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The transcriptional co-activator NCOA6 promotes estrogen-
induced GREB1 transcription by recruiting ERa and
enhancing enhancer-promoter interactions
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Estrogen and its cognate receptor, ER, regulate cell prolifer-
ation, differentiation, and carcinogenesis in the endometrium
by controlling gene transcription. ERa requires co-activators to
mediate transcription via mechanisms that are largely unchar-
acterized. Herein, using growth-regulating estrogen receptor
binding 1 (GREB1) as an ERa target gene in Ishikawa cells, we
demonstrate that nuclear receptor co-activator 6 (NCOAG®6) is
essential for estradiol (E2)/ERa-activated GREB1 transcrip-
tion. We found that NCOAG6 associates with the GREBI pro-
moter and enhancer in an E2-independent manner and that
NCOAG6 knockout reduces chromatin looping, enhancer—
promoter interactions, and basal GREB1 expression in the
absence of E2. In the presence of E2, ERa bound the GREB1
enhancer and also associated with its promoter, and p300, mye-
loid/lymphoid or mixed-lineage leukemia protein 4 (MLL4),
and RNA polymerase II were recruited to the GREB1 enhancer
and promoter. Consequently, the levels of the histone modifica-
tions H3K4mel/3, H3K9ac, and H3K27ac were significantly
increased; enhancer and promoter regions were transcribed;
and GREB1 mRNA was robustly transcribed. NCOA6 knockout
reduced ERa recruitment and abolished all of the aforemen-
tioned E2-induced events, making GREB1 completely insensi-
tive to E2 induction. We also found that GREBI1-deficient
Ishikawa cells are much more resistant to chemotherapy and
that human endometrial cancers with low GREB1 expression
predict poor overall survival. These results indicate that NCOA6
has an essential role in ERa-mediated transcription by increas-
ing enhancer—promoter interactions through chromatin loop-
ing and by recruiting RNA polymerase II and the histone-code
modifiers p300 and MLL4. Moreover, GREB1 loss may predict
chemoresistance of endometrial cancer.

The uterus, where the embryo implants and develops, is an
estrogen-regulated essential reproductive organ (1). During the

proliferative phase of the menstrual cycle, the increased level of
17B-estradiol (E2)? induces a rapid growth of the uterine endo-
metrium consisting of both epithelial and stromal cells (1).
Endometrial tissues with estrogen overexposure are predis-
posed to endometrial hyperplasia and carcinogenesis (2). Estro-
gen promotes endometrial growth mainly through binding to
the estrogen receptor a (ERa) (3). Either estrogen or ER« defi-
ciency causes uterine hypoplasia, which results in a failure of
uterine decidualization and embryo implantation (4). Interest-
ingly, although both endometrial epithelial and stromal cells
express ERa, estrogen-induced epithelial proliferation is indi-
rectly regulated by ERa in the stromal cells that release para-
crine factors upon estrogen stimulation (5). In the uterus, ER«
expressed in the epithelial cells mainly mediates the estrogen-
regulated epithelial differentiation, function, and survival (6).
In endometrial carcinoma cells, ER is often required for main-
taining the proliferation and differentiation status of these can-
cer cells. Inhibition of ERa function may slow down cancer cell
proliferation but may induce dedifferentiation and resistance to
anti-estrogen therapy (7, 8). However, it is still not clear how
ERa exactly regulates its individual target genes in endometrial
carcinoma cells.

Estrogen-bound ER« forms a dimer complex that translo-
cates into the nucleus, where it binds the DNA estrogen-re-
sponsive element (ERE) in an enhancer or a promoter of its
target gene to regulate mRNA transcription. As other nuclear
receptors, ERa relies on the recruitments of co-activators such
as the three members of the steroid receptor co-activator (SRC)
family, p300, CREB-binding protein (CBP), and CARM1 to
mediate transcriptional activity (1, 3, 9). In addition to re-pro-
grammed histone modifications by the recruited CBP and p300
histone acetyltransferases and CARM1 methyltransferase, co-
activators may also play a role in the reorganization of chroma-
tin loops to enhance enhancer and promoter interaction. It has
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NCOAG6 is essential for GREB1 transcription

recently been demonstrated that SRC-3 can promote estrogen/
ERa-mediated transcription by re-organizing estrogen/ERa-
induced chromatin looping in breast cancer cells (10). How-
ever, the mechanisms for many other co-regulators in the
regulation of endogenous target gene transcription by estro-
gen/ERa remain largely unclear.

The nuclear receptor co-activator 6 (NCOAS®6), also known as
AIB3, ASC-2, PRIP, NRC, TRBP, and RAP250 (11-16), is a
transcriptional co-regulator that can interact with multiple
nuclear receptors (NRs), including ERq, peroxisome prolifera-
tor-activated receptor y (PPAR 1), retinoid X receptor (RXR),
retinoic acid receptor, thyroid hormone receptors, glucocorti-
coid receptor, liver X receptor, vitamin D receptor, and andro-
gen receptor (AR) (12, 14,17, 18). Based on reporter gene assays
carried out in cultured cells, NCOA6 can promote the tran-
scriptional activities of these NRs and certain other transcrip-
tion factors such as CREB, AP-1, NF-«B, SRF, CEBP«, and E2F1
(12, 19-21). NCOAG6 is a component of ASCOM complex that
also contains MLL3 and MLL4 lysine methyltransferases for
modifying H3K4 when recruited to the chromatin (22, 23). Fur-
thermore, NCOAG6 has been shown to interact with 53BP1 to
mediate p53 function (23), with RB to mediate AR function
(18), with PPAR-binding protein (also known as TRAP220 or
MED1) to mediate PPAR function (13), and with SRC-1/CBP
co-activator complex or COAA to mediate NR transcriptional
functions (14, 24, 25). However, the role of NCOA®6 in chroma-
tin-looping configuration has not been studied.

We have shown that NCOAG6 is expressed in many tissues,
including neurons in the brain, mammary gland epithelial cells,
pancreatic islet cells, and endometrial epithelial and stromal
cells (26). Germline knockout of Ncoa6 in mice causes embry-
onic lethality (27). Furthermore, heterozygous knockout of
Ncoa6 in mice accelerated mammary gland tumor growth
induced by the polyoma middle T oncoprotein, probably due to
the compromised tumor suppressor function of PPAR and RXR
(28). Moreover, conditional knockout of Ncoa6 in the mouse
endometrium increases ERa protein in the stromal cells and
SRC-3 expression in the epithelial cells, resulting in estrogen
super-sensitivity, overproliferation of epithelial cells, and fail-
ure of embryo implantation. The loss of Ncoa6 causes ERa
accumulation because Ncoa6 enhances ERa ubiquitination to
accelerate its degradation (29). These findings indicate that
NCOAG6 plays pleiotropic physiological roles in development
and estrogen-regulated organ functions. However, the molec-
ular mechanisms responsible for NCOA6 to mediate ER« tran-
scriptional function have not been studied with any endoge-
nous estrogen/ERa target genes.

The growth-regulating estrogen receptor—binding 1 GREBI
is an early estrogen-responsive gene in breast cancer cells (30).
In the uterus, GREBI is highly expressed in the endometrium,
and its expression levels fluctuate in accordance with estrogen
levels through the woman’s reproductive age (31). Similarly,
positive correlation between GREB1 expression levels and ER«
activation was also observed in endometrial cancer cells (32).
As an ERa target gene, previous studies have identified EREs at
—35-, —21-, —9.5-, —1.6-, and +6-kb positions from the tran-
scriptional start site (TSS) of the human GREBI gene in breast
cancer cells (10, 33, 34). The —35-kb site is considered as the
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major enhancer (10). All of these ERE regions are associated
with ERa, SRC-3, RNA polymerase II (pol II), and increased
histone acetylation upon estrogen treatment. The chromatin
loops formed among the —21-, —9.5-, and —1.6-kb and TSS
regions are detected in the presence of estradiol in MCF-7
breast cancer cells (33). A chromatin loop between the —35-kb
ERE and the +6-kb region (the TSS of an isoform) of the GREB1
gene was also identified (10). However, the chromatin looping
between the enhancer at —35-kb ERE and the major promoter
at —1.6 kb has not been defined. The role and molecular mech-
anisms of NCOAG6 in estrogen/ERa-regulated GREBI tran-
scription are also unknown.

In this study, we used GREBI as a model of ERa target genes
in endometrial cancer cells to understand how NCOAG6 regu-
lates estrogen/ERa-activated gene transcription by enhancing
chromatin looping, facilitating ERa, p300, and pol II recruit-
ments, modifying histone acetylation and methylation, and
promoting enhancer—promoter contact. Our findings also sug-
gest that the NCOA6-dependent GREBI expression may help
to maintain the chemotherapy sensitivity of endometrial cancer
cells.

Results

NCOAG is required for baseline and estrogen-induced GREB1
expression

GREBI is a well-established target gene of estrogen-activated
ERa (35). To study the role of NCOAG6 in the expression of
genes such as GREBI regulated by E2-activated ERa, we gener-
ated two NCOA6 knockout (KO) clones (N6-KO1 and
N6-KO2) from Ishikawa cells derived from a human endome-
trial carcinoma (36) by using the CRISPR/Cas9 gene-editing
system to create InDels in exon 6 (37). Ishikawa cells contain
three NCOAG6 alleles, and all three alleles were disrupted by
frameshifting mutations in both KO clones as confirmed by
sequencing analysis (Fig. 14). We also examined the DNA
sequences of five predicted potentially-exotic off-targeting
sites, including chr19:—1952860, chr13:+50129778, chrl4:
+5247272, chr4:+119239571, and chr7:+92238268 in both
KO cell lines, and we found no mutations at these sites (data not
shown).

As expected, NCOA6 protein was present in parental
Ishikawa control (P-Ctrl) cells and empty vector-transfected
Ishikawa control (V-Ctrl) cells but absent in N6-KO1 and
N6-KO2 cells cultured in medium with full serum (Fig. 1B). In
the estrogen-free medium with charcoal-stripped serum, vehi-
cle-treated P-Ctrl and V-Ctrl cells expressed GREBI mRNA at
a basal level, and this basal level was reduced by 50% in N6-KO1
and N6-KO2 cells, indicating that NCOAG6 is required for main-
taining basal level expression of GREBL1 in the absence of estro-
gen in Ishikawa cells (Fig. 1C). After E2 treatment for 24 h,
GREBI mRNA expression was robustly induced in P-Ctrl and
V-Ctrl cells. However, GREBI mRNA expression failed to
respond to E2 treatment in both N6-KO1 and N6-KO2 cells
(Fig. 1C). In the absence of E2 treatment, we detected similar
basal levels of GREBI protein in N6-KO1 and N6-KO2 cells
versus P-Ctrl and V-Ctrl cells, which were not proportional to
their mRNA expression ratios and might be attributed to vari-
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Figure 1. NCOAG is required for baseline and E2-induced GREB1 expression. A, InDels identified in the 6th exon of the three NCOAG6 alleles caused by
CRISPR/Cas9-mediated double-strand break and nonhomologous end-joining DNA repair in N6-KO1/2 Ishikawa cell lines. All of these InDels disrupted NCOA6
protein by shifting the amino acid reading frame. B, Western blot analysis confirmed the absence of NCOA6 protein in N6-KO1/2 cell lines. B-Actin was assayed
as a loading control. C, RT-qPCR measurement of the GREBT mRNA expression levels in parent control (P-Ctrl), vector control (V-Ctrl), and N6-KO1/2 cell lines
treated with vehicle (ethanol) or E2. GAPDH was used as an internal control. **, p < 0.01. D, Western blot analysis of the GREB1 protein in vehicle or E2-treated
parent control, vector control, and N6-KO1/2 cells. Cells were cultured in phenol red-free medium for 72 h and then treated with vehicle (ethanol) or 1 nm E2 for
24 h. E, Western blot analysis of NCOAG6 in vector control, N6-KO1, and N6KO1+N6 cells. N6KO1+N6 cells were derived from N6-KO1 cells by stable expression
of NCOAG from transfection of the pPCDNA3B-NCOAG6 vector with a G418-resistant marker. F and G, gPCR and Western blotting measurements of GREB1T mRNA
(F) and protein (G) in vector control, N6-KO1, and N6KO1+N6 cells treated with vehicle or E2 for 24 h. The relative expression levels of GREBT mRNA were

normalized to GAPDH mRNA levels. **, p < 0.01. B-Actin was used as a loading control.

able protein degradation rates in NCOA6 WT and KO cells.
Upon E2 treatment, GREB1 protein drastically increased in
P-Ctrl and V-Ctrl cells but showed no obvious increase in
N6-KO1 and N6-KO2 cells (Fig. 1D). To further validate the
essential role of NCOA6 in GREB1 expression, we restored
NCOAG®6 expression with an NCOA6-expressing plasmid in
N6-KO1 cells, which we designated as N6KO1+N6 cells
(Fig. 1E). We found that restored NCOAG6 expression res-
cued both GREBI mRNA and protein expression in these
cells to levels similar to that in V-Ctrl cells with WT NCOA6
either in the absence or presence of E2 treatment (Fig. 1, F
and G). In addition, we also knocked out NCOAG6 in RL95-2
cells, which is another ERa-positive endometrial carcinoma
cell line. Again, knockout of NCOA6 abolished E2-induced
GREBI1 mRNA and protein expression in RL95-2 cells (Fig.
S1). These results indicate that NCOA6 is absolutely
required for E2-induced GREBI1 expression in human endo-
metrial carcinoma cells.
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NCOAG is associated with both the promoter and enhancer of
the GREBT1 gene in an estrogen-independent manner and
NCOAG6 preoccupancy is required for efficient recruitment of
ER«

Previous studies reported four estrogen-response elements
(EREs) for binding ERa at —35-, —21-, —9.5-, and —1.6-kb
regions from the TSS of the GREB1 gene in MCF-7 cells (10, 33,
34). In Ishikawa cells, there were only three ERa-binding peaks
at —35.4, —1.6, and +6 kb of the GREBI gene identified by
ChIP-Seq assays (Fig. 24) (38). Our ChIP assays could only
confirm a strong ER«a binding at the —35.4-kb enhancer and a
weaker ERa binding at the —1.6-kb promoter region of the
GREBI gene (39) in an E2-dependent manner. Interestingly,
the ERa binding was reduced by 70% at the enhancer and to the
background levels at the promoter in N6-KO1 cells (Fig. 2B).
Because we have validated the regulatory relationship between
NCOA®6 and GREBI1 expression in N6-KO1 cells, we chose to
do most experiments with this cell line for saving resources.
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Figure 2. NCOAG6 is associated with both GREB1 promoter and enhancer in an estrogen-independent manner, and NCOA6 preoccupancy is required
for efficient recruitment of ERa. A, locations of the GREBT enhancer, promoter, TSS, the three putative ERa-binding sites at —35.4, —1.6, and +6 kb, and the
three primer pairs (arrows) used for ChIP assays. B, ChIP assays for ERa recruitment to the GREB1 enhancer, promoter, and +6-kb site shown in A in V-Ctrl and
N6-KO1 cells treated with vehicle (Ve) or E2 (10 nm) for 45 min as indicated. A gene desert region and IgG were used as negative controls. *, p < 0.05; **,p < 0.01.
G, strategy for knocking in the 3XFLAG tag sequence into the C-terminal end of NCOA6 by the CRISPR/Cas9/single-strand DNA donor gene-editing system, and
Western blot analysis of NCOA6-FLAG protein in N6-FLAG cells. Parent control (P-Ctrl) cells served as a control. A nonspecific band was used as a loading control.
D, ChIP assays for NCOAG6 recruitment to the GREBT enhancer and promoter in NCOA6-FLAG cells treated with vehicle (V) or E2 (10 nm) for 45 min. N6-KO1 cells

and a gene desert region served as negative controls. **, p < 0.01.

These results indicate that NCOAG6 facilitates ERa recruitment
to its binding sites of the GREBI gene.

Because FLAG-tagged protein offers many benefits for ChIP
assay such as high specificity, optimized protocol, and bypass of
ChIP grade antibody for specific proteins, we knocked-in a
3XFLAG-coding sequence to the C-terminal end of the endo-
genous NCOAG6 protein in Ishikawa cells, designated as
N6-FLAG cells (Fig. 2C). ChIP assays using FLAG antibody
revealed that NCOA6-FLAG is associated with both the
enhancer and the promoter of the GREBI gene in either
absence or presence of E2 treatment (Fig. 2D). These results
indicate that NCOAG is recruited to the GREBI enhancer and
promoter in an ERa-independent manner, because the recruit-
ment of ERa to the GREB1 enhancer and promoter depends on
E2 treatment.

NCOAG6 is essential for programming an active configuration
of the GREB1 enhancer and promoter

Next, we assessed the functional impact of NCOA6 on the
activities of the GREBI enhancer and promoter. In the absence
of E2, KO of NCOA6 decreased the basal levels of both
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enhancer RNA (eRNA) and the RNA transcripts of the pro-
moter (pRNA). In the presence of E2, both eRNA and pRNA
were robustly increased in V-Ctrl Ishikawa cells with NCOAS®6,
but the levels of both eRNA and pRNA expression showed no
changes in N6-KOL1 cells (Fig. 34). In agreement with the
changes of eRNA and pRNA, we also found that E2 treatment
significantly increased RNA pol II recruitment to both the
enhancer and promoter regions in V-Ctrl Ishikawa cells, but its
recruitment was abolished in N6-KO1 cells (Fig. 3B). These
results indicate that NCOA6 KO compromised the activities of
the GREBI enhancer and promoter.

To understand why NCOAG6 is required for the activities of
the GREBI enhancer and promoter, we examined the levels of
H3K4mel, H3K4me3, H3K9ac, and H3K27ac, which are posi-
tively correlated with active enhancers and promoters (40 —42).
In the absence of E2, the levels of H3K4mel, H3K4me3, and
H3K9ac at the enhancer showed no significant differences in V-
Ctrl and N6-KOL1 cells, whereas the level of H3K27ac at the
enhancer in N6-KO1 cells was reduced to 25% that in V-Ctrl
cells. E2 treatment significantly increased the levels of
H3K4mel, H3K4me3, H3K9ac, and H3K27ac at the enhancer
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Figure 3.NCOAG6 is essential for programming an active configuration of GREB1 enhancer and promoter. A, measurement of eRNA and pRNA by RT-qPCR
in V-Ctrl and N6-KO1 cells treated with vehicle or 10 nm E2 for 24 h. Relative eRNA and pRNA expression levels were normalized to GAPDH mRNA. ¥, p < 0.05;
** p < 0.01.B, ChIP-gPCR assays for measuring pol Il recruitment to the GREB1 enhancer and promoter in V-Ctrl and N6-KO1 cells treated with vehicle or E2 (10
nm) for 45-min. IgG was used as a negative control versus pol Il antibody. *, p < 0.05; **, p < 0.01. C and D, ChIP-gPCR assays for measuring the levels of
H3K4me1/3, H3K9ac, and H3K27ac at the GREB1 enhancer (C) and promoter (D) in V-Ctrl and N6-KO1 cells treated with vehicle (V) or E2 (10 nm) for 45 min as
indicated. IgG was used as a negative control.*, p < 0.05; **, p < 0.01. E and F, ChIP-qPCR assays for measuring MLL4 (E) and p300 (F) recruitments to the GREB1
enhancer and promoter in V-Ctrl and N6-KO1 cells treated with vehicle (V) or E2 (10 nm) for 45 min. A gene desert region and IgG served as negative controls.

*,p < 0.05; %, p < 0.01.

in V-Ctrl cells, but it failed to induce any increases in the levels
of these histone codes at the enhancer in N6-KO1 cells (Fig.
3C). At the GREBI promoter, the levels of all four histone codes
were significantly lower in N6-KO1 cells versus V-Ctrl cells in
the absence of E2. In the presence of E2, all of these histone
codes were significantly increased in V-Ctrl cells, but these his-
tone codes were not increased in N6-KO1 cells (Fig. 3D). These
results demonstrate that NCOA®6 is required for maintaining
the basal levels of H3K27ac at the enhancer and H3K4mel/3,
H3K9ac, and H3K27ac at the promoter in the absence of E2,
whereas NCOAG is essential for the E2-induced increases in all
four examined histone codes at the promoter.

Because NCOAG6 and ER« interact with MLL4 to methylate
H3K4 and p300 to acetylate H3K27, respectively (15, 43-45),
we further assayed the effects of NCOA6 KO on MLL4 and
p300 recruitments at the GREBI enhancer and promoter.

SASBMB

Without E2 treatment, almost no MLL4 and p300 were
recruited to either the GREBI enhancer or the promoter. E2
treatment robustly-induced MLL4 and p300 association with
the GREBI enhancer and promoter in V-Ctrl cells. However,
NCOAG6 KO largely diminished E2-induced MLL4 recruitment
and completely abolished p300 recruitment to the enhancer
and promoter (Fig. 3, E and F). These results demonstrate that
NCOAG6 is required for E2-induced MLL4 and p300 recruit-
ments to the GREBI enhancer and promoter.

NCOAG6 enhances the interaction between the GREB1
enhancer and promoter through increasing chromatin
looping in an E2-independent manner

Because NCOAG is associated with both the enhancer and
promoter of GREBI and this association is correlated with tran-
scriptionally-active histone codes, we further evaluated the

J. Biol. Chem. (2019) 294(51) 19667-19682 19671



NCOAG6 is essential for GREB1 transcription

contribution of NCOA®6 to the enhancer and promoter interac-
tion. We performed 3C assays with Ishikawa cells by cross-
linking chromatin, digesting with the apol restriction enzyme,
ligating the digested cohesive DNA ends, and detecting the
ligated junctions of DNA fragments by PCR and DNA sequenc-
ing. By screening a 117.2-kb chromatin region from —39,832 to
77,371 bp of the GREBI gene by 40 PCRs using combinatorial
primer pairs of the 21 primers, we only detected one chromatin
loop between the enhancer and the promoter regions by PCR
using primer 2 at the enhancer and primer 11 at the promoter.
DNA sequence analysis of this PCR-amplified fragment identi-
fied a ligated apol restriction enzyme site at —35,698 and —538
bp of the GREBI gene (Fig. 44). To validate and quantitatively
measure the amount of this chromatin looping, we performed a
3C assay with another restriction enzyme, BamH]I, followed by
qPCR measurement. Again, the chromatin loop was detected
between the enhancer and the promoter regions, and the
ligated junction was at —33,016 and —8222 bp (Fig. 4B). This
chromatin loop was detected in either the absence or presence
of E2 treatment with a small increase in the presence of E2
treatment in V-Ctrl cells. Interestingly, the amount of this chro-
matin looping was significantly reduced in N6-KO1 cells versus
that in Ishikawa V-Ctrl cells either with or without E2 treat-
ment (Fig. 4C). We next performed in vitro looping assays by
mixing a biotin-labeled double-strand DNA (dsDNA) fragment
of the GREBI enhancer, an unlabeled dsDNA fragment of the
GREBI promoter, and nuclear extracts of V-Ctrl or N6-KO1
cells. When mixed with the nuclear extracts of V-Ctrl cells with
NCOAG6 expression, the unlabeled promoter dsDNA was effi-
ciently coprecipitated by the biotin-labeled enhancer dsDNA,
and when mixed with the nuclear extracts of N6-KO1 cells
without NCOAG6 expression, the biotin-labeled enhancer
pulled down much less unlabeled promoter dsDNA (Fig. 4D).
We also obtained consistent results from reciprocal in vitro
looping assays by mixing a biotin-labeled promoter dsDNA of
GREBI, an unlabeled dsDNA fragment of GREBI enhancer and
nuclear extracts of V-Ctrl or N6-KO1 cells (Fig. 4E). These
results demonstrate that the GREBI enhancer loops to the pro-
moter in an E2-independent manner and NCOAG6 significantly
increases this chromatin looping to promote the interaction of
the GREBI enhancer and promoter, although NCOAG®6 is non-
essential for initiating this chromatin looping.

Deletion of either the enhancer or the promoter core
sequences of the GREB1 gene decreases chromatin looping

The exact looping sites between the GREBI enhancer and
promoter are currently unknown. To examine whether the
enhancer and promoter sequences are required for the looping,
we deleted the enhancer region from —35,588 to —34,959 bp or
the promoter region from —1908 to —1221 bp where both
NCOAG6 and ERa bind to in Ishikawa cells by co-expressing
Cas9 with two gRNAs flanking the enhancer or the promoter
region. PCR analysis confirmed the homozygous deletion of the
enhancer or the promoter sequences in Ishikawa cells (Fig. 5A4).
Our 3C-qPCR assays revealed that deletion of either the
enhancer or the promoter reduced chromatin looping in an
E2-independent manner (Fig. 5B). These results suggest that
the backbone of the chromatin looping is formed outside of the
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enhancer and promoter core sequences in an E2-independent
manner and that the interaction between the enhancer and the
promoter facilitates this chromatin looping.

We also performed ChIP assays to assess the relationships
among the enhancer- and the promoter-bound NCOA6 and
ERa. Surprisingly, deletion of the promoter reduced the
enhancer-associated NCOA6 by 65% (Fig. 5C), whereas dele-
tion of the enhancer only reduced the promoter-associated
NCOAG®6 by 20% (Fig. 5D). In contrast, deletion of the promoter
only slightly reduced the E2-induced ERa binding to the
enhancer (Fig. 5E), whereas deletion of the enhancer almost
completely diminished the E2-induced ERa binding to the pro-
moter (Fig. 5F). These results suggest that NCOA6 and E2/ER«
are primarily associated with the promoter and the enhancer,
respectively, and that the majority of the enhancer-associated
NCOA6 and the promoter-associated E2/ERa detected by
ChIP assays may be due to a spatial interaction between the
enhancer and the promoter.

Both the ERa-bound enhancer and the NCOA6-associated
promoter are required for transcriptional activation of the
GREB1 gene

Deletion of the ERa-bound enhancer decreased the basal
levels of H3K4me3 and H3K9ac as well as the E2-induced
increases in H3K4mel, H3K4me3, H3K9ac, and H3K27ac at
the promoter region in Ishikawa cells (Fig. 6A4). Deletion of the
NCOA6-associated promoter almost completely abolished the
E2-induced increases in H3K4mel, H3K4me3, H3K9ac, and
H3K27ac at the enhancer (Fig. 6B). Without the enhancer
region, pRNAs were not synthesized in the absence or presence
of E2. The pol II association with the promoter was reduced in
the absence of E2, and E2 treatment failed to induce pol II
recruitment to the promoter. Without the promoter region,
eRNAs were not produced, and E2-induced pol II recruitment
to the enhancer was also abolished (Fig. 6, C and D). Impor-
tantly, either deletion of the enhancer or the promoter com-
pletely silenced the E2-stimulated expression of the GREB1
mRNA and protein (Fig. 6, E and F). These results demonstrate
that both the ERa-bound enhancer and the NCOA6-associated
promoter are required for programming transcriptionally-ac-
tive histone codes, recruiting pol II, and synthesizing eRNAs
and pRNAs at both the enhancer and the promoter regions,
which results in transcriptional activation of the GREBI gene.

Cells with GREB1 down-regulation caused by NCOA6 KO,
GREBT1 enhancer deletion, or GREB1 promoter deletion are
resistant to chemotherapy drugs

In agreement with previous studies reporting a role of
GREBI in promoting cell proliferation (46, 47), Ishikawa cells
with low GREBI expression caused by deletion of its enhancer
or promoter showed slower growth than control Ishikawa cells.
However, N6-KO1 cells that express low GREB1 exhibited a
similar growth rate as that of control Ishikawa cells (Fig. 74),
which could be related to a counterbalanced regulation of
cell growth by GREB1, one of the NCOAG6-regulated genes, and
other NCOAG6-regulated genes that have a cell growth-
promoting function. To examine the role of GREB1 in the
responses of endometrial carcinoma cells to chemotherapy
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Figure 4. NCOA6 enhances chromatin looping between the enhancer and promoter of the GREB1 gene in an E2-independent manner. A, screening of
the chromatin loops along the GREBT gene by 3C-PCR. V-Ctrl and N6-KO1 cells were cultured in estrogen-free medium for 72 h and then treated with vehicle
(V) or 10 nm E2 for 45 min. Cross-linked chromatin was digested with apol and ligated by T4 ligase. Samples without addition of T4 ligase served as negative
controls. The locations of apol-cutting sites and the primers (arrows) used for PCR are indicated. PCRs were performed by pairing primer 2 with each of the other
primers and by pairing primer 21 with each of the other primers. Among these PCRs, only primer 2 paired with primer 11 detected a chromatin loop (upper gel
image). All other PCRs did not detect any chromatin loop (lower gel image and data not shown). The sequence of PCR product detected by primers 2 and 11
confirmed a chromatin loop digested by apol and then ligated by T4 ligase. B, confirmation of the chromatin looping between the GREBT enhancer and
promoter by 3C-PCR. Ishikawa cells were treated with 10 nm E2 for 45 min. Cross-linked and extracted chromatin was digested by BamHI and ligated with T4
ligase. Samples without addition of T4 ligase were used as a negative control. The locations of PCR primers and BamHI-cutting sites are indicated. A chromatin
loop between the enhancer and promoter was detected by PCR in a ligation-dependent manner. Sequence analysis of the PCR product confirmed a ligated
junction between BamHl sites at —33,016 and —8222 bp of the GREBT gene. C, qPCR measurement of chromatin loops formed between the GREB1 enhancer
and promoter in V-Ctrl and N6-KO1 cells treated with vehicle (V) or 10 nm E2 for 45 min. Chromatin was digested with BamHI and ligated with T4 ligase as
described in B. *, p < 0.05; **, p < 0.01. D and E, in vitro assays to detect chromatin-looping formation between the GREBT enhancer and promoter. Biotin-
labeled enhancer and unlabeled promoter dsDNAs (D) or biotin-labeled promoter and unlabeled enhancer dsDNAs (E) were mixed with BSA, V-Ctrl (Ctrl) cell
nuclear protein extracts, or N6-KO1 (KOT) cell nuclear protein extracts at 4 °C for 4 h. DNA-protein complex was co-precipitated by pulling down bio-enhancer
or bio-promoter dsDNA using streptavidin beads. Co-precipitated promoter DNA (D) or enhancer DNA (E) were measured by gPCR and normalized to each
unlabeled DNA input. ¥, p < 0.05; **, p < 0.01.

drugs, we treated V-Ctrl Ishikawa, N6-KO1, enhancer-deleted  deleted Ishikawa cells were significantly higher than that of
Ishikawa, and promoter-deleted Ishikawa cells with different V-CtrlIshikawa cells under either drug treatment (Fig. 7B). The
concentrations of paclitaxel and docetaxel, the two commonly degrees of paclitaxel-induced cell apoptosis were also much less
used chemotherapy drugs for treating cancer. The survival severe in N6-KO1, enhancer-deleted Ishikawa, and promoter-
rates of N6-KO1, enhancer-deleted Ishikawa, and promoter- deleted Ishikawa cells versus control Ishikawa cells as detected
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Figure 5. Deletion of the GREB1 enhancer or the promoter core sequences influences NCOA6 and ERa recruitments and decreases chromatin looping.
A, generation of enhancer core sequence-deleted (Enh-De) and promoter core sequence-deleted (Pro-De) Ishikawa cell lines by using the CRISPR/Cas9 gene
editing system. Arrows indicate the locations of PCR primers. In Enh-De cells, both copies of the GREBT enhancer were deleted by using a pair of gRNAs targeting
—35,588and —34,959 sites in one experiment. In Pro-De cells, the first copy and the second copy of the GREBT promoter were deleted by using a pair of gRNAs
targeting —1856 and — 1321 sites and a pair of gRNAs targeting —1980 and — 1221 sites in two serial experiments, respectively. The Enh-De and Pro-De cells
were identified by PCR using primers P1/P2 and P3/P4, respectively. B, 3C- qPCR measurement of the chromatin loop in V-Ctrl, Enh-De, and Pro-De cells treated
with vehicle (V) or 10 nm E2 for 45 min. *, p < 0.05; **, p < 0.01. C and D, ChIP-gPCR analysis of NCOA6 recruitments to the GREBT enhancer or promoter in
N6-KO1, V-Ctrl, Pro-De, and/or Enh-De cells. ChIP assays were carried out with NCOA6 antibody and N6-KO1 cells served as a negative control. *, p < 0.05; **,
p <0.01.Eand F, ChIP-gPCR assays of ERa recruitments to the GREB1 enhancer or promoter in V-Ctrl, Pro-De, and/or Enh-De cells treated with vehicle (V) or 10

nm E2 for 45 min. ERa-ab, ERa antibody. *, p < 0.05; **, p < 0.01.

by staining the annexin V and assaying the cleaved caspase 3
(Fig. 7, Cand D). In agreement with this finding, bio-computa-
tional analysis of the TCGA data sets (48) revealed that endo-
metrial carcinoma patients with low GREBI mRNA expression
were associated with shorter survival time when compared with
endometrial carcinoma patients with high GREB1 expression
(Fig. 7E). These results indicate that although GREBI1 is
required for fast growth of endometrial cancer cells, its loss
actually defines a worse grade of cancer cells resistant to chem-
otherapy and poor clinical outcome.

Discussion
NRs for steroid hormones, thyroid hormones, vitamin D, and

retinoic acid are ligand-inducible transcription factors involved

19674 J Biol. Chem. (2019) 294(51) 19667-19682

in the regulation of numerous biological and pathological pro-
cesses. After a long history of pursuing the mechanisms for
hormonal action and NR signaling, it is now known that DNA-
associated NRs recruit a variety of co-activators and/or co-
repressors to regulate gene expression. These co-regulators
mediate NR transcriptional activities mainly by modulation of
the enhancer—promoter contact and assembly of transcrip-
tional initiation and/or elongation machineries through repro-
gramming the epigenetic configurations of DNA and histones,
changing chromatin topology, and/or re-organizing chromatin
loops. Because each gene has different sequence-specific asso-
ciation of different transcription factors and their interactive
proteins and each cell type may express different co-regulators,
a NR may regulate the same target gene differently in different
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Figure 6. Both the ERa-bound enhancer and the NCOA6-associated promoter are required for transcriptional activation of GREB1. A, ChIP-qPCR assays
performed with antibodies against H3K3me1/3, H3K9ac, and H3K27ac and primers and the GREBT promoter-specific PCR primers and TagMan probe in V-Ctrl
and Enh-De cells treated with vehicle (V) or E2 for 45 min. The same IgG control was used in all four parts of panel A with data from experiments performed at
the same time. *, p < 0.05; **, p < 0.01. B, ChIP-qPCR assays performed with antibodies against H3K3me1/3, H3K9ac, and H3K27ac and the GREB1 enhancer-
specific PCR primers and TagMan probe in V-Ctrl and Pro-De cells treated with vehicle (V) or E2 for 45 min. The same IgG control was used in all four parts of
panel B with data from experiments performed at the same time. *, p < 0.05; **, p < 0.01. C, qPCR measurement of the GREBT pRNA and eRNA in V-Ctrl, Enh-De,
and Pro-De cells treated with vehicle (V) or E2. The data were normalized with GAPDH mRNA. **, p < 0.01. D, ChIP-gPCR measurement of pol Il recruitments to
the GREBT promoter and enhancer in V-Ctrl, Enh-De, and Pro-De cells treated with vehicle (V) or E2. **, p < 0.01. E and F, RT-gPCR (E) and Western blotting (F)
analyses of GREB1 expression in V-Ctrl, Enh-De, and Pro-De cells treated with vehicle (V) or E2. The relative GREBT mRNA expression levels were normalized to
GAPDH mRNA expression levels. B-Actin was used as a loading control.

types of cells or regulate different target genes differently inthe = GREBI promoter and enhancer in an E2/ERa-independent
same cell type. Given these complexities for NR-regulated gene manner. Deletion of the enhancer does not affect NCOA6
expression, we still have a long way to go to understand the recruitmentat the promoter, but deletion of the promoter abol-
exact molecular mechanisms responsible for NR/co-regulator- ished NCOAG6 recruitment at the enhancer. However, ERa is
mediated gene transcription. associated with GREBI enhancer and promoter in an E2-de-

Previous studies showed that NRs interact with NCOA6,and  pendent manner, and NCOAG®6 also enhances ERa recruitment
NCOAG6 was recruited to the chromatin by NRs (12, 14,17, 18).  to both enhancer and promoter in an E2-dependent manner.
In this study, we found that NCOAG6 is associated with the Deletion of the promoter only slightly decreases ER« at the
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Figure 7. GREB1 loss causes chemotherapy resistance. A, cell growth assays. V-Ctrl, N6-KO1, Enh-De, and Pro-De cells were cultured in estrogen-free medium and
treated with E2 in 96-well plates for the days indicated before cell viability was measured by MTS assay. **, p < 0.01. B, effects of paclitaxel or docetaxel on the viability
of V-Ctrl, N6-KO1, Enh-De, and Pro-De cells. 2000 of the indicated cells were cultured in each well of the 96-well plate and treated with different doses of paclitaxel or
docetaxel for 24 or 48 h. Cell viability was measured by MTS assay. *, p < 0.05; **, p < 0.01. G, annexin V staining to detect apoptotic cells. V-Ctrl, N6-KO1, Enh-De, and
Pro-De cells were treated with 50 nm paclitaxel for 24 h. Cell apoptosis was measured by annexin V staining. Apoptotic cell percentages were determined by counting
annexin V-positive cell number versus total cellnumber.*, p < 0.05; **, p < 0.01. D, Western blot analysis of cleaved PARP and cleaved caspase 3 for assessing apoptosis.
The indicated cells were treated with 50 nm paclitaxel for 24 h before being assayed by Western blotting. B-Actin was used as a loading control. £, higher GREBT mRNA
expression in endometrial cancer is associated with a better overall survival. TCGA UCEC patient’s data were downloaded from OncoLnc and grouped according to the
mean expression level of GREB1. Overall survival was statistically analyzed by log rank test.

enhancer, whereas deletion of the enhancer nearly abolished primarily binds to the enhancer. The NCOAG6 detected at the
ERa recruitment to the promoter. These findings suggest that enhancer in the absence and presence of E2 and the ERa
NCOAG is primarily associated with the promoter, and E2/ERa  detected at the promoter in the presence of E2 may have
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resulted from the enhancer—promoter contact in the absence
and presence of E2. Importantly, it is the NCOAG6 pre-occupied
at the promoter and enhancer in the absence of E2 that aids in
ERa recruitment to the enhancer and promoter upon E2
treatment.

It is generally considered that multiple co-activators such as
the SRC family members support NR transcriptional function
in an additive manner, so that one co-activator loss only causes
partial decrease in NR-mediated gene expression (49). In this
study, we found that knockout of NCOAG®6 in Ishikawa cells
completely abolished E2/ERa-dependent GREBI expression.
This finding demonstrates that NCOAG® is an essential co-acti-
vator for ERa-mediated GREBI transcription in this cell con-
text, indicating that a single co-activator can be a determinant
of NR transcriptional activity. This causal role of NCOAG®6 is
consistent with our observations showing that knockout of
NCOAG®6 diminished E2-induced MLL4 and p300 recruitments
to the GREBI enhancer and promoter, the MLL4 and p300-
mediated histone codes for transcriptional activation, includ-
ing H3K4mel/3, H3K9ac, and H3K27ac, and the pol II re-
cruitment to the enhancer and promoter. Because NCOA6
knockout only partially reduces E2-induced ERa recruitment
to the enhancer but completely inhibits p300 recruitment to the
enhancer and promoter, we conclude that the interaction of
NCOAG6 with E2/ERa is required for p300 recruitment, and it is
this interaction brings p300 to both enhancer and promoter for
increasing the H3K9ac and H3K27ac, resulting in pol I recruit-
ment to the enhancer and promoter and the synthesis of eRNA
and pRNA for transcriptional activation.

There is a chromatin looping backbone linked between a site
near the enhancer and a site near the promoter, which was
detected after the chromatin was cut by apol or BamHI. This
looping frame is independent of NCOA®6, E2/ERe, and the core
sequences of the enhancer and promoter since it is still present
under the NCOAG6 knockout, estrogen-free, enhancer-deleted,
and promoter-deleted conditions, suggesting that this looping
backbone may be just an infrastructure facilitating enhancer—
promoter interaction and itself is incapable of activating
GREBI transcription. In contrast, this looping can be enhanced
by NCOAG6 in an E2/ERa-independent manner and by ER« in
an E2-dependent manner, suggesting that E2/ERa/NCOA6-
promoted GREBI transcription is related to their roles in
enhancing chromatin looping. We speculate that this chroma-
tin looping is enhanced by the enhancer—promoter interaction
that is pre-existing in the absence of NCOA6 and E2 and further
enhanced by NCOA6 and E2/ER« recruitment, because the
enhancer and the promoter DNAs are co-precipitated when
mixed with nuclear proteins from NCOAG6 knockout cells with-
out E2 treatment and the co-precipitation efficiency was fur-
ther increased when mixed with nuclear proteins from control
cells with NCOAG®6 expression. The protein—protein interaction
between the enhancer-associated E2/ERa and the promoter-
associated NCOA6 may also play a role in enhancing en-
hancer—promoter interaction. A previous study has shown
that NCOA®6 interacts with MEDI1, and therefore, NCOA6
might associate with the promoter through the mediator com-
plex near the promoter (50). In addition, a recent study dem-
onstrated that JMJD6 bridges the interaction between the
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E2-bound ER« at the enhancer and the MED12 in the mediator
complex near the promoter to facilitate enhancer—promoter
interaction for transcriptional activation of E2/ERa target
genes (51). Another study reported that the E2-induced ERa/
SRC-3 complex can also enhance the enhancer—promoter
interaction via reorganizing the configuration of chromatin
looping (10). Although the enhancer—promoter contact
enhanced by these protein interactions can work together to
regulate the levels of GREBI transcription, this enhanced
enhancer—promoter interaction may not be the determinant
for turning on and off the GREBI transcription because deple-
tion of JMJD6 or SRC-3 only partially decreases GREBI expres-
sion (10, 51). As aforementioned, NCOA6-mediated p300
recruitment may play a major role for E2/ERa-activated GREB1
transcription.

Taken together, the model for E2-induced transcriptional
activation of GREBI can be postulated in Fig. 8. In the absence
of E2, the enhancer and promoter have a loose contact main-
tained by a chromatin loop and the components of the mediator
complex. NCOA6 may be recruited to the enhancer and pro-
moter through interacting with MEDI1. This configuration
maintains the baseline expression of GREBI (Fig. 84). In the
presence of E2, E2-bound ER« binds to the enhancer, which
recruits SRC-3 and JMJD6 to the enhancer and also interacts
with the pre-existing NCOA®6. In turn, SRC-3 and NCOA6
recruit p300 and/or MLL4 to the co-activator complex for
re-programming histone codes, whereas NCOA6 and JMJD6
also enhance enhancer—promoter contact via interacting with
MEDI1 and MED12, respectively. These serial events result in
high frequency of chromatin looping, recruitment of pol II, syn-
thesis of eRNA and pRNA, and robustly increased GREB1 tran-
scription (Fig. 8B). In the absence of both E2 and NCOA®6, ER«
and its co-activator complex is not recruited; the chromatin
looping is less active, and the enhancer—promoter contact is
loose. Thus, GREBI expression at baseline can be further
decreased (Fig. 8C). In the presence of E2 but the absence of
NCOAG6, ERa can be still recruited to the enhancer, although
at a lesser amount, and SRC-3 and JMJD6 may also be
accordingly recruited. However, p300 and MLL4 are missing
from the co-activator complex, and the histone codes remain
to be transcriptionally inactive. Thus, E2/ERa becomes inca-
pable to induce GREBI transcription in the NCOA6 knock-
out cells (Fig. 8D).

The NCOAG6 knockout, the enhancer-deleted, or the pro-
moter-deleted Ishikawa cells only express basal level GREB1,
and GREB1 expression in these cells does not respond to estro-
gen. In agreement with the cell growth data from previous stud-
ies (32, 46, 47), the cells with deleted enhancer or promoter
exhibit a lower proliferation rate when compared with control
cells. However, the cells with NCOAG6 knockout showed similar
cell growth rate as control cells, which could be attributed to the
effects of NCOAG6 knockout on other NCOA6-regulated genes.
More importantly, these low GREB1-expressing Ishikawa en-
dometrial carcinoma cells are significantly more resistant to
chemotherapy drug-induced cell apoptosis versus control cells
with normal GREBI1 expression. This notion is consistent with
some previous findings. For example, GREB1 expression levels
are positively correlated with the sensitivity of endocrine ther-
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Figure 8. Model for E2-bound ERa-induced gene transcription in NCOA6 WT and knockout Ishikawa cells. A, in the absence of E2, the chromatin-looping
backbone exists, and NCOAG is associated with the enhancer and promoter, probably through interacting with MED1 in the mediator complex. GREB1 is
expressed at the baseline level. The levels of individual histone codes are indicated. B, in the presence of E2, ERa binds to the enhancer and forms protein
complex with NCOA®6, SRC-3, and JMJD6. NCOA6 and SRC-3 recruit p300, and NCOAG6 also recruits MLL4 to remodeling histone codes. In addition, NCOA6
interacts with MED1, and JMJD6 interacts with MED12 to facilitate enhancer-promoter cross-talk. pol Il is recruited to promoter and enhancer, and eRNA and
pRNA are synthesized. Chromatin looping is also enhanced. GREBT is expressed at a high level. G, in the absence of both E2 and NCOAG6, the chromatin-looping,
enhancer-promoter interaction, the levels of H3K4me1/3, H3K9ac, and H3K27ac, and the baseline expression level of GREBT are decreased. D, in the presence
of E2 but absence of NCOAG, ER«, SRC-3, and JMJD6 might be recruited, but NCOA6, p300, and MLL4 are missing from the co-activator complex. The chromatin
looping, histone codes, and GREBT expression level remain the same low levels as shown in C. In this case, E2/ERa is incapable to activate GREBT transcription.

apy in MCF7-derived breast cancer cells (39, 52). Ovarian can-
cer with hypomethylation of the GREBI1 gene (higher GREBI
expression) is correlated with good disease-free survival, which
was thought to be related to the beneficial role of GREB1 in
chemosensitivity because patients with advanced stage ovarian
cancer are usually treated with carboplatin and Taxol (53).
GREBI expression was also found to be down-regulated in
ovarian cancer stem cells (54), suggesting that loss of GREB1
expression may promote ovarian cancer cell stemness and
increase their resistance to chemotherapy (54, 55). In agree-
ment with this notion, the patients with endometrial cancers
expressing low-level GREB1 also exhibit a worse disease-free
survival rate versus patients with endometrial cancers express-
ing high-level GREB1. These results suggest that the GREB1
expression level may serve as prognostic marker of endometrial
carcinomas.

Materials and methods
Cell culture and E2 treatment

Ishikawa and RL95-2 human endometrial cancer cells were
cultured in DMEM/F12 and DMEM, respectively. Either
medium contains penicillin-streptomycin and 10% of fetal
bovine serum. For estrogen-free culture conditions, cells were
cultured in phenol red-free medium with 5% charcoal-stripped
serum for 72 h, and then the cells were treated with 10 nm E2 or
vehicle (ethanol) for 45 min or with 1 nm E2 or vehicle for 24 h.

Western blotting

Cells were lysed in RIPA buffer containing 50 mm Tris-hy-
drochloric acid (pH 7.5), 150 mm sodium chloride, 1% sodium
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deoxycholate, 4 mm EDTA, 1% Nonidet P-40, and proteinase
inhibitors. Protein concentration was measured by using
Pierce™ BCA protein assay kit (23225, Thermo Fisher Scien-
tific, Waltham, Middlesex, MA). Proteins (20 png) in each cell
lysate were separated by SDS-PAGE and transferred onto poly-
vinylidene difluoride membranes. Membranes were probed
with the following primary antibodies: NCOA6 (HPA004198,
Sigma), B-actin (A5441, Sigma), GREB1 (ab72999, Abcam,
Cambridge, MA), PARP (9542s, Cell Signaling Technology, Dan-
vers, MA), or caspase-3 (96642, Cell Signaling Technology). Mem-
branes were then incubated with a horseradish peroxidase—
conjugated secondary antibody (STAR207P/STAR208P, Bio-Rad).
Immunoreactivities were visualized by using the reagents produc-
ing chemiluminescence (32106, Thermo Fisher Scientific).

Generation of NCOA6 knockout cell lines

To disrupt the exon 6 of the NCOAG6 gene in Ishikawa cells, a
gRNA was designed by using the method described by Ran et al.
(37). The DNA fragment (5'-GCCACTGTTATGATACCCC-
CGGG) coding the gRNA was cloned into the PX459 vector for
expressing both gRNA and Cas9. Ishikawa cells were trans-
fected with PX459 vector or PX459-gRNA vector by using
Lipofectamine 3000 (L3000015, Thermo Fisher Scientific)
according to the manufacturer’s instructions. Transfected cells
were transiently growth-selected in the medium containing 2
pg/ml puromycin for 48 h to eliminate the untransfected cells.
Survived clones were individually isolated and screened by
Western blotting using NCOAG6 antibody. Two primers (5'-
GGCAACAGAGCGAGACCCTGTCAAA and 5 -TACCTG-
ACTGAGAAGCAGGGCGAGQG) flanking the targeted region
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in exon 6 were used in PCR to amplify the DNA fragments for
sequencing analysis. Potential exotic off-targeting sites were
also predicted by using the same method and locus-specific
primer pairs (supplementary Table S1) were designed for PCR
to amplify DNA regions containing the top five potential off-
targeting sites for sequence analysis.

To disrupt the exon 5 of the NCOA6 gene in RL95-2 cells,
another gRNA (5'-GCGGGATTTCCTATGGCAAG) was
designed and cloned into PX459 vector for expressing both
gRNA and Cas9. A pair of primers (5'-TGCTATTAACCTGG-
CTTTGGC and 5'-TATGCCATGAACCCCCACCTA) flank-
ing the targeted region in exon 5 was used in PCR to amplify the
DNA fragments for sequencing analysis. Other procedures
were the same as described above for Ishikawa cells.

Generation of the NCOA6-FLAG knock-in Ishikawa cell line

The DNA fragment (5'-CGCAGTCCTGCTTGTTTACT-
TGG) for a gRNA targeting the N-terminal coding sequence of
the NCOAG6 gene was cloned into the PX459 vector. A single-
strand DNA fragment with a 3XFLAG-coding sequence
flanked by a 67-bp 5’ homologous arm before the stop codon
and a 67-bp 3’ homologous arm after the stop codon of the
NCOAG6 gene were used as a donor template for homology-
directed DNA repair (supplementary Table S2). Ishikawa cells
were transfected with the PX459-gRNA vector and the donor
DNA by using Lipofectamine 3000 and growth-selected in
medium containing 2 ug/ml puromycin for 48 h. Individual
clones were screened for FLAG insertion by PCR using two
specific primers (5'-ACCTCTGTCACATTCCAATTCT and
5'-CCATTGCACTTTATGAAACAGGT), Western blotting
using FLAG and NCOAG6 antibody, and DNA sequencing
analysis.

qPCR

Total RNA was isolated using TRIzol reagent (15596018,
Thermo Fisher Scientific) and converted to cDNA using the
reverse transcriptase core kit (4368813, Thermo Fisher Scien-
tific). qPCR was performed to measure cDNA concentration by
using the matched universal TagMan probes (4683633001,
Sigma), gene-specific primers, and qPCR MasterMix Plus kit
(05-QP2X-03-075+, Eurogentec, Seraing, Belgium). Primers
for GREBI were 5'-ACAATGGCCACAATGCTCTT and 5'-
TGATTGGAGAATTCCGTGAAG. Primers for GAPDH were
5'-AGCCACATCGCTCAGACAC and 5'-GCCCAATACGA-
CCAAATCC. Probes were no. 76 for GREBI and no. 60 for
GAPDH.

Measurement of the GREB1 enhancer RNA (eRNA) and
promoter RNA transcript (pPRNA)

The GREBI eRNA and pRNA were measured as described
previously (56). Total RNA was isolated using TRIzol reagent
(15596018, Thermo Fisher Scientific), treated with DNase I
(DN25, Sigma), and then converted to cDNA using the reverse
transcriptase core kit (4368813, Thermo Fisher Scientific).
eRNA/pRNA levels were measured by qPCR using matched
universal TaqgMan probes (4683633001, Sigma), specific prim-
ers, and the qPCR MasterMix Plus kit (05-QP2X-03-075+,
Eurogentec, Seraing, Belgium). The sequences of primers for
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measuring eRNA were 5'-gagctgaccttgtggtagge and 5'-gctg-
acagaggagacaaaacg. The sequences of primers for measuring
pRNA were 5'-GACCTAGAAGCAACCAAAATACTTCT
and 5'-AAGGCAGCAAACTTGTTTAGGTA. The probes
were no. 23 for eRNA and no. 84 for pRNA. GAPDH mRNA
was measured to serve as an internal control for normalizing
the relative levels of eRNA and pRNA.

ChiP-qPCR

The DNA-bound proteins were cross-linked using 1% form-
aldehyde for 10 min and quenched with 0.125 M glycine for 5
min. Cells were lysed with ChIP lysis buffer containing 50 mm
HEPES-KOH (pH 7.5), 140 mm NaCl, 1 mm EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, and proteinase
inhibitors. Chromatin was sonicated to fragment sizes mainly
between 200 and 1000 bp. Equal amounts of cross-linked chro-
matin were immunoprecipitated using antibodies against ER«
(ab108398, Abcam, Cambridge, MA), FLAG (F1804, Sigma),
RNA pol IT (PLA0127, Sigma), H3K4mel (39297, Active Motif,
Carlsbad, CA), H3K4me3 (39159, Active Motif), H3K9ac
(39585, Active Motif), H3K27ac (39133, Active Motif), P300
(sc-48343, Santa Cruz Biotechnology, Dallas, TX), or MLL4
(AP6183a, Abgent, San Diego, CA). Equal amounts of normal
rabbit IgG (ab37415, Abcam) were used as a negative control.
Immunoprecipitated DNA samples were processed and sub-
jected to qPCR analysis using the following primers and probes:
5-CTTGGCTTACCATGCACCTT and 5'-TGTCATTGGG-
GGTTCAGTCT and probe 9 (4683633001, Sigma) for a gene
desert locus as a negative control; 5'-GAGCTGACCTTGTG-
GTAGGC and 5'-GCTGACAGAGGAGACAAAACG and
probe 23 for the —35.4-kb GREBI enhancer; 5'-GACCTA-
GAAGCAACCAAAATACTTCT and 5'-AAGGCAGCAA-
ACTTGTTTAGGTA and probe 84 for the —1.6-kb GREBI
promoter; and 5'-GTGGCATTTGCCATCTGAC and 5'-ATT-
CAGCAGTAGCCCTTCCA and probe 43 for a putative ERa-
binding site at +6-kb region of the GREBI gene.

3C-PCR

The basic 3C method was described previously (57). Briefly,
2 X 107 Ishikawa cells cultured in 15-cm dishes with phenol
red-free medium and charcoal strip serum were treated with
vehicle or 10 nm E2 for 45 min. The treated cells were cross-
linked with 1% formaldehyde for 10 min and quenched with
0.125 M glycine for 5 min. Cells were then washed twice with
cold phosphate-buffered saline (PBS) and collected by scraping
the plates. Cells were lysed with a lysis buffer containing 10 mm
Tris-HCI (pH 7.5), 10 mMm NaCl, 0.2% Nonidet P-40, and 1X
complete protease inhibitors for 20 min on ice. Cell nuclei were
washed twice with 1.2X NEB2.1 buffer, resuspended in 0.5 ml
of 1.2X NEB2.1 buffer containing 0.3% SDS, and incubated at
37 °C for 1 h while shaking at 900 rpm. Triton X-100 was added
to a final 2% of total sample volume, and the samples were
incubated at 37 °C for an additional hour. Samples were then
digested overnight with 400 units of apol or BamHI (New Eng-
land Biolabs, Ipswich, MA) at 37 °C while shaking at 900 rpm.
Then, SDS was added to samples to 1.6%. The samples were
incubated at 65 °C for 20 min and then diluted with 6.125 ml of
1.15X DNA ligation buffer containing 50 mm Tris-HCI (pH
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7.5), 10 mm MgCl,, 1 mm ATP, 10 mm DTT, and 1% Triton
X-100. After incubating at 37 °C for 1 h, the samples were mixed
without (negative control) or with 100 units of T4 DNA ligase
(MO0202S, New England Biolabs), followed by overnight incuba-
tion at 16 °C. The samples were de-proteinized and de-cross—
linked by incubating overnight with 300 ug of proteinase K
(3115879001, Sigma) at 65 °C. DNA was extracted with phenol-
chloroform, precipitated with ethanol, and dissolved in 200 ul
of H,O. For apol-digested samples, PCRs for detecting the
ligated chromatin loops were carried out by using 21 primers
(supplementary Table S3) capable of screening the 117.2-kb
chromatin region from —39,832 to 77,371 bp of the GREBI
gene. Of these PCRs, primer #2 at the enhancer and primer #21
near the promoter were paired with each of the other 20 prim-
ers, respectively, for detecting any chromatin loops between the
enhancer or the promoter and other sites within this 117.2-kb
chromatin region. For the BamHI-digested samples, qPCRs for
measuring the ligated chromatin loops between the GREBI
enhancer and promoter were carried out by using a primer pair
of 5'-TTCACTCCCCAGTTCAAGCT and 5'-AGTTACTCT-
CCGGGCAAAGT and probe 86 (4683633001, Sigma). An
internal control qPCR was carried out by using a primer pair of
5'-CAGGCTTAGGGCAACAGCTCTCAAA and 5'-TCCAC-
ACATGGTGTCAGAACTTTCC and probe 85.

In vitro chromatin-looping assay

In vitro chromatin-looping assay was carried out as described
previously (10). The GREBI enhancer, promoter, biotin-la-
beled enhancer (Bio-enhancer), and bio-promoter double-
strand DNA fragments were synthesized by PCR and purified
by using GenElute™ gel extraction kit (NA1111, Sigma). Puri-
fied enhancer and bio-promoter DNA or promoter and bio-
enhancer DNA (40 ng each) were mixed with 70 ug of nuclear
extract proteins from V-Ctrl or N6-KO1 Ishikawa cells, fol-
lowed by incubation at 4 °C for 4 h. DNA/protein complex was
precipitated by using streptavidin beads (51638, Sigma). The
co-precipitated enhancer or promoter DNA was measured by
qPCR using the same primers and TagMan probes described
above under “ChIP-qPCR.”

Generation of Ishikawa cell lines with deleted enhancer or
promoter of the GREB1 gene

To delete the enhancer core sequence, two DNA fragments
(5'-GCTAATTCTAGGCTTCAAG and 5'-AACTCCATTCT-
TACTCCAGT) for a pair of gRNAs to target a 5’ and a 3 sites
of the enhancer were individually cloned into PX459 vectors.
To delete the promoter core sequence, two DNA fragments
(5'-ACTTATTTCTGGTAGGGGCC and 5'-GGACAAGCC-
ATATCCCTAAC) for a pair of gRNAs that target two chroma-
tin sites flanking the promoter were individually cloned into
PX459 vectors. Ishikawa cells were transfected with each pair of
the vectors to express gRNAs and Cas9 or with PX459 empty
vector to express only Cas9 as a control by using Lipofectamine
3000. Transfected cells were transiently growth-selected in the
medium containing 2 ug/ml puromycin for 48 h and then cul-
tured in growth medium without puromycin until the forma-
tion of individual clones. Clones were isolated and expanded.
Clones with enhancer deletion were screened by PCR using
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primers 5'-GCTGTCTCTCCTACAATGGATTGCC and 5'-
TCTCTCCAGATTCAGCCATTG. Clones with promoter
deletion were screened by PCR using primers 5'-TCTCCTGA-
CCTGAAGTGATCC and 5'-TCCCATTAGTTTGGAGTT-
GCC. From the screening, Enh-De cells with homozygous dele-
tion of the enhancer were obtained. However, only cells with
heterozygous deletion of the promoter were identified. To
obtain Pro-De cells with homozygous deletion of the promoter,
another two DNA fragments (5'-TTGAAAATCAACCCGC-
GTAT and 5 -TAAAAGGTGCTTTACGGTCC) for another
pair of gRNAs that target 5" upstream and a 3’ downstream
DNA sequences of the previous pair of gRNAs were cloned into
PX459 vectors. The cells with heterozygous deletion of the pro-
moter obtained in the first run of experiment were further
transfected with these vectors. Individual clones were screened
for Pro-De cells with homologous deletion of the promoter by
PCR using the same pair of primers used in the first run of
experiment.

Nuclear protein extraction

V-Ctrl and N6-KO1 cells grown in 15-cm dishes were
scraped into PBS containing 0.5 mM EDTA. Cell membrane was
broken down by a buffer containing 10 mm HEPES (pH 7.9), 10
mMm KCI, 0.1 mm EDTA, 1 mm DTT, 0.5% Nonidet P-40 and
proteinase inhibitors. Cell nuclei were collected by centrifuging
at 13,000 X g for 5 min, and nuclear membrane was broken
down by vertexing for 25 min in a buffer containing 20 mm
HEPES (pH 7.9), 0.4 M sodium chloride, 1 mm EDTA, 1 mm
DTT, and proteinase inhibitors. Nuclear proteins were col-
lected after centrifuging at 13,000 X g for 5 min.

Cell growth assay

2000 cells were seeded in each well of the 96-well plate and
cultured for the indicated growth time period. Relative cell
number was assayed by incubating the cells with MTS (G3580,
Promega, Fitchburg, WI) at 37 °C for 2 h and then measuring
the absorbance at 490 nm on a plate reader.

Chemotherapeutic drug treatment and cell viability assay

2000 cells were seeded in each well of the 96-well plates,
cultured for 24 h, and treated with vehicle or different concen-
trations of paclitaxel (T7402, Sigma) or docetaxel (01885,
Sigma) for 24 or 48 h. The treated cells were incubated with
MTS (G3580, Promega) for 2 h and then subjected to measure-
ment of the absorbance at 490 nm on a plate reader.

Annexin V staining

V-Ctrl, N6-KO1, and enhancer-deleted and promoter-de-
leted cells were treated with 50 nm paclitaxel for 24 h. Apoptotic
cells were measured by annexin V staining with an Alexa Fluor®
488 annexin V/dead cell apoptosis kit (V13241, Thermo Fisher
Scientific) according to the manufacturer’s instructions.
Annexin V-stained cells were counted on images taken under a
microscope.

Statistical analysis

Data were collected from several independent experiments,
with three replicates performed in each experiment. Represent-
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ative data from one of the experiments were presented. Scatter
plots were generated by using the Prism Software. All data are
expressed as the mean * S.E. Statistical differences were deter-
mined by two-tailed Student’s ¢ test or one-way analysis of vari-
ance, with p < 0.05 being considered significant.

Author contributions—Z.T.,Y. L., X. Y.,]. D. M., and J. X. conceptu-
alization; Z. T. data curation; Z. T. formal analysis; Z. T. investiga-
tion; Z. T. visualization; Z. T. writing-original draft; Z. T. and J. X.
project administration; Y. L., X. Y., and J. D. M. methodology; J. X.
supervision; J. X. funding acquisition; J. X. writing-review and
editing.

Acknowledgments—We thank Dong-Kee Lee, Yunfeng Ding, and
Suoling Zhou for scientific discussions and/or technical assistance.

References

1. Punyadeera, C., Verbost, P., and Groothuis, P. (2003) Oestrogen and pro-
gestin responses in human endometrium. /. Steroid Biochem. Mol. Biol. 84,
393-410 CrossRef Medline

2. Key, T. ], and Pike, M. C. (1988) The dose-effect relationship between
‘unopposed’ oestrogens and endometrial mitotic rate: its central role in
explaining and predicting endometrial cancer risk. Br. J. Cancer 57,
205-212 CrossRef Medline

3. Yasar, P, Ayaz, G., User, S. D., Gupiir, G., and Muyan, M. (2017) Molec-
ular mechanism of estrogen— estrogen receptor signaling. Reprod. Med.
Biol. 16, 4—20 CrossRef Medline

4. Hamilton, K. ., Hewitt, S. C., Arao, Y., and Korach, K. S. (2017) Estrogen
hormone biology. Curr. Top. Dev. Biol. 125, 109 —146 CrossRef Medline

5. Cooke, P. S., Buchanan, D. L., Young, P., Setiawan, T, Brody, J., Korach,
K. S, Taylor, J., Lubahn, D. B., and Cunha, G. R. (1997) Stromal estrogen
receptors mediate mitogenic effects of estradiol on uterine epithelium.
Proc. Natl. Acad. Sci. U.S.A. 94, 6535— 6540 CrossRef Medline

6. Winuthayanon, W., Hewitt, S. C., and Korach, K. S. (2014) Uterine epi-
thelial cell estrogen receptor a-dependent and -independent genomic
profiles that underlie estrogen responses in mice. Biol. Reprod. 91, 110
CrossRef Medline

7. Taylor, A. H., al-Azzawi, F., Pringle, ]. H., and Bell, S. C. (2002) Inhibition
of endometrial carcinoma cell growth using antisense estrogen receptor
oligodeoxyribonucleotides. Anticancer Res. 22, 3993—4003 Medline

8. Horvath, G., Leser, G., Helou, K., and Henriksson, M. (2002) Function of
the exon 7 deletion variant estrogen receptor a protein in an estradiol-
resistant, tamoxifen-sensitive human endometrial adenocarcinoma
grown in nude mice. Gynecol. Oncol. 84, 271-279 CrossRef Medline

9. Xu,J., Wu, R. C,, and O'Malley, B. W. (2009) Normal and cancer-related
functions of the p160 steroid receptor co-activator (SRC) family. Nat. Rev.
Cancer 9, 615—630 CrossRef Medline

10. Panigrahi, A. K., Foulds, C. E,, Lanz, R. B., Hamilton, R. A., Yi, P., Lonard,
D. M., Tsai, M. J,, Tsai, S. Y., and O’'Malley, B. W. (2018) SRC-3 co-
activator governs dynamic estrogen-induced chromatin looping interac-
tions during transcription. Mol. Cell 70, 679 —694.e7 CrossRef Medline

11. Guan, X. Y., Meltzer, P. S., Dalton, W. S., and Trent, J. M. (1994) Identifi-
cation of cryptic sites of DNA sequence amplification in human breast
cancer by chromosome microdissection. Nat. Genet. 8,155-161 CrossRef
Medline

12. Lee, S. K, Anzick, S. L., Choi, J. E., Bubendorf, L., Guan, X. Y., Jung, Y. K,,
Kallioniemi, O. P., Kononen, J., Trent, J. M., Azorsa, D., Jhun, B. H,,
Cheong, J. H,, Lee, Y. C,, Meltzer, P. S, and Lee, J. W. (1999) A nuclear
factor, ASC-2, as a cancer-amplified transcriptional co-activator essential
for ligand-dependent transactivation by nuclear receptors in vivo. J. Biol.
Chem. 274, 34283-34293 CrossRef Medline

13. Zhu, Y., Kan, L., Qi, C,, Kanwar, Y. S., Yeldandi, A. V., Rao, M. S., and
Reddy, J. K. (2000) Isolation and characterization of peroxisome prolifera-
tor-activated receptor (PPAR) interacting protein (PRIP) as a co-activator
for PPAR. J. Biol. Chem. 275, 13510-13516 CrossRef Medline

SASBMB

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

NCOAG6 is essential for GREB1 transcription

Mahajan, M. A, and Samuels, H. H. (2000) A new family of nuclear recep-
tor co-regulators that integrate nuclear receptor signaling through CREB-
binding protein. Mol. Cell. Biol. 20, 5048 —5063 CrossRef Medline

Ko, L., Cardona, G. R., and Chin, W. W. (2000) Thyroid hormone recep-
tor-binding protein, an LXXLL motif-containing protein, functions as a
general co-activator. Proc. Natl. Acad. Sci. U.S.A. 97, 6212— 6217 CrossRef
Medline

Caira, F., Antonson, P., Pelto-Huikko, M., Treuter, E., and Gustafsson, J. A.
(2000) Cloning and characterization of RAP250, a novel nuclear receptor
co-activator. J. Biol. Chem. 275, 5308 —=5317 CrossRef Medline

Albers, M., Kranz, H., Kober, L, Kaiser, C., Klink, M., Suckow, J., Kern, R.,
and Koegl, M. (2005) Automated yeast two-hybrid screening for nuclear
receptor-interacting proteins. Mol. Cell. Proteomics 4, 205—213 CrossRef
Medline

Goo, Y. H, Na, S. Y, Zhang, H.,, Xu, J., Hong, S., Cheong, J., Lee, S. K., and
Lee, ]. W. (2004) Interactions between activating signal cointegrator-2 and
the tumor suppressor retinoblastoma in androgen receptor transactiva-
tion. /. Biol. Chem. 279, 7131-7135 CrossRef Medline

Lee, S. K., Na, S. Y., Jung, S. Y., Choi, J. E,, Jhun, B. H,, Cheong, ]., Meltzer,
P.S., Lee, Y. C., and Lee, ]. W. (2000) Activating protein-1, nuclear factor-
kB, and serum response factor as novel target molecules of the cancer-
amplified transcription co-activator ASC-2. Mol. Endocrinol. 14, 915-925
CrossRef Medline

Hong, S., Lee, M. Y., and Cheong, J. (2001) Functional interaction of tran-
scriptional co-activator ASC-2 and C/EBP« in granulocyte differentiation
of HL-60 promyelocytic cell. Biochem. Biophys. Res. Commun. 282,
1257-1262 CrossRef Medline

Kong, H.J., Yu,H.]., Hong, S., Park, M. ]., Choi, Y. H., An, W. G., Lee, ]. W.,
and Cheong, J. (2003) Interaction and functional cooperation of the can-
cer-amplified transcriptional co-activator activating signal cointegrator-2
and E2F-1 in cell proliferation. Mol. Cancer Res. 1, 948 =958 Medline
Goo, Y. H,, Sohn, Y. C,, Kim, D. H,, Kim, S. W., Kang, M. ], Jung, D. ],
Kwak, E., Barlev, N. A, Berger, S. L., Chow, V. T., Roeder, R. G., Azorsa,
D. O, Meltzer, P. S., Suh, P. G., Song, E. ], et al. (2003) Activating signal
cointegrator 2 belongs to a novel steady-state complex that contains a
subset of trithorax group proteins. Mol. Cell. Biol. 23, 140149 CrossRef
Medline

Lee, ], Kim, D. H,, Lee, S., Yang, Q. H,, Lee, D. K,, Lee, S. K., Roeder, R. G,,
and Lee, . W. (2009) A tumor suppressive co-activator complex of p53
containing ASC-2 and histone H3-lysine-4 methyltransferase MLL3 or its
paralogue MLL4. Proc. Natl. Acad. Sci. U.S.A. 106, 8513—8518 CrossRef
Medline

Lee, S. K., Jung, S. Y., Kim, Y. S, Na, S. Y., Lee, Y. C., and Lee, ]. W. (2001)
Two distinct nuclear receptor-interaction domains and CREB-binding
protein-dependent transactivation function of activating signal cointegra-
tor-2. Mol. Endocrinol. 15, 241-254 CrossRef Medline

Iwasaki, T., Chin, W. W, and Ko, L. (2001) Identification and character-
ization of RRM-containing co-activator activator (CoAA) as TRBP-inter-
acting protein, and its splice variant as a co-activator modulator (CoAM).
J. Biol. Chem. 276, 33375-33383 CrossRef Medline

Zhang, H., Liao, L., Kuang, S. Q., and Xu, J. (2003) Spatial distribution of
the messenger ribonucleic acid and protein of the nuclear receptor co-
activator, amplified in breast cancer-3, in mice. Endocrinology 144,
1435-1443 CrossRef Medline

Kuang, S. Q., Liao, L., Zhang, H., Pereira, F. A., Yuan, Y., DeMayo, F. ]., Ko,
L., and Xu, J. (2002) Deletion of the cancer-amplified co-activator AIB3
results in defective placentation and embryonic lethality. /. Biol. Chem.
277, 45356 —45360 CrossRef Medline

Zhang, H., Kuang, S. Q., Liao, L., Zhou, S., and Xu, J. (2004) Haploid
inactivation of the amplified—in-breast cancer 3 co-activator reduces the
inhibitory effect of peroxisome proliferator-activated receptor y and ret-
inoid X receptor on cell proliferation and accelerates polyoma middle—T
antigen-induced mammary tumorigenesis in mice. Cancer Res. 64,
7169-7177 CrossRef Medline

Kawagoe, ], Li, Q., Mussi, P., Liao, L., Lydon, J. P., DeMayo, F. ., and Xu, J.
(2012) Nuclear receptor co-activator-6 attenuates uterine estrogen sensi-
tivity to permit embryo implantation. Dev. Cell 23, 858 —865 CrossRef
Medline

J. Biol. Chem. (2019) 294(51) 1966719682 19681


http://dx.doi.org/10.1016/S0960-0760(03)00061-X
http://www.ncbi.nlm.nih.gov/pubmed/12732285
http://dx.doi.org/10.1038/bjc.1988.44
http://www.ncbi.nlm.nih.gov/pubmed/3358913
http://dx.doi.org/10.1002/rmb2.12006
http://www.ncbi.nlm.nih.gov/pubmed/29259445
http://dx.doi.org/10.1016/bs.ctdb.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/28527569
http://dx.doi.org/10.1073/pnas.94.12.6535
http://www.ncbi.nlm.nih.gov/pubmed/9177253
http://dx.doi.org/10.1095/biolreprod.114.120170
http://www.ncbi.nlm.nih.gov/pubmed/25210133
http://www.ncbi.nlm.nih.gov/pubmed/12553024
http://dx.doi.org/10.1006/gyno.2001.6509
http://www.ncbi.nlm.nih.gov/pubmed/11812086
http://dx.doi.org/10.1038/nrc2695
http://www.ncbi.nlm.nih.gov/pubmed/19701241
http://dx.doi.org/10.1016/j.molcel.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29775582
http://dx.doi.org/10.1038/ng1094-155
http://www.ncbi.nlm.nih.gov/pubmed/7842014
http://dx.doi.org/10.1074/jbc.274.48.34283
http://www.ncbi.nlm.nih.gov/pubmed/10567404
http://dx.doi.org/10.1074/jbc.275.18.13510
http://www.ncbi.nlm.nih.gov/pubmed/10788465
http://dx.doi.org/10.1128/MCB.20.14.5048-5063.2000
http://www.ncbi.nlm.nih.gov/pubmed/10866662
http://dx.doi.org/10.1073/pnas.97.11.6212
http://www.ncbi.nlm.nih.gov/pubmed/10823961
http://dx.doi.org/10.1074/jbc.275.8.5308
http://www.ncbi.nlm.nih.gov/pubmed/10681503
http://dx.doi.org/10.1074/mcp.M400169-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/15604093
http://dx.doi.org/10.1074/jbc.M312563200
http://www.ncbi.nlm.nih.gov/pubmed/14645241
http://dx.doi.org/10.1210/mend.14.6.0471
http://www.ncbi.nlm.nih.gov/pubmed/10847592
http://dx.doi.org/10.1006/bbrc.2001.4727
http://www.ncbi.nlm.nih.gov/pubmed/11302752
http://www.ncbi.nlm.nih.gov/pubmed/14638867
http://dx.doi.org/10.1128/MCB.23.1.140-149.2003
http://www.ncbi.nlm.nih.gov/pubmed/12482968
http://dx.doi.org/10.1073/pnas.0902873106
http://www.ncbi.nlm.nih.gov/pubmed/19433796
http://dx.doi.org/10.1210/mend.15.2.0595
http://www.ncbi.nlm.nih.gov/pubmed/11158331
http://dx.doi.org/10.1074/jbc.M101517200
http://www.ncbi.nlm.nih.gov/pubmed/11443112
http://dx.doi.org/10.1210/en.2002-0018
http://www.ncbi.nlm.nih.gov/pubmed/12639927
http://dx.doi.org/10.1074/jbc.C200509200
http://www.ncbi.nlm.nih.gov/pubmed/12368298
http://dx.doi.org/10.1158/0008-5472.CAN-04-1176
http://www.ncbi.nlm.nih.gov/pubmed/15466215
http://dx.doi.org/10.1016/j.devcel.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/23079602

NCOAG6 is essential for GREB1 transcription

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ghosh, M. G., Thompson, D. A., and Weigel, R. J. (2000) PDZK1 and
GREBI are estrogen-regulated genes expressed in hormone-responsive
breast cancer. Cancer Res. 60, 6367— 6375 Medline

Fung, J. N., Holdsworth-Carson, S. J., Sapkota, Y., Zhao, Z. Z., Jones, L.,
Girling, J. E., Paiva, P., Healey, M., Nyholt, D. R, Rogers, P. A., and Mont-
gomery, G. W. (2015) Functional evaluation of genetic variants associated
with endometriosis near GREB1. Hum. Reprod. 30, 1263—1275 CrossRef
Medline

Zhang, W., Chen, J. H., Aguilera-Barrantes, 1., Shiau, C. W., Sheng, X.,
Wang, L. S., Stoner, G. D.,and Huang, Y. W. (2016) Urolithin A suppresses
the proliferation of endometrial cancer cells by mediating estrogen recep-
tor-a-dependent gene expression. Mol. Nutr. Food Res. 60, 23872395
CrossRef Medline

Deschénes, J., Bourdeau, V., White, ]. H., and Mader, S. (2007) Regulation
of GREBI transcription by estrogen receptor « through a multipartite
enhancer spread over 20 kb of upstream flanking sequences. J. Biol. Chem.
282, 17335-17339 CrossRef Medline

Sun, J., Nawaz, Z., and Slingerland, J. M. (2007) Long-range activation of
GREBI by estrogen receptor via three distal consensus estrogen-respon-
sive elements in breast cancer cells. Mol. Endocrinol. 21, 2651-2662
CrossRef Medline

Lin, C. Y., Strém, A., Vega, V. B,, Kong, S. L., Yeo, A. L., Thomsen, J. S.,
Chan, W. C,, Doray, B., Bangarusamy, D. K., Ramasamy, A., Vergara, L. A.,
Tang, S., Chong, A., Bajic, V. B,, Miller, L. D., Gustafsson, J. A., and Liu,
E. T. (2004) Discovery of estrogen receptor « target genes and response
elements in breast tumor cells. Genome Biol. 5, R66 CrossRef Medline
Nishida, M., Kasahara, K., Kaneko, M., Iwasaki, H., and Hayashi, K. (1985)
Establishment of a new human endometrial adenocarcinoma cell line,
Ishikawa cells, containing estrogen and progesterone receptors. Nikon
Sanka Fujinka Gakkai Zasshi 37,1103-1111 Medline

Ran, F. A, Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and Zhang, F.
(2013) Genome engineering using the CRISPR-Cas9 system. Nat. Protoc.
8, 2281-2308 CrossRef Medline

Joseph, R., Orlov, Y. L., Huss, M., Sun, W., Kong, S. L., Ukil, L., Pan, Y. F.,
Li, G, Lim, M., Thomsen, J. S., Ruan, Y., Clarke, N. D., Prabhakar, S.,
Cheung, E., and Liu, E. T. (2010) Integrative model of genomic factors for
determining binding site selection by estrogen receptor-a. Mol. Syst. Biol.
6, 456 CrossRef Medline

Wu, Y., Zhang, Z., Cenciarini, M. E., Proietti, C. ]., Amasino, M., Hong, T,
Yang, M., Liao, Y., Chiang, H. C., Kaklamani, V. G., Jeselsohn, R., Vadla-
mudi, R. K,, Huang, T. H,, Li, R,, De Angelis, C., et al. (2018) Tamoxifen
resistance in breast cancer is regulated by the EZH2-ERa-GREBI tran-
scriptional axis. Cancer Res. 78, 671- 684 CrossRef Medline

Barski, A., Cuddapah, S., Cui, K., Roh, T. Y., Schones, D. E., Wang, Z., Wei,
G., Chepelev, I, and Zhao, K. (2007) High-resolution profiling of histone
methylations in the human genome. Cell 129, 823— 837 CrossRef Medline
Karmodiya, K., Krebs, A. R., Oulad-Abdelghani, M., Kimura, H., and Tora,
L. (2012) H3K9 and H3K14 acetylation co-occur at many gene regulatory
elements, while H3K14ac marks a subset of inactive inducible promoters
in mouse embryonic stem cells. BMC Genomics 13,424 CrossRef Medline
Tien, ]. C., Zhou, S., and Xu, J. (2009) The role of SRC-1 in murine prostate
carcinogenesis is nonessential due to a possible compensation of SRC-3/
AIB1 overexpression. Int. J. Biol. Sci. 5, 256 —264 CrossRef Medline

Lee, S., Lee, D.K,, Dou, Y., Lee, |, Lee, B, Kwak, E., Kong, Y. Y., Lee, S. K.,
Roeder, R. G.,and Lee, . W. (2006) Co-activator as a target gene specificity
determinant for histone H3 lysine 4 methyltransferases. Proc. Natl. Acad.
Sci. U.S.A. 103, 15392-15397 CrossRef Medline

19682 J Biol. Chem. (2019) 294(51) 19667-19682

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hanstein, B., Eckner, R, DiRenzo, J., Halachmi, S., Liu, H., Searcy, B.,
Kurokawa, R., and Brown, M. (1996) p300 is a component of an estrogen
receptor co-activator complex. Proc. Natl. Acad. Sci. U.S.A. 93,
1154011545 CrossRef Medline

Mo, R, Rao, S. M., and Zhu, Y. J. (2006) Identification of the MLL2 com-
plex as a co-activator for estrogen receptor «. J. Biol. Chem. 281,
15714-15720 CrossRef Medline

Rae, . M., Johnson, M. D., Cordero, K. E., Scheys, J. O., Larios, J. M.,
Gottardis, M. M., Pienta, K.]., and Lippman, M. E. (2006) GREBL1 is a novel
androgen-regulated gene required for prostate cancer growth. Prostate
66, 886 — 894 CrossRef Medline

Rae, J. M, Johnson, M. D., Scheys, J. O., Cordero, K. E.,, Larios, ]. M., and
Lippman, M. E. (2005) GREB 1 is a critical regulator of hormone depen-
dent breast cancer growth. Breast Cancer Res. Treat. 92, 141-149
CrossRef Medline

Anaya, J. (2016) OncoLnc: linking TCGA survival data to mRNAs,
miRNAs, and IncRNAs. Peer/]. Computer Science 2, €67 CrossRef

Wang, L., Yu, Y., Chow, D.C,, Yan, F., Hsu, C. C,, Stossi, F., Mancini, M. A.,
Palzkill, T., Liao, L., Zhou, S., Xu, J., Lonard, D. M., and O’'Malley, B. W.
(2015) Characterization of a steroid receptor co-activator small molecule
stimulator that overstimulates cancer cells and leads to cell stress and
death. Cancer Cell 28, 240 -252 CrossRef Medline

Burakov, D., Wong, C. W., Rachez, C., Cheskis, B. J., and Freedman, L. P.
(2000) Functional interactions between the estrogen receptor and
DRIP205, a subunit of the heteromeric DRIP co-activator complex. /. Biol.
Chem. 275, 20928 —20934 CrossRef Medline

Gao, W. W, Xiao, R. Q.,, Zhang, W.J., Hu, Y. R, Peng, B. L., Li, W. ], He,
Y.H.,, Shen, H.F,, Ding, J. C,, Huang, Q. X., Ye, T. Y., Li, Y., Liu, Z. Y., Ding,
R., Rosenfeld, M. G., and Liu, W. (2018) JM]JD6 Licenses ERa-dependent
enhancer and coding gene activation by modulating the recruitment of the
CARMI1/MEDI12 co-activator complex. Mol Cell 70, 340-357.e8
CrossRef Medline

Mohammed, H., D’Santos, C., Serandour, A. A., Ali, H. R., Brown, G. D.,
Atkins, A., Rueda, O. M., Holmes, K. A., Theodorou, V., Robinson, J. L.,
Zwart, W, Saadi, A., Ross-Innes, C. S., Chin, S. F., Menon, S., et al. (2013)
Endogenous purification reveals GREBI as a key estrogen receptor regu-
latory factor. Cell Rep. 3, 342—-349 CrossRef Medline

Bauerschlag, D. O., Ammerpohl, O., Briautigam, K., Schem, C,, Lin, Q,,
Weigel, M. T., Hilpert, F., Arnold, N., Maass, N., Meinhold-Heerlein, I,
and Wagner, W. (2011) Progression-free survival in ovarian cancer is re-
flected in epigenetic DNA methylation profiles. Oncology 80, 12—20
CrossRef Medline

Huang, Y., Ju, B., Tian, J., Liu, F., Yu, H., Xiao, H,, Liu, X,, Liu, W, Yao, Z.,
and Hao, Q. (2014) Ovarian cancer stem cell-specific gene expression
profiling and targeted drug prescreening. Oncol. Rep. 31, 1235-1248
CrossRef Medline

Abdullah, L. N, and Chow, E. K. (2013) Mechanisms of chemoresistance
in cancer stem cells. Clin. Transl. Med. 2, 3 CrossRef Medline

Fang, B, Everett, L. ], Jager, J., Briggs, E., Armour, S. M., Feng, D., Roy, A.,
Gerhart-Hines, Z., Sun, Z., and Lazar, M. A. (2014) Circadian enhancers
coordinate multiple phases of rhythmic gene transcription in vivo. Cell
159, 1140-1152 CrossRef Medline

Hagege, H., Klous, P., Braem, C., Splinter, E., Dekker, J., Cathala, G., de
Laat, W., and Forné, T. (2007) Quantitative analysis of chromosome con-
formation capture assays (3C— qPCR). Nat. Protoc. 2,1722-1733 CrossRef
Medline

SASBMB


http://www.ncbi.nlm.nih.gov/pubmed/11103799
http://dx.doi.org/10.1093/humrep/dev051
http://www.ncbi.nlm.nih.gov/pubmed/25788566
http://dx.doi.org/10.1002/mnfr.201600048
http://www.ncbi.nlm.nih.gov/pubmed/27342949
http://dx.doi.org/10.1074/jbc.C700030200
http://www.ncbi.nlm.nih.gov/pubmed/17463000
http://dx.doi.org/10.1210/me.2007-0082
http://www.ncbi.nlm.nih.gov/pubmed/17666587
http://dx.doi.org/10.1186/gb-2004-5-9-r66
http://www.ncbi.nlm.nih.gov/pubmed/15345050
http://www.ncbi.nlm.nih.gov/pubmed/4031568
http://dx.doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
http://dx.doi.org/10.1038/msb.2010.109
http://www.ncbi.nlm.nih.gov/pubmed/21179027
http://dx.doi.org/10.1158/0008-5472.CAN-17-1327
http://www.ncbi.nlm.nih.gov/pubmed/29212856
http://dx.doi.org/10.1016/j.cell.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17512414
http://dx.doi.org/10.1186/1471-2164-13-424
http://www.ncbi.nlm.nih.gov/pubmed/22920947
http://dx.doi.org/10.7150/ijbs.5.256
http://www.ncbi.nlm.nih.gov/pubmed/19305643
http://dx.doi.org/10.1073/pnas.0607313103
http://www.ncbi.nlm.nih.gov/pubmed/17021013
http://dx.doi.org/10.1073/pnas.93.21.11540
http://www.ncbi.nlm.nih.gov/pubmed/8876171
http://dx.doi.org/10.1074/jbc.M513245200
http://www.ncbi.nlm.nih.gov/pubmed/16603732
http://dx.doi.org/10.1002/pros.20403
http://www.ncbi.nlm.nih.gov/pubmed/16496412
http://dx.doi.org/10.1007/s10549-005-1483-4
http://www.ncbi.nlm.nih.gov/pubmed/15986123
http://dx.doi.org/10.7717/peerj-cs.67
http://dx.doi.org/10.1016/j.ccell.2015.07.005
http://www.ncbi.nlm.nih.gov/pubmed/26267537
http://dx.doi.org/10.1074/jbc.M002013200
http://www.ncbi.nlm.nih.gov/pubmed/10770935
http://dx.doi.org/10.1016/j.molcel.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29628309
http://dx.doi.org/10.1016/j.celrep.2013.01.010
http://www.ncbi.nlm.nih.gov/pubmed/23403292
http://dx.doi.org/10.1159/000327746
http://www.ncbi.nlm.nih.gov/pubmed/21577013
http://dx.doi.org/10.3892/or.2014.2976
http://www.ncbi.nlm.nih.gov/pubmed/24424387
http://dx.doi.org/10.1186/2001-1326-2-3
http://www.ncbi.nlm.nih.gov/pubmed/23369605
http://dx.doi.org/10.1016/j.cell.2014.10.022
http://www.ncbi.nlm.nih.gov/pubmed/25416951
http://dx.doi.org/10.1038/nprot.2007.243
http://www.ncbi.nlm.nih.gov/pubmed/17641637

	The transcriptional co-activator NCOA6 promotes estrogen-induced GREB1 transcription by recruiting ER and enhancing enhancer–promoter interactions
	Results
	NCOA6 is required for baseline and estrogen-induced GREB1 expression
	NCOA6 is associated with both the promoter and enhancer of the GREB1 gene in an estrogen-independent manner and NCOA6 preoccupancy is required for efficient recruitment of ER
	NCOA6 is essential for programming an active configuration of the GREB1 enhancer and promoter
	NCOA6 enhances the interaction between the GREB1 enhancer and promoter through increasing chromatin looping in an E2-independent manner
	Deletion of either the enhancer or the promoter core sequences of the GREB1 gene decreases chromatin looping
	Both the ER-bound enhancer and the NCOA6-associated promoter are required for transcriptional activation of the GREB1 gene
	Cells with GREB1 down-regulation caused by NCOA6 KO, GREB1 enhancer deletion, or GREB1 promoter deletion are resistant to chemotherapy drugs

	Discussion
	Materials and methods
	Cell culture and E2 treatment
	Western blotting
	Generation of NCOA6 knockout cell lines
	Generation of the NCOA6-FLAG knock-in Ishikawa cell line
	qPCR
	Measurement of the GREB1 enhancer RNA (eRNA) and promoter RNA transcript (pRNA)
	ChIP–qPCR
	3C-PCR
	In vitro chromatin-looping assay
	Generation of Ishikawa cell lines with deleted enhancer or promoter of the GREB1 gene
	Nuclear protein extraction
	Cell growth assay
	Chemotherapeutic drug treatment and cell viability assay
	Annexin V staining
	Statistical analysis

	References


