AWARD NUMBER: W81XWH-17-1-0134

TITLE: Interrogating the Mechanism of Long Noncoding RNA ARInc-1 in Regulating AR Signaling

PRINCIPAL INVESTIGATOR: Yajia Zhang

CONTRACTING ORGANIZATION: University of Michigan
Ann Arbor, Ml 48109-2800

REPORT DATE:  AUGUST 2019

TYPE OF REPORT: Final Report

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



REPORT DOCUMENTATION PAGE OV N Do 088

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED

AUGUST 2019 Final 1 MAY 2017 - 30 Apr 2019

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
W81XWH-17-1-0134

Interrogating the Mechanism of Long Noncoding RNA ARInc-1 in Regulating AR 5b. GRANT NUMBER

Signaling PC160970

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Yajia Zhang

5e. TASK NUMBER

5f. WORK UNIT NUMBER
E-Mail: yajiazh@umich.edu

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Regents of the University of
Michigan
Ann Arbor, Michigan 48109

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Materiel Command

Fort Detrick, Maryland 21702-5012 11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Prostate cancer is the most commonly diagnosed non-skin cancer in American men, causing an estimated 31,620 cases of death in 2019.
Androgens and Androgen Receptor (AR) pathways play critical roles in development and functions of the prostate gland. They are also
necessary for prostate cancer progression. As such, primary androgen deprivation therapies and second generation anti-androgen drugs
offer clinical benefits for patients with metastatic disease. However, nearly all patients with metastatic castration-resistant prostate cancer
(mCRPC) eventually develop resistance to these agents. Studies are thus warranted to discover novel players involved in the AR signaling
pathway and in prostate cancer progression. To this end, we previously conducted transcriptome sequencing analysis to find long non-
coding RNAs (IncRNAs) that are responsive to androgen stimulation, and are enriched in the process of prostate cancer progression. From
this analysis, we identified IncRNA ARInc1, which is directly regulated by AR, and has lineage-specific, cancer associated expression pattern
in prostate tissues. Phenotypic effects after knocking down this IncRNA include delayed cell proliferation, increased apoptosis, and
attenuated AR signaling. We observed a positive feedback loop between ARInc1 and AR signaling. In this project, we interrogated the
mechanisms through which ARInc1 regulates AR signaling pathway. We discovered that ARInc1 contributes to post-transcriptional regulation
of AR transcript via RNA-RNA interaction. Moreover, ARInc1 inhibition by antisense technologies delays prostate cancer growth in vitro and
in vivo. Taken together, out findings support a role for ARInc1 in maintaining AR signaling and identify ARInc1 as a novel therapeutic target.

15. SUBJECT TERMS
Androgen Receptor, long non-coding RNA, ARlncl

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
u OF ABSTRACT OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
3 3 3 Unclassified 40 code)
Unclassified Unclassified Unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




Table of Contents

Page
1. INtroduction....cccevieiiuiiieiieiiieiieiietiieiieiineeierieceeciecincescnncen 4
7 L5, A1) o e 4
3. AccompliShments.......ccceeeeiiiniiiiiiiiniiiiiiiiiiiiiiieiiieieinecinecan 4
T2 I 111 7 T 17
5. Changes/Problems........c.ccoceviiiiiiieiiiiiiieiiiiiiieiiinieircienrennnes 18
6. ProductS....ccoieiiiiiniiiiiiniiiiiieiiiiiieiiiiiiieietieciiecieiaccecsacenees 18
7. Participants & Other Collaborating Organizations .................. 19
8. Special Reporting Requirements.........cccceveviiniiiiiiinieinncnnnnens 20
0. APPENAICES..ccuriiiniiiiriiiniiieiiieiiinriiestieatcisssestossscsssosnscnnss 20



1.INTRODUCTION:

Prostate cancer is the most commonly diagnosed non-skin cancer in American men,
causing an estimated 31,620 cases of death in 2019. While the 5-year survival rate for
men with low-grade prostate cancer is nearly 100%, for people diagnosed with
advanced or metastasis disease, the 5-year survival rate is only ~30%. Androgens and
Androgen Receptor (AR) pathways play critical roles in development and functions of
the prostate gland. They are also necessary for prostate cancer progression. As such,
primary androgen deprivation therapies and second generation anti-androgen drugs
offer clinical benefits for patients with metastatic disease. However, nearly all patients
with metastatic castration-resistant prostate cancer (mMCRPC) eventually develop
resistance to these agents. Studies are thus warranted to discover novel players
involved in the AR signaling pathway and in prostate cancer progression. To this end,
we previously conducted transcriptome sequencing analysis to find long non-coding
RNAs (IncRNAs) that are responsive to androgen stimulation, and are enriched in the
process of prostate cancer progression. From this analysis, we identified IncRNA
ARInc1, which is directly regulated by AR, and has lineage-specific, cancer associated
expression pattern in prostate tissues. Phenotypic effects upon knocking down this
IncRNA include delayed cell proliferation, increased apoptosis, and attenuated AR
signaling. We observed a positive feedback loop between ARInc1 and AR signaling.
The purpose of this project is to interrogate the mechanisms through which ARInc1
regulates AR signaling pathway.

2.KEYWORDS:
Androgen Receptor, long non-coding RNA, ARInc1

3.ACCOMPLISHMENTS:
What were the major goals of the project?

The major goals of the project are to understand the mechanism through which ARInc1
regulates AR signaling pathway, and to evaluate the therapeutic potential of modulating
this interaction. We hypothesized that ARInc1 regulates Androgen Receptor signaling
through interaction with the AR transcript. Over the course of this grant, we have tested
this hypothesis by a series of experiments, with the specific aims below:

(1) To characterize RNA-RNA interactions between ARInc1 and AR transcripts in vitro
and in cells.



(2) To investigate the molecular mechanism of ARInc1 regulation on AR transcript
stability.

(3) To evaluate the potential of ARInc1-AR loop as a therapeutic target in pre-clinical
models.

What was accomplished under these goals'?

This section describes major activities, specific objectives, significant
results/achievements, and discussion in the order of specific aims stated above.

Specific Aim 1: Characterizing RNA-RNA interactions between ARInc1 and AR
transcripts in vitro and in cells.

In our previous experiments, we have discovered Androgen Receptor (AR) as one of
the targets that are significantly affected by ARInc1. To find the molecular mechanism
behind it, we utilized an in silico algorithm to predict RNA interactors of ARInc1 (based
on complementary base pair binding affinity). Interestingly, this approach identified 3’
untranslated region (UTR) of AR mRNA as a potential binding partner. The objective
here is to test whether this RNA-RNA interaction actually exist in cells.

We characterized interaction between ARInc1 and AR transcripts using a series of
biochemical assays and molecule labeling approaches. For in vitro experiments, we
developed RNA-RNA binding assays, featured by RNA synthesis, BrU-labeled RNA pull
down and gPCR analysis. To visualize this interaction in cells, we employed single
molecule RNA-Fluorescent in situ hybridization (smFISH) to label transcripts in prostate
cancer cell lines and tissues.

We first used synthesized RNAs to evaluate the relative binding affinity between AR
3'UTR and a panel of non-coding RNAs including ARInc1. Compared to control RNAs
(ARInc1-antisense, LacZ, SChLAP1-antisense, THOR, and beads control), ARInc1
binds with 1-980nt of AR-3'UTR with a higher affinity (Figure 1a). Next, to identify the
sites on ARInc1 that mediates this interaction, we constructed RNA fragments spanning
every ~600bp of ARInc1, and subsequently used these fragments for RNA-RNA binding
assays. We discovered that the RNA fragment spanning 700-1300nt of ARInc1 binds to
AR 3’'UTR with the highest affinity (Figure 1b), suggesting its critical role in mediating
the interaction. In support of this observation, ARInc1 RNA lacking nucleotides 700-
1300 attenuates the binding between ARInc1 and AR 3'UTR (Figure 1c).

' Some of the results presented in this final report have been included in the yearly progress report.
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Figure 1: RNA-RNA interaction between ARInc1 and 3'UTR of AR transcript in vitro

(a) Relative binding between AR 3'UTR-1-980 RNA fragment and a panel of BrU-labeled RNAs,
measured by in-vitro RNA-RNA interaction assay. Data were normalized to ARInc1-AS control.
Mean + s.e.m. are shown, n = 3. **P < 0.001 by two-tailed Student’s t-test.

(b) Relative binding between AR 3’'UTR-1-980 RNA and a panel of BrU labeled RNA fragments
spanning ARInc1. Data were normalized to ARInc1-AS control. Mean £ s.e.m. are shown, n = 3.
***Adjusted P = 0.0001, determined by ANOVA with Dunnett’s multiple comparisons test.

(c¢) Relative binding between AR 3’'UTR-1-980 RNA and ARInc1 with 700-1300 deletion,
measured by in-vitro RNA-RNA interaction assay. Data were normalized to ARInc1-AS control.
Mean £ s.e.m. are shown, n = 3. ***P = 0.0001, **P = 0.0003 by two-tailed Student’s t-test.

To determine whether ARInc1 and AR transcripts are associated with each other in
cells, we developed single molecular RNA-fluorescent in situ hybridization (smFISH) to
label and visualize specific transcripts. In AR-positive prostate cancer cell model MDA-
PCa-2b, we observed co-localization of endogenous ARInc1 and AR transcripts (Figure
2a). The co-localization rate between these two transcripts were significantly higher
compared to those between ARInc1 and abundantly-expressed control RNAs (Figure
2b).

d b MDA-PCa-2b (endo)
301

154

N _aﬁﬁe?

PP P
AR OO

% ARInc1 colocalization

MDA-PCa-2b (endo)

Figure 2: Co-localization of ARInc1 and AR transcripts in MDA-PCa-2b cells, depicted by single
molecule fluorescent in situ hybridization (smFISH).



(a) Representative pseudocolored images of MDA-PCa-2b cell nuclei stained for the indicated
endogenous (endo) transcripts and DAPI. Scale bar, 5 um. Orange circles represent regions of

colocalization.

(b) Quantification of the percentage of ARInc1 molecules co-localizing with a panel of mRNAs,
respectively. Center line and whiskers depict the median and range respectively and box
extends from 25th to 75th percentiles (n = 50 cells for each sample aggregated from 3
independent experiments). ***P < 0.0001 by two-tailed Student’s t-test.

To further validate the RNA-RNA interaction sites identified in vitro, we employed an
exogenous system, where U2-OS cells were co-transfected with AR-expression
construct and constructs encoding varied ARInc1-fragments. ARInc1 fragments with
700-1300nt co-localized with AR at a higher rate, compared to fragments lacking this
region (Figure 3).
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Figure 3: Co-localization of ARInc1 fragments and AR transcripts exogenously expressed in
U2-0OS cells, depicted by single molecule fluorescent in situ hybridization (smFISH).

(a) Representative pseudo-colored images of U2-OS cells stained for DAPI (nucleus), indicated
fragments of ARInc1 and AR transcripts (smFISH). Scale bar, 10 um. Inset, 10x10 ym? zoomed-
in view of orange box in the image.

(b) Quantification of the percent of AR molecules colocalizing with various ARInc1 fragments.
Center line and whiskers depict the median and range respectively and box extends from 25th
to 75th percentiles (n = 50 cells for each sample aggregated from 3 independent experiments).
***P < 0.0001 by two-tailed Student’s t-test. NS: not significant.

Finally, to explore whether co-localization between ARInc1 and AR exist in tissues, we
performed smFISH on AR-positive prostate cancer tissue samples. A significantly
higher co-localization rate was observed between AR and ARInc1 transcripts, compared



to the co-localization rate between AR and abundantly-expressed HMBS transcripts
(Figure 4).
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Figure 4: Co-localization of ARInc1 and AR transcripts in prostate cancer tissue samples

(a) Representative pseudo-colored images of ARInc1 positive prostate cancer tissues stained
with DAPI (nucleus) and AR, HMBS or ARInc1 transcripts (smFISH). Scale bar, 25 pm. Inset,
5.5x5.5 um? zoomed-in view of box within large panel.

(b) Quantification of the percentage of AR molecules colocalizing with HMBS or ARInc1 is
depicted in box plot. Center line and whiskers depict the median and range respectively and box
extends from 25th to 75th percentiles (n = 15 field-of-views aggregated for each sample
aggregated from 3 independent tissues). **P < 0.001 by two-tailed Student’s t-test.

Specific Aim 2: Investigating the molecular mechanism of ARInc1 regulation on AR
transcript stability.

Having established the interaction between ARInc1 and AR transcripts in vitro, in cells,
and in tissue samples, we next sought to investigate how ARInc1 functions to affect AR
transcript stability. To achieve this, we conducted reporter gene analysis of AR 3'UTR
under control or ARInc1-knokdown conditions. We further investigated whether HUR
(ELAV1), a known protein that affects AR 3’UTR activity, is involved in ARInc1
regulation of AR. We also utilized antisense oligonucleotides to disrupt interaction sites
between ARInc1 and AR, and recorded changes on RNA-RNA co-localization and on
AR signaling.

Dual luciferase assay was conducted using an AR 3’'UTR reporter construct containing
3.2kb of AR 3’'UTR in front of a luciferase reporter. AR-positive prostate cancer cells
were co-transfected with AR 3’UTR reporter construct and siRNAs targeting ARInc1. As
shown in Figure 5, ARInc1 knockdown significantly reduced AR 3’'UTR luciferase
activity.
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Figure 5: Relative luciferase activity of AR 3'UTR following treatments of non-targeting siRNA,
or siRNA targeting AR 3'UTR region (positive control), or siRNAs targeting ARInc1. n =5, P
value calculated from ANOVA.

Next, we asked the question whether this phenotype is achieved through HUR (ELAV1),
a known RNA-binding protein that mediates AR transcript stability. We performed
reciprocal interaction assays between ARInc1 and HuR protein in vitro (Figure 6a, 6b).
The results suggested dose-dependent binding affinity between HuR protein and
synthesized ARInc1 RNA. Further assays of RNA-immunoprecipitation (RIP) using HUR
antibody confirmed this interaction in cells (Figure 6c). We also confirmed the reported
interaction between HuR and AR transcript by RIP (Figure 6d). Interestingly, the AR-
HuR interaction could be affected by ARInc1. This is indicated by a decreased relative
binding between HuR and AR following ARInc1 loss (Figure 6d).
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Figure 6: Binding between HuR and ARInc1

(a) Relative binding between HuR protein and ARInc1-S or ARInc1-AS RNA in vitro, evaluated
by western blotting following RNA-pull-down.

(b) Dose-dependent binding between ARInc1 and GST-HuR, following GST-pull down. Relative
RNA enrichment was assessed by gPCR analysis.

(¢) RNA immune-precipitation followed by gqPCR analysis to detect binding between HuR
protein and ARInc1 in MDA-PCa-2b cells.

(d) Relative binding between HuR protein and AR transcripts or ACTB transcripts, under control

or ARInc1-knockdown condition. Binding was quantified by RIP-gPCR analysis in MDA-PCa-2b
cells.

We next asked whether the physical co-localization between AR and ARInc1 results in
functional regulation of AR transcript and AR signaling. We utilized antisense
oligonucleotides (ASOs) to interfere with the identified RNA-RNA binding sites in cells.
Using RNA interaction assays and smFISH assays, we confirmed the ability of ASOs to
disrupt interactions between ARInc1 and AR in vitro and in cell lines (Figure 7).
Transfection of these blocking ASOs into cells resulted in attenuated AR signaling, as
well as modest decrease of AR transcript (Figure 8).
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Figure 7: Blocking ASOs disrupt ARInc1-AR interaction in vitro and in cells.

(@) ASOs targeting nucleotides 700-1300 on the ARInc1 transcript (ASO-blocking) inhibit
ARInc1 interaction with the AR 3' UTR. In vitro RNA-RNA interaction assays were performed
using ARLNC1 and the AR 3' UTR, with the addition of the blocking ASO pool or control ASO.
Data were normalized to the control ASO.

(b) smFISH showing that ASOs targeting 700-1300nt on ARInc1 transcript (ASO-Blocking)
inhibit ARInc1 colocalization with AR in situ.

(c) Quantification of the percent of AR transcripts co-localizing with ARInc1 after various
treatments in MDA-PCa-2b cells. Center lines and whiskers depict the median and range and
box extends from 25th to 75th percentiles (n = 50 cells for each sample aggregated from 3
independent experiments).
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Figure 8: Effect of blocking ASOs on AR signaling in MDA-PCa-2b cells

(a) qPCR analysis of ARInc1, AR and AR signaling genes (KLK2, KLK3, NKX3-1, TMPRSS2
and FKBP5) in MDA-PCa-2b cells transfected with control or blocking ASOs targeting the
interaction site between ARInc1 and the AR 3' UTR.
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Specific Aim 3. Evaluating the potential of ARInc1-AR loop as a therapeutic target in
pre-clinical models.

Our preliminary data showed that ARInc1 regulates AR signaling in a feed-forward loop.
The goal of this aim is to test whether ARInc1 can be developed into a therapeutic
target in prostate cancers with sustained AR signaling. We employed shRNAs and
antisense oligonucleotides to evaluate antitumor phenotypes of ARInc1 knockdown in a
series of preclinical models.

We generated MDA-PCa-2b cells and LNCaP-AR cells expressing non-targeting shRNA
or shRNAs targeting ARInc1. Cell proliferation was monitored in mono-layered cultures,
or in cell line derived xenografts implanted in mice. In both growing conditions, ARInc1
knockdown significantly delays cancer cell growth. This observation was in accord with
previous results generated following siRNA-mediated knockdown of ARnc1.
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Figure 9: Inhibition of ARInc1 by shRNA delays prostate cancer cell growth

(a) Counts of MDA-PCa-2b cells over the course of 6 days following treatment of control
shRNA, or shRNA targeting ARInc1.

(b) Tumor growth of LNCaP-AR cells expressing shRNA targeting ARLNC1 or shRNA vector.
Mean * s.e.m. values are shown. n = 10 independent tumors, ***P < 0.0001, **P = 0.0007,
determined by two-tailed Student’s t test.

Antisense oligonucleotides (ASOs) have emerged as a novel approach to inhibit RNA
targets, through mechanisms of RNase H degradation, modulating RNA splicing or
translation. We hypothesized that ASOs targeting ARInc1 are able to decrease ARInc1
expression in pre-clinical models, thus inhibiting prostate cancer cell growth. To test this
hypothesis, we transfected ARInc1 ASOs into MDA-PCa-2b cells, profiled gene
expression changes, and monitored cancer cell growth. We observed that ARInc1 ASOs
induced similar gene expression changes, compared to ARInc1 siRNAs (Figure 10a).
Cells transfected with ARInc1 ASOs grew slower than those treated with control ASOs
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(Figure 10b). This phenotype was specific to AR-positive prostate cancer cells, not AR
signaling-negative cell line models (Figure 10c).
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Figure 10: Treatment of ARInc1 ASO inhibits cell growth

(a) Gene expression profiling for siRNA-mediated or ASO-mediated ARLNC1 knockdown in

MDA-PCa-2b cells. The numbers above the heat map represent the specific microarray
replicates.

(b-¢) Transfection of ASOs targeting ARLNC1 in AR-positive MDA-PCa-2b cells inhibits cell
proliferation. The AR-negative prostate cell line PNT2 serves as a negative control. Mean +

s.e.m. values are shown, n = 6, *P (adjusted) = 0.0112, **P (adjusted) = 0.0065, NS: not
significant; compared to the control-ASO group.

Since we planned to use ASOs on tumor xenograft models in mice, we next tested ASO
delivery efficacy in cell sphere models, without using lipid-based transfection reagents.
We generated three-dimensional MDA-PCa-2b cell spheres, and incubated them with
either control ASOs, or ARInc1 ASOs. As shown in Figure 11, free-uptake treatment of
ARInc1 ASOs attenuates target expression, and inhibits MDA-PCa-2b cell proliferation.
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Figure 11: ARInc1 ASOs inhibit cell growth in 3D-sphere models

(a-b) Free-uptake treatment of ARInc1 ASOs inhibits MDA-PCa-2b cell proliferation in the 3D
sphere models. Cells were harvested at the end of the experiment, and ARInc1 expression was
evaluated by gPCR analysis. Mean + s.d. values are shown, n = 6. ***P < 0.0001 compared to
control-ASO-treated cells, by two-tailed Student’s t test.

Finally, we evaluated the therapeutic potential of these ASOs in vivo. We developed
cell-line derived xenografts by subcutaneously implanting MDA-PCa-2b cells suspended
in Matrigel scaffolds. When the mean tumor volume reached approximately 150 mm?,
mice were randomized into two groups and treated with ARInc1-specific or control ASO.
ASOs were subcutaneously injected at 50 mg per kg body weight, with dosing scheme
of 5d on/2d off. When the average tumor size in the control group reached 1,500 mm3,
mice were euthanized and the primary tumors were excised for weight determination.

We observed significant delay of tumor growth following ARInc1 ASO treatment (Figure
12a-b). Cell proliferation rate is lower when ARInc1 was inhibited, as demonstrated by
Ki-67 staining (Figure 12c¢). Another evidence of on-target effect was the decreased AR
signaling following ARInc1 loss (Figure 12d).
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Figure 12: ARInc1 ASOs inhibit prostate cancer growth in cell-line derived xenografts

(a-b) Effect of ASO treatment on the growth of MDA-PCa-2b xenografts in male athymic nude
mice, with control ASO or ARInc1 ASO treatment subcutaneously at 50 mg per kg body weight,
five times per week for 3 weeks. Tumors were measured by caliper biweekly (a) and tumor
weights were measured at the end point (b). Mean + s.d. values are shown. *P = 0.0251, ***P <
0.0001; compared to control ASO by two-tailed Student’s t test.

(c) Left, immunohistochemistry staining for Ki67 in MDA-PCa-2b xenograft treated with control
ASO or ASO against ARInc1. Right, summary of Ki67 tumor staining for control or ARInc1-ASO-
treated tumors shows significant difference in Ki67 staining intensity.

(d) Left, immunoblots of AR and GAPDH in MDA-PCa-2b xenografts treated with control ASO or
ASO targeting ARInc1. Right, the relative intensity of the bands was quantified using Image J.
Mean £ s.e.m. values are shown. **P < 0.005; ns, not significant; compared to the control-ASO-
treated group by two-tailed Student’s t test.

Overall, during the course of this grant, we have interrogated the mechanism of long
non-coding RNA ARInc1 in regulating AR signaling. Specifically, we demonstrated that
ARInc1 associates with AR transcript in cells. This RNA-RNA interaction is at least
partially involved in ARInc1 regulation on AR transcript stability and downstream AR
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signaling. ARInc1 has the potential to be not only a mechanistic biomarker but also a
therapeutic target for advanced prostate cancer.

What opportunities for training and professional development has the project
provided?

Over the course of this Early Investigator Research Award, | was offered many
opportunities for training, education and professional development. These activities
range from attending RNA Innovation seminars at University of Michigan, to giving
poster presentations at nationwide conferences. Details of these opportunities are listed
below:

Training and education:

(1) I presented research updates and plans at the thematic meetings and lab meetings
to the entire research group. Feedbacks received from my mentor and other research
investigators largely advanced my research.

(2) I had bi-weekly one-on-one meetings with my mentor. During these meetings, | had
in-depth discussion with my mentor regarding problems | came across and possible
ways to solve them. He also offered insights and suggestions on possible research
directions.

(3) | routinely attended the department seminars, which include the Pathology
Department weekly seminar and the RNA Innovation seminars at University of
Michigan.

(4) I completed my PhD training in Molecular and Cellular Pathology at the end of the
reporting period. Meanwhile, by continuing to take required courses throughout the past
five years, | also got a Master degree in Bioinformatics. My experimental skills in
molecular biology, plus the analytic skills in Bioinformatics, have made me better
prepared for leading independent research projects in future.

Poster presentations at scientific conferences:

| attended several meetings and presented part of the data collected here on posters.

(1) Prostate Specialized Programs of Research Excellence (SPORE) Annual Meeting
Feb. 2018, Ft. Lauderdale, Florida.

(2) AACR Annual meeting, Apr. 2018, Chicago, lllinois.

Talks at scientific conferences:
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| was invited or selected by abstract to give talks at campus-wide or nation-wide
conferences. There opportunities allowed me to communicate with fellow scientists and
to receive feedbacks on IncRNA research. | developed skills of preparing and giving
presentations, and learned to deliver scientific concepts in a clear and effective manner.

(1) 16" Annual Pathology Research Symposium, Nov. 2017, University of Michigan

(2) AACR Annual meeting (Mini-symposia: Noncoding RNAs in Cancer Biology), Apr.
2019, Atlanta, Georgia.

Mentoring experience:

| helped with training several undergraduate research volunteers and technicians in our
lab. Specifically, | introduced to them ways to approach scientific questions, taught them
experimental techniques, and helped them with preparing research presentations.

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?

Nothing to report.

4.IMPACT:

What was the impact on the development of the principal discipline(s) of the
project?

Past studies on AR signaling has largely focused on protein coding genes. Examples of
de-regulated AR signaling in metastatic prostate cancer include AR amplifications, AR
mutations, AR splicing variants, and activation of the AR via ligand-independent ways,
etc. In this project, we studied the mechanisms of how non-coding RNAs are involved in
AR signaling regulation. We demonstrated that IncRNA could modulate transcript
stability in cells via RNA-RNA interaction and co-localization. Moreover, functional
mechanism and therapeutic potential of oncogenic non-coding RNAs could be
effectively evaluated by antisense technologies. In addition, the experimental
approaches developed here, which include RNA-RNA interaction assay, smFISH assay,
and antisense technologies, could be utilized for other IncRNA research projects in
future.
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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:
Nothing to Report.

6.PRODUCTS:

Publications, conference papers, and presentations

(Reporting only the major publication(s) resulting from the work under this award)
= Journal publications.

Yajia Zhang*, Sethuramasundaram Pitchiaya*, Marcin Cieslik*, Yashar S. Niknafs, Jean
C-Y.Tien, Yasuyuki Hosono, Matthew K. lyer, Sahr Yazdani, Shruthi Subramanyiam,
Sudhanshu K. Shukla, Xia Jiang, Lisha Wang, Tzu-Ying Liu, Michael Uhl, Alexander
Gawronski, Yuanyuan Qiao, Lanbo Xiao, Saravana M. Dhanasekaran, Kristin M.
Juckette, Lakshmi P. Kunju, Xuhong Cao, Utsav Patel, Mona Batish, Girish C. Shukla,
Michelle T. Paulsen, Mats Ljungman, Hui Jiang, Rohit Mehra, Rolf Backofen, Cenk S.
Sahinalp, Sue Freier, Andy Watt, Shuling Guo, John T. Wei, Felix Y. Feng, Rohit Malik*,
Arul M. Chinnaiyan®. Analysis of the androgen receptor-regulated IncRNA
landscape identifies a role for ARLNC1 in prostate cancer progression. Nature
Genetics, May 28, 2018, doi: 10.1038/s41588-018-0120-1

= Other publications, conference papers, and presentations.

Poster presentation and Abstract: Yajia Zhang, Sethuramasundaram Pitchiaya, Marcin
Cieslik, Yashar S. Niknafs, Jean C-Y. Tien, Yasuyuki Hosono, Matthew K. lyer, Lisha
Wang, Yuanyuan Qiao, Xuhong Cao, Mats Ljungman, Hui Jiang, Rohit Mehra, Shuling
Guo, John T. Wei, Felix Y. Feng, Rohit Malik, Arul M. Chinnaiyan. The Androgen
Receptor-Regulated LncRNA Landscape Reveals a Role for ARInc1 in Prostate
Cancer Progression. [abstract 2458]. In: Proceedings of the 109th Annual Meeting of
the American Association for Cancer Research; 2018 Apr 14-18; Chicago, IL, AACR.
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Poster: Yajia Zhang, Rohit Malik, Marcin Cieslik, Sethuramasundaram Pitchiaya, Jean
Ching-Yi Tien, Yashar Niknafs, Yasuyuki Hosono, Sahr Yazdani, Xuhong Cao, Dan
Robinson and Arul Chinnaiyan. Investigating the role of androgen receptor
regulated long non-coding RNA ARInc1 in prostate cancer. Keystone Symposia
Conference- Noncoding RNAs: From Disease to Targeted Therapeutics, 2017

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name: Yajia Zhang
Project Role: Graduate Student
Researcher Identifiern

N/A
(e.g. ORCID ID):
Nearest person month

6
worked:

Ms. Zhang has performed work in the area of prostate cancer
biology, especially discovering functioning mechanism of long
non-coding RNAs in cancer context.

Funding Support: N/A

Contribution to
Project:

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:

lonis Pharmaceuticals, Inc

= Location of Organization:

2855 Gazelle Court Carlsbad, CA 92010

= Partner's contribution to the project

= In-kind support: They helped with designing and synthesis of clinical-grade
antisense oligonucleotides that were used for INncRNA inhibition.
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8.SPECIAL REPORTING REQUIREMENTS
Nothing to report.

9.APPENDICES:
(1) curriculum vitae
(2) Journal publication:

Yajia Zhang*, Sethuramasundaram Pitchiaya*, Marcin Cieslik*, Yashar S. Niknafs, Jean
C-Y.Tien, Yasuyuki Hosono, Matthew K. lyer, Sahr Yazdani, Shruthi Subramanyiam,
Sudhanshu K. Shukla, Xia Jiang, Lisha Wang, Tzu-Ying Liu, Michael Uhl, Alexander
Gawronski, Yuanyuan Qiao, Lanbo Xiao, Saravana M. Dhanasekaran, Kristin M.
Juckette, Lakshmi P. Kunju, Xuhong Cao, Utsav Patel, Mona Batish, Girish C. Shukla,
Michelle T. Paulsen, Mats Ljungman, Hui Jiang, Rohit Mehra, Rolf Backofen, Cenk S.
Sahinalp, Sue Freier, Andy Watt, Shuling Guo, John T. Wei, Felix Y. Feng, Rohit Malik*,
Arul M. Chinnaiyan®. Analysis of the androgen receptor-regulated IncRNA
landscape identifies a role for ARLNC1 in prostate cancer progression. Nature
Genetics, May 28, 2018, doi: 10.1038/s41588-018-0120-1
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Analysis of the androgen receptor-regulated
IncRNA landscape identifies a role for ARLNC1
in prostate cancer progression

Yajia Zhang'?342, Sethuramasundaram Pitchiaya'*%, Marcin Cieslik"2?3, Yashar S. Niknafs'®,
Jean C.-Y. Tien'?, Yasuyuki Hosono'!, Matthew K. lyer'#, Sahr Yazdani', Shruthi Subramaniam’,

Sudhanshu K. Shukla"?°, Xia Jiang', Lisha Wang', Tzu-Ying Liué, Michael Uhl®?7,

Alexander R. Gawronski®, Yuanyuan Qiao"??, Lanbo Xiao', Saravana M. Dhanasekaran'?,
Kristin M. Juckette', Lakshmi P. Kunju'2°, Xuhong Cao''°, Utsav Patel”, Mona Batish™?,
Girish C. Shukla®, Michelle T. Paulsen®", Mats Ljungman®", Hui Jiang ©5°, Rohit Mehra?°",

Rolf Backofen

7, Cenk S. Sahinalp™", Susan M. Freier'®, Andrew T. Watt'¢, Shuling Guo™®,
John T. Wei®, Felix Y. Feng'®'41%21 Rohit Malik'?%2* and Arul M. Chinnaiyan

1,2,4,5,9,10,15,24%

The androgen receptor (AR) plays a critical role in the development of the normal prostate as well as prostate cancer. Using an
integrative transcriptomic analysis of prostate cancer cell lines and tissues, we identified ARLNC1 (AR-regulated long noncod-
ing RNA 1) as an important long noncoding RNA that is strongly associated with AR signaling in prostate cancer progression.
Not only was ARLNC1 induced by the AR protein, but ARLNC1 stabilized the AR transcript via RNA-RNA interaction. ARLNC1
knockdown suppressed AR expression, global AR signaling and prostate cancer growth in vitro and in vivo. Taken together,
these data support a role for ARLNC1 in maintaining a positive feedback loop that potentiates AR signaling during prostate
cancer progression and identify ARLNC1 as a novel therapeutic target.

diverse and largely uncharacterized biological functions'~.

Through crosstalk with chromatin, DNA, RNA species and pro-
teins, IncRNAs function via chromatin remodeling, as well as tran-
scriptional and post-transcriptional regulation*~’. High-throughput
RNA sequencing (RNA-seq) has enabled the identification of
IncRNAs with suggested oncogenic and tumor-suppressive roles,
including involvement in the pathogenesis of prostate cancer”'*-'2.
Primary prostate cancer is often hormone dependent and relies
on signaling through the AR; therefore, the majority of patients
are responsive to front-line treatment with androgen-deprivation
therapy'*-'>. However, approximately 20% of cases progress to an
incurable stage of the disease known as castration-resistant pros-
tate cancer (CRPC), which still critically relies on AR signaling'®",

|_ong noncoding RNAs (IncRNAs) are a class of transcripts with

as evidenced by the clinical benefit afforded through the use of
enzalutamide'*~*' or abiraterone*~**. While substantial efforts have
been undertaken to identify mechanisms of sustained AR signal-
ing in CRPC (i.e., AR alterations, AR splice variants and alterna-
tive activation pathways)”~*', few studies have investigated the role
of AR-regulated IncRNAs. Therefore, we initiated a comprehensive
RNA-seq profiling investigation of AR-regulated, cancer-associated
IncRNAs from prostate cancer cell lines and patient tissue samples.

Results

Analysis of AR-regulated transcriptome in prostate cancer. To
nominate AR-regulated genes (ARGs), RNA-seq was performed on
AR-dependent VCaP and LNCaP prostate cancer cell lines that were
stimulated with an AR ligand, dihydrotestosterone (DHT), for 6 and
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Fig. 1| Identification of AR-regulated genes in prostate cancer. a, The androgen-regulated transcriptome of prostate cancer cells. The heat map
represents the 1,702 genes (including 547 IncRNAs) differentially regulated in LNCaP and VCaP cells following 6 and 24 h of DHT treatment. b, The
landscape of transcriptomic alterations of prostate cancer progression. The heat map depicts 1,155 protein-coding genes and 547 IncRNAs across benign
prostate (normal, n="52 samples), localized prostate cancer (PCa, n=500 samples) and metastatic prostate cancer (Mets, n=100 samples) in TCGA
prostate and SU2C-PCF RNA-seq data, with rows representing genes and columns representing patients. Patients were grouped by clinical stage, and
genes were subjected to hierarchical clustering. Expression variability is quantified for each gene as a z-score relative to the mean expression in normal
prostate samples. ¢, A heat map representation of ranked median gene expression levels in prostate tissues. Canonical prostate lineage and prostate

cancer markers are listed.

24h (Supplementary Fig. 1a). A total of 1,702 genes were identi-
fied to be concordantly induced or repressed in VCaP and LNCaP
cells at both time points (Fig. la, Supplementary Fig. 1b,c and
Supplementary Table 1), including more than 500 IncRNAs (Fig. 1a
and Supplementary Fig. 1d); these data indicate that a large portion
of the AR transcriptome remains uncharacterized.

To differentiate between direct and indirect ARGs, previously
published and in-house AR chromatin immunoprecipitation
(ChIP)-seq data from LNCaP and VCaP cells were analyzed®.
As expected for direct AR targets, increased levels of AR bind-
ing at transcription start sites (TSSs) in both LNCaP and VCaP
cells were observed (Supplementary Fig. le). The binding levels
decreased following treatment with an AR antagonist (enzalu-
tamide) (Supplementary Fig. 1f,g), and the binding sites revealed
a de novo motif identical to the canonical AR response element™
(Supplementary Fig. 1h). A total of 987 genes were categorized as
direct ARGs, including 341 IncRNAs (IncARGs) (Supplementary
Table 1). Within these genes, we observed an enrichment of
chromatin marks associated with ‘open’ chromatin (H3K27ac,
H3K4mel), active promoters (H3K4me3) and transcription
(H3K36me3), which, together with RNA polymerase II (PolII)
occupancy, are recognized as manifestations of active gene
expression (Supplementary Fig. 1i). Bromodomain and extra-ter-
minal (BET) family proteins, such as BRD4, recognize acetylated

NATURE GENETICS | VOL 50 | JUNE 2018 | 814-824 | www.nature.com/naturegenetics

histones and have been shown to promote AR transcriptional
activity””. Consistent with this, we observed colocalization of
BRD4 and AR proteins at the promoters of direct AR-responsive
genes and loss of AR ChIP peaks following treatment with a bro-
modomain inhibitor (JQ1) (Supplementary Fig. 1f,i). We further
sought to determine whether ARGs identified from cell lines
were also targeted by AR in normal prostate tissues and primary
tumors. We leveraged a published dataset™ and queried for the
presence of AR peaks within ARG promoters. Remarkably, the
majority of ARG promoters were TSS-proximally bound by AR
in both tissues and cell lines (Supplementary Fig. 1j,k); con-
versely, AR-independent genes were distal to AR-binding sites
(Supplementary Fig. 11).

Finally, we confirmed that the ARGs were also expressed in
human prostate tissues. We interrogated RNA-seq data from normal
prostate, clinically localized prostate cancer (The Cancer Genome
Atlas, TCGA)* and metastatic CRPC (Stand Up to Cancer—Prostate
Cancer Foundation, SU2C-PCF)* (Fig. 1b). This revealed remark-
able heterogeneity in the expression of ARGs during prostate cancer
progression to metastatic disease. As expected, compared to pro-
tein-coding genes, noncoding ARGs were detected at lower overall
levels (Fig. 1c), although ~10% showed robust expression of over
10 FPKM (fragments per kilobase of transcript per million mapped
reads) on average across prostate cancer samples.
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Fig. 2 | Nomination and in situ characterization of ARLNC1 in prostate cancer. a,b, Identification of androgen-regulated transcripts elevated in prostate
cancer progression. Scatterplots show the AR regulation and cancer association of the ARGs identified in Fig. 1a. The y axis depicts the log,-transformed
fold change in gene expression following DHT stimulation, and the x axis indicates the log,-transformed difference in gene expression level between
benign prostate (n=52 samples) and localized prostate cancer (n=500 samples) (a) and between benign prostate (n=52 samples) and metastatic
prostate cancer (n=100 samples) (b). Significant genes with log, fold change > 1 were ranked according to combined P value (limma-moderated t test).
¢, Nomination of prostate cancer- and lineage-associated IncRNAs based on expression levels. The scatterplot shows the expression level, prostate tissue
specificity and prostate cancer association of INcRNAs. The expression level is the FPKM value at the 95th percentile across TCGA prostate samples.
Average cancer and lineage associations are represented by the percentile rank for each gene in SSEA (total n = 7,256 samples). d, Relative expression
(FPKM) of ARLNCT across different cancer types in the TCGA cohort. Inset, relative expression (FPKM) of ARLNCT1 across benign prostate (n=52
samples), localized prostate cancer (=500 samples) and metastatic prostate cancer (=100 samples). PCa versus Normal: ****P < 2.2 x107%; Mets
versus Normal: ****P=2.6 x10~7 (two-sided t test). Box-plot definitions: the center line depicts the median, the box shows the first and third quartiles,

and the whiskers follow the 1.5 rule. e, ISH of ARLNC1 transcript in a human prostate cancer tissue microarray. Representative ARLNC1 staining is shown
for benign prostate and localized and metastatic prostate cancer tissue. The bar plot represents mean ARLNC1 expression scores across benign prostate
(n=11), localized prostate cancer (n=285) and metastatic prostate cancer (n=37) tissues, with vertical bars indicating the bootstrapped 95% confidence
interval of the means. Significance was calculated by a Kruskal-Wallis rank-sum test.

ARLNCI is a prostate lineage-specific IncRNA with elevated
expression in cancer. We hypothesized that IncRNAs associated
with prostate cancer progression and castration resistance should
be either upregulated if they enhance AR signaling or, conversely,
downregulated if they attenuate AR signaling. Their expression is
also expected to be AR dependent and lineage restricted if they
are part of bona fide physiological feedback loops. Accordingly,
a top—down strategy was developed to establish and priori-
tize clinically relevant, prostate cancer- and lineage-specific
IncARGs. First, we identified genes that were both regulated by
AR in the VCaP and LNCaP cell lines and upregulated in pri-
mary (Fig. 2a) or metastatic (Fig. 2b) prostate cancer as com-
pared to normal prostate tissues. As expected, canonical AR
targets, including KLK3, KLK2 and TMPRSS2, were among the
most differentially expressed protein-coding genes. Notably, this
approach highlighted several novel IncARGs, including ARLNCI
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(ENSG00000260896, PRCAT47"), and validated previously iden-
tified IncARGs, such as CTBPI-AS* (Fig. 2a,b). Interestingly,
ARLNCI was found to be one of the most differentially expressed
AR-regulated genes in both localized and metastatic prostate can-
cer (Fig. 2a,b and Supplementary Fig. 2a,b).

Next, we sought to establish the prostate lineage and cancer
specificity of prostate cancer—associated IncRNAs. We leveraged
the MiTranscriptome assembly'’, an online resource, to interrogate
IncRNA expression across a multitude of tissue and tumor types,
and we calculated sample set enrichment analysis (SSEA) scores,
which indicate the strength of cancer and lineage association'’. After
applying an expression-level filter (10 FPKM at the 95th percentile),
we identified 12 of the most prostate lineage- and cancer-specific
IncRNAs (Fig. 2c and Supplementary Fig. 2¢,d); 5 of these IncRNAs
were regulated by AR. Across these analyses, ARLNCI was the top
prioritized transcript and thus warranted further investigation.
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Fig. 3| ARLNC1 is directly regulated by AR. a, AR ChIP-seq in prostate
cancer cell lines and tissues. Normalized ChIP-seq enrichment is shown.
Top, AR or control (IgG) ChIP-seq results across the ARLNCT locus in
LNCaP and VCaP cells with vehicle (ethanol) or DHT treatment. Bottom,
AR ChlIP-seq in benign prostate and clinically localized prostate cancer
tissue. ARE, androgen response element. b, ChIP-gPCR in MDA-PCa-2b
cells showing AR or IgG enrichment (ChIP/input) over the ARLNCT
promoter region (primer 1) or a control region (primer 2). Data are

shown as the mean +s.e.m. (n=3 biologically independent samples).

***P (adjusted) <0.0001, NS (not significant): P=0.5746, compared to
the control region (primer 2) by ANOVA with Sidak correction for multiple
comparisons. Top, schematic of the amplicon locations for ChIP-qPCR
validation. ¢, Expression of AR and AR target genes (ARLNC1, TMPRSS2,
SLC45A3 and KLK3) in MDA-PCa-2b cells transfected with control siRNA
(si-NT) or siRNAs against AR (si-AR-pool, si-AR-1, si-AR-2). Mean +s.e.m.
values are shown, n=3 biologically independent samples. ***P=0.0001,
determined by ANOVA with Dunnett’s multiple-comparisons test.

Expression of ARLNC1 was interrogated across cancer and nor-
mal tissue RNA-seq samples from TCGA and the Genotype-Tissue
Expression (GTEx) project’”*, respectively. In the TCGA cohort,
ARLNCI exhibited a highly prostate cancer-specific expression
pattern, with little to no expression in other tumor types (Fig. 2d).
Similarly, in the GTEx normal tissue cohort, its expression was lim-
ited to the prostate (Supplementary Fig. 2e). Among the prostate
samples, ARLNC1 expression was significantly higher in localized
and metastatic prostate cancers than in benign tissues, as assessed
by RNA-seq (Fig. 2d, inset) and in situ hybridization (ISH; Fig. 2e).
In an extensive differential expression analysis using MiTranscriptome,
ARLNC1 was found to be among the top 1% of transcripts most
upregulated in prostate cancer and specific to the prostate lineage,
with no significant associations in other tissues (Supplementary
Fig. 2f). Moreover, the protein-coding genes that were most cor-
related with ARLNCI1 were found to be associated with prostate
cancer progression in ONCOMINE concept analyses performed on
multiple clinical datasets® (Supplementary Fig. 2g). Together, these
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results confirm that ARLNCI expression is restricted to the prostate
lineage, elevated in prostate cancer and associated with AR signal-
ing throughout prostate cancer progression.

To functionally characterize ARLNCI, we first identified appro-
priate prostate cancer cell lines with moderate to high levels of
ARLNCI1 expression using in-house RNA-seq data (Supplementary
Fig. 3a). Supporting the association of AR with ARLNC1, ARLNC1
expression was highly enriched in AR-positive cell lines, with the
highest expression in MDA-PCa-2b and LNCaP cells. In addition,
qPCR analysis for the ARLNCI transcript also demonstrated that
this gene was expressed at the highest level in the MDA-PCa-2b and
LNCaP cell lines (Supplementary Fig. 3b). As existing annotations
of the ARLNCI gene (located on chromosome 16) predict the pres-
ence of several transcript isoforms that differ in exon and TSS usage,
we determined the exact structure in MDA-PCa-2b and LNCaP
cells by RACE. A common TSS for ARLNCI was found in both cell
lines, and the ~2.8-kb transcript isoform was further confirmed by
northern blot analysis (Supplementary Fig. 3c). Single-molecule
FISH (smFISH) revealed that approximately 100 molecules of
ARLNCI1 transcript existed per MDA-PCa-2b cell (Supplementary
Fig. 3d,e). Using smFISH and qPCR, we also found that ARLNC1
molecules were distributed equally between the nuclear and cyto-
plasmic cellular compartments (Supplementary Fig. 3f,g).

ARLNCI transcription is directly regulated by AR. Because
ARLNC1 was identified as an AR-regulated IncRNA, we inspected
the promoter region of the ARLNCI gene for AR occupancy and
identified an androgen-induced AR peak in AR ChIP-seq data from
both DHT-stimulated VCaP and LNCaP cells (Fig. 3a). Notably, this
AR-binding site was also observed in prostate tissue samples and
contained a canonical androgen response element® (Fig. 3a). These
observations were corroborated by ChIP-qPCR in MDA-PCa-2b
cells, which showed the highest level of ARLNC1 expression
(Fig. 3b). Considering the observation that ARLNCI expression
is prostate tissue specific, while AR expression is not as much, we
searched for additional regulators (transcription factors and epigen-
etic modifiers) of the ARLNCI gene (Supplementary Fig. 4a). Motif
analysis of the ARLNCI promoter region identified several tran-
scription factor binding sites, including a FOXA1 response element.
To further validate ARLNCI gene regulation by AR and FOXAL,
we evaluated ARLNCI transcript levels following AR or FOXAL1
knockdown. AR or FOXAL loss resulted in decreased expression of
ARLNCI, along with other canonical AR target genes that served
as positive controls (Fig. 3¢ and Supplementary Fig. 4b). ChIP-
seq and ChIP-qPCR analyses additionally confirmed the putative
FOXA1-binding motif on the ARLNCI promoter (Supplementary
Fig. 4c). Together, these observations suggest that ARLNCI is
directly regulated by AR and modestly regulated by FOXA1, which
partially explains the tissue-specific expression pattern of ARLNC1,
as expression of these two transcription factors overlaps nearly
exclusively in prostate tissue’-** (Supplementary Fig. 4d).

ARLNCI1 regulates AR signaling. To elucidate the function of
ARLNCI in prostate cancer, we performed gene expression pro-
filing of wild-type and ARLNC1-knockdown MDA-PCa-2b cells
(Fig. 4a). Gene ontology (GO) pathway enrichment analysis of
the differentially expressed genes revealed deregulation of four
main biological activities: apoptosis, cell proliferation, DNA dam-
age response and androgen signaling (Fig. 4a). The significant
decrease in AR target gene expression is particularly interesting
given the fact that ARLNCI1 is regulated by AR, suggesting a posi-
tive feedback loop between ARLNC1 and AR signaling. To confirm
this observation, we generated an AR target gene signature from
MDA-PCa-2b cells stimulated with DHT (Supplementary Fig. 5a
and Supplementary Table 2) and performed gene set enrichment
analysis (GSEA) using this gene signature (Fig. 4b). Knockdown
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against ARLNCT, AR, EZH2 or non-specific control (NT). The experiments were repeated three times independently with similar results. Uncropped images

are shown in Supplementary Fig. 9.

of ARLNC1 led to suppression of genes positively regulated by AR
and upregulation of genes negatively regulated by AR (Fig. 4b,c
and Supplementary Fig. 5b). This was further confirmed by an
AR reporter activity assay (Fig. 4d and Supplementary Fig. 5c),
as well as qPCR analysis of AR target genes (Supplementary
Fig. 5d). Interestingly, ARLNC1 knockdown also had a significant
effect on the mRNA and protein levels of AR (Fig. 4e,f), suggest-
ing direct regulation of AR by ARLNCI1. However, we found that
ARLNCI overexpression did not affect AR and its signaling cas-
cade (Supplementary Fig. 5e).

In situ colocalization of ARLNC1 and AR transcripts. Noncoding
RNAs have been shown to target mRNAs via direct or indirect
RNA-RNA interaction®""~*. To identify target mRNAs that could
interact with ARLNCI, we performed unbiased prediction of
RNA-RNA interactions using IntraRNA**. Interestingly, the
3'UTR of the AR transcript was identified as a target of ARLNC1
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(Fig. 5a and Supplementary Fig. 6a). An in vitro RNA-RNA interac-
tion assay between the 3' UTR of AR and full-length ARLNCI con-
firmed this in silico prediction (Fig. 5b). To evaluate this interaction
in the context of the cellular environment, multiplexed smFISH for
AR and ARLNCI transcripts was performed in MDA-PCa-2b cells.
On co-staining of MDA-PCa-2b cells for either a combination of AR
transcriptsanda panel ofIncRNAsor ARLNCI1 andapanel of mRNAs,
we observed specific colocalization of AR and ARLNC] transcripts
in the nucleus within foci that were typically larger than individual
molecules (Fig. 5c—e). The extent of colocalization was much higher
than that expected from coincidental colocalization with an abun-
dant transcript, such as MALAT1 or GAPDH (Fig. 5c—¢). More spe-
cifically, colocalization typically occurred at a stoichiometry of 2:1
ARLNCI1/AR, which accounted for ~10-20% of all AR and ARLNCl1
transcripts in the cell (Supplementary Fig. 6b). Furthermore,
AR-ARLNCI colocalization was observed in ARLNCI-positive
prostate cancer tissues (Fig. 5f,g).

NATURE GENETICS | VOL 50 | JUNE 2018 | 814-824 | www.nature.com/naturegenetics

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.


http://www.nature.com/naturegenetics

NATURE GENETICS RTICLES

a |—' AR c
5 ] ¥ —— i w— 3’
____________________ S =
e}
f =
)
5 CUUU u c A G u AAUAG-3' ~
UCUCUC CA UCUCUGCCUCCA CUUCA AU GACUUUC ﬁ
Prherrr e reerererrrer reerr e e <'“
AGGGAG GU AGAGACGGAGGU GAAGU UA CUGGAAG (6]
3 ACGU TR A AAGGA- 5' a
<<
L 38.7856 kcal/mol o g
3 =~ L —————— 5
ARLNCT il
b d MDA-PCa-2b (endo) e MDA-PCa-2b (endo)
a *kk 30_
< 20 c L S,
ES - §
= “ & - §
» 3 = 5 N
T &N &3
o2 gQ £35 15
2 c 10 @ © _
>3 o 9 o
2 © % 30
T = o ° oz
m &
: : L=t
2 .| =83 =] o) =mem =
A AR PO B Q
X Y or S RS T W § g0
& QO%O\\\{@\’ LR G N O W

30 1 P=0.0008
= &
o =
8§ 207
g7
%9
58 10
& E
<
0-
W s
‘?‘?gbf

Fig. 5 | In situ colocalization of AR mRNA and ARLNC1 in prostate cancer cells. a, Schematic of the predicted RNA-RNA interaction between ARLNC1
and the 3" UTR of AR. b, ARLNCT interacts with the AR 3’ UTR in an in vitro RNA-RNA interaction assay. Compared to a panel of control RNAs (ARLNC1

antisense, LacZ, SChLAP1-AS, THOR), ARLNC1 binds to AR 3’ UTR-1-980 with high affinity. The binding affinity was quantified by gPCR analysis of the AR
3’UTR. Data were normalized to the ARLNC1-AS control. Mean +s.e.m. are shown, n=3. **P < 0.001, by two-tailed Student's t test. c-e, smFISH depiction
of AR-ARLNCT colocalization in situ. ¢, Representative pseudocolored images of MDA-PCa-2b cell nuclei stained for the appropriate endogenous (endo)

transcripts (green, red) and with DAPI (nucleus, blue). Scale bar, 5um. The orange circles represent regions of colocalization. d,e, Quantification of the

percentage of AR or ARLNCT molecules colocalizing with a panel of IncRNAs

(d) or mRNAs (e). The center line and whiskers depict the median and

range, respectively, and the box extends from the 25th to the 75th percentile (n =50 cells for each sample aggregated from 3 independent experiments).
***P<0.0001, by two-tailed Student's t test. f, Representative pseudocolored images of ARLNC1-positive prostate cancer tissues stained with DAPI
(nucleus, blue) and for AR (green), HMBS (red) or ARLNCT (red) transcripts (smFISH). Inset, 5.5 5.5 um? zoomed-in view of the box within the main
panel. g, Quantification of the percentage of AR molecules colocalizing with HMBS transcripts or ARLNC1. The center line and whiskers depict the median
and range, respectively, and the box extends from the 25th to the 75th percentile (n=15 field-of-views for each sample aggregated from 3 independent

tissues). P<0.001, by two-tailed Student'’s t test.

Using an in vitro RNA-RNA binding assay, we identified nucle-
otides 700-1300 of ARLNC1 to be critical for binding to the AR
3’UTR (Fig. 6a,b). To confirm this observation within the cel-
lular context, we ectopically overexpressed different fragments of
ARLNC1 together with AR in U20S osteosarcoma cells. In this
exogenous system, colocalization of AR and ARLNC1 was once
again demonstrated, wherein colocalization was dependent on
the presence of nucleotides700-1300 of ARLNCI1 (Fig. 6¢,d and
Supplementary Fig. 6c). Furthermore, incubation with antisense
oligonucleotides (ASOs) that blocked the interaction site led to a
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significant reduction in ARLNC1-AR interaction in vitro and in
situ (Fig. 6e,f and Supplementary Fig. 6d,e). Decreased AR signal-
ing was also observed following blocking of this interaction (Fig. 6g
and Supplementary Fig. 6f).

ARLNCI regulates the cytoplasmic levels of AR transcripts. We
then sought to delineate the mechanism of ARLNCI1-mediated
AR regulation. We first monitored the stability of these two tran-
scripts and found that AR and ARLNCI have similar half-lives of
~9h (Supplementary Fig. 6g). As ARLNC1 depletion resulted in a
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Fig. 6 | Identification of the ARLNC1 fragment mediating RNA-RNA interaction with AR mRNA. a, In vitro RNA-RNA interaction assay identifies
nucleotides 700-1300 on ARLNCT as critical binding site to AR 3’ UTR-1-980. ARLNCT1 fragments covering nucleotides 700-1300 display comparable or
higher AR 3’ UTR binding affinity than ARLNCI-S, with ARLNC1-700-1300 exhibiting the highest binding affinity. Data were normalized to the ARLNC1-AS
control. Mean + s.e.m. values are shown, n=3. ***P (adjusted) =0.0001, determined by ANOVA with Dunnett's multiple-comparisons test. b, Deletion of

nucleotides 700-1300 on ARLNCT results in impaired binding to the AR 3" UTR, as shown by in vitro RNA-RNA interaction assay. Data were normalized
to the ARLNCI1-AS control. Mean + s.e.m. values are shown, n=3. ***P=0.0001, **P=0.0003, by two-tailed Student's t test. ¢,d, smFISH shows that
nucleotides 700-1300 in ARLNCT1 are important for colocalization in situ. ¢, Representative pseudocolored images of U20S cells stained with DAPI
(nucleus, blue) and for ARLNC1 (green) and AR transcripts (red). Inset, 10 X 10 um? zoomed-in view of the orange box in the main image. d, Quantification
of the percentage of AR molecules colocalizing with various ARLNC1 fragments. The center line and whiskers depict the median and range, respectively,
and the box extends from the 25th to the 75th percentile (n =50 cells for each sample aggregated from 3 independent experiments). ***P < 0.0001, by
two-tailed Student's t test. NS, not significant. e, ASOs targeting nucleotides 700-1300 on the ARLNCT1 transcript (ASO-blocking pool) inhibit ARLNC1
interaction with the AR 3" UTR. In vitro RNA-RNA interaction assays were performed using ARLNC1 and the AR 3’ UTR, with the addition of the blocking
ASO pool or control ASO. Data were normalized to the control ASO. Mean + s.e.m. values are shown, n=3. P=0.0014, by two-tailed Student's t test.

f, smFISH shows that ASOs targeting nucleotides 700-1300 on the ARLNC1 transcript (ASO-blocking) inhibit ARLNC1 colocalization with AR in situ.
Quantification is shown of the percentage of AR transcripts colocalizing with ARLNC1 after various treatments in MDA-PCa-2b cells. The center line and
whiskers depict the median and range, respectively, and the box extends from the 25th to the 75th percentile (n =50 cells for each sample aggregated
from 3 independent experiments). The P value was computed by two-tailed Student'’s t test. g, gPCR analysis of ARLNCT, AR and AR signaling genes
(KLK2, KLK3, NKX3-1, TMPRSS2 and FKBP5) in MDA-PCa-2b cells transfected with control or blocking ASOs targeting the interaction site between
ARLNCT and the AR 3’ UTR. Mean +s.e.m. values are shown, n=3. Significance was determined by two-tailed Student'’s t test.

striking reduction of AR protein levels, much more than could be
explained by AR transcript reduction, we hypothesized that ARLNC1
could affect AR post-transcriptionally. To test this hypothesis, we
tracked the subcellular localization of AR transcripts using smFISH
after depleting ARLNC1. We confirmed successful in situ knock-
down of ARLNCI using siRNAs, antisense oligonucleotide (ASO)
and the blocking oligonucleotides that targeted the ARLNCI-AR
interaction (ASO-blocking) in MDA-PCa-2b cells (Supplementary
Fig. 6h,i). Quantification of the subcellular distribution of ARLNC1
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suggested that the nuclear fraction of ARLNCI was enriched only
in the ARLNCI siRNA (si-ARLNCI) condition (Supplementary
Fig. 6j),aresultexpected for siRNAs thatare typically more functional
in the cytosol®. Surprisingly, ARLNC1 knockdown or obstruction
of the AR-ARLNCI interaction increased the nuclear AR fraction
by dramatically decreasing cytoplasmic levels of the AR transcript
(Fig. 7a,b and Supplementary Fig. 6k-1). This observation was fur-
ther supported by BrU-seq and BrUChase-seq, two high-throughput
tools that monitor transcript synthesis and stability. On ARLNCI
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Fig. 7 | ARLNC1 regulates the cytoplasmic level of the AR transcript.

a, ARLNCT regulates AR post-transcriptionally by specifically affecting
cytoplasmic AR mRNA. Representative pseudocolored images are shown
of MDA-PCa-2b cells stained for DAPI (nucleus, blue) and AR (gray) after
treatment with siRNA against AR (si-AR), siRNA against ARLNCT (si-
ARLNCI1-3), ASO against ARLNCT (ASO-ARLNCI-1) or blocking ASO against
the AR-ARLNCT1 colocalizing segment (ASO-blocking). Quantification

of knockdown is shown in Supplementary Fig. 6k,1. b, Fractional column
plots depicting the nucleo-cytoplasmic distribution of AR mRNA after

the various treatment conditions in a, as computed using smFISH.

Mean + s.e.m. values are shown, n=3 independent experiments and

60 cells analyzed for each sample. The P values were computed by comparing
to si-NT- or ASO-control-treated cells, by two-tailed Student's t test.

knockdown, the synthesis rate of the AR transcript remained the
same (Supplementary Fig. 6m), while the stability of the tran-
script decreased, particularly through the 3’ UTR (Supplementary
Fig. 6n). Taken together, our data suggest that ARLNCI1 regulates
the cytoplasmic levels of AR transcripts. Furthermore, the tran-
scriptional coupling between AR and ARLNCI1 transcripts is medi-
ated by direct interactions that are encoded in their sequences.

Inhibition of ARLNCI delays prostate cancer growth in vitro
and in vivo. Having established a role for ARLNCI in the regu-
lation of AR signaling, we further evaluated the biological effects
of ARLNCI in prostate cancer cell lines. GO pathway enrichment
analysis of the knockdown microarray data showed that ARLNC1-
regulated genes were involved in cell proliferation and apoptosis
(Fig. 4a). Knockdown of ARLNCI had a significant effect on the
proliferation of AR-dependent MDA-PCa-2b and LNCaP cells, but
had no effect on AR-negative DU145 and PC3 cells (Fig. 8a and
Supplementary Fig. 7a,b). Knockdown of ARLNC1 also resulted in
increased apoptosis in AR-positive prostate cancer cells (Fig. 8b and
Supplementary Fig. 7c). Notably, these results translated to effects
in vivo, as cells expressing shRNA targeting ARLNCI formed smaller
tumors in mice when compared to cells expressing non-targeting
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shRNA (Fig. 8c), thus suggesting that ARLNCI is an important
survival factor for AR-dependent prostate cancer.

Because modulation of ARLNCI expression levels resulted in
a striking proliferation phenotype, we hypothesized that ARLNC1
inhibition could be used therapeutically for the treatment of pros-
tate cancer. ASOs have recently been shown to be effective in tar-
geting RNA in vivo*™™; thus, we designed ASOs targeting the
ARLNCI1 transcript (Supplementary Fig. 7d). Transfection of ASOs
resulted in strong knockdown efficiency (Supplementary Fig. 7e),
and ASO-mediated knockdown resulted in similar effects on
gene expression profiling to siRNA (Fig. 8d,e and Supplementary
Fig. 7f). Furthermore, AR-positive cells transfected with ARLNCI
ASOs exhibited retarded growth, similar to those treated with siR-
NAs (Fig. 8f). To evaluate the therapeutic potential of ARLNCI
ASOs in vivo, we first assessed the cellular free-uptake efficiency
of ARLNC1 ASOs, a prerequisite for ASO therapeutic use. Notably,
several ASOs significantly reduced ARLNC1 levels through
free uptake (Supplementary Fig. 7g). Free uptake of ARLNCI
ASOs led to a significant decrease in the proliferation capacity
of MDA-PCa-2b cells in both normal cell culture and 3D sphere
conditions (Supplementary Fig. 7h-j). Treatment of mice bear-
ing MDA-PCa-2b xenografts with ARLNCI-targeting ASOs led to
significant decreases in tumor growth compared to control ASO
(Fig. 8g,h and Supplementary Fig. 8a—e). Taken together, these data,
along with the association of ARLNCI1 with aggressive androgen
signaling (Supplementary Fig. 8f-j), suggest that ARLNC1 plays a
critical role in the proliferation of AR-dependent prostate cancer
and can be effectively exploited as a therapeutic target.

Discussion

As AR signaling remains a significant driver of CRPC pathogenesis,
it is imperative to generate novel strategies to target this pathway.
Even with the addition of enzalutamide or abiraterone to CRPC
treatment regimens, progression invariably occurs. Exploiting play-
ers other than AR itself that are pivotal to maintaining the mag-
nitude of the androgen response is an alternative approach. Our
comprehensive profiling of AR-regulated, prostate cancer-associ-
ated IncRNAs identified the top-ranking candidate ARLNCI that
we functionally characterized. We identified a positive feedback
loop between ARLNCI and AR that maintains the androgen tran-
scriptional program in AR-positive prostate cancer cells, specifically
through regulating the cellular levels of AR (Fig. 8i). The mechanism
we identified echoes previous studies on IncRNAs—1/2-sbsRNAs*,
BACE1-AS’ and TINCR", which highlights the role of IncRNA in
increasing or decreasing RNA stability.

As a novel noncoding regulator of AR signaling, ARLNCI1 has
the potential to be not only a mechanistic biomarker but also a
therapeutic target for advanced prostate cancer. In addition, the
fact that it acts upstream of AR signaling presents the possibility
that targeting ARLNC1 may afford an additional option to patients
that have de novo or acquired resistance to therapies targeting AR
itself (that is, enzalutamide or abiraterone). Furthermore, specific
antisense nucleotides targeting ARLNC1, which we demonstrate to
be specifically expressed in the prostate, could circumvent undesir-
able side effects that occur in other tissues with exposure to andro-
gen synthesis inhibitors or anti-androgens.

Although we have identified a new node of the AR signaling net-
work that can be therapeutically targeted, the molecular mechanism
through which ARLNC1 regulates AR transcript levels remains to be
fully characterized. At this time, it is unclear whether the physical
interaction between the AR 3’ UTR and ARLNCI functions with the
aid of additional RNA-binding proteins (for example, HuR) and/or
RNAs in vivo™'. Nonetheless, the application of ASOs has ushered
in an exciting era that makes it possible to target previously ‘undrug-
gable’ molecules directly at the transcript level, such as ARLNCI,
which is likely to yield promising opportunities in cancer treatment.
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Fig. 8 | ARLNCI as a therapeutic target in AR-positive prostate cancer models. a, siRNA-mediated knockdown of ARLNCT1 in vitro in AR-positive prostate
cancer cell lines (MDA-PCa-2b and LNCaP) inhibits cell proliferation. The AR-negative prostate cell line DU145 serves as a negative control. Mean +s.d.
values are shown, n=6 independent cell cultures per group, **P (adjusted) =0.0001 compared to si-NT-treated cells, by one-way ANOVA with Dunnett's
multiple-comparisons test; NS, not significant. b, ARLNC1 loss leads to increased apoptosis as shown by western blot analysis of PARP and cleaved PARP
in LNCaP cells following ARLNC1 knockdown. The experiment was repeated independently three times with similar results. Uncropped images are shown
in Supplementary Fig. 9. ¢, Tumor growth of LNCaP-AR cells expressing shRNA targeting ARLNCT or shRNA vector. Mean + s.e.m. values are shown. n=10
independent tumors, ***P < 0.0001, **P=0.0007, as determined by two-tailed Student's t test. d, Gene expression profiling for siRNA-mediated or
ASO-mediated ARLNCT knockdown in MDA-PCa-2b cells. The numbers above the heat map represent the specific microarray replicates. e, gRT-PCR
analysis of ARLNCT, AR and AR targets (KLK2, KLK3, FKBP5 and STEAP2) in MDA-PCa-2b cells transfected with ASOs against ARLNC]1. Data were
normalized to a housekeeping gene, and the levels in control ASO-treated cells were set to 1. Mean +s.e.m. values are shown, n=3. Adjusted P values were
determined by one-way ANOVA with Dunnett correction for multiple comparisons. f, Transfection of ASOs targeting ARLNCT in AR-positive MDA-PCa-2b
cells inhibits cell proliferation. The AR-negative prostate cell line PNT2 serves as a negative control. Mean + s.e.m. values are shown, n=6 independent
cell cultures per treatment group. *P (adjusted) = 0.0112, **P (adjusted) = 0.0065, NS: not significant; compared to the control-ASO group by one-way
ANOVA with Dunnett correction for multiple comparisons. g h, Effect of ASO treatment on the growth of MDA-PCa-2b xenografts in male athymic nude
mice, with control ASO (n=15) or ARLNCT ASO (n=13) treatment subcutaneously at 50 mg per kg body weight, five times per week for 3 weeks. Tumors
were measured by caliper biweekly (g) and tumor weights were measured at the end point (h). Mean + s.d. values are shown. *P=0.0251, ***P < 0.0007;
compared to control ASO by two-tailed Student's t test. i, A model depicting the positive feedback loop between ARLNC1and AR that is critical for
prostate cancer growth.
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Cell lines. Cell lines were purchased from the American Type Culture Collection
(ATCC) and maintained using standard media and conditions. All cell lines were
genotyped by DNA fingerprinting analysis and tested for mycoplasma infection
every 2 weeks. All cell lines used in this study were mycoplasma negative. For
androgen stimulation experiments, VCaP and LNCaP cells were grown in medium
supplemented with charcoal-stripped serum for 48 h and then stimulated with
10nM DHT (Sigma-Aldrich) for 6 or 24h.

RNA-seq. Total RNA was extracted from LNCaP and VCaP cells following DHT
treatment, using the miRNeasy kit (Qiagen). RNA quality was assessed using an
Agilent Bioanalyzer. Each sample was sequenced using the Illumina HiSeq 2000
(with a 100-nt read length) according to published protocols™.

RNA-seq data analysis to identify AR-regulated genes. RNA-seq data were
analyzed as previously described*. Briefly, the strand-specific paired-end

reads were inspected for sequencing and data quality (for example, insert size,
sequencing adaptor contamination, rRNA content, sequencing error rate).
Libraries passing quality control were trimmed of sequencing adaptors and
aligned to the human reference genome, GRCh38. Expression was quantified

at the gene level using the ‘intersection non-empty’ mode* as implemented in
featureCounts™ using the Gencode v22°° and/or MiTranscriptome'’ assemblies. All
pairwise differential expression analyses were carried out using the voom-limma
approach®”*® with all default parameters. Relative expression levels (FPKM) were
normalized for differences in sequencing depth using scaling factors obtained from
the calcNormFactors (default parameters) function from edgeR™.

ARGs were identified from expression data for VCaP and LNCaP cells treated
with DHT for 6 and 24 h using three linear models: separate models for each of
the cell lines treating the two time points as biological replicates and a merged
model with all treated samples as replicates. ARGs were defined as genes that were
significant (P value <0.1 and absolute log fold change > 2) in both separate models
and/or the merged model.

Identification of prostate cancer-associated protein-coding genes and IncRNAs.
Raw RNA-seq data for patients with primary and metastatic prostate cancer were
obtained from the TCGA/PRAD and PCF/SU2C projects, respectively. External
transcriptome samples were reanalyzed using in-house pipelines (see above) to
facilitate direct comparisons of expression levels and identification of differentially
expressed genes. Pan-cancer analyses based on the MiTranscriptome assembly'’
were leveraged as FPKMs, and enrichment scores (SSEA) were computed as part
of that project. Tissue lineage (prostate) and prostate cancer—specific genes were
identified using the SSEA method as previously described'. Briefly, the SSEA test
was used to determine whether each gene was significantly associated with a set of
samples (for example, prostate cancer) or cancer progression in a given lineage
(for example, prostate normal to prostate cancer). The genes were ranked
according to their strength of association.

Oncomine concept analysis of the ARLNCI1 signature. Genes with expression
levels significantly correlated with ARLNCI were separated into positively and
negatively correlated gene lists. These two lists were then imported into Oncomine
as custom concepts and queried for association with other prostate cancer concepts
housed in Oncomine. All of the prostate cancer concepts with odds ratio > 2.0 and
Pvalue <1x10~* were selected. Top concepts (based on odds ratios) were selected
for representation. We exported these results as the nodes and edges of a concept
association network and visualized the network using Cytoscape version 3.3.0.
Node positions were computed using the edge-weighted force-directed layout in
Cytoscape using the odds ratio as the edge weight. Node positions were subtly
altered manually to enable better visualization of Mode labels®’.

ChIP-seq data analysis. ChIP-seq data from published external and in-

house datasets, GSE56288 and GSE55064, were reanalyzed using a standard
pipeline. Briefly, groomed reads (vendor quality control, adaptor removal)

were aligned to the GRCh38 reference genome using STAR settings that disable
spliced alignment: outFilterMismatchNoverLmax: 0.05, outFilterMatchNmin:

16, outFilterScoreMinOverLread: 0, outFilterMatchNminOverLread: 0,
alignIntronMax: 1. Improperly paired alignments and non-primary alignments
were discarded. Peaks were called using MACS?2 (callpeak --broad --qvalue

0.05 --broad-cutoff 0.05 and callpeak --call-summits --qvalue 0.05)°' and

Q (-n 100000)%. ChIP enrichment plots were computed from alignment coverage
files (BigWig®™) as trimmed (trim =0.05) smooth splines (spar =0.05). The baseline
(non-specific) ChIP signal was estimated from genomic windows furthest from
the center of the queried region (peak summit, TSS) and subtracted from each
signal before plotting.

AR binding motif search. An unsupervised motif search was carried out using
MEME®. DNA sequences (GRCh38) from the uni-peak ChIP-seq regions
overlapping promoters (5kb upstream, 1kb downstream of the assembled or
known TSS) of ARGs were used as input to MEME (default parameters).
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ChIP-qPCR assays. AR, FOXA1 or NKX3-1 ChIP was performed following our
previous protocol™. (Antibodies: AR, Millipore cat. no. 06-680; FOXA1, Thermo
Fisher cat. no. PA5-27157; NKX3-1, CST cat. no. 83700S.) qPCR analysis was
performed using the primers listed in Supplementary Table 3. Primers targeting the
CYP2B7 promoter were purchased from CST (cat. no. 84846).

RNA ISH on tissue microarray. ISH assays were performed on tissue microarray
sections from Advanced Cell Diagnostics as described previously’. In total,

133 tissue samples were included (11 from benign prostate, 85 from localized
prostate cancer and 37 from metastatic prostate cancer). ARLNCI ISH signals
were examined in morphologically intact cells and scored manually by a study
pathologist, using a previously described expression value scoring system®’.

For each tissue sample, the ARLNC1 product score was averaged across evaluable
tissue microarray cores. Mean ARLNC1 product scores are plotted in Fig. 2e.

RACE. 5’ and 3’ RACE were performed to determine the transcriptional start and
termination sites of ARLNCI, using the GeneRacer RLM-RACE kit (Invitrogen),
according to the manufacturer’s instructions.

Northern blot analysis. The NorthernMax-Gly Kit (Ambion) was used for
ARLNCI detection following the manufacturer’s protocol. Briefly, 20 pg of total
RNA was resolved on a 1% agarose glyoxal gel and then transferred to nylon
membrane (Roche), cross-linked to the membrane (UV Stratalinker 1800;
Stratagene) and the membrane was prehybridized. Overnight hybridization was
performed with an ARLNC1-specific **P-labeled RNA probe. Membranes were
exposed to HyBlot CL autoradiography film (Denville Scientific). The primer
sequences used for generating the probes are given in Supplementary Table 3.

RNA isolation and cDNA synthesis. Total RNA from cell lines was isolated
using QIAzol Lysis reagent (Qiagen) and the miRNeasy kit (Qiagen) with DNase
digestion according to the manufacturer’s instructions. cDNA was synthesized
using Superscript III (Invitrogen) and random primers (Invitrogen).

qRT-PCR analysis. Relative RNA levels determined by qRT-PCR were measured
on an Applied Biosystems 7900HT Real-Time PCR System, using Power SYBR
Green MasterMix (Applied Biosystems). All primers were obtained from Integrated
DNA Technologies, and gene-specific sequences are listed in Supplementary

Table 3. GAPDH, HMBS or ACTB was used as an internal control for quantification
of gene targets. The relative expression of RNAs was calculated using the AACt
method.

Cytoplasmic and nuclear RNA purification. Cell fractionation was performed
using the NE-PER nuclear extraction kit (Thermo Scientific) according to

the manufacturer’s instructions. RNA was extracted using the previously
mentioned protocol.

siRNA-mediated knockdown. siRNA oligonucleotides targeting ARLNCI, AR,
FOXAI, BRD4, NKX3-1, LSD1, IRF1, POUIFI or EZH2 and a non-targeting siRNA
were purchased from Dharmacon. (si-AR-pool, cat. no. L-003400-00-0005; si-FOXAI,
cat. no. LU-010319-00-0005; si-BRD4, cat. no. LU-004937-00-0002; si-NKX3-1,

cat. no. LU-015422-00-0005; si-LSD1, cat. no. LU-009223-00-0002; si-IRF1, cat. no.
LU-011704-00-0005; si-POU1FI, cat. no. LU-012546-00-0005; si-EZH2, cat. no.
L-004218-00-0005; si-NT, cat. no. D-001810-01-05.) siRNA sequences for ARLNCI
knockdown are listed in Supplementary Table 3. For AR knockdown, two more
siRNAs were purchased from Life Technologies (no. HSS179972 and no. HSS179973).
Transfections with siRNA (50nM) were performed with Lipofectamine RNAIMAX
according to the manufacturer’s instructions. RNA and protein were harvested for
analysis 72h after transfection.

ASO-mediated knockdown. ASOs targeting ARLNCI were obtained from

Tonis Pharmaceuticals. Transfections with ASOs (50 nM) were performed with
Lipofectamine RNAiIMAX according to the manufacturer’s instructions. RNA and
protein were harvested for analysis 72 h after transfection.

Gene expression profiling. Total RNA was extracted following the aforementioned
protocol. RNA integrity was assessed using an Agilent Bioanalyzer. Microarray
analysis was carried out on the Agilent Whole Human Oligo Microarray

platform, according to the manufacturer’s protocol. siRNA-mediated knockdown
experiments were run in triplicate, comparing knockdown samples treated with
two independent ARLNCI siRNAs to samples treated with non-targeting control
siRNA. ASO-mediated knockdown experiments were run in replicate, comparing
knockdown samples treated with two ARLNCI ASOs to samples treated with non-
targeting control. An AR signature was generated using MDA-PCa-2b cells treated
with 10nM DHT in triplicate.

Analysis of Agilent 44k microarrays was carried out using limma and included
background subtraction (bc.method = ‘half’, offset=100) and within-array
normalization (method =‘loess’). Between-array quantile normalization of average
expression levels (but not log-transformed fold change) was performed using the
function normalizeBetweenArrays (method =‘Aquantile’). Control probes and
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probes with missing values were excluded from further analyses. Probes were
annotated to Gencode v22 genes using the mapping downloaded from

Ensembl (efg_agilent_wholegenome_4x44k_v2). Probes originally annotated as
AKO093002 were used to detect ARLNCI. Differentially expressed genes following
ARLNCI knockdown in MDA-PCA-2b cells were identified from triplicate
biological repeats using adjusted Pvalue < 0.1 and absolute log fold change

> 0.6 cutoffs. Consensus targets of ARLNCI knockdown using siRNA and ASOs
were identified using a merged linear model (all ten samples treated as replicates)
and a Pvalue <0.001 cutoff.

GSEA. Enrichment analyses for custom and experimentally derived signatures
(that is, AR targets, genes upregulated and downregulated following DHT
treatment) were carried out using the non-parametric GSEA software with all
default settings. For GO term enrichment, we applied the parametric randomSet®
enrichment statistic to voom-limma-estimated fold changes (see above).

Overexpression of ARLNCI. Full-length ARLNC1 was amplified from
MDA-PCa-2b cells and cloned into the pCDH clone and expression vector
(System Biosciences). Insert sequences were validated by Sanger sequencing at the
University of Michigan Sequencing Core. The full-length sequence for ARLNC1
expression is listed in Supplementary Table 4.

smFISH. smFISH and image analysis were performed as described previously”*.
Probe sequences targeting ARLNCI1, PCAT1, DANCR, AR, EZH2 and FOXA1
were designed using the probe design software at https://www.biosearchtech.com/
stellaris-designer and are listed in Supplementary Table 5. TERRA probes were
designed as described previously”. Other probes were purchased directly from
LGC-Biosearch. U20S cells were seeded in six-well dishes and transfected with
ARLNCI-expression vector alone or in combination with AR expression vector,
using Fugene-HD (Promega) according to the manufacturer’s protocol. Cells were
incubated for 24 h, reseeded into eight-well chambered coverglasses, and fixed in
formaldehyde for smFISH (as described above) after 24 h.

RNA in vitro transcription. Linearized DNA templates for full-length ARLNC1,
ARLNCI fragments, ARLNCI deletion, antisense ARLNC1, LacZ, SChLAP1-AS,
THOR and AR-3" UTR-1-980 were synthesized using T7-containing primers.

In vitro transcription assays were performed with T7 RNA polymerase (Promega)
according to the manufacturer’ instructions. For BrU-labeled RNA synthesis,
5-bromo-UTP was added to the transcription mix. At the end of transcription,
DNA templates were removed by Turbo DNase (Thermo Fisher), and RNA was
recovered using the RNA Clean and Concentrator Kit (Promega). RNA size and
quality were further confirmed by Agilent Bioanalyzer.

RNA-RNA in vitro interaction assays. Twenty-five microlitres of Protein A/G
Magnetic Beads (Pierce) was washed twice with RIP wash buffer (Millipore,

cat. no. CS203177) before incubating with BrU antibody for 1 h at room
temperature. After antibody conjugation, beads were washed twice with RIP wash
buffer and then resuspended in incubation buffer containing RIP wash buffer,
17.5mM EDTA (Millipore, cat. no. CS203175) and RNase Inhibitor (Millipore,
cat. no. CS203219). Equal amounts (5 pmol) of BrU-labeled RNAs (ARLNC1,
ARLNCI1-AS, ARLNC1-1-1300, ARLNC1-1301-2786, ARLNC1-1-700, ARLNC1-
701-1300, ARLNC1-del-701-1300, LacZ, SChLAP1-AS, THOR) were incubated
with beads in Incubation Buffer for 2h at 4 °C. Following incubation, 2.5 pmol

of the AR 3' UTR-1-980 RNA fragment was added into individual tubes and
incubated overnight at 4 °C. After incubation, beads were washed six times with
RIP Wash Buffer. To recover RNA, beads were digested with proteinase K buffer
containing RIP Wash Bulffer, 1% SDS (Millipore, cat. no. CS203174) and 1.2 pg/pl
proteinase K (Millipore, cat. no. C5203218) at 55 °C for 30 min with shaking. After
digestion, RNA was extracted from supernatant using the miRNeasy kit (Qiagen), and
reverse transcription was performed using the Superscript III system (Invitrogen).
The amount of AR 3’ UTR-1-980 recovered in each interaction assay was quantified
by qPCR analysis. Data were normalized to the ARLNC1-AS control, using the

ACt method. We designed ASOs blocking the AR-ARLNCI interaction site
(ASO-blocking, Ionis Pharmaceuticals) and used them in the in vitro interaction
assays. Data were normalized to the control ASO, using the ACt method.

RNA stability assays. LNCaP cells were treated with 5 pg/ml actinomycin D for
various times as indicated. RNA was extracted and qRT-PCR was carried out as
described above. RNA half-life (t,,,) was calculated by linear regression analysis.

Cell proliferation assays. Cells treated with siRNAs or ASOs were seeded into
24-well plates and allowed to attach. Cell proliferation was recorded by IncuCyte
live-cell imaging system (Essen Biosciences), following the manufacturer’s instructions.

Apoptosis analysis. Cells were grown in six-well plates and transfected with
nonspecific siRNA or siRNAs targeting ARLNCI. Apoptosis analysis was
performed 48 h after transfection, using the Dead Cell Apoptosis Kit (Molecular
Probes no. V13241) according to the manufacturer’s instructions.

Immunoblot analysis. Cells were lysed in RIPA lysis and extraction buffer
(Thermo Scientific no. 89900) supplemented with protease inhibitor cocktail
(Roche no. 11836170001). Protein concentrations were quantified using the

DC protein assay (Bio-Rad), and protein lysates were boiled in sample buffer.
Protein extracts were then loaded and separated on SDS-PAGE gels. Blotting
analysis was performed with standard protocols using polyvinylidene difluoride
membrane (GE Healthcare). Membranes were blocked for 60 min in blocking
buffer (5% milk in a solution of 0.1% Tween-20 in Tris-buffered saline
(TBS-T)) and then incubated overnight at 4 °C with primary antibody.

After three washes with TBS-T, membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody. Signals were visualized with
an enhanced chemiluminescence system as described by the manufacturer
(Thermo Scientific Pierce ECL Western Blotting Substrate). Primary antibodies
used were as follows: androgen receptor (1:1,000 dilution, Millipore, no. 06-680,
rabbit), GAPDH (1:5,000 dilution, Cell Signaling, no. 3683, rabbit), PSA (KLK3)
(1:5,000 dilution, Dako, no. A0562, rabbit) and cleaved PARP (1:1,000 dilution,
Cell Signaling, no. 9542, rabbit).

Androgen receptor reporter gene assays. Dual-luciferase reporter assays were
performed using the Cignal Androgen Receptor Reporter Kit (Qiagen) according
to the manufacturer’s instructions. Briefly, cells were cotransfected with siRNAs
(nonspecific, targeting AR or ARLNCI) and reporter vectors (negative control

or AR reporter), using Lipofectamine 2000 transfection reagent (Thermo Fisher
Scientific). Forty hours after transfection, DHT (or ethanol vehicle control) was
added to induce AR signaling. The Dual-Luciferase assay was conducted 8 h

after DHT stimulation, using the Dual-Luciferase Reporter Assay System from
Promega (cat no. 1910). Reporter activity was analyzed on the basis of the ratio of
firefly/Renilla activity to normalize for cell number and transfection efficiency.

In vivo experiments. All experiments were approved by the University of Michigan
Institutional Animal Care and Use Committee. For tumor generation with shRNA-
mediated knockdown, shRNA targeting ARLNCI was cloned into pSIH1-H1-
copGFP-T2A-Puro (System Biosciences). Lentiviral particles were generated at the
University of Michigan Vector Core. LNCaP-AR cells were infected with lentivirus
expressing ARLNCI shRNA for 48 h. Knockdown of ARLNCI was confirmed by
qPCR analysis. Male athymic nude mice were randomized into two groups at 6 to
8 weeks of age. Five million cells expressing sh-ARLNCI or sh-vector were injected
into bilateral flanks of mice. Caliper measurements were taken in two dimensions
twice a week by an investigator blinded to the study objective and used to
calculate tumor volume. The study was terminated when the tumor volume
reached 1,000 mm®. For ASO treatment in vivo, 6- to 8-week-old male athymic
nude mice were inoculated subcutaneously with MDA-PCa-2b cells suspended

in a Matrigel scaffold in the posterior dorsal flank region (5 million cells per site,
two sites per animal). When the mean tumor volume reached approximately

150 mm?®, mice were randomized into two groups and treated with ARLNCI-
specific or control ASO. ASOs, dosed at 50 mg per kg body weight, were
subcutaneously injected between the scapulae once daily for three periods of

5 d on/2 d off. Tumor size was measured twice per week using a digital caliper by

a researcher blinded to the study design. Mouse body weights were monitored
throughout the dosing period. When the average tumor size in the control group
reached 1,500 mm’, mice were euthanized and the primary tumors were excised
for weight determination. One-third of the resected specimen was placed in 10%
formalin buffer, and the remaining tissue was snap-frozen.

BrU-seq and BrUChase-seq. BrU-seq and BrUChase-seq assays were performed
as previously described”””" with MDA-PCa-2b cells treated with either si-NT or
si-ARLNCI. BrU labeling was performed for 30 min, and chase experiments were
performed for 6 h.

Statistical analysis. For in vivo experiments, power analysis (GPOWER software)
performed for each tumor type tested to date indicates that the sample size we
chose yields a statistical power >90% for detection of tumor size reduction of 40%.
Sample sizes were not predetermined for all other assays. For in vivo experiments,
animals were randomized. Randomization was not performed for all other assays.
Statistical analyses were performed using GraphPad Prism software or using

R. Data are presented as either means +s.e.m. or means +s.d. All of the
experiments were performed in biological triplicate unless otherwise specified.
Statistical analyses shown in figures represent two-tailed ¢ tests, one-way ANOVA,
two-way ANOVA or Kruskal-Wallis rank-sum tests as indicated. P <0.05 was
considered to be statistically significant. Details regarding the statistical methods
employed during microarray, RNA-seq and ChIP-seq data analysis were included
in the aforementioned methods for bioinformatics analyses.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Code availability. Software for transcriptome meta-assembly and IncRNA
discovery is available at https://tacorna.github.io/.
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Data availability. RNA-seq and microarray data sets generated from this

study have been deposited into the Gene Expression Omnibus, with accession
GSE110905. Other data supporting the findings of this study are included in the
Supplementary Information.
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