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Ligand activation and DNA-binding dictate the outcome of
glucocorticoid receptor (GR)-mediated transcriptional regulation
by inducing diverse receptor conformations that interact differen-
tially with coregulators. GR recruits many coregulators via the
well-characterized AF2 interaction surface in the GR ligand-bind-
ing domain, but Lin11, Isl-1, Mec-3 (LIM) domain coregulator Hic-5
(TGFB1I1) binds to the relatively uncharacterized tau2 activation
domain in the hinge region of GR. Requirement of hydrogen per-
oxide-inducible clone-5 (Hic-5) for glucocorticoid-regulated gene
expression was defined by Hic-5 depletion and global gene-
expression analysis. Hic-5 depletion selectively affected both activa-
tion and repression of GR target genes, and Hic-5 served as an on/
off switch for glucocorticoid regulation of many genes. For some
hormone-induced genes, Hic-5 facilitated recruitment of Media-
tor complex. In contrast, many genes were not regulated by glu-
cocorticoid until Hic-5 was depleted. On these genes Hic-5
prevented GR occupancy and chromatin remodeling and thereby
inhibited their hormone-dependent regulation. Transcription fac-
tor binding to genomic sites is highly variable among different
cell types; Hic-5 represents an alternative mechanism for regulat-
ing transcription factor-binding site selection that could apply
both within a given cell type and among different cell types.
Thus, Hic-5 is a versatile coregulator that acts by multiple gene-
specific mechanisms that influence genomic occupancy of GR as
well transcription complex assembly.

nuclear receptor | steroid receptor | enhancer

lucocorticoid receptor (GR, NR3CI) regulates diverse phys-

iological programs via gene activation and repression. The
selection of target genes, directionality of regulation (up or
down), and magnitude of the response are determined by a
complex interplay of several factors: the activating ligand and
DNA binding sequence that together modulate GR conforma-
tion and the local “regulatory environment” of each gene. The
latter comprises chromatin conformation and other bound tran-
scription factors (TFs). Together, these environmental determi-
nants influence the recruitment of and requirement for specific
coregulators that regulate transcription complex assembly. Current
evidence suggests that scores of coregulators cooperate in the
transcriptional regulation of each gene, with each coregulator
contributing a specific molecular function, e.g., remodeling of
chromatin or transcription complex assembly/disassembly (1).
Moreover, coregulators act gene specifically, using different ac-
tivation and repression domains to perform different actions on
different genes, as specified by the bound GR (2-6). Protein
allostery and the combinatorial nature of transcriptional regu-
lation are responsible for the gene specificity of receptor and
coregulator function (7, 8), but the specific steps facilitated by
a coregulator in a given context are mostly unknown. Although
deciphering the exact mechanisms driving context-dependent
specificity of gene regulation will require system-wide studies that
explore the influence of all interacting components of a regulatory
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network, the identification of such molecular mechanisms also
will demand analyses at the individual gene level.

Combinatorial regulation by nuclear receptors is determined by
interaction of the coregulator with various surfaces of the receptor
(1, 9). Multiple functional surfaces have been implied by bio-
chemical, molecular, genetic, and structural studies (8, 10), but
only one of these surfaces, termed “AF2,” has been defined in
detail (9). Another such functional surface is the hinge region of
GR, which serves as a flexible linker between the DNA-binding
domain (DBD) and the ligand-binding domain (LBD). The hinge
contains a nuclear localization signal (11) and an acetylation motif
that has been implicated in transcriptional regulation (12). Muta-
tions that alter certain residues in the hinge region of steroid
receptors can alter the specificity of response element occupancy
(13). GR has a transcriptional activation function called “tau2,”
mapped by deletion analysis to 29 amino acids (527-556 in hu-
man GR) that span the junction between the hinge and LBD
(14). Hinge regions of other nuclear receptors are also important
for transcriptional activation (15-17). Only a few coregulators
that interact with the hinge region of nuclear receptors have
been identified, including HEXIM1, JDP2, TAFII30, SNURF,
ASC-1, BAF57, and hydrogen peroxide-inducible clone-5 (Hic-5,
TGFBIII) (18-24). Hic-5 is the only protein known to bind the
relatively uncharacterized GR tau2 (24).

Significance

Transcription factors (TFs) and their coregulators constitute
two components of transcriptional regulatory complexes.
TFs are thought to mediate genomic site selection, whereas
coregulators appear to modulate the assembly/disassembly of
the regulatory complex, which in turn specifies mechanisms of
regulation. Here we show that coregulator hydrogen peroxide-
inducible clone-5 (Hic-5) acts gene selectively in both modes.
On some glucocorticoid receptor (GR) target genes it contrib-
utes to the assembly of transcription complexes. However, on
other GR target genes it acts before genome occupancy by GR
and thereby influences the set of sites occupied by GR. Because
genomic occupancy by GR and other TFs varies in different cell
types and regulatory contexts, Hic-5 represents an alternative
mechanism for regulating DNA binding by TFs, complementing
the influence of chromatin and pioneer factors.
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Linll, Isl-1, Mec-3 (LIM) domain coregulator Hic-5 is a
member of the paxillin family with multiple cellular locations and
functions. In the cytosol, it acts as a scaffold at focal adhesions and
controls important cellular processes such as proliferation, in-
vasion, and apoptosis (25-27). In the nucleus, we and others have
shown that it functions as a nuclear receptor coactivator in tran-
sient reporter gene assays (24, 28). Several physiological and
pathological programs are known to depend on Hic-5 through its
action with nuclear receptors [e.g., regulation of epithelial fat cell
differentiation by PPARy (29), endometriosis by modulation of
PR (30), and prostate tumorigenesis by AR (31)]. Hic-5 also
coregulates other TFs, e.g., SMADs and Spl (32, 33).

The two defining characteristics of transcriptional regulatory
complexes—specific genomic occupancy and coassembly of mul-
tiple effector components to generate regulatory mechanisms—
have long been considered to be functional roles resident sepa-
rately in TFs and coregulators, respectively. Assuming that GR
carries out genomic site selection, in this study we investigated
the scope, specificity, and mechanism of Hic-5 coregulator func-
tion by combining experimental analyses of genome-wide expres-
sion, factor occupancy, chromatin structure, and gene-specific
determination of regulatory mechanisms. Our results challenge
the paradigm that genomic site selection by TFs is independent
of coregulators.

Results

Hic-5 Depletion Affects both Activation and Repression of GR Target
Genes. After Hic-5 was depleted from U20S-GR human osteo-
sarcoma cells (which stably express GRa, the major GR isoform)
using transfected siRNA, we performed gene-expression pro-
filing of cells treated with the GR ligand dexamethasone (Dex)
or ethanol (vehicle) for various lengths of time. Cells transfected
with nonspecific siRNA were used as control. Each of two non-
overlapping siRNAs directed against the Hic-5 coding sequence
efficiently reduced endogenous Hic-5 protein and mRNA (Fig. S1
A and B). Hic-5 depletion persisted through 24 h of Dex treatment
(Fig. S1C). Genome-wide transcript levels were measured using
the Illumina bead microarrays (Fig. S1D).

The Dex-regulated subset of genes included 650 genes in
Hic-5% cells that were either positively or negatively regulated
by Dex at 4-h treatment (Fig. 14 and Dataset S1, sheet 1).
Comparing the differences in transcript levels at 4 h of Dex
treatment in Hic-5* and Hic-5-depleted samples, we found 4,422
genes with significant changes in mRNA levels caused by Hic-5
depletion (Fig. S1E, compare d and b). The intersection of this
subset with the Dex-regulated subset included 236 genes that
were both Dex regulated and Hic-5 regulated (Fig. 14, Dataset S1,

Fig. 1. Differential effects of Hic-5 depletion on
transcriptional regulation by GR. (A) Venn diagram
showing effects of Hic-5 depletion and Dex treat-
ment on global gene expression. The Hic-5-regu-
lated set indicates the number of genes with mRNA
levels that differ significantly (g < 0.02) after 4 h of 3974
Dex treatment for cells treated with Hic-5-directed
siRNA#2 (siHic-5) versus nonspecific siRNA (siNS). The
Dex-regulated set shows the number of genes with D
mRNA levels that differ at least twofold and q < 0.02
between siNS-transfected cells treated with ethanol
or Dex for 4 h. The overlap shows genes belonging
to the Dex-regulated set that also are significantly
affected by Hic-5 depletion (Hic-5-modulated, mod).
The Dex-regulated genes outside the overlap are
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sheet 2). This subset, the Hic-5-modulated class (mod), repre-
sented 36% of all Dex-regulated genes, indicating a broad but
selective role for Hic-5 on GR-mediated transcription. The 414
Dex-regulated genes that were unaffected by Hic-5 depletion
were designated the “Hic-5-independent” class (ind) (Fig. 14
and Dataset S1, sheet 3), although it is likely that some ind
genes were differentially regulated but did not yield a statistically
significant result.

To analyze further the effect of Hic-5 on Dex regulation of
mod genes, we generated a scatter plot with effects of Dex in
Hic-5" cells on the y-axis and the corresponding effects of Hic-5
depletion in cells treated with Dex for 4 h on the x-axis (Fig. 1 B
and C). The black dots represent ind genes. The colored dots
in the different quadrants represent mod genes and include
(i) genes up-regulated by Dex with the induction inhibited by
Hic-5 depletion (orange, 85 genes); (ii) genes up-regulated by
Dex with the induction further enhanced by Hic-5 depletion
(blue, 75 genes); (iii) genes repressed by Dex with the repression
reversed by Hic-5 depletion (green, 44 genes); and (iv) genes
repressed by Dex with the repression further augmented by Hic-5
depletion (red, 32 genes). Four mod genes that were substantially
affected by Hic-5 depletion in the microarray data and repre-
sented positive and negative effects of Hic-5 on Dex-regulated
genes were validated by reverse transcription coupled with quan-
titative PCR (RT-qPCR) along with two ind genes (Fig. S2 4
and B). WNT5A was induced by Dex in the presence of endog-
enous Hic-5, but Hic-5 depletion essentially eliminated induction
by Dex (Fig. S24), indicating Hic-5’s coactivator function on
WNTS5A. On the other hand, CX3CL]I expression is repressed by
Dex when Hic-5 is present but is repressed less efficiently after
Hic-5 depletion (Fig. S2B). Thus, Hic-5 can function as either a
coactivator or a corepressor. In addition, Hic-5 also opposed the
action of Dex and GR on other genes; e.g., Dex-induced ex-
pression of RGS2 was further enhanced by Hic-5 depletion, and
KLF10 repression by Dex was stronger when Hic-5 was depleted
(Fig. S2 A and B). We also validated the ind genes CRYGC and
CCRN4L, whose regulation by Dex was not affected by Hic-5
depletion (Fig. S2 4 and B).

We also found another distinct subset of genes that normally
was unresponsive or weakly responsive to Dex in the presence of
Hic-5 but became robustly Dex regulated upon Hic-5 depletion
(Fig. 14, Fig. S2C, and Dataset S1, sheet 4). This subset of 212
genes was categorized as the “Hic-5-blocked” class (block) and
included genes that become Dex induced (Fig. S2C, Upper Right
Quadrant, darker blue, 115 genes) or Dex repressed (Fig. S2C,
Lower Right Quadrant, darker green, 97 genes) only upon Hic-5
depletion. RT-qPCR analysis validated CTSH as an example of
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Hic-5-independent (ind), and the small circle in the Hic-5-regulated set indicates Hic-5-blocked genes (block). (B) Scatter plot showing the effect of Dex versus
the effect of Hic-5 depletion on the mRNA level for genes in the Dex-regulated set. The y-axis shows the log, of the fold change when comparing 4-h
Dex-treated versus ethanol-treated Hic-5" cells; the x-axis shows the log, of the fold change when comparing Hic-5-depleted cells versus Hic-5" cells at 4 h
Dex treatment. Black dots indicate ind genes. Colored dots (coordinated with C) indicate mod genes. (C) Number of mod genes in each color-coded subset
from B. (D) RT-qPCR validation of a candidate block gene (CTSH). mRNA expression values were normalized to Gapdh mRNA levels for each sample and are

represented as mean + SEM of three biological replicates.
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Fig. 2. Hic-5 affects Dex-regulated gene expression at the level of tran-
scription. Cells were transfected with siNS and siHic-5 for 2 d and then were
exposed to 100 nM Dex for 2, 4, 8, or 12 h. Relative levels of mRNA (4) and
pre-mRNA (B), determined by RT-qPCR, are shown. Treatment with an equiv-
alent amount of ethanol for 4 h was used for the 0-h time point. Relative
RNA values were normalized to Gapdh mRNA levels for each sample and are
mean + SEM of three biological replicates.

a block gene (Fig. 1D). Almost half (107 genes) of the mod genes
(e.g., RGS2 and KLFI10) resemble block genes, because their
regulation by Dex was augmented by Hic-5 depletion. However,
mod genes already were regulated at least twofold (¢ < 0.02) by
Dex before Hic-5 depletion, whereas block genes did not pass the
imposed twofold change and g < 0.02 cutoffs until Hic-5 was
depleted. Altogether, 319 genes became considerably more Dex
regulated after Hic-5 depletion.

We used Gene Ontology (GO) analysis to test whether we
might find a striking distinction between Hic-5-dependent (com-
bined mod and block genes) and ind genes; such a distinction
might strongly infer Hic-5 function. Although two of the top
categories of Hic-5-dependent genes also were strongly repre-
sented among the ind genes, the two classes of Dex-responsive
genes were largely distinct (Fig. S3). The Hic-5-dependent group
included response to hypoxia, regulation of cell migration, ad-
hesion, differentiation, and apoptosis, but no single class was so
dominant as to infer a single primary function of Hic-5 in the
context of GR action (Dataset S2, sheets 1 and 2).

Hic-5 Exerts Its Effects at the Level of Transcription. To characterize
Hic-5 action further, we tracked mRNA expression profiles of
SCNNIA (mod), IGFBPI (ind), and RPILI (block) upon Dex
treatment in the presence and absence of Hic-5, focusing on genes
that were induced upon Dex treatment. Induction of SCNNI14 by
Dex in Hic-5* cells was completely inhibited by Hic-5 depletion
(Fig. 24). In contrast, RP1L1 was not regulated by Dex in the
presence of Hic-5, but Hic-5 depletion allowed robust induction
by Dex. Dex regulation of JGFBPI was unchanged by Hic-5
depletion (Fig. 24). Because mRNA accumulation is affected
by several factors in addition to synthesis (e.g., splicing, trans-
port, and turnover), we measured the levels of newly synthesized
primary transcripts. The pre-mRNA expression profiles of the
three genes closely resembled the mRNA patterns (Fig. 2B),
indicating that Hic-5 acts to regulate pre-mRNA synthesis. To
increase confidence that effects of Hic-5 depletion on tran-
scription were not mediated by off-target effects of the Hic-5
siRNA#2, we used an additional siRNA construct (siHic-5#1),
which also efficiently depleted Hic-5 levels (Fig. S1. 4 and B), and
found that it reproduced the effects of siHic-5#2 on SCNNIA,
RPILI, and IGFBPI (Fig. S4). Thus, Hic-5 served as an on/off
switch for Dex regulation of some genes.

Hic-5 Facilitates Dex-Induced Coregulator Recruitment to mod Genes.
To explore the mechanism by which Hic-5 contributes to Dex-
induced expression of mod genes, we evaluated whether GR
occupancy on the presumed glucocorticoid (GC) response elements

Chodankar et al.

(GRE) of those genes was altered by Hic-5 depletion. Information
on locations of GR binding regions (GBRs) in U20S-GR cells
was acquired by deep-sequencing analysis of ChIP-enriched
DNA obtained with a GR-specific antibody, and the Genomic
Regions Enrichment of Annotations Tool (34) was used to assign
peaks to genes. Selected peaks were validated subsequently by
ChIP-qPCR analysis (Fig. S5). The two GBRs identified near
SCNNIA (mod) had similar levels of Dex-induced occupancy by
GR when Hic-5 was present or absent (Fig. 34), indicating that
loss of transcriptional activation upon Hic-5 depletion (Fig. 24)
was not caused by loss of GR binding but instead involved Hic-5
actions subsequent to GR binding. Two other mod genes, FKBP5
and SGK1I (Fig. S6A4), also showed Dex-induced GR occupancy
despite Hic-5 depletion (Fig. S6B). In fact, Hic-5 depletion in-
creased Dex-induced GR occupancy at the GBRs of most genes
tested, including ind genes IGFBP1, MSX2, and CRYGC (Fig. 34
and Fig. S6B). Because Hic-5 depletion did not affect ind genes,
we failed to detect a simple correlation between the level of GR
occupancy and the level of transcriptional activity for the mod
and ind genes.

Hic-5 conceivably could facilitate transcriptional activation by
direct action at the GR target gene or indirectly by regulating
transcription of a primary gene whose product regulates the GR
target gene. Because direct action would require Hic-5 occupancy
at the gene, we conducted ChIP analysis using a Hic-5-specific
antibody. Hic-5 was recruited in a Dex-dependent manner to the
GBRs of SCNNI1A4 and FKBP5 (mod) and to the GBRs of MSX2
and IGFBPI (ind) (Fig. 3C and Fig. S6C), as is consistent with
direct action of Hic-5 on GR target genes. The recruitment of
Hic-5 to ind genes, which do not require Hic-5 for their Dex-
induced expression, likely reflects the combinatoriality and con-
text dependence of metazoan transcriptional regulation, in which
the actions of a given coregulator (e.g., recruitment of a general
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£
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B 5 e C Hic-5
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Fig. 3. GR and Hic-5 occupancy of GR target genes. (A) GR occupancy. Cells
were transfected with siNS or siHic-5 and treated with Dex or ethanol for 1 h.
DNA from immunoprecipitated chromatin was analyzed by gPCR using the
indicated primers and normalized to input chromatin. *P < 0.05, **P < 0.01
calculated using a paired t test for results from three independent experi-
ments. Abbreviations are as in Fig. 1; neg region, negative control region of
DNA. (B) Immunoblot showing effects of Hic-5 depletion on Hic-5 and GR
protein levels in cells treated with Dex or ethanol for 1 h, with p-actin pro-
tein as internal control. (C) Hic-5 occupancy. ChIP was performed in cells
treated with Dex or ethanol for 1 h. Hic-5 occupancy at the indicated GBR is
expressed as the mean and range of variation for two technical replicates
from one experiment and is representative of at least three independent
experiments.

PNAS | March 18,2014 | vol. 111 | no. 11 | 4009

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400522111/-/DCSupplemental/pnas.201400522SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400522111/-/DCSupplemental/sd02.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400522111/-/DCSupplemental/pnas.201400522SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400522111/-/DCSupplemental/pnas.201400522SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400522111/-/DCSupplemental/pnas.201400522SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400522111/-/DCSupplemental/pnas.201400522SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400522111/-/DCSupplemental/pnas.201400522SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400522111/-/DCSupplemental/pnas.201400522SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400522111/-/DCSupplemental/pnas.201400522SI.pdf?targetid=nameddest=SF6

L T

/

1\

=y

transcription factor) may produce a regulatory function (e.g., in-
creased initiation rate) in some cellular or physiologic settings
but not in others. We confirmed by coimmunoprecipitation that
endogenous Hic-5 interacts with stably over-expressed GR in
U20S-GRa cells (Fig. S6D). Interestingly, the interaction was
Dex independent. We also were able to detect an interaction
when the two proteins were transiently expressed in Cos-7 cells
(Fig. S6 E and F). The GR-Hic-5 interaction presumably is re-
sponsible for Hic-5 recruitment to GR target genes and provides
a potential avenue for direct Hic-5 action on these genes.

Next, we used quantitative ChIP to analyze the recruitment
of coregulators that control important steps in transcription
complex assembly. CREB-binding protein (CBP) and p300, two
protein/histone acetyltransferases, were recruited efficiently to the
SCNNIA GBRs in response to Dex whether Hic-5 was present or
depleted (Fig. 4 A and B). In contrast, Dex-induced occupancy of
Mediator complex subunit 1 (MED1) on SCNNIA was reduced
when Hic-5 was depleted (Fig. 4C). CBP, p300, and MED1 pro-
tein levels were not altered by Hic-5 depletion (Fig. 4D). Similar
observations were made on FKBP5 (mod) (Fig. S7 A-C). In
agreement with the known role of MED1 as a bridge between
enhancers and promoters of genes by directly contacting the
basal transcriptional machinery and RNA polymerase II (Pol II)
(35), we found that Hic-5 depletion caused reduced Dex-induced
RNA Pol II occupancy of the SCNNIA transcription start site
(TSS) and GBR (Fig. 4E). Similar results were observed at the
TSS of FKBPS5 (Fig. S7D). In contrast to the mod genes, re-
cruitment of MED1 and RNA Pol II to ind genes IGFBPI and
MSX?2 was not diminished by Hic-5 depletion and instead was
increased on many ind genes (Fig. 4 C and E and Fig. S7 C and D);
although the increase was consistent, the differences were not sig-
nificant over multiple experiments. The fact that ind gene expres-
sion did not increase upon Hic-5 depletion (despite increased
occupancy by GR, coregulators, and RNA Pol II) indicates that
the occupancy levels of these proteins in the presence of Hic-5
were not rate limiting for optimal Dex-induced expression of
ind genes.

Hic-5 Inhibits Dex-Induced GR Binding to block Genes. To investigate
the mechanism by which Hic-5 prevents GC regulation of block
genes, we evaluated GR occupancy of selected block GBRs. The
GBR associated with the RPILI gene was weakly occupied by
Dex-activated GR in the presence of Hic-5 (Fig. 34). However,
Hic-5 depletion caused a dramatic enhancement of GR occu-
pancy at this site (Fig. 34), which was not caused by alterations
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in cellular GR protein levels (Fig. 3B). Hic-5 occupancy at the
RPIL1 GBR was weaker than in mod and ind genes (Fig. 3C),
presumably because of weak GR binding at that site. Similar
results for GR and Hic-5 occupancy were observed at the GBR
of another block gene, HOXDI (Fig. S6 B and C). Although
Hic-5 depletion caused moderate enhancement of GR binding to
several mod and ind genes, the dramatic change in GR occupancy
at block genes after Hic-5 depletion indicates that restricted GR
binding may be the underlying mechanism by which Hic-5 pre-
vents efficient transcription of those genes. We examined steps in
transcription complex assembly that occur after GR binding, and
found that Hic-5 depletion caused dramatic enhancement of
Dex-induced occupancy of most of the transcription complex
components tested (coregulators CBP, p300, and MED1 and
RNA Pol II) at the GBRs of the block genes RP1L1 and HOXD1
(Fig. 4 and Fig. S7). Notably even though weak Dex-induced GR
binding was seen at block genes when Hic-5 was present (Fig. 34
and Fig. S6B), there was little or no Dex-induced binding of
CBP, p300, MED1, or RNA Pol II in the presence of Hic-5.
Collectively, for block genes, Hic-5 strongly inhibited GR binding
and precluded transcription complex assembly.

Hic-5 Regulates Chromatin Remodeling of block Genes. To explore
further how Hic-5 restricts GR binding and coregulator recruit-
ment to block genes, we examined chromatin remodeling at GBRs
of selected genes using Formaldehyde Assisted Isolation of
Regulatory Elements (FAIRE) followed by qPCR. For mod
genes (SCNNIA, FKBPS, and SGKI) and ind genes (IGFBPI,
MSX2, and CRYGC), treatment with Dex increased the FAIRE
signals at the GBRs in Hic-5* cells, indicating opening of the
chromatin conformation. Hic-5 depletion moderately increased
the Dex-induced FAIRE signals at these genes (Fig. 5 and Fig.
S7E). In sharp contrast, Dex caused little or no increase in open
chromatin, as seen by low FAIRE signals, at GBRs of block
genes (RPIL1 and HOXDI) when Hic-5 was present. However,
Hic-5 depletion caused robust induction of FAIRE signals by Dex
at these regions (Fig. 5 and Fig. S7E). These results suggest that the
weak GR binding and coregulator recruitment at block genes may
reflect Hic-5 inhibition of GR-mediated chromatin remodeling.

Discussion

Gene-Specific Roles of Hic-5 in Dex-Regulated Transcription. In this
study, we provide insights into the nature and mechanism of
Hic-5 coregulator function in global GC-regulated transcription.
We defined distinct subsets of genes for which GR function was

N Fig. 4. Hic-5 either facilitates or blocks
MED1 , transcription complex assembly. ChIP
assays evaluated CBP (A), p300 (B), MED1

(C), and RNA Pol Il (E) recruitment in

cells transfected with the indicated siRNA

and treated with ethanol or Dex for 1 h.

DNA from immunoprecipitated chroma-

tin was analyzed by gPCR using primers

specific for the indicated GBR in A-C and

|JT- for the indicated GBR or TSS in E. Data

shown are the mean of two PCR reactions
performed on the same DNA samples
from a single experiment, normalized
to input DNA, and are representative of
three independent experiments. Error bars
indicate the range of variation of two
technical replicates. *P < 0.05 calculated
using a paired t test for three indepen-
dent experiments. Abbreviations are as
in Fig. 3A. (D) Immunoblot showing
effects of Hic-5 depletion on CBP, p300,
and MED1 protein levels after treatment
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ind with ethanol or Dex for 1 h.
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Fig. 5. Hic-5 regulation of Dex-induced chromatin remodeling. Chromatin
remodeling was measured by FAIRE coupled with gPCR at GBRs of the in-
dicated genes in cells transfected with siNS or siHic-5 and then treated with
Dex or ethanol for 1 h. The graph depicts the percentage of input DNA
recovered in the soluble fraction after chromatin sonication, expressed as
mean + SD of the FAIRE signal for three technical replicates from a single
experiment and is representative of at least three independent experiments.
*P < 0.05 and ***P < 0.001 calculated using a paired t test for three in-
dependent experiments.

influenced by Hic-5. Hic-5 plays diverse roles characterized by
several distinct principles. First, Hic-5 action was highly gene
specific, because it was not required for regulation of all genes
by Dex. Second, Hic-5 depletion had dramatic effects on Dex-
regulated transcription of some genes, in which Hic-5 served as
an all-or-none switch, so that Dex-induced transcriptional regulation
by GR was completely dependent on the presence of Hic-5 for some
genes and on the absence of Hic-5 for other genes. In contrast,
depletion studies with many other coregulators have indicated that
they serve as modulators rather than as all-or-none determinants of
steroid hormone-regulated gene expression (2, 36-39). Third, Hic-5
was able to function as a coactivator and as a corepressor. Fourth,
Hic-5 supported the regulatory actions of Dex and GR on some
genes but opposed GR actions on other genes. Finally, and perhaps
most noteworthy, Hic-5 functioned either before or after the es-
tablishment of genomic occupancy by GR. The highly gene-selective
actions of Hic-5 indicate that Hic-5 controls specific physiological
pathways regulated by GR. Indeed, a tissue-specific pattern of Hic-5
expression has been reported, with high levels in smooth muscle
tissues and myoepithelial cells compared with undetectable levels in
epithelial cells from the stomach, colon, liver, skin, and breast (40),
suggesting that Hic-5 may influence cell type-specific gene regula-
tion by GR.

Selective Modulation of Regulatory Complex Assembly by Hic-5. In
this study, we were able to distinguish two mechanistic classes of
Dex-responsive genes regulated by Hic-5, mod and block genes.
In our analysis of the mod class we focused on genes that require
Hic-5 for Dex-induced transcription. We found that depletion of
Hic-5 did not affect Dex-induced GR binding, chromatin re-
modeling, or recruitment of CBP and p300 to the GBRs; rather,
it reduced MED1 and RNA Pol II recruitment, revealing the
mechanism of Hic-5 action on these genes (Fig. 64). Mediator
complex (of which MED1 is a subunit) facilitates RNA Pol II re-
cruitment to promoters (35), explaining why the Dex induction of
mod genes was inhibited by Hic-5 depletion. The observation that
efficient MED1 recruitment is regulated by Hic-5 supports the view
that Hic-5 serves as a molecular scaffold, possibly through its LIM
domains, which are known protein-interaction motifs, to stabilize
higher-order coregulator complexes (41).

Selective Modulation of GR-Binding Site Selection by Hic-5. The block
genes represent the second mechanistic class of Dex-responsive,
Hic-5-regulated genes and revealed an unexpected action of a
coregulator on genomic site selection by GR. Our FAIRE results
indicate that Hic-5 precludes Dex-induced chromatin remodeling,
whereas depletion of Hic-5 results in robust Dex-induced chromatin
remodeling and GR occupancy at block genes that become Dex
inducible after Hic-5 depletion. A parsimonious model for the block
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subclass is that Hic-5 might impede the establishment of robust GR
occupancy at block GREs by preventing GR-dependent chromatin
remodeling (Fig. 6B), although other models also are feasible. The
demonstrated GR and Hic-5 interaction (Fig. S6 D-F) and the Dex-
induced occupancy of Hic-5 on the GBRs associated with the genes
examined in this study (Fig. 3C) are consistent with Hic-5 action on
block genes through its interaction with GR; however, we cannot
rule out the possibility that action by Hic-5 before Dex treatment
by a GR-independent mechanism might create an unfavorable
chromatin environment that precludes robust Dex-induced GR
occupancy. Differences in the local chromatin environment of mod,
ind, and block GBRs could account for the different modes of reg-
ulation (42).

The regulation by Hic-5 of GR binding to a specific gene set is
striking and unexpected. As a coregulator that limits genomic oc-
cupancy of a TF selectively, Hic-5 provides a unique opportunity to
understand a mechanism that strongly influences TF-binding site
selection. Because Hic-5 expression is strongly tissue specific (40),
and GBRs differ in different cell types (43), understanding how Hic-
5 regulates GR binding to genomic sites and the specific charac-
teristics that define block genes will provide powerful insights into
the mechanisms that regulate differential TF binding in cells.

In summary, Dex responsiveness of a substantial proportion of
GR target genes in U20S-GR cells is influenced by Hic-5. Fur-
thermore, Hic-5 completely blocks ligand-mediated regulation of
some genes. The diverse mechanisms by which Hic-5 selectively
regulates target genes are likely caused by the variable regulatory
context of genes, which determines the requirement for and the
actions of Hic-5. A comparison of chromatin features in the dif-
ferent Hic-5-regulated gene classes would provide clues to the
mechanisms. Because Hic-5 binds to the GR tau2 domain, which
is adjacent to the GR DBD, a detailed structural and functional
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Fig. 6. Proposed models for Hic-5 action on Dex-induced GR target genes.
(A) For mod genes that require Hic-5 for Dex-induced expression, Hic-5
facilitates Dex-induced recruitment of the Mediator complex (MED1), which
recruits RNA Pol Il (Lower Left). In the absence of Hic-5 (Lower Right), GR
binding, nucleosome repositioning to create open chromatin at the GBR, and
recruitment of p300 and CBP are still induced by Dex, but MED1 and RNA Pol II
are not recruited efficiently. (B) For block genes that become Dex-inducible
after Hic-5 depletion, induction by Dex in the presence of Hic-5 induces weak
GR binding, and GR recruits Hic-5, which prevents recruitment and/or action
of chromatin-remodeling coregulators, resulting in a repressive chromatin
conformation at GBRs. Hic-5 depletion allows more robust Dex-induced GR
recruitment, nucleosome repositioning, and transcription complex assembly.
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comparison of the interaction of Hic-5 with GR bound to DNA
representing the various Hic-5-regulated gene classes could provide
important insights into how GR transcriptional specificity is imparted.
The selectivity of Hic-5 function on GR target genes also might
provide future opportunities for therapeutic intervention by targeting
Hic-5 or the GR tau2 region to modulate the set of genes regulated
by GR.

Materials and Methods

Extended descriptions of the experimental procedures and details of reagents
are provided in S/ Materials and Methods.

RNA.. A clonal line of U20S cells stably expressing rat GRa was grown as described
(44). Cells were plated in medium supplemented with 5% (volivol) FBS and
transfected with siRNA using Lipofectamine RNAIMAX (Invitrogen). For Hic-5
depletion, siRNA#2 was used unless otherwise indicated. After 2 d (24 h time
point) or 3 d (for the ethanol, 2 and 4 h Dex time points) cells were treated with
100 nM Dex. Samples from all treatment groups were harvested at the same time.
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Gene-Expression Microarray Analysis. Total RNA samples were used for lllumina
HT12v4 bead chip analysis by standard Illumina procedures. Bioinformatics
analysis is described in S/ Materials and Methods. The Gene Expression
Omnibus accession number for the microarray data is GSE46448.

ChIP Assay. ChIP was performed as described (6). Primers for GBRs were
designed using the data deposited in the National Center for Biotechnology
Information’s Sequence Read Archive via accession number SRP020242.

FAIRE. The protocol for FAIRE was described previously (45). The resulting
DNA was analyzed by gPCR amplification.
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