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ABSTRACT

Genomic binding of transcription factors, like the glu-
cocorticoid receptor (GR), is linked to the regulation
of genes. However, as we show here, GR binding is
a poor predictor of GR-dependent gene regulation
even when taking the 3D organization of the genome
into account. To connect GR binding sites to the reg-
ulation of genes in the endogenous genomic context,
we turned to genome editing. By deleting GR bind-
ing sites, individually or in combination, we uncov-
ered how cooperative interactions between binding
sites contribute to the regulation of genes. Specifi-
cally, for the GR target gene GILZ, we show that the
simultaneous presence of a cluster of GR binding
sites is required for the activity of an individual en-
hancer and that the GR-dependent regulation of GILZ
depends on multiple GR-bound enhancers. Further,
by deleting GR binding sites that are shared between
different cell types, we show how cell type-specific
genome organization and enhancer-blocking can re-
sult in cell type-specific wiring of promoter-enhancer
contacts. This rewiring allows an individual GR bind-
ing site shared between different cell types to direct
the expression of distinct transcripts and thereby
contributes to the cell type-specific consequences
of glucocorticoid signaling.

INTRODUCTION

Transcription factors (TFs) play a pivotal role in specify-
ing which genes are expressed in a given cell. The regulation
of gene expression requires the binding of these TFs to cis-
regulatory elements. Such cis-regulatory elements can either
act promoter-proximal or control the expression of genes
that can be located up to several Mb away (1,2). TFs can
bind to tens of thousands of genomic binding sites (3), yet
they seem to regulate a much smaller number of genes (4—

6). Consequently, it is mostly unclear which TF-bound re-
gions are responsible for the regulation of individual genes
and what discriminates productive TF binding events that
are linked to the regulation of genes from apparently non-
productive interactions of TFs with the genome. For distal
TF-bound elements, productive binding is more likely when
the 3D organization of the genome brings such regions
in proximity to a promoter as was shown using genome-
wide chromosome conformation capture-based approaches
such as Hi-C (7). The CCCTC-binding factor (CTCF) plays
a key role in the organization of chromatin architecture
and the formation of chromatin loops to facilitate long-
range interactions (8,9). Moreover, CTCF is required for the
enhancer-blocking activity of insulator elements (10,11),
which can prevent cis-regulatory elements from acting on
nearby promoters and thus influence whether a TF bind-
ing event contributes to the regulation of a nearby gene or
not. In addition to the 3D organization of the genome, the
combinatorial nature of regulatory elements might explain
why only certain TF binding events result in the regulation
of genes (12). For example, a productive TF binding event
might require the concerted recruitment of the right combi-
nation of TFs to a response element. Accordingly, reporter
assays have shown examples where individual binding sites
for a TF do not activate transcription and that synergis-
tic interactions between either multiple binding sites for the
same TF or between binding sites for different TFs are re-
quired for activity (13,14). Regulation of some genes might
even require the concerted action of multiple response el-
ements located at distinct genomic loci that can either act
additively or synergistically (15,16). However, combinato-
rial regulation by multiple TF binding sites has only been
investigated for a limited number of endogenous genomic
loci. Additionally, most studies suffer from a limited resolu-
tion because TF binding sites were deleted in their genomic
context as part of bigger genomic fragments.

Enhancer usage is not hard-wired but dynamic and
can change depending on cell type (17,18), differentiation
state (19) and environmental conditions (20). For exam-
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ple, the glucocorticoid receptor (GR), a hormone-activated
TF, regulates distinct sets of genes depending on the cell
type (21,22). Those cell type-specific transcriptional con-
sequences of glucocorticoid signaling can be partially ex-
plained by differential binding patterns of GR in different
cell types (23,24). Another mechanism to generate cell type-
specific consequences of TF binding could be via cell type-
specific synergy at GR-bound regulatory elements harbor-
ing binding sites for GR and for other TFs (13). Finally,
cell type-specific gene regulation could arise from changes
in the regulatory activity of GBSs shared between cell types.
To date, however, the role of TF binding sites that are shared
between cell types on cell type-specific gene expression pro-
grams has not been investigated in the genomic context.
Here, we set out to study the relation between GR
binding and the regulation of genes in the genomic con-
text using two distinct approaches. First, we analyzed the
genome-wide connection between GR binding sites and the
GR-dependent regulation of genes computationally. Impor-
tantly, only few studies have determined which fraction of
the observed TF-dependent regulation can be explained by
TF binding rather than assessing statistically if TF binding
and the regulation of genes are connected. Our approach
uncovered that GR binding and the regulation of genes are
associated and that this connection becomes tighter when
the cell type-specific 3D organization of the genome in the
nucleus is taken into account. However, GR binding is a
poor predictor of gene regulation with the majority of genes
not changing their expression upon GR binding. Therefore,
as a second approach, we exploited genome-editing tools
(25,26) to study how individual GR binding sites contribute
to the regulation of genes. By deleting a number of GR bind-
ing sites individually or in combination in two different cell
types, we show that cooperative interactions between mul-
tiple GR binding sites are needed for GR-dependent gene
regulation. Furthermore, we uncover how cell type-specific
wiring of promoter—enhancer contacts contributes to the
cell type-specific consequences of glucocorticoid signaling.

MATERIALS AND METHODS

Cell lines, plasmids, transient transfections, genome edit-
ing using CRISPR/Cas9, luciferase assays, FISH and RNA
preparation and analysis

A549 (ATCC CCL-185), U20S and U20S-GR 18 cells sta-
bly expressing rat GRa (27) were cultured in DMEM sup-
plemented with 5% FBS. Transient transfections, genome
editing, immunoblotting, cloning, RNA isolation and anal-
ysis, FISH and luciferase assays are described in detail in
the Supplemental Methods.

dCas9-SAM activation of endogenous target genes

The ability of dCas9-SAM to activate endogenous target
genes was tested by transfecting 600 ng each of dCas9-
VP64, MS2-p65-HSF1 activator complex, the modified
gRNA including two MS2 stem loops and a GFP ex-
pression construct by nucleofection (Lonza) according to
the manufacturer’s instructions. Twenty four hours post-
transfection, GFP-positive cells were isolated by FACS
sorting, RNA was isolated and analyzed by qPCR.
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ChIP, ChIP-seq and 4C-seq

ChIP assays targeting GR were performed as described
(28). ChIP assays targeting CTCF (polyclonal CTCF-
antibody from Active Motif, Cat. No. 61311) were essen-
tially done as described (28) except that a modified RIPA
wash buffer (50 mM HEPES-KOH, 1 mM EDTA, 1%
NP40, 0.7% Na-deoxycholat, 500 mM LiCl, pH 7.5) was
used. For ChIP assays targeting H3K27ac, 1 pg of Diagen-
ode ChIP-seq grade rabbit polyclonal antibody (H3K27Ac;
pADb-196-050) were used per ChIP. 4C experiments were
performed as previously described (29), using 5 x 10°
dexamethasone-treated cells (1 wM, 90 min). For more de-
tails see Supplemental Methods.

Computational analysis

Correlating genomic GR binding with gene regulation.
RNA-seq data after 0 and 4 h of treatment with 100 nM dex-
amethasone was downloaded from GEO (GEO:GSE91305,
GEO:GSE91243). Differentially expressed genes were de-
termined with DESeq2 (30). ChIP-seq data for GR bind-
ing after 1 h of dexamethasone treatment and H3K27ac
after 4 h of dexamethasone treatment were obtained
as fastq from (GEO:GSE91285, GEO:GSE91357 and
GEO:GSE91347, GEO:GSE91282), mapped with Bowtie2
(31) to reference genome GRCh38, filtered and duplicate
reads were removed. Peak calling for GR was performed
with MACS?2 (32). Chromatin interactions and chromatin
domains from Hi-C after 4 h dexamethasone treatment
were of taken from (GEO:GSE92804). For more details see
Supplemental Methods.

ChIP-seq and 4C-seq analysis. ChIP-seq data were
mapped with Bowtie2 (31) to reference genome hgl9,
filtered and duplicate reads were removed. For 4C-seq,
primer sequences were extended to the next 3’ restriction
site and clipped from short reads allowing up to three
mismatches for the identification of primers. Clipped short
reads were mapped in single-end mode to reference genome
hg19 using BWA-MEM v0.7.12 (33,34) and sorted by name
afterward. The reference genome was digested virtually
according to the first cutter CviQI to obtain restriction
fragments. Reads were counted per fragment to obtain
interaction profiles. For more details, see Supplemental
Methods.

DNA sequence motif analysis. To identify CTCF binding
motif-matches at CTCF-ChIP peaks (Figure 7C and Sup-
plementary Figure S7), we analyzed regions of interest us-
ing the Transcription Factor Affinity Prediction (TRAP)
webtool (35). For more details, see Supplemental Methods.

RESULTS

Target gene prediction based on genome-wide GR binding
benefits from integrating information regarding the 3D orga-
nization of the genome

To study the global connection between GR binding
and GR-dependent gene regulation, we combined data
from genome-wide GR binding experiments (Chromatin
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Immunoprecipitation followed by sequencing (ChIP-seq))
with RNA-seq data regarding gene expression changes
upon GR-activation in A549 cells (3). Similar to the Jin
et al. study (7) we restricted our analysis to GR peaks with
high H3K27ac levels in hormone-treated cells (active GR
peaks). We grouped genes by the distance between the tran-
scription start site (TSS) and the nearest active GR peak. As
expected, we find that genes with GR peaks are more likely
to be regulated by GR than genes that do not harbor a GR
peak, especially when the GR ChIP-seq peaks are close the
TSS (Figure 1A). However, regardless of the distance be-
tween the GR peak and the TSS of a gene, the majority of
genes that have a GR peak are not regulated by GR. Conse-
quently, GR binding is a poor predictor of GR-dependent
gene regulation and additional information is needed to dis-
criminate productive GR binding events that result in the
regulation of associated genes from non-productive binding
events that do not result in obvious changes in gene expres-
sion. Part, but likely not all, of the disconnect between GR
binding and regulation might be explained by false-positive
GR ChIP-seq peaks and by genes that are regulated at other
time points than the one examined (4 h) and are thus in-
correctly classified as non-regulated. Furthermore, assign-
ing enhancers to target genes is complicated by the fact that
they can either regulate the expression of the closest gene,
but also of other genes that are located further away on the
linear genome (2,36,37).

The link between GR binding and regulation is especially
weak for distal peaks located at large distances from the
TSS of genes. One likely explanation for this is that many
of these remote peaks lack the physical proximity to the
promoter, which can be provided by chromatin looping. We
therefore hypothesized that integrating Hi-C data, regard-
ing the 3D organization of the genome in the nucleus of
AS549 cells (3), might help to explain why only certain GR
binding events result in the regulation of genes. To test our
hypothesis, we first grouped TSSs based on whether they
contain a GR peak in either (i) the promoter region, (ii) in
a distal promoter interacting region (PIR) looping to the
promoter region, (iii) both promoter region and PIR or (iv)
GR peak in neither promoter region nor distal PIR (Fig-
ure 1B). Consistent with our previous analysis, we found
that genes with peaks in either their promoter region or in
PIRs are more likely to be regulated by GR than genes that
do not harbor a GR peak (Figure 1C). Interestingly, a high
percentage (>40%) of genes was regulated when a GR peak
is found in both promoter region and PIR. This implies
that GR-dependent gene regulation is more likely when GR
binds at multiple distinct regulatory regions. To test if long
range-interactions based on Hi-C are a better predictor of
gene regulation than assigning GR peaks to genes based on
proximity, we compared GR peaks that fall within distal
PIRs with their counterparts that are located at the same
distance interval but do not display long-range interactions
with the promoter. As a third group, we also analyzed GR
peaks that map to the same contact domain (regions with
increased contact frequencies, Figure 1B) in A549 cells as
specified by another study (3). This analysis showed that
incorporating data regarding the 3D organization of the
genome strengthens the association between GR binding
and gene regulation (Figure 1D). A tighter link between GR

binding and regulation was found especially with PIRs, but
also when contact domains were used for the analysis and
was most evident for genes with GR peaks located >30 kb
from the TSS (Figure 1D). Notably, the A549 cells we used
here to study the correlation between GR-binding and GR-
dependent gene regulation are derived from a cancer cell
line with infinite life span. However, similar results were also
obtained using primary human fibroblast cells (IMR90) for
the computational analysis (Supplementary Figure S1).

Taken together, we find that (i) GR-binding and the regu-
lation of genes are connected, (ii) that GR-dependent gene
regulation is more likely when GR binds at multiple dis-
tinct regulatory regions and (iii) that the link between bind-
ing and regulation benefits from integrating information re-
garding the 3D organization of the genome in the nucleus,
especially for binding sites located at distances >30 kb from
the TSS of genes. Nonetheless, our data support findings
by others (38) that TF binding is a poor predictor of gene
regulation and consequently, experimental approaches are
needed to causatively link GR binding to the regulation of
genes.

Individual GR binding sequences contribute to the regulation
of GR target genes

To experimentally test the contribution of the smallest reg-
ulatory units of gene regulation, individual GR binding se-
quences (GBSs), we used the CRISPR /Cas9-system (25)
to delete selected GBSs in their endogenous genomic con-
text. We chose a GBS located 1.5 kb upstream of the GR
target gene GILZ (glucocorticoid induced leucine zipper,
alias TSC22D3) and one GBS 1.5 kb upstream of the tar-
get gene DUSPI (dual specificity phosphatase 1). These two
genes play a role in mediating the immune-suppressive and
anti-inflammatory actions of glucocorticoids (39,40). Can-
didate GBSs were chosen for several reasons. First, both
GBSs map to GR-bound regions and are located near the
TSS of GR target genes in U20S-GR 18 cells (Figure 2A—
C), a U20S osteosarcoma cell line stably expressing rat
GRa (Supplementary Figure S5A) (27,41,42). Such TSS-
proximal peaks are more likely to influence the expression
of nearby genes than distal peaks (Figure 1A). Second,
the selected GBSs contain a protospacer adjacent motif
(PAM) necessary to direct the Cas9 nuclease to a strate-
gic position within the core GR binding sequence (Figure
2D and E). Due to the positioning of the PAM most small
and large deletions as well as insertions at the DNA cleav-
age site, which is located 3 bp upstream of the PAM (43),
disrupt the spacing of the GR half-sites which is essen-
tial for GR binding (Supplementary Figure S2A). The im-
portance of this became evident when we tried to disrupt
GBSs at other loci where the PAM was directly flanking the
GBS. For these GBSs, the typically short CRISPR /Cas9-
induced insertions or deletions failed to disrupt the tar-
geted GBS (data not shown). Third, studies by others have
shown that disruption of the DUSP! and GILZ GBSs in
luciferase reporters containing the GR ChIP-seq region in
which they are embedded, results in a marked reduction of
GR-dependent transcriptional activation (41,42).

Using gRNAs targeting the DUSPI GBSI or the GILZ
GBSI1, we generated single-cell-derived clonal lines in
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Figure 1. Linking GR binding to the GR-dependent regulation of genes. (A) Percentage of genes regulated by GR in A549 cells (absolute log; fold change
(log FCl) upon dexamethasone treatment >0.5 and adjusted P-value (P-adj) < 0.01) versus distance between the TSS and the nearest active GR peak
(orange curve). Genes were grouped in distance intervals of 20 kb. Genes without an active GR peak between the TSS and the end of the distance interval
are shown as a blue curve. (B) Cartoon depicting the different regions that were used to test if the link between GR binding and gene regulation benefits
from incorporating information regarding the 3D organization of the genome. Promoter regions: TSS of genes +5 kb; PIR: promoter interacting region
with increased contact frequencies with promoter regions based on Hi-C data (GEO: GSE92804); Domain: contact domains obtained from Hi-C. (C)
Percentage of genes regulated by GR (llog; FCI > 0.5 and P-adj < 0.01) for different GR binding configurations: (i) without an active GR peak in the
promoter region and all promoter interacting regions. The dashed red line represents the percentage of all genes that is regulated (ii) active GR peak in
the promoter region only, (iii) active GR peak in PIR only and (iv) active GR peak in the promoter region and at least one PIR. (D) Percentage of genes
regulated by GR (llogo FCI > 0.5 and P-adj < 0.01) for genes grouped by the location of the nearest active GR peak: (i) in a PIR (blue bars), (ii) in the

same chromatin domain (red bars), and (iii) outside of PIRs (gray bars).

U20S-GR18 cells stably expressing GR (27) containing
insertions or deletions for both the GILZ GBS1 and the
DUSPI GBSI, respectively (Figure 2D, E and Supplemen-
tary Figure S8). These insertions and deletions effectively
delete the canonical GBS match consisting of two half-sites
separated by a 3 bp spacer, by disrupting the 3 bp spacing
between the half-sites. For each clonal line, we ascertained
that the induced mutations disrupted the GBS motif-match
based on visual inspection of the sequence and by calculat-
ing how the mutation influences the motif score (Supple-
mentary Figure S2B). When we targeted the GILZ GBSI,
genotyping resulted in the detection of a single allelic vari-
ant, whereas genotyping of the edited DUSPI GBS1 clones
resulted in the detection of up to two differentially edited al-
leles (Figure 2D, E and Supplementary Figure S8). We were
surprised to find a single allelic GILZ GBSI1 variant, given
that it is located on the X-chromosome and U20S cells are
derived from a female. However, DNA Fluorescence in situ
hybridization (FISH) experiments provided a trivial expla-
nation, by showing that only a single allele is present for the
GILZ locus in U20S-GR18 cells (Supplementary Figure
S3A). Taken together, using the CRISPR /Cas9-system we
efficiently generated clonal cell lines containing disrupted
GBSs upstream of the GILZ and DUSP] genes.

Next, we tested whether the GBS deletions influence GR-
dependent transcriptional regulation of the nearby gene. To
ascertain that the effects we observed were a consequence of
deletion of the binding site and not due to clonal variation,
the results we show are an average of multiple clonal lines
(6 for the GILZ GBS1 deletion and 5 for the DUSPI GBSI
deletion). For the DUSPI gene, deletion of the GBSI re-
sulted in a small reduction (39%) of the hormone-induced
expression level when compared to parental U20S-GR18
cells (Figure 2F). It was similarly lower compared to clonal
lines where the GILZ GBSI1 was deleted, which served as
an additional control to test if the effect of disrupting the
GBS was specific for the nearby gene (Figure 2F). In ad-
dition, deletion of the GBS did not influence basal DUSPI
expression nor did it selectively influence the GR-dependent
regulation of FKBP5, a GR target gene located on an-
other chromosome (Figure 2F). Notably, the DUSPI gene
is still activated in response to hormone treatment when the
GBS is deleted. This indicates that additional motifs and
or other enhancers also contribute to the GR-dependent
regulation of the gene. Similarly, we find that deletion of
the GILZ GBSI resulted in a partial reduction (62%) of
the hormone-induced GI/LZ levels when compared to ei-
ther the parental U20S-GR18 cells or to the clonal lines
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Figure 2. Deletion of individual genomic GR binding sequences blunts the GR-dependent transcriptional regulation of nearby genes. (A, B) GR ChIP-
seq tag density for dexamethasone (dex)-treated U20S-GR 18 cells stably expressing GR for (A) a promoter region of the GR target gene GILZ (hgl8,
ChrX:106 844 000-106 852 000) and (B) the GR target gene DUSPI (hgl8, Chr5:172 128 000-171 134 000). The GBS targeted for deletion is highlighted
in gray for each locus. (C) Relative mRNA expression of the GILZ and DUSPI genes upon overnight treatment with 1 .M dex was determined by qPCR.
Averages =+ standard error of mean (SEM) are shown (n = 3). (D, E) Top: Target GBS (highlighted in orange) and the position of the PAM for both loci.
Bottom: Genotyping results of successfully edited single cell-derived clonal cell lines containing CRISPR /Cas9-induced insertions (light gray) or deletions
(dark gray) at the locus as indicated. (F) Relative mRNA expression levels as determined by qPCR for the FKBP5, GILZ and DUSPI genes are shown
for wt U20S-GR18, for clonal lines with deleted GILZ GBS1 (n = 6) and for clonal lines with deleted DUSPI GBSI1 (n = 5). Circles indicate values for
each individual clonal line. Horizontal lines and error bars: Averages = SEM for cells treated with vehicle or 1 wM dex overnight. Here and elsewhere:
Statistical tests we done using an unpaired two-sided Mann—Whitney U test. n.s. not significant, *P < 0.05, **P < 0.01, ***P < 0.001.

where the DUSPI GBSI1 was deleted (Figure 2F). Together,
we efficiently disrupted individual GBSs located near two
GR-regulated genes and found that the deletion resulted in
a partial loss of GR-dependent regulation indicating that (i)
these individual GBSs are functional and (ii) that multiple
binding sites contribute to the GR-dependent regulation of
both the GILZ and the DUSPI genes.

A cluster of GBSs regulates GILZ gene expression as an in-
terdependent functional unit

For both the GILZ and the DUSPI gene, deletion of the
GBSI resulted in a partial loss of GR-dependent transcrip-
tional regulation indicating that additional GR-bound loci
contribute to the observed regulation. The GBSs we deleted
are part of enhancers that contain additional GBSs (41,42).
Specifically, for the GILZ gene, ChIP-seq and combined se-
quence motif searches identified the presence of three addi-
tional GBSs (GILZ GBS2-4), which cluster approximately
500 bp downstream of GBS1 (Figure 2A and Supplemen-
tary Figure S4A) (41). Furthermore, luciferase reporter as-
says have shown that deletion of GILZ GBS2-4 results in
reduced GR-dependent transcriptional regulation (41). To
investigate the role of GBS2-4 in the GR-dependent reg-
ulation of the GILZ gene, we generated single-cell-derived
clonal U20S-GR18 cell lines in which we deleted the re-
gion containing GBS2—4 (Supplementary Figure S9). Sim-

ilar to what we observed when we deleted GBS1, deletion
of GBS2-4 resulted in a ~50% reduction of the hormone-
induced GILZ levels when compared to either the parental
U20S-GR 18 cells or to the clonal lines where the DUSPI
GBSI1 was deleted (Figure 3A). The effect was specific, given
that deletion of GBS2-4 did not affect GR-dependent reg-
ulation of the FKBP5 gene (Figure 3A).

To unravel how multiple GBSs cooperate within the
GILZ GBS1-4 enhancer, we generated clonal cell lines in
which both GBS1 and GBS2-4 were deleted simultane-
ously. First, using a pair of gRNAs to remove a ~600 bp
genomic segment containing all four GBSs (CUT GBS1-
4 DEL) (Figure 3B and Supplementary Figure S10). Sec-
ond, because cutting removes a large DNA fragment po-
tentially containing additional GBSs and other regulatory
elements, we also introduced point mutations in each of
the four GBSs at positions critical for GR-binding (HDR
GBS1-4 DEL) (Figure 3B and Supplementary Figure S10)
using a homology directed repair (HDR) template. As ex-
pected, deletion of the region harboring GBS1-4 resulted
in a reduction of the hormone-induced GILZ levels (Fig-
ure 3B). However, unexpectedly this effect was comparable
to the reduction observed when only GBS1 or GBS2-4 were
deleted. Similarly, the effect of mutating all 4 GBSs by HDR
was comparable to the effect when only GBS1 or GBS2-
4 were deleted (Figure 3A, B). For some clonal cell lines,
we obtained an inversion of the targeted genomic fragment,
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Figure 3. Cooperative interactions between multiple GR binding sequences of the GILZ GBS1-4 enhancer. (A) Top: Schematics of the GILZ GBS1-4
enhancer locus with GBSs 1-4 highlighted in gray and the location of the gRNAs used to cut out GBS 24 in red. Bottom: Relative mRNA expression
levels as determined by qPCR for the FKBPS5 and GILZ genes are shown for wt U20S-GR18 (n = 3), for clonal lines lacking a region containing GILZ
GBSs 2-4 (n = 3) and unedited clonal lines (n = 3) as additional control. Circles indicate values for each individual clonal line. Horizontal lines and error
bars: Averages + SEM for cells treated with vehicle or 1 wM dex overnight. (B) Top: Schematics of the GILZ GBS1-4 enhancer and the various clonal lines
that were generated to assess the role of the GBSs found at this locus, targets for gRNAs highlighted in red. Clonal cell lines with GBS1-4 deletion were
either generated by cutting with two gRNAs or by using a homology directed repair (HDR) template to mutate each of the four GBSs by HDR. Bottom:
Relative GILZ expression levels as determined by qPCR for clonal lines with GBS1 deletion (7 = 3), cut GBS1-4 deletion (n = 3), inversion GBS1-4 (n
= 3) and HDR GBS1-4 deletion (rn = 1). Circles indicate values for each individual clonal line. Horizontal lines and error bars: Averages &= SEM for cells
treated with vehicle or 1 wM dex overnight. (C) Cartoon depicting how the activity of the GILZ GBS1-4 enhancer depends on simultaneous GR binding

at both GBS1 and GBSs2-4.

which placed GBS2-4 closer to the TSS of the GILZ gene
and simultaneously deleted GBS1 (Figure 3B and Supple-
mentary Figure S9). Again, the effect of the inversion on
GR-dependent regulation of the GILZ gene was compara-
ble to the effect of deleting GBS1 alone, arguing that placing
GBS2-4 into closer proximity to the TSS of GILZ does not
rescue the effect of GBS1 deletion. Here and elsewhere, we
also see some fluctuation between groups of clonal lines in
basal GILZ gene expression levels. However, in contrast to
the effects on the hormone-induced levels, these effects do
not consistently correlate with deletions at the GILZ GBS1-
4 enhancer and might reflect difficulties to quantify these
transcripts by qPCR due to low expression levels in the ab-
sence of hormone treatment. Together, our findings indicate
that GBS1 and GBS24 act interdependently to generate a
functional regulatory module that is only capable of con-
tributing to the regulation of the nearby gene when all of
the GBSs are present (Figure 3C).

One possible explanation for the cooperative interaction
between GBSs at the GILZ GBS1-4 enhancer is that pro-
tein:protein interactions between TFs can stabilize their in-
teraction with the genome (44,45). To test if deletion of an
individual GBS influences GR occupancy at the edited en-
hancer, we analyzed GR binding by ChIP-qPCR in a rep-
resentative clonal cell line in which we deleted the GILZ
GBSI. As predicted, deletion of GBSI resulted in a clear
reduction of GR binding at the deleted GBS itself (Figure
4B). In contrast, GR binding at nearby GBSs 2-4 was essen-
tially unaffected by the deletion of GILZ GBS1 (Figure 4B).
Next, we examined if deletion of an individual GBS influ-
ences GR binding at distal GR-bound loci at the GILZ lo-
cus. Similar to our observations directly at the edited GILZ
locus, we found that the deletion of GILZ GBSI1 did not
influence GR binding at other selected peaks in the region
(Figure 4C).

Since the deletion of the GILZ GBS1-4 enhancer re-
sulted in only a partial loss of GR-dependent regulation,
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Figure 4. Effect of GBSI deletion on GR binding at the GILZ region. (A) Top: GR ChIP-seq tag density for dexamethasone (dex)-treated U20S-GR 18
cells stably expressing GR for the genomic region surrounding the GR target gene GILZ. The GILZ GBS1-4 enhancer is highlighted in gray. The main
GR-ChIP peaks in the region selected for quantitative analysis by ChIP-qPCR are highlighted in blue. Bottom: Schematics of the generated clonal cell lines
with deletions of a downstream region harboring several distal GR-peaks either alone or in combination with deletions at the GILZ GBS1-4 enhancer. The
colored blocks correspond to the genomic regions (see panel a) targeted for deletion. The targets of the gRNAs are indicated in red. (B, C) GR occupancy
levels for clonal lines as indicated was analyzed by chromatin immunoprecipitation followed by qPCR for cells treated with either dex (I uM, 1.5 h) or
ethanol as vehicle control. Average percentage of input precipitated = SEM from three independent experiments for wild type cells, an unedited clonal
control cell line and GBS1 deletion clone (G2) are shown. (D) Relative mRNA expression levels as determined by qPCR for the FKBPS5 and GILZ genes
are shown for wt U20S-GR 18 and clonal lines as indicated. Circles indicate values for each individual clonal line. Horizontal lines and error bars: Averages

+ SEM for cells treated with vehicle or 1 pM dex overnight.

we next analyzed the contribution of a region downstream
of GILZ containing multiple GR ChIP-seq peaks (Figure
4A). Specifically, we used a pair of gRNAs to remove a
~38 kb region containing peaks A-G in wild type U20S-
GRI18 cells (Figure 4A and Supplementary Figure S11) or
in cells where either GBS1 or the entire GILZ GBS1-4 en-
hancer was deleted (Figure 4A and Supplementary Figures
S11, S12). In wild type, we found that deletion of the down-
stream region resulted in a 55% reduction of the hormone-
induced expression level when compared to parental U20S-
GR18 cells (Figure 4D). When combined with either dele-
tion of GBS1 or of the entire GILZ GBS1-4 enhancer, GR-
dependent regulation was virtually lost (>90% reduction)
indicating that the combined action of the proximal en-
hancer and distal GR binding sites in the downstream re-
gion are responsible for the GR-dependent regulation of the
GILZ gene (Figure 4D).

Transcriptional consequences of disrupting GBSs vary be-
tween cell types

The genes regulated by GR show little overlap between cell
types (22), which could be due to cell type-specific bind-
ing of GR (23,24). In addition, it could result from the
same binding sites regulating the activity of distinct pro-
moters depending on the cellular context. To test if the con-
sequences of disrupting the GILZ and DUSPI GBSs on
GR-dependent gene regulation are conserved across differ-
ent cell types, we also deleted them in A549 cells. Notably,

the origin of the U20S-GR18 and the A549 cell lines dif-
fers: The U20S-GR18 cell line is derived from a human
osteosarcoma, whereas the A549 cell line is derived from
a human lung adenocarcinoma. In contrast, both cell lines
show a similar level of GR expression (Supplementary Fig-
ure S5a). As previously shown (41,42), the targeted loci are
bound by GR in both A549 and U20S-GR18 cells (Fig-
ure 5A, B). Furthermore, GR regulates the expression of
the GILZ and DUSPI genes in both cell lines (Figures
2C, 5C and Supplementary Figure S5B). For each GBS,
we generated five single-cell-derived clonal cell lines with
deleted GBSs for each allele (Supplementary Figures S5C,
D and S13) and analyzed the effect of the deletion on GR-
dependent transcriptional regulation in A549 cells. Regard-
ing DUSPI, similar to our observation in U20S-GR18
cells, we found that deletion of the GBS1 did not influence
basal DUSPI expression levels but resulted in a small (27%)
and partial reduction of hormone-induced expression of the
DUSPI gene when compared both to the parental A549
cells and to clonal lines for which the GILZ GBS1 was
deleted (Figure 5C). Arguing that the effect is specific for the
DUSPI gene, no clear reduction of hormone-induced ex-
pression is observed for two other GR target genes, FKBPS
and GILZ (Figure 5C). Thus, for both A549 and U20S-
GR18 cells, GR-dependent activation of the DUSPI gene
is reduced, but not lost, when we delete the promoter—
proximal GBSI.
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Figure 5. Effect of GILZ and DUSPI GBS1 deletion in A549 cells. (A) GR ChIP-seq tag density for dex-treated (top) A549 cells and U20S-GR18 cells
(bottom) for a promoter region of the GR target gene GILZ. (B) Same as for (A) except that for the DUSPI gene. (C) Relative mRNA expression levels as
determined by qPCR for the FKBP5, GILZ and DUSP]I genes are shown for wt A549 (n = 6), clonal A549 lines with deleted GILZ GBSI (n = 5) and for
clonal lines with deleted DUSPI GBS1 (n = 5). Circles indicate values for each individual clonal line. Horizontal lines and error bars: Averages = SEM
for cells treated with vehicle or 1 wM dex overnight. Unpaired two-sided Mann—-Whitney U test: n.s. not significant, *P < 0.05, **P < 0.01, ***P < 0.001.

To our surprise and in contrast to what we found in
U20S-GR18 cells, deletion of the GILZ GBSI1 in A549
cells did not diminish the hormone-dependent activation of
the GILZ gene (Figure 5C). However, enhancers can reg-
ulate the activity of distal promoters and the Hi-C con-
tact matrix of A549 cells indicates that the GILZ GBSI lo-
cus is part of a topologically associated domain, which en-
compasses several genes including transcript variants of the
GILZ gene with alternative promoters (Figure 6A). There-
fore, we first tested if the GILZ GBS1 deletion influences the
GR-dependent regulation of MID2 and PRPSI, two genes
flanking the GILZ gene that are regulated by GR in U20S-
GR 18 cells. However, disruption of the GILZ GBS1-4 en-
hancer did not influence the GR-dependent regulation of
either MID2 or PRPSI (Supplementary Figure S4B), indi-
cating that the GILZ GBS1-4 enhancer does not contribute
to their GR-dependent regulation. For A549, neither MI1D2
nor PRPS1 showed a clear change in expression in response
to hormone treatment (Supplementary Figure S5E). In ad-
dition, we analyzed three individual GILZ transcript vari-
ants, using variant-specific primer pairs, each binding in
the first variant-specific exon (Figure 6B). Of note, up until
now we had analyzed the effects on the GILZ gene using
primers that according to RefSeq gene annotation (46) tar-
get the 3’ UTR shared by all transcript variants (std qPCR
primer, Figure 6B). The TSSs of transcript variants 2 and
3 are located 1.5 and 2.5 kb downstream from GBSI re-
spectively, whereas the distance to the TSS of transcript
variant 1 is ~57 kb. Mirroring what we found before us-
ing primers that target the 3’ UTR shared by all annotated
GILZ transcript variants, GILZ GBS1 deletion resulted in
reduced hormone-induced levels of transcript variants 2
and 3 in U20S-GR18 cells (Figure 6C) whereas deletion
in A549 cells had no effect on these variants (Figure 6D).
In contrast, for transcript variant 1 we observed a robust
hormone-dependent regulation in A549 cells, which was
markedly reduced (by 61%) upon GBS1 deletion and little
tono regulation in U20S-GR 18 cells. Furthermore, the fact
that we fail to see an effect of the deletion of GILZ GBSI1
when we use primers targeting the supposedly transcript-

invariant 3’ UTR argues that the GILZ transcripts in A549
cells differ from the RefSeq annotation.

Together, our results indicate that GR binding to the
GILZ GBSI influences the transcriptional activity of dis-
tinct promoters depending on the cell type. For U20S-
GR18 cells, the GILZ GBSI acts on two proximal promot-
ers whereas in A549 no effect on these proximal promoters
was observed. Instead, for A549 cells we identified a func-
tional long-range promoter—-enhancer interaction between
GILZ GBSI1 and the TSS of GILZ transcript variant 1.

Cell type-specific differences in the genomic context prevent
GILZ GBS1 from acting on proximal promoters

To understand the mechanism responsible for the cell type-
specific effect of deletion of GILZ GBSI1 on the proximal
promoters, we first tested if it can be recapitulated using an
episomal luciferase reporter. This luciferase reporter con-
tains the endogenous promoter of GILZ transcript variant 2
and ~2 kb upstream regulatory sequence including GBS1-
4 (genomic sequence for A549 and U20S-GR18 cells is
identical for this region). However, for both U20S-GR18
and A549 cells, we saw a robust hormone-dependent acti-
vation of the reporter, which was markedly reduced when
we deleted GBS1 (Supplementary Figure S6A). This sug-
gests that the lack of effect of GBSI1 deletion on the prox-
imal transcript variants in A549 cells is not a consequence
of missing cofactors, but rather indicates that the cell type-
specific effect of GBS1 deletion requires its endogenous ge-
nomic context.

One explanation for the lack of effect of deletion of the
GILZ GBSI in A549 cells on the nearby transcript variants
could be that the region harbors multiple GR-bound loci
that might serve redundant functions. To assess the individ-
ual regulatory capacity of the GBSI1 locus in its genomic
context, we made use of a nucleolytically inactive Cas9-
VP64 fusion that can activate gene expression with the help
of a modified gRNA containing two MS2 aptamers to re-
cruit multiple additional transcriptional activator domains
(dCas9-SAM) (26). Targeting of dCas9-SAM to the GBS1
in U20S-GR 18 cells (in the absence of hormone treatment)
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Figure 6. Cell type- and GILZ isoform-specific consequences of TF binding at the GILZ GBS1-4 enhancer. (A) Hi-C-derived intra-chromosomal contact
frequencies for a region encompassing the GILZ gene at chromosome X for A549 cells (data from (47)). (B) Schematics of the GILZ locus, the deleted GBS1
(highlighted in gray) and three individual G/LZ transcript variants that were analyzed using transcript variant-specific qPCR primers (target of primers
highlighted in orange). (C) Relative mRNA expression levels in U20S-GR 18 cells as determined by qPCR for GILZ transcript variants as shown for wt
U20S-GR18, for clonal lines with deleted GILZ GBS1 (n = 6) or for clonal lines unedited at the GILZ locus. Circles indicate values for each individual
clonal line. Horizontal lines and error bars: Averages + SEM for cells treated with vehicle or 1 wM dex overnight. Unpaired two-sided Mann-Whitney
U test: n.s. not significant, *P < 0.05, **P < 0.01, ***P < 0.001. (D) Same as for (C) except that data is shown for A549 cells. (E) Comparison between
U20S-GR18 and A549 cells of the transcriptional induction of endogenous GILZ transcript variants by dCas9 synergistic activation mediator (dCAS9-
SAM). Average fold induction by targeted recruitment to the GILZ GBSI relative to gRNAs targeting other loci £ SEM (n = 3) is shown. (F) Comparison
between U20S-GR18 and A549 cells of the transcriptional induction by dCas9-SAM of a transiently transfected luciferase reporter harboring the GILZ
promoter region, including GBS1-4 and the endogenous G/LZ transcript variant 2 promoter. Average fold induction by targeted recruitment to GILZ
GBSI relative to a gRNA that targets dCas9-SAM to another chromosome + SEM (n = 3) is shown.

resulted in a robust activation of the GILZ gene, specifically
of variant 2 (Figure 6E). In addition, we observed a more
modest activation of GILZ variant 3. In contrast, targeting
dCas9-SAM to the GBS1 in A549 cells resulted in a much
weaker activation of the GILZ transcripts, specifically for
variant 2 and using the primers that target multiple GILZ
variants (26.7-fold activation for U20S-GR 18, 2.8-fold for
AS549; Figure 6E). The weaker activation of the proximal
transcript variants in A549 cells is specific for the GBSI lo-
cus given that targeting the promoter of transcript variant
1 with dCas9-SAM resulted in a comparable activation of
GILZ transcript variant 1 in both cell lines (Supplementary

Figure S6B). Interestingly, when we direct dCas9-SAM to
GBSI1 of the luciferase reporter containing the endogenous
promoter of GILZ variant 2, we observed comparable lev-
els of activation for both A549 and U20S-GR18 cells (Fig-
ure 6F), confirming that the genomic context is required to
recapitulate the cell type-specific effects of placing an acti-
vator at GBS1. These findings suggests that the lack of ef-
fect of GILZ GBS deletion on the proximal transcript vari-
ants in A549 cells might not be a consequence of functional
redundancy where other GR-bound regions can compen-
sate for the absence of GR binding at GBS1 in A549 cells.
Rather, it suggests that the genomic context in A549 cells
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Figure 7. Cell type-specific 4C-seq and CTCF binding profiles. (A) GR ChIP-seq, 4C-seq and CTCF ChIP-seq for a 216 kb region encompassing the GILZ
gene are shown for (top) A549 and (bottom) U20S-GR18 cells treated with dexamethasone. The GILZ GBS1 viewpoint for the 4C experiment and the
promoter region of transcript variant 1 (TSS1) are highlighted in gray, GR-bound regions in blue and CTCF-bound regions with an *. (B) ChIP-qPCR
of CTCF-binding at GILZ GBS1 and around GILZ TSS1 in wild type U20S-GR 18 and A549 cells. Average percentage of input immunoprecipitated +
SEM (n = 3) are shown for cells treated with vehicle (EtOH) and for cells treated for 90 minutes with 1 wM dex. (C) Zoom-in and schematic representation
of CTCF binding, GBSI and the location and orientation of CTCF motif-matches at the GILZ GBS1 and TSS1 regions. (D) Relative mRNA expression
levels in A549 cells as determined by qPCR for FKBP5 and GILZ transcript variants as indicated for wt A549, for the clonal cell line with deleted CTCF
motifs at the promoter region of GILZ transcript variant 1 or for clonal lines unedited at the GILZ locus. Averages = SEM are shown for three independent
experiments in cells treated with vehicle and for cells treated overnight with 1 wM dex.

blocks the ability of transcriptional activators, like GR and
dCas9-SAM, bound at GBS to activate the proximal GILZ
promoters.

Cell type-specific regulation coincides with differential long-
range interactions and CTCF binding

Chromatin loops can bring enhancers in close proximity
to distal promoters to regulate their activity (1) and the
Hi-C contact matrix for A549 cells is indicative of high

contact frequencies between the GILZ GBSI1 locus and
its surrounding region (Figure 6A). To determine if cell
type-specific 3D organization of the genome can explain
the cell type-specific effect of deletion of GILZ GBS1 on
GILZ transcript variants, we performed circular chromo-
some conformation capture (4C) experiments (29) in U20S-
GR18 and A549 cells. Using GILZ GBS as a viewpoint, we
found similar 4C-profiles for A549 and U20S-GR18 cells,
suggesting that the majority of DNA-looping interactions
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for this locus are not cell type-specific (Figure 7A). The
TSS of GILZ variant 1 however, consistent with the cell-
type specific functional interplay we observed, shows an in-
creased relative interaction frequency with the GILZ GBS1
for A549 cells when compared to U20S-GR18 cells (Fig-
ure 7A, highlighted as gray-shaded area). Thus, a plausible
explanation for the observed A549-specific transcriptional
effect of deletion of the GILZI GBS on variant 1 could be
A549-specific looping interactions, which functionally con-
nect GBS1 with the promoter of GILZ transcript variant 1.
Furthermore, in both cell types we find several distal GR-
bound regions with increased 4C contact frequencies (Fig-
ure 7A, highlighted as blue-shaded areas). Of note, these
distal GR-bound regions map to the locus downstream of
the GILZ gene that contributes to the GR-dependent reg-
ulation of the GILZ gene in U20S-GR 18 cells (GBS A-G,
Figure 4A, D).

CTCEF plays a key role in coordinating the 3D organiza-
tion of the genome with the majority of looping contacts
coinciding with CTCF-bound motifs that are oriented in a
convergent manner (8,9,47,48). To study the possible role
of CTCF in coordinating the cell type-specific organization
of the GILZ locus, we assayed genome-wide CTCF bind-
ing in both A549 and U20S-GR 18 cells by ChIP. For A549
cells, we found 7 clear CTCF peaks (Figure 7A marked with
an *) in a 200 kb window encompassing the GILZ gene
and six of these seven peaks were also bound by CTCF in
U20S-GR 18 cells. The A549-specific CTCF-bound region,
which is bound both in the presence and absence of hor-
mone (Figure 7B), is located directly at the TSS of GILZ
variant 1 (Figure 7A—C). At the other end of the putative
loop, CTCF binds at the GILZ GBSI1 in both A549 and
U20S-GR 18 cells (Figure 7A—C). The A549-specific CTCF
peak at TSS1 harbors multiple consensus CTCF binding
sequences. Three of these are in a reverse orientation rel-
ative to the CTCF peak at the GILZ GBSI1, which har-
bors two CTCF binding sequences including one in the
forward orientation (Figure 7C and Supplementary Figure
S7A). Since nearly all DNA looping (>90%) coincides with
CTCEF sites that are organized in a convergent orientation
(47), we assayed the contribution of the three CTCF bind-
ing sequences in the reverse orientation at TSS1 using a
pair of gRNAs to remove a 129 bp region in A549 cells
(Figure 7D and Supplementary Figure S7A, B). Notably,
the interpretation of the effect of this deletion on the GR-
dependent regulation of GILZ transcript variant 1 is com-
plicated by fact that it overlaps with the 5 UTR of GILZ
transcript variant 1. Consequently, the deletion might influ-
ence gene regulation directly independent of effects on long-
range contacts. Nonetheless, the observed ~2-fold reduc-
tion in GR-dependent regulation of GI/LZ transcript vari-
ant 1 upon deletion of this region (Figure 7D) is consistent
with a role of these CTCEF sites in mediating long-range con-
tacts and facilitating the A549-specific regulation of GILZ
transcript variant 1.

DISCUSSION

Genome-wide approaches, for example to map TF binding
sites, have uncovered a myriad of putative cis-regulatory ele-
ments in the genome (3,49). However, linking such putative

cis-regulatory elements to the regulation of genes remains a
major challenge. Here, we studied the connection between
TF binding at cis-regulatory elements and gene regulation
using GR, a hormone-activated TF, as a model. Consistent
with previous studies of other signaling pathways (7,50,51)
we found that GR binding and gene regulation are con-
nected and that GR binding sites that loop to the promot-
ers of genes are more likely to coincide with changes in gene
expression than binding sites that do not show such inter-
actions (Figure 1). To identify additional inputs that dis-
criminate productive GR binding events from those that do
not result in changes in gene expression, we disrupted GR
binding sites in their endogenous genomic context. The mu-
tation of GILZ and DUSPI GBSI1 disrupts the 3bp spacing
between the half-sites while leaving the half-sites themselves
intact. However, for the GILZ gene, our GR binding and
functional analysis indicate that the remaining half-sites
are neither bound by GR nor do they contribute to GR-
dependent regulation, indicating that proper spacing of the
half-sites is essential for GBS1 activity at the GILZ GBS1-
4 enhancer. Furthermore, this approach uncovered several
operating principles that help explain why only certain GR
binding events result in changes in gene expression. First,
we found that GR-dependent regulation by the promoter-
proximal GILZ GBS1-4 enhancer requires the presence of
a cluster of GR binding sites. When one of the binding
sites in the cluster is disrupted, GR can still bind to the
remaining binding sites, but the GILZ GBS1-4 enhancer
no longer contributes to GR-dependent regulation of the
GILZ gene (Figure 3C). Consistent with the notion that
only certain GR-binding events are productive, recent stud-
ies reported that only a subset of GR-bound regions show
regulatory potential in reporter gene assays (52,53). Sec-
ond, we found indications that cell type-specific enhancer-
blocking can prevent cis-regulatory elements from interact-
ing with nearby promoters, whereas cell type-specific 3D
genome organization might direct the activity of an individ-
ual enhancer to distinct promoters. Third, our results cor-
roborate findings by others (18,54) that multiple enhancers
are needed for the robust regulation of genes. Specifically,
we found that deletion of the GILZ GBS1-4 enhancer alone
only results in a partial loss of the GR-dependent regula-
tion whereas additional deletion of a region downstream of
the gene harboring multiple GR peaks resulted in an almost
complete loss of GR-dependent regulation of the GILZ
gene (Figure 4D). Similarly, genomic deletion of individual
cis-regulatory elements was repeatedly reported to result in
only marginal effects on gene expression (17,55,56). Never-
theless, this does not imply the absence of regulatory poten-
tial of enhancers. Rather, the small effects of disrupting in-
dividual enhancers could reflect that multiple enhancers act
in an additive manner or that certain genes are not direct
TF targets. Alternatively, functional redundancy between
enhancers (57) can mask the contribution of individual en-
hancers to the regulation of individual genes or enhancers
might show their regulatory potential only during a specific
cell-stage, in a specific cell type or under certain environ-
mental conditions (17-20,58,59).

The analysis of the effect of deletion of multiple GBSs
within the GILZ GBS1-4 enhancer uncovered that these
GBSs act in a highly interdependent manner. To our knowl-



edge, this is the first demonstration that the functioning of
an enhancer element critically depends on the simultane-
ous presence of multiple TF binding sites in the endoge-
nous genomic context. This finding is in contrast to findings
for the super enhancer WA P, for which the multiple STATS
binding sites present at this locus act in an additive manner
(16). Theoretically, the observed interdependency of GBSs
at the GILZ GBS1-4 enhancer might come from cooper-
ative binding of multiple different TFs, including GR, as
was shown for so-called transcriptional ‘hotspots’ (60-62).
Interestingly however, deletion of one of the GBSs in the
cluster appeared not to influence binding of GR to other
GBSs nearby or at other GR-bound regions in the region
as detected by ChIP-qPCR (Figure 4B, C). Although these
findings argue that the functional cooperativity we observe
is not a consequence of an inability of GR to bind to nearby
binding sites when GBSI is deleted, it is unclear if ChIP
experiments have the sensitivity to detect subtle changes
in occupancy or binding kinetics. Alternative explanations
for the observed interdependency include synergetic recruit-
ment of co-activators by multiple TFs as was shown for
the IFNB enhanceosome (63), or of the basal RNA poly-
merase machinery (64,65). Notably, we do not assume that
the presence of multiple GR binding sites is a general op-
erating principle that defines all productive GR-binding
events for several reasons. First, a single GR binding site
is sufficient to facilitate GR-dependent gene regulation of a
reporter gene either episomally or when genomically inte-
grated (52,53). Furthermore, unpublished studies from our
lab indicate that addition of a single GR binding site at the
promoter can be sufficient to make a normally unresponsive
gene a GR target. Nonetheless, our findings demonstrate
that GR binding alone, which is still observed when one of
the GBSs is missing at the GILZ GBS1-4 enhancer, is in-
sufficient to create a productive GR-binding event thus ex-
plaining why only a fraction of GR binding events, namely
those for which the right combination of TFs bind, result in
changes in gene expression.

GR-responsive genes show little overlap between cell
types (21,22), which likely explains the striking differences
in the physiological consequences of glucocorticoid signal-
ing for different tissues which range from inducing glu-
coneogenesis in the liver, to suppression of inflammation
when acting on various cell types of the hematopoietic lin-
eage. The cell type-specific transcriptional consequences of
glucocorticoid signaling could be due to the limited over-
lap of GR-bound loci which has been documented for cell
lines (23,24), although it is unclear if the same applies for
healthy cells. In addition, subtle differences between cell
types in the binding pattern of GR (e.g. differences between
cell types in the relative ChIP-seq signal at the GBSI and
GBS2-4, Figure 5A) and in the repertoire of TFs that bind
at a locus could contribute to cell type-specific transcrip-
tional responses to glucocorticoid signaling. Our data sug-
gests an additional explanation, namely that specificity can
arise from a rewiring of promoter—enhancer contacts. Sim-
ilar to observations made at the B-globin locus, where the
promoter-distal locus control region can influence the ac-
tivity of different transcripts during erythroid differentia-
tion (1), we find that a GR binding site shared between cell
types can contribute to the regulation of cell type-specific
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gene expression (Figure 8). In contrast to the locus control
region of the B-globin locus, here we show that the regula-
tory activity of an individual promoter-proximal TF bind-
ing site motif can be rewired depending on the cell type. In
the case of GILZ GBSI, our data suggests that the activity
of a promoter-proximal enhancer may be rewired to either a
nearby or a distal promoter via a combination of cell type-
specific genome organization and enhancer-blocking. Fur-
thermore, to our knowledge we are the first to show that the
same enhancer can contribute to the regulation of different
promoters of the same gene rather than promoters of differ-
ent genes. Cell type-specific long-range interactions might
allow an enhancer shared between cell types to contribute
to the GR-dependent regulation of distinct GILZ transcript
variants with potentially different functions. In the case of
GILZ, the longer GILZ transcript variant 1 codes for a pro-
tein, L-GILZ, which interacts with p53, whereas the pro-
teins encoded by the shorter transcript variants 2 and 3 do
not. Consequently, the observed cell-type specific expres-
sion of GILZ transcript variant 1 could result in cell-type-
specific effects of GR activation on cell proliferation (66).

Our finding that targeting the transcriptional activa-
tor dCas9-SAM to the GBSI recapitulates the cell type-
specific effect of GBSI deletion suggests that cell type-
specific enhancer-blocking and looping can determine if an
enhancer shared between cell types can act on a transcript
or not. Interestingly, CTCF plays a role in both enhancer-
blocking and in organizing long-range chromatin interac-
tions (67-69). These two functions of CTCF may be con-
nected which could also explain why the orientation of
the CTCF binding site is important for both enhancer-
blocking activity (70,71) and for long-range chromatin in-
teractions (8). Thus, one hypothesis explaining the cell type-
specific promoter—enhancer wiring at the GILZ GBS1-4 en-
hancer could be that the A549-specific CTCF binding at
the TSS1 facilitates both the A549-specific long-range in-
teraction with the GILZ GBS1-4 enhancer and that this
looping might simultaneously block the ability of the en-
hancer to act on the nearby TSSs (Figure 8). However, ar-
guing against this hypothesis, we find that although dele-
tion of convergently oriented CTCF binding sequences re-
sults in a reduced activation of GI/LZ transcript variant 1,
this does not coincide with increased activation of variants
2 and 3 as could be expected when deletion of the CTCF
binding sites would perturb enhancer blocking (Figure 7D).
Furthermore, the GR-dependent regulation of GILZ tran-
script variant 1 is reduced and not completely lost upon
deletion of the CTCF binding sites (Figure 7D), indicating
that this A549-specific CTCF-bound region only partially
explains the regulation of GILZ transcript variant 1 by dis-
tal GR binding sites. Notably, the 4C profile shows that sev-
eral distal GR peaks map to regions with increased contact
frequencies but without CTCF binding (Figure 7A) thus
corroborating observations by others (72) that many long-
range chromatin interactions appear CTCF-independent
and might rely on other proteins for loop formation. What
those proteins are and the underlying mechanisms respon-
sible for the observed cell type-specific enhancer blocking
and looping will be the subject of future studies.

The staggering number of potential cis-regulatory ele-
ments in the genome—depending on the cell type up to sev-
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Figure 8. Model depicting how cell type-specific long-range interactions and enhancer-blocking can direct the activity of an enhancer shared between cell
types to distinct transcripts. Top: An A549-specific long-range DNA-looping interaction between GBS1 and TSS1 enables GR-dependent regulation of
GILZ transcript variant 1. Simultaneously, enhancer-blocking insulates G/LZ transcript variants 2 and 3 from the regulatory activity of GBS1. Bottom:
In U20S-GR18 cells the absence of both looping and enhancer-blocking facilitates GR-dependent regulation of the nearby transcript variants 2 and 3.

eral tens of thousands of genomic regions are bound by
GR—complicates a systematic analysis of their function.
The analysis is complicated even further by the combinato-
rial nature of gene regulation. Computational approaches
provide an alternative path to link cis-regulatory elements
to the regulation of genes. The predictive power of computa-
tional approaches improves when additional layers of infor-
mation, e.g. the chromatin state of regulatory elements and
information regarding the 3D organization of the genome
are added. Yet, although these models work quite well at
meta-level, their limited accuracy restricts their potential to
predict activity for individual cis-regulatory elements. Here,
we show that the functional analysis of a small number
of cis-regulatory elements can help uncover several opera-
tional principles of active regulatory elements. These gained
mechanistic insights can be used to refine computational ap-
proaches and might eventually lead to more accurate pre-
dictions and a better mechanistic understanding of how in-
dividual cis-regulatory elements control the expression of
genes.
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