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Abstract
Nuclear receptors (NRs) encompass a family of regulatory proteins that directly couple small-
molecule signalling to transcriptional regulation. Initial studies of specific NR targets led to a
model in which NRs bind highly specific DNA motifs in proximal promoter regions and strongly
induce gene transcription in response to ligand binding. More recently, genome-wide studies have
added to the complexity of this classic model of NR function. In particular, binding of NRs at
weaker or alternate motifs is common in the context of DNA assembled into chromatin, and ligand
responsiveness varies at different NR target genes. Such findings have led to proposed
modifications to the classic view of NR regulation, including the “assisted loading” model in
which NRs assist in opening chromatin rather than compete for binding sites, and context-specific
models in which genomic and epigenomic features influence the NR function locally at each
binding site. Further elucidati on of these mechanisms will be particularly important for
understanding cell-specific and ligand-specific functions of each NR. Emerging genomic
technologies such as ChIP-seq and GRO-seq provide insights on a larger scale leading to deeper
understanding of the complexities of transcriptional regulation by NRs.

Nuclear receptors (NRs) encompass a superfamily of transcription factors (TFs), numbering
48 in humans, that bind and respond directly to hormonal, metabolic, developmental, and
environmental signals1,2. NRs have proven to be tractable targets in the treatment of a
variety of human diseases, ranging from hormone deficiency to diabetes and cancer1,2.
Moreover, the NR superfamily provides an excellent paradigm for linking extracellular
signals to changes in gene expression1,3. Basic NR structure is conserved across all
metazoans, and includes both a DNA-binding domain (DBD) for direct interaction with the
genome and a ligand-binding domain (LBD) that allows modulation of activity by small
molecules1,2. The mechanisms of interaction with DNA, ligand molecules, and other
proteins have all been studied at the atomic level for many NRs2, thereby guiding our
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understanding of this broad and critical component of the transcriptional regulatory network.
Decades of research linking NRs to their endogenous and pharmacological ligands have
produced a powerful toolkit for studying these regulators in model systems, often in
combination with genetic manipulations.

The “classic model” of NR function describes NRs as simple gene regulatory switches that
go from “off” in the absence of ligand to “on” in the presence of ligand due to an allosteric
change in the NR protein1,3. In the case of a few steroid receptors, most notably the
glucocorticoid receptor (GR), ligand binding allows the NR to enter the nucleus and bind
DNA as a homodimer3, although most other NRs are constitutively nuclear and bind to
DNA as heterodimers with the retinoid X receptor (RXR) subfamily of NRs1,2. Under the
classic model, NRs bind specific sequences proximal to the promoters of target genes and
enhance transcription in response to ligand3. However, NRs have also been found to bind
distally from target gene promoters with less sequence specificity than originally proposed,
often facilitated by indirect recruitment through other TFs4. Genome-wide studies, reviewed
below, have demonstrated that these trends are widespread among the NR binding patterns
studied to date.

The canonical model of NR function postulates that ligand-bound NRs recruit co-activator
proteins to induce transcription, while ligand-free NRs either recruit co-repressor proteins or
exit the nucleus5,6 (Figure 1). This has proven to be only one of many regulatory paradigms
followed by NRs, and it is clear that even a single NR subtype can enact many complex
regulatory programs. Co-repressors and co-activators, collectively called co-regulators, are
associated with chromatin-modifying enzyme activities by which the ligand-dependent co-
regulator switch remodels surrounding chromatin to regulate transcription by ligand- and
target-specific mechanisms6,7. Thus, predicting the effect of a particular ligand treatment on
the transcriptome has proven to be quite complicated. This complexity currently presents a
major barrier to developing more precise drugs with fewer side effects2. Increasingly
powerful genomic methods promise to drive new discoveries in the NR field, identifying
novel mechanisms of NR action, and ultimately creating resources for teasing apart the
network of NR regulation in a systems biology framework.

STUDIES OF NR BINDING: NEW INSIGHTS FROM GENOMIC METHODS
Chromatin immunoprecipitation (ChIP) coupled to either genomic microarrays (ChIP-
chip)8,9 or high-throughput sequencing (ChIP-seq)10,11 have made it possible to probe the
genomic locations of endogenous NRs in an unbiased genome-wide manner. These studies
have foremost revealed that a substantial portion of NR binding sites are distal from known
gene promoters, and most likely function by long-range regulatory mechanisms4,12.
Additionally, a large proportion of NR binding sites do not follow the strict sequence
specificity derived from early known target genes and in vitro binding studies. The question
of how an NR recognizes its genomic binding sites has proven to be a complex one, but
several recurring themes have emerged from genome-wide studies of NR binding.

NR binding at distal regulatory regions
In the first application of genome-wide location analysis to NR binding, binding sites for
estrogen receptor (ER) were mapped in the breast cancer cell line MCF-7 using a genomic
tiling array covering human chromosomes 21 and 224. This study revealed that most ER
binding occurs outside the proximal promoters of target genes, often with distances of
10-100kb from the regulated transcription start site (TSS). Prior to this analysis most
sequence and binding analysis had been limited to proximal promoter regions within several
kb of each TSS13. This surprising finding provided a major impetus to expand NR DNA-
binding studies across the entire genome, which became possible with the development of
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whole genome tiling arrays14 and high-throughput sequencing technology10. Indeed, such
studies demonstrated that distal binding by ER is a general phenomenon throughout the
genome, with the vast majority (>90%) of sites binding more than 10kb away from the
nearest transcription start site14–16.

Remarkably similar findings were made for other NRs, including GR17, peroxisome
proliferator-activated receptor gamma (PPARγ18,19 and vitamin D receptor (VDR)20

(summarized in Table 1). While the exact proportion of distal binding events varies by NR,
cell-line, and analytic methods, there is a clear trend that only a small minority of NR sites
occur within 10kb of a TSS. A meta-analysis of NR cistromes showed that proximal and
distal sites have similar association with ligand-responsive genes and comparable levels of
evolutionary conservation21. The primary implication of this general finding is that the
search space for NR response elements is many orders of magnitude larger than originally
proposed13 even when focusing on ligand-responsive genes. Thus, direct measures of
genome-wide binding are critical for identifying true NR binding sites, but such data are
currently lacking for many NRs and relevant cell types.

NR binding in the absence of known motifs
Initial surveys of individual NR response elements and in vitro studies of NR sequence
specificity revealed a general pattern of NR binding motifs consisting of paired half-sites
with specific orientation and spacing, reflecting the fact that most NRs bind DNA as
dimers1. The sequence motif of each half-site varies slightly between NRs, but generally
reflects the high conservation of the DBD within the NR superfamily. Binding motifs are
thus classified primarily by orientation, indicated as either Direct Repeat (DR), Inverted
Repeat (IR), or Everted Repeat (ER), followed by a number indicating the spacer length
between the two half-sites21. For example, GR homodimers bind to a pair of half sites with
inverted orientation separated by three nucleotides, denoted as “IR3”22.

Surprisingly, the initial ChIP-chip study of ER binding revealed that roughly half of the
identified sites did not contain a canonical ER binding motif4, and subsequent studies have
reported widely varying percentages of canonical motifs at ER binding sites (Table 1).
Notably, the study reporting the highest percentage of canonical motifs at ER sites15 also
reported the smallest total number of sites compared to other genome-wide studies16,
suggesting that canonical motifs facilitate the strongest and most detectable binding events,
but may not encompass all NR binding sites. In each study, many of the remaining sites
contained an ER half-site, but the half-site motif alone is potentially recognized by many
other NRs1. A comparative genome-wide study of wild-type ER versus ER containing a
mutated DBD revealed that the majority of ER binding sites are dependent on a functional
DBD, including many sites without a canonical motif23. Thus, genome-wide studies of ER,
along with many other NRs studied to date, have challenged the notion that NRs bind only
to stringent paired half-sites with highly specific orientations. The recent meta-analysis of
NR cistromes confirmed a general prevalence of binding events at monomeric half-sites and
other non-canonical motifs21, although many NRs remain to be analysed by genome-wide
methods. A broad survey of canonical motif rates in published NR cistromes is shown in
Table 1.

Genome-wide studies of NR binding have produced compelling evidence that degenerate
binding sites play critical roles in NR function. In two independent genome-wide studies of
mouse 3T3-L1 adipocytes, the primary motif bound by PPARγ was generally more
stringent in the half-site contacted by the obligate dimerization partner RXR18,19. RXR
occupancy at these sites was observed early in adipogenesis, prior to PPARγ expression,
and likely represents RXR binding as a homodimer or heterodimer with alternate partner
factors19. Thus, the weaker sequence specificity at the PPARγ half-sites may facilitate
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binding by other RXR dimers, allowing them to prime sites for subsequent binding by
PPARγ, which functions as the master regulator of adipogenesis.

A comprehensive study of liver X receptor (LXR) and PPARα binding in murine liver
showed an unexpectedly high overlap between these two NRs, facilitated by binding to non-
canonical motif sites24. LXR and PPARα both bind to DNA as heterodimers with RXR, but
have sequence specificity for DR1 and DR4 elements, respectively. However, the
enrichment for either such motif was particularly low at regions bound by both LXR:RXR
and PPARα:RXR heterodimers, with <20% of sites containing either motif. Target gene
expression patterns and physiological experiments confirmed the potential for cross-talk
between these two NR pathways24. Thus, LXR and PPARα appear to synergistically co-
regulate downstream pathways by binding to a high proportion of common binding sites in
vivo, facilitated by lower sequence specificity. Comparison to additional NR ChIP-seq data
sets in murine liver revealed that many of these sites may bind an even wider repertoire of
NR proteins24. Similarly, genomic studies of ER and retinoic acid receptor (RAR) in MCF-7
cells found over 1,000 shared binding sites despite the difference in canonical binding
motifs, although current results conflict on whether these co-localizations result in
cooperative or antagonistic regulatory effects25,26. In 3T3-L1 pre-adipocytes, ChIP-seq
profiling of multiple factors revealed ~1,000 “hotspots” bound by GR, RXR, and additional
TFs27. In this study, the authors found canonical motifs for both GR and RXR enriched
among the shared binding regions and proposed that each NR binds distinct sequences in
close proximity. A complete investigation of degenerate binding elements has not yet been
pursued using this data set.

Evidence from genome-wide studies also suggests that chromatin accessibility facilitates NR
binding at degenerate recognition motifs. ChIP-seq analysis of GR showed a substantial
interplay between sequence motifs, chromatin accessibility prior to ligand treatment, and GR
binding17. Although GR is capable of binding nucleosomal DNA and initiating chromatin
remodelling, the vast majority of sites identified were accessible to DNase I prior to ligand
treatment. However, the small minority of GR-remodelled sites showed increased stringency
for the canonical GR binding motif, suggesting that stringent binding motifs may be more
critical for recognizing response elements in nucleosomal DNA. Interestingly, the common
PPARα/LXR sites identified in liver also corresponded to regions of higher chromatin
accessibility compared to sites specific to each NR, supporting the general model that
chromatin accessibility facilitates binding to degenerate recognition sequences24.

The potential for binding at weaker motif sites, along with the high proportion of distal
binding events, reveal the challenge of predicting individual NR binding sites and target
genes from sequence alone. Thus, direct experimental evidence of genome-wide binding
patterns is critical for studying NR signalling, and is currently lacking for many NRs.
Furthermore, the high proportion of non-canonical motif sites is most likely a reflection of
the various mechanisms facilitating NR binding, not all of which rely on strong sequence
specificity. In particular, shared binding of multiple NRs to highly accessible regions with
degenerate recognition motifs may facilitate cross-talk between different NR signalling
pathways, although further analysis of the complete NR superfamily is needed.

Additional transcription factors assist NR binding and chromatin access
NR binding at some response elements is known to be facilitated by partner factors that
make chromatin more accessible28, stabilize NR-DNA interactions, or indirectly recruit the
NR protein via tethering29. Genome-wide studies have revealed that for some NRs, partner
TFs have a nearly global role in determining the NR binding pattern in a specific cell type.
One prominent example is the dependency of ER on the pioneer factor FoxA1 in breast
cancer. Several genome-wide studies have shown that FoxA1 promotes the opening of
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chromatin at most ER binding sites in several breast cancer cell lines and FoxA1-mediated
chromatin access is a major determinant of ER binding strength at these sites28,30. Genome-
wide studies have suggested a similar role for C/EBPβ in priming PPARγ binding regions
during adipogenesis27.

Genome-wide studies of GR and the partner factor AP-1 revealed an extensive overlap in
binding sites and suggested that AP-1 plays a major role in maintaining the open chromatin
state at these sites, in addition to recruiting GR indirectly in the absence of a canonical GR
motif29. A survey of motifs at GR sites in two highly divergent cell lines showed different
partner factor motifs enriched at GR sites in each cell type, with particular enrichment at
pre-accessible sites lacking the canonical GR motif17. Thus, multiple partner factors likely
facilitate cell-specific GR binding regions, even in the absence of strong primary binding
motifs, by some combination of chromatin remodeling, stabilization of GR-DNA
interactions, or indirect recruitment of GR.

An integrative study of ER and androgen receptor (AR) cistromes and the corresponding
genome-wide changes in DNase I sensitivity after treatment with each ligand demonstrated
that the impact of open chromatin on NR binding and conversely the impact of NR binding
on chromatin structure both vary depending on the NR31. In particular, ER was shown to
preferentially bind to regions that are accessible to DNase I digestion prior to ligand
treatment, while AR bound primarily to inaccessible regions and had a bigger impact on
remodelling these regions into an open state. Moreover, the partner factor FoxA1 was
associated with different changes in chromatin structure at binding sites for these NRs. In
the case of ER, co-localization with FoxA1 was associated with larger increases in
chromatin accessibility after ligand treatment, while for AR, co-localization with FoxA1 was
associated with weaker increases in chromatin accessibility. Interestingly, the behaviour of
AR and its relationship to FoxA1 also appear to be distinct in different cell types and
chromatin contexts. FoxA1 has also been shown to assist AR in mimicking the binding
profile and regulatory targets of ER in a subclass of ER-negative breast cancer32, as well as
mask AR binding sites in prostate cancer cells33. Collectively, these studies demonstrate that
NRs with inherent ability to access binding sites in nucleosomal DNA are still dependent on
chromatin state overall, and other epigenomic features may be able to block access to their
binding sites in specific cell types. These results also demonstrate that the relationships
between NRs and their partner factors can be quite complex, showing both cooperative or
pioneer relationships at some sites, and antagonistic roles at others.

Recent work from the Hager lab has led to an “assisted loading” model in which one NR can
initiate chromatin remodelling to a more open state and rapidly dissociate from the DNA,
leaving the binding region open to occupancy by additional NRs34. This was demonstrated
in an artificial system in which the ER gene was mutated to mimic the DBD of GR (called
“ER-pBox”) and thus bind preferentially to glucocorticoid response elements (GREs) in
response to estrogen. ER-pBox and GR protein constructs, each tagged with a different
fluorescent label, were co-expressed in cell lines and their occupancy of various exogenous
and endogenous GREs was measured in response to ligands. Each NR construct bound
GREs in response to their corresponding ligand, but the ligand-induced binding of ER-pBox
was further enhanced by simultaneous treatment with the GR ligand at GREs where GR is
known to mediate chromatin remodelling to increase accessibility. At GREs where the
chromatin is already accessible in the absence of either NR there was still no evidence of
competitive binding, i.e., ligand-induced occupancy of GR did not disrupt the ligand-
induced binding of ER-pBox. The fact that both NRs bind the same sequence element in this
system indicates that the NR proteins must rapidly dissociate from DNA, even in cases
where the NR protein mediates chromatin remodelling34. Whether these results can be
generalized to other NRs remains an open question, but the NR hotspots containing
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degenerate motifs in liver discussed above24 support a role for cooperative, dynamic binding
of multiple NRs at shared response elements. Additionally, the adipocyte “hotspots” bound
by GR, RXR, and other TFs showed evidence of cooperative binding, wherein reduction of
one TF disrupted the binding of other TFs at nearby elements27, consistent with the assisted
loading model. To further explore this model in an endogenous context, the binding
dynamics of multiple wild-type NRs with different sequence specificities will need to be
examined at shared or proximal NR binding sites under various combinations of ligand
treatments.

Genome-wide studies of NR co-regulator recruitment
The primary mechanism by which NRs influence transcriptional regulation is through the
recruitment of co-regulators, many of which coordinate alterations of post-translational
marks on histone tails5–7. Genome-wide location analysis can also be used to measure the
recruitment of co-regulators and the NR-mediated histone modifications at specific NR
binding sites11.

In a genome-wide study of Rev-erbα-mediated gene repression in mouse liver, the co-
regulator NCoR and the histone deactylase HDAC3 were shown to co-localize almost
exclusively with Rev-erbα, driving circadian rhythms in histone acetylation at thousands of
genomic sites35. This finding was particularly surprising given that NCoR/HDAC3
complexes are believed to be general co-repressors for the entire superfamily of NRs6.
Quantitative analysis of these ChIP-seq profiles has demonstrated a strong global correlation
between the binding signal of Rev-erbα, NCoR, and HDAC3, suggesting that Rev-erbα
tends to recruit NCoR/HDAC3-containing complexes at all binding sites in liver, dependent
only on the strength of the primary Rev-erbα-DNA interaction36.

Several studies of ER co-activators in breast cancer cells have revealed the potential for
selective co-regulator recruitment at a subset of binding sites, raising the possibility that
chromatin context affects the ability of a bound NR protein to recruit co-regulators at a
given site. A ChIP-chip study of ER and steroid receptor co-activators (SRCs) showed a
strong correlation of ER and SRC binding signal at the promoters of estrogen-induced
genes, while ER-bound genes repressed by estrogen treatment did not show concomitant
recruitment of SRCs37. However, this study relied on a promoter tiling array rather than a
genome-wide tiling array, and therefore does not cover the large proportion of ER binding
events at distal sites.

In a subsequent study, Lupien and colleagues focused on co-activator associated arginine
methyltransferase 1 (CARM1), which methylates arginine residues on the H3 tail as well as
on the SRC3 protein38. Although genomic localization of CARM1 could not be measured
directly, CARM1-specific changes in histone methylation were observed after E2-treatment
and used to identify a subset of “active” ER sites, accounting for 70% of the total ER
cistrome in MCF-7 cells. These sites were more strongly associated with gene activation,
recruitment of additional co-activators, and changes to chromatin structure after ligand
treatment, suggesting that the remaining 30% of ER sites lacking CARM1 activity were
inactive in response to ligand. Interestingly, a subset of CARM1-activated ER sites did not
co-localize with the pioneer factor FoxA1, discussed above, and these sites were associated
with both ER-mediated activation and repression of target genes. Surprisingly, CARM1 was
also required to mediate repression of some target genes, despite its canonical role as a co-
activator. Similarly, a ChIP-seq study in macrophages demonstrated that only half of GR
sites are bound by SRC2 in response to GR ligand, and co-activator-bound sites were
associated with both ligand-activated and ligand-repressed genes39.
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Overall, these studies demonstrate an additional layer of complexity resulting from the
interactions between NRs and co-regulators. In some cases, NRs show genome-wide
correlation with specific co-regulators, and a single NR may play a dominant role in
utilizing a co-regulator in a particular cell type, as for Rev-erbα, NCoR, and HDAC3 in
liver35,36. In other cases, co-regulators may only be recruited to a subset of NR binding sites,
as observed for ER38 and GR39. Selective co-regulator recruitment could be due to
conformational differences in the bound NR proteins40 or due to recognition of additional
chromatin features. Furthermore, co-regulator complexes alter surrounding histone
modifications, which may alter the accessibility of the surrounding chromatin, thereby
facilitating or stabilizing NR binding5,7.

Changes in NR binding correlate with disease progression
Recent genome-wide studies have found that NR binding profiles and regulatory programs
undergo dramatic changes during disease progression, with profound implications for
disease treatment. In one landmark study, Wang and colleagues showed that AR binding
sites differed substantially between cell culture models of androgen-dependent and
androgen-independent prostate cancers41. These differences in binding were correlated with
differences in AR-dependent gene expression and different mechanisms of binding site
recognition, with the partner factor FoxA1 playing a more prominent role in androgen-
independent cells. These findings have direct clinical relevance, because androgen-
independent prostate cancer is resistant to hormone-based treatments that are effective in
treating androgen-dependent prostate cancer, even though both cancer types require AR
expression.

In a similar study, ChIP-chip revealed substantially different binding profiles when ER was
activated by classic agonist treatment as compared to activation through the epidermal
growth factor (EGF) pathway 42. The EGF pathway is an alternate activation signal for ER
that allows breast cancer to escape standard drug treatments, as indicated by drug-resistance
associated with ER+ERBB2+ tumors. Lupien and colleagues observed thousands of ER sites
in MCF-7 cells bound only after activation through the EGF pathway, adjacent to genes
associated with ER/EGF-dependent induction and expression patterns seen in poor
prognosis cases. Interestingly, the EGF-specific ER binding sites were primarily enriched
for the partner factors AP-1 and FoxA1, rather than the canonical ER motif, suggesting that
ER bound to these sites primarily through tethering mechanisms.

The application of ChIP-seq to clinical samples has the potential to directly explore the
correlation between NR binding patterns and disease progression. Most notably, a survey of
ER binding in various primary breast cancers and related metastases showed distinct
patterns of genomic localization in samples with different outcomes and prognoses43.
Importantly, ER+ tumors that are resistant to the ER partial antagonist tamoxifen still
showed ER binding to the genome, indicating that the drug-resistance was not due to a loss
of ER activity. However, ER took on a substantially different binding pattern in the drug-
resistant tumors and the newly acquired binding sites occurred preferentially around target
genes associated with poor prognosis. Motif enrichments and follow-up studies in cell
culture models suggested that FoxA1 mediates the acquisition of new ER binding sites in
drug-resistant and metastatic cancer cells, echoing the association with AR binding patterns
seen in androgen-independent prostate cancer cells.

Thus, NRs can shift their binding profiles in a given cell type, thereby shifting regulatory
behaviour and altering physiology without changing the intrinsic DNA binding affinity of
the NR protein. These altered cistromes can drive progression and in some cases allow
tumors to escape standard NR antagonist treatments. In particular, partner factors such as
FoxA1 and AP-1 may play a critical role in the acquisition of “disease-specific” binding
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sites, and therefore present intriguing therapeutic targets in conjunction with traditional
hormone treatments.

LINKING NR BINDING TO TRANSCRIPTIONAL REGULATION ON A
GENOME-WIDE SCALE

The combined application of genome-wide location and expression analyses within the same
experimental system has revealed that NR binding does not guarantee ligand-induced
activation of the nearest target gene. In many studies, a substantial portion of NR binding
sites cannot be linked to a ligand-responsive gene, even when considering potential target
genes up to 50kb from each binding site12,16,39,44. Additionally, there is often NR binding
enrichment around both ligand-activated and -repressed genes within the same experiment
(Table 2). These studies, reviewed below, have largely revealed that the canonical model of
NRs as genome-wide on/off switches is oversimplified. Instead, these studies support a more
complex system in which transcriptional regulation by NR signalling is highly dependent on
cell type, ligand, and the epigenomic context of a particular binding site—although specific
rules relating these contextual factors to regulatory output remain elusive.

Linking distal binding sites to target genes
The discovery that the vast majority of NR binding occurs many thousands or even millions
of nucleotides away from target genes has raised the question of how such regulatory
elements ultimately influence transcription, and presents a barrier to the accurate prediction
of true NR targets based on their genome-wide binding profiles. In limited cases, targeted
mutations in endogenous response elements have been used to directly confirm the loss of
ligand-responsiveness at the target TSS, however this method is not tractable for large-scale
confirmation of distal response elements45. One indirect indicator that a distal NR binding
site regulates a particular target gene is the formation of a chromatin loop structure that
brings the element and target TSS into close spatial proximity within the nucleus46. Initially,
the “chromosome conformation capture” (3C) assay was used to detect loop formation
between specific response elements and target genes, e.g. in the confirmation of ER target
genes predicted from ChIP-chip data4. Additionally, enrichment for multiple NR binding
sites around ligand-responsive genes has also been shown, e.g. for PPARγ47 and GR48, and
thus the number of adjacent sites may also be a powerful criteria for identifying true NR
target genes based on genome-wide binding profiles. However, the observation of multiple
functionally redundant response elements around some target genes also presents a barrier to
testing the individual contribution of each binding site.

Another genome-wide approach, called “chromatin-interaction analysis by paired-end tag
sequencing” (ChIA-PET), couples ChIP, 3C-like proximity ligation, and high-throughput
sequencing to simultaneously examine both primary DNA interactions and chromosome
looping structures involving a specific factor. In particular, this method has been applied to
study ER in MCF-7 cells, demonstrating that many previously identified distal sites were
structurally linked to a target gene TSS through chromosomal looping12. Most of the
observed interactions involved regions on the same chromosome, often within 100kb.
Importantly, genes directly linked to distal ER sites by this method showed significant
enrichment for estrogen-induced RNA Polymerase II (RNAPII) occupancy and expression,
broadly supporting the model that distal ER binding sites can regulate target genes many kb
away through the spatial re-arrangement of chromatin. Furthermore, siRNA-mediated
knock-down of ER resulted in loss of spatial interactions around target genes and
corresponding loss of estrogen-inducible expression, confirming that ER plays an integral
role in forming some chromosomal loop structures. A subsequent ChIA-PET study of
RNAPII in the same cell line demonstrated that additional loops exist between ER-linked
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promoters and nearby gene promoters, forming multi-gene complexes that can propagate the
estrogen-induction signal across multiple genes49. Thus, genome-wide maps of
chromosomal looping structures are a powerful tool in linking NR binding elements to their
true target genes.

Direct genome-wide measurements of transcription rate in response to NR signalling
One major limitation in studying gene regulation by NRs is the use of genome-wide
measures of mRNA concentration, e.g. microarrays and RNA-seq, as proxies for changes in
transcription rate. While this is generally a reasonable assumption given sufficient time for
mRNA levels to reach a new steady state, this also leads to a convolution of primary and
secondary regulatory effects14. In other words, the observed changes in mRNA
concentration after ligand treatment represent both direct transcriptional regulation by a
particular NR as well as the secondary effects of downstream regulators. Several new
genomic technologies that overcome this limitation are being used to more accurately define
the primary effects of NR signalling on transcriptional regulation.

Transcription of most protein-coding genes is carried out by RNAPII, which is regulated at
several steps including recruitment, initiation, and elongation50. In addition to studying NR
localization, ChIP-chip and ChIP-seq have also been useful for measuring changes in
RNAPII occupancy genome-wide, particularly in the core promoters and bodies of known
genes. This technique provides an alternate measure of transcription rate that can detect
changes at earlier time points compared to measures of mature mRNA14,16. A more direct
method to sequence and map nascent transcripts originating from all polymerase classes
genome-wide is called “Global Run-On Sequencing” (GRO-seq)51. This technique carries
the same advantages of measuring RNAPII occupancy and also identifies changes mediated
by RNA polymerases I and III. GRO-seq applied to ER signalling in MCF-7 cells revealed
widespread and rapid changes after ligand treatment, encompassing ~25% of the
transcriptome52. Importantly, comparison of these changes to ER ChIP-seq data in the same
cell type16 revealed substantial enrichment of ER binding adjacent to transcripts up-
regulated after 10-40 minutes of estrogen treatment, but not adjacent to transcripts up-
regulated after 160 minutes. The 10-40 minute changes in nascent transcript levels observed
by GRO-seq typically returned to basal level by 160 minutes of estrogen treatment, and
correlated most strongly with mature transcript expression levels measured after 3 hours of
estrogen treatment, indicating that the primary transcriptional response regulated by
genomic ER is transient and takes additional time to affect mature transcript levels.
Importantly, the GRO-seq method also identified widespread and rapid up-regulation of
rRNAs and tRNAs, highlighting that estrogen signalling plays a direct role in controlling
RNA Polymerases I and III in addition to the more widely studied RNAPII.

An additional advantage of the GRO-seq method, utilized by Wang and colleagues to study
AR signalling, is the ability to detect changes in eRNA levels53. eRNAs are a recently
discovered class of short RNAs transcribed symmetrically from active enhancer sites54. In
the AR study, the ligand-induced changes in eRNA levels around AR sites were a better
indicator of changes in adjacent gene expression compared to other chromatin and structural
markers such as H3K4me1, p300, and Mediator. By analyzing eRNA sequences, the authors
were able to show AR and FoxA1-mediated changes in enhancer activities, some of which
were independent of major restructuring events. These results indicate that enhancer
formation and activation can be regulated separately in the context of NR signalling.

Overall, these studies highlight the additional insight gained from measuring RNAPII
occupancy and nascent transcripts compared to mature mRNA levels. In particular, the short
time periods before observable changes allow strong separation of primary and secondary
effects of ligand signalling52. GRO-seq can also be used to differentiate changes in
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transcription initiation versus elongation as well as changes in enhancer activity53, which
can not be distinguished by traditional gene expression microarrays or sequencing of mature
mRNAs.

NR function varies across genomic binding sites
Although many of the initial NR target genes were activated by the presence of ligand, the
rules governing NR-mediated regulation in general have proven far more complex. Genome-
wide technologies have been a critical technique in revealing this complexity, and are now
laying the foundation to systematically dissect the various regulatory programs for each NR.

Genome-wide studies combining NR location analysis and ligand-dependent transcription
changes demonstrate that a substantial proportion of NR binding sites do not appear to
mediate adjacent gene expression in the cell type or condition examined. For example,
Welboren and colleagues showed that while estrogen-activated genes were the most
enriched for ER binding events within 50kb, the majority of ER binding sites were adjacent
to a gene that did not change in response to agonist treatment16. Similar trends have been
observed for AR44 and GR39. As discussed above, most distal sites need to form chromatin
loops bringing them in close spatial proximity to a target gene TSS in order to influence
transcription. In MCF-7 cells, the majority of ER binding sites, particularly those showing
weaker enrichment, were not part of a chromosomal interaction with a TSS12. Even among
the set of ER target genes forming a loop between TSS and ER binding site, only 60% of
these genes showed induced expression after estrogen treatment. These results demonstrate
that many distal NR sites are not spatially engaged with target genes in a single condition or
cell type, and even when response elements are engaged with a TSS, they do not necessarily
affect the transcriptional machinery.

Other genome-wide studies have revealed that the transcriptional targets of NR signalling in
a given cell type are dependent on the activating signal. As discussed above, this specificity
can be driven in part by differences in the NR binding profile, but signal-specific binding
sites do not completely explain gene regulation patterns. For example, in the comparison of
estrogen-induced and EGF-induced ER signalling, the two alternate activation signals were
associated with co-activator-mediated histone acetylation at distinct subsets of the ER
binding sites induced by both signals42. Thus, the upstream activation signal can also
modulate subsequent regulatory steps, such as co-activator recruitment, at specific subsets of
NR binding sites.

In the genome-wide comparison of AR binding in androgen-dependent and -independent
cell lines introduced above, transcriptomic analyses of siRNA-mediated AR silencing
demonstrated that in androgen-independent cells, AR promoted a constitutive gene
expression program41. These ligand-independent target genes were enriched for regulators
of cell cycle, and were substantially different from the ligand-induced AR target genes
expressed in androgen-dependent cells. Thus, AR not only acquires a different binding
program in androgen-independent cells, but it also switches to a predominantly ligand-
independent mode of regulation, potentially facilitated by partner factors such as FoxA1.

Another major finding, supported by the newer measures of transcription rate changes, is
that NRs can simultaneously activate and repress distinct sets of target genes within the
same cell type and ligand treatment. Targeted molecular methods have already established
potential mechanisms for NR-mediated repression, including co-repressor recruitment in the
absence of ligand and antagonist ligands inducing a repressive protein conformation6, but
these mechanisms were initially thought to function in a genome-wide manner, affecting all
NR target genes equally. However, genome-wide methods have revealed the surprising
commonality of NR-dependent gene repression in response to ligands previously considered
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agonists, even in the presence of a classic NR response element. For example, in the
genome-wide study of LXR function in murine liver introduced above, a strict set of LXR-
dependent target genes were determined by examining ligand-dependent RNAPII
recruitment in wild-type and LXR-null livers24. Surprisingly, LXR binding was equally
enriched around LXR-dependent ligand-activated and ligand-repressed genes. The recent
meta-analysis of cistromic and transcriptomic data revealed similar trends for ER and
RAR21. Additional examples of NR binding associated with both gene activation and
repression in response to classic agonist ligands are shown in Table 2.

One possible mechanism for NR site-specific regulatory effects is that the primary binding
site sequence may influence regulatory potential. While a single NR protein can bind to a
wide variety of sequences, it is possible that binding to different sequences has an allosteric
effect on NR protein conformation, thus altering regulatory function40. Surjit and colleagues
recently described a “negative GRE” (nGRE) sequence element that confers ligand-induced
repression rather than activation55. The nGRE sequence was enriched at GR binding sites
adjacent to glucocorticoid-repressed genes in a previously published genome-wide study48,
and the glucocorticoid-dependent repression of these genes was shown to require the GR
DBD, in contrast to the previously characterized mechanism of transrepression via tethering
to NF-κB and AP-156. However, another study of GR-mediated repression opposed this
hypothesis, suggesting instead that the co-localizing factors around GREs are the primary
determinants of activating versus repressive functions, with a particular focus on the
enrichment of IRF3 binding co-localizing with GR around glucocorticoid-repressed genes39.
Both studies did agree that GR has repressive functions that require direct DNA binding and
are unrelated to NF-κB/AP-1 tethering. Whether repressive GR sites are specified by the
binding site sequence or determined by the presence of additional partner factors remains an
open question, and indeed both models may be correct at a subset of elements or in different
cell types.

Conclusion
Genome-wide studies of NR binding in chromatin have revealed much about NR biology,
yet much remains to be learned. One major issue is that NR binding profiles, while enriched
for canonical response element motifs, also encompass a substantial number of sites that do
not follow the previously proposed sequence constraints. While some NRs have been shown
to bind indirectly to DNA by tethering to other TFs, it is unclear whether such mechanisms
can explain the totality of non-canonical binding sites. Another possibility is that highly
accessible chromatin conformations and/or partner factors can stabilize NR binding to
degenerate response elements, leading to the occurrence of NR hotspots24,27. Increased
chromatin access at these sites is potentially regulated through assisted loading mechanisms,
in which one active NR protein remodels chromatin into an open state, but rapidly
dissociates to allow access by other NR subtypes34.

Another major issue is the apparent disconnect between NR binding and observable changes
in gene regulation. While genome-wide binding analyses have revealed thousands of NR
binding sites in a single cell type, the majority of these sites cannot be linked to
transcriptional changes after ligand treatment, even when considering distal regulation over
distances of 50-100kb. The most likely explanation in this case is that gene regulation by
NRs is modulated at multiple steps. Binding site accessibility is one major determinant of
the cell-specific NR regulatory program, but NR binding alone is clearly not sufficient for
ligand-dependent gene regulation. A separate regulatory step may be required to bring the
bound response element into close spatial proximity with the target TSS. Additionally,
binding site sequence, partner factors, and chromatin state may modulate the ability of a NR
to recruit the co-regulators needed to influence transcription. Only by studying these
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determinants in an unbiased genome-wide way can we reliably deduce the molecular rules
governing transcriptional regulation by NRs. Furthermore, the available data are heavily
biased towards a small subset of frequently studied NRs, and it is currently unknown
whether the observed trends are truly representative of the entire NR superfamily.

While the classic model of NR regulation has proven to be a useful tool in deciphering the
mechanism of action for certain drugs, genome-wide methods have now demonstrated that
the classic model explains only a small portion of gene regulation by NRs—the role of these
regulators in the transcriptional network has proven to be far more complex than originally
proposed. As genomic techniques become less expensive and more widely used, they will
allow us to probe the multi-faceted mechanisms of NR regulation with unprecedented depth
and throughput. Based on the results above, we propose several guiding principles for
interpreting genome-wide studies of NR binding and gene regulation. First, any single
genomic experiment captures an amalgam of different regulatory mechanisms. Genome-
wide location analysis identifies NR binding sites with distinct roles in transcriptional
regulation and transcriptomic studies often capture both direct and indirect regulatory
targets. Second, the dynamics of chromatin state and binding information, e.g. before and
after ligand treatment, are often more informative than a single condition, as they tend to
allow partitioning of sites by different molecular mechanisms. Third, the integration of
orthogonal data sets, e.g. NR binding, chromatin dynamics, and gene expression patterns,
allow further sub-classification of binding elements and potential target genes that can
separate distinct modes of NR-mediated regulation. Finally, the accurate dissection of these
distinct regulatory mechanisms has direct implications for precisely targeting NRs in human
disease. Ultimately, genome-wide studies must be implemented in a systems biology
framework to fully tackle the complex role that NRs play in the overall cellular network.
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Figure 1. Models of genomic regulation by NRs
Canonical models are based primarily on targeted studies of specific NRs and target genes.
Alternate models explain genomic evidence contradicting the canonical models, and may
apply only in specific cells or at specific target genes, depending on the NR.
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Table 1
Survey of distal and non-canonical NR binding rates in genome-wide studies

Studies are organized by NR (1st column) and cell type (2nd column). The species of the cell type is noted in
parentheses (h = human, m = mouse). The published percentage of NR binding sites within ~10kb of the TSS
is shown in the 3rd column (the exact distance threshold is shown in parentheses). The published percentage of
NR sites containing a canonical motif is shown in the 4th column (in some studies, only the percentage of less
stringent half-site motifs are reported, designated by “1/2”). Unreported values are indicated by “-”.

NR Cell Type % Promoter % Canonical Motif

ERα4 MCF-7 (h) - 49%

ERα14 MCF-7 (h) 4% (1kb) 15%

ERα16 MCF-7 (h) 7% (5kb) 68%

ERα15 MCF-7 (h) 5% (5kb) 71%

ERα23 MDA-MB-231 (h) 10% (1kb) 47%

AR44 LNCaP (h) - 10%

GR57 3T3-L1 (m) - 77%

GR17 3134 (m) 7% (2.5kb) 50%

GR48 A549 (h) 12% (10kb) 62%

GR39 Macrophages (m) 6% 60%

VDR58 Lymphoblastoid (h) <25% (5kb) 67%

VDR59 THP-1 (h) 15-20% (10kb) 32%

VDR20 LS180 (h) 2% (1kb) 54%

PPARγ19 3T3-L1 (m) 10% (5kb) 44%

PPARγ18 3T3-L1 (m) 13% (10kb) 75%

PPARγ60 Macrophage (m) - 70-77%

LXR:RXR24 Liver (m) 11% (5kb) -

LXR61 Macrophages (m) 15% (500bp) 6.3%

FXR62 Liver (m) 15% (10kb) -

FXR62 Intestine (m) 17% (10kb) -

Rev-erbα35,63 Liver (m) 21% (10kb) 65% (1/2)

ERRα64 Heart (m) - 69% (1/2)

ERRα65 MCF-7, SKBr3 (h) - ~75%

ERRγ64 Heart (m) - 74% (1/2)

RARα/γ66 MEF (m) - 50%

RARα/γ66 ESC (m) - 41%

RAR67 Motor Neurons (m) - ~50%

RARα/γ26 MCF-7 (h) <35% (10kb) -

RARα25 MCF-7 (h) 5% -

HNF4α68 Liver (h) <25% (3kb) 85%

HNF4α68 Liver (m) <25% (3kb) 96%
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Table 2
Survey of NR binding enrichment near ligand-responsive genes

Summary of studies in which NR binding and ligand-dependent transcriptional changes were both measured in
the same experimental system. Many of these studies demonstrate that NRs can be associated with both gene
activation and repression in response to the same ligand treatment. The table is organized by NR and cell type,
as in Table 1. The 3rd column briefly explains the criteria for assigning NR sites to target genes. The
proportions of ligand-activated and ligand-repressed genes bound by the NR are shown in columns 4 and 5,
respectively.

% of Regulated Genes w/ Assoc.
Binding Site

NR Cell Type Criteria for linking NR binding sites to target genes % Activ. % Repr

ERα16 MCF-7 (h) ERα site within 50kb of genes showing E2-dependent
RNAPII enrichment

89% 47%

ERα14 MCF-7 (h) ERα site within 50kb of E2-responsive genes (multiple time
points)

18-33% 17-24%

ERα52 MCF-7 (h) ERα site within 10kb of E2-responsive TSS in GRO-seq
(multiple time points)

33%-50% 8%

ERα23 MDA-MB-231 (h) ERα site within 50kb of E2-responsive gene 53% 27%

ERα69 MCF-7 (h) ERα+Cohesin site within 20kb of E2-responsive gene ~30% ~40%

GR48 A549 (h) GR site within 10kb of dex-responsive gene 47% 8%

VDR59 THP-1 (h) VDR site within 400kb of ligand-responsive gene 72% 43%

PPARγ18 3T3-L1 (m) PPARγ site assigned to nearest gene within 50kb ~60% ~20%

PPARγ60 Macrophages (m) PPARγ site assigned to nearest gene within 100kb 39% 15%

LXR24 Liver (m) LXR:RXR sites assigned to nearest TSS 63% 70%

RARα/γ66 MEF (m) RAR bound to ChIP-chip probe associated with regulated
gene

12% 5%
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