Fig. 4A). These differen-
tially induced, dynamics-dependent enhancers
persisted after the TNF stimulus was removed,
were enriched for NF-xB motifs (Fig. 4B), and
showed significant overlap with the set of
stimulus-specific NF-xB enhancers identified
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Fig. 4. NF-xB dynamics-dependent enhancers are associated with
dynamics-dependent gene expression. (A) Heatmap of H3K4mel ChIP-seq
signal after TNF stimulation at 2081 dynamics-dependent enhancers that are
differentially induced by TNF between IxBa™~ and control. Average of

two biological replicates. The term “wash” indicates 8 hours with followed by
16 hours without TNF. (B) Known transcription factor motifs with greatest
enrichment in dynamics-dependent enhancers. (C) Heatmap of H3K4mel
signal after 8-hour stimulation at regions that overlap between (A) and Fig. 1D
(n = 211 regions, P for overlap = 3.0 x 1071%%). (D) Schematic of RNA-seq
experiment. (E) Heatmap showing expression of genes closest to dynamics-
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dependent enhancers, where cluster 3 exhibits differential gene expression
between IxBa ™ and control. Average of two biological replicates. (F) Top
biological process ontology terms for genes in cluster 3 of (E). FDR, false
discovery rate. (G) Examples of genes differentially induced between
lxBo™"~ and control, average and standard deviation of two replicates.
RPKM, reads per kilobase per million mapped reads. (H) Genome browser
tracks of differentially inducible H3K4mel peaks near differentially inducible
genes, showing TNF-stimulated 1xBa ™~ versus control and stimulus-specific
response in WT BMDMs. More darkly shaded tracks indicate non-oscillatory
NF-xB conditions. Average of two biological replicates.
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previously (Fig. 1D, 211 genomic regions, P =
3.0 x 107%). The inducible ChIP-seq signal
was consistently greater when NF-xB dynamics
were non-oscillatory rather than oscillatory,
whether by genetic perturbation or by stimulus-
specific signaling mechanisms (Fig. 4C).

We tested whether NF-xB dynamics-
dependent enhancers alter macrophage tran-
scriptional responses to subsequent stimulation.
We treated IxBa™~ and littermate control
BMDMs with TNF for 8 hours, let cells rest for
16 hours, and then restimulated with TNF for
up to 8 hours and collected samples for mRNA
sequencing (MRNA-seq) (Fig. 4D). We explored
the relation between differentially inducible
enhancers and gene expression with two ap-
proaches. First, we identified the nearest ex-
pressed genes to the 2081 enhancers, removed
duplicates, and found three distinct patterns
of expression for the resulting 1511 genes (Fig.
4E). Cluster 1 and 2 genes were not TNF-
responsive in either condition, reflecting an
intrinsic limitation of this approach in which
enhancers often do not regulate their nearest
genes (35). Despite this limitation, cluster 3
genes (58% of total) were both TNF-responsive
and more strongly induced in IxBa ™/~ BMDMs.
Of these genes, 88% were not induced in con-
trols at all (using a twofold threshold). These
differentially regulated genes were enriched
for ontology terms “immune system process”
and “inflammatory process” (Fig. 4F), indicat-
ing that non-oscillatory NF-kB epigenetically
reprograms macrophages to enhance their
immune response.

We also examined our data with a gene-
centric approach. From the RNA-seq data-
set, we identified 1958 TNF-inducible genes,
482 of which were differentially induced in
IxBo '~ versus control (fig. S9, A and B). For
each gene, we annotated the genomic distance
to the nearest differentially inducible H3K4mel
ChIP-seq peak. Differentially induced genes
were closer to differentially induced ChIP-seq
peaks (P = 1.13 x 10™%) than genes that were
not differentially induced (fig. S9, C and D). Thus,
both analyses indicated that NF-«xB dynamics-
dependent enhancers regulate gene expres-
sion responses to a subsequent stimulus.

The dynamics-dependent gene expression
program included Nos2, Mmp2, and Mmp9,
which are well-defined markers of classical
macrophage activation (36), as well as Acsll,
which plays a role in the pathogenesis of athero-
sclerosis (37) (Fig. 4G). Each of these genes had
a nearby enhancer that acquired more H3K4mel
signal in the presence of non-oscillatory NF-«B,
whether in the IxBo. 7~ system or in WT BMDMs
stimulated with various ligands (Fig. 4H). These
specific examples further suggested that latent
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enhancers activated by non-oscillatory NF-k B reg-
ulate genes involved in macrophage activation.
Our results indicate that the dynamics of
NF-xB activity, particularly whether it is oscil-
latory or non-oscillatory, determine NF-kB’s
capacity to reprogram the macrophage epi-
genome. We show with a mathematical model
how biophysical principles governing nu-
cleosome dynamics might decode stimulus-
specific NF-kB dynamical features. The role
of temporal dynamics may thus complement
the structure-function model in which dis-
tance from the nucleosome core determines
accessibility to partially exposed DNA motifs
(38). Together, TF dynamics and motif acces-
sibility may regulate the sensitivity of a par-
ticular nucleosome to eviction. To date, the
function of NF-xB oscillations has been unclear
given that there is little difference in the ex-
pression of poised inflammatory-response genes
induced by oscillatory versus non-oscillatory
NF-kB (39, 40). We propose that in response
to some stimuli, the role of oscillations is to
maintain the epigenomic state while exploit-
ing existing poised enhancers for inflamma-
tory gene activation. However, in response to
other immune threats, non-oscillatory NF-xB
induces a comparable gene expression pro-
gram while also activating latent enhancers,
thus changing the epigenomic state of the cell
and its response to subsequent stimuli. Although
further work will be needed to determine the
physiological implications of NF-kB dynamics-
dependent enhancers and to identify the pro-
teins that collaborate with NF-xB to evict
nucleosomes, our study establishes TF tem-
poral dynamics as a key mechanistic deter-
minant of epigenomic reprogramming.
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Timing cues epigenomic reprogramming

Different temporal dynamics of activation of the transcription factor nuclear factor kB (NF-kB) can influence the
inflammatory response of activated macrophages. Cheng et al. report a mechanism by which oscillatory and sustained
NF- kB signaling may produce distinct transcriptional responses (see the Perspective by Nandagopal et al.). Oscillatory
activation of NF- kB activated poised enhancers to transcribe inflammatory genes in mouse macrophages. However,
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