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AP-l subunits converge promiscuously at enhancers
to potentiate transcription
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The APl transcription factor (TF) dimer contributes to many biological processes and environmental responses. AP-1 can be
composed of many interchangeable subunits. Unambiguously determining the binding locations of these subunits in the
human genome is challenging because of variable antibody specificity and affinity. Here, we definitively establish the ge-
nome-wide binding patterns of five AP-l subunits by using CRISPR to introduce a common antibody tag on each subunit.
We find limited evidence for strong dimerization preferences between subunits at steady state and find that, under a stim-
ulus, dimerization patterns reflect changes in the transcriptome. Further, our analysis suggests that canonical AP-1 motifs
indiscriminately recruit all APl subunits to genomic sites, which we term AP-l hotspots. We find that AP-l hotspots are pre-
dictive of cell type-specific gene expression and of genomic responses to glucocorticoid signaling (more so than super-en-
hancers) and are significantly enriched in disease-associated genetic variants. Together, these results support a model where
promiscuous binding of many AP-l subunits to the same genomic location play a key role in regulating cell type-specific

gene expression and environmental responses.
[Supplemental material is available for this article.]

Initially discovered as a driver of oncogenic transformation, AP-1
has since been implicated in a variety of transcriptional mecha-
nisms related to development and disease (Rahman and MacNee
1998; Jochum et al. 2001; Shaulian and Karin 2002; Yin et al.
2002; Eferl and Wagner 2003; Hess et al. 2004; Wagner and
Eferl 2005). AP-1 is a dimer composed of members of FOS, JUN,
and ATF gene families (Angel et al. 1987; Kouzarides and Ziff
1988; Sassone-Corsi et al. 1988; Karin et al. 1997; Chinenov and
Kerppola 2001; Hess et al. 2004). Although only JUN proteins
were initially thought to hetero- and homodimerize with all AP-
1 subunits (Smeal et al. 1989; Ziff 1990; Ryseck and Bravo 1991),
recent studies showed that ATF and FOS can also form homo-
and heterodimers (Rodriguez-Martinez et al. 2017; Lambert et al.
2018).

AP-1 binds DNA at 12-O-Tetradecanoylphorbol-13-acetate re-
sponse elements (TREs) or cyclic AMP response elements (CREs),
and either element is necessary for direct binding of AP-1 to
DNA (Isakova et al. 2017). However, a TRE or CRE is not sufficient
for AP-1 binding as the majority of these elements remain un-
bound by AP-1 in several cell types (Wang et al. 2012). AP-1 bind-
ing is also highly divergent across cell types (The ENCODE Project
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Consortium 2012). Insufficiency of a binding motif, a property
common to many transcription factors (TFs), has inspired efforts
to use sequence properties flanking the motif to explain TF bind-
ing events (Yafiez-Cuna et al. 2012; Dror et al. 2015). In the case
of AP-1, that approach has revealed that cooperative interactions
with other TFs can explain AP-1 binding and enhancer activity
(Vierbuchen et al. 2017; Chaudhari and Cohen 2018; Fonseca
et al. 2019).

AP-1 is a critical mediator of enhancer function (Biddie et al.
2011; Phanstiel et al. 2017; Vierbuchen et al. 2017). However, a
challenge in understanding AP-1 dimer function arises from two
seemingly contradictory observations: AP-1 subunits are thought
to be functionally distinct, yet they bind the genome at a minimal-
ly variable DNA binding motif. How distinct dimer configurations
and effects are mediated through a largely invariant DNA sequence
remains an unanswered question. The distinct functional effects of
AP-1 subunits have been demonstrated across numerous loss-of-
function studies (Hilberg et al. 1993; Behrens et al. 1999; Eferl
et al. 1999; Behrens et al. 2002; Fonseca et al. 2019). Meanwhile,
studies to define dimer-specific AP-1 binding motifs in vitro have
suggested differences in TRE or CRE affinity (Isakova et al. 2017).
Massively parallel reporter assay (MPRA) analyses have also shown
that AP-1-mediated cis-regulatory activity depends on sequences
beyond the core TRE (Chaudhari and Cohen 2018). It remains
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AP-l hotspots potentiate transcription

unresolved whether AP-1 subunits have biased dimerization part-
ners across the genome, whether different dimers bind to distinct
genomic regions, and whether different AP-1 binding classes have
different regulatory activity.

Here, we focused on addressing the possibility that AP-1 sub-
units preferentially dimerize and that different dimers potentiate
distinct regulatory effects on gene expression. To do so, we took
an unbiased approach to characterize both the distinct genome-
wide binding profiles and associated regulatory activity of five
AP-1 subunits (JUN, JUNB, JUND, FOSL1, and FOSL2). By using ge-
nome-editing to endogenously tag each AP-1 subunit, we were able
to determine the genomic binding of each subunit at its native ex-
pression level in a way that controls for variation in antibody affin-
ity and specificity. Further, to relate changes in AP-1 subunit
occupancy to changes in gene regulation, we focused on the geno-
mic response to glucocorticoids, where AP-1 plays a major role.
Together, these analyses provide a highly detailed perspective on
the dynamics of AP-1 subunit composition across the human ge-
nome and reveal distinct configurations with strong effects on
gene regulation.

Results

Genome-editing enables genome-wide characterization of AP-l
subunit binding

Two major limitations when using ChIP-seq to characterize the ge-
nome wide binding profiles of each AP-1 subunit are differences in
the specificity and the affinity of antibodies. For example, FOS and
JUN family members have highly conserved regions that may re-
sult in antibody cross-reactivity (Supplemental Fig. S1A,C).
Meanwhile, antibodies interacting with different epitopes have
different affinities, preventing direct comparison of ChIP-seq anal-
yses of different TFs. To overcome these limitations, we generated a
series of A549-derived cell lines with a 3XxFLAG epitope inserted at
the C terminus of each of seven AP-1 family members: FOS, FOSL1,
FOSL2, FOSB, JUN, JUNB, and JUND (Fig. 1A). We directed precise
insertion of each FLAG sequence using a CRISPR-Cas nuclease to
introduce a double-strand break in the A549 genome and codeliv-
ered a homologous recombination donor plasmid containing the
3xFLAG tag and a puromycin resistance gene. After selecting for
edited cells with puromycin, we delivered Cre recombinase to re-
move the resistance gene. The efficiency of gene-editing was eval-
uated via PCR amplification of the target locus followed by a
restriction enzyme digest specific to the 3xFLAG DNA sequence
(Supplemental Fig. S1A). Two different Cas nucleases were used
because of their ability to target different genomic sites:
Lachnospiraceae bacterium Casl2a (LbCasl2a) or Streptococcus
pyogenes Cas9 (SpCas9) were used to target genomic sites with a
TTTIN or NGG sequence, respectively. During tagging experi-
ments, guides for each Cas nuclease were tested individually for
their ability to mediate precise genome editing. We intentionally
used polyclonal tagged lines to avoid clone-specific effects that
could confound our analysis (Ben-David et al. 2018).

Across eight genes and 16 gRNAs, we observed tagging effi-
ciencies varying from 5% to 50% of alleles (Supplemental Fig.
S1B). As a positive control for the ChIP, we also tagged the gene en-
coding the glucocorticoid receptor (GR), NR3C1, which we have
previously characterized with ChIP-seq using several different an-
tibodies against the endogenous protein (McDowell et al. 2018).
All targeted genes were detected via western blot, except for
FOSB, which has lowly expressed levels in A549 cells and was ex-

cluded from further analysis (Fig. 1B). Each tagged protein also
had glucocorticoid (GC)-dependent changes in expression, consis-
tent with the known GC-dependent regulation of those genes in
unedited A549 cells. That result demonstrates that endogenous
regulation of the tagged genes was maintained over the tagging
procedure (Supplemental Fig. S2). To characterize the genome-
wide binding patterns of each AP-1 subunit, we completed ChlIP-
seq on each tagged line using an anti-FLAG antibody to recognize
the tagged subunits. We estimated between 2568 and 64,058 bind-
ing sites across the different data sets generated (Supplemental Fig.
S3A). Occupancy correlated with the RNA and protein levels of
each subunit, suggesting that differences in signal strength result-
ed from subunit concentration in the cell (Supplemental Fig. S3B).
Results from ChIP-seq of FLAG-tagged AP-1 subunits were highly
consistent with those from unmodified AP-1 subunits, indicating
that the tagging procedure preserves their inherent binding and
dimerization features (Supplemental Fig. S3C). Data for FOS yield-
ed a very low number of called ChIP-seq peaks, likely due to low
FOS expression, and were excluded from further analysis (Fig. 1B).

AP-l subunit binding is enriched in hotspots across the human
genome

ChIP-seq revealed that AP-1 subunits have a wide range of binding
configurations across the genome (Supplemental Fig. S4A,B). We
first sought to determine which AP-1 subunits preferentially
dimerize across the genome. To do so, we used a permutation
test that keeps the binding frequency of each AP-1 subunit cons-
tant within each chromosome. We first computed the null distri-
bution of AP-1 subunit colocalization under a model of random
AP-1 dimerization and then compared that to the colocalization
patterns observed in our ChIP-seq data. We observed no dimeriza-
tion preferences between subunits above background levels
predicted by the null model (Supplemental Fig. S5A). The configu-
ration of AP-1 binding that was most enriched over a null model
was the configuration where all AP-1 subunits occupied the same
site. That result suggests that AP-1 subunits often converge to
the same genomic sites (Supplemental Fig. S5A). Two possibilities
that we cannot distinguish are that AP-1 subunits dimerize non-
specifically when binding those sites, or that they dimerize specif-
ically to those sites and the nature of ChIP-seq as a population
average merely gives the appearance of nonspecific dimerization.
We did observe enriched JUNB-FOSL2 colocalization after activat-
ing glucocorticoid receptor signaling (Supplemental Fig. SS5A).
JUNB and FOSL2 mRNA are similarly expressed, and both increase
by ~2x with glucocorticoid treatment, suggesting that preferential
dimerization may reflect increased expression of the two subunits
rather than preferential dimerization (Supplemental Fig. SSB).
The enrichment for regions where all tested AP-1 subunits
bind led us to investigate if these genomic sites have greater regu-
latory activity. To evaluate the functional distinction of these sites,
we classified genomic sites occupied by AP-1 subunits into three
classes: (1) AP-1 hotspots, where all assayed subunits colocalize;
(2) putative AP-1 heterodimers, where a pair of subunits exclusive-
ly colocalize; and (3) AP-1 singletons, where only a single subunit
was detected (Fig. 1C,D). As negative controls, we selected geno-
mic loci containing an AP-1 motif but that did not have evidence
of AP-1 binding in our ChIP-seq analysis (no enrichment [N.E.]).
Several sequence features distinguished AP-1 hotspots from
other AP-1 binding sites. While located at more promotor-distal re-
gions (Supplemental Fig. S5C,D), AP-1 hotspots had more instances
of AP-1 motifs (Fig. 1E). That enrichment occurs throughout ChIP-

Genome Research 539
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267898.120/-/DC1

Seo et al.

A B (o3
. JUN::JUNB::JUND::FOSL1::FOSL2
Left 3xFLAG PuroR Right
Homology |Epitope, TGA loxP Expression loxP Homology AP-1 hotspot - IO
Arm Psil RE Site Cassette Arm ~ ~ JUNB:FOSL2 - 17668
JUN:FOSL2 - 4790
S @ I < prc’ & O@VO@%e \)&0%0 JUND::FOSL2 = 2016
g 100 S LY YS JUNB::JUND - 198
i l I = - -— JUN::JUNB - 25
WT Allele 75 % JUNB:FOSL1 - (2
Deliver Gene Targeting Plasmid 50 - [ JG%NFJSJST? N :
. . J— —- ! B
Select with puromycin 37 - S JuNp:FosLi- HER
- 855
Expected size: - 86 41 29 35 36 36 35 JUNB - IE7EE
s — JUND - T
Tagged Allele JUN - 70
a -GAPDH FOSL1 - T
lDeliver adCre ] 1'0 160 10'00 10500
Counts
—‘:I—I—I—.I—Tagged Allele, floxed
. Chr1:204,826,653-  Chr1:205,040,950- Chr1:205,140,506-
D Chr11:102,315,374- Chr11:102,345,183- """ "502"05 1 'a05 205,080,289 Chr1:205,084,145- 205,213,702
102,341,322 102,380,670 oy i 205,124,015 STYK
i — e NFASC CNTN2 20128010, DSTYK
BIRC3 BIRC2 RBBP5
JUN _ - gm0 w00 i || | _
JUNB 1 s . -
JUND] . . M ° A
FOSL1 | - . . ~ S e
FOSL2] S L N i )
CTCF Lo b L - . s i I\ n
H3K4me3 S S - _ k .
H3K4me1 PP | NIV YO I G Al At
H3K4me2 s Ah Akba A N Al L
H3K27ac I W A _
GR U1 - N
EP3001 . o . — - .
CEBPBL DU Lol e A
BCL3 MY i A _ R 1
HES2 o A A
E F H
= 4
=Hotspot - -
= 20 - HZt:zzlimerzL 10 Hotspot vs. < | Hotspot %Jo
o = Singleton 3 5 Singleton 5 -H_eterodlmer = E
K 15 & o . Hotspot vs. é = Singleton - =
= £x ~N Heterodimer @ ~|=NE
@ 1.0 8-(*7‘) 0.51 %\ _ Heterodimer vs. &
[0} 5c X Singleton g
2 05 k] ) 82
3 E't 0
° 5
20 > or Q4
-500 250 0 250 500 A o B :
Distance from peak(bp) 9 100 200 300 400 Base pair from AP-1 & 200 -0 O 100 200

Distance from peak(bp)

Figure 1.
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Characterization and dissection of AP-1 subunit occupancy. (A) Schema depicting the genome-engineering strategy. (B) Western blot of engi-

neered cell lines, confirming tagging of the desired gene. (C) Bar plot showing the distribution of AP-1 binding classes across the genome defined by the
varying levels of subunit occupancy in response to dexamethasone. (D) Browser tracks of various AP-1 binding configurations. Chromatin signatures and
TF occupancy at sites enriched by various AP-1 configurations after GR activations in A549 cells are shown. The identified configurations are depicted by
red (AP-1 hotspots), blue (dimer), and green (singleton), respectively. (E) Sitepro plot showing the AP-1 motif per bp per peak for distinct AP-1 binding classes.
P-values were calculated using a two-sided Student’s t-test based on the normalized motif density within a 1-kb window of peaks. (***) P<0.001. (F) Sitepro
plot showing 95% confidence intervals (C.1.) for the differences in the normalized AP-1 motif density between different AP-1 binding classes across flanking
regions of peaks; 95% C.1.’s were calculated using a two-sided Student’s t-test based on each of a 7-bp sliding window from the center of the peaks.
(G) Sitepro plot showing DNA shape information featured by propeller twist for each AP-1 binding class. P-values were calculated using a two-sided
Student'’s t-test based on quantified DNA shape information within a 100-bp window centered on the motif. (***) P<0.001, not significant (N.5.)=P>
0.05. (H) Sitepro plot showing GC-matched sequence conservation defined by phastCons100way scores for each AP-1 binding class. P-values were calculated
using a two-sided Student’s t-test based on the phastCons100way scores within a 400-bp window centered on the motif. (***) P<0.001, N.S.=P>0.05.

seq peaks but especially within 50 bp of the location with maximal
ChlIP-seq signal (Fig. 1F). Compared to other genomic sites bound by
AP-1 but not called as hotspots, the hotspots also have a distinct
DNA shape and are more evolutionarily conserved (Fig. 1G,H).
ChIP-seq signal for all AP-1 subunits was highest in AP-1 hotspots
(Supplemental Fig. S6), a finding concordant with the enrichment
of AP-1 motifs. However, we did not observe any consistent differ-
ence in the quality of AP-1 motifs between hotspots and other re-
gions (Supplemental Fig. SSE). The frequency of AP-1 hotspots
waned over a time course of the glucocorticoid dexamethasone

(dex) exposure (Supplemental Fig. S5F), which is consistent with de-
creasing expression of JUN, JUND, and FOSL1 (Supplemental Fig.
S5B) and GR (McDowell et al. 2018). Together, these features suggest
that underlying DNA sequences and sequence features contribute to
the formation of AP-1 hotspots.

AP-I hotspots are distinct from super-enhancers

We next evaluated whether AP-1 hotspots are distinct from super-
enhancers, which also feature clusters of TF-bound regulatory
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elements (Hnisz et al. 2013). The enriched occupancy of master
regulators and coactivators in super-enhancers reflects their role
in regulating cell type-specific gene expression (Parker et al.
2013; Whyte et al. 2013), and it may be that AP-1 hotspots are
part of that underlying mechanism.

To compare the role of AP-1 hotspots and super-enhancers in
regulating gene expression, we evaluated changes in genomic state
and gene expression over a time course of treatment with dex. AP-1
interacts with the glucocorticoid receptor and influences its gene
regulatory activity (Vockley et al. 2016). Specifically, we evaluated
genomic changes after 1 h, 4 h, 8 h, and 12 h of constant 100-nM
dex treatment. Through ChIP-seq signal-based rank ordering
of H3K27ac-marked nucleosomes (Whyte et al. 2013), we identi-
fied between ~700 and 1000 super-enhancers at the different
time points of dex treatment. Overall, AP-1 hotspots are a largely
distinct from super-enhancers, with only 15% overlapping,
on average. For comparison, 70% of AP-1 hotspots overlap
H3K27ac-marked putative enhancers that are not super-enhancers
(Fig. 2A). The number of super-enhancers embedded with AP-1
hotspots ranges from 103 (14.7%) to 205 (20.8%). Moreover,

whereas super-enhancers are enriched across all configurations
of AP-1 binding (P<2.5 x 1078 for all comparisons, Fisher’s exact
test), super-enhancers are least enriched in hotspots (odds ratio=
[3.7, 5.0] for AP-1 hotspots; odds ratio=[4.2, 5.2] for AP-1 hetero-
dimers; odds ratio=[5.5, 6.6] for AP-1 singletons), further indicat-
ing that super-enhancers are more distinct from AP-1 hotspots
than from other AP-1 binding configurations (Fig. 2B).

To further characterize genomic features that make AP-1 hot-
spots distinct, we investigated which genetic and genomic features
most correlate with the presence of AP-1 hotspots versus other
configurations of AP-1 binding. We first investigated TF DNA bind-
ing motifs. To control for false positives resulting from large differ-
ences in the number of genomic sites tested, we calculated z-scores
of motifs for hotspots based on the distribution of significance for
motifs built from 1000 bootstrapped replicates matched in the
number of sites tested. As expected, the AP-1 DNA binding motif
was strongly enriched, but we also found significant depletion of
the CTCEF relative to other AP-1 sites (Fig. 2C).

We next tested for differences in TF binding and chromatin
state. To do so, we compared the ChIP-seq binding signal for
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Figure 2. Genomic and chromatin landscape of distinct AP-1 configurations. (A) The distribution of proportion that AP-1 hotspots are localized within
super-enhancers and typical enhancers marked by H3K27ac before and after dex treatment. (B) Bar plot showing the odds ratio between super-enhancers
and different AP-1 configurations after GR activation. Error bars represent 95% confidence intervals at a given time point. (C) Relative de novo motif en-
richment of AP-1 hotspots. Z-scores are based on distribution of significances for given motifs using bootstrapped replicates of other AP-1 binding modes
that matched in number for a de novo motif enrichment test. Significant motifs are highlighted. (D) Spatial distribution of TFs and histone marks for distinct
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P<0.001, N.5.=P>0.05.
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numerous other TFs in the same cells (McDowell et al. 2018). To
reduce confounding effects due to differences in chromatin acces-
sibility, we matched sites according to DNase-seq signal when
comparing between classes. We also confirmed that all defined
AP-1 classes minimally localized to heterochromatin marked by
H3K9me3 (Fig. 2D). In untreated cells, AP-1 hotspots were
highly enriched for binding of enhancer-associated factors, in-
cluding the histone E1A binding protein p300 (EP300), and
many sequence-specific transcription factors, including CCAAT
enhancer binding protein beta (CEBPB), BCL3 transcription coac-
tivator (BCL3), hes family bHLH transcription factor 2 (HES2), TEA
domain transcription factor 4 (TEAD4), and SMAD family member
3 (SMAD3) (Fig. 2D; Supplemental Fig. S7A,B). These enrichments
suggest that AP-1 hotspots correspond to genomic sites with high
and active regulatory effects on gene expression. That possibility is
further supported by the enrichment of acetylation of H3 lysine 27
(H3K27ac) and monomethylation of H3K4 (H3K4mel) (Fig. 2D).
In contrast, H3K4 tri-methylation (H3K4me3) was relatively de-
pleted at AP-1 hotspots, suggesting a particular role in active en-
hancer activity (Liu et al. 2016). In concordance with the
depletion of the CTCF DNA binding motif, AP-1 hotspots had
the least CTCF binding signal of the three defined classes (Fig.
2D). Further, AP-1 hotspots located at CTCF-driven loop anchors
show significantly less binding of several TFs than hotspots at
loop anchors without CTCF binding (Supplemental Fig. S7C), sug-
gesting that hotspots exert their high regulatory effects on tran-
scription largely absent local CTCF. This observation is
consistent with a previous study demonstrating that CTCF-driven
loop anchors are largely invariant in response to dex and that in-
teractions that are dynamic after GR activation are depleted of
CTCF (D’Ippolito et al. 2018). Taken together, our results suggest
that AP-1 hotspots are a class of genomic site that act as inde-
pendent functional hubs with high regulatory potential on
transcription.

AP-l hotspots coupled with EP300 predetermine GR occupancy
across the genome

The glucocorticoid receptor is well known to cooperate with AP-1
(Biddie et al. 2011; Gertz et al. 2013; Vockley et al. 2016), leading
us to test whether AP-1 hotspots may be particularly potent core-
gulatory complexes. We first focused on testing for significant
colocalization between transcription factors for different AP-1
binding modes in response to glucocorticoid treatment. The vast
majority of AP-1 hotspots were localized close to GR binding sites,
and GR binding was most enriched within AP-1 hotspots (Fig. 3A,
C), suggesting strong cooperativity between AP-1 hotspots and
GR in gene regulation. There was also enriched genomic occupan-
cy of several additional transcription factors, including EP300,
in AP-1 hotspots (Fig. 3B,D; Supplemental Fig. SSA-H). Further,
we confirmed that, among different AP-1 binding modes, AP-1
hotspots have the highest glucocorticoid-responsive regulatory ac-
tivity measured by whole-genome STARR-seq (Fig. 3E; Johnson
et al. 2018).

GR largely binds sites with high DNase accessibility (John
et al. 2008; John et al. 2011) and, by extension, predominantly
colocalizes with EP300 at enhancers (McDowell et al. 2018). To
investigate the extent to which various AP-1 binding modes
predetermine subsequent genomic occupancy of GR after dex
treatment, we predicted GR binding with various regulatory fac-
tors. Prior to dex exposure, pre-established AP-1 hotspots predeter-
mined GR occupancy at a significantly higher rate than other AP-1

configurations (P< 1071, Mann-Whitney U test) (Fig. 3F). In par-
ticular, nearly all AP-1 hotspots were bound by GR <30 min after
activation. Meanwhile, pre-established super-enhancers and non-
super-enhancers both predict early GR binding to a much lesser
extent (~35% and 28% on average, respectively). EP300-enhanc-
ers were also extensively associated with early GR occupancy
which is consistent with previous results (McDowell et al.
2018), and it may be that the two phenomena are closely linked.

Glucocorticoid-dependent changes in APl hotspots are
associated with changes in GR binding and gene expression

We next sought to determine if different configurations of AP-1
binding had different effects on gene expression responses.
Although it is difficult to discern AP-1’s contribution to enhancer
activity under steady state conditions, temporal changes in AP-1
binding in response to glucocorticoid treatment allow us to ob-
serve the effects on gene expression. Thus, we analyzed RNA-
seq and ChIP-seq data across a 12-h time course of 100 nM dex
exposure (McDowell et al. 2018). We first evaluated if gains or
losses of AP-1 corresponded to changes in the expression of can-
didate target genes. Target genes were predicted in three different
ways: (1) statistical associations with expression in lung cells (The
GTEx Consortium 2015); (2) Hi-C chromatin interaction maps
coupled with chromatin accessibility (DNase-seq) and active en-
hancer markers (H3K27ac) (D’Ippolito et al. 2018; McDowell
et al. 2018; Fulco et al. 2019); and (3) linear proximity in the
genome.

Changes in AP-1 hotspots were linked to more potent chang-
es in gene expression than those of other AP-1 binding classes. In
particular, dex-dependent gains of AP-1 binding at hotspots were
positively associated with dex-dependent increases in gene expres-
sion (Fig. 4A-C), regardless of the approach for predicting target
genes (P=4.1x107° for hotspots vs. heterodimer, P=3.2x107*
for hotspots vs. singleton, Wilcoxon test at 12 h from eQTL). A
similar effect was noted when only considering GR binding sites.
Specifically, GR binding sites that overlap AP-1 hotspots had great-
er regulatory activity and greater effects on gene expression
(Supplemental Fig. S9A,B). That was despite there being stronger
GR ChIP-seq signal at sites that lack AP-1 (Supplemental Fig. S9A).

Conversely, dex-dependent loss of AP-1 binding was correlat-
ed with decreased target gene expression, again independent of
the approach for predicting target genes (P=0.009 for hotspots
vs. heterodimer, P=0.0004 for hotspots vs. singleton, Wilcoxon
test at 12 h from eQTL) (Fig. 4D-F).

GR bound transiently to sites that lost AP-1 hotspots. After
5 min of dex exposure, 85.6% of lost AP-1 hotspots had GR bind-
ing signal (Supplemental Fig. S9C), an extreme overlap not ob-
served across 1000 permutations. In comparison, after 1 h of dex
treatment, GR binding signal was substantially reduced to be pre-
sent at 47.4% of lost AP-1 hotspots, and GR ChIP-seq signal was
lowest for those AP-1 hotspot-lost sites compared to those that
gained or maintained AP-1 hotspots (Supplemental Fig. S9D).
One possibility is that GR binding occurs transiently at sites that
lose AP-1 hotspots and that subsequent repression of those sites
leads to a loss of both AP-1 and GR.

Finally, stable AP-1 binding sites had minimal association
with changes in target gene expression (Fig. 4G-I). These results
suggest that AP-1 hotspots have higher transcriptional regulatory
effects than other classes, and, by extension, the gain or loss of
AP-1 hotspots is more likely to result in the activation or repression
of genes, respectively.
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AP-l hotspots are divergent between cell types and predict
cell-specific environmental responses

To determine if the distinct features of AP-1 hotspots generalize be-
yond the A549 cell model studied here, we performed a similar set
of analyses for a previously published data set of AP-1 subunit oc-
cupancy in a human immortalized myelogenous leukemia cell line
(KS62) (Xie et al. 2013). Using the same definition of AP-1 hot-
spots, we identified 4428 such sites, approximately fourfold
more than that observed in A549 cells (Fig. 5A,B). Consistent
with AP-1 motif enrichment patterns in A549 cells, AP-1 hotspots
in K562 cells had enriched AP-1 motifs compared to other AP-1
binding modes, demonstrating that distinct sequence features

broadly contribute to the formation of hotspots (Fig. SC). Also,
as in A549 cells, AP-1 hotspots were enriched for active enhanc-
er-associated factors such as EP300 and depleted for cohesin sub-
units, including CTCF, RAD21, and SMC3 (Supplemental Fig.
S10A-F).

Despite those broad similarities, almost all AP-1 hotspots
were specific to one cell model. Of 5536 AP-1 hotspots across
cell types, 94% of hotspots were cell type-specific, raising the
possibility that specific sets of TFs and/or histone marks may pref-
erentially associate with the formation of cell type-specific AP-1
hotspots. To investigate this possibility, we quantified the degree
of similarity for the binding activities of TFs and histone marks
between cell type-specific and —shared AP-1 hotspots in A549
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Figure4. Changesin AP-1 hotspot binding link to changes in gene expression. (A-C) Temporal gene expression trajectory plot showing log; fold change
in gene expression mapped to the gains of each AP-1 binding classes in response to dex according to (A) eQTLs, (B) Activity by Contact defined by Hi-C
coupled with chromatin accessibility (DNase-seq) and H3K27ac, and (C) the proximity to the nearest genes. (D—F) Temporal gene expression trajectory plot
showing log, fold change in gene expression mapped to the losses of each AP-1 binding classes in response to dex according to (D) eQTLs, (E) Activity by
Contact, and (F) the proximity to the nearest genes. (G-I) Temporal gene expression trajectory plot showing log; fold change in gene expression mapped
to maintained AP-1 binding classes in response to dex according to (G) eQTLs, (H) Activity by Contact, and (/) the proximity to the nearest genes. P-values
were calculated using a Wilcoxon rank-sum test based on changes in log, folds at 12 h. (**) P<0.01, (***) P<0.001, N.5.=P>0.05.

cells. The degree of similarity was based on the rank correlation
that conveys the direction and the effect size for the Mann-
Whitney U test for both sets of genomic regions matched in
size. It revealed that cell type-specific AP-1 hotspots are more en-
riched with enhancer-associated factors, including CEBPB and
EP300, whereas cell type-shared AP-1 hotspots show enhanced
binding of all AP-1 subunits studied (Fig. 5D). These enrichment
patterns coincide with de novo motif enrichment analysis using
cell type-shared regions as background for cell type-specific mo-
tif enrichment and vice versa (Supplemental Fig. S11). In addi-
tion, the robust motif enrichments of pioneer factors such as
FOXA1,2 and SPI1 are associated with the formation of cell
type-specific hotspots, where active binding of transcriptional
coactivators such as EP300 and CEBPB confers high regulatory
potential. Cell type-specific AP-1 hotspots were also localized
more often at distal intergenic regions, and their regulatory po-
tential for either activating or attenuating gene expression in
response to external stimuli were similar (Fig. SE-G). These results
suggest that cell-specific AP-1 hotspots form at distal regulatory

elements and may be coupled with other TFs and/or EP300 that
differentiate cell types.

To investigate the regulatory function of cell type-specific
hotspots, we analyzed changes in gene expression from genetic
and chemical perturbations (Subramanian et al. 2005). Cell
type-specific AP-1 hotspots are predominantly associated with
changes in gene expression of relevant cell types (Fig. SH). For in-
stance, A549-specific AP-1 hotspots are linked to down-regulated
genes in A549 cells transduced with an ASH1-expressing virus
that were related to putative tumors suppressors including
DKK1 and DUSP1 (Osada et al. 2008). Similarly, K562-specific
AP-1 hotspots were associated with changes in gene expression
of K562 in response to hemin that induces erythroid com-
mitment (Addya et al. 2004). Those findings indicate that AP-1
hotspots can predefine cell-specific responses to many environ-
mental signals.

To evaluate generality across species, we compared AP-1 sub-
unit binding between primary and immortalized mouse macro-
phages (Fonseca et al. 2019). Consistent with our observations in
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Figure 5. Distinct genomic and regulatory features of cell type-specific AP-1hotspots. (A) Bar plot
showing the number of distinct AP-1 binding modes including AP-1 hotspots, AP-1 heterodimer, and sin-
gleton in A549 and K562 cells. (B) Venn diagram showing overlap between AP-1 hotspots in A549 and
K562. (C) Sitepro plot showing the AP-1 motif per bp per peak for distinct AP-1 binding classes in K562
cells. P-values were calculated using a two-sided Student’s t-test based on the normalized motif density
within 1 kb of peaks. (***) P<0.001. (D) Box plots showing the distribution of rank-correlation for TFs and
histone marks between cell type-specific and —shared AP-1 hotspots. Each rank-correlation is based on
the effect size for the Mann-Whitney U test between size- and number-matched bootstrapped replicates
from cell type-specific and —shared AP-1 hotspots for binding activity of TFs. (E) Cumulative distribution
of distance to nearest TSS for cell type-specific and —shared AP-1 hotspots. (F) Bar plot displaying the pro-
portion of cell type-specific and —shared AP-1 hotspot loci by genomic annotation. (G) Bar plot showing
the distribution of log; fold change in gene expression in response to dex at a 12-h time point by geno-
mic annotation for pre-established cell type-specific and —shared AP-1 hotspots. y-axis represents geno-
mic annotations: (a) TSS, (b) Promoter-TSS, (c) Noncoding, (d) Intron, (e) Intergenic, (f) Exon, (g)
5 UTR, and (h) 3’ UTR. (H) MSigDB Perturbation ontology enrichment using the genomic region-based
binomial test for cell type—specific AP-1 hotspots in A549 and K562 cells. y-axis shows the cell type used in
the perturbation study (Cell type, PubMed PMID for each data set). The color and size of dots represent

the cell types and adjusted P-value, respectively.

human cells, AP-1 subunit binding sites are highly variable across
the mouse genome. We then identified ~5000 AP-1 hotspots based
on ChIP-seq signal for different AP-1 subunits. As in human A549
cells, the murine AP-1 hotspots are also enriched in distal inter-
genic regions (Supplemental Fig. S12A,B), have a distinct DNA
shape (Supplemental Fig. S12C), and contain more evolutionarily
conserved sequences quantified by the phastCons60way score
(Supplemental Fig. S12D). Mouse macrophage hotspots were also
enriched in SPI1 and CEBPA, TFs that are critical in macrophage
development and differentiation (Supplemental Fig. S13A-H;
McKercher et al. 1996; Kaikkonen et al. 2013; Van Oevelen et al.
2015; Glass and Natoli 2016). Taken together, across cellular con-
text and organism, loci colocalized by all AP-1 subunits have dis-
tinct binding patterns that predict cell type-specific genomic
responses.

gene expression
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A substantial fraction of the variation
in gene expression and common disease
risk is attributed to noncoding genetic
variation (e.g., The GTEx Consortium
l* 2015; MacArthur et al. 2017). If AP-1 hot-
spots are indeed functionally important,
we reasoned that disease-associated ge-
netic variants would be enriched within
AP-1 hotspots over other configurations
of AP-1 binding. To investigate, we eva-
luated the frequency of each AP-1 bind-
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Distinct AP-1 binding classes were sig-
nificantly correlated with different oc-
currences of GWAS SNPs (P=0.002, xz
test), and all AP-1 binding classes had
higher enrichment compared to control
genomic regions (Fig. 6A). GWAS SNPs
were particularly enriched in AP-1 hot-
spots compared to other AP-1 binding
classes (P<1x 107'° for hotspots vs. het-
erodimers, Student’s t-test; P<1x 10710
for hotspots vs. singleton, Student’s
t-test) (Fig. 6B). Of 50 SNPs localized
within hotspots, we find that only a sin-
gle SNP is exactly embedded within a 7-
bp-long canonical AP-1 motif. Forty-
four percent of SNPs in hotspots (22)
are localized within 100-bp flanking re-
gions of an AP-1 motif within hotspots.
We do not observe any other motifs
within hotspots that are colocalized with SNPs. The majority of en-
riched SNPs were related to lung-related diseases and phenotypes,
such as chronic obstructive pulmonary disease, asthma, lung can-
cer, and lung forced expiratory volume. That may be due to our fo-
cus on a lung cell model in this study, or rather the distribution of
traits in the catalog of GWAS variants.

As complementary evidence that AP-1 hotspots have more
functional significance than other AP-1 binding configurations,
the AP-1 hotspots were also likely to impact genes enriched for ev-
idence of functional effects in the Gene Ontology database (The
Gene Ontology Consortium et al. 2000), according to GREAT anal-
ysis (McLean et al. 2010). Compared to other AP-1 binding classes,
AP-1 hotspots were more enriched for glucocorticoid-responsive
activities including GR binding, GC metabolic process, and cellu-
lar response to GC stimulus (Fig. 6C). This pattern was consistent
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Figure 6. Disease-associated genetic variants and GO enrichment in distinct AP-1 binding classes. (A) Bar plot showing the proportion of each AP-1 bind-
ing class that contains at least single GWAS SNP. (B) Box plot showing the distribution of trait-associated SNP density (SNP/100 kb sequence) for distinct AP-
1 binding classes. Each dot represents the SNP density based on the same number of loci repeatedly subsampled from each class. P-values were calculated
using Wilcoxon rank-sum test. (***) P<0.001, N.S.=P>0.05. (C) GO enrichments using the genomic region-based binomial test (left) and gene-based
hypergeometric test (right) for distinct AP-1 binding classes. The color and size of dots represent the different AP-1 binding classes and the adjusted P-values
for a given annotation, respectively. (D) Disease Ontology (DO) enrichments using the genomic region-based binomial (left) and gene-based hypergeo-
metric test (right) for distinct AP-1 binding classes. The color and size of dots represent the different AP-1 binding class and the adjusted P-value for a given

annotation, respectively.

with our observation that AP-1 hotspots were characterized by
hallmarks of strong GC-responsive regulatory elements. Several
lung and respiratory diseases also had strong associations with
AP-1 hotspots, likely due to the use of lung A549 cells in this study
(Fig. 6D). Together, these analyses demonstrate that AP-1 hotspots
are more enriched for genetic variants linked to diseases than other
AP-1 binding configurations and suggest that AP-1 hotspots may
play a role in organismal development and disease risk.

Discussion

Assigning regulatory activity to the noncoding genome is a major
challenge in understanding eukaryotic gene regulation. A recur-
ring theme is that many TFs often bind the same genomic location
and that such hotspots of binding have increased functionality
(Moorman et al. 2006; Gerstein et al. 2010; Siersbaek et al. 2011,
2014). In contrast, previous studies of the AP-1 family have fo-
cused on sites bound by specific combinations of subunits
(Fonseca et al. 2019). Here, we demonstrate that, even though
AP-1 is an obligate dimer, subunits preferentially bind the genome
as hotspots rather than as specific dimers. To the best of our knowl-
edge, this is the first demonstration of hotspot formation within
the AP-1 family and suggests that AP-1 dimers bind interchange-
ably across the human genome. We further identify configurations

of DNA motifs that promote hotspot formation and demonstrate
that AP-1 hotspots are more functional than other AP-1 binding
configurations. Together, these results demonstrate that TF hot-
spots can extend to within the AP-1 family. Based on this, we pro-
pose that functional differences between AP-1 subunits may result
from differences in the timing, level, and location of subunit ex-
pression rather than subunit-specific binding sites.

Previous studies demonstrated that a high level of TF co-occu-
pancy correlates with distinct genomic features at many genomic
sites such as high-occupancy target (HOT) regions (Pavone et al.
1990; Moorman et al. 2006; Gerstein et al. 2010; Chen et al.
2014). HOT genomic regions are often characterized by a colocal-
ization pattern with unusually high numbers of TFs. Similar to
AP-1 hotspots, HOT regions were associated with highly expressed
genes, and HOT regions were evolutionarily more conserved than
non-HOT regions (Gerstein et al. 2010). In addition, HOT regions
were discovered across multiple cell types and species with dispa-
rate functions, consistent with our findings of AP-1 hotspots ob-
served in different cell types of mouse and human (MacArthur
et al. 2009; Gerstein et al. 2010; Araya et al. 2014; Chen et al.
2014). Despite these similarities, AP-1 hotspots also display
many differences when compared to HOT regions. Whereas HOT
regions typically lack canonical motifs for the TFs cross-linked in
those regions, AP-1 hotspots were enriched with a multiplicity of
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canonical AP-1 motifs (Moorman et al. 2006; Gerstein et al. 2010;
The modENCODE Consortium et al. 2010; Yip et al. 2012).
Moreover, whereas HOT regions are typically found at promoter-
proximal sites with high occupancy of RNA polymerase II, AP-1
hotspots reside at distal-intergenic regions with high occupancy
of context-specific coregulators.

Differences in sequence features, especially in flanking re-
gions of canonical motifs, often influence the DNA binding specif-
icity for closely related TFs that share motifs (Shen et al. 2018;
Fonseca et al. 2019). Distinct functions and features of AP-1 hot-
spots can be explained in part by the difference in sequence fea-
tures among AP-1 binding classes. One possible explanation is
that, compared to other AP-1 binding classes, AP-1 hotspots with
multiple canonical AP-1 motifs promote sequence-dependent
DNA structures that are more optimal for the assembly of high-or-
der nucleoprotein complexes. That model coincides with the pos-
sible mechanism by which the IFNB enhanceosome, composed
of at least eight DNA-binding proteins (a heterodimer of ATF2/
JUN, a heterodimer of NFKB1/REL, and four IRF monomers), is
formed; intrinsic deformability of DNA determines the final
DNA structure optimized for enhanceosome assembly by positive
feedback, where the binding of each factor enhances the binding
of other factors (Yie et al. 1997; Panne et al. 2007; Panne 2008).

AP-1 hotspots may also reflect extensive cooperativity among
AP-1 subunits and various TFs enriched within AP-1 hotspots,
analogous to the cooperative function of Hox-Exd/Pbx hetero-
dimers with other TFs (Joshi et al. 2007), TFs during early adipo-
genesis (Siersbeaek et al. 2011, 2014; Steger and Lazar 2011), and
TFs in the genome of Drosophila (Moorman et al. 2006).
Genomic loci occupied by multiple members of the FOX protein
family are also more frequently functional than those occupied
by a single member (Chen et al. 2016), suggesting that the mech-
anism by which an AP-1 hotspot is formed may be generalized to
other TF families. More recently, motif-driven cooperativity has
also been proposed as a driver of phase condensation and enhanc-
er activity (Shrinivas et al. 2019).

One potential advantage of AP-1 hotspots is that they could
allow for redundancy to the loss or reduced expression of any
one subunit. However, several studies suggest that hotspot-
like configurations of TFs are actually more sensitive to TF expres-
sion (Giniger and Ptashne 1988; Griggs and Johnston 1991).
Super-enhancers are also more sensitive to reduced expression of
a single TF than other enhancers (Whyte et al. 2013). Instead, it
may be that synergetic interactions between many AP-1 subunits
substantially increase regulatory element function (e.g., Perez-
Pinera et al. 2013; Smith et al. 2013), while also making the ele-
ment more sensitive to decreases in expression of any one subunit.
Collectively, these results support an alternative model of AP-1
hotspot function where synergetic interactions between many
AP-1 subunits substantially increase regulatory function.

More broadly, we demonstrate here that gene-editing com-
bined with functional genomics is useful to address challenges
in distinguishing TFs that contain regions of nearly identical pro-
tein sequence. In doing so, we bypass conventional difficulties in
finding ChIP-grade antibodies that discriminate closely related
members of a protein family. Epitope tags have been widely used
to successfully map the binding patterns of TFs (Zhang et al.
2008; Mazzoni et al. 2011; Savic et al. 2015). Our approach differs
from these previous efforts in several ways, including modification
of endogenous genomic sequences, use of a floxed selection cas-
sette to increase effective editing efficiency, use of multiple Cas
systems, and evaluation of individual guide RNAs for their tagging

efficiencies. Overall, the approach developed here could prove use-
ful as an additional strategy for the profiling of heterodimeric tran-
scription factor families, which are highly prevalent in the human
genome.

Methods

Generation of gene-edited cell lines

A549 cells were electroporated in a 0.2-cm cuvette using Bio-Rad’s
GenePulser Xcell; 2x10° cells were resuspended in 200 uL of
Opti-MEM (Thermo Fisher Scientific) with 5 pg of pooled plasmid
(1 pg of donor, 1 pg of guide RNA, and 3 pg of Cas expression vec-
tors). This was done in biological triplicate for each guide RNA
used, where three separate electroporations were performed for
each guide RNA and these were maintained independently there-
after. Immediately after electroporation, cells were rescued with
1 mL of complete media and transferred into complete media.
Media was exchanged every 2 d thereafter. Transfection efficien-
cies were routinely higher than 60%, as determined by fluores-
cence microscopy after delivery of a control eGFP expression
plasmid. Five days postelectroporation, cells were selected with pu-
romycin at a concentration of 1 ug/mkL. Selection was performed
for 3 d. Cells were then treated with adenoviral Cre recombinase
per the manufacturer’s protocol (University of Iowa Vector Core).

The efficiency of the desired editing event was assessed by re-
striction fragment length polymorphism analysis. Genomic DNA
of the cell population was extracted using the DNeasy kit
(Qiagen). The C terminus of the gene of interest was amplified us-
ing AccuPrime Taq DNA Polymerase (Thermo Fisher Scientific)
with primers that bind external to the homology arm region.
The PCR product was purified using a 0.5x SPRI bead purification
(Beckman Coulter), and the product was digested using Psil (New
England Biolabs), which recognizes a DNA sequence embedded in
the 3xFLAG coding sequence. Digests were run on an agarose gel
and the efficiency of gene editing was assessed by densitometry.
For those groups that demonstrated measurable editing rates at
the DNA level, the desired modification was then further con-
firmed by western blot using the Sigma-Aldrich M2 antibody
(F1804). Cells were then expanded and stored in 1x 107 cell ali-
quots for all subsequent experiments. For more details on plasmid
and oligonucleotides, cell culture, and ChIP-seq library, see
Supplemental Methods.

Analysis of regulatory potential

Different AP-1 binding modes were first identified at pre- and post-
dex time points using the definition of AP-1 hotspot, heterodimer,
and singleton discussed in the Results. Next, genomic loci were la-
beled as (1) gained AP-1 sites if a particular AP-1 binding mode was
newly observed in response to dex, (2) lost AP-1 sites if a particular
AP-1 binding mode was lost in response to dex, and (3) maintained
AP-1 sites if no change in a particular AP-1 binding mode was ob-
served in response to dex. Dynamic transcriptome data were
downloaded from a previous study and the same data processing
pipeline was used (McDowell et al. 2018). Log, fold changes in
gene expression in response to dex across 11 time points (0, 0.5,
1, 2,3, 4,5, 6,8, 10, and 12 h) were computed using edgeR
(Robinson et al. 2010). To map changes in different AP-1 binding
modes to transcriptional changes of target genes, we utilized three
mapping strategies including (1) statistically significant eQTL from
GTEx (The GTEx Consortium 2013), (2) a combination of chroma-
tin accessibility (DNase-seq), chromatin interaction (Hi-C), and ac-
tive enhancer marks (H3K27ac) from previous studies (D’Ippolito
et al. 2018; McDowell et al. 2018) using the ABC model (Fulco
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etal. 2019), and (3) the proximity to the nearest genes. Significant
SNPs and target gene pairs from lung cancer data were downloaded
from the GTEx portal (https://gtexportal.org/home/). Genes with
any of these eQTLs that colocalize with a particular AP-1 binding
mode were considered to be influenced by changes in that AP-1
binding mode. For proximity-based mapping, a gene that is closest
to genomic sites with AP-1 occupancy was selected as the target
gene.

AP-l hotspots across cellular context

We downloaded all ChIP-seq data for K562 cells used in this
study from the ENCODE portal (http://www.encodeproject.org)
(Supplemental Table S4). ChIP-seq data for primary and immortal-
ized mouse macrophages were downloaded from the NCBI Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/)
accession number GSE111856. For more details on data process-
ing, see Supplemental Methods.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE153254. Codes and data processing pipelines are available in
the Supplemental Code and at GitHub (https://github.com/
Duke-GCB/GGR-cwl).
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