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SUMMARY

Glucocorticoids (GCs) are effective anti-inflammatory drugs; yet, their mechanisms of action are poorly un-
derstood. GCs bind to the glucocorticoid receptor (GR), a ligand-gated transcription factor controlling gene
expression in numerous cell types. Here, we characterize GR’s protein interactome and find the SETD1A (SET
domain containing 1A)/COMPASS (complex of proteins associated with Set1) histone H3 lysine 4 (H3K4)
methyltransferase complex highly enriched in activated mouse macrophages. We show that SETD1A/COM-
PASS is recruited by GR to specific cis-regulatory elements, coinciding with H3K4 methylation dynamics at
subsets of sites, upon treatment with lipopolysaccharide (LPS) and GCs. By chromatin immunoprecipitation
sequencing (ChlP-seq) and RNA-seq, we identify subsets of GR target loci that display SETD1A occupancy,
H3K4 mono-, di-, or tri-methylation patterns, and transcriptional changes. However, our data on methylation
status and COMPASS recruitment suggest that SETD1A has additional transcriptional functions. Setd7a
loss-of-function studies reveal that SETD1A/COMPASS is required for GR-controlled transcription of subsets
of macrophage target genes. We demonstrate that the SETD1A/COMPASS complex cooperates with GR to

mediate anti-inflammatory effects.

INTRODUCTION

Inflammation is a cellular response to injury or infection, charac-
terized by the secretion of cytokines, chemokines, and other
signaling molecules to limit infection, attract immune cells to
the site of injury, and orchestrate damage repair (Turvey and
Broide, 2010). Excessive activation or impaired silencing of
these initially beneficial reactions contributes to a variety of se-
vere human disorders, such as sepsis, arthritis, asthma, etc.
(Nathan and Ding, 2010). Therefore, understanding the mecha-
nisms controlling inflammation may enable the development of
immunomodulatory therapies.

Glucocorticoids (GCs), such as cortisone or dexamethasone
(Dex), are widely prescribed anti-inflammatory drugs that acti-
vate the nuclear receptor glucocorticoid receptor (GR) (Oakley
and Cidlowski, 2013). Ligand-bound GR translocates to the nu-
cleus to control target gene expression through GC response
elements (GREs) or other binding sites present in promoters or
enhancers. GR recruits transcriptional coregulators and
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enzymes, such as histone acetyltransferases (HATSs) or histone
deacetylases (HDACs), chromatin remodelers, p160 proteins,
histone lysine methyltransferases (KMTs), and demethylases
(KDMs), etc., to regulate transcription either positively or nega-
tively (Ito et al., 2000; Chen and Roeder, 2007; Chinenov et al.,
2008; Uhlenhaut et al., 2013; Hua et al., 2016; Sacta et al.,
2018; Clark et al., 2019). In fact, the details of how GR functions
are inherently complex, and its presence in many cells and tis-
sues makes selective pharmacological targeting difficult.

GR binds to distinct cis-regulatory elements in a tissue-specific
manner (Gross and Cidlowski, 2008). These cistromes arise from
the pre-defined accessibility of certain chromatin loci, established
by lineage-specific pioneer transcription factors (John et al., 2011;
Grontved et al., 2013; Greulich et al., 2016). Within the same cell
type, GR may also regulate target genes in a locus- or signal-spe-
cific manner (Rollins et al., 2017; Sacta et al., 2018; Hemmer et al.,
2019). GR uses discrete molecular mechanisms and varying cor-
egulators in conjunction with local chromatin contexts for gene-
specific transcriptional control (Sacta et al., 2018).
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To identify the components mediating GR’s immunomodula-
tory functions, we performed interactome mapping by prote-
omics, identifying the COMPASS (complex of proteins
associated with Set1) complex as a major GR interactor. This
conserved protein family catalyzes different stages of histone
H3 lysine 4 methylation (H3K4me), a histone mark associated
with gene and enhancer activation (Briggs et al., 2001; Nagy
et al., 2002). COMPASS complexes are generally composed of
multiple subunits including WDR5, ASH2L, DPY30, and RBBP5
(Shilatifard, 2012; Couture and Skiniotis, 2013). Subunits specific
to the SETD1A (SET domain containing 1A)/COMPASS complex
are WDR82 and CXXC1 (Lee and Skalnik, 2005, 2008; Wu et al.,
2008). SETD1A/COMPASS has been associated with global
H3K4me3, mostly, but not exclusively, of promoter regions
(Wu et al., 2008; Clouaire et al., 2012; Bledau et al., 2014).

In general, H3K4me3 is deposited at the transcriptional start
site (TSS) of highly expressed genes (Santos-Rosa et al., 2002;
Shilatifard, 2012). Tri-methylation of H3K4 requires a H3K4me2
substrate, which is also established by SETD1A, and expands
downstream into the gene body (Soares et al., 2017; Yang and
Ernst, 2017). However, a causal relationship between
H3K4me3 and transcription has not been definitely established.
H3K4me3 has also been proposed to recruit chromatin remodel-
ers, HAT and HDAC complexes, histone demethylases, and the
transcription factor Il D (TFIID) complex (Briggs et al., 2001; Li
et al., 2006; Wysocka et al., 2006; Sims et al., 2007; Vermeulen
et al., 2007; Bian et al., 2011; Beurton et al., 2019).

H3K4me1 and H3K4me2 mainly mark enhancers that are
MLL3/4 dependent, occasionally with low levels of H3K4me3
(Vermeulen et al., 2007; Pekowska et al., 2011; Kaikkonen
et al., 2013). A function for SETD1A/COMPASS in enhancer
methylation has not been shown, but studies in yeast, in
Drosophila, and in mice demonstrate its crucial role in global
H3K4me (Ardehali et al., 2011; Bledau et al., 2014; Soares
etal., 2014). However, yeast SET1 is dispensable for cellular sur-
vival under steady-state conditions (Briggs et al., 2001; Boa
et al., 2003).

Here, we identified the SETD1A/COMPASS complex as a cor-
egulator in GR-mediated inflammatory gene regulation. We
observed that GR recruits the SETD1A/COMPASS complex to
control a subset of enhancers in activated macrophages.
SETD1A/COMPASS recruitment to chromatin coincided with
binding-site specific changes, but not with global changes, in
H3K4me. Setd1a depletion in macrophages confirmed its
requirement for locus-dependent, GR-mediated gene regula-
tion, without loss of H3K4me status. We therefore suggest that
SETD1A contributes to GR’s anti-inflammatory actions, inde-
pendently of H3K4me, in a gene-specific manner.

RESULTS

SETD1A/COMPASS interacts with the GR in
macrophages

In order to identify the GR nuclear interactome under inflamma-
tory conditions, we performed chromatin immunoprecipitation
coupled to mass spectrometry (ChIP-MS) in primary murine
bone-marrow-derived macrophages (BMDMs). Cells were
treated with the GR ligand Dex and the Toll-like receptor 4
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(TLR4) stimulus lipopolysaccharide (LPS), which activates nu-
clear AP-1, nuclear factor kB (NF-«B), and interferon (IFN) regu-
latory factors (IRFs). Significantly enriched proteins are shown in
Figure 1A (p < 0.05, >1.5-fold enrichment over immunoglobulin G
[lgG] controls; Table S1).

We confirmed known interactions with NCOA2/GRIP1, CBP/
P300, and the NF-kB subunits c-Rel (REL) and p65 (RELA)
(Ray and Prefontaine, 1994; Kino et al.,, 1999; Wang et al.,
2012; Uhlenhaut et al., 2013; Rollins et al., 2017). We detected
all the components of the SETD1A/COMPASS complex, namely
SETD1A, SETD1B, WDRS5, ASH2L1, RBBP5, DPY30, CXXCA1,
and WDR82, among GR'’s direct or indirect physical partners in
the presence of LPS + Dex (Figure 1A). Gene Ontology (GO) anal-
ysis revealed H3K4me among the main functionalities of the GR
interacting proteins (Figure 1B).

These data were confirmed by co-immunoprecipitation (colP)
in the macrophage cell line RAW264.7 (Figure 1C; Figures S1A
and S1B). colP with a GR-specific antibody co-enriched the cat-
alytic subunit SETD1A, CXXC1, and WDR82. Using a SETD1A-
specific antibody, we validated the interaction of SETD1A,
CXXC1, and WDR82 with GR. Conversely, CXXC1 and WDR82
colPs also enriched GR (Figure 1C).

We also found SETD1A, CXXC1, and COMPASS subunits co-
enriched in our ChIP-MS interactome from mouse livers, sug-
gesting that these interactions occur in vivo and are not only
macrophage specific (Figure S1C) (Hemmer et al., 2019).

To characterize the functional relationships between SETD1A,
SETD1B, and GR, we generated conditional Setd7b knockouts
(Bledau et al., 2014). (We could not obtain viable Setd7a null
macrophages, suggesting that Setd7a is essential for cell sur-
vival.) Setd7b knockout macrophages were differentiated,
treated with either LPS or Dex + LPS, and processed for RNA-
seq (Figure S1D). We did not detect major differences in GR
target gene regulation between wild-type and Setd7b knockout
macrophages in response to GR ligand (Figure S1E). Thus,
SETD1B may not be critical for GC-induced transcriptional re-
sponses. We therefore focused on SETD1A for further functional
analyses.

GR and SETD1A/COMPASS co-occupy genomic regions
in macrophages

To understand the function of the protein-protein interactions
between GR and SETD1A/COMPASS in macrophages under in-
flammatory conditions, we tested whether SETD1A, CXXC1, and
GR co-occupy genomic loci in murine BMDMs using ChlIP-seq.
In macrophages treated with LPS + Dex, 42% of the GR binding
sites (GBSs) were co-occupied by SETD1A, of which 60% addi-
tionally bound CXXC1 (Figure 2A).

Bioinformatic motif analyses confirmed the central enrichment
of various GRE motifs in all genomic regions bound by GR. In
addition to palindromic GREs (NGNACA(N);TGTNCN) with three
spacer nucleotides (Strahle et al., 1987), the subset of regions
binding GR, SETD1A, and CXXC1 was enriched for GRE se-
quences with only one spacer nucleotide (GNNA-
CA(N); TGTNNC, log(p value) of 2.7e ) (Figure 2B). These results
suggest that co-recruitment of CXXC1 with SETD1A by GR may
involve specific GRE sequences.
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Figure 1. SETD1A/COMPASS interacts with the glucocorticoid receptor (GR)
(A) ChIP-MS proteomics. Volcano plot shows proteins enriched in the GR colP. Each dot is a detected protein. Dashed lines and darker colors delineate the
threshold of 1.5-fold enrichment and p < 0.05 significance (n = 3). Selected proteins belonging to over-represented Gene Ontology (GO) categories (B) are labeled

in color.

(B) GO functional annotation of significantly co-enriched proteins (p < 0.05, fold change [FC] > 1.5).
(C) Western blots of endogenous colPs for GR, SETD1A, CXXC1, and WDR82 in RAW264.7 cells treated with Dex + LPS.

Genomic regions bound by SETD1A without co-occupancy of
CXXC1 or GR were enriched for ETS motifs, and SETD1A-
CXXC1 co-occupied regions were enriched for YY1 motifs
(Figure 2B). Both ETS and YY1 motifs are usually associated
with promoters, consistent with these SETD1A-binding regions
mapping close to TSSs (Figure 2C). Most GR-bound subsets,
including those without co-binding COMPASS proteins, mapped
to intergenic locations (Figure 2C), agreeing with previous results
showing GR mainly binds distant enhancers in macrophages
(Uhlenhaut et al., 2013).

Other motifs co-enriched among all GR-occupied sites, within
100 bp of the peak center, included the pioneer factor PU.1
(Figure S2E), a lineage-determining pioneer factor known to
shape the myeloid chromatin landscape (Heinz et al., 2010).
Furthermore, regions co-bound by GR-SETD1A-CXXC1 also
featured AP-1 motifs, a known interaction partner of GR (Jonat
et al., 1990; Yang-Yen et al., 1990). By contrast, GR-SETD1A
co-bound sites were enriched for C/EBP and RBPJ motifs, sug-
gesting there may be different modes of transcription factor
crosstalk for distinct subsets of enhancers. In the absence of
GR, SETD1A- or SETD1A-CXXC1-bound sequences mostly
localized to promoters and thus were enriched for SP1 motifs,
as was shown for CG-rich promoter elements (Dynan and Tjian,
1983). Common SETD1A-CXXC1-bound sites found in macro-
phages treated only with LPS contained NF-kB and AP-1 motifs
and mapped to inflammatory signaling pathways, indicating that
the COMPASS complex might be involved in the LPS response
itself (Figures S2A-S2D).

Having identified different groups of genomic loci involved in
the combinatorial recruitment of GR, SETD1A, and CXXC1 in
BMDMs under Dex + LPS conditions, we assigned biological

functions to these regions by KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway over-representation analysis.
All the sites co-occupied by GR-SETD1A-CXXC1 were associ-
ated with inflammatory pathways (Figure 2D), consistent with
GR’s immunomodulatory activity (Uhlenhaut et al., 2013;
Escoter-Torres et al., 2019). Sites bound by GR alone were asso-
ciated with Ca2* signaling, endocytosis, and cell cycle, and sites
bound by SETD1A alone were enriched for protein degradation
and processing pathways (Figure 2D). Thus, SETD1A/COM-
PASS proteins are associated with the anti-inflammatory proper-
ties of GCs.

Altogether, GR, SETD1A, and, to a lesser extent, CXXC1 co-
occupy genomic loci in macrophages treated with Dex + LPS.
These common cis-regulatory regions were mostly intergenic,
demonstrating that the SETD1A/COMPASS complex is bound
to mammalian enhancers in vivo (van de Lagemaat et al., 2018;
Mukai et al., 2019). However, this co-occupancy only represents
a fraction of the GR cistrome, indicating that diverse functional
classes or categories of regulatory sites likely exist.

GR recruits SETD1A/COMPASS to chromatin in
response to ligand

To determine whether genomic SETD1A/COMPASS binding
was influenced by GC treatment, we compared the SETD1A
and CXXC1 ChlIP-seq signals in macrophages treated either
with LPS alone or with Dex + LPS. (As we were most interested
in the regulation of inflammatory genes by GR, we did not inves-
tigate quiescent macrophages without LPS stimulation [vehicle
or Dex only].) We found that the addition of GR ligand substan-
tially increased the genomic occupancy of both SETD1A and
CXXC1, in a manner similar to known GR coregulators, such
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Figure 2. GR and SETD1A/COMPASS co-occupy genomic regions in macrophages
(A) Venn diagram of GR (blue, n = 3), SETD1A (yellow, n = 2), and CXXC1 (brown, n = 2) ChlP-seq peak overlap in macrophages treated with Dex + LPS.
(B) Differential Centrimo motif enrichment of indicated subsets over the total called 27,127 GR, SETD1A, and CXXC1 peaks, with Bonferroni-adjusted (adj)

binomial p values (right).

(C) Feature distribution over genomic locations of the different peak subsets (promoters defined as <1 kb from the TSS, intergenic defined as >1 kb from any

gene).

(D) KEGG pathway over-representation analysis for peak subsets (Benjamini-Hochberg adj hypergeometrical p value). Circle sizes represent gene ratios.

as NCOA2/GRIP1 (Figure 3A; Figures S3A and S3B) (Uhlenhaut
et al., 2013). We then analyzed 1,765 intergenic regions (>1 kb
from any gene) bound by both GR and SETD1A in response to
Dex, as revealed by ChIP-seq. We plotted the SETD1A and
CXXC1 occupancy at the GR target sites in descending order
of GR-dependent SETD1A recruitment. Numerous sites gained
SETD1A centrally at the GBS, while most other signals ap-
peared peripherally near the GBS (Figure 3A). Similar results
were obtained for CXXC1, suggesting that SETD1A and
CXXC1 are recruited to chromatin by GR in response to ligand
(Figure 3A).
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GC-induced SETD1A/CXXC1 recruitment was seen at the anti-
inflammatory GR target genes Tsc22d3 (Gilz) and Dusp1
(Figure 3B; Figure S3C). Cytokines or chemokines, such as the
GRtargets Cxcl10 or ll1a, which are suppressed by GCs, however,
did not show altered SETD1A or CXXC1 occupancy at their GR-
bound enhancers after Dex stimulation. The binding of SETD1A
and CXXC1 over the gene body of Cxc/10 was reduced by Dex
(Figure 3B; Figure S3C), in line with previous characterizations of
SETD1A promoter binding and with known correlations between
active transcription and H3K4me3 levels (Nagy et al., 2002; San-
tos-Rosa et al., 2002; Sims et al., 2007; Shilatifard 2012).



Cell Reports ¢? CellP’ress

OPEN ACCESS

A LPS ® o kb
ChIP-Se - =D+L
q GR o L..-- SUDUSUIIDY VORI VOUSH WU S
%& A LXXCL A SETD1A
g CXXC1 | " | | \
£ st b i octBNu A, N TN T RUUY, POV T V% U LT W W
i Tsc22d3 WH———
{ — 5kb
; [0,150]
RO B |
H z [0,50] N
SETDIA . MaaAl A
[0,40] - ) T . A
CXXC1

GR

SETD1A

01230 1 220
__|

20 20 1 220 2 CXXC1 & i Py A
- . - Virsain ol o st b o505 it bt st NI st RN s i Kot s\
<{l{ Cxcl10 | Cxcl11
C Occupancy changes [0,12] Skb ——
GR “—-‘M i B i .
2 T [0,25] [ L
- SETDIA . cwveshh s miond | 5 et
o [0,17] -
o |- ~IMa
2o
% D
g | .- 8| SETD1A changes F
Trom3 .
. . SETD1A gained GBS
) Rs = 0.36™** < _
-2 0 2 Q ° '“f'ar';‘;',‘,%t,?;g Tir2, Saa3, Ptges
log2FC SETD1A L
@ 4 reg. of
= hematopoéisis [AUERELEIER]
E s Cel9
SETD1A gained GBS E__n= 183 RS A Dusp1, Hmox1
' . . of
PU1 A _A _AAAQ 1.5e-30 93 oL_cxerto immune system RLCRSUL
-4 0 4 2
GRE . N 10T.0; 8.1e-18 39 log2FC SETD1A -log10(FDR)

Figure 3. GR recruits SETD1A/COMPASS to chromatin in response to ligand

(A) Heatmap of mean GR, SETD1A, and CXXC1 ChIP-seq coverage in Dex + LPS- and LPS-treated macrophages (n = 2). Each line is one GR-bound site +2 kb.
Binding sites are sorted by log2FC of SETD1A occupancy between Dex + LPS and LPS. A represents the difference in normalized coverage between Dex + LPS
and LPS.

(B) Example genome browser tracks of ChlP-seq for GR, SETD1A, and CXXC1 in macrophages treated with LPS or Dex + LPS. GR occupancy is the filled area
under the curve (blue) (n = 1). Lines are medians of two replicates. Arrows point toward signal changes.

(C) Correlation of SETD1A and CXXC1 occupancy at GR-SETD1A-CXXC1 co-bound enhancers; scatterplot of log2FC of CXXC1 and SETD1A. The dashed
regression line includes the 95% confidence interval (gray shadow). ****p < 0.0001. Rs, Spearman correlation coefficient.

(D) Changes in SETD1A occupancy (I10g2FCsgtp1a) in response to Dex + LPS over LPS. GBSs with increased SETD1A occupancy (FC > 1.5, p < 0.1) are purple;
GBSs with reduced SETD1A binding (FC < —1.5) are green. Selected enhancers are labeled.

(E) MEME motif enrichment of sites recruiting SETD1A (p < 0.1, FC > 1.5), with E-values and numbers of positive sites.

(F) GO analysis for biological processes of the closest genes, with examples and the —log10 of the hypergeometric false discovery rate (FDR).

Overall, the changes in SETD1A and CXXC1 recruitment toin-  and those losing SETD1A (p < 0.1, FC < —1.5%). CXXC1 occu-
tergenic regions co-bound by GR-SETD1A-CXXC1 correlated pancy was similar to SETD1A, with enhancers gaining SETD1A
well for the recruitment of both factors (Spearman correlation co-  also gaining CXXC1 and enhancers losing SETD1A also losing
efficient of 0.36) (Figure 3C). We classified the GR-SETD1A sites CXXC1 binding (Figure S3D). This co-dependency of SETD1A
into those significantly gaining SETD1A (>1.5-fold, p <0.1), those  and CXXC1 recruitment is consistent with their known function
with unchanged occupancy (p < 0.1, fold change [FC] < 1.5%),  within the same complex and with the observation that CXXC1
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is required for SETD1A recruitment at promoters (Brown et al.,
2017; van de Lagemaat et al., 2018).

Analysis of SETD1A enrichment at GR enhancers by differen-
tial binding analysis revealed that those loci gaining SETD1A
correspond to GR target genes, such as Tsc22d3, Duspl,
Fkbp5, and KIf9 (Figure 3D). These are known GR-dependent
genes in macrophages and are enriched for the palindromic
GRE and PU.1 motifs (Figure 3E) (Uhlenhaut et al., 2013; Rollins
et al., 2017; Escoter-Torres et al., 2019). These enhancers were
significantly enriched for the biological processes “inflammatory
response” (TIr2, Ptges), “response to reactive oxygen species”
(Dusp1, Hmox1), “positive regulation of the immune system”
(NIrp3), and “regulation of hematopoiesis” (Gata3) (Figure 3E;
Table S3). The small number of sites that lost SETD1A upon
GR binding did not show any enrichment for specific motifs or
GO terms.

Since we had also detected COMPASS components in our
liver ChIP-MS interactome, we tested whether the occupancy
of SETD1A and CXXC1 was dependent on GR in vivo. Indeed,
we found reduced binding of both SETD1A and CXXC1 to GR
target sites in livers from hepatocyte-specific GR knockout
mice (Figure S3E).

In sum, we found that ligand-induced GR chromatin occu-
pancy leads to the recruitment of the SETD1A/COMPASS
H3K4 methyltransferase complex to a subset of GR-bound cis-
regulatory elements. These GC-activated enhancers control in-
flammatory responses and represent a distinct subset of the
GR cistrome.

GR-mediated SETD1A/COMPASS recruitment to
enhancers shows locus-specific histone methylation

To assess whether ligand-dependent recruitment of SETD1A/
COMPASS to GR target sites changed mono-, di-, and tri-
methylation patterns in activated cells, we used ChIP-seq in
primary macrophages treated either with LPS or with Dex +
LPS. H3K27ac was measured as a modification associated
with active enhancers, and RNA-seq was used to determine
target gene transcription (Creyghton et al., 2010). We performed
model-based clustering of log2 FCs in SETD1A, CXXC1,
H3K4me1/me2/me3, and H3K27ac ChlP-seq signals for GBSs
with significantly altered SETD1A binding (absolute [abs](FC) >
1.5, p < 0.1) in Dex + LPS- versus LPS-treated BMDMs. We
assumed heterogeneity among the GR enhancers with differen-
tial SETD1A binding and therefore chose generalized mixed
models. The appropriate model was selected by maximizing
the Bayesian information criterion (Scrucca et al., 2016). Amodel
with three components and ellipsoidal distribution with variable
volume and equal shape fitted the data best and was used to
classify target sites (Figure S4A).

This analysis revealed three clusters of epigenetic changes,
correlating with the recruitment of SETD1A to GR enhancers.
Two clusters gained SETD1A occupancy, and the smallest cluster
lost SETD1A upon Dex + LPS treatment (Figures 4A-4D). Consis-
tent with our previous results, GR enhancers significantly gaining
SETD1A (p < 0.0001) also acquired CXXC1 and H3K27ac and
were associated with nearby genes that mainly increased
mRNA expression upon Dex stimulation (Figures 4B and 4E).
Note that one cluster (22 loci, red) additionally gained H3K4me2
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in response to ligand (Figure 4B, Figure S4C). These loci represent
the fraction of sites that recruited SETD1A de novo, such as
Tsc22d3 (Figures 3B, 4C, and 4D; Figures S4B and S4C). Those
enhancers with reduced SETD1A binding upon Dex treatment
lost CXXC1, H3K4me3, and H3K27ac (21 sites, blue) (Figures
4A and 4B). Similar results were obtained by model-based clus-
tering and correlation analysis of these differential target sites,
with increased gene expression corresponding to gaining
SETD1A and H3K27ac, independent of H3K4me2 or H3K4me3
(Figures 4E and 4F; Figures S4C and S4D).

These data highlight the existence of locus- and factor-specific
modes of regulation. For instance, the Tsc22d3 enhancer showed
increased H3K4me1/me2/me3 and H3K27ac, while the Dusp1
enhancer showed almost no significant changes in H3K4me
(with the exception of H3K4me3) or H3K27ac. The Cxcl10/11
and /l1a enhancers, with constant SETD1A occupancy unaffected
by ligand, only showed reductions in H3K27ac and H3K4 mono-
methylation, and no changes in di- or tri-methylation (Figure 4C;
Figure S4B). The ChIP-seq results were confirmed by spike-in
ChIP-gPCR for selected sites. The changes in H3K4me1 at the
Tsc22d3 enhancer were less prominent in ChlP-gPCR, which
was normalized to total H3, suggesting that they might result
from nucleosome repositioning rather than increased mono-
methylation at this particular site (Figure 4D).

H3K4me dynamics upon SETD1A depletion

Investigation of the function of the mammalian SETD1A/COM-
PASS complex has been complicated by the early lethality of
Setd1a knockout mice (Bledau et al., 2014). Hematopoietic-
cell-specific deletion of Setd1a causes loss of hematopoietic dif-
ferentiation, indicating a requirement of Setd1a for cellular iden-
tity and development (Tusi et al., 2015). However, its function in
fully differentiated cells in response to signaling stimuli has not
been explored. To elucidate the functional impact of SETD1A
on gene regulation by GR, we generated a Setd7a hypomorph
using CRISPR-Cas9 in RAW264.7 cells. We truncated SETD1A
by introducing a premature stop codon before the essential
SET domain, which lowers COMPASS family protein stability
(Soares et al., 2014; Dorighi et al., 2017; Jang et al., 2017). West-
ern blots confirmed the reduced SETD1A protein expression in
Setd1aP®"* (Del) heterozygous clones (Figures S5A and S5B).
We were unable to generate homozygous Setd7a deletion mu-
tants, presumably because Setd7a null macrophages are not
viable, as seen with the floxed BMDMs. The suitability of
RAW264.7 cells was confirmed by comparing GR cistromes
and target gene expression in primary and RAW264.7 macro-
phages (Figure S5C). GR binding to the Tsc22d3 and Dusp1 en-
hancers was not affected in Del cells (Figure S5D).

To investigate whether Setd7a depletion reduced H3K4mef1,
H3K4me2, or H3K4me3 near common macrophage GR/SETD1A
binding sites, we profiled H3K4me1/me2/me3 by ChIP-seq in
wild-type and Del RAW264.7 cells after either LPS or Dex +
LPS stimulation. We excluded global loss of H3K4me1/me2/
me3 due to Setd7a deletion (Figure S5B) and performed spike-
in normalizations for our ChIP-seq samples. The cumulative
and median H3K4me1/me2/me3 signals around the GBSs
were unaltered by Setd7a mutation (Figures 5A and 5C; Figures
S5E-S5G).
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Figure 4. GR-mediated SETD1A/COMPASS recruitment to enhancers shows locus-specific histone methylation

(A) Normalized SETD1A, CXXC1, H3K4me1/me2/me3, and H3K27 acetylation (H3K27ac) ChlP-seq signals in LPS- and Dex + LPS-treated macrophages, +2 kb
around the GBS. Loci are sorted by clusters identified in Figure S4C. Invariant: GBSs with unchanged SETD1A (p > 0.1, —1.5 < FC < 1.5) occupancy, 588 bp
around the GBS. A represents the coverage difference between Dex + LPS and LPS treatments.

(B) Log2FC in SETD1A, CXXC1, H3K4me1/me2/me3, and H3K27ac ChlP-seq signals at intergenic regions. mRNA expression of the genes closest to the en-
hancers from cluster 1, cluster 2, and cluster 3 is displayed together with those showing invariant SETD1A occupancy (inv., p > 0.1, —1.5 < FC < 1.5; gray). Black
lines indicate the distribution mean. (ChIP-seq: Kruskal-Wallis test with post hoc Dunn’s test; RNA-seq: one-way ANOVA with post hoc pairwise two-sided t test,
Benjamini-Hochberg adj). n = 2.

(C) Normalized median genome browser tracks for H3K4me1/me2/me3 and H3K27ac ChlIP-seq (n > 2, LPS- (red) versus Dex + LPS-treated (blue) BMDMs) plus
GR. Arrowheads point at treatment-dependent changes; lines below GR peaks indicate primer locations for (D).

(D) Normalized spike-in ChIP-gPCR for selected loci; mean Z scores of total H3 normalized % inputs. Error bars represent standard deviation (n = 3, two-sided
Wilcoxon-Mann-Whitney test).

(E) Correlation plot of log2FC in SETD1A, CXXC1, H3K4me1/me2/me3, and H3K27ac at intergenic GBSs with differential SETD1A occupancy (—1.5 > FC > 1.5,
p < 0.1) and the mRNA expression of the closest gene. Pearson correlation coefficients with p < 0.001 are displayed as numbers.

(F) Log2FC in mRNA expression of genes with nearby GBS over changes in SETD1A occupancy and/or H3K27ac levels (+, gain; —, invariant or lost). Each dot
reflects one enhancer. Red: mean and 95% confidence intervals (Kruskal-Wallis test with post hoc Dunn’s test, Benjamini-Hochberg adj). Enhancer numbers are
in parentheses.
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Figure 5. H3K4 methylation dynamics upon SETD1A depletion

(A) Heatmaps for mean SETD1A, CXXC1, and H3K4me1/me2/me3 ChIP-seq at +2 kb around GR-SETD1A common sites in wild-type (WT) and Setd1aP®"* (Del)
RAW264.7 cells treated with LPS or Dex + LPS. GBSs are sorted by descending SETD1A ChlP signal strength (n = 2-3). See legend (B).

(B) Example genome browser tracks with median ChIP-seq signals for GR, H3K4me1/me2/me3 in WT and mutant RAW264.7 cells. Arrows point towards GR
binding sites or changes observed at the TSS.

(C) Violin plots for log2FC in SETD1A, CXXC1, and H3K4me1/me2/me3 ChiIP-Seq signals at intergenic regions, comparing Dex + LPS to LPS. GBSs bind GR and
SETD1A, while background (bck) sites show H3K4me1/me2/me3, but no GR, SETD1A, or CXXC1 peaks. Signal distributions for constant (light blue, dashed
outline) and for GR-SETD1A sites with changed SETD1A binding (full blue, solid outline) are shown (LPS + Dex versus LPS, p < 0.05). Treatment effect was
determined by one-sample Wilcoxon-Mann-Whitney test, genotype differences by two-sided Wilcoxon-Mann-Whitney test, and group differences by paired
two-sample Wilcoxon-Mann-Whitney test.

(D) Spike-in normalized H3K27ac ChIP gPCR in LPS- or Dex + LPS-treated RAW264.7 cells. Mean Z scores of total H3 normalized % inputs are plotted (n = 3).
Error bars represent standard deviations. Kruskal-Wallis with post hoc Dunn’s test, with Benjamini-Hochberg adj p values (adj ps). For all graphs, *p < 0.05, **p <
0.01, **p < 0.001, ***p < 0.0001.

Similar to primary macrophages, H3K4me1/me2/me3 ChIP
signals were increased at the Tsc22d3 enhancer in response to
Dex in both wild-type and De/ cells. We did not observe reduc-
tions in H3K4me1/me2/me3 in Setd7a mutants at the Dusp7,
Tsc22d3, ll1a, or Cxcl10 loci (Figure 5B; Figures S5H and S5I).
H3K27ac was not affected at the Tsc22d3 or Cxc/10 enhancers
in Setd1aP®"* mutants either (Zhang et al., 2020) (Figure 5D).

In summary, we show that GR occupancy, SETD1A recruit-
ment, and increased H3K27ac at a subset of GBSs confer a
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robust activation potential onto the nearest target gene. However,
we did not identify a significant correlation between H3K4mef,
H3K4me2, or H3K4m3 and GR-mediated transcriptional control
of inflammatory response genes. We conclude that ligand-medi-
ated H3K4me1/me2/me3 dynamics at distant GR-bound sites
do not depend on Setd7a function. SETD1A depletion did not
reduce H3K4 methylation levels, suggesting that the role of
SETD1A/COMPASS at enhancers may be distinct from its pro-
moter function and histone methyltransferase activity.
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SETD1A mediates regulation of specific myeloid GR
targets

To test the hypothesis that SETD1A recruitment by GR plays a
role in target gene regulation, we determined the transcriptional
effect of Setd7a reduction using RNA-seq. The Dex-induced or
-repressed mRNA FCs in wild-type and Setd7a”®"* RAW264.7
cells stimulated with LPS were compared at two time points (6
and 16 h). We identified 312 ligand-dependent genes that
showed an altered Dex response in Setd1aP®"* mutants. Four
differential response clusters were identified by weighted gene
network correlation analysis (Figures 6A and 6B; Figures S6A
and S6B).

Cluster 1 contained inflammatory mediators that were
repressed by GR in both wild-type and Del mutants, albeit with
different FCs (Figures 6A-6C). Many of them displayed constant,
GC-independent SETD1A occupancy of GBSs in wild-type mac-
rophages, similar to Cxc/10, and showed diminished induction
by LPS in Del mutants. We confirmed the diminished LPS
response by qRT-PCR time-series expression analysis of
Cxcl10, Irf7, and Infb1 in wild-type and Del cells (Figure 6D;
Figures S6A and S6C). Since Cxcl10 was expressed at much
lower levels in Del mutants, it is difficult to interpret GR repres-
sion in this case (Figure 6D). However, IFN-B1 treatment rescued
the diminished LPS response and induced high levels of Cxcl10
and Irf7 expression (Figures S6D-S6F). These observations
imply that the genes in cluster 1 may have failed to respond to
LPS as a consequence of lost Infb1 induction in Del mutants.
Furthermore, when we profiled the mRNA levels of SET domain
containing of methyltransferase-encoding genes in LPS and in
LPS + IFN-B1-treated control and Del cells, we observed differ-
ential expression of several enzymes, such as Setdb2 or Nsd3,
for example (Figure S6G). These might potentially compensate
for SETD1A loss of function and could explain the rescue effect
as well.

Similarly, cluster 3 is comprised of inflammatory genes acti-
vated by LPS and repressed by Dex and involved in “cytokine
production,” “response to lipids,” “apoptotic signaling,” and
“response to LPS” (Figure 6C; Table S2). In contrast to cluster
1, the induction of these genes by LPS and their repression by
GR were unaltered in Del mutants at 6 h, for example, Tnfa (Fig-
ures 6A and 6B; Figures S6B and S6C).

Clusters 2 and 4 represent genes activated by Dex either early
(cluster 2, 6 h) or late (cluster 4, 16 h), among them the anti-in-
flammatory GR targets Dusp1 and Tsc22d3 (Figures 6A-6D).
Cluster 4 was enriched for pathways such as “response to
bacteria” (Figure 6C; Table S4), and both clusters had a high per-
centage of genes featuring nearby GR ChlIP peaks (Figure S6A).
The early induction and the severely diminished or delayed re-
sponses of Dusp1, Tsc22d3, and Lcn2 to ligand in Setd1aP®"*
mutants were validated by qRT-PCR at different time points
(Figure 6D; Figure S6C). This reduced transcriptional activation
was accompanied by a decrease of the Dex-induced
H3K4me3 ChlP signals at the TSSs of those targets in Del clones
(Figures 5B and 6E). However, the genes displaying prominent
H3K4me3 signals around their TSSs again only represent a
fraction of GR targets. For a global correlation between
H3K4me dynamics, transcriptional changes, and SETD1A
dependence, we analyzed GR-SETD1A co-bound sites with
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detectable H3K4me changes in response to Dex. For these tar-
gets, we determined the fraction which either displayed altered
H3K4me1/me2/me3 patterns or differential transcript expres-
sion of the nearest gene in Del mutants (Figure 6E). These results
again only show subsets of sites with differential H3K4me and a
larger subset of target genes whose transcription is affected by
SETD1A depletion.

On the other hand, when studying our defined GR subsets with
SETD1A recruitment and H3K4me dynamics (Figure 4B), we
found that a significant number of them are associated with
nearby genes whose expression was affected by Setd7a muta-
tion (Figure 6F).

Taken together, Dex-dependent transcriptional activation was
disturbed in Setd7aP®”* macrophages. Most of the affected
genes had a nearby GBS, suggesting that SETD1A mediates a
significant part of GR’s immunomodulatory actions.

We validated the specificity of our findings by reintroducing
Setdla into Del cells and were able to rescue Dusp? and
Tsc22d3 activation by overexpression of Setd7a (Figure 6G;
Figure S6H). As the GR occupancy at those enhancers was not
affected in Del cells (Figure S5D), the observed gene expression
changes indeed resulted from impaired SETD1A function and
not simply from loss of GR expression or binding.

In summary, we show that Setd7a is required for transcrip-
tional control of specific innate immune responses mediated
by GR and for activation of the interferon response downstream
of TLR4 signaling in RAW264.7 cells.

GR-SETD1A target gene regulation in the absence of
TLR4 signaling

Since our observations likely hint at a role for SETD1A down-
stream of TLR4 activation, which we did not fully investigate,
we performed an RNA-seq experiment in RAW264.7 controls
and mutants treated only with Dex, in the absence of LPS stim-
ulation. Under these conditions, GR regulates a significantly
different set of target genes (Figures 7A and 7B). While
Tsc22d3 and Dusp1 are still induced, there is very little repres-
sion of inflammatory genes (such as Cxcl/10, Tnfa, or ll1a, etc.)
in macrophages treated only with Dex (compared with vehicle).

When comparing this response to ligand between control and
Setd1a mutants, we found that several GR targets, such as
Dusp1 or II7r, also showed differential expression upon SETD1A
depletion in quiescent cells (Figure 7C). While GR target gene
regulation was clearly affected in Setd7a mutants treated
with Dex, the effect appears less pronounced and does not
include as many inflammatory mediators (enriched GO terms
“ossification” and “mononuclear cell migration”) (Figures S7A
and S7B).

Altogether, our data indicate that SETD1A is required for
the transcriptional regulation of a subset of macrophage tar-
gets by GR, which is most prominent under inflammatory
conditions.

DISCUSSION
Our genome-wide studies in LPS-activated macrophages re-

vealed that GR interacts with the SETD1A/COMPASS com-
plex to control the transcription of distinct subsets of
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inflammatory gene networks. This interaction coincided with
changes in H3K4me only at a limited number of specific
loci, suggesting distinct cis-regulatory mechanisms exist at
different enhancers. We characterized a mutant with unstable
SETD1A protein and showed that Setd7a is required for a sub-
set of GR-dependent gene regulation, but not for enhancer
H3K4me.

Our observations of SETD1A/COMPASS enhancer occu-
pancy agree with recent studies on accessible regions in eryth-
rocytes and on MEF2-marked neuronal enhancers (van de
Lagemaat et al., 2018; Mukai et al., 2019). These results chal-
lenge earlier views that SETD1A/COMPASS is exclusively re-
cruited to promoters, as described in yeast and Drosophila (Ng
et al.,, 2003; Ardehali et al., 2011). Conceivably, mammalian
COMPASS family members acquired additional functions during
their diversification, in line with increased genomic complexity. In
addition to H3K4me, our data suggest SETD1A may exert addi-
tional transcriptional regulatory functions at distant sites,
possibly independent of its H3K4 methyltransferase activity.
Enhancer or promoter-specific factors might control the activity
of SETD1A (Lee and Skalnik, 2008; Clouaire et al., 2012; Kim
et al., 2013; Ebmeier et al., 2017; Hsu et al., 2019), for example,
directing it to methylate non-histone proteins, as proposed for
other SET-domain-containing complexes (Carlson and Gozani,
2016).

Recently, enhancer H3K4me2 was reported to inhibit GR bind-
ing in A549 cells (Clark et al., 2019). We did not detect a correla-
tion between H3K4me2 and GR occupancy at the Tsc22d3 and
Dusp1 enhancers, but we did observe reduced transcriptional
activation of these genes in our Setd7a mutant (Figure 6; Figures
S6D, 6G, 4C and 5B). Our results are consistent with the idea that
H3K4me2 marks active transcription factor-binding regions in
the genome (Wang et al., 2014). Nevertheless, locus- and cell-
type-specific differences in H3K4me2 function may exist, as
we observed that a certain fraction of GBSs gain H3K4me2 in
response to Dex in macrophages. For instance, SETD1A recruit-
ment co-occurs with increased H3K4me2 at the Tsc22d3 locus,
but not at other sites, emphasizing context-specific mechanisms
for GR action.

For one of these subsets, we found that recruitment of
SETD1A/COMPASS was linked to increased H3K27ac upon
Dex + LPS stimulation in macrophages, indicating additive ef-
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fects of SETD1A/COMPASS and HATs. A similar dependency
of histone methyltransferases (HMTs) and P300 was previously
seen for MLL4 and for GR-dependent G9a recruitment
(Bittencourt et al., 2012; Wang et al., 2017). However, our ChIP
experiments do not imply that SETD1A/COMPASS is required
for HAT activity. On the contrary, P300 might potentially be
required by GR to recruit SETD1A/COMPASS in response to
ligand (Tang et al., 2013).

Unlike set1 loss-of-function studies in S. cerevisiae (Schneider
etal., 2005; Dehé et al., 2006; Kim et al., 2013), global H3K4me2/
me3 was not abolished in our Setd1a®’* cells. This suggests
there may be redundancy between mammalian COMPASS com-
plex family members. Also, the residual SETD1A or SETD1B
proteins present in our Del cells could be sufficient to maintain
di- and tri-methylation. Other HMTs could be compensating for
depositing essential H3K4me3 at promoters (MLL1/2) and
H3K4me2 at enhancers (MLL3/4) (Shilatifard, 2012; Meeks and
Shilatifard, 2017). Nevertheless, we identified a number of differ-
entially marked H3K4me1/me2/me3 sites, as well as thousands
of differentially expressed Setd7a-dependent genes. These re-
sults suggest that distinct regulatory circuits are controlled by
SETD1A/COMPASS, which differentially affect transcription dy-
namics and H3K4me patterns.

Moreover, we found COMPASS components co-enriched
together with GR at hepatic cis-regulatory elements in mouse
livers, and we measured transcriptional effects of SETD1A
depletion in quiescent, Dex-treated macrophages without LPS
stimulation. Conceivably, these findings might point toward
additional roles for SETD1A as a GR coregulator in other
conditions.

Taken together, we propose a model in which SETD1A is
essential for the transcriptional control of GR-mediated inflam-
matory responses in a locus-specific manner, but which do not
necessarily correlate with H3K4me or with H3K27ac. Our study
shows that GR functions in a context- and locus-specific
manner. For any given cell type or condition, different pioneer
factors, cellular signals, neighboring transcription factors, epige-
netic environments, and coregulators may shape the GC
response. In order to develop novel immunomodulatory thera-
pies and to reduce the adverse effects of anti-inflammatory GC
treatment, all of these different mechanisms may need to be
considered (Sacta et al., 2018; Clark et al., 2019).

Figure 6. SETD1A is required for the transcriptional regulation of certain myeloid GR targets

(A) Clustering of Dex-dependent genes affected by Setd7a deletion (weighted gene co-expression network analysis). The Z-standardized gene abundance of all
genes per cluster is shown, with individual genes as single data points. The distribution median is the vertical line within the boxplot. Regression lines display
transcriptional changes between WT and Del cells after LPS or Dex + LPS treatment (including a 95% confidence interval, gray shadow). n = cluster size, with
example genes.

(B) Setd1a-dependent, Dex-regulated genes sorted by the log2FC in WT plus cluster membership (see A).

(C) GO biological process enrichment. Bar plots show —log10 of the FDR for each term (colors as in A).

(D) Time-series gRT-PCR, with mean relative expression as bars and standard deviation as error bars. n = 3, ANOVA with post hoc pairwise t test, Benjamini-
Hochberg adj. *, treatment effect Dex + LPS over LPS; #, genotype effect compared with WT (LPS); +, genotype effect compared with WT (Dex + LPS).

(E) Bar plots classifying GR-SETD1A sites by significantly changed H3K4me1/me2/me3 (in response to ligand) and showing the number of sites with altered
H3K4me1/me2/me3 (top, pink) or altered nearby transcripts in Setd1a”®"* cells (bottom, pink) (p < 0.05). Maintained regulation is shown in green, referring to
Dex + LPS over LPS. —, invariant, unchanged.

(F) Log2FC of transcripts associated with GR-SETD1A sites classified in Figure 4B. Dex + LPS-treated WT and mutant cells were compared with LPS-treated
samples. Error bars are log2 standard errors (n = 3, Wald test, Benjamini-Hochberg adj).

(G) gRT-PCR for GR targets in RAW264.7 cells re-expressing (RE) Setd7a in Del clones. Bars represent the means, and error bars represent the standard de-
viation. (n = 3, Kruskal-Wallis with post hoc pairwise Wilcoxon-Mann-Whitney test, Benjamini-Hochberg adj. *, treatment effect; #, genotype effect compared with
Del cells). *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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Figure 7. GR-SETD1A target gene regulation in the absence of TLR4 signaling
(A) Numbers of differentially expressed genes (Benjamini-Hochberg adj p < 0.05, FC > 1.5) in resting (Dex versus vehicle [veh]) and inflamed (Dex + LPS versus
LPS) WT RAW264.7 cells (top). Volcano plots of transcriptional changes in Dex + LPS (over LPS)- and Dex (over veh)-treated cells (adj ps over log2 FCs). Purple,
upregulated (adj p < 0.05, FC > 1.5); green, downregulated (adj p < 0.05, FC > 1.5) genes.
(B) Enrichment of GO biological pathways for genes exclusively regulated by Dex in resting (Dex) or in activated (D + L) macrophages, or in both.

(C) Comparison of the Dex response of cluster 2 (Figure 6A) in LPS-stimulated (D + L over LPS) and in untreated (Dex over veh) RAW264.7 cells. Bars, log2FC for
WT and Setd1aDel/+ mutant cells; error bars, log2 standard error (Wald test, Benjamini-Hochberg-adjusted). Genes are sorted by their log2FC in WT LPS-treated
cells. Gray shades: genes with similar responses to Dex in WT cells. Red shades: genes with impaired regulation in Del cells under both conditions. Benjamini-
Hochberg adj p-values signify the genotype contribution to the Dex response (~genotype+treatment+treatment:genotype).
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Antibodies

Rabbit polyclonal anti-betaTubulin
Mouse monoclonal anti-CXXC1
Mouse monoclonal anti-GR

Rabbit polyclonal anti-H3

Mouse monoclonal anti-H3K4me1
Mouse monoclonal anti-H3K4me2
Mouse monoclonal anti-H3K4me3
Goat anti-mouse IgG (HRP-conjugated)
Donkey anti-mouse IgG (IRDye680LT)
Goat anti-rabbit IgG (HRP-conjugated)
Donkey anti-rabbit IgG (IRDye800CW)
Mouse monoclonal anti-SETD1A
Rabbit monoclonal anti-WDR82
Rabbit polyclonal anti-CXXC1

Rabbit polyclonal anti-GR

Rabbit polyclonal anti-H3

Rabbit polyclonal anti-H3K27Ac
Rabbit polyclonal anti-H3K4me1
Rabbit polyclonal anti-H3K4me2
Rabbit polyclonal anti-H3K4me3
Normal rabbit IgG

Rabbit polyclonal anti-SET1

WDR82

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam

Diagenode

Diagenode

Diagenode

Bio-Rad

Li-Cor

Dianova

Li-Cor

Thermo Fisher Scientific
Cell Signaling Technology
Abcam

Protein Tech

Abcam

Abcam

Diagenode

Abcam

Millipore/Merck

Cell Signaling Technology
Bethyl

Cell Signaling Technology

Cat.#sc-9104; RRID:AB_2241191
Cat.#sc-136419

Cat.#sc-393232; RRID:AB_2687823
Cat.#ab1791; RRID:AB_302613
Cat.#C15200150

Cat.#C15200151

Cat.#C15200152

Cat.#170-6516; RRID:AB_11125547
Cat.#926-68022; RRID:AB_10715072
Cat.#111-035-003; RRID:AB_2313567
Cat.#926-32213; RRID:AB_621848
Cat.#MA5-26764; RRID:AB_2725334
Cat.#99715; RRID:AB_2800319
Cat.#ab198977

Cat.#24050-1-AP; RRID:AB_2813890
Cat.#ab1791; RRID:AB_302613
Cat.#ab4729; RRID:AB_2118291
Cat.#C15410194; RRID:AB_2637078
Cat.#ab7766; RRID:AB_2560996
Cat.#05-745R; RRID:AB_1587134
Cat.#2729; RRID:AB_1031062
Cat.#A300-289A; RRID:AB_263413
Cat.#99715; RRID:AB_2800319

Bacterial and virus strains

Biological Samples

Chemicals, peptides, and recombinant proteins

cOmplete, Mini, EDTA-free
Protease-Inhibitor-Cocktail

cOmplete-Ultra, EDTA-free
Protease Inhibitor Cocktail

Ficoll Paque PLUS

DMEM (4.5 g/L glucose)

Fetal Bovine Serum

Fetal Bovine Serum, dyalized
dexamethasone

LPS E.COLI O111:B4

Interferon-betatl

Dynabeads M-280 Sheep Anti-Rabbit IgG
Sepharose Protein A/G

DSG Crosslinker

16% Formaldehyde (w/v), Methanol-free
Power Sybr Green Mastermix

Roche

Roche

GE Healthcare
Sigma

Sigma

Sigma

Sigma

Sigma

R&D Systems
Life Technologies
Rockland
Proteochem
Thermo Scientific
Thermo Scientific
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Cat.#11836170001

Cat.#5892953001

Cat.#17144002
Cat.#D6429-500
Cat.#F9665
Cat.#F0392-100ml
Cat.#D4902
Cat.#LPS25
Cat.#8234-MB-010
Cat.#11204D
Cat.#PAG50-00-0002
Cat.#C1104
Cat.#28906
Cat.#4367659
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Gel Cassettes, Pippin Prep, dye-free Sage Science Cat.#CDF2010
4-12% Bis-Tris SDS-PAGE gel Life Technologies Cat.#NP0323BOX
Agencourt® AMPure® XP Beckman Coulter GmbH Cat.#A63881
Critical commercial assays

RNeasy Mini Kit for RNA extraction QIAGEN Cat.#74106
MinElute PCR purification kit QIAGEN Cat.#28006

Kapa Hyper Prep Roche Cat.#7962363001
Lib Quant lllumina Rox Low Roche Cat.#7960336001

RNA 6000 Nano Kit

High Sensitivity DNA Kit

QuantiTect Reverse Transcription kit
Neon Transfection System 10 pL Kit-25 x
Qubit dsDNA HS Assay Kit

Agilent Technologies
Agilent Technologies
QIAGEN

Life Technologies
Life Technologies

Cat.#5067-1511
Cat.#5067-4626
Cat.#205314
Cat.# MPK1025
Cat.#Q32854

Deposited data

ChIP-MS This paper PRIDE:PXD018077
ChlIP-Seq in macrophages This paper GEO:GSE136070
GR ChlIP-Seq in macrophages This paper GEO:GSM1446192
GR ChlIP-Seq in macrophages This paper GEO:GSM788651
ChlIP-Seq in RAW264.7 This paper GEO:GSE138017
RNA-Seq in wildtype macrophages This paper GEO:GSE137412
RNA-Seq in RAW264.7 cells This paper GEO:GSE137944
(wildtype and Setd1a”°"*)

and Setd1bKO macrophages

Experimental models: cell lines

RAW264.7 ATCC Cat.#TIB-71 ; RRID:CVCL_0493
RAW264.7 Setd1aPe/* This paper

S2 cells (Drosophila)

provided by Prof. P.
Becker (LMU Munich, Germany)

RRID:CVCL_zZ232

Experimental models: organisms/strains

S p eer6- p s Tg(Alb-cre)21Mgn
Nr3c 1tm2GszJ/NrSC 1 tm2Gsc
Setd1btm"‘&AfSt/Setd‘Ibtm1'3Af5t

Setd1atm1.2Afst/setd1atm1.2Afst

Rosa26-Cre-ERT2 (RC)

Postic et al., 1999

Tronche et al., 1999
provided by Prof. Dr. K.
Anastassiadis (TU Dresden,
Germany) Bledau et al., 2014
provided by Prof. Dr. K.
Anastassiadis (TU Dresden,
Germany) Bledau et al., 2014

provided by Prof. Dr. K.
Anastassiadis (TU Dresden,
Germany) Bledau et al., 2014

RRID:MGI:6257049
RRID:MGI:5568956

RRID:MGI:5568947

Oligonucleotides

See Table S6

Recombinant DNA

pUB.chimeric

pCAG.Cas9D10A-EGFP

gift from I. Burtscher, Helmholtz
Zentrum Muenchen

gift from I. Burtscher, Helmholtz
Zentrum Muenchen

pPB-Puro-mPGK-EGFP:3xGGGGS:mSetd1a  This paper, VectorBuilder

(Continued on next page)
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Software and algorithms

Perseus v.1.5.1.1
MaxQuant v1.5.1.1
GOrilla

FastQC

Salmon v0.10.2
R v3.6.1
DESeq2 v1.22.0

tximport

GenomicRanges v1.36.1

ggplot2 v3.2.1

gplots v3.0.1.1
ChIPpeakAnno v3.18.2

biomaRt v2.38

Clusterprofiler v3.16.1

seglLogo v1.5

Mclust v5.4.5

GREAT v4.0.4

MEME suite

HOMER software suite v4.10
BWA-MEM v0.7.13

Picard Tools v2.0.1
Samtools v1.8
Deeptools v3.0.2-1

Integrated genome browser v9.0.2
MACS2 v2.1.1.20160309

BEDtools v2.25.0

Tyanova and Cox, 2018
Cox and Mann, 2008
Eden et al., 2009

http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/

Patro et al., 2017
R Core Team, 2017
Love et al., 2014

Soneson et al., 2015

Lawrence et al., 2013

Wickham, 2016

https://github.com/talgalili/gplots/
Zhu et al., 2010

Durinck et al., 2009

Yu et al., 2012

Bembom, 2019

Scrucca et al., 2016
McLean et al., 2010
Machanick and Bailey, 2011
Heinz et al., 2010

Li, 2013

http://picard.sourceforge.net/
Li et al., 2009
Ramirez et al., 2016

Freese et al., 2016
Zhang et al., 2008

Quinlan and Hall, 2010

RRID:SCR_015753; https://maxquant.net/perseus/
RRID:SCR_014485; https://maxquant.net/maxquant/
RRID:SCR_006848; http://cbl-gorilla.cs.technion.ac.il/

RRID:SCR_014583

RRID:SCR_017036; https://combine-lab.github.io/salmon/
RRID:SCR_001905; https://cran.r-project.org/
RRID:SCR_015687; https://bioconductor.org/
packages/release/bioc/html/DESeq2.html
RRID:SCR_016752; https://bioconductor.org/
packages/release/bioc/html/tximport.html
RRID:SCR_000025; https://bioconductor.org/
packages/release/bioc/html/GenomicRanges.html
RRID:SCR_014601; https://cran.r-project.org/web/

packages/ggplot2/index.html

RRID:SCR_012828; https://bioconductor.org/packages/
release/bioc/html/ChIPpeakAnno.html

RRID:SCR_002987; https://bioconductor.org/packages/

release/bioc/html/biomaRt.html

RRID:SCR_016884; https://bioconductor.org/
packages/release/bioc/html/clusterProfiler.html

https://bioconductor.org/packages/

release/bioc/html/seqlLogo.html

https://cran.r-project.org/web/packages/mclust/index.html
RRID:SCR_005807; http://great.stanford.edu/public/html/
RRID:SCR_001783; http://meme-suite.org/
RRID:SCR_010881; http://homer.ucsd.edu/homer/
RRID:SCR_010910; https://sourceforge.net/projects/

bio-bwa/files/
RRID:SCR_006525

RRID:SCR_002105; http://www.htslib.org/
RRID:SCR_016366; https://deeptools.

readthedocs.io/en/develop/

RRID:SCR_011792; https://www.bioviz.org/
RRID:SCR_013291; https://github.com/

macs3-project/MACS

RRID:SCR_006646; https://bedtools.

readthedocs.io/en/latest/#

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, N. Hen-
riette Uhlenhaut: henriette.uhlenhaut@tum.de

Materials availability

Cell lines generated in this study can be requested without restriction upon completion of a material transfer agreement.
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Data and code availability
The NGS datasets supporting the conclusions of this article are available at GEO (https://www.ncbi.nlm.nih.gov/geo/) with the
following accession numbers:

RNA-Seq data: Expression in wild-type BMDMs, GSE137412, Expression in RAW264.7 cells (wild-type and Setd1aDel/+) and
Setd1b knockout BMDMs, GSE137944. ChIP-Seq data: GR binding and H3K4me2/me3 in RAW264.7 cells, GSE138017, GR,
SETD1A and CXXC1 binding, H3K4me1/me2/me3 and H3K27ac in BMDMs, GSE136070, GSM1446192 and GSM788651.

The mass spec proteomic datasets are available at the ProteomeXchange Consortium via the PRIDE repository with the dataset
identifier PXD018077 (https://www.ebi.ac.uk/pride/archive/).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

C57BL/6 mice were housed in a controlled environment (12h light/12h dark cycle, ~23°C). Mouse experiments were performed ac-
cording to the rules and guidelines established by the Institutional Animal Committee at Helmholtz Center Munich. Ethical approval
was obtained from the local animal welfare authority (LAGeSo Berlin; district government of Upper Bavaria).

GR floxed mice (Nr3c1tm2Gsc, RRID:MGI:6257049) were crossed with hepatocyte-specific Aloumin (Alb)-Cre mice obtained from
JAX (B6.Cg-Tg(Alb-cre)21Mgn/J). Alb-Cre negative floxed littermates served as controls (Quagliarini et al., 2019). R26°°ERT2 Set-
d1a™" R26°°ERT2/* Setd1b™ and litter mate control (R26°°ER72/*) bones were kindly provided by Prof. Dr. K. Anastassiadis (TU
Dresden, Germany) (Bledau et al., 2014). We exclusively study male mice. BMDMs were derived from 6-12 week old mice. Livers
were harvested from 16 week old animals.

Cell lines
RAW264.7 cells (ATCC TIB-71, RRID:CVCL_0493; male, BALB/c-derivd) obtained from ATCC were maintained at sub confluent level
in DMEM (10% FBS, including antibiotics) at 37°C and 5% CO2. Cells were regularly screened for mycoplasma.

METHOD DETAILS

Isolation and differentiation of BMDMs
Primary bone marrow-derived macrophages were isolated and differentiated in culture as previously described [10]. Shortly, bone
marrow was harvested from 6-12 week old male mice with RPMI. Erythrocytes were lysed using AKC lysis buffer (1M NH4CI, 1M
KHCO3, 0.5M EDTA), and mononucleated cells were purified by Ficoll Paque gradient. Cells were differentiated in DMEM containing
20% FBS, 1% penicillin/streptomycin and 30% supernatant from L929 cells for 6 days on bacterial plates. Macrophages were har-
vested in Versene and seeded in macrophage serum-free medium.

Cells were treated with vehicle (0.1% EtOH and PBS), 1uM dexamethasone (in EtOH) for 16h or 0.1% ethanol and/or lipopolysac-
charide (LPS, 100ng/ml, Sigma-Aldrich) for 3h (ChIP-Seq) or 6h (RNA-Seq, gPCR) unless indicated otherwise.

For deletion of Setd7a and Setd1b in bone marrow-derived macrophages of R26°°ER72/+ Setd1a™" or R26°°ERT2/+, Setd 1™
mice, cells were treated with 1uM 4-hydroxytamoxifen (Sigma-Aldrich) after 3 days in differentiation medium.

Cell culture

RAW264.7 cells were treated with vehicle (0.1% EtOH and PBS), LPS (100ng/ul in D-PBS, Sigma-Aldrich) or dexamethasone (1uM in
EtOH, Sigma-Aldrich) and LPS for the indicated time periods. Unless stated otherwise, treatment times were 16h Dex and 3h LPS for
ChIP or 6h LPS for RNA, respectively. 3h IFN-B1 treatment (10ng/ml, R&D Systems) was performed alone or in combination with
100ng/ml LPS. 3h incubation with 0.05% BSA/PBS was used as vehicle control. Spike-in chromatin was generated from Drosophila
S2 cells (a gift from P. Becker, RRID:CVCL_IZ06) grown in T175 flasks with Schneider’s Drosophila medium supplemented with 10%
FBS and 1% Penicillin/Streptomycin at 28°C under normal atmosphere.

Generation of CRISPR mutant cell lines

GuideRNAs were designed using the e-crisp tool (Heigwer et al., 2014) and cloned into pU6.chimeric via Bbsl overhangs (a gift from I.
Burtscher, Helmholtz Zentrum Muenchen). For mutation of RAW264.7 cells, pU6.chimeric.gRNA (Table S6), pCAG.Cas9D10A-EGFP
(expressing Cas9 nickase, a gift from |. Burtscher) and a single strand DNA repair template (IDT, see Table S6)) were electroporated
using the NEON electroporation system, FACS sorted after 24h and seeded as single clones. Positive clones were identified by gen-
otyping PCR (Table S6 for oligo sequences) and PCR products were sequenced. Setd1a”®S"* was generated by introduction of a
premature STOP codon after exon 14, leading to a destabilized form of SETD1A (see Figure S5A).

Nuclear extraction and Co-ImmunoPrecipitation

Nuclear extraction was performed using standard protocols. Shortly, cells were harvested by washing in ice-cold PBS and collected
by centrifugation (300 g at 4°C). Cell lysis was performed in hygroscopic conditions using V1 buffer (10mM HEPES-KOH pH 7.9;
1.5mM MgCI2; 10mM KCI and 1uM dexamethasone, 0.5mM DTT, 0.15% NP40, protease inhibitors and PhosphoSTOP) while

Cell Reports 34, 108742, February 9, 2021 e4



https://www.ncbi.nlm.nih.gov/geo/
https://www.ebi.ac.uk/pride/archive/

¢ CelPress Cell Reports

OPEN ACCESS

douncing on ice. Crude nuclei were collected by centrifugation (2,700 g at 4°C) and nuclear lysis was performed in V2 buffer (420mM
NaCl; 20mM HEPES-KOH pH 7.9; 20% glycerol; 2mM MgCI2; 0.2mM EDTA and 1uM dexamethasone; 0.5mM DTT; 0.1% NP40;
protease inhibitors and PhosphoSTOP) while incubating for 1h at 4°C and subsequent centrifugation at 21,000 g (4°C). Supernatants
were directly processed for co-IP. Co-IP was performed by diluting 200 pg 1:1 in AM100 (100mM KCI, 5mM MgClI2, 20mM Tris (pH
8.0), 0.2mM EDTA and 20% glycerol) with EDTA-free proteinase inhibitors and pre-cleared with pre-blocked sheep a-rabbit or sheep
a-mouse IgG Dynabeads for 2h at 4°C while agitating. IPs were incubated with 1ug of antibody (Key resources table) for 2h at 4°C.
Subsequently, pre-blocked sheep a-rabbit or sheep a-mouse IgG Dynabeads (ThermoFisher Scientific) were collected after 3
washes with buffer AM100 plus 0.5% Triton. Bound proteins were eluted in Laemmli buffer and analyzed by western blots. For
Co-IP from whole cell lysates, RAW264.7 cells were lysed in NP40 buffer (25mM Tris pH 7.5, 150mM NaCl, 1mM EDTA, 1%
NP40, 5% glycerol, freshly added phosphatase and proteinase inhibitors), sonicated for 15 s and cleared by spinning 10min at
12,000xg. After preclearing samples were diluted 1:5 in Tris IP buffer (20mM Tris pH 7.5, 2mM MgCl,, 100mM NaCl, 0.2mM
EDTA, 0.1% Triton X-100, freshly added phosphatase and proteinase inhibitors) for incubation with 1ug of primary antibody (Key re-
sources table) overnight at 4°C. Pre-blocked beads were added for 3h on the next day and proteins eluted from the beads after three
washes with Tris-IP buffer, one wash with Tris-IP buffer including 500nM NaCl and 1 wash of Tris-IP buffer including 500nM NaCl and
1% Triton X-100.

Western Blotting

Standard procedures were applied for western blotting using precast Bis-Tris SDS-PAGE 4%-12% gradient gels. Histones were run
on 12% Bis-Tris gels. Antibodies are listed in the Key resources table. Specificity of H3K4me1/me2/me3 antibodies was tested in
peptide competition western blots (data not shown).

RNA isolation and qRT-PCR

Total RNA from 200,000 (gPCR) or 1 million cells (RNA-Seq) was isolated using the RNeasy Mini kit (QIAGEN) with on-column DNasel
digest, following the manual. RNA was measured with Nanodrop2000. 500ng RNA were reverse transcribed using a Reverse Tran-
scription Kit (QIAGEN) according to manufacturer’s instructions. Quantitative PCR was run on Quantstudio 6/7 using SYBR Green in
standard curve mode. Primer pairs are listed in Table S6. Gene expression was normalized to the housekeeping gene Rplp0. Values
from independent experiments were standardized using z-scores. Plots show means with standard deviations as error bars. Individ-
ual data points are given as dots.

RNA-Seq

RNA quality was verified using an Agilent2100 Bioanalyzer with RNA 6000Nano Reagents. Library preparation and rRNA depletion
was performed using the TruSeq Stranded mRNA Library Prep Kit starting with 500ng total RNA as input for each sample. Libraries
were sequenced on the lllumina HiSeq4000. Experiments were performed in triplicates.

ChIP-Seq

For ChIP experiments, 20 million cells (BMDMs, RAW264.7 or S2 cells) were treated as indicated above. Mouse livers were harvested
at night (peak of corticosterone levels) and snap frozen in liquid nitrogen. 250mg of liver tissue were thawed on ice and incubated with
1% formaldehyde for 15min while homogenizing (Dounce) at room temperature. Cells were washed in D-PBS and fixed either in 1%
formaldehyde (methanol-free) for 10min or in 2mM disuccinimidyl-glutarate for 30min plus 10min 1% FA (see Table S5). Formalde-
hyde was quenched with 150mM glycine, and cells were washed with D-PBS, pelleted and stored at —80°C or directly processed for
ChlIP using 2pg (transcription factor/coregulator) or 1pg (histones) of antibody (Key resources table) as previously described (Nelson
et al., 2006; Quagliarini et al., 2019).

For ChIP-Seq, 40 million cells per sample were used for GR and COMPASS proteins. For histone marks, 20 million cells per sample
were used. ChIP-Seq was performed with the following modifications: Chromatin was sonicated using a Bioruptor pico (Diagenode)
with either 8ug (GR, COMPASS) or 3ug antibody (histones): see Key resources table. Purified DNA was quantified using Qubit. Library
preparation was performed from 5ng of ChIP DNA using the Kappa Hyperprep and library amplification kits according to the man-
ufacturer’s manual (Roche). Libraries were sequenced on an lllumina HiSeq4000. A minimum of two replicates per condition was
performed (See Table S5).

NGS Data analysis

RNA-Sequencing

NGS data quality was assessed with FastQC (RRID:SCR_014583, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Gene-level quantification was performed with Salmon version 0.10.2 (RRID:SCR_017036 (Patro et al., 2017)). Settings were: -libType
A, -gcBias, -biasSpeedSamp 5 using the mm10 (GRCm38.p6) reference transcriptome provided by Ensembl (RRID:SCR_002344
(Cunningham et al., 2019)). Gene count normalization and differential expression analysis was performed with DESeq2 version
1.22.0 (RRID:SCR_015687 (Love et al., 2014)) after import of gene-level estimates with “tximport” (RRID:SCR_016752 (Soneson
et al., 2015)) in R (RRID:SCR_001905, R version 3.6.1 (R Core Team, 2017)).
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For gene annotation, Ensembl gene Ids were mapped to MGI symbols using the Bioconductor package “biomaRt” version 2.38
(RRID:SCR_002987 (Durinck et al., 2009)) and genome information was provided by Ensembl (GRCm38.p6 (Cunningham et al.,
2019)). Genes with a minimal mean count across samples (baseMean) of 50, fold change of 1.5 and Benjamini-Hochberg-adjusted p
value < 0.05 were called significantly changed. Significance of the genotype contribution to the treatment effect (Dex versus veh;
LPS+Dex versus LPS) was determined by log-likelihood-ratio test comparing the full model ~genotype+treatment+treatment:genotype
with the reduced model ~treatment. p values are Benjamini-Hochberg adjusted. The dependency of the Dex response from genotype
and treatment time was accessed by likelihood-ratio test between the full model (~genotype + treatment + treatment:genotype) and the
reduced model (~genotype + treatment).

Gene Ontology biological process enrichment was performed using GOrilla (RRID:SCR_006848 (Eden et al., 2009)) using the un-
ranked list mode. All genes expressed with a mean expression level over 50 counts were used as the background set for macro-
phages or RAW264.7 cells respectively. GO terms were significantly enriched with a FDR < 0.01 and a set size smaller than 500 genes
per term. Redundant terms were removed manually.

ChIP-Sequencing

ChIP-Seq reads were aligned to the reference genome mm10 (Ensembl GRCm38.p6 (Cunningham et al., 2019)) using BWA-MEM
version 0.7.13 (RRID:SCR_010910 (Li, 2013)) and PCR duplicates were removed using Picard Tools version 2.0.1
(RRID:SCR_006525, http://picard.sourceforge.net/). Samples with duplication levels above 80% were excluded from further anal-
ysis. For visualization, bam files were filtered for properly paired and mapped reads with Samtools version 1.8 (RRID:SCR_002105
(Lietal., 2009)) and converted to bigwig files merging 10 bp per bin using “bamCoverage” from the Deeptools package version 3.0.2-
1 (RRID:SCR_016366 (Ramirez et al., 2016)). Tracks were visualized using the integrated genome browser (IGB, RRID:SCR_011792
(Freese et al., 2016)) version 9.0.2.

Peaks were called using MACS2 version 2.1.1.20160309 (RRID:SCR_013291) with an FDR threshold of 0.1 for reproducible peaks
and FDR = 0.05 for the generation of a “peak union” (Zhang et al., 2008). Blacklisted regions (http://mitra.stanford.edu/kundaje/
akundaje/release/blacklists/mm10-mouse/mm10.blacklist.bed.gz) were removed from the called peaks. Peaks were termed repro-
ducible when they were called in two independent ChlP-Seq experiments and overlapped for 50% of the mean peak width. We also
identified a “peak union” merging any peak called by MACS2 in any of the experiments.

For Venn diagrams, peaks overlapping each other with a minimum of 1bp on either strand were termed overlapping. The overlap
was determined using the “GenomicRanges” package version 1.36.1 (RRID:SCR_000025 (Lawrence et al., 2013)).

Heatmaps were generated using HOMER software suite version 4.10 (RRID:SCR_010881 (Heinz et al., 2010)) and visualized with
the “ggplot2” package version 3.2.1 (RRID:SCR_014601 (Wickham, 2016)) or the “gplots” package (https://github.com/talgalili/
gplots/) version 3.0.1.1 in R 3.6.1 (RRID:SCR_014601 (R Core Team, 2017)). Heatmaps represent the mean the mean and the stan-
dard deviation of at least two replicates (Table S5).

Bigwig files were scaled according to DESeq?2 scale factors estimated from reads covering the whole peak union (“static peak”
normalization), assuming that most of the peaks do not change their coverage in response to dexamethasone. When spike-in
ChIP-Seq was performed, the data were normalized by the spike-in ratios in cases where the DESeg2 assumption (Love et al.,
2014) might be violated (e.g., Setd1a®®"* mutants). All scaling factors are provided in Table S5.

Peaks were annotated to the nearest TSS using the “ChlPpeakAnno” package version 3.18.2 (RRID:SCR_012828 (Zhu et al.,
2010)) and called intergenic when more than 1kb away from any gene.

Read counts covering peaks were obtained using BEDtools version 2.25.0 (RRID:SCR_006646 (Quinlan and Hall, 2010)) (Table S5).

Immunoprecipitation (IP) efficiencies were defined as portion of mapped unique read pairs covering the peak union. Samples with
an P efficiency below 15% were excluded from further analysis.

For Volcano plots, correlations, and modeling, reads were counted after adjustment to a unique peak length of 588bp (4 nucleo-
somes) around the peak center and scaled afterward, as described above.

Differential ChlP-Seq analysis was performed with “DESeqg2” (RRID:SCR_015687 (Love et al., 2014)) using the above calculated
scaling factors. Log2FoldChanges always refer to the comparison between Dex plus LPS and LPS only treatments, unless stated
otherwise.

For spike-in normalization of H3K4me1/me2/me3 ChIP-Seq in Setd1a mutants, reads were mapped to the murine reference
genome mm10 and the Drosophila melanogaster genome build dm6 (Ensembl BDGP6 release 78 (Cunningham et al., 2019)). Scaling
factors for bigwig files were determined as the fly-specific reads-in-peaks ratio between all samples, and adjusted for differences in
IP efficiencies between samples for the spiked fly S2 cell chromatin as follows (see Table S5). Variations in the Drosophila ChIP were
assumed to account for technical variations between samples and therefore applied to the mm10-mapped reads (Egan et al., 2016).
Scaling factors for heatmaps and genome-browser tracks were calculated as above.

Statistical analysis and visualization was performed in R 3.6.1 (RRID:SCR_001905 (R Core Team, 2017)).

For KEGG pathway enrichment, the “clusterprofiler” package was used (RRID:SCR_016884 (Yu et al., 2012)). Results are dis-
played as circles reflecting the gene ratio (number of genes in a given subset covered by the pathway, divided by the number of genes
in that pathway) and shades representing the Benjamini-Hochberg adjusted hypergeometrical p value.

For enrichment of Gene Ontology biological processes, peak positions were assigned to the nearest gene, and enrichment analysis
was performed with GREAT (RRID:SCR_005807 (Mclean et al., 2010)). Bonferroni-adjusted hypergeometrical p values are shown,
and terms were significantly enriched and reported when the p value was < 0.01.

Del/+
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Motif enrichment was performed on peaks trimmed to 100bp around the peak center with MEME suite (RRID:SCR_001783
(Machanick and Bailey, 2011)) in enrichment or differential mode as indicated in the figure legends. MEME parameters were set
to: “-dna -meme-mod anr -meme-minw 6 -meme-maxw 30 -meme-nmotifs 10 -meme-p 10” using the JASPAR (2018 version,
RRID:SCR_003030 (Khan et al., 2018)), Uniprobe (RRID:SCR_005803 (Newburger and Bulyk, 2009)) and SwissRegulon
(RRID:SCR_005333 (Pachkov et al., 2013)) databases. Motifs were visualized from position-weight matrices obtained from the HO-
COMOCO (version 11 (Kulakovskiy et al., 2018)) or JASPAR databases with the “seqLogo” package version 1.5in R 3.6.1 (Bembom,
2019). Centrimo motif enrichment was performed to identify centrally enriched motifs, and MEME was used for motif enrichment
within a given peak set.

Model-based clustering was performed with the “mclust” package version 5.4.5in R 3.6.1 (Scrucca et al., 2016). Features were quan-
tified at GBSs extended by 588 bp and scaled to unit length. Bayesian Information Criterion (BIC) was used to determine cluster numbers
and the best fitting model. The model selected in this paper is VEE (diagonal distribution with variable volume and ellipsoidal shape).

ChIP-qPCR
For ChIP-gPCR, 20 million cells were used per sample. A minimum of two independent experiments with two biological replicates
each were performed.

Cells were fixed and processed as described above with 1ug of antibody against histone marks and 3pug of antibody against other
proteins (Key resources table).

gPCRs were run on Quantstudio 6/7 in standard curve mode using SYBR Green and the primers listed in Table S6. Enrichment was
calculated as percent of input and ChIPs against histone marks were normalized to total histone H3. To account for inter-experi-
mental variation, ChlIP results from independent experiments were standardized using z-scores. Plots show means with standard
deviations as error bars. Individual data points are given as dots.

Spike-in ChIP
Spike-in ChIP-Seq/gPCR was performed as indicated above with addition of 5% (ChIP-Seq) or 10% (ChlP-qPCR) Drosophila S2
chromatin to all samples before sonication. gPCRs against genomic regions positive for Drosophila H3K4me1/me2/me3,
H3K27ac and H3 were used for normalization (see Table S5). Ct-values were corrected for PCR efficiency; enrichment over input
was calculated and normalized to the Drosophila signal (Egan et al., 2016). Histone modifications were additionally normalized to total
H3 (see above).

ChIP-MS interactomes

For mass spectrometric analysis of purified co-enriched proteins, GR ChIP was performed as described above, followed by prote-
omics. Chromatin was sonicated to an average size of 200 bp using the Bioruptor pico (Diagenode). After incubation with primary
«-GR antibody (#sc-1004X SantaCruz, RRID:AB_2155786) or rabbit IgG (#2729, Cell Signaling Technology, RRID:AB_1031062),
samples were processed as described in (Hemmer et al., 2019; Quagliarini et al., 2019).

In detail, cells were treated and crosslinked as for ChIP-Seq, lysed in IP-buffer (50 mM Tris-HCI, pH 8.0, 100 mM NaCl, 5 mM EDTA,
0.3% SDS, 1.7% Triton X-100) and chromatin sonicated to an average size of 200bp. After overnight immunoprecipitation with o-GR
antibody antibody, or rabbit IgG, antibody-bait complexes were captured by ChIP-Grade Protein G Agarose Beads (#9007 Cell
Signaling Technology), washed three times with wash buffer A (50mM HEPES pH 7.5, 140mM NaCl, 1% Triton), once with wash
buffer B (50mM HEPES pH 7.5, 500mM NaCl, 1% Triton), and twice with TBS. Beads were incubated for 30min with elution buffer
1(2M Urea, 50mM Tris-HCI pH 7.5, 2mM DTT, 20pg/ml trypsin) followed by a second elution with elution buffer 2 (2M Urea, 5 mM Tris-
HCI pH 7.5, 10mM Chloroacetamide) for 5min. Both eluates were combined and further incubated at room temperature overnight.
Tryptic peptide mixtures were acidified to 1% TFA and desalted with Stage Tips containing three layers of C18 reverse phase material
and analyzed by mass spectrometry.

Peptides were separated on 50cm columns packed with ReproSil-Pur C18-AQ 1.9 um resin (Dr. Maisch GmbH). Liquid chroma-
tography was performed on an EASY-nLC 1200 ultra-high-pressure system coupled through a nanoelectrospray source to a Q-Ex-
active HF mass spectrometer (Thermo Fisher Scientific). Peptides were loaded in buffer A (0.1% formic acid) and separated applying
a non-linear gradient of 5%-60% buffer B (0.1% formic acid, 80% acetonitrile) at a flow rate of 250nl/min over 120min. Data acqui-
sition switched between a full scan (60K resolution, 20ms max. injection time, AGC target 3e6) and 10 data-dependent MS/MS scans
(15K resolution, 60ms max. injection time, AGC target 1e5). Isolation window was set to 1.4 and normalized collision energy to 27.
Multiple sequencing of peptides was minimized by excluding the selected peptide candidates for 30 s.

Data analysis

Raw mass spectrometry data were analyzed with MaxQuant (v1.5.1.1, RRID:SCR_014485) (Cox and Mann, 2008). Peak lists were
searched against the mouse UniprotFASTA database (2015_08 release) combined with 262 common contaminants by the integrated
Andromeda search engine. False discovery rate was set to 1% for both peptides (minimum length of 7 amino acids) and proteins.
‘Match between runs’ (MBR) with a maximum time difference of 0.7min was enabled. Relative protein amounts were determined
by the MaxLFQ algorithm with a minimum ratio count of two.

Statistical analysis of LFQ derived protein expression data was performed using Perseus (v.1.5.1.1, RRID:SCR_015753) (Tyanova
and Cox, 2018). Protein entries referring to contaminants, proteins identified via matches to the reverse database, and proteins
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identified only via modified sites, were removed, LFQ values log2 transformed and missing values imputed from a normal distribution
applying a width of 0.2 and a downshift of 1.8 standard deviations. Significant outliers were defined by permutation-controlled Stu-
dent’s ttest (FDR < 0.01, sO = 1) comparing triplicate ChIP-MS samples for each antibody, requiring at least two valid values in the GR
replicates.

Functional annotation of proteins significantly (p < 0.05) enriched over IgG, was performed with GOrilla (RRID:SCR_006848 (Eden
et al., 2009)) in the “two unranked lists” mode, and all detected proteins used as the background set, using the Gene Ontology (GO)
‘Biological Processes’. The most specialized GO terms with significant enrichment (FDR < 0.05) are reported.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments, normal distribution of the data was assessed by Shapiro-Wilk test, and plotting the data distribution as histo-
grams if the Shapiro-Wilk test was slightly significant (0.001 < p < 0.05). Log2 transformation of the data was performed to obtain
normal distribution as indicated. Equal variance of sample groups was tested by Bartlett test (parametric) or Levene test (non-para-
metric). Significance was assessed by Student’s t test in case of normal distributed homoscedastic data, Welch test in case of normal
distributed heteroscedastic data and Wilcoxon-Mann-Whitney test in all other experiments with single factor designs. In multi-factor
design experiments, significance was tested by analysis of variance (ANOVA) with post hoc pairwise t test (homoscedastic, normal
distributed data) or Kruskal-Wallis test with post hoc Wilcoxon-Mann-Whitney (homoscedastic, non-normal data) or Dunn’s test (het-
eroscedastic, non-normal data), respectively. P values were Benjamini-Hochberg adjusted. Unless stated otherwise, p values are
only indicated if significant (p < 0.05).

Bar plots display the mean and individual data points are indicated. The standard deviation is given as error bars unless indicated
otherwise. Detailed information for each experiment can be found in the figure legends.
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