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1. INTRODUCTION:

Previous studies of DNA methylation at 5-position of cytosine (5mC) have led to the discovery of useful
methylation biomarkers for prostate cancer diagnosis and prognosis, some of which are being developed
into clinical tests. However, several seminal studies have recently reported that DNA methylation 5mC
can be de-methylated by the TET proteins resulting in 5-hydroxylmethylation (5hmC), which plays
distinct functional roles of 5mC but yet is indistinguishable from 5mC by a majority of current assays.
Developing enabling assays that measure 5mC and 5hmC specifically might significantly improve the
performance of methylation biomarkers. Our goal is thus to develop and apply 5mC- or 5hmC-specific
assays to study prostate cancer (PCa) methylome. Our hypothesis is that 5hmC and 5mC play distinct

and important roles in PCa and cancer-specific 5hmC and 5hmC signatures may be useful PCa

biomarkers. To test this hypothesis, we propose two Specific Aims:

(1) Develop 5mC- and 5ShmC-specific assays for DNA methylation analysis in PCa.

(2) Obtain genome-wide maps of 5mC and 5hmC distribution in prostate cancer.

2. KEYWORDS: DNA methylation 5mC, DNA hydroxymethylation 5hmC, biomarker, 5ShmCSL-
PCR, 5mCSL-PCR, BS-seq, TAB-seq, cancer-specific methylation

3. ACCOMPLISHMENTS:

= What were the major goals of the project? The Table below listed the goals/target dates of the

project as in the approved SOW. A new column was added on the right showing actual completion

dates and the percentage of completion.

Specific Aim 1. To develop 5mC- and 5hmC- | Timeline | Site | Site % of Actual
specific assays for DNA methylation analysis in 1 2 | completion | complete
PCa dates
Major Task 1 : Develop 5hmCSL-PCR assay Months
Subtask 1: optimize 5hmCSL-PCR in a panel of Dr Dr 100% 9/1/2015
prostate cell lines using previously known 1-6 Y ' '
. u He
methylated regions
Subtask 2: Compare 5hmCSL results with hMeDIP. 6-12 Dr. 100% 12/31/2015
Yu
Subtask 3: Use TAB-pyro to validate 5hmCSL 6-12 Dr. 50%
results. Yu
Local IRB non-human subject Approval 1-3 100% 3/22/2014
Milestone Achieved: HRPO Approval 6 100% 3/22/2014
Major Task 2: Develop 5mCSL-PCR assay
Subtask 1: optimize 5mCSL-PCR in a panel of 3.9 Dr. | Dr. 100% 2/1/2016
prostate cell lines using previously known Yu He




methylated regions

Subtask 2: Compare 5mCSL results with MeDIP. 6-12 Dr. 100% 6/31/2014
Yu
Subtask 3: Use BS-pyro and TAB-pyro to validate 9-18 Dr. 50%
5mCSL results. Yu
Major Task 3: Assess methylation biomarkers in
prostate cancer specimens.
Subtask 1: analyze 5mC and 5hmC level of selected 19-18 Dr. 50%
genes using DNA from 90 prostate cancer tissues. Yu
Specific Aim 2: Obtain genome-wide map of
5mC and 5hmC distribution in prostate cancer
Major Task 4: Genome-wide 5(h)mCSL-Seq
0,
Subtask 1: perform 5(h)mCSL-Seq in 3 cell lines. 9-18 E)(L E'; 0%
Subtask 2: identify cancer-specific 5(h)mC loci. Dr. 50%
12-30 Yu
Major Task 5: BS-Seq and TAB-Seq
Subtask 1: BS-Seq and TAB-Seq in 3 cell lines Dr. | Dr. 80%
24-30 vu | He
Subtask 2: identify 5(h)mC-rich loci and cross- Dr. 50%
" N 30-36
validation using different assays. Yu
Subtask 3: analyze cancer-specific 5(h)mC Dr 20%
biomarker using DNA from 90 prostate cancer 30-36 Yu‘

tissues.

= What was accomplished under these goals?
1) Major activities in this reporting period include:

A. Perform genome-wide MeDIP-seq and 5ShmCSL-seq to map 5mC in 33 prostate cancer samples,

including 5 cell lines, 11 benign prostate tissues, 11 localized prostate cancer, and 6 metastatic

prostate cancer tissues.

B. Determine how TET1 occupancy and 5hmC modification are associated with enhancer activities.

C. Investigate how FOXAL regulates TET1 expression and function.
D. Examine how TET1 facilitates FOXA1-mediated enhancer activation through DNA

demethylation.

E. Perform bioinformatics analysis to determine cancer-specific methylation profiles.

F. Optimize nano-seal protocol using small amount of DNA to pull down 5hmC.

2) Specific objectives: (A) Optimize existing and novel methylation assays; (B) obtain genome-wide

maps of 5mC and 5hmC.
3) Significant results or key outcomes:
Major Task 1: Develop 5hmCSL-PCR assay.




Progress: The 5hmCSL-PCR assay
has been successfully developed
(Subtask 1). To compare the
performance of 5hmCSL and hMeDIP
(Subtask 2), we have performed
5hmCSL-gPCR and hMeDIP-gPCR

on a set of genes and found that the
former is much more sensitive and
accurate in capturing 5hmcC (Figure 1).
The 5hmCSL-gPCR assay, as
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Figure 1: 5hmCSL-PCR is more accurate in determining
5hmC level than hMeDIP. LNCaP cells with control and
TET1 knockdown were subjected to hMeDIP and 5ShmCSl
followed by gPCR analysis.

expected, showed reduced 5hmC levels at target methylated regions following knockdown of TET1, the

DNA demethylase that converts 5mC to 5ShmC. This may be due to the fact that 5hmC only exists on a

small percentage (~2.5%) of Cs and may be insufficient to enrich by antibody-based approach (the

hMeDIP assay).

Subtask 3: Use TAB-pyro to validate 5ShmCSL results. We have performed BS-seq and TAB-seq in

LNCaP cells. To validate 5hmCSL results and demonstrate the accuracy of 5ShmCSL sequencing

analysis of 5hmC sites, we will compare the TAB-seq data with 5ShmCSL data (Table 1).

Table 1: Validation of 5hmCSL-seq assay using BS-seq and TAB-seq

Cell line Condition Method barcode # seq reads
LNCaP control 5hmC-seq 701-503 7,591,719
LNCaP DMSO 5hmC-seq 703-505 5,365,282
LNCaP shGIPZ TAB TAB-seq TATAAT | 306,755,767
LNCaP shFOXAL1 TAB TAB-seq TCGAAG | 273,079,194

Major Task 2: Develop 5mCSL-PCR
assay

Progress: we have developed the 5mCSL-
PCR assay (subtask 1). In order to compare

the effectiveness of 5mCSL assay in
relative to MeDIP (subtask 2), we

performed next-generation sequencing of

the enriched DNA. We found that with
comparable amount of total sequencing

=, .3, onsl - o730, 0001 7,307,000
MeDIP-se
Ctrl 4
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Figure 2: MeDIP-seq outperformed 5mCSL-seq.
LNCaP cells with control and FOXA1 knockdown were
subjected to MeDIP and 5mCSL pull down followed by
NGS analysis. The enriched peaks around the GSTP1
gene are shown.




reads, 5mCSL-seq leads to very fewer and indistinct peaks when compared to MeDIP-seq which render
sharp and clear peaks of enrichment (Figure 2). This may be due to the fact that 5mC is quite abundant
and the level of modified 5mC is sufficient for antibody-based enrichment. On the other hand, 5mCSL
requires blockade of original 5hmC and conversion of 5mC to new 5hmC for subsequent chemical-
linked pull down, a process that may result in substantial loss of the material.

Consequently, it is no longer needed to compare 5SmCSL based assay with pyrosequencing (subtask 3).
Instead, we will evaluate MeDIP-seq results through comparative analysis with BS-seq and TAB-seq

data (Table 2). We expect methylated regions detected by MeDIP-seq to contain signals in BS-seq but
not TAB-seq. We will use MeDIP-seq in the later part of the project for genome-wide analysis of 5mC,

and 5hmCSL-seq for genome-wide mapping of 5hmC.

Table 2: Validation of MeDIP-seq assay using BS-seq and TAB-seq

Cell line Condition Method barcode # seq reads
LNCaP shGIPZ BS BS-seq GGTAGC 235,589,814
LNCaP shGIPZ TAB TAB-seq TATAAT 306,755,767
LNCaP control MeDIP-seq ACAGTG 15,886,470

Major Task 3: Assess methylation biomarkers in prostate cancer specimens.

Progress: we initially proposed to analyze a set of known methylated genes/loci in 90 benign adjacent
and prostate cancer tissues. We started out by performing 5mCSL and 5hmCSL in a panel of prostate
cancer cell lines and examined 5mC and 5hmC

methylation levels of several previously reported el L S
epigenetic cancer biomarkers including GSTP1, WRASSE NSUTZ 5 GAPOH
APC, CDH1, RASSF2, and SLIT2 (Figure 3).
We observed some degree of methylation of these
genes in cancer cell lines, relative to GAPDH

negative control gene. However, we did not see a

LNCap 22RV1 V145 BPHI

. . Figure 3. 5mCSL and 5hmCSL pull down using DNA
prostate cancer compared to benign cell lines (e.9. from various prostate cancer cell lines. The enriched DNA

RWPE, PrEC and BPH1). To obtain a cancer- was then subjected to QPCR analysis of 5 previously

reported methylated genes in prostate cancer (GSTP1, APC,
specific 5mC or 5hmC signature, we decided to CDH1, RASSF2, SLIT?2) and a control gene (GAPDH). For

each gene at each condition, shown on the left are 5hmC and
on the right are 5mC with duplicates.

clear association of the methylation pattern with

perform global analysis of 5mC and 5hmC in



primary samples to identify cancer-specific 5mC and 5ShmC methylation. As of today, we have

successfully carried out genome-wide mapping of 5mC and 5hmC in primary tissue specimens as listed
below (Table 3). We are currently in the process of developing appropriate bioinformatics pipelines to
determine cancer-specific 5mC and 5hmC regions. If necessary, additional specimens will be subjected

to genome-wide analysis. Cancer-specific methylation biomarkers will be determined.

Table 3: Next-generation sequencing analysis of DNA methylation
(5mC and 5hmC) in primary specimens.

Sample ID Cell Line Treatment Antibody Barcode Reads
9068-21 normal tissue 5hmC-seq 701-502 5,464,789
31443 normal tissue 5hmC-seq 702-503 3,379,152
31155 normal tissue 5hmC-seq 703-504 4,328,516
9050-24 normal tissue S5hmC-seq 704-505 6,007,179
9102-21 normal tissue S5hmC-seq 705-506 3,308,939
30833 normal tissue 5hmC-seq 706-507 4,526,880
31677 normal tissue S5hmC-seq 707-508 3,682,219
38597 normal tissue 5hmC-seq 708-517 4,231,648
49246 normal tissue 5hmC-seq 709-502 5,304,758
38545 normal tissue 5hmC-seq 710-503 2,925,850
Inputl normal tissue 5hmC-seq 703-503 2,118,178
9068-23 G7/91-100% tissue 5hmC-seq 711-504 4,406,930
31154 G9/61-70% tissue 5hmC-seq 712-505 9,075,967
31444 G9/71-80% tissue 5hmC-seq 701-506 12,399,696
9050-23 G7/51-60% tissue 5hmC-seq 702-507 6,456,052
9102-24 G9/20-30% tissue S5hmC-seq 703-508 11,646,542
30831 G9/41-50% tissue S5hmC-seq 704-517 8,068,573
31678 G9/61-70% tissue 5hmC-seq 705-502 6,236,421
38600 G9/71-80% tissue S5hmC-seq 706-503 5,370,120
49245 G9/61-70% tissue 5hmC-seq 707-504 3,622,852
38547 G9/21-30% tissue 5hmC-seq 708-505 6,004,212
Input 2 cancer tissue 5hmC-seq 704-504 3,599,877
27 LNCaP control 5hmC-seq 701-503 7,591,719
28 LNCaP shTET1 5hmC-seq 702-504 5,044,257
DMSO LNCaP DMSO 5hmC-seq 703-505 5,365,282
MDV-R LNCaP MDV-R 5hmC-seq 704-506 2,772,933
Input 4 LNCaP none 5hmC-seq 706-506 3,613,131
31-27 CRPC tissue S5hmC-seq 709-506 6,226,398
37-54 CRPC tissue S5hmC-seq 710-507 3,464,594
30-28 CRPC tissue 5hmC-seq 711-508 6,442,382
28-34 CRPC tissue S5hmC-seq 712-517 3,287,285
33-89 CRPC tissue 5hmC-seq 702-502 2,385,396




Input3 CRPC tissue 5hmC-seq 705-505 3,153,956
38597 Normal tissue MeDIP-seq GGCTAC 25,813,531
30-28 CRPC tissue MeDIP-seq ATCACG 31,184,661
33-89 CRPC tissue MeDIP-seq TTAGGC 23,055,143
9050-23 G7/51-60% tissue MeDIP-seq CAGATC 44,933,849
9102-24 G9/20-30% tissue MeDIP-seq ACTTGA 72,867,001
30831 G9/41-50% tissue MeDIP-seq GATCAG 29,065,739
27 LNCaP control MeDIP-seq ACAGTG 15,886,470
28 LNCaP ShTET1 MeDIP-seq GCCAAT 20,621,914
30833 normal tissue MeDIP-seq 706-507 18,033,668
31677 normal tissue MeDIP-seq 707-508 21,259,353
38597 normal tissue MeDIP-seq 708-517 23,884,469
49246 normal tissue MeDIP-seq 709-502 26,091,306
38545 normal tissue MeDIP-seq 710-503 19,426,891
Inputl normal tissue MeDIP-seq 703-503 21,826,000
30831 G9/41-50% tissue MeDIP-seq 704-517 21,644,173
31678 G9/61-70% tissue MeDIP-seq 705-502 24,138,360
38600 G9/71-80% tissue MeDIP-seq 706-503 21,329,426
49245 G9/61-70% tissue MeDIP-seq 707-504 24,840,686
38547 G9/21-30% tissue MeDIP-seq 708-505 23,056,205
31-27 CRPC tissue MeDIP-seq 709-506 30,419,917
37-54 CRPC tissue MeDIP-seq 710-507 21,981,475
30-28 CRPC tissue MeDIP-seq 711-508 22,645,996
28-34 CRPC tissue MeDIP-seq 712-517 23,878,434
33-89 CRPC tissue MeDIP-seq 702-502 23,129,750
30833 normal tissue tissue MeDIP-seq M198 55,178,693
37-54 CRPC tissue tissue MeDIP-seq M201 39,691,324
28-34 CRPC tissue tissue MeDIP-seq M203 42,248,520
9068-23 PC tissue tissue MeDIP-seq M205 41,202,546
31154 PC tissue tissue MeDIP-seq M206 32,865,094
31444 PC tissue tissue MeDIP-seq M207 42,734,690

Methods: Methylated DNA Immunoprecipitation (MeDIP): Briefly, total genomic DNA was extracted
using QIAamp DNA Mini Kit (Qiagen), and sonicated to obtain fragments between 300-1000bp.
Dynabeads M-280 Sheep anti-Mouse IgG (Invitrogen) were incubated with an anti-5-methylcytidine
antibody (BI-MECY _0100, Eurogentec, Fremont, CA, USA) overnight at 4°C. The following day, 4ug
of sheared DNA was denatured by boiling at 95 °C for 10min followed by rapid cooling on ice, and
subsequently added to the beads/antibody complex. On day 3, the beads were washed 3 times with
PBS+0.05% Triton X-100 and eluted from beads by incubation at 65°C for 5min in 150ul elution buffer
(TE+1% SDS). Elution was repeated for a total of two times. Total eluates were treated with proteinase
K and incubated at 50°C for 2hr. QIAquick PCR purification kit (Qiagen) was used to purify the eluted
DNA, and lastly gPCR was used to determine the enrichment of target genomic regions using gene-
specific primers (listed in Supplemental Information). Enrichment of target loci was normalized to input
DNA and reported as % input +SEM.



- : 5mC and
Table 4: 5mCSL-seq and 5hmCSL-seq in PCa cell lines. 5hmC
Cell line Condition Method Barcode Name #seq reads Chemical
PreC LHS Normal 5mC pull down CGATGT Al 27,462,926 Labeling
LNCaP Normal 5mC pull down TGACCA A2 28,687,039 (TAmC and
PC-3M Normal 5mC pull down ACAGTG A3 24,459,274 | hMe-Seal):
PrEC LHS Normal 5hmC pull down GCCAAT A4 29,953,414 | 5MC labeling
LNCaP Normal 5hmC pull down CAGATC A5 25075174 | EXperiments

were done as

PC-3M Normal 5hmC pull down CTTGTA A6 30,563,514

previously

published (Zhang, Szulwach et al. 2013), and 5hmC labeling experiments were performed as previously
described (Song, Clark et al. 2012). Briefly, genomic DNA was fragmented to an average of 400bp and
was incubated with 50mM HEPES buffer (pH 7.9), 25mM MgCI2, 100mM UDP-6-N3-Glc, and 2mM
BGT for 1hr at 37°C. The labeled DNA was purified by the QIAquick Nucleotide Removal kit (Qiagen)
and eluted in H20. The click chemistry was performed with the addition of 150mM of disulfide-biotin,

and the mixture
was incubated for
2hr at 37°C. The
labeled DNA
fragments were
then purified by the
QIAquick
Nucleotide
Removal kit
(Qiagen) and
enriched by
Dynabeads
Streptavidin C1
(Invitrogen), and
subsequently
released by DTT
treatment. The
enriched DNA
fragments were
first purified by
Micro Bio-Spin 6
spin columns (Bio-
Rad) followed by
MinElute PCR
Purification Kit
(QIAGEN).
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Figure 4: Intensity plots showing 5mC and 5hmC enrichment around FOXA1
binding sites (1 kb) in LNCaP (A), PrEC (B), and PC-3M cells (C). MeDIP and
5hmCSL were performed using genomic DNA extracted from LNCaP, PrEC and
PC-3M cell lines. Enriched DNA was made into libraries and subjected to deep
sequencing. The read intensities of were evaluated relative to FOXAL binding
sites in LNCaP cells.

Specific Aim 2: To botain genome-wide maps of 5mC and 5hmC distribution in prostate cancer.
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Major Task 4: Genome-wide 5(h)mCSL-Seq in 3 cell lines to determine whether 5ShmC
distribution is enriched at CpG-rich regions, gene regulatory elements and gene expression.

We have performed 5(h)mCSL-seq in three prostate cell lines representing benign, androgen-dependent,
and androgen-independent prostate cancers (Table 4). During data analysis, we found that 5mC is
depleted whereas 5hmC enriched at enhancer regions marked by FOXAL binding in the AR+, FOXALl+
LNCaP cells, but not in the PrEC and PC-3M cells (Figure 4). We thus hypothesized that FOXAL1 may
be a critical regulator of TET1 and/or DNA demethylation. To investigate this, we have examined
how FOXAL regulates TET1 expression and enhancer function. The key findings are summarized
below and the manuscript reporting the results is currently under revision (Appendix 4).

Investigate how FOXAL1 requlates lineage-specific enhancers through modulating TET1.

Results:
1. FOXAL1 contributes to enhancer activation through epigenetic modifications (Figure 1 of
Appendix 4).
FOXAL induces TET1 gene expression (Figure 2 of Appendix 4).
TET1 is a direct transcriptional target of FOXAL (Figure 3 of Appendix 4).
FOXAL and TET1 proteins physically interact (Figure 4 of Appendix 4).
TET1 mediates active epigenetic modification at FOXAL-bound enhancers (Figure 5 of

o M WD

Appendix 4).
6. TETL1 is required for FOXAL recruitment to
lineage-specific enhancers (Figure 6 of ﬂ@m

Appendix 4). m - 5 EIC C,Ihmc

Conclusion (Figure on the right): FOXA1 protein o

H3K4me2 H3K27ac

occupies at an intragenic enhancer of the TET1 gene
to directly induce its expression. Through direct
interaction with FOXAL protein, TET1 modulates
DNA demethylation and subsequently H3K4
methylation and H3K27 acetylation at FOXAL1-target
enhancers, which in turn facilitates FOXA1
recruitment. Thus, FOXA1 and TET1 form a positive
feedback loop in lineage-specific enhancer activation.

FOXAL is not only a reader, but also a writer of epigenetic signatures at lineage-specific enhancers.

Major Task 5: BS-Seq and TAB-Seq in RWPE, LNCaP and PC-3M cells.
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Progress: We have performed this in one cell line (LNcaP) with control and knockdown of FOXA1
(which is to deregulate 5mC level) as shown below (Table 5). In order to obtain base-level methylation
information, we may need to do deep sequencing to get 1 billion reads per sample. In addition, we are
developing computational programs for the analysis and visualization of the methylation data. Once this
is achieved, we will determine cancer-specific 5mC/5hmC and compare the base-level data to

enrichment-based methylation data obtained through 5hmCSL-seq and MeDIP-seq.
Table 5: BS-seq and TAB-seq in LNCaP cells. |

Cell line Condition Method barcode # seq reads
LNCaP shGIPZ BS BS-seq GGTAGC 235,589,814
LNCaP shFOXAL BS BS-seq ATGAGC 288,264,046
LNCaP shGIPZ TAB -SreA? TATAAT 306,755,767
LNCaP ShFOXAL TAB ZQ?' TCGAAG 273,079,194

Write and publish a research article on how an enhancer-requlated (through FoxAl and potentially

TET1) IncRNA HOTAIR requlates estrogen receptor signaling in breast cancer (Appendix 1). This

grant support was thus acknowledged in the published paper.

= What opportunities for training and professional development has the project provided?
“Training” activities:

At the Northwestern University, bioinformatician Jonathan Zhao spent 3.6 calendar months on the
analysis of the next-generation sequencing data, postdoctoral fellow Dr. Shangze Li and Bing Song have
spent 2.4 and 6 calendar months working on the project, respectively. In addition, a graduate student
Angela Yang, supported by a T32 training grant, has worked on this project for 10 calendar months.
They have received one-on-one training by discussion and meetings with the Pls and also by
collaborating with the He’s laboratory. They have gained extensive training in the study of DNA
methylation and in various methylation assays.

At the University of Chicago, Mr. Xingyu Lu and Ms. Miao Yu (HHMI international pre-
doctoral fellow) have been involved in the research. They have gained significant knowledge on prostate
cancer research through interactions with the Yu laboratory. A new postdoc, Dr. Lulu Hu, has taken over
the project and started to learn prostate cancer research.

""Professional development' activities:

12



The PI Dr. Yu has given lectures in various universities, including University of Michigan,
Baylor College of Medicine, and Duke University on related topics.
Professor Chuan He has been given lectures on 5hmC in various scientific meetings and visits of
other schools.
= How were the results disseminated to communities of interest?
Nothing to Report
= What do you plan to do during the next reporting period to accomplish the goals?
During the next reporting period, we plan to do the following:
(1) Bioinformatic analysis of all high-throughput sequencing data.
(2) Identify cancer-specific 5mC and 5ShmC methylation biomarkers.
(3) Optimize 5mCSL and 5hmCSL using small amount of DNA and/or cell free DNA.

4. IMPACT:

= What was the impact on the development of the principal discipline(s) of the project?
Nothing to Report

= What was the impact on other disciplines?

Nothing to Report

= What was the impact on technology transfer?

Nothing to Report

= What was the impact on society beyond science and technology?

Nothing to Report.

5. CHANGES/PROBLEMS:

= Changes in approach and reasons for change

Nothing to Report

= Actual or anticipated problems or delays and actions or plans to resolve them

Nothing to Report

= Changes that had a significant impact on expenditures

Nothing to Report

= Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Nothing to Report
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6. PRODUCTS:

= Publications, conference papers, and presentations

= Journal publications.

Yang YA, Kim J, Yu J. Influence of oncogenic transcription factors on chromatin conformation and

implications in prostate cancer. Appl Clin Genet. 2014 May 12. PMID: 24876790. acknowledgement of

federal support.
Jin HJ, Zhao JC, Wu L, Kim J, Yu J. Cooperativity and equilibrium with FOXA1 define the androgen
receptor transcriptional program. Nat Commun. 2014 May 30. PMID: 24875621. acknowledgement of

federal support.

Xue XY, Yang YA, Zhang A, Fong KW, Kim J, Song B, Li S, Zhao JC, Yu J. LncRNA HOTAIR
enhances ER signaling and confers tamoxifen resistance in breast cancer. Oncogene. 2015 Sep 14.
PMID: 26364613 [Epub ahead of print] acknowledgement of federal support.

Yang YA, Zhao JC, Fong KW, Kim J, Li S, Song C, Song B, Zheng B, He C, Yu J. FOXA1 potentiates lineage-
specific enhancer activation through modulating TET1 expression and function. Nucleic Acids Res. 2016 Jun 1.

pii: gkw498. [Epub ahead of print]. acknowledgement of federal support.

= Books or other non-periodical, one-time publications.
Nothing to Report

= Website(s) or other Internet site(s)

Nothing to Report

= Technologies or techniques

Nothing to report

= Inventions, patent applications, and/or licenses
Nothing to Report

= Other Products

Nothing to report

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
= What individuals have worked on the project?
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Name: Jindan Yu
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Researcher Identifier
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Project:

Dr. Yu supervised all the work related to this project, designed the
experiments, facilitated collaboration between researchers, write
reports and manuscripts.

Funding Support:

Name: Angela Yang
Project Role: Graduate Student
Researcher

Identifier (e.g.

ORCID ID): 2654097

Nearest person

month worked: 10

Angela performed the work related to MeDIP and hMeDIP pull down
assays, performed cell culture, DNA isolation, and methylation assays.
She also performed analysis of the next-generation sequencing data by

Contribution to | checking the results in genome-browser and examine how FOXA1
Project: regulates TET1 and enhancer activation.

Funding Support: || T32 Carcinogenesis training grant

Name:

Shangze Li

Project Role:

Postdoctoral Fellow

Researcher Identifier

(e.g. ORCID ID): 1074460
Nearest person
month worked: 6

Contribution to
Project:

Dr. Li has prepared all sequencing libraries for next-generation
sequencing using the Illumina sample prep protocol and performed
work in arranging and receiving the sequences.

Funding Support:
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Name: Jonathan Zhao

Project Role: Bioinformatician
Researcher Identifier (e.g.
ORCID ID): 1082016
Nearest person month
worked: 3.6
Dr. Zhao is responsible for bioinformatics analysis of all next-
Contribution to Project: generation sequencing data.

Funding Support:

= Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

Nothing to Report

= What other organizations were involved as partners?

Organization Name: University of Chicago

Location of Organization: (if foreign location list country): Chicago, IL

Partner's contribution to the project (identify one or more): They performed the 5mCSL and 5ShmCSL
pull down involved in all experiments and arranged for part of the next-generation sequencing.
Collaboration (e.g., partner's staff work with project staff on the project); Mr. Xingyu Lu and Ms. Miao
Yu at the University of Chicago participated in the 5SmCSL and 5hmCSL pull down assays in prostate
cancer DNAs that the Northwestern lab isolated and provided.

Personnel exchanges (e.g., project staff and/or partner's staff use each other’s facilities, work at each
other's site); and

8. SPECIAL REPORTING REQUIREMENTS
COLLABORATIVE AWARDS: NA.
QUAD CHARTS: NA.
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conformation and implications in prostate cancer. Appl Clin Genet. 2014 May 12. PMID: 24876790.
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Abstract: In recent years, facilitated by rapid technological advances, we are becoming more
adept at probing the molecular processes, which take place in the nucleus, that are crucial for
the hierarchical regulation and organization of chromatin architecture. With an unprecedented
level of resolution, a detailed atlas of chromosomal structures (histone displacement, variants,
modifications, chromosome territories, and DNA looping) and mechanisms underlying their
establishment, provides invaluable insight into physiological as well as pathological phenomena.
In this review, we will focus on prostate cancer, a prevalent malignancy in men worldwide, and
for which a curative treatment strategy is yet to be attained. We aim to catalog the most frequently
observed oncogenic alterations associated with chromatin conformation, while emphasizing the
TMPRSS2-ERG fusion, which is found in more than one-half of prostate cancer patients and
its functions in compromising the chromatin landscape in prostate cancer.

Keywords: chromatin conformation, ERG, prostate cancer

Introduction to chromatin organization

and three-dimensional topology

The nucleus is a fascinating organelle within a cellular entity, not only due to the fact
that it contains the entire genetic blueprint required for a cell to survive and propagate,
but —more importantly — how it is capable of organizing this vast sea of information in
an efficient and effective manner. It has been known that the human genome consists
of more than 3 billion base pairs, and in fact the total deoxyribonucleic acid (DNA) in
a diploid human cell would sum up to approximately 2 m in length when completely
stretched.! Moreover, the extent of compaction for metaphase chromosome is estimated
to be between 10,000- and 20,000-fold.?

To achieve this high level of proficiency and accuracy, the nucleus employs multiple
levels of packaging methods to generate what is known as the higher-order structure of
chromatin, which is composed of a combination of DNA and proteins that intertwine
together to separate genes into regulatory hubs and to form a three-dimensional (3D)
topology best suited for a cell’s functions.

About 40 years ago, the use of electron microscopy enabled identification of the
classical beads-on-a-string type of structure of DNA, which has been generally accepted
as the basic level of chromatin organization.*¢ Further demonstrated by biochemical
and X-ray diffraction studies,>’ the chromatin has been described to be formed by
repeating units of nucleosomes, octameric structures consisting of four different his-
tone proteins (two each of H2A, H2B, H3, and H4), which are wound by an estimated
number of 147 base pairs of DNA, giving rise to 1.7 superhelical turns.”®
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The advent of fluorescence in situ hybridization (FISH)
technology has provided evidence for the nonrandom spatial
organization of the genome, allowing visualization of position
and interaction of chromosomes, chromatin domains, as well
as individual genes. It was revealed that gene density is one
of the indicators of nuclear positional organization, which
is present generally in a radial pattern where gene-dense
chromosomal regions prefer to congregate in the nuclear
interior, while gene-poor regions are located around the
nuclear periphery.® It has been observed that chromosomes
are segregated into subnuclear compartments, known as chro-
mosome territories,'® where the edge of the nucleus is host to
mainly repressed genes packed into heterochromatin form,'!?
and the nuclear interior is concentrated in early replicating
DNA and frequently transcribed genes.'*!* In addition, FISH
experiments have also demonstrated that during differentia-
tion, specific loci can reposition either toward or away from
the nuclear periphery, which is concordant with repression or
activation of those nearby genes.'> More recently, a series of
chromosome conformation capture (3C)-based approaches,
which can achieve a high-resolution interrogation of the chro-
matin landscape, further confirmed that intrachromosomal
associations in metazoan genome can serve to concentrate and
segregate active gene-rich and gene-poor domains.!'

It is known that — indeed — there are topologically
associated domains (TADs) that are pervasive throughout
the genome and function to compartmentalize the genome
into local and distinct regions, therefore modulating gene
expression.!’

Role of chromatin organization

in gene transcription
The structure of chromatin has been well-known to associate
with the status of gene transcription. As early as the 1980s,
scientists were able to demonstrate that the mere presence
of nucleosomes can inhibit initiation by ribonucleic acid
polymerase 11 (RNAPII) and thus stall transcription.'® The
mechanisms for regulation of the chromatin structure with
respect to gene transcription are diverse, and may involve
histone displacement, histone variant incorporation, post-
translational modifications, chromosome territories, and
DNA looping (Figure 1).° Each of these mechanisms has
its unique influence on chromatin conformation, which in
turn dictates gene transcription status.

While packaging of the DNA into nucleosomes can
inhibit transcription in vitro, this stereochemical constraint
may be relieved by structural changes in nucleosomes.'®

Histones have been observed to exhibit high turnover prop-
erties from the core nucleosome. It is reported that histone
dimers of H2A and H2B are relatively more susceptible to
displacement when compared to H3 and H4.* Results from
biochemical and genetic studies consistently reinforce the
notion that histone eviction from the nucleosome typically
occurs at promoters during gene activation, and such pro-
cess may be mediated by events including but not limited to
adenosine triphosphate (ATP)-dependent chromatin remodel-
ing, as well as histone chaperones.?!

For instance, chromatin remodeling complexes, such as
switch/sucrose nonfermentable (SWI/SNF)*2* and chroma-
tin structure remodeling (RSC) complex,** and addition-
ally active RNAP 11?7 can all take part in evicting H2A and
H2B to assist nucleosome unraveling. Thus, in a stepwise
manner, these chromatin remodeling complexes can mediate
repositioning®® or ejection®® of nucleosomes at promoters to
initiate transcription activation. Moreover, histone chaperone
proteins (Asf1,***! Nap1,*? and nucleophosmin??®), which act
by sequestering the evicted histones to prevent their rein-
corporation into the nucleosome, are also an indispensable
component for proper histone displacement and ultimately
gene transcription.

In addition to the physical exchange of histone proteins,
the incorporation of variant histones can also lead to modifi-
cations in chromatin structure and transcriptional regulation.
Unlike canonical core histones, generally these unconven-
tional histone proteins are distinguished by the fact that they
are expressed outside of the S phase and their deposition into
the nucleosome is deemed DNA replication-independent.*

As aresult of changes in their amino acid sequence, vari-
ant forms of histones could acquire divergent biophysical
properties predisposing them to localize in specific regions
of the genome. One prominent histone variant is H2A.Z,
which is an alternative form of H2A, and differs from its
counterpart in that its N-terminal tail sequence and several
key internal residues, which can effectively alter its ability
to interact with H2B as well as the H3/H4 tetramer that
eventually manifests in reduced nucleosome stability.>>*
The deposition of H2A.Z is reportedly carried out by ATP-
dependent histone exchange reactions through SWR1,* or
by the aforementioned chaperone protein Napl.3® Another
well-studied histone variant is H3.3, and in spite of the fact
that it only differs in four amino acids from its canonical
form H3, H3.3 has its distinct deposition pattern where it is
preferentially enriched in transcriptionally active chromatin
and regulatory sites.**4

82 submit your manuscript

Dove

The Application of Clinical Genetics 2014:7


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Chromatin conformation in prostate cancer

Histone
displacements

—>

B

DNA looping

Chromosome
territories

Histone
modifications

Figure | Different chromatin remodeling regulates gene transcription.

Note: Various architectures of the chromatin, histone displacement, DNA looping,
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On the other hand, certain variants, such as macroH2A
(mH2A), have the ability to repress gene transcription by
remodeling the chromatin to impede RNAPII binding. The
name mH2A is derived from the structural feature of this
histone variant, which contains a large nonhistone region
(NHR), known as the macro domain, on its N-terminus.*' As a
consequence, the NHR of mH2A alters nucleosome structure
and interferes with the transcription machinery.*

Furthermore, a significant category of mechanisms
contributing to chromatin organization is posttranslational
modifications (PTMs) on histone proteins. There has been
extensive research conducted to compile and characterize
existing histone modifications, depicting a close relation-
ship between histone PTMs and chromatin structure. Some
of the most widely studied histone PTMs include acetyla-
tion, methylation, phosphorylation, ubiquitination, and
sumoylation. They covalently modify the N-terminal and/

Gene transcription

histone variants, histone modification, and chromosome territories, regulate gene

or the C-terminal histone tails, while affecting the globular
domains at a lesser extent.*

These various forms of histone marks generate a code
that can be interpreted by specialized proteins to regulate
gene expression or to mediate DNA repair.* Modifications
that reflect in active transcription have been elucidated and
include acetylation of H3 and H4, and di- or trimethylation
of H3 at lysine position 4 (H3K4me?2 or me3). In contrast,
modifications that instigate inactivation of transcription
include methylation at H3K9 and H3K27."

In eukaryotes, individual chromosomes can occupy
spatially defined territories in the interphase nucleus, and
repositioning of these genomic regions has an impact on
the regulation of gene expression. FISH analysis has shown
that chromosome territories adjoin at their borders to create
boundaries between chromatin domains. More recently, it
is demonstrated that TADs are enclosed by sharp boundaries
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enriched for the insulator-binding protein CTCE, as well as
the heterochromatin mark H3K9me3."” Since boundaries
of these topological domains display properties of classical
insulator and barrier features, it is therefore suggested that
TADs may be linked to transcriptional control.

Concordantly, another study reported that the positions
of TADs align with repressive epigenetic marks, as well as
lamina-associated domains, and disrupting a TAD boundary
can lead to the long-range deregulation in gene expression
during X-chromosome inactivation.* Therefore, the evidence
is convincing that TADs indeed play a role in shaping tran-
scriptional landscapes by clearly defining which sequences
belong to the same regulatory network.

Last, as DNA is packaged inside the nucleus, long-range
chromatin interactions inevitably occur and — as a result —
form loop structures, a majority of which take place between
cis-regulatory elements and promoters. It is reported that the
dynamic alterations of chromatin looping can either activate
or suppress gene expression by facilitating the interactions
between enhancers or silencers and their target genes.

One study revealed that only approximately 7% of loop-
ing is bridging its nearest gene, reflecting that this chromatin
structure is not restrained by genomic proximity and is capable
of engaging promoters with distal sites to form complex net-
works.* At the same time, these long-range interactions are
not inhibited by CTCF and cohesin occupancy,*® which argues
against previous notions that CTCF’s binding to insulator
sequences may prevent promoter-enhancer interactions.

Moreover, evidence suggests that the enhancer-promoter
loop interactions are formed, in a cell type-specific manner,
prior to the binding of transcription factors, indicating
their critical role in laying the groundwork for transcrip-
tional control during lineage specification.’ Furthermore,
in terms of thermodynamic properties of DNA looping,
it is understood that this mechanism of bringing together
multiple components into one functional unit serves to
simultaneously increase specificity and affinity and reduce
transcriptional noise.*

Role of chromatin

conformation in cancer

Due to the crucial role chromatin structure has on determin-
ing gene transcription, it is intuitive that chromatin conforma-
tion could be manipulated during oncogenic transformation
of cancerous cells. It has been demonstrated that under the
employment of tumor cells, these chromatin organization
machineries become deregulated, disrupting the 3D archi-
tecture and undermining the genomic integrity. One of the

most recurring phenomena that is associated with cancer
development is chromosomal translocations.* In the past
several decades, a copious number of translocation events
have been identified to play pivotal roles in development
of a wide range of hematological malignancies as well as
solid tumors, which have in turn been utilized as valuable
diagnostic and prognostic markers.

Aside from chromosomal translocations, a myriad of
events have been implicated in cancer, most of which are
deviations from the physiological occurrences of chromatin
organization discussed previously. Here, we will catalog the
most significant aberrations pertinent to chromatin topology
that contribute to cancer development, with a particular
emphasis on prostate cancer (Figure 2).

The Philadelphia chromosome is recognized as one the
most prominent cancer-associated cytogenetic abnormality
that was first reported by Nowell and Hungerford in 1960.% It
is a highly frequent oncogenic event found in more than 90%
of chronic myelogenous leukemia. The translocation is char-
acterized by a reciprocal interchange between chromosome 9
and chromosome 22, which inopportunely generates a BCR-
ABL tyrosine kinase gene fusion product.’’ As a result of
juxtaposing the breakpoint cluster region (BCR) promoter
with the coding region of the ABL gene, the hyperactive BCR-
ABL fusion protein confers myeloproliferative properties
and leads to leukemogenesis.*? Clinical successes obtained
through pharmacological therapies directly inhibiting the
activity of BCR-ABL (eg, imatinib mesylate) have provided
a promising paradigm in which chromosomal organization
could be a critical target for cancer development and, cer-
tainly, cancer treatment.

It was not until recently, however, that chromosomal trans-
locations have been identified in solid tumors. In 2005, Tomlins
et al made the breakthrough discovery of the fusion of the
TMPRSS?2 and ERG genes in prostate cancer.>® According to
their study, a striking proportion of 50% of prostate cancers
were found to contain a merged product of the 5" untranslated
region of TMPRSS?2 (21g22), an androgen-regulated gene, and
the protein-coding sequences of ERG (21q22), an erythroblast
transformation-specific (ETS) transcription factor (Figure 2).
The TMPRSS2-ERG rearrangement has been confirmed to
be present in 36%—78% of prostate cancers.** In addition,
other members of the ETS family, including E7VI (7p21),
ETV4 (17q21), and ETV5 (3q28), were also uncovered as
fusion partners with TMPRSS2 in prostate cancer, but they
were detected in lower frequency.” Unlike the BCR-ABL
translocation, the fusion between TMPRSS2 and ETS genes
does not generate a chimeric protein, but instead it promotes
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Abbreviations: DNMT, DNA methyltransferase; PTMs, posttranslational modifications; RNA, ribonucleic acid; ncRNA, noncoding RNA; PRC2, polycomb repressive
complex 2; HDAC, histone deacetylase; SWI/SNF, switch/sucrose nonfermentable; MLL, mixed-lineage leukemia; AR, androgen receptor; LSDI, lysine-specific demethylase |.

the overexpression of oncogenic factors directed by a corrupted
promoter element. While solely TMPRSS?2 has been identified
as a fusion partner of ERG, other 5" partners of ETS genes have
also been observed. These include androgen-induced genes
SLC45A43, KLK2, CANTI, and NDRG1, and an endogenous
retroviral element HERV-K_22q11.23, which are functionally
comparable to TMPRSS2, as well as androgen-repressed gene
Cl5orf21.°5%8

It was also reported that rearrangements in the rapidly
accelerated fibrosarcoma (RAF) pathway also occur in
advanced prostate cancer (SLC45A3-BRAF, ESRP1-RAF1),
which can be targeted by RAF kinase inhibitors.>* Moreover,
arecent study was able to identify a median of 90 rearrange-
ments in seven prostate cancer tumor samples.®® Examples
of disrupted genes due to rearrangement include CADM?2,
which is a cell adhesion molecule, and phosphatase and tensin
homolog (PTEN), a well-established tumor suppressor, as
well as a PTEN-interacting protein, MAGI2. These findings

depict a convoluted network of genomic rearrangements and
chromatin conformation, which synergistically confer dereg-
ulated gene expressions and contribute to tumorigenesis.

In addition to chromosomal translocations, modifications
to histone could also place a huge impact on the 3D structure
of chromatin and has been widely implicated in cancer. In
prostate cancer, H3K4 methylation and H3K27 methylation
are among the most extensively investigated histone PTMs;
while the former is generally associated with activation of
proto-oncogenes, the latter is associated with silencing of
tumor suppressors. The repressive epigenetic PTM, H3K27
trimethylation (H3K27me3), has been found to be signifi-
cantly enriched in promoters of numerous tumor suppressor
genes (eg, ADRB2.,%! SLIT2,* DAB2IP,%*% etc), in metastatic
prostate cancer. Meanwhile, H3K9mel and me2, generally
accompanied by heterochromatin assembly,* are also impli-
cated in prostate cancer. Demethylation of H3K9 has been
reported to reflect in derepression of AR-regulated genes.®
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H3K4 mono- and dimethylation (H3K4mel, H3K4me2)
have been thought of as markers for enhancer sites in
directing the androgen receptor (AR) transcriptional
program, by facilitating AR binding directly or indirectly
through the recruitment of coactivators, such as FOXAI,
GATA2, and MED1.% Moreover, an endeavor combin-
ing high-resolution nucleosome positioning with histone
marks mapping showed strong evidence that H3K4me2-
containing nucleosomes spaced 250-450 bp (base pair)
apart can flank binding sites of AR prior to its ligand-
mediated activation, while the binding site is occluded by
a well-positioned nucleosome. Following AR activation,
nucleosomes with altered H3K4me2 marks become desta-
bilized at AR binding sites and are comparably more stable
at the two flanking loci.®

In addition, the study revealed that the labile H2A.Z vari-
ant was more likely to be present in the central nucleosome
relative to the flanking nucleosomes, which further contributes
to reduced stability of the nucleosome occupied at the AR
binding site. Also, it has been shown that androgen treatment
can increase the level of H2A.Z and that the incorporation
of H2A.Z in enhancer and proximal promoter sites of the
AR-induced gene prostate-specific antigen (PSA4; or KLK3)
can poise the gene for activation by AR.%

Established and maintained by protein—protein interac-
tion between transcription factors bound at enhancers and at
promoters,” DNA looping and chromatin compartmentaliza-
tion are essential processes governing gene transcription;
hence, they are a frequent target for disruption during cancer
development. In the case of prostate cancer, AR-mediated
chromatin looping has been a longtime research interest in
the field, and extensive efforts have been devoted to elucidate
the process of how AR signaling may lead to changes in
chromatin conformation during prostate tumorigenesis. Stud-
ies using chromatin immunoprecipitation (ChIP) techniques
showed a striking feature of AR genome-wide binding pattern
that, approximately 86%—95% of AR localization occurs in
nonpromoter regions.*”’!

This evidence strongly indicates that AR, as a tran-
scription factor, is able to direct its specific transcriptional
program from a distance — sometimes, even hundreds of
kilobases —away from its target gene. Therefore, it is plau-
sible to presume that a looping model is the mechanism by
which AR can regulate its targets from afar. In fact, this
model has been proven to be true through 3C-based assays,
which demonstrated that distal AR enhancer regions form
long-range physical contacts with transcription start sites of
AR-regulated genes, such as PSA and TMPRSS2,”>7 as well

as UBE2C, which is a critical enzyme involved in promoting
growth of castration-resistant prostate cancer.®’-™

Oncogene-mediated alterations

in chromatin conformation
Oncogenes have long been implicated in cancer through
chromatin alterations, and one route they take is histone
modification. It was discovered in 2002 that EZH2, the
enzymatic component of the polycomb repressive complex 2
(PRC2), was among the most upregulated genes in prostate
cancer.” The tumorigenic role of EZH2 has been well-
documented, and it involves epigenetic silencing of tumor
suppressors and developmental regulators to maintain a
dedifferentiated state for cancer cells.” EZH2 catalyzes trim-
ethylation of H3K27, creating repressive chromatin structures
over long genomic distances.””’® It also recruits several other
players, such as PRC1, DNA methyltransferase (DNMT), and
histone deacetylase (HDAC) (Figure 2), which are concor-
dantly upregulated in prostate cancer.” *' It has been revealed
that 50% of hypermethylated genes in prostate cancer display
preestablished EZH2-mediated H3K27me3 marks, which then
leads to de novo DNA methylation.® Therefore, EZH2 acts
in concert with additional epigenetic enzymes to implement
chromatin compaction in a cooperative manner.

Furthermore, methylation at H3K9 has also shown to
be deregulated in prostate cancer, through perturbed activi-
ties of lysine-specific demethylase 1 (LSD1) (Figure 2).5
However, the functions of LSDI in prostate cancer appear
to multifaceted, since it is capable to demethylate not only
H3K9, but also H3K4. Since H3K4mel and me2 are essen-
tial marks on AR enhancer sites, erasing these modifica-
tions consequently result in gene repression.®* Moreover,
an exome-sequencing study recently revealed that several
members of the mixed-lineage leukemia (MLL) complex
(MLL, MLL2, and ASH2L), which acts as H3K4-specific
methyltransferase, can physically interact with AR and are
significantly mutated in prostate cancer® (Figure 2). From a
translational standpoint, pharmacological targeting of these
histone-modifying enzymes has been envisaged and shown
clinical triumph.®

While histone modifications are carried out by specific
enzymes, the molecular process underlying the formation
of chromatin looping may be effected through a network of
coregulators (eg, MED12, SRC-1, p300/CBP, BRG1, etc) that
are collectively responsible for sustaining the loop structure.!
Additionally, the GATA, OCT, PAX, NKX, and LEF fam-
ily proteins have been observed to have sequence motifs
near nuclear hormone receptors, including AR and estrogen
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receptor (ER).* Disruption of chromosomal structures, there-
fore, can significantly impair proper gene transcription. A cen-
tral protein in AR/ER signaling, the pioneer factor forkhead
box Al (FOXAT), has been regarded as a key mediator of AR/
ER transcription regulation through chromatin remodeling
and recruitment of AR/ER to target sites.®’

The fact that FOXAL1 is overexpressed and mutated in
hormone-dependent cancers, prostate cancer, and breast can-
cer, is in concordance with its predominant role in directing
AR/ER signaling to drive cancer development.®®% In addi-
tion, knowledge about the multiprotein Mediator complex,
which is well-known for its role in bridging enhancer and
promoter into close proximity,” has also contributed to our
understanding about chromosome looping involving AR,
wherein the silencing of a Mediator subunit MEDI can
significantly impair AR transactivation.”

Moreover, in the past decade, the AR signaling path-
way has also been shown to play essential roles in altering
chromatin conformation, primarily due to its involvement
in a majority of chromosomal translocations identified in
prostate cancer. Through FISH analyses, it was discovered
that androgen stimulation can induce the spatial proximity
between TMPRSS2 and ERG, thus highly augmenting the
probability of forming a fusion product when under the
stress of DNA double-strand breaks.”* Further evidence
demonstrated that AR binding at specific intronic loci near
break sites in TMPRSS2, ERG, and ETVI could result in rapid
formation of intra- and interchromosomal interactions that
in turn generate enough spatial proximity to predispose the
genes for translocation.

In addition, the ensuing modifications of chromatin archi-
tecture sensitize these regions to genotoxic stress, making the
translocation loci particularly susceptible to double-stranded
breaks. The liganded AR, upon binding to DNA, can recruit
enzymes — including activation-induced cytidine deaminase
(AID) and LINE-1 repeat-encoded ORF2 endonuclease, as
well as topoisomerase II beta (TOP2B) to create double-
stranded breaks at break sites, which then become ligated
through nonhomologous end joining.*>*

Aside from proteins playing an oncogenic function, there
has been emerging evidence that long noncoding RNAs
(IncRNAs; >200 nt)*> may also adversely affect chromatin
structures. For instance, it is recently reported that HOTAIR, a
2.2 kb IncRNA residing in the HOXC locus, serves as a crucial
interface between DNA and the chromatin-modifying com-
plex PRC2. As aresult, in breast cancer, an overexpression of
HOTAIR is causally linked to alterations in the chromatin state
reimposed by PRC2 occupancy, consequently permitting a

gene expression program that is conducive to cell motility and
invasion by silencing key metastasis suppressor genes.’

Another prominent member of the IncRNAs that is
recently implicated in cancer is SCALAP 1, which was identi-
fied as an overexpressed gene in prostate tumor samples.”’
Similar to HOTAIR, SChLAP1, in context of prostate cancer,
can promote cancer invasion and metastasis. The molecular
mechanisms underlying SCALAPI s oncogenic function were
also connected to a chromatin modifying complex, namely
SWI/SNF (Figure 2). Through antagonizing the genomic
binding of SWI/SNF, SChLAP]I significantly impairs the
transcriptional program directed by SWI/SNF that, as alluded
to previously, is a complex that utilizes ATP to mobilize
nucleosomes and remodel chromatin.”’

Numerous links have been established between SWI/
SNF and carcinogenesis;*® however, the latest discovery of
SChLAPI, in addition to HOTAIR, sheds new light on the
mechanistic basis of how deregulation of IncRNAs may result
in defective chromatin organization, which ultimately con-
tributes to oncogenesis. Furthermore, a recent study reports
that two IncRNAs overexpressed in prostate cancer, PCGEM 1
and PRNCR1 (PCATS), can bind with AR and facilitate the
enhancer-promoter loop formation required for AR transcrip-
tional regulation. It was demonstrated that these IncRNAs
can promote AR activation in a hormone-independent
environment, providing novel mechanistic insight into the
pathogenesis of castration-resistant prostate cancer.”

Therefore, taken together, these lines of encouraging
evidence keep propelling scientists forward to continuously
uncover novel mechanisms associated with deregulation of
chromosomal organization — to provide beneficial insight into
strategies for diagnosing as well as treating cancer.

ERG overexpression

and chromatin conformation
ERG is overexpressed in prostate cancer due to AR-mediated
changes in chromosome rearrangement. As a consequence,
ERG overexpression, in turn, can also lead to chromatin
structure alterations, which further contribute to prostate
cancer development in a feed-forward vicious cycle. The
function of ERG involves physical interaction with a number
of cofactors as well as transcription factors, including AR —
ultimately leading to a transcriptional program favoring the
dedifferentiation, invasion, and neoplastic transformation of
prostate epithelial cells.!

To characterize the molecular crosstalk between ERG and
AR, studies showed that ERG can effectively attenuate AR
signaling by the direct transcriptional repression of AR, and
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additionally ERG occupancy at AR target genes correlates
with negative regulation, which is potentiated by ERG-
induced EZH?2 activity.’!% It is becoming increasingly clear
that ERG complexes with other molecules to coordinately
organize chromatin structure. Several interacting partners
of ERG have been identified in recent years, including
EZH2712 and HDAC1,'® which — along with ERG — form
a repressor coregulatory network that is important for medi-
ating androgen response in prostate cancer.!®! This notion
is further supported by the fact that ERG overexpression
also dictates changes in the genomewide DNA methyla-
tion landscape,'™ reflecting a complex regulatory program
directed by ERG to impose structural alterations in the overall
3D chromatin topology.

Employing a combination of advanced technologies,
including Hi-C, ChIP-seq, and RNA-seq, and integrative
bioinformatic analyses, Rickman et al'“!% showed that an
overexpression of ERG could induce dramatic changes in
3D chromatin topology, corresponding to the changes in
the expression of a group of genes implicated in aggressive
prostate cancer. Since ERG binding strongly associated
with hotspots of differential chromatin interactions, an
upregulation of ERG when fused to TMPRSS2 upon andro-
gen stimulation consequently leads to altered regulation of
transcription events.

Among these ERG-regulated genes are genes associ-
ated with invasion and migration (eg, FYN, PLAU, MMP3,
MMPY, LEF1, and miR200c) and urogenital development
(eg, HOXA, B, C gene cluster members, PYGOI, and
NKX3.1).100:106-108

Concluding remarks and

therapeutic implications
Over the past several decades, we have witnessed a plethora
of pioneering studies that established the essential role of
chromatin conformation during normal biological processes
and oncogenic cellular transformations.

Through investigations of molecular mechanisms gov-
erning the alterations in chromatin architecture, researchers
have been able to strategically design therapeutic agents
which, by abolishing the enzymatic activity of certain
chromatin-modifying proteins, to achieve the correct 3D
chromatin topology. Several drugs were recently approved
by the FDA due to their improved efficacy in prolonging
survival and reduced toxicity compared to conventional
chemotherapy. Some prominent examples include DNA
methylation inhibitor azacitidine (Vidaza®) and decitabine
(Dacogen®) and HDAC inhibitors vorinostat (Zolinza®)

and romidepsin (Istodax®), which were FDA-approved
successively in the last 10 years, for the treatment of
myelodysplastic syndrome and cutaneous T-cell lymphoma,
respectively.'®

Currently, clinical trials are being conducted to examine
the pharmacological efficacy of DNMT and HDAC inhibi-
tors in prostate cancer, as adjuvant therapies to complement
androgen deprivation.''* In addition, a wide range of chemical
inhibitors targeting enzymes, such as EZH2 (eg, DZNep'!!
and GSK126'?) and LSDI (eg, TCP'"* and ORY-1001%),
have demonstrated promising potential in various in vitro
and in vivo studies for multiple cancer types.*®

These molecules hold hopeful prospective for treatment
of prostate cancer, in which oncogenic contributors to chro-
mosomal abnormalities are abundant. It is anticipated that
future pharmaceutical therapies aimed to restore the physi-
ological activity level of key chromatin modulators would
provide desirable curative effects.
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Cooperativity and equilibrium with FOXAT1 define
the androgen receptor transcriptional program

Hong-Jian Jin!, Jonathan C. Zhao', Longtao Wu', Jung Kim' & Jindan Yu'?

The pioneering factor FOXAT opens chromatin to facilitate androgen receptor (AR) binding to
prostate-specific genes. How FOXAT1 controls the AR cistrome, however, is incompletely
understood. Here we show that AR directly binds chromatin through the androgen response
elements (AREs). FOXAT1 is not required for AR-chromatin interaction, but instrumental in
recruiting AR to low-affinity half-AREs by opening local chromatin around adjacent FKHD
sites. Too much FOXAT creates excessive open chromatin regions, which serve as reservoirs
that retain AR via abundant half-AREs, thereby reducing its availability for specific sites.
FOXAT1 downregulation, by contrast, relinquishes AR to permissively bind AREs across the
genome, resulting in substantial AR-binding events and AR target gene expression even in the
absence of androgen. Taken together, our data illustrate the mechanistic details by which
cooperativity and equilibrium with FOXA1 define AR cistrome and reveal a previously
unknown function of FOXAT in inhibiting AR signalling and castration-resistant prostate
cancer growth.
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he androgen receptor (AR), a hormone-activated tran-

scription factor of the nuclear receptor family, is a key

regulator of prostatic gene expression!? and plays pivotal
roles in prostate differentiation and function®. Aberrant elevation
of AR signalling, on the other hand, is a critical driver of
malignant transformation of the prostate gland and as such
androgen-deprivation therapy has been a mainstay treatment of
prostate cancer (PCa)*. Moreover, AR continues to be
upregulated in advanced PCa and its expression and activity
remain required for the growth of castration-resistant PCa
(CRPC) in an androgen-depleted environment’. Studies have
shown that AR can become transactivated in CRPC by a number
of different mechanisms including AR amplification, AR
mutation and alterations in cofactor proteins®.

AR is a DNA-binding protein that, upon androgen stimulation,
binds cis-regulatory elements that harbour the androgen response
element (ARE). In addition, like other hormonal receptors such
as estrogen receptor, AR often binds distal enhancers, rather than
promoters, and regulates target genes through chromatin loop-
ing’. In order to enable efficient targeting of the AR pathway,
numerous studies have attempted to determine the downstream
molecules of AR transcriptional regulation. Coupling chromatin
immunoprecipitation with next-generation sequencing (ChIP-
seq), we and others have revealed tens of thousands of AR-
binding events across the human genome at high resolution®’.
Motif analyses confirmed ARE as the most prevalent DNA motif
within AR-binding sites (ARBS), supporting its essential role in
mediating AR-DNA interaction. Previous studies have shown
that AR-DNA-binding profile is also tightly regulated by an
extensive list of cofactors, one key member of which is FOXA1L.

FOXA1, also known as HNEF-3, is a forkhead family
transcriptional factor. Possessing winged-helix DNA-binding
domains similar to linker histones, FOXA1 is able to access
compact chromatin to form high-affinity DNA binding with the
FKHD motif and subsequently acts to open up the local
nucleosomal domain!®, FOXA1 is highly expressed in prostate
epithelial cells and is critical for the regulation of prostate ductal
morphogenesis and epithelial cell differentiation and
maturation!!, This function is largely mediated by the ability of
FOXA1l to tightly control AR-modulated transcriptional
regulation of prostatic genes'?. FOXA1 was shown to induce
the expression of AR target genes such as PSA by co-occupying
the FKHD motif that locates immediately adjacent to the
AR-bound ARE motif within the PSA enhancer. Gao et al.'?
have also shown that the FOXA1 protein physically interacts with
the AR protein, thereby acting as an AR-collaborating cofactor.
Specifically, the DNA-binding domain/hinge region of AR
directly interacts with the forkhead domain of FOXA1 (refs 12,13).

Genome-wide location analyses comparing FOXAI-bound
genomic regions in prostate and breast cancer cells have revealed
cell type-specific recruitment, which subsequently dictates distinct
AR and estrogen receptor chromatin-binding patterns in prostate
and breast cells, respectively!4. This model is strongly supported
by the findings that FOXA1 binds DNA even in the absence of
androgen and preoccupies a majority of the ARBS stimulated by
androgen!4~1°. This is especially appealing as FOXA1 is known to
act as a pioneer factor that opens up compact chromatin to
facilitate the recruitment of other transcription factors including
hormonal receptors!®17-1°. Cumulatively, FOXAL1 is thus known
as a pioneer factor for AR. However, FOXA1 binds substantially
more genomic regions than AR and that a majority of FOXA1-
binding sites (FXBS) are not co-occugied by AR, arguing that
FOXAL is not sufficient to recruit AR'*-1®. In addition, genome-
wide analysis of AR-binding profiles showed that FOXAI
knockdown (KD) resulted in a drastic shift, rather than loss,
of ARBS, suggesting that FOXA1l is also not required for

2

AR—chromatin interaction'>!®, How FOXA1 regulates AR
cistrome is not fully understood. Here we present evidence that
FOXAT1 overall inhibits AR signalling, which is mediated by two
mechanisms: (1) FOXA1 reduces AR availability to specific ARE
sites by facilitating AR binding to numerous half ARE (hARE)
sites located within the proximity of FOXA1-bound FKHD sites,
and (2) FOXAL directly inhibits AR gene expression. We further
show that FOXA1-KD results in AR binding, target gene
expression and PCa cell growth in the absence of androgen.

Results

AR DNA-binding ability is required for chromatin occupancy.
To determine how FOXA1 defines AR-binding profile, we first
conducted FOXA1 KD in LNCaP PCa cells and then performed
AR and FOXAl ChIP-Seq in both control and KD cells
(Supplementary Fig. 1A). As expected, FXBS were drastically
reduced following FOXA1 KD (Fig. 1a). In addition, ChIP-Seq-
read intensity of the remaining FXBS was also significantly
decreased (Supplementary Fig. 1B). By contrast, AR binding was
substantially shifted from some loci to others, confirming
reprogramming (Fig. 1b). In addition, we observed an overall
increase of total ARBS; while ~30% of the initial ARBS were lost
twice as many new ones were gained following the silencing of
FOXA1. We categorized all ARBS into three categories: present
only in control KD cells (shCtrl-only), only in FOXA1-KD cells
(shFOXAl-only) or shared in both. Bioinformatics analysis
revealed that the shared ARBS have the strongest ChIP-Seq-read
intensity, which was further enhanced upon FOXA1 KD, sug-
gesting that they were initially inhibited by FOXA1 (Fig. 1lc,d,
Supplementary Fig. 1C). Surprisingly, the shCtrl-only ARBS were
in general quite weak, indicating that FOXAl-dependent AR
binding is likely mediated by low-affinity chromatin interactions.
By contrast, shFOXA1-only ARBS were of much stronger binding
intensity, thus revealing a FOXAIl-independent, high-affinity,
AR-DNA interaction mechanism. These global patterns were
further confirmed through ChIP-qPCR analysis of a representa-
tive set of loci from each category (Supplementary Fig. 1D) and
also in independent replicate experiments (Supplementary
Fig. 2A-D).

Our data thus strongly suggest a shifted and gained AR
programme in PCa cells following the silencing of FOXA1. To
examine whether this may be a phenomenon specific to one cell
line, we performed FOXA1 KD in LAPC4 cells using the same
small hairpin RNA (shRNA) targeting FOXA1 (Supplementary
Fig. 2E,F). ChIP-qPCR analysis confirmed that FOXA1 KD
resulted in drastic increase of AR binding to the chromatin. This
finding was further validated using an independent small
interfering RNA (siRNA) that transiently silence FOXAIl in
LAPCH4 cells, thereby excluding any nonspecific off-target effects
(Supplementary Fig. 2G,H). Similarly, we found AR over-
expression could also lead to AR recruitment to the gained
ARBS, supporting that they are authentic AR targets
(Supplementary Fig. 2LJ). In addition, FOXA1l overexpression
strongly suppressed these AR-binding events, further supporting
its inhibitory role (Supplementary Fig. 2K-M). In addition,
FOXA1 was also insufficient in recruiting AR to the DNA since a
majority of FXBS were not co-occupied by AR (Supplementary
Fig. 3A,B). Collectively, our data showed that FOXA1 is neither
required nor sufficient for AR-chromatin binding. Next, we
examined what modulates the strong AR-chromatin interaction
observed in shared and shFOXA1l-only ARBS.

Motif analysis revealed that strong ARBS (shared and
shFOXA1-only) were characterized by high (~30%) incidences
of full-ARE motif, while only 7% of shCtrl-only ARBS contained
an ARE (Fig. le, Supplementary Fig. 4A). By contrast, ~45% of
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Figure 1 | The DNA-binding ability of AR is required for its occupancy on the chromatin. (a) Overlap of FXBS. ChIP-Seq of AR and FOXAT were
performed in control (shCtrl) and FOXAT-KD (shFOXAT1) LNCaP cells. (b) Overlap of ARBS between shCtrl and shFOXAT LNCaP cells. (¢) Heatmap view
of AR and FOXAT1 ChlIP-Seg-read intensity around ARBS (£ 2kb) detected in shCtrl and shFOXAT LNCaP cells. ARBS were separated into shCtrl-only,
shared and shFOXAT1-only. (d) Average AR ChlIP-seq intensity around ARBS (500 bp) shown in c. (e) ARE and FKHD motif density around ARBS
(£500 bp) shown in €. Motif density was determined by HOMER and normalized to that in a control sequence of equal length. (f) AR mutants (C562S
and G568W) had substantially lower ability to bind ARE than wt AR. AR ChIP was done in DU145 cells with stable expression of wt or mutant AR.
Error bars indicate n=3, mean £ s.e.m., P<0.05 by two-tailed Student’s t-test. (g§) AR mutants (C562S and G568W) remained capable of interacting
with FOXA1. Co-immunoprecipitation was carried out in DU145 cells with stable expression of wt or mutant AR infected with FOXA1-expressing
adenovirus for 48 h. (h,i) FOXAT1 failed to increase DNA-binding events of mutant AR. Venn diagram shows overlap of ARBS between control- and
FOXAT-expressing DU145 + AR (C562S or W568W) cells.
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shCtrl-only ARBS harboured a FKHD motif, much more than the
15% found in other categories, being consistent with their
FOXA1-dependent binding. Shared ARBS, not surprisingly,
contained high incidence (~30 and 55%, respectively) of both
ARE and FKHD motifs, which explains their resistance to FOXA1
KD. Moreover, de novo motif discovery identified a composite
motif containing hARE and FKHD, specifically in shCtrl-only
ARBS, suggesting that these weak binding events may be
mediated by AR binding to hARE sites, which is facilitated by
FOXA1-accessing FKHD motif (Supplementary Fig. 4B).

To test the importance of direct AR-chromatin interaction, we
generated AR mutants C562S and G568W that are deficient in
DNA binding but remained capable of interacting with the
FOXA1 protein (Fig. 1f,g). To assess their ability of DNA binding
globally, we infected the AR-negative and FOXA1-negative/low
DU145 cells with wild-type (wt) and mutant AR to generate
stable clones (DU145+ AR, DU145+ C562S and DU145 +
G568W). ChIP-Seq analysis detected very few AR-binding
events in the mutant-expressing cells, while ~20,000 AR-binding
events were detected in cells expressing wt AR (Supplementary
Fig. 5A). Next, we concomitantly overexpressed FOXA1l in
these cells (Supplementary Fig. 5B). Remarkably, ChIP-Seq
analysis showed that expression of FOXAI1, although led to
extensive FOXA1 binding to the chromatin as expected, failed to
recruit DNA binding-deficient AR mutants to the chromatin
(Fig. 1h,i and Supplementary Fig. 5C). Therefore, the DNA-
binding ability of AR is absolutely required for its occupancy
on the chromatin, supporting its direct interaction with hAREs
and full AREs, respectively, in shCtrl-only or shFOXA1-only
ARBS.

FOXA1 reduces AR-chromatin binding. To engineer an
independent model to further examine how FOXA1 regulates
AR-binding profile, we overexpressed AR in the FOXA1-negative
DU145 cells to generate stable cell lines (DU145+ AR)
(Supplementary Fig. 6A). ChIP-Seq analysis revealed abundant
AR-binding events in these cells, further supporting that FOXA1
is not required for AR to bind the chromatin (Fig. 2a). We next
generated DU145 + AR + FOXAL1 cells that express both FOXA1
and AR. Being consistent with the results observed in LNCaP
cells, FOXAL1 overexpression shifted AR from its original binding
sites to the new genomic loci that were now bound by FOXAI
(Supplementary Fig. 6B,C), although the specific AR and FOXA1
programs in DU145 cells differed substantially from those in
LNCaP cells (Supplementary Fig. 7). However, these newly
acquired FOXAl-dependent ARBS (DU145+ AR+ FOXAIl-
only) were of remarkably lower binding intensity than those
present in DU145+ AR cells (shared and DU145 + AR-only
ARBS) (Fig. 2b). Moreover, the binding intensity of the shared
ARBS was also decreased, further supporting an overall inhibition
of AR-chromatin occupancy by FOXA1 overexpression. Being
consistent with our findings in LNCaP cells, motif analysis
showed that strong ARBS were mediated by ARE motifs, whereas
the weaker FOXA1-dependent ARBS (DU145 + AR + FOXA1-
only) harboured remarkably more FKHD motifs (Fig. 2c).
Overall, FOXA1 overexpression drastically shifted AR binding
from high-affinity ARE-containing sites to the genomic loci
that harbour FKHD motifs (Supplementary Fig. 8A,B). Next,
we wondered whether excessive amount of FOXAI might
further recruit AR away from high-affinity sites by inducing more
FXBS.

We engineered DU145 + AR cells to express very high amount
of FOXA1 (Supplementary Fig. 6A). ChIP-Seq analysis confirmed
that these cells (DU145—&-AR—1-FOXA1hlg ) had gained an
additional 63,000 FXBS compared with the regular DU145 +

4

AR+ FOXA1 cells (Supplementary Fig. 8C). Surprisingly, there
were markedly less AR-binding events in these cells; only 4,400
ARBS were detected compared with the 20,000 ARBS found in
DU145+ AR or + AR+ FOXAL1 cells (Fig. 2d). With increased
FOXAL1 expression, nearly 19,000 ARBS were lost with a minimal
gain of 1,000 new ones, demonstrating a remarkable effect of
FOXAL1 in inhibiting AR-binding events. Moreover, even for the
conserved ARBS, the read intensity was also substantially reduced
(Fig. 2e and Supplementary Fig. 8D). Intriguingly, these
remaining ARBS were not only co-occupied by FOXA1 but also
enriched for strong ARE motifs (Supplementary Fig. 8E,F). To
validate these important findings, we selected a representative
set of genomic loci that contained only ARE, FKHD or both.
ChIP-qPCR demonstrated that AR binding to the ARE-only sites
was very strong, but drastically reduced following FOXA1
overexpression, and further diminished upon excessive amount
of FOXA1 treatment, although these sites were never occupied by
FOXAT1 (Fig. 2f). Similar inhibition, albeit to a lesser extent, was
also observed in ARE + FKHD sites, which were co-occupied by
FOXA1 as expected (Fig. 2g). By contrast, AR binding to FKHD-
only sites was in general much weaker, increased upon FOXA1
overexpression, but declined following excessive FOXA1 expres-
sion (Fig. 2h). Overall, when FOXA1 was overly abundant (in
DU145 + AR + FOXA1h8h cells), AR ChIP-enrichment was very
low across all three categories of target regions (Fig. 2fh).
Therefore, medium level of FOXA1 shifted AR from high-affinity
ARE sites to facilitate their weak binding to FOXA1l-bound
FKHD sites, while high FOXA1 attenuated all AR-binding events.
Next, we attempted to decipher the mechanisms underlying this
inhibition.

FOXAL1 absorbs AR by opening up excessive chromatin regions.
As FOXALI has been previously shown to open up compact chro-
matin to facilitate the access of other transcription factors including
AR, we carried out formaldehyde-assisted isolation of regulatory
elements (FAIRE)-seq experiments to assay open chromatin regions.
Bioinformatics analysis demonstrated that FOXAI overexpression
not only led to a shift but also a great increase in the number of total
open chromatin regions (Fig. 3a). In addition, a substantial
proportion of these open chromatin regions were occupied by
FOXA1, confirming the role of FOXAl as a chromatin-opening
factor (Supplementary Fig. 9A). To determine how this change in
open chromatin relates to the alteration in AR-binding profile, we
examined FAIRE-seq signal around ARBS and found that the gained
ARBS (DU145 + AR + FOXA1l-only) indeed became much more
accessible following FOXA1 overexpression (Fig. 3b and
Supplementary Fig. 9B). By contrast, the DU145 + AR-only ARBS
had drastically reduced chromatin accessibility, which may be due to
the loss of AR binding. Interestingly, the FAIRE-seq signal around
the shared ARBS remained unaltered, indicating that other
mechanisms, such as decreased availability of AR, may be
accountable for the attenuation of AR binding around these sites.
To validate these global observations, we carried out FAIRE-qPCR
and confirmed that, while ARE-only loci became less accessible
following FOXA1 overexpression, FKHD-only loci showed
dramatically increased accessibility that became several magnitudes
higher than the ARE-only sites (Fig. 3c-e). The ARE 4 FKHD sites,
on the other hand, had the highest accessibility, which remained
largely unchanged following FOXA1 overexpression.

Next, we investigated how excessive FOXAL1 results in immense
loss of total AR-binding events as illustrated in Fig. 2d,e. FAIRE-
seq data showed that high FOXA1 overexpression opened up an
additional 10,000 chromatin sites (Fig. 3f). This, along with the
marvellous gain of FXBS (~63,000), would drastically increase
the opportunity for low-affinity AR binding, which was in direct
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ChIP was carried out in DU145 + AR, DU145 + AR ++ FOXA1, and DU145 + AR + FOXA1"E" cells. Error bars indicate n=3, mean *s.e.m., P<0.05

by two-tailed Student's t-test.

contrast with the observed loss of ~80% of the ARBS. In
addition, FAIRE-seq signal around the lost ARBS were only
decreased slightly, probably due to increased FOXA1l binding
to these sites compensating AR loss (Fig. 3g). This eliminates
chromatin compacting as a main cause of the loss of ARBS
and suggests alternative mechanisms. To determine whether
the lost AR still remains on the chromatin, we performed
chromatin fractionation followed by immunoblotting, which
demonstrated that, in spite of the drastically decreased AR-
binding events detected by ChIP-seq, the amount of chromatin-
bound AR was surprisingly not reduced by FOXAl over-
expression (Supplementary Fig. 9C). These suggest that AR
proteins remained on the chromatin but their binding was
not detectable by ChIP-Seq. This is plausible as we have
previously shown that FXBS-mediated AR-binding events
were generally very weak (Fig. 2a), which may be further
diminished when excessive FOXA1 enables AR to access
extensive amount of open chromatin regions. Therefore, FOXA1
opens up chromatin to absorb AR to numerous FXBS via weak
interactions, thereby diluting AR and reducing its binding on
individual sites.

FOXALI interaction enhances AR binding to ARE+FKHD sites.
We next asked what mediates the low-affinity AR-chromatin
interaction within the FXBS. To address this, we compared the
small portion (~10%) of FXBS that were co-occupied by AR with
the majority (90%) that were not (Supplementary Fig. 10A).
FOXA1 ChIP-seq data showed that AR tends to co-occupy
relatively strong FXBS, probably due to higher accessibility to
these regions (Supplementary Fig. 10B). Strikingly, the FXBS that
were co-occupied by AR contained much higher occurrence rate
of ARE half-sites (Supplementary Fig. 10C,D). By contrast, the
occurrence of FKHD motif was similar between FXBS with or
without AR co-occupancy. Since hARE has substantially less
affinity with AR than full ARE, this explains our earlier obser-
vation that AR binding to FXBS is generally weaker. Therefore,
FOXA1 binding to FKHD sites increases accessibility and facil-
itates AR binding to the hARE motifs within these sites. As
FOXAL1 protein has been shown to directly interact with the AR
protein'?, we next asked whether this interaction is required for
AR recruitment to the FXBS.

We generated an AR mutant (Q640X) that only expresses the
AR protein up to position 640, which has been previously shown
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unable to interact with the FOXAI protein!>!>. We first
confirmed that this mutant was not able to interact with
FOXA1 but remained capable of binding ARE-containing DNA
(Fig. 4a and Supplementary Fig. 10E). In addition, ChIP-Seq
analysis of DU145 cells with stable expression of this mutant
(DU145 + AR_Q640X) demonstrated that it retained the ability
to bind the chromatin and a majority of its binding sites
overlapped with that of wt AR (Fig. 4b). Moreover, FOXAl
overexpression also led to a remarkable shift of the binding profile
of the mutant AR, similar to wt AR (Fig. 4c and Supplementary
Fig. 10F). Most importantly, this shift was also characterized by a
dramatic loss of ARE-mediated high-affinity AR-binding events
and a substantial gain of FKHD-mediated, FOXA1-dependent
weaker ARBS (Fig. 4d-f). Together, out data suggest that physical
interaction with AR protein is not required for FOXAl to

a C

FAIRE-seq peaks

FAIRE-qPCR

redistribute AR from ARE to FXBS. These results support that,
instead of actively recruiting AR through direct interaction,
FOXAI1 passively enables AR to access the chromatin.

Next, we examined whether this interaction, although not
necessary for AR recruitment, might enhance or stabilize AR
binding. We first compared the intensity of endogenous ARBS
in LNCaP cells that contain ARE-only, FKHD-only, or both
(Fig. 4g). Our data confirmed that ARE-mediated binding sites
were much stronger than FKHD-mediated ones. In addition,
ARBS containing both ARE and FKHD were the strongest,
suggesting that FOXA1 co-occupancy in these regions might
enhance/stabilize AR binding. Indeed, in FOXA1-KD LNCaP
cells, there was no appreciable difference in AR-binding intensity
between ARE-only and ARE+FKHD sites, while intensity of
both remained superior to that of FKHD-only sites (Fig. 4h).
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Figure 3 | FOXA1 opens up chromatin to absorb AR via low-affinity interactions. (a) Overlap between FAIRE-seq peaks identified in DU145 + AR and

DU145 + AR + FOXAT1 cells. (b) Heatmap view of FAIRE-seq read intensity around ARBS (5kb) detected in DU145 + AR and/or DU145 + AR + FOXA1
stable cells. Shown on the right are average FAIRE-seq counts (£ 1.5kb) corresponding to each category of ARBS. (c-e) FAIRE-gPCR analysis of chromatin
accessibility at randomly selected loci from ARBS containing ARE-only (), ARE and FKHD (d) or FKHD-only (e). FAIRE experiment was carried out in
DU145 + AR and DU145 + AR + FOXAT1 cells. Overall, P<0.05 for ARE-only sites (€) and FKHD-only sites (e) and P was not significant on average for all
A and F sites (d). Error bars indicate n=3, mean * s.e.m. P-values were calculated by two-tailed Student's t-test. (f) Overlap between FAIRE-seq

peaks detected in DU145 + AR + FOXAT1 and in DU145 + AR + FOXATMEN cells. (g) Heatmap view of FAIRE-seq read intensity around ARBS (5kb)
detected in DU145 + AR + FOXAT and/or DU145 + AR + FOXA1EN cells. Shown on the right is average FAIRE-seq signal (£1.5kb) corresponding to
each category of ARBS.

Figure 4 | FOXA1 and AR protein interaction mediates preferential AR binding to ARE + FKHD sites. (a) Truncated AR (Q640X) failed to interaction
with FOXA1. Co-immunoprecipitation experiments were carried out in 293T cells transfected with wt or Q640X-mutant AR along with FOXA1 for 48 h.
(b) Overlap of ARBS between DU145 + AR (wt) and DU145 + AR_Q640X cells. (¢) Ectopic expression of FOXAT1 resulted in global redistribution of
Q640X-mutant AR binding. Venn diagram shows overlap between ARBS detected in DU145 + AR_Q640X and in DU145 + AR_Q640X + FOXAT1 cells.
(d) Heatmap view of AR and FOXA1 ChlIP-Seq-read intensity around ARBS (£ 2 kb) detected in DU145 + AR_Q640X and in DU145 + AR_Q640X + FOXAT
cells. (e) Average AR ChlIP-seq intensity around ARBS (£1kb) shown in d. (f) ARE and FKHD motif density around ARBS (£ 500 bp) shown in d.

(g h) Average AR ChlP-seg-read intensity around ARBS detected in LNCaP shCtrl cells (g) or in LNCaP shFOXAT cells (h). Based on the motifs that
they contain, ARBS were categorized into ARE + FKHD peaks, ARE-only peaks and FKHD-only peaks. (i) Average AR ChIP-seg-read intensity around
ARBS detected in DU145 + AR_wt, DU145 + AR_wt + FOXAT1 or DU145 + AR_Q640X + FOXA1 cells. Based on the motifs that they contain, ARBS were
separated into ARE 4+ FKHD peaks, ARE-only peaks and FKHD-only peaks.
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To further validate this, we examined ectopically introduced
ARBS in DU145 cells. Concordantly, we found that in the absence
of FOXALI, the intensity of ARE-only ARBS was the same as those
bound to ARE + FKHD sites, both of which were significantly

stronger than the FKHD-only sites (Fig. 4i). Interestingly,
following FOXA1 expression, ARE + FKHD ARBS again became
apparently stronger than ARE-only ARBS, which remained
superior to the FKHD-only ones. Most importantly, in
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Figure 5 | FOXA1 inhibits AR gene expression in PCa. (a) AR ChIP was performed in control and shFOXA1 LNCaP cells followed by gPCR analysis of
KLK3 enhancer. (b) QRT-PCR analysis of KLK3 expression in control and FOXA1-KD LNCaP cells treated with androgen, anti-androgen bicaluatamide
or both. (¢) FOXAT binding to AR intragenic region in LNCaP cell revealed by ChIP-seq. FOXAT1 binding is dramatically decreased by FOXA1 KD.

(d,e) QRT-PCR and immunoblot analysis of FOXA1, AR and KLK3 in control and FOXAT1-KD LNCaP (d) and VCaP cells (e). (fg) QRT-PCR and
immunoblot analysis of FOXAT, AR and KLK3 in VCaP (f) and 22RV1 cells (g) following FOXAT1 overexpression. For QRT-PCR, cells were infected

with adenovirus (at 1:2,000 dilutions) expressing LacZ control or FOXAT1 for 48 h. For immunoblot analysis, cells were infected with increasing amount
of FOXAT1 adenovirus at 1:8,000, 1:2,000 or 1:500 dilutions. Error bars indicate n=3, mean £ s.e.m., P<0.05 by two-tailed Student's t-test.

DU145 + AR_Q640X cells wherein FOXA1 was not able to
interact with ARE, the preferential AR binding to ARE + FKHD
sites was lost. Therefore, physical interaction between FOXA1
and AR enhances AR binding on FKHD + ARE sites, plausibly by
locking in both proteins on the chromatin.

FOXAL1 inhibits AR expression in PCa cells. In view of the great
increase of ARBS following the silencing of FOXAIl in the
endogenous LNCaP system, we asked whether AR might be a
direct target of FOXA1-mediated transcriptional repression®’. We
first carried out ChIP-qPCR analysis of the prototype AR target
gene KLK3, also called PSA. Our data showed that AR binding to
the KLK3 enhancer was indeed drastically increased upon
FOXA1 KD (Fig. 5a). QRT-PCR analysis further showed that
while androgen induced KLK3 expression as expected, FOXA1
KD led to further increase in KLK3 level (Fig. 5b and
Supplementary Fig. 11A). These increases could be blocked by
anti-androgen bicalutamide, supporting the notion that AR
transcriptional activity could be augmented upon FOXAL1 loss.
Analysis of ChIP-seq results indeed revealed a strong FOXAI-
binding event within the intragenic region of the AR gene and this
binding event was drastically reduced upon FOXA1 KD (Fig. 5¢).

To determine whether this FOXAI-binding event leads to
regulation of AR gene expression, QRT-PCR was carried out and
showed that AR and KLK3 expression were indeed significantly
increased following FOXA1l KD (Fig. 5d). Immunoblotting
demonstrated remarkably upregulated KLK3 protein along with
a slight increase of the AR protein. Similar results were also

observed in other PCa cells including VCaP (Fig. 5e) and 22RV1
cells (Supplementary Fig. 11B). To preclude off-target shRNA
effects, we used an siRNA that targets a different region of the
FOXA1 gene and confirmed that FOXA1 KD indeed increased
AR and KLK3 expression in PCa cells (Supplementary
Fig. 11C,D). As western blot revealed only slight increase of AR
protein upon FOXA1 KD, probably due to already very high level
of AR in control cells, we took an alternative approach to
overexpress FOXAI in these cells to examine AR inhibition.
Using FOXAl-expressing adenovirus, we demonstrated that
FOXA1 overexpression remarkably suppressed both AR and
KLK3 transcript and protein in PCa cells (Fig. 5f,g). Taken
together, in addition to reducing specific AR binding by
absorbing AR to excessive amount of open chromatin, FOXA1
also directly inhibited AR expression. This poses a pathologically
important question as to whether FOXA1 loss in advanced PCa,
as recently reported by us and others'>?%, might contribute to
aberrant AR activation.

FOXA1 loss results in androgen-independent AR binding
events. We first examined whether FOXA1 continues to inhibit
AR in the absence of androgen. QRT-PCR and western blot
analysis demonstrated that FOXA1 KD in hormone-deprived
LNCaP cells increased AR expression and led to significant
upregulation of KLK3 transcript as well as protein (Fig. 6a). In
particular, although western blot was only able to detect slight
increase in total AR protein, nuclear AR and chromatin-bound
AR were both dramatically increased following the silencing of
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Figure 6 | FOXA1 downregulation results in AR-chromatin binding in the absence of androgen. (a) QRT-PCR and immunoblot analyses of AR, FOXA1
and KLK3 were performed in hormone-starved control and shFOXA1 LNCaP cells. GAPDH was used as a loading control. Error bars indicate n=3,
mean £ s.e.m., P<0.05 by two-tailed Student's t-test. (b) Total lysate, nuclear proteins and chromatin fraction were collected or isolated from hormone-
starved control and FOXA1-KD LNCaP cells and western blot was performed with indicated antibodies. (¢,d) Control and shFOXAT LNCaP cells were
hormone deprived and subjected to RNA interference targeting control or AR (siAR). KLK3 gene expression was determined by QRT-PCR Error bars
indicate n=3, mean £ s.e.m. P<0.05 by two-tailed Student's t-test. (¢). Protein levels of KLK3, AR and FOXA1 were analysed by immunoblot (d).

(e) Silencing of FOXA1 results in androgen-independent cell growth. LNCaP shCtrl and shFOXAT cells were grown in hormone-deprived, phenol-free RPMI
1640 media supplemented with 5% charcoal-stripped fetal bovine serum. Total cell growth was measured by WST-1 assay as previously reported?. Error
bars indicate n =3, mean £ s.e.m. Significant P-value was indicated. (f)AR ChlIP-Seq was performed using hormone-deprived control and FOXA1-KD LNCaP
cells. Venn diagram shows the overlap of ARBS between these two cell types. (g) Heatmap view of AR ChIP-seqg-read density around ARBS (£ 2 kb). ARBS
detected in hormone-deprived shCtrl and shFOXAT LNCaP cells were separated into shCtrl-only, shared and shFOXA1-only. ‘' — R" indicated androgen-
depleted medium, whereas '+ R’ indicated regular medium for LNCaP cell culture. (h) Average AR ChlIP-seq intensity around ARBS (£ 500 bp) shown in f.
(i) ARE and FKHD motif density around ARBS (£ 500 bp) shown in f.
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FOXAL1 (Fig. 6b). This suggests that loss of FOXA1 activated AR-
chromatin binding in the absence of androgen. Indeed, ChIP-
qPCR demonstrated remarkably increased AR binding on the
KLK3 enhancer at a level comparable with androgen stimulation
(Supplementary Fig. 12A). Concordantly, the expression levels of
both KLK3 transcript and protein were drastically induced, which
could be blocked by AR KD (Fig. 6¢c,d and Supplementary
Fig. 12B). Most importantly, downregulation of FOXA1 sig-
nificantly increased androgen-independent cell growth, reflecting
the activation of the AR signalling pathway and its pathological
relevance (Fig. 6e).To determine whether FOXAL1 loss activates
androgen-independent AR-chromatin binding globally, we
mapped the genomic landscape of AR in the control and FOXA1-
KD LNCaP cells that were grown in hormone-deprived medium.
As expected, there were very few AR-binding events (508 ARBS)
in the androgen-depleted control cells. Remarkably, following the
silencing of FOXALI, a substantial amount of AR-binding events
(over fourfold increase) was detected even in the absence of
androgen (Fig. 6f).

We next examined how these androgen-independent ARBS
relate to the normal androgen-stimulated AR-binding events. To
do this, we categorized these ARBS into control-only, shFOXA1-
only and shared, and examined these binding profiles in both
androgen-deprived and androgen-stimulated conditions. Heat-
map view of ChIP-seq-read intensity confirmed remarkable AR
recruitment to the shFOXA1-only sites upon FOXA1 KD, despite
a clear loss of FOXA1 binding (Fig. 6g and Supplementary
Fig. 12C). Moreover, androgen stimulation was also able to
recruit AR to these sites and showed a synergistic effect with
FOXA1 KD (Fig. 6h). These results support that FOXAIl
downregulation induces AR binding in the absence of androgen.
For example, while a few AR binds the KLK3 enhancer in the
control cells before androgen treatment, FOXA1 KD can lead to
substantial AR recruitment, which is further enhanced by
androgen stimulation (Supplementary Fig. 12D). Motif analysis
revealed that the ARE motifs were strongly enriched in the ARBS
gained upon FOXA1 KD (Fig. 6i and Supplementary Fig. 4A).
Next, we investigated whether this increase in AR-chromatin
binding by FOXA1 KD activates a corresponding AR transcrip-
tional programme in the absence of androgen.

FOXAL1 loss activates a castration-resistant AR program. To
determine the AR-mediated transcriptional programme, we car-
ried out microarray analysis of control and FOXA1-KD LNCaP
cells grown in androgen-depleted medium. We separated
FOXA1-regulated genes into FOXA1-induced and repressed and
compared with those induced or repressed by androgen. Inter-
estingly, GSEA analysis revealed that genes induced by FOXA1 in
the absence of androgen significantly overlapped with those
repressed by androgen, while FOXAl-repressed genes were
enriched for androgen-induced genes (Fig. 7a,b). Therefore, in the
absence of androgen, FOXA1 exhibited a transcriptional reg-
ulatory role that antagonizes AR. This is consistent with our
ChIP-seq data indicating that FOXA1 KD induces AR-chromatin
binding in the absence of androgen. Indeed, GSEA analysis
showed that androgen-induced genes on the other hand were
enriched for upregulation by FOXA1 KD, while androgen-
repressed genes tended to become downregulated following the
silencing of FOXAL1 in hormone-deprived LNCaP cells (Fig. 7c,d).
Furthermore, QRT-PCR analysis confirmed that known andro-
gen-induced genes such as KLK3,TMPRSS2, FKBP5 and KLK2
were strongly induced by FOXA1l KD in hormone-deprived
LNCaP cells, while previously reported androgen-repressed genes
were inhibited (Figs 6¢, 7e,f), in concordance with gained ARBS
on main AR-binding loci of these genes upon FOXA1 depletion

10

(Supplementary Fig. 13A-E). Therefore, FOXALI loss induces AR
transcriptional programme. In addition, gene ontology (GO)
analysis of shFOXA1l-induced gene set (Supplementary Data 1)
revealed ‘response to steroid hormone’, ‘regulation of cell pro-
liferation’ and ‘locomotion/cell migration’ as the enriched GO
terms (Supplementary Fig. 14). This indicates that FOXA1 loss,
like AR overexpression, provides important means to aberrant
AR activation in the milieu of very low androgen.

Discussion
Previous studies have established a model wherein FOXA1
protein acts as a pioneering factor that interacts with and recruits
AR to lineage-specific binding sites'#. Interestingly, two studies
recently reported that FOXA1 KD resulted in extensive AR
reprogramming rather than elimination, suggesting that FOXA1
may be pioneering for AR binding to some sites but inhibitory to
other sites!>!6, The mechanisms underlying this reprogramming,
however, were not well understood. In the present study, we
reconcile these conflicting results by providing a refined model
wherein FOXA1 controls the genomic landscape of AR by
altering chromatin accessibility, which may result in cooperative
or inhibitory effects on AR programme depending on the relative
FOXA1/AR abundance (Fig. 7g-i). FOXA1 is neither required
nor sufficient to recruit AR binding. Rather, FOXA1 opens up
chromatin to preferentially facilitate AR to access FOXA1-bound
genomic regions. When AR is much more abundant than FOXA1
(for example, in LNCaP + shFOXA1 or DU145 + AR cells), AR
primarily binds to its high-affinity target ARE sites across the
genome (Fig. 7g). When FOXA1 reaches equilibrium with AR
(for example, LNCaP cells), FOXA1 opens up FKHD-containing
regions to permit AR interaction with either low-affinity hAREs
or high-affinity full-AREs that are located within these regions,
manifesting a collaborative role (Fig. 7h). This, however, is
accomplished by removing AR from high-affinity ARE sites
located outside of FXBS, as illustrated by the extensive loss of
ARE-only ARBS. When FOXA1 becomes overly abundant (for
example, hormone-deprived LNCaP cells or DU145+ AR+
FOXA1Mgh cells), FOXA1 opens up excessive amount of genomic
regions, which act as a reservoir that absorbs AR through low-
affinity interactions and thus drastically reduces the amount of
AR available for any individual loci. In this condition, FOXA1
inhibits almost all specific AR-chromatin binding (Fig. 7i). This
context-dependent regulation may be critical in offsetting
androgen response in hormone-deprived condition and in
maximizing rapid response upon androgen stimulation, which
should be carefully examined in future studies. Our proposed
model demonstrates multifaceted roles of FOXA1 in tightly
controlling AR signalling and provides mechanisms that reconcile
previously reported roles of FOXA1 as an AR-collaborating or
inhibiting co-factor!4-16

Importantly, we believe that our model precisely recapitulates
how FOXA1 dictates prostatic-specific gene expression. Had
FOXAI1 not affected AR-chromatin binding, AR would have been
relinquished to bind ARE motifs across the genome, which are
not specific to prostate genes. On the other hand, had FOXA1
directly recruited AR to the genome AR would potentially get
recruited to all FXBS, which would ultimately dilute AR and
inhibits AR-mediated activation of prostate-specific genes. Our
model, by contrast, showed that when FOXAL is in equilibrium
with AR, it opens up the chromatin to preferably facilitate AR
co-occupancy at FKHD + ARE sites (high-affinity and highly
accessible), but reduces AR binding to ARE-only sites (high
affinity but not accessible). Therefore, our study not only
supports previously reported roles of FOXA1l in specifying
lineage-specific AR programme!4, but also delineates the
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Figure 7 | FOXAT1 loss activates a castration-resistant AR transcriptional programme. (a,b) GSEA was carried out using FOXAl-induced or FOXAT-
repressed gene set comparing control and androgen-treated LNCaP cells. Genes induced by FOXAT in hormone-starved LNCaP cells are enriched for
repression by androgen (a). Genes repressed by FOXAT1 in hormone-starved LNCaP cells are enriched for induction by androgen (b). FOXA1l-induced or
repressed gene set (with 2-fd cutoff) was obtained from microarray profiling control and shFOXA1 LNCaP cells grown in hormone-starved condition.
Microarray data have been previously released at GEO under accession GSE37314 (ref. 20). (¢, d) GSEA reveals that androgen-induced genes correlate
with higher expression in shFOXAT cells relative to control cells (¢), while androgen-repressed genes are significantly enriched for downregulation in
shFOXAT1 cells (d). Androgen-induced and -repressed genes were identified from microarrays of LNCaP shCtrl -R cells and LNCaP shCtrl + R cells using a
cutoff of >twofold change. Expression data set are from microarray profiling of hormone-starved LNCaP shCtrl and shFOXAT1 cells as above mentioned.
(e,f) QRT-PCR analysis of expression of three typical androgen-induced genes (e) and three androgen-repressed genes (f) in hormone-starved LNCaP
cells treated with shFOXAT, siAR or both. All error bars indicate n=3, mean £ s.e.m. (g-i) Model of FOXAT1 regulation of AR-chromatin binding in a
dose- and context-dependent manner. (g) When FOXAT1 is relative low or absent, AR is freely available to bind genomic regions containing ARE.

(h) When FOXAT1 and AR levels are in equilibrium, FOXA1 opens up FKDH-containing chromatin regions to facilitate AR binding to these sites,

thereby preventing AR binding to ARE-only sites. (i) When FOXAT1 is much more abundant than AR, it opens up excessive amount of chromatin regions,
which end up diluting AR across the genome, thereby inhibiting specific AR-binding events. Cup-shape shaded areas indicate chromatin accessibility.
hARE indicates low-affinity ARBS with hARE motif, compared with high-affinity ARBS with canonical ARE motif.

mechanistic details of this regulation. The ability of FOXA1 to Interestingly, consistent with our results, a recent study has
inhibit high-affinity ARE-mediated AR-chromatin binding is not shown that FOXA1l overexpression largely inhibits AR target
only essential in defining a prostatic AR programme but also  genes in PCa cells?> and decreases cell motility and tumour
critical in preventing non-prostatic AR-binding events. Recent metastasis'>?, Most importantly, our study revealed that FOXA1
studies have shown that such programme could be highly loss activates AR-chromatin binding and AR transcriptional
oncogenic!® and alteration of this regulatory pathway may turn  regulation in the absence of androgen. This activation may be due
on novel AR target genes in CRPC?!. Future studies should to the fact that FOXA1 KD enabled the cells to reach a new
examine how the balanced regulation between FOXA1 and AR is  balance between reduced FOXA1 and the low amount of nuclear
disrupted during PCa progression. AR available in hormone-deprived cells, thereby permitting

In this study, we have also shown that FOXA1 directly inhibits  high-affinity AR binding. In addition, cell growth assay showed
AR expression and thus the transcription of its target genes. increased PCa cell growth following the silencing of FOXAI in
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androgen-depleted medium. These findings suggest that loss of
FOXA1 may lead to androgen-independent AR signalling and
thus CRPC progression. Indeed, we have recently reported that
FOXA1 is downregulated in CRPC?’. Due to the multifaceted
roles of FOXAI in regulating AR signalling that is heavily
dependent on FOXA1-AR equilibrium, the pathological relevance
of FOXA1 may be elusive. In fact, there are apparent conflicting
reports that linked FOXA1 expression levels with either good or
bad clinical outcomes. Based on our model, it is possible that
FOXAL1 may be associated with poor prognosis if the analysis is
solely based on patients with primary PCa'® or metastatic PCa?3
who have not received prior systematic therapy. However,
FOXA1 may be a good outcome predictor in patient cohorts
with prior androgen-deprivation therapy!. It is thus very
important to re-evaluate FOXA1l association with PCa
outcomes in future studies by carefully stratifying patients
based on their disease stage and treatment histories. Taken
together, our study delineates the mechanism by which FOXAL1
defines the genomic action of AR and provides a novel pathway
to aberrant AR activation in the milieu of very low androgen.

Methods

Cell Culture and antibodies. LNCaP, DU145, 22RV1 and VCaP cells were
obtained from the American Type Culture Collection (ATCC) and grown in RPMI
or DMEM (VCaP) supplemented with 10% fetal bovine serum and standard
antibiotics. LAPC4 cells were provided by Dr C Shad Thaxton (Northwestern
University) and grown in IMEM supplemented with 10% fetal bovine serum and
1nm R1881. For androgen treatment, cells were hormone starved for 2-3 days
and treated with 1 nM R1881 for 24 h. Bicalutamide (Casodex) was added at a
concentration of 10 uM as needed. Antibodies used in this study include anti-AR
(06-680) from Millipore, anti-FOXA1 (ab23738), Histone H3 (ab1791) and anti-
GAPDH (ab9385) from Abcam, anti-AR (sc-7305) from Santa Cruz and anti-KLK3
(K2889-100UG) from Sigma (Supplementary Table 3).

siRNA, shRNA and Plasmids. FOXA1 siRNA (sense 5-GAGAGAAAAAAUCAA
CAGC-3'; antisense 5'-GCUGUUGAUUUUUUCUCUC-3')142%, AR on-target
plus smart pool (L-003400-00-0020), and control siRNA Luciferase GL2 Duplex
(D-001100-01-20) were synthesized by Dharmacon. The control and pGIPZ
lentiviral sShRNAmir targeting FOXA1 (Clone ID# V2LHS_16780) were purchased
from Open Biosystems. C-terminal 3 x HA-tagged full-length FOXA1 was cloned
into a Tet-On inducible lentiviral vector that was kindly provided by Professor
Junjie Chen (MD Anderson Cancer Center). The full-length (wt) and truncated AR
(Q640X) were amplified from pcDNA3.1—ARﬂ plasmid24 and cloned into the
PCR8/GW/TOPO entry vector (Invitrogen). The pCR8-AR C562S and G568W
mutants were generated from pCR8-AR wt using QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). Lentiviral constructs
were generated by LR recombination between pCR8-AR constructs and pLenti
CMV/TO Puro DEST (Addgene plasmid 17293). Details regarding cloning primers
and plasmid construction were provided in Supplementary Tables 1 and 2.

Western blot analysis. Cells were lysed in NP40 Cell Lysis Buffer (Invitrogen).
Protein concentration was measured using the Bio-Rad protein assay kit. Twenty
micrograms of the total protein were mixed with SDS sample buffer, boiled for
10 min at 95 °C, separated on a 10% SDS-polyacrylamide gel and transferred to an
Amersham Hybond PVDF membrane. The membranes were blocked with 5% w/v
BSA or milk in TBST overnight at 4 °C, incubated in primary antibody (diluted in
blocking solution) for either 1h at room temperature or overnight at 4 °C (for
antibodies, see Supplementary Table 3), washed 3 x with TBST and incubated for
1h in a secondary antibody diluted in blocking solution. Membranes were again
washed 3 x with TBST and ECL (GE Healthcare) was added to the membrane and
the signal was detected on film (GE Healthcare). Representative uncropped raw
scans of blots generated with the most relevant antibodies used along the different
figures are present in Supplementary Figs 15-17.

Co-immunoprecipitation. Cells with coexpression of FOXAI (tagged with Flag)
and AR (wt or mutant) were lysed in IP lysis buffer (50 mM Tris-Cl pH7.4,

150 mM NaCl, 1 mM EDTA, 1% Triton X-100, Roche protease inhibitor cocktail).
An aliquot of the cell lysate was kept as input for western blot analysis. Cell lysate
was first precleared with protein A/G-agarose beads at 4 °C for 2h. Then the
precleared lysate was incubated with mouse anti-Flag (F1804, Sigma) or mouse
anti-AR antibody (sc-7305, Santa Cruz), mouse IgG (as a negative control) over-
night on a rocker platform. The next day, protein A/G-agarose beads were added to
the mixture and incubated at 4 °C for 2 h. Then the beads were pelleted and washed
for four times with IP lysis buffer before boiling in SDS sample buffer for 10 min.

12

Western blotting analysis were performed using rabbit anti-FOXA1(ab23738,
Abcam) or rabbit anti-AR(06-680, Millipore).

Chromatin fractionation. Chromatin was isolated as described with the following
modifications?’. Cells were resuspended in buffer A (10 mM HEPES, [pH 7.9],
10 mM KCl, 1.5mM MgCl2, 0.34 M sucrose, 10% glycerol, Il mM DTT, 1 x Roche
protease inhibitor cocktail). Triton X-100 (0.1%) was added, and the cells were
incubated for 5min on ice. Nuclei were collected in pellet 1 by low-speed
centrifugation (5min, 1,300 g, 4°C), washed once with buffer A, and then
resuspended in buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, protease
cocktail) for 30 minutes on ice. Insoluble chromatin was isolated by centrifugation
(5 min, 1,700 g, 4 °C), washed once with buffer B, and centrifuged again under the
same conditions. The final chromatin pellet was resuspended in SDS sample buffer
(50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 2% B-mercaptoethanol and 0.02%
bromophenol blue).

Chromatin immunoprecipitation (ChIP). AR and FOXA1 ChIP were carried out
as described previously®2®27. Briefly, cultured cells were cross-linked with 1%
formaldehyde for 10 min and the cross-linking was inactivated by 0.125 M glycine
for 5min at room temperature. Cells were then rinsed with cold 1 x PBS twice.
The following steps were performed at 4 °C. Cell pellets were resuspended and
incubated in cell lysis buffer + 10 ulml ~ 1 PMSF and protease inhibitor (Roche) for
10 min. Nuclei pellets were spinned down at 5,000 ¢ for 5 min, resuspended in
nuclear lysis buffer and then incubated for another 10 min. Chromatin was
sonicated to an average length of 500 bp and then centrifuged at 14,000 g for 10 min
to remove the debris. Supernatants containing chromatin fragments were
incubated with agarose/protein A or G beads (Upstate) for 15min and centrifuged
at 5,000 g for 5min to reduce nonspecific binding. To immunoprecipitate protein/
chromatin complexes, the supernatants were incubated with 3-5 ug of antibody
(anti-FOXA1 from Abcam, cat# ab23738; anti-AR from Millipore, cat#06-680)
overnight, then added 50 ul of agarose/protein A or G beads and incubated for
1.5 h. Beads were washed twice with 1X dialysis buffer and four times with IP wash
buffer. The antibody /protein/DNA complexes were eluted with 150 ul IP elution
buffer twice. To reverse the cross-links, the complexes were incubated in elution
buffer + 10 ug RNase A and 0.3 M NaCl at 67 °C for 4h. DNA/proteins were
precipitated with ethanol, air-dried and dissolved in 100 ul of TE. Proteins were
then digested by proteinase K at 45 °C for 1 h and DNA was purified with QLTAGEN
PCR column and eluted with 30 ul EB.

Formaldehyde-assisted isolation of regulatory elements. FAIRE was
performed according to the protocol published by Giresi et al.2® Briefly, cells were
cross-linked identically as for ChIP. After 10-min cross-linking with 1%
formaldehyde and stopping with 0.125M glycine, the washed cell pellets (10 e7
cells) were resuspended and incubated for 10 min sequentially in 1 ml of buffer L1,
1 ml of buffer L2 and 400 pl of buffer L3. The lysates were sonicated in order to
shear chromatin into DNA fragments of average 300-500 bp, then centrifuged at
14,000 g for 10 min to remove the cellular debris. Input samples were reverse cross-
linked overnight at 65 °C. The FAIRE samples and reverse cross-linked input
samples were subjected to three sequential phenol/chloroform/isoamyl alcohol
(25/24/1) extractions. DNA were precipitated with ethanol, air-dried and dissolved
in 100 ul of TE and treated with 1 pl of RNase A (10 mgml ™~ 1y for 1h at 37°C.
Proteins were then digested by proteinase K at 45 °C for 1h and the DNA was
purified with QIAquick PCR Purification Kit (Qiagen) and eluted with 30 ul EB.

Quantitative Polymerase Chain Reaction. All primers (Supplementary Table 1)
were designed using Primer 3 (http://frodo.wi.mit.edu/primer3/), and synthesized
by Integrated DNA Technologies. SYBR Green based quantitative real-time PCR
was performed using GoTaq qPCR MasterMix (Promega) using a StepOnePlus
Real-Time PCR System (Applied Biosystems). For quantitative reverse transcrip-
tion-PCR (QRT-PCR) data analysis, the fold change in the target gene relative to
the GAPDH (glyceraldehyde 3-phosphate dehydrogenase) endogenous control
gene is determined by: fold change = 2-MACH where ACt= Ctiarger—Ctcappn and
A(ACt) = ACtyreatment—ACteontrol. For ChIP-qPCR and FAIRE-qPCR, enrichment
analysis were performed by Comparative Ct method and normalization to input,
that is, enrichment over input = 2(-ACY where ACt= Ctsample — Clinput-

ChIP-seq and FAIRE-seq library preparation and sequencing. Libraries were
prepared according to standard protocols using BioScientific’s DNA Sample Kit
(Cat# 514101)°?7. Libraries were sequenced using Illumina Hi-Seq platforms.
Sequence reads were aligned to the Human Reference Genome (assembly hgl9)
using Burrows-Wheeler Alignment (BWA) Tool version 0.6.1 (ref. 29).

ChlIP-seq and FAIRE-seq peak discovery. ChIP-seq and FAIRE-seq peak
identification, overlap, subtraction, union and feature annotation of enriched
regions were performed using HOMER (Hypergeometric Optimization of Motif
EnRichment) suite (http://homer.salk.edu/homer/)*°. For ChIP-seq, HOMER peak
finding algorithm searches for peaks of fixed size to achieve maximum sensitivity.
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For FAIRE-seq analysis, we used HOMER to find variable-width enriched regions.
Homer automatically optimized parameters needed for peak finding the size of the
peak and the length of fragments. We set the minimum distance between peaks
using 2.5 x the peak size. The cutoff for statistically significant peaks was selected
at a false discovery rate of 0.001 determined by peak finding using randomized tag
positions in a genome with an effective size of 2 billion basepairs. We required the
tag density at peaks to be fourfold greater than in the surrounding 10 kb region to
exclude putative peaks identified in regions of genomic duplication. Only one tag
from each unique position was considered to filter clonal signal from the
sequencing. Additional peak calls were determined using MACS peak caller version
1.4.1 (ref. 31) with default parameters, in which enriched regions of the genome
were identified by comparing the ChIP samples to input samples. The number of
sequencing reads and AR or FOXA1-binding events for each sample were shown in
Supplementary Table 4.

Motif discovery. The HOMER motif discovery was used to perform de novo motif
discovery as well as check the enrichment of known motifs in a set of given
genomic region (200bp surrounding ChIP-seq peak center)>’. Motif density
histograms were created using HOMER for target regions. Control regions were
generated by selecting DNA sequences of equal length at 10 kb downstream of the
target regions. The motif density at target regions was normalized to that at the
control regions. Additional motif analysis was determined using MEME-ChIP
algorithm32.

Gene expression array and data analysis. Total RNAs were isolated using
TRIzol reagent (Invitrogen). The integrity of the RNA was monitored using
Bioanalyzer 2100. Microarray profiling was performed using HumanHT-12 v 4.0
Expression BeadChip (Illumina). Bead-level data were preprocessed using
GenomeStudio (Illumina), and the expression values were quantile-normalized
using the bead array package in Bioconductor. Differentially expressed genes were
identified using a twofold cutoff. GO terms enrichment was analysed using
PANTHER (http://www.pantherdb.org/)** or GOrilla (http://cbl-gorilla.cs.
technion.ac.il/)>*. GSEA% was performed as described previously*®. Gene
expression fold changes in experimental cells relative to control were calculated and
genes having at least twofold changes in shFOXAl-treated cells were defined as
FOXA1-regulated gene sets. Differential expressed genes (at least twofold changes)
in LNCaP shCtrl cells androgen-treated compared with hormone-deprived were
defined as androgen-regulated gene sets. Raw and normalized data from
microarray experiments have been deposited at NCBI Gene Expression Omnibus
database (under accession GSE37314 and GSE55007).

Cell proliferation assay. Cell proliferation assay was carried out using the WST-1
kit according to the manufacturer’s instruction (Clontech). Briefly, cells were
seeded in a 24-well plate at a density of 10,000 cells in 500 ul of complete culture
medium and cultured in a CO, incubator at 37 °C for 24 h. Then cells were
hormone starved for 2 to 3 days prior to WST-1 assay. Cultures were incubated for
2h after the addition of the premixed WST-1 cell proliferation reagent and the
absorbance at 450 nm was measured using a multiwell plate reader. The absorbance
level of samples was normalized to that of the background control well (containing
culture medium plus WST-1 reagent, without cells).
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LncRNA HOTAIR enhances ER signaling and confers
tamoxifen resistance in breast cancer

X Xue'?* YA Yang®**, A Zhang? K-W Fong? J Kim?, B Song? S Li%, JC Zhao? and J Yu*?

Tamoxifen, an estrogen receptor (ER) antagonist, is the mainstay treatment of breast cancer and the development of resistance represents
a major obstacle for a cure. Although long non-coding RNAs such as HOTAIR have been implicated in breast tumorigenesis, their roles in
chemotherapy resistance remain largely unknown. In this study, we report that HOTAIR (HOX antisense intergenic RNA) is upregulated in
tamoxifen-resistant breast cancer tissues compared to their primary counterparts. Mechanistically, HOTAIR is a direct target of ER-mediated
transcriptional repression and is thus restored upon the blockade of ER signaling, either by hormone deprivation or by tamoxifen
treatment. Interestingly, this elevated HOTAIR increases ER protein level and thus enhances ER occupancy on the chromatin and
potentiates its downstream gene regulation. HOTAIR overexpression is sufficient to activate the ER transcriptional program even under
hormone-deprived conditions. Functionally, we found that HOTAIR overexpression increases breast cancer cell proliferation, whereas its
depletion significantly impairs cell survival and abolishes tamoxifen-resistant cell growth. In conclusion, the long non-coding RNA HOTAIR
is directly repressed by ER and its upregulation promotes ligand-independent ER activities and contributes to tamoxifen resistance.

Oncogene advance online publication, 14 September 2015; doi:10.1038/onc.2015.340

INTRODUCTION
Long non-coding RNAs (IncRNAs) are a major class of newly
identified non-coding transcripts that are usually composed of
more than 200 nucleotides. Accumulating evidence suggests that
IncRNAs play critical roles in regulating a wide range of cellular
processes by affecting various aspects of protein, DNA, and RNA
expression and interactions.'™ Large-scale RNA sequencing
(RNA-seq) studies have revealed that IncRNAs are abundantly
transcribed from the genome; a recent study comprehensively
examined over 7000 RNA-seq libraries and uncovered nearly
60,000 IncRNAs from the human transcriptome.® Out of numerous
cancer-associated IncRNAs, HOTAIR (HOX antisense intergenic
RNA) was among the most upregulated in breast cancer. Localized
in chromosome 12, HOTAIR is 2.2 kb in length and transcribed
from the antisense strand of the HOXC locus. It has been shown to
interact with polycomb repressive complex 2 to reprogram the
chromatin state and induce cancer metastasis.”® In vivo experi-
ments showed that HOTAIR is sufficient and required to promote
invasion of breast carcinoma cells.” Concordantly, HOTAIR and
EZH2 expression levels were highly correlated in breast cancer
tissues and high HOTAIR level is associated with worse
prognosis.”'® In addition, these studies reported that strong
HOTAIR expression correlated with estrogen receptor (ER) and PR
positivity, and that HOTAIR expression is a strong predictor of poor
clinical outcome especially in ER-positive breast cancer.”'°

These results provide first lines of evidence that the IncRNA HOTAIR
may play important roles in regulating breast cancer progression.
Tamoxifen, an antagonist of the ER, is the most commonly used
treatment for ER-positive breast cancer. Despite great success in
improving the overall survival of breast cancer patients, development

of tamoxifen resistance (TamR) is persistently seen in the clinic and is
a major cause of breast cancer recurrence and mortality."" Under-
standing the biological mechanisms underlying this acquired
resistance to tamoxifen is thus of substantial clinical significance.?

ER is a hormonal transcription factor that is liganded and
activated by estrogen. ER regulates target genes that control
endocrine response and cell cycle progression.>'*' Tamoxifen
competes with estrogen for binding to the ER protein, thereby
inhibiting the conventional ER transcriptional program.>'*'> Using
chromatin immunoprecipitation sequencing (ChIP-seq), a recent
study has mapped genome-wide ER binding profiles in primary
breast cancers and found that ER is still recruited to the chromatin
in TamR breast cancer, but to new regulatory regions associated
with poor clinical outcome.'® This aberrant ER transcriptional
activity is proposed to be regulated by various oncogenic
mechanisms and have critical functions in mediating tamoxifen
resistance and tumor progression. Here we report that HOTAIR is
overexpressed in TamR breast cancer. It directly interacts with the
ER protein to enhance ER transcriptional activity and thus ligand-
independent breast cancer growth. Our study will not only inform
about the mechanistic underpinnings of breast cancer progression
but also provide evidence supporting therapeutic potentials of
IncRNA targeting in breast cancer treatment.

RESULTS

HOTAIR is upregulated in tamoxifen-resistant, ER-positive breast
cancer

To determine IncRNAs that may contribute to breast cancer
tamoxifen resistance, we re-analyzed publicly available data set
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N

profiling gene expression in wild-type MCF7 cells as well as its
TamR derivatives treated with ethanol or 17B-estradiol (E2) for 4 h
(GSE5840)."” Our analysis revealed 37 IncRNA genes that were
repressed by estrogen and became upregulated in TamR cells
(Figure 1a). Among the top deregulated IncRNAs are HOTAIR and
TP53TG1. Although HOTAIR has been shown to be upregulated in
metastatic breast cancer,”'® its role in TamR has not been
investigated. To examine this, we performed in situ hybridization
to probe the abundance of HOTAIR IncRNA in breast cancer
tissues, comparing between matched primary and TamR breast
carcinoma samples. Our results showed that HOTAIR localized
primarily in the nuclei but was also present in the cytoplasm
(Figure 1b). Most primary breast cancer tissues had weak HOTAIR
staining, whereas TamR breast cancer generally exhibited
moderate to strong HOTAIR staining. Overall, HOTAIR expression
level was significantly higher in TamR breast cancer than primary,
hormone-naive tumors (Figure 1c). Being consistent with this,
quantitative reverse transcriptase —PCR analysis showed that
tamoxifen treatment for 7 days significantly increased HOTAIR
IncRNA levels in both MCF7 and T47D cells, while dramatically
decreasing the expression of GREBT, a known ER-induced gene
(Figures 1d and e). As tamoxifen is known to compete with
estrogen to inhibit estrogen-induced ER activities, next we
examined whether HOTAIR is a target of ER-mediated transcrip-
tional regulation.

The IncRNA HOTAIR is directly repressed by estrogen receptor
To examine whether estrogen regulates HOTAIR expression, we

carried out quantitative reverse transcriptase — PCR analysis of MCF7

a DMSO

E2

cells treated with increasing doses of E2. HOTAIR expression was
greatly inhibited for up to sevenfold, while GREBT was increased as
expected (Figure 2a and Supplementary Figure S1A). Estrogen
inhibited HOTAIR expression in a dose- and time-dependent manner
(Figures 2a and b). HOTAIR level was decreased about twofold after
4 h of E2 treatment and nearly 10-fold after 24 h of E2 treatment,
whereas GREBT was gradually induced by around 20-fold at 4 h and
reached a plateau of >30-fold after 8 h (Supplementary Figure S1B).
A similar trend of inhibition of HOTAIR expression by estrogen was
observed in a different ER+ breast cancer cell line T47D, despite T47D
being much less responsive to estrogen as indicated by much less
GREBT1 induction (Figures 2c and d). Furthermore, HOTAIR level is
considerably restored in breast cancer cells following hormone
deprivation, wherein GREBT expression was lost (Figure 2e). Next, to
determine whether estrogen inhibits HOTAIR expression through
direct ER binding to HOTAIR regulatory elements, we re-analyzed a
previously published study involving an ER ChIP-seq data set that
was performed in MCF7 cells (GSE23893).'"® We observed a very
strong ER binding site at a genomic region about 14.5 kb upstream
to the transcription start site of the HOTAIR gene (Figure 2f). In
addition, this region is strongly occupied by H3K4me1 and H3K27ac
(GSE40129), supporting its being an active enhancer (Supplementary
Figure S2A). ER ChIP followed by quantitative reverse transcriptase —
PCR analysis confirmed that estrogen stimulation significantly
increased ER binding to this region as well as to positive control
gene GREBI1, but not to the negative control gene KIAA0066
(Figure 2g). Further, chromosome conformation capture (3C)
experiment demonstrated estrogen-induced DNA looping between
the transcription start site of the HOTAIR gene (anchor primer) and
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HOTAIR is upregulated in tamoxifen-resistant (TamR) breast cancer. (a) Heat map showing IncRNAs that are repressed by estradiol but

upregulated in TamR MCF?7 cells. Microarray data were downloaded from GEO with GSE5840 and re-analyzed for IncRNA expression. HOTAIR is
shown in red. (b) HOTAIR in situ hybridization (ISH) staining in two representative pairs of primary and TamR breast cancers. (c) Boxplot
showing HOTAIR ISH staining intensity in a set (n=13) of matched primary and TamR breast cancers. (d, e) HOTAIR expression is increased by
tamoxifen treatment. Quantitative reverse transcriptase — PCR analysis of HOTAIR and GREB1 was done in MCF7 (d) and T47D (e) cells treated
with increasing doses of tamoxifen for 7 days. Gene expression was normalized to GAPDH. Data shown are mean=+s.e.m. and are

representative of at least two independent experiments.
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Figure 2. The IncRNA HOTAIR is directly repressed by estrogen through the estrogen receptor (ER). (a) Estrogen inhibits HOTAIR expression in a
dose-dependent manner. MCF7 cells were hormone starved for 3 days and treated with increasing amounts of estradiol (E2) for 6 h. RNAs were
then collected and subjected to quantitative reverse transcriptase — PCR (qRT — PCR) analysis of gene expression. (b) Estrogen inhibits HOTAIR
expression in a time-dependent manner. MCF7 cells were treated with 1 nm E2 and collected at different time points for gene expression
analysis by qRT—PCR. (¢, d) Estrogen inhibits HOTAIR expression in T47D cells. T47D cells were hormone deprived for 3 days followed by E2
stimulation for up to 24 h. Cells were then collected at different time-points for qRT — PCR analysis of HOTAIR and GREB1 expression and
normalized to GAPDH. (e) Estrogen depletion restores HOTAIR level. gRT — PCR analysis of HOTAIR and GREBT in MCF7 cells subjected for
hormone deprivation for up to 7 days. (f) Genome Browser view of ER binding events at the enhancer of the HOTAIR gene. ER chromatin
immunoprecipitation sequencing (ChIP-seq) was performed in MCF7 cells stimulated with ethanol (Ethl) or E2'® and re-analyzed using HOMER
(GSE23893). (g) ChIP—gPCR showing ER binding to the HOTAIR distal enhancer. ER ChIP was performed in hormone-starved MCF7 cells
stimulated with ethanol (vehicle) or E2 for 45 min. Enrichment of ER at specific genomic regions including GREBT and HOTAIR enhancers was
evaluated by qPCR. The KIAA0066 gene was utilized as a negative control as previously described.>* qPCR, quantitative PCR.

the ER-bound enhancer (P4; Supplementary Figure S2B). Taken
together, our data showed that HOTAIR is directly repressed by
estrogen and is therefore upregulated following hormone depriva-
tion and in TamR breast cancer.

HOTAIR directly interacts with ER and enhances ER transcriptional
activities

Next, we asked what is the role of elevated HOTAIR in breast
cancer ER signaling and tamoxifen resistance. HOTAIR has been
previously shown to directly interact with chromatin-modifying

© 2015 Macmillan Publishers Limited

proteins such as EZH2 and LSD.">'??° As HOTAIR is upregulated in
TamR breast cancer cells which often have altered ER program,16
we asked whether HOTAIR might regulate ER function. This may
shed light on the mechanisms underlying recently reported
correlation between HOTAIR expression and ER positivity in
primary specimens.”'® To test this, we first examined whether
HOTAIR IncRNA could physically interact with the ER protein using
RNA pull-down assay. Briefly, we carried out in vitro transcription
to synthesize biotinylated RNA probes from sense and antisense
HOTAIR DNA templates, which were then incubated with MCF7
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nuclear extracts to allow protein —RNA interactions and precipi-
tated, along with its interacting proteins, with streptavidin beads.
Western blot analysis demonstrated that the sense HOTAIR RNA

Oncogene (2015), 1-10

probe, but not the antisense transcript, pulled down the ER
protein (Figure 3a). On the other hand, we carried out RNA
immunoprecipitation assay and found that the ER antibody
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significantly enriched for HOTAIR, as opposed to IgG control,
whereas the negative control RNA U1 did not exhibit differential
enrichment (Figure 3b).

Subsequently, we inquired into the consequences of HOTAIR —
ER interaction, in order to speculate how ER activities may be
affected as a result. By separating MCF7 cell lysates into
cytoplasmic, nuclear, nucleoplasm and chromatin-bound fractions,
we observed that ER, as expected, localized primarily within the
nucleus as opposed to cytoplasm. HOTAIR overexpression
substantially increased ER protein levels, suggesting potential
roles of HOTAIR in enhancing ER transcriptional functions
(Figure 3c and Supplementary Figure S3). Moreover, immuno-
fluorescent staining confirmed noticeable increase of nuclear ER
following HOTAIR overexpression (Figure 3d). Interestingly, this
HOTAIR-mediated increase in nuclear ER level was also true under
hormone-starved condition, in which there is only minimal
estrogen present to activate ER translocation into the nucleus,
suggesting the roles of HOTAIR in enhancing ligand-independent
ER function (Figure 3e). To confirm the notion that HOTAIR may
augment ER genomic targeting, we conducted ER ChIP-seq in
MCF7 cells grown in the presence and absence of estrogen. As
expected, the total number of ER binding sites was 4.6-fold higher
in estrogen-stimulated vs hormone-deprived cells (Figure 3f).
Importantly, upon overexpression of HOTAIR, global ER binding
events were greatly increased under both conditions. Heat map
and average intensity analysis of the various groups of ER peaks
demonstrated a clear increase in ER ChIP-seq read intensity in
both shared and HOTAIR-only groups, representing a majority of
the ER binding events (Figure 3g and Supplementary Figure S4A).
This HOTAIR-mediated increase of ER binding events was more
prominent in the absence of estrogen, suggesting important
functions of HOTAIR in regulating ligand-independent ER activities.
Concordantly, quantitative PCR analysis of several previously
reported ER target genes, such as GREBI, TFF1, PR, and CTSD,
demonstrated that HOTAIR overexpression significantly increased
ER occupancy at most of these genes (Supplementary Figure S4B).
Similarly, the increase in ER binding at target genes was more
prominent in hormone-deprived MCF7 cells (Supplementary
Figure S4C). Next, we proceeded to investigate to what extent
HOTAIR impacts ER-mediated transcriptional activities particularly
in a hormone-deprived environment.

HOTAIR drives estrogen-independent ER transcriptional program
To identify HOTAIR- and estrogen-regulated genes, we conducted
microarray  profiling of hormone-deprived and estrogen-
stimulated MCF7 cells with control or HOTAIR overexpression.
Data analysis identified 132 and 112 genes that were induced and
repressed by HOTAIR, respectively. Importantly, hierarchical
clustering followed by heat map view revealed that a majority
of HOTAIR-induced genes are also induced by E2 stimulation,
whereas HOTAIR-repressed genes tend to become downregulated
by estrogen (Figure 4a). Concordantly, gene set enrichment
analysis demonstrated that E2-induced genes were significantly

<
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upregulated following HOTAIR overexpression, even in the
absence of estrogen, whereas E2-repressed genes were strongly
downregulated by HOTAIR (Figures 4b and c). Gene ontology
analysis showed that HOTAIR-induced genes were significantly
enriched for response to protein stimulus and regulation of cell
death and apoptosis, being consistent with the functions of
estrogen-mediated ER signaling (Figure 4d; Supplementary Tables
S1 and S2). To confirm HOTAIR regulation of ER-mediated
transcriptional program, we performed quantitative reverse
transcriptase — PCR analysis of several known ER-target genes
such as GREBI, TFF1, and ¢-MYC. Indeed, our data showed that
HOTAIR overexpression induced ER-target gene expression in the
absence of estrogen and further potentiated the effects of E2
(Figures 4e and g). Taken together, we provide evidence for a
model by which the IncRNA HOTAIR increases ER protein level and
enhances its chromatin binding and thus the ER transcriptional
program, even in an estrogen-depleted environment. As HOTAIR is
upregulated in TamR breast cancer, we next asked whether
HOTAIR contributes to the development of tamoxifen resistance in
breast cancer, wherein tamoxifen abolishes estrogen-mediated
activation of ER, similar to hormone starvation.

LncRNA HOTAIR promotes tamoxifen-resistant breast cancer
progression

To determine the role of HOTAIR in breast cancer, we first
overexpressed HOTAIR in MCF7 cells (Figure 5a). Cell proliferation
assay showed that HOTAIR overexpression increased MCF7 cell
growth (Figure 5b). On the other hand, HOTAIR knockdown in
T47D cells markedly reduced cell proliferation (Figures 5¢ and d).
To provide direct evidence linking HOTAIR to tamoxifen resistance,
we generated a TamR MCF?7 cell line by continuously culturing the
cells in the presence of 5um tamoxifen for several months.
Consistent with previous HOTAIR staining results in TamR breast
tumors, HOTAIR level showed a remarkable fourfold increase
following long-term treatment of tamoxifen (Figure 5e).
To determine whether this upregulated HOTAIR is critical for the
TamR MCF7 cell growth, we performed HOTAIR knockdown using
two independent short hairpin RNA constructs (Figure 5f).
Subsequently, we performed cell proliferation assay to investigate
to what extent HOTAIR contributes to tamoxifen resistance.
As demonstrated in Figure 5g, knockdown of HOTAIR significantly
decreased TamR MCF7 cell growth, suggesting that tamoxifen
resistance may be reverted by targeting or depleting HOTAIR.
Consistently, clonogenic assays showed that HOTAIR knockdown
greatly inhibited the colony-formation abilities of the TamR cells,
further supporting the role of HOTAIR in mediating TamR cell
growth (Figure 5h).

DISCUSSION

With the emergence of studies focusing on the functional
attributes of nonprotein-coding RNA transcripts, such as IncRNAs,
it has been revealed that these IncRNAs may contribute

Figure 3.

HOTAIR interacts with the estrogen receptor (ER) protein and enhances ER genomic action. (@) HOTAIR IncRNA interacts with the ER

protein. RNA pull-down assay was performed in MCF7 cells using biotin-labeled HOTAIR RNA probe transcribed in vitro. The antisense HOTAIR
probe was used as negative control. (b) ER protein binds to HOTAIR IncRNA. MCF7 cells were subjected to RNA immunoprecipitation assay
using an anti-ER antibody or IgG control. Immunoprecipitation-enriched RNA was then analyzed by quantitative reverse transcriptase — PCR.
U1 RNA was utilized as a negative control. (c) HOTAIR overexpression increases ER protein level. MCF7 cell lysates were separated into the
cytoplasm, nuclear, nucleoplasm, and chromatin-bound fractions and were detected by western blot analysis. GAPDH and H3 were utilized as
loading controls for cytoplasmic and nuclear/chromatin fractions, respectively. Quantification was done by measuring band intensity with
ImageJ (NIH, Bethesda, MD, USA) and normalizing to loading control. (d, e) Ectopic overexpression of HOTAIR increases nuclear ER level. ER
immunostaining was performed in control and HOTAIR-overexpressing MCF7 cells grown in the presence (d) and absence (e) of estrogen. (f)
Overlap of ER-binding sites detected by chromatin immunoprecipitation sequencing (ChlP-seq) in MCF7 cells with control or HOTAIR
overexpression in the absence and presence of estrogen. (g) Heat map depicting ER ChIP-seq read intensity around (+5 kb) peak centers
detected in control or HOTAIR-overexpressing MCF7 cells under hormone-starved condition. Average ER ChlIP-seq read intensity around ER
binding sites (+5 kb) is shown on the right.
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Figure 4. HOTAIR overexpression enhances estrogen receptor (ER) transcriptional program. (a) HOTAIR-induced and repressed genes are,
respectively, increased and decreased by estrogen. Expression microarray was utilized to profile gene expression in control and HOTAIR-
overexpressing MCF7 cells that were hormone-deprived for 3 days followed by either ethanol or 1nm estradiol (E2) treatment for 6 h.
Expression of genes induced or repressed by HOTAIR for at least twofold were clustered and visualized using heat map. (b, c) Estrogen-induced
genes are significantly enriched for upregulation by HOTAIR (b), whereas estrogen-repressed genes are downregulated by HOTAIR (c). GSEA
was carried out to determine the enrichment of E2-induced and -repressed gene sets in the expression data set comparing control and
HOTAIR-overexpressing MCF7 cells. (d) HOTAIR-induced genes are enriched for cell growth and response to protein stimulus. Gene ontology
(GO) analysis was performed using 132 genes that are increased by HOTAIR by at least twofold. Shown here are representative GO terms that
are significantly enriched (P < 0.05). (e —g) HOTAIR enhances ER-target gene expression. Quantitative reverse transcriptase — PCR analysis of
representative ER-induced genes was performed in control and HOTAIR-overexpressing MCF7 cells stimulated with ethanol or estrogen. Data
were normalized to GAPDH. Error bars: mean +s.e.m. *P < 0.05 and **P < 0.01.

significantly to the biological processes involved in physiological
as well as pathological conditions. Numerous IncRNAs have been
identified as critical players during cancer development; some
may be beneficial by acting as tumor or metastasis suppressors
(for example, GAS5," MEG3,*% LIFR*®), whereas others may be
detrimental by promoting oncogenesis (for example, PCA3 or, as
previously named, DD3,** PCAT-1,%> SChLAP1%%). Previous studies
have shown that IncRNAs exhibit great diversity in their functions
and mechanisms of action, which include but are not limited to
epigenetic transcriptional regulation, association with enhancer
and chromosomal looping, and mMRNA processing and
translation.?” Several unique properties of IncRNAs make them
highly useful in the clinic, with potential utilities including their
use as diagnostic biomarkers due to their tissue specificity,®>2® as

Oncogene (2015), 1-10

well as in INcRNA-based therapies by means of RNA interference.?
Yet, IncRNAs have just begun to be identified and cataloged; a
majority of them remain to be characterized.

Gupta et al’” reported in 2010 that the IncRNA HOTAIR is
notably increased in primary breast tumors as well as during
metastases. Specifically, by interacting with EZH2 of the
polycomb repressive complex 2 complex, which catalyzes
trimethylation at histone H3 lysine 27 (H3K27me3) and is
upregulated in a variety of aggressive cancers, HOTAIR was
demonstrated to alter chromatin structure and regulate gene
expression, thereby giving rise to an invasive cancer phenotype.
In this study, we provide experimental evidence that HOTAIR is
also critically involved in conferring tamoxifen resistance to
MCF7 cells, which represents a major challenge in the clinic
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Figure 5. HOTAIR promotes breast cancer cell growth and tamoxifen resistance. (a, b) HOTAIR overexpression increases breast cancer cell
growth. HOTAIR was overexpressed in MCF7 cells through lentiviral transduction, with overexpression confirmed by quantitative reverse
transcriptase — PCR (qRT — PCR) (a). Cell proliferation was determined by WST-1 cell growth assay (b). Data shown are mean +s.e.m. and are
representative of at least two independent experiments, **P < 0.01. (¢, d) HOTAIR knockdown decreases breast cancer cell growth. HOTAIR
was depleted in T47D cells through short hairpin RNA (shRNA) lentiviral transduction (c) and cell growth was evaluated by WST-1 assay
(d). Data shown are mean +s.e.m. and are representative of at least two independent experiments, **P < 0.01. (e) HOTAIR is upregulated in
tamoxifen-resistant (TamR) breast cancer cells. MCF7 cells were continuously grown in medium containing 5 pm tamoxifen and periodically
harvested for RNA isolation and qRT — PCR analysis. (f, g) HOTAIR knockdown decreases TamR breast cancer cell growth. HOTAIR was depleted
in TamR MCF7 cells through lentiviral transduction of two shRNA constructs. Gene expression was determined by qRT—PCR (f) and cell
growth by WST-1 assay (g). (h) HOTAIR knockdown inhibits colony formation abilities of breast cancer cells. Colony formation assays and
quantifications were performed in TamR MCF7 cells stably expressing control or HOTAIR-targeting shRNAs.
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today. Tamoxifen, belonging to the class of selective ER
modulators, is a competitive antagonist of ER that was
developed in the 1970s and has been the mainstay treatment
for ER-positive breast cancer, which accounts for at least 70% of
all breast cancers.'? Despite its initial success in reducing disease
mortality and improving survival, tamoxifen therapy frequently
led to the onset of resistance, and recurrence was reported to
occur within 15years in one-third of patients treated with
tamoxifen.'?3° Thus, it has become imperative to understand the
mechanisms for acquisition of tamoxifen resistance and to
develop targeted therapies to improve treatment for breast
cancer.

Our results showed that HOTAIR is highly upregulated in the
tumors of TamR breast cancer patients compared to their primary
tumors before treatment. Moreover, physical interaction between
HOTAIR and the nuclear hormone receptor ER was detected, which
in turn resulted in significant amount of nuclear ER even under
estrogen-depleted conditions, thus allowing ER genomic targeting
and consequently inducing the ER transcriptional program.
Importantly, this phenomenon of HOTAIR-mediated activation of
ER function in the absence of estrogen indicated a potential route
to ligand independence that is manifested in TamR cells.
Furthermore, by generating a TamR MCF7 cell model, we showed
that HOTAIR was consistently upregulated over long periods of
drug treatment. In addition, we demonstrated that HOTAIR
significantly contributes to the growth of these TamR cells.
Therefore, in our present study we provide evidence for a novel
mechanism that is employed by the IncRNA HOTAIR to promote ER
activation in the absence of estrogen and drive tamoxifen
resistance. Because of this crucial role HOTAIR plays in the
progression of breast cancer and development of drug resistance,
it holds great promise as a useful biomarker and potential
therapeutic target.

MATERIALS AND METHODS

Patient specimens and cell lines

All breast cancer tissue specimens (n=13) were collected via surgical
resection or biopsy from patients diagnosed between January 2006 and
February 2014 at the Cancer Center of Guangzhou Medical University. The
study protocol was approved by the Ethics Committee of Cancer Center of
Guangzhou Medical University. In general, with n=10, for a continuous
outcome, there will be >89% power to reject the null hypothesis of no
difference when the difference is 1.5 s.d. or more, using two-sided t-test
and a type 1 error of 0.05. MCF7 and T47D cell lines were ordered
from ATCC.

Plasmids, reagents, quantitative PCR and western blotting
HOTAIR sequence was amplified by PCR and subsequently cloned into the
expression vector pCDH-MSCV-mcs-EF1-GFP-T2A-Pu (SBI) at EcoR1 and
Not1 sites using Cold Fusion kit (SBI). The shHOTAIR was cloned into the
pLKO lentivirus system. All PCR primers for cloning are listed in
Supplementary Table S3 and high-fidelity enzyme Phusion was used for
PCR amplification. All PCR products were verified by DNA sequencing.
Specific antibodies used in this work include rabbit ER (06-935, Millipore,
Billerica, MA, USA), mouse ER (sc-8002, Santa Cruz, Dallas, TX, USA),
mouse GAPDH (ab9484, Abcam, Cambridge, MA, USA) and rabbit H3
(@b1791, Abcam). Other reagents include beta-estradiol (E8875, Sigma, St
Louis, MO, USA) and 4-hydroxytamoxifen (H6278, Sigma-Aldrich, St Louis,
MO, USA). All primers were designed using primer 3 and synthesized by
Integrated DNA Technologies (Coralville, IA, USA; Supplementary Table 3).
Quantitative PCR was performed using SYBR Green by StepOne Plus in
three technical replicates and significance was determined by two-sided
t-tests. Each experiment was repeated independently at least two times.
Western blotting was carried out using standard protocol and repeated at
least two times. Band intensity on western blot was quantified with
ImageJ and normalized to each respective control to obtain the ratio of
ER protein level.
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3C assay

The digestion map of commonly used restriction enzymes around the
enhancer/promoter region of HOTAIR locus (from -103 to +83 kb) and
Bglll was selected for digestion, as Bglll sites show a distribution that will
enable appropriate primers to be designed to generate 200 — 350 bp PCR
products on re-ligation. All primers are designed based on the forward
strand immediately upstream of a Bglll restriction site (Supplementary
Figure S2B and Supplementary Table S3). 3C experiments were
conducted according to the standard 3C protocol as previously
described.’ Briefly, fixed chromatin of hormone-starved or E2-treated
MCF?7 cells (1x 107) was digested with Bglll overnight and incubated with
50 units of T4 DNA ligase (10799009001, Sigma-Aldrich) overnight in a
volume of 7ml to keep the DNA concentration at 2 -3 ng/ml to favor
intramolecular ligation.

RNA pull-down assay

RNA pull-down was performed as previously described.?® Briefly, biotin-
labeled RNAs were transcribed from DNA templates with biotin-UTP, NTP
mix, and T7 RNA polymerase (Promega, Madison, WI, USA), treated with
RNase-free DNase | (Promega) and purified with RNeasy Mini kit
(QIAGEN). Nuclei were extracted from MCF7 cells and resuspended in
1 ml RIP buffer (150 mM KCl, 25 mM Tris pH 7.4, 0.5 mm dithiothreitol,
0.5% NP40, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor
(Roche Complete Protease Inhibitor Cocktail Tablets)), and subsequently
subjected to mechanical shearing using a dounce homogenizer. For
precipitation assays, fragmented nuclear extract and the RNA probe were
incubated at room temperature (RT) for 60 min, and 60 pl of Streptavidin
agarose beads (Invitrogen, Grand Island, NY, USA) were added to each
binding reaction and further incubated at RT for 1 h. After five times of
washing with PBS, samples were boiled in SDS buffer and subjected to
western blot analysis.

RNA immunoprecipitation

RIP protocol was derived from published reports.?® Briefly, cells were
treated with 0.3% formaldehyde for 10 min at 37°C, then added with
glycine to a final concentration of 0.125M and then incubated at RT for
5 min. Cells were then washed twice in cold phosphate buffered saline
and pellet was resuspended in 1 ml of RIPA buffer, which was incubated
on ice with frequent vortexing for 30 min. Finally, the nuclear lysate was
obtained by centrifugation at 13,000 r.p.m. for 10 min. To obtain bead
and antibody complex, 20 ul protein beads were mixed with 1 g
antibody and rotated for 4 h at 4 °C. The complex was added to nuclear
lysates and incubated overnight at 4 °C and then incubated with RNase-
free DNase | (Promega) at 37 °C for 15 min and proteinase K at 45 °C for
45 min. Lastly, RNA was extracted with 1 ml TRIzol (Invitrogen) and
analyzed by quantitative PCR.

Immunofluorescent staining

Cells were fixed with 4% formaldehyde for 15min at RT and then
permeabilized in 0.1% Triton X-100 for 15 min at RT. Cells were then
washed by PBS for three times, followed by incubation with 5% normal
goat serum for 30 min at RT. Subsequently, cells were incubated with
primary antibody, the anti-mouse ER antibody (Santa Cruz), for 1 h at RT.
After washing three times with PBS, cells were incubated with secondary
antibody, Alexa Fluor 594 goat anti-mouse IgG (Invitrogen), for 1 h at RT.
Finally, cells were washed three times with PBS and mounted using
Prolong Gold Antifade Reagent (Invitrogen).

LncRNA in situ hybridization

Biotin-labeled antisense HOTAIR RNAprobe /5Biosg/G+C+C+TTGCTCCCTT
+G+CCTGCATTTCT+C+T+G was synthesized by EXIQON (Woburn, MA,
USA). For paraffin-embedded tissue, after deparaffinization and rehydra-
tion, the samples were treated with peroxidase-quenching solution;
proteinase K was added to digest tissues before prehybridization and
hybridization, which were carried out at 56°C for 30min and 4h,
respectively. Then streptavidin-horseradish peroxidase was used to react
with the bound biotin-labeled probe. The signal was further amplified
using TSA amplification kit (PerkinElmer, Waltham, MA, USA). Finally, the
signal was revealed with Ultra Vision One polymer and aminoethyl
carbazole chromogen (Thermo Fisher Scientific, Waltham, MA, USA). The
stainings were then scored by eye by two pathologists, on a three-tiered
scoring system, using the following criteria for the three tiered system:
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0=negative, 1=equivocal/uninterpretable, and

3 =strong positive.

2=weak positive

Gene expression microarray and data analysis

Total RNAs were isolated using TRIzol reagent (Invitrogen). The integrity
of the RNA was verified using Bioanalyzer 2100 (Agilent Technologies,
Santa Clara, CA, USA). Microarray profiling was performed using
HumanHT-12 v 4.0 Expression BeadChip (lllumina, San Diego, CA, USA).
Bead-level data were processed using GenomeStudio (lllumina), and the
expression values were quantile-normalized using the limma package in
Bioconductor.3?

Genes having at least twofold changes in HOTAIR-overexpressing
ells compared with the control cells in the absence of estrogen
were defined as HOTAIR-regulated gene set. Genes with at least twofold
change between ethanol and estrogen-stimulated MCF7 cells
were defined as estrogen-regulated genes. Gene ontology terms
enrichment was analyzed using DAVID 6.7.3> Gene set enrichment analysis
was performed as previously described.3*

ChIP and ChlIP-seq

ChIP experiments were carried out as previously described.>®> Antibodies
used are Rabbit ER (06-935, Millipore) and Rabbit IgG (sc-2027,
Santa Cruz). ChIP-quantitative PCR enrichment of target loci was
normalized to input DNA and reported as % inputts.e.m. ChIP
DNA was prepared into libraries according to standard protocols
using Bioo Scientific’'s DNA Sample Kit (cat. no. 514101, Austin, TX,
USA). Libraries were sequenced using lllumina Hi-Seq platforms.
Sequence reads were aligned to the Human Reference Genome
(assembly hg19) using Burrows—Wheeler alignment tool (bwa)
version 0.6.1.3¢ Microarray and short-read sequencing data have
been deposited in the GEO database with the accession number
GSE61270.

Cell proliferation and clonogenic assay

Cell proliferation assay was carried out using the WST-1 kit according
to the manufacturer’s instruction (Clontech, Mountain View, CA, USA).
Briefly, 5000 cells were seeded in a 24-well plate. After adding 50 pl WST-1
reagents per well, cultures were incubated for 2 h and the absorbance at a
wavelength of 440 nm was determined using a microplate reader. For
clonogenic assay, 500 cells were plated in each well of a six-well plate.
When there was visible colony by naked eye, cells were fixed with 4%
formaldehyde and were stained with crystal violet (0.25%). Colonies were
then counted.
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ABSTRACT

Forkhead box A1 (FOXA1) is an FKHD family pro-
tein that plays pioneering roles in lineage-specific
enhancer activation and gene transcription. Through
genome-wide location analyses, here we show that
FOXA1 expression and occupancy are, in turn, re-
quired for the maintenance of these epigenetic
signatures, namely DNA hypomethylation and his-
tone 3 lysine 4 methylation. Mechanistically, this in-
volves TET1, a 5-methylcytosine dioxygenase. We
found that FOXA1 induces TET1 expression via di-
rect binding to its cis-regulatory elements. Further,
FOXA1 physically interacts with the TET1 protein
through its CXXC domain. TET1 thus co-occupies
FOXA1-dependent enhancers and mediates local
DNA demethylation and concomitant histone 3 ly-
sine 4 methylation, further potentiating FOXA1 re-
cruitment. Consequently, FOXA1 binding events are
markedly reduced following TET1 depletion. To-
gether, our results suggest that FOXA1 is not only
able to recognize but also remodel the epigenetic sig-
natures at lineage-specific enhancers, which is me-
diated, at least in part, by a feed-forward regulatory
loop between FOXA1 and TET1.

INTRODUCTION

Forkhead box Al (FOXAT; also known as hepatocyte nu-
clear factor 3 « or HNF3A) belongs to the forkhead fam-
ily of transcription factors and is known to play a piv-
otal role for the postnatal development of the mammary
and prostate glands (1). FOXAI is critical in directing hor-

mone receptor-dependent transcriptional programs to reg-
ulate prostate- or breast-specific gene expression and cell
differentiation (2,3). FOXAI acts as a ‘pioneer transcrip-
tion factor’ that can associate with compact chromatin to
increase local chromatin accessibility and facilitate the re-
cruitment of other transcription factors including nuclear
receptors to these sites (4). Genome-wide location anal-
yses have reported that FOXA1 preferentially recognizes
and binds lineage-specific enhancers that are demarcated
by active histone modifications including histone H3 lysine
4 mono- and di-methylation (H3K4mel, me2) (5), histone
27 acetylation (H3K27ac) (6), as well as local DNA hy-
pomethylation (7). On the other hand, enforced expression
of FOXAT and its subsequent recruitment to enhancers lead
to DNA demethylation and de novo gain of H3K4mel, sug-
gesting that FOXA1 is able to remodel heterochromatic re-
gions (7,8). However, the molecular mechanisms by which
FOXA1 imposes this chromatin remodeling have not been
characterized.

TET (ten-eleven translocation) proteins are a family of
DNA hydroxylases that oxidize the methyl group at the
C5 position of methylated cytosine, enzymatically convert-
ing 5-methylcytosine (SmC) into 5-hydroxymethylcytosine
(5hmC), 5S-formylcytosine (5fC) and 5-carboxylcytosine
(5caC) in a sequential and iterative manner, ultimately lead-
ing to the removal of DNA methylation (9,10). Through cat-
alyzing DNA demethylation, TET proteins play important
roles in embryonic stem cell maintenance and in regulating
appropriate lineage differentiation of these cells. These ac-
tivities can be linked to the ability of DNA demethylation in
modulating transcription factor occupancy and vice versa
(11,12). During neural and adipocyte differentiation, dy-
namic hydroxmethylation has been associated with lineage-
specific distal regulatory regions and represents an early
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event of enhancer activation (13). Concordantly, a separate
study has demonstrated that deletion of Tet2 led to exten-
sive loss of ShmC and gain of DNA hypermethylation at en-
hancers and modulates enhancer activity of differentiation-
related genes (14). However, the roles of TET proteins in
FOXAI recruitment and regulation of prostate lineage-
specific enhancers are yet to be delineated.

Here, we show that TET1 is a direct target of FOXAI-
mediated transcriptional activation. Further, TET1 physi-
cally interacts with the FOXAT1 protein and modulates lo-
cal DNA demethylation that in turn facilitates and stabilizes
the recruitment of FOXA1. FOXA1 and TET1 thus form a
feed-forward loop that activates lineage-specific enhancers.
Not only does this mechanism provide a new perspective
on the dynamic functional significance of the newly discov-
ered TET1 DNA hydroxylase, but also offer insight into
the molecular details underlying FOXAT1’s ability to fine-
tune and modulate lineage-specific enhancer activation. As
FOXAI is a critical regulator and a top mutated gene in
multiple cancers such as breast and prostate cancers (15),
our study thus forms the framework for future understand-
ing of the roles of TET1 in lineage-specific gene expression
and cancer progression.

MATERIALS AND METHODS
Cell lines, plasmids and antibodies

Prostate cancer cell lines LNCaP, VCaP, 22Rv1l, BPHI,
RWPE-1, DU145 and human embryonic kidney cell line
HEK?293T cells were obtained from American Type Cul-
ture Collection and cultured in either RPM11640 or Dul-
becco’s modified Eagle’s medium with 10% fetal bovine
serum (FBS). For FOXA1 and TETI FL and domain
constructs, human FOXA1 and TET1 ¢cDNA were am-
plified by reverse transcription polymerase chain reaction
(PCR) from LNCaP cells and pENTR223 TETI (Har-
vard Plasmid), respectively, and cloned into the entry vec-
tor pCR8/GW/TOPO (Invitrogen). Adenoviral construct
expressing FOXA1 was generated by recombining pCR8-
FOXAT1 with pAD/CMV/VS5 using LR Clonase 11 (Invit-
rogen). Overexpression constructs for TET1 were gener-
ated by recombination of pCR8-TET1 with NTSFB des-
tination vector or pLenti CMV/TO Puro DEST (Addgene
plasmid 17 293). The pGIPZ lentiviral control and FOXA1
shRNAs were purchased from Open Biosystems. Se-
quences for scramble (5-GCGCGCTTTGTAGGATTCG-
3) and TET1 (5-GTGGAGAAGTGGACACAAA-3)
shRNA were kindly provided by Dr Debabrata Chakravarti
(Northwestern University), and cloned into pLLKO lentivi-
ral vector.

The antibodies used in this study include anti-FOXAI1
(ab23738) and anti-GAPDH (ab9385) from Abcam, anti-
TETI1 (GTX627420 and GTX124207) from GeneTex, anti-
FLAG (F1804 and F7425) from Sigma, anti-c-Myc (sc-
789x) from Santa Cruz, anti-HA (ab9110) from Abcam,
anti-alpha Tubulin (sc-32293) from Santa Cruz, anti-5mC
(BI-MECY-0100) from Eurogentec, anti-5ShmC (39769)
from Active Motif, anti-H3K4me2 (07-030) from Millipore,
anti-H3K27ac (ab4279) from Abcam.

Luciferase reporter assay

TET1 promoter and enhancer luciferase reporter as-
says were conducted according to the manual of Dual-
Luciferase Reporter Assay System from Promega. Briefly,
LNCaP cells were seeded in a 24-well plate and co-
transfected with the Renilla expression plasmid pRL-TK
and the reporter constructs for TET1 promoter and en-
hancer in pGL4 vector. Cells were infected with LacZ
(control) or FOXA1 adenovirus for 48 h to assess the ef-
fect of FOXA1 overexpression on luciferase activity. Con-
versely, to look at FOXA1 depletion effect, lentiviral-
transduced shCtrl and shFOXA1 LNCaP cells were used
for co-transfection of reporter constructs. Luciferase activi-
ties were determined 48-72 h post-transfection and normal-
ized against Renilla internal control values.

Immunofluorescence staining

Cells were fixed with 4% formaldehyde for 15 min at RT and
then permeabilized in 0.1% Triton X-100 for 15 min at RT.
Cells were then washed by phosphate buffered saline (PBS)
for three times, followed by incubation with 5% normal goat
serum for 30 min at RT. Subsequently, cells were incubated
with primary antibody, the anti-FLAG antibody (Sigma)
and anti-TET1 (Genetex), for 2 h at RT. After washing three
times with PBS, cells were incubated with secondary anti-
body, Alexa Fluor 488 and 594 goat anti-rabbit IgG (In-
vitrogen), for 1h at RT. Finally, cells were washed three
times with PBS and mounted using Prolong Gold Antifade
Reagent (Invitrogen).

Co-immunoprecipitation

Nuclear proteins were extracted from 293T or LNCaP cells
(details provided in Supplementary Methods). For S pro-
tein pulldown, nuclear extracts were incubated with 30 pl
S-protein agarose beads (Millipore) for 3 h at 4°C. The
beads/protein complex was then washed four times, and
eluted with 30 1 2x sodium dodecyl sulphate (SDS) sample
buffer and subjected to western blot analysis. For LNCaP
endogenous co-immunoprecipitation (co-IP), nuclear ex-
tracts were incubated with 2 pg antibodies, anti-FOXA1
(Abcam), anti-TET1 (Genetex) and anti-rabbit IgG (Santa
Cruz) overnight at 4°C. Dynabeads Protein A (Life Tech-
nologies), 25 pl per immunoprecipitation (IP), were added
the next day and incubated for 1 h at 4°C. Similarly, the
beads/protein complex was washed four times, and eluted
with 30 pl 2x SDS sample buffer and subjected to western
blot analysis.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) experiments were
carried out as previously described (16). All primers
(listed in Supplementary Data) were designed using Primer
3 (http://frodo.wi.mit.edu/primer3/), synthesized by Inte-
grated DNA Technologies and used for SYBR Green based
real-time PCR. ChIP-quantitative PCR enrichment of tar-
get loci was normalized to input DNA and reported as En-
richment over input SEM. ChIP DNA was prepared into
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libraries according to standard protocols using Bioo Scien-
tific’s DNA Sample Kit (cat. no. 514101). Libraries were se-
quenced using Illumina Hi-Seq platforms. Sequence reads
were aligned to the Human Reference Genome (assembly
hg19) using Burrows—Wheeler alignment tool (bwa) version
0.6.1. New high-throughput data generated in this study
have been deposited in GEO database under accession num-
ber GSE73363.

Methylated DNA immunoprecipitation (MeDIP)

Methylated DNA immunoprecipitation (MeDIP) was per-
formed as previously described (17). Total genomic DNA
was extracted using QIAamp DNA Mini Kit (Qiagen)
and sonicated to obtain fragments between 300 and 1000
bp. Dynabeads M-280 Sheep anti-Mouse IgG (Invitrogen)
were incubated with an anti-5-methylcytidine antibody (BI-
MECY _0100, Eurogentec, Fremont, CA, USA) overnight
at 4°C. The following day, 4 pg of sheared DNA was dena-
tured by boiling at 95°C for 10 min followed by rapid cool-
ing on ice, and subsequently added to the beads/antibody
complex. On day 3, the beads were washed three times with
PBS + 0.05% Triton X-100 and eluted from beads by in-
cubation at 65°C for 5 min in 150 pl elution buffer (TE +
1% SDS). Elution was repeated for a total of two times. To-
tal eluates were treated with proteinase K and incubated at
50°C for 2 h. QIAquick PCR purification kit (Qiagen) was
used to purify the eluted DNA, and lastly qPCR was used to
determine the enrichment of target genomic regions using
gene-specific primers (listed in Supplementary Data). En-
richment of target loci was normalized to input DNA and
reported as Enrichment over input =SEM.

ShmC chemical labeling (hMe-Seal)

ShmC labeling experiments were performed as previously
described (18). Briefly, genomic DNA was fragmented to an
average of 400 bp and was incubated with 50 mM HEPES
buffer (pH 7.9), 25 mM MgCl2, 100 mM UDP-6-N3-Glc
and 2mM BGT for 1 h at 37°C. The labeled DNA was puri-
fied by the QIAquick Nucleotide Removal kit (Qiagen) and
eluted in H,O. The click chemistry was performed with the
addition of 150 mM of disulfide-biotin, and the mixture was
incubated for 2 h at 37°C. The labeled DNA fragments were
then purified by the QIAquick Nucleotide Removal kit (Qi-
agen) and enriched by Dynabeads Streptavidin C1 (Invit-
rogen), and subsequently released by dithiothreitol (DTT)
treatment. The enriched DNA fragments were first purified
by Micro Bio-Spin 6 spin columns (Bio-Rad) followed by
MinElute PCR Purification Kit (Qiagen).

RESULTS

FOXAT1 expression contributes to lineage-specific enhancer
activation

To determine the correlation between FOXA1 and ac-
tive enhancer marks, we re-analyzed previously published
FOXA1 (GSE37345), H3K4me2 and H3K27ac ChIP-seq
data (GSE27823) (19,20) and confirmed that FOXA1 bind-
ing sites (FXBS) are indeed enriched for H3K4me2 and
H3K27ac (Figure 1A: top). Further, we performed MeDIP
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for SmC and chemical labeling of ShmC followed by deep
sequencing, namely MeDIP-seq and hMe-Seal-seq (18,21),
respectively, to map their genomic landscapes in LNCaP
cells which express FOXA 1. Bioinformatic analysis revealed
that FXBS are depleted of SmC, but enriched for ShmC,
being consistent with previous reports (7). In addition,
we found that this correlation was much weaker in two
other prostate cell lines namely PrEC and PC-3M, wherein
FOXALI expression is low, suggesting that FOXA1 expres-
sion and occupancy might contribute to DNA demethy-
lation at local chromatin (Supplementary Figure SIA-C).
Since it has been previously suggested that transcription
factor binding sites can demonstrate the low 5mC high
5hmC signature in embryonic stem cells (12), we looked
at DNA methylation profiles in LNCaP cells for two other
transcription factors CTCF and AR and observed similar
patterns for SmC and ShmC (Supplementary Figure S2A—
D). As a measure of negative control, genomic regions 20 kb
downstream from the FOXA[1 peaks, which will be referred
to as non-peak sites throughout this paper, were examined
for epigenetic signatures but did not exhibit any distinct pat-
tern (Figure 1B: bottom).

To further elaborate on this, we depleted FOXAI in
LNCaP cells through lentiviral shRNA transduction (Sup-
plementary Figure S1D) and performed pulldown and deep
sequencing of SmC and ShmC. Interestingly, although the
average intensity of SmC around all FOXA I-occupied sites
was not hugely affected upon FOXA1 depletion (Figure
1B), there was a significant decrease in ShmC (Figure 1C),
whereas no changes were seen in either SmC or ShmC
for non-peak sites (Figure 1D and E). Concordantly, ac-
tive enhancer marks H3K4me2 and H3K27ac were de-
creased around FXBS following FOXA1 knockdown, sup-
porting reduced enhancer activities (Supplementary Figure
S1E and F). To ensure the reliability of this genome-wide
phenomenon, as well as to examine the changes with a more
sensitive method, we performed MeDIP and hMe-Seal fol-
lowed by qPCR for individual genes. Expectedly, ShmC was
greatly reduced across a number of FXBS (Figure 1F). On
the other hand, despite the fact that SmC showed no obvi-
ous change on a global scale, MeDIP-PCR revealed mod-
erate increases in SmC upon FOXA1 knockdown (Supple-
mentary Figure S3). Taking into consideration that ShmC
abundance represents only ~10% of SmC in embryonic
stem cells (9), it is reasonable to observe a more signifi-
cant change in ShmC rather than SmC. It can be inferred
from these results that FOXA1 may be functioning to alter
DNA methylation specifically at regions where it occupies
to achieve a demethylated state while accumulating ShmC
marks, thus potentiating enhancer activation.

FOXAL1 positively regulates TET1 gene expression.

As DNA demethylation has recently been shown catalyzed
by the TET proteins, we next examined whether TET gene
expression is associated with FOXA1. We first performed
gRT-PCR analysis of FOXA1 and TET1 transcript across
a panel of 12 prostate cell lines (Figure 2A and B). Interest-
ingly, like FOXA1, TET1 is in general expressed at a much
higher level in AR-positive prostate cancer cell lines such
as C4-2B and VCaP cells than in AR-negative cells includ-
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Figure 1. FOXAL contributes to enhancer activation through epigenetic modifications. (A) Epigenetic signatures of FOXA1 binding sites (FXBS) (top
panel) and non-peak sites taken 20 kb downstream (bottom panel) in control and shFOXA1 LNCaP cells. FOXA1 and H3K4me2/H3K27ac ChIP-seq
data were obtained from publicly available datasets GSE37345 and GSE27823, respectively. Genomic landscapes of SmC and ShmC were determined
by MeDIP and hMe-Seal, respectively, followed by deep sequencing. ChIP-seq read intensities of indicated epigenetic marks around (5 kb) FXBS or
non-peak regions in control (shCtrl) and FOXA1-knockdown (shFOXAL1) cells were presented in heatmap format, ranked by read intensity of FOXAI
occupancy. (B and C) Average intensity plots of SmC (B) and ShmC (C) enrichment around all FXBS shown in A: top. (D and E) Average intensity
plots of SmC (D) and ShmC (E) enrichment around all non-peak sites shown in A: bottom. (F) Locus-specific change in ShmC by qPCR of hMe-Seal at
representative FXBS for control and shFOXA1 LNCaP cells. Data shown is mean + SEM of technical replicates from one representative experiment out

of two. ¥*P < 0.05 and **P < 0.01.

ing DU145 and RWPE. Further analysis showed that TET1
expression level is highly correlated (r = 0.96, P < 0.001)
with that of FOXAT1 (Supplementary Figure S4). This posi-
tively correlated expression between FOXA1 and TET1 was
confirmed in three large prostate cancer patient datasets
(Supplementary Figure SSA—-C). As the correlation between
FOXAT and other TET proteins is relatively weaker, we de-
cided to focus on TET1 in this study.

Since TET1 exhibited a similar expression pattern to
FOXAI1, we asked whether FOXA1 regulates TET1 gene
expression. To test this, we first examined TET1 level in
LNCaP cells with control or FOXA1 knockdown. Im-
portantly, both TETI transcript and protein levels were
markedly decreased in LNCaP cells following FOXAI
knockdown (Figure 2C and D; Supplementary Figure
S5D). Concordantly, depletion of FOXAT1 in another in-
dependent prostate cancer cell lines C4-2B also resulted
in a decrease in TET1 expression (Figure 2E). On the

other hand, when FOXA 1 was overexpressed in 22Rv1 cells
through adenovirus infection, TET1 expression was aug-
mented (Figure 2F), which was further validated in another
prostate cancer cell line DU145 that contained low endoge-
nous FOXAT1 level (Figure 2G). To visualize the inductive
effect of FOXA1 on TET1 at the cellular level, we per-
formed immunofluorescence staining. TET1 was barely de-
tectable in control DU145 cells infected with empty vector
adenovirus (Figure 2H, top panel). However, upon infec-
tion with adenoviral FOXA1 (Flag-tagged, shown in red),
TET1 staining (shown in green) was significantly enhanced
(middle panel). Specifically, TET1 was stained positively in
the majority of cells that had FOXA1 infection and over-
expression, but not in the uninfected cells, as further illus-
trated in the zoomed-in microscopy images (Figure 2H, bot-
tom panel). Taken together, our data support that FOXA1
positively regulates TET1 gene transcription.
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Figure 2. FOXAI induces TET1 gene expression. (A and B) Correlated FOXA1 and TET1 gene expression in prostate cells. RNA was extracted from
a panel of 12 prostate cell lines and analyzed by qRT-PCR for FOXA1 (A) and TET1 (B) gene expression. Data shown are mean + SEM of technical
replicates from one representative experiment out of three. (C and D) TET1 transcript (C) and protein (D) are downregulated following FOXA1 knockdown
in LNCaP cells. LNCaP cells were infected with shCtrl or shFOXA1 lentivirus and subsequently subjected to qRT-PCR and western blot analysis. Data
shown are one representative out of triplicate experiments. (E) TET1 is downregulated by FOXA1 knockdown in C4-2B cells. C4-2B cells were infected
with shCtrl or shFOXA1 lentivirus for 8 h followed by puromycin selection for 4 days, and subsequently subjected to qRT-PCR and western blot analysis.
Data shown are one representative out of triplicate experiments. (F and G) TET! is upregulated following FOXA1 overexpression. The 22Rv1 (F) and
DU145 (G) cells were infected with LacZ or FOXA1 adenovirus for 48 h and immunoblot was performed to assess FOXA1 and TET1 protein levels. (H)
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TET1 is a direct transcriptional target of FOXA1 ing to its target site for the PSA gene was greatly dimin-
ished as expected, and similarly for TET1 enhancer and
promoter, confirming that the ChIP enrichment signal was
specific for FOXAT1 (Figure 3C). Next, to examine whether
FOXAT1 occupancy at the TET1 enhancer and promoter
leads to regulation of their transcriptional activities, we
cloned these regions into reporter constructs. Luciferase
assays showed that FOXA1 overexpression indeed signifi-

To determine how FOXA1 transcriptionally controls TET1
expression, we examined FOXA 1 ChIP-seq data previously
obtained from LNCaP cells (20), and observed a strong
FOXAT1 binding event within the intragenic region, between
exons 3 and 4, of the TET1 gene (Figure 3A). Being con-
sistent with FOXAT1 as an enhancer regulator that modu-

Z‘T;eos ;oaiﬁzt ag;if:kﬂll:rg;g/il ]eg&iﬁgegrggég?leﬁtteﬁel%(g’%nlgé:zf cantly increased, whereas FOXA1 knockdown decreased,

moter. To validate the results of ChIP-seq, we performed TETI efnhaﬁl cerd and promotir acﬁymes (IF lgure 3? and
ChIP-qPCR in LNCaP cells and found that FOXAL is en- E). To further demonstrate that this regulation is due to
. . FOXAT1 occupancy at the TET1 enhancer and promoter, we
riched at the TET1 enhancer for nearly 170-fold relative to nalvzed the DNA n round the FOXA1 bindin
IgG control, an enrichment level comparable to that at the anayzed the sequences arou © &

Prostate-Specific Antigen (PSA, or KLK3) gene enhancer, peaks for FKHD motifs within the' TET1 enhancer as well

and for about 10-fold at the TET 1 promoter (Figure 3B). as promoter. Through mutagenesis assays, we gen_erated

A similarly strong enrichment of FOXAI at the TET1 en- TET1 enhancer and promoter constructs with mutations to

h d . i highly conserved FKHD motifs (Figure 3A, bottom pan-
ancer and promoter was also observed in an additional

i . . ) . els). Importantly, luciferase assays revealed that mutations
ggxﬁlglfr“l‘l;% gell e 2B (Supplemenary FIEUC 5 the FKHD motifs abolished FOXAI regulation of TET]
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Figure 3. TET]! is a direct transcriptional target of FOXAI. (A) ChIP-seq showing FOXA1 binding events at TET1 promoter and enhancer. FOXA1
ChIP-seq was conducted in LNCaP cells and FOXA1 binding events were identified by HOMER and visualized in UCSC Genome Browser. FKHD
motifs (indicated by red box) near FXBS were determined by JASPAR. DNA fragments containing FXBS at the TET1 promoter (pTET1) and enhancer
(eTET1) were each cloned into pGL4 luciferase reporter construct with wild-type (WT) or mutated (mut) FKHD motif (mutated nt shown in red at the
bottom panel). (B) ChIP-PCR validation of FOXA1 binding to TET1 enhancer and promoter in LNCaP cells. ChIP was performed using anti-FOXA1
and anti-IgG antibodies in LNCaP cells. ChIP-qPCR was performed using primers flanking the FOXA1 binding peaks at the TET1 enhancer (eTET1)
and promoter (pTET). PSA is used as a positive control while KIAA0066 a negative control. Data shown are mean + SEM of technical replicates from
one representative experiment out of three. (C) FOXA1 occupancy at TET1 promoter and enhancer was decreased by FOXA1 knockdown. ChIP-qPCR
using anti-FOXA1 antibody was carried out in control and FOXA1-depleted LNCaP cells. Data shown are mean + SEM of technical replicates from
one representative experiment out of three. *P < 0.05 and **P < 0.01. (D and E) FOXAI1 positively regulates TET1 enhancer and promoter activities.
TET]1 enhancer and promoter reporter constructs were transfected into LNCaP cells with control or FOXAT1 overexpression (D) and LNCaP cells with
control or FOXA1 knockdown (E) for 48 h. Luciferase activities were determined and normalized to internal control Renilla reporter. Data shown are
mean + SEM of two independent experiments. * P < 0.05 and **P < 0.01. (F) FKHD motif is required for FOXA 1-induced TET1 promoter and enhancer
luciferase activities. Control and FOXA1-overexpressing LNCaP cells were transfected with either WT or mutated (depicted in A) TETI promoter and
enhancer reporter constructs. Luciferase activities were determined and normalized to internal control Renilla reporter. Data shown are mean + SEM of
two independent experiments. *P < 0.05 and **P < 0.01.
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enhancer as well as promoter activities (Figure 3F). Taken
together, our data support that FOXA1 directly binds to
the regulatory elements of TET1 gene to induce its tran-
scription. As FOXAI1 contributes to local DNA demethy-
lation (Figure 1) and TET1 is a known DNA demethylase,
we hypothesized that TET1 may be attributable for DNA
demethylation around the FXBS. To test this hypothesis, we
started out by examining potential interactions between the
FOXATI and TET!1 proteins.

FOXA1 and TET1 proteins physically interact

By use of overexpression systems in 293T cells, we con-
ducted co-IP experiments to assess whether physical inter-
action is present between ectopic FOXA1 and TET1 pro-
teins. The 293T cells were co-transfected with Flag-tagged
TETI1 along with FOXA1 or empty vector. Successful ex-
pression of the ectopic proteins was confirmed by western
blot analysis of the input lysate. IP using an anti-FOXA1
antibody followed by immunoblotting confirmed successful
pulldown of FOXA1 itself as well as the TET1 protein, the
latter only in the cells expressing both TET1 and FOXA1
(Figure 4A). To demonstrate the interaction through rever-
sal co-IP, we cloned TET1 into the SFB-tagged expression
vector, which enabled pulldown of the TET1 protein using
S-protein agarose beads and detection by anti-Flag anti-
bodies (22). Either SFB-vector control or SFB-TET1 was
co-transfected with FOXA1 into 293T cells and their ex-
pression was confirmed by western blot analysis of the in-
put lysate. S-protein pulldown followed by western blotting
using anti-Flag validated successful enrichment of SFB-tag
only or SFB-TET]1 (of different sizes) in the corresponding
lysates, while immunoblotting using anti-FOXA1 revealed
FOXAT1 pulldown only in the SFB-TET1-expressing cells
(Figure 4B), supporting physical interaction between ec-
topic FOXA1 and TET]1 proteins.

Next, we attempted to confirm this interaction between
endogenous FOXA1 and TET1 proteins. LNCaP cell nu-
clear lysate was subjected to IP using rabbit anti-TETI,
anti-FOXA1 and IgG control followed by western blot-
ting with mouse anti-TET1 or anti-FOXA1 antibodies. Our
results demonstrated that TET1 and FOXAT1 antibodies
are able to pull down each other, supporting strong pro-
tein interactions (Figure 4C). To address the potential in-
volvement of DNA in mediating this interaction, we per-
formed co-IP in the presence or absence of ethidium bro-
mide. Notably, our results demonstrated persistent interac-
tion between FOXA1 and TET1 proteins in the presence
of ethidium bromide, thus indicating that DNA was not re-
quired for their association (Supplementary Figure S7A).
Moreover, this interaction between endogenous FOXAI
and TET1 proteins was also confirmed in C4-2B cells (Sup-
plementary Figure S7B).

To further determine which domains of the TET1 pro-
tein are important for its interaction with FOXA1, we gen-
erated four Myc-tagged TET1 domain constructs, namely
the N-terminal, CXXC, middle and CD domains, which
were co-transfected with SFB-tagged FOXAI into 293T
cells. S-protein pulldown followed by western blot analy-
sis showed that only the TET1 fragment containing the
CXXC module was able to bind FOXAT1 (Figure 4D). On
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the other hand, we attempted to map out the FOXAI1 do-
main that is responsible for its interaction with the TET1
protein. Similarly, we created three Flag-tagged FOXA1 do-
main constructs, namely N-terminal, Forkhead (FH) and
C-terminal domains, which were co-transfected with SFB-
tagged TET1-CXXC domain into 293T cells. Western blot
analysis confirmed the expression of various FOXA1 do-
mains of different sizes as expected (Figure 4E). S-protein
pulldown of TET1 followed by western blotting revealed
that only the FH-containing domain of FOXA1 protein
is able to interact with the TET1-CXXC domain. More-
over, we also performed in vitro pulldown assay utilizing
purified TETI-CXXC and FOXAI1-FH domain proteins,
which confirmed that the two proteins directly interact (Fig-
ure 4F). As the CXXC zinc finger module in Tet3 pro-
tein has been shown critical for specific chromatin target-
ing, while its enzymatic domain modulates its biological
function (23), we hypothesized that TET1 interaction with
FOXA1 through its CXXC domain may be important for its
recruitment to FXBS where it carries out hydroxylation on
methylated CpG’s closeby through its CD domain. There-
fore, we next asked whether TET1 regulates DNA demethy-
lation and alters epigenetic modifications around FXBS.

TET1 mediates active epigenetic modification at FOXA1-
dependent enhancers

To determine whether TET1 affects the epigenetic envi-
ronment at FOXA1l-occupied enhancers, we first tested
whether TET1 is able to co-occupy FOXAIl-bound ge-
nomic regions. As human anti-TET1 antibody has not been
well-established for ChIP, we transfected HA-tagged TET1
into LNCaP prostate cancer cells, validated by western
blot in Supplementary Figure S8 and performed ChIP us-
ing ChIP-grade anti-HA antibody. ChIP-qPCR confirmed
much stronger HA (TET1) enrichment at FXBS in cells ex-
pressing HA-TET1 than cells transfected with HA-control
vector (Figure 5A). Next, to examine how TET1 alters
DNA methylation around these FOXA1-bound regions, we
performed TET1 knockdown using shRNA (Figure 5B).
Western blots of different exposure times were included to
show that TET1 was detected much more strongly at 150
kD, while also giving a very weak band above 250 kD, both
of which were depleted upon shRNA knockdown (Sup-
plementary Figure SSD). As TET1 is a DNA demethylase
that catalyzes SmC-5hmC, we next sought to determine the
level of ShmC and 5mC in TET1-knockdown cells. Dot blot
experiment confirmed significant reduction of total ShmC
abundance in shTETI cells (Supplementary Figure S9A).
Further, hMe-Seal-seq revealed a remarkable decrease of
total ShmC-enriched regions following TET1 knockdown
(Figure 5C). By contrast, SmC as measured by MeDIP-seq
was increased nearly 33% (Figure 5D). Average intensity
view of all peaks showed that hMe-Seal signals were sig-
nificantly decreased, while MeDIP signals increased upon
TET1-knockdown (Figure SE and Supplementary Figure
S9B). Focused analysis of these epigenetic modifications
around FXBS confirmed an overall decrease of ShmC and
increase of 5SmC following TET1 depletion, suggesting that
TET]1 is critical for the maintenance of the demethylated
state of these enhancers (Figure 5SF and G). As DNA methy-
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Figure 4. FOXAI and TET1 proteins physically interact. (A) Immunoprecipitation of ectopic FOXA1 pulled down TET1 protein. The 293T cells were
transfected with Flag-TET1, either alone or together with FOXAI, for 48 h and then subjected to immunoprecipitation using an FOXA1 antibody.
Whole cell (Input) and IP-enriched lysates were then analyzed by western blotting using anti-Flag (TET1) and anti-FOXA antibodies. (B) Ectopic TET1
immunoprecipitation pulled down FOXA protein. The 293T cells were co-transfected with FOXA1 and SFB-tagged empty vector (EV) or TET1 for 48
h before immunoprecipitation using S beads, which will pull down SFB-EV or SFB-TET1. The input and IP-enriched cell lysates were then subjected to
western blotting using anti-FOXA1 and anti-Flag (for SFB-EV or SFB-TET1) antibodies. (C) Endogenous FOXA1 and TET1 proteins interact in LNCaP
cells. LNCaP cells were subjected to immunoprecipitation using anti-FOXAI1, anti-TET1 and IgG control, followed by western blotting of FOXA1 and
TET! proteins. (D) TET1 CXXC domain interacts with the FOXA1 protein. 293T cells were co-transfected with SFB-FOXA1 along with various Myc-
tagged TET1 domain constructs. The expression of TET1 domains in whole cell lysate (input) was confirmed by western blotting using anti-Myc. Cell
lysates were then subjected to S pull down (of FOXA1) and subsequently western blot analysis using anti-FOXA1 and anti-Myc antibodies. (E) FOXA1
FH (Forkhead-containing) domain interacts with TET1 CXXC domain. 293T cells were co-transfected with SFB-CXXC along with various Flag-tagged
FOXA1 domain constructs and subjected to S pull down (of TET1-CXXC) followed by western blotting using an anti-Flag antibody. (F) Invitro interaction
assay was conducted using purified proteins of TET1 CXXC domain and FOXA1 Forkhead domain. CXXC domain was tagged with GST and further
subdivided into fragments A and B (the ‘C-X-X-C’ motif was located in residues 590-609 in fragment A), and FH domain was tagged with Myc. Arrows
point to expression of proteins according to their expected size.
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Figure 5. TET! mediates active epigenetic modification at FOXA1-bound enhancers. (A) TET1 co-occupies FXBS. LNCaP cells were transfected with
HA-tagged empty vector or TET1 constructs and were subsequently used for ChIP with anti-HA antibody. HA ChIP-qPCR was performed using primers
flanking a number of FXBS. Data shown are mean + SEM of technical replicates from one representative experiment out of three. (B) Western blots
confirming TET1 knockdown. LNCaP cells were infected with either scramble or shTET1 lentivirus followed by puromycin selection for 4 days before
western blot analysis. Tubulin is used as a loading control. (C and D) Venn Diagrams showing alterations in global genomic regions enriched for ShmC
(C) and 5mC (D) following TET1 knockdown. LNCaP cells with control or shTET1 were subjected to hMe-Seal-seq and MeDIP-seq for genome-wide
location analysis of ShmC and 5mC, respectively, which were subsequently compared between control and TET1-depleted cells. (E) Average intensity plot
of normalized hMe-Seal-seq reads around (£5 kb) FXBS. (F-I) TET1 knockdown led to altered epigenetic signatures at FXBS. LNCaP cells with control
or TET1 knockdown were subjected to hMe-Seal (F) and MeDIP (G) and ChIP using anti-H4K4me?2 (H) and anti-H3K27ac (I) antibodies, followed by
qPCR analysis with site-specific primers. Data shown are mean + SEM of technical replicates from one representative experiment out of two. *P < 0.05
and **P < 0.01. (J) Average intensity plots of normalized H3K4me2-seq reads around (£5 kb) FXBS.

lation has been shown to inhibit enhancer activation (7), TET]1 expression is required for FOXA1 recruitment to target
we next asked whether TET1 knockdown prohibits en- enhancers

hancer activation at FXBS. ChIP-qPCR showed that in-
deed H3K4me2 and H3K27ac were both significantly re-
duced following TET1 depletion (Figure SH and I). ChIP-
seq further confirmed a global decrease of H3K4me?2 level
in TET1-knockdown (Figure 5J). Taken together, our data
support that TET1 expression contributes to the activation
of FOXAl-target enhancers through mediating active DNA
demethylation.

Since it has been reported that DNA methylation and re-
moval of H3K4me2 could impair FOXA1 binding (5,7),
the changes in DNA methylation and histone modifica-
tion events observed following TET1 depletion were sug-
gestive of disrupted FOXAT1 recruitment to these regions.
To test this, we performed FOXA1 ChIP-seq in control
and TET1-knockdown LNCaP cells to determine whether
TETI depletion is able to regulate FOXA1 chromatin tar-
geting. A global assessment of the total binding events be-
fore and after TET1 knockdown demonstrated that a signif-
icant proportion of FOXA1 binding events were lost upon
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Figure 6. TET] is required for FOXAI recruitment to lineage-specific enhancers. (A) Venn diagram showing overlap of FXBS in control and FOXA1-
knockdown LNCaP cells. (B) Average FOXA1 ChIP-seq read intensity around (£500 bp) shCtrl-only, shared and shTET1-only FXBS identified from
overlap Venn diagram in (A). (C and D) Genome browser views of epigenetic modifications at the regulatory regions of FOXA1-target genes SNAIL
(C) and TET]1 itself (D). MeDIP-seq (5SmC), hMe-Seal-seq (ShmC), H3K4me2 and FOXA1 ChIP-seq were performed in control and TET1-knockdown
LNCaP cells. For each mark, the shCtrl and shTET1 tracks are shown on the same scale (Y-axis) for visual comparison of enrichment. (E) TET1 depletion
attenuates FOXA1 recruitment to target enhancers. ChIP-qPCR was performed in control and shTET1 LNCaP cells using anti-FOXA1 antibody. Data
shown are mean = SEM of technical replicates from one representative out of triplicate experiments. *P < 0.05 and **P < 0.01. (F) Impaired FOXA1
recruitment in TET1-depleted cells is restored by TET1 CD overexpression. LNCaP cells were subjected to control or TET1 knockdown with or without
concomitant TET1 CD overexpression. TET1 knockdown and CD domain (Flag-CD) overexpression were confirmed by western blot analysis (inset).
Cells were subsequently used for ChIP with an anti-FOXA1 antibody followed by qPCR analysis. Data shown are mean + SEM of technical replicates

from one representative of duplicate experiments.

TET1 depletion (Figure 6A). The total number of FXBS
was decreased from 76 000 to 55 000. In addition, the av-
erage intensity of FOXAT1 binding events appeared to be
much weaker even for the sites that were not fully abol-
ished (i.e. shared sites) following TET1 knockdown (Figure
6B). Genome browser view of several FOXA1-dependent
enhancers further illustrated significant loss of FOXAT oc-
cupancy in TET1-depleted cells (Figure 6C and D; Supple-
mentary Figure SI0A and B). Meanwhile, DNA methyla-
tion at these enhancers was increased as indicated by en-
hanced 5mC but reduced ShmC signals, while active en-
hancer mark H3K4me2 was decreased, being concordant
with the genome-wide switch to repressive chromatin state.
Moreover, ChIP-qPCR confirmed that TET1 knockdown

significantly decreased FOXA1 occupancy at multiple tar-
get enhancers (Figure 6E).

As TETI1 interacts with the FOXA1 protein through
its CXXC domain but is known to carry out enzymatic
activities through its CD domain, we next attempted to
understand mechanistically whether CD-mediated DNA
demethylation is sufficient to facilitate FOXAT1 recruitment
to target enhancers. A recent study has reported an inter-
esting and important observation that the CD domain of
TET proteins induces massive global DNA demethylation,
whereas the function of full-length TET1 is much restricted
to unmethylated CpG islands (24). We thus predict that
CD domain may be able to restore FOXA1 recruitment in
TETI1-knockdown cells. To test this, we overexpressed the
CD domain in LNCaP cells with TET1 knockdown. ChIP-
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Figure 7. Schematic model depicting feed-forward regulation between
FOXALI and TET! in lineage-specific enhancer activation. FOXAT1 pro-
tein occupies at an intragenic enhancer of the TETI gene to induce
TET]1 expression. Through direct interaction with FOXA1 protein, TET1
modulates DNA demethylation and subsequently H3K4 methylation and
H3K27 acetylation at FOXA1-target enhancers, which in turn facilitates
FOXALI recruitment. Thus, FOXA1 and TET1 form a positive feedback
loop in lineage-specific enhancer activation. FOXALI is not only capable
of recognizing but also modifying epigenetic signatures at lineage-specific
enhancers.

qPCR confirmed that FOXA1 binding at target enhancers
was decreased by TET1 knockdown, which, importantly,
can be fully rescued by concomitant CD domain overex-
pression (Figure 6F). Taken together, our data support that
TET1 facilitates FOXA1 recruitment to target enhancers
through active demethylation.

DISCUSSION

FOXAL is a critical regulator of hormone-mediated gene
expression in prostate and breast cancers. Much efforts
have been devoted to understand the molecular basis for
FOXAT’s activity as a pioneer factor and studies in the
past two decades have helped to paint a clearer picture of
how FOXATI activity is dependent on a number of epige-
netic signatures that exhibit lineage specificity (5). Although
FOXAT has been shown to impose some effects on the epi-
genetic signatures around target enhancers (5), the molec-
ular mechanisms by which FOXA1 remodels heterochro-
matin remain largely unknown. In the present study, we
show that FOXA1 is able to directly regulate the transcrip-
tion of TETI gene. Further, FOXA1 physically interacts
with the TET1 protein, leading to DNA demethylation and
H3K4me2/H3K27ac modifications at FOXA1-target en-
hancers. These changes in the epigenetic environment on
the other hand enhance FOXA1 recruitment. Therefore,
our data support a model wherein FOXA1 is not only able
to recognize and bind enhancer regions, but contributes
to de novo gain of H3K4 methylation and enhancer acti-
vation. The latter is mediated by, at least in part, a feed-
forward loop between FOXA1 and TET1 where FOXA1
induces TET1 expression and binding at lineage-specific en-
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hancers, which in turn facilitates and stabilizes FOXA1 re-
cruitment through catalyzing DNA demethylation (Figure
7). Accompanying changes in DNA methylation are also re-
ductions in H3K4me2 and H3K27ac upon FOXAI1 deple-
tion. Whether these are secondary to DNA demethylation
or FOXA1/TET]1 may regulate histone methyltransferases
such as MLL are areas for future investigation.

TET1 has been implicated in the regulation of en-
hancer activation and lineage differentiation through DNA
demethylation (13,14), the underlying mechanism of which,
however, remains elusive. In this report, using prostate can-
cer cells as a model system, we demonstrated that TET1
contributes to FOXA1 recruitment to prostate-specific en-
hancers by modulating local epigenetic switch. In future
studies, it will be interesting to investigate and compare
how TETI regulates epigenetic marks and FOXAI recruit-
ment in breast cancer, since FOXA1 has been shown to
bind distinct, lineage-specific enhancers in prostate and
breast cells (5). In addition, this study will pave the way
to further investigation of how TETI, through modu-
lation of FOXAIl-dependent enhancer activation, regu-
lates hormone-dependent gene expression and prostate and
breast cancer progression.

The CXXC domain of TET proteins has been shown
critical for specific chromatin targeting, while the CD do-
main modulates its enzymatic activity (23). Further, a re-
cent study has reported that the full-length TET1 pro-
tein preferably binds to unmethylated CpG islands through
its CXXC domain (24). Being consistent with these re-
ports, we found that FOXAI interacts with TET1 protein
through its CXXC domain. Such interaction may be critical
for targeting TET1 to prostate-specific enhancers denoted
by FOXAI1, which may be interesting lines for further in-
vestigation utilizing various TET1 deletion constructs and
ChIP-seq experiments. Moreover, TET1 might similarly in-
teract with other lineage-defining transcription factors and
get recruited to distinct, lineage-specific enhancers in dif-
ferent cell types. By contrast, overexpression of the TET1
CD domain alone has been shown to induce massive global
DNA demethylation (24). Indeed, in our study we found
overexpression of CD domain is able to rescue the effects
of TET1 knockdown on FOXA1 recruitment to target en-
hancers. Therefore, through interaction with other tran-
scription factors, TET1 achieves its specificity to bind se-
lected enhancers, where it carries out its role in the mainte-
nance of hypomethylated landscape and regulation of lin-
eage differentiation.

In conclusion, FOXALI is a multipotent pioneer tran-
scription factor, which is impressively capable of chromatin
remodeling through not only histone displacement but also
DNA demethylation by employing the DNA hydroxylase
TET1. Collectively, through regulation of TET1 expression
and function, FOXAL is able to control the epigenetic sig-
natures present at its cis-regulatory elements through a feed-
forward loop, ultimately giving rise to chromatin relaxation
and enhancer activation.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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