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ABSTRACT

Androgen receptor (AR)-negative castration-resistant prostate cancer (CRPC) is highly

aggressive and is resistant to most of the current therapies. Bromodomain and extra

terminal domain (BET) protein BRD4 binds to super-enhancers (SEs) that drive high

expression of oncogenes in many cancers. A BET inhibitor, JQ1, has been found to

suppress the malignant phenotypes of prostate cancer cells, however, the target genes

of JQ1 remain largely unknown. Here we show that SE-associated genes specific for

AR-negative CRPC PC3 cells include genes involved in migration and invasion, and that

JQ1 impairs migration and invasion of PC3 cells. We identified a long non-coding RNA,

MANCR, which was markedly down-regulated by JQ1, and found that BRD4 binds to the

MANCR locus. MANCR knockdown led to a significant decrease in migration and

invasion of PC3 cells. Furthermore, RNA sequencing analysis revealed that expression

of the genes involved in migration and invasion was altered by MANCR knockdown. In

summary, our data demonstrate that MANCR plays a critical role in migration and

invasion of PC3 cells.
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INTRODUCTION

Prostate cancer is the second most common cancer in men worldwide and is a major

cause of cancer death [1]. For patients with metastatic prostate cancer expressing the

androgen receptor (AR), androgen deprivation therapy is effective, however, most

patients develop castration-resistant prostate cancer (CRPC). In particular, AR-negative

CRPC is highly aggressive and resistant to most of the current therapies [2]. Therefore, it

is desirable to develop a novel therapy for AR-negative CRPC.

Inhibitors of the bromodomain and extra terminal domain (BET) family proteins (BETi)

are emerging as promising anti-cancer therapies for many types of cancer including

prostate cancer [3][4]. BET bromodomain proteins (BRD2, 3, and 4) recognize

acetylated histones and facilitate transcriptional activation [5][6]. In particular, BRD4

binds to super-enhancers (SEs), large clusters of enhancers that drive expression of

genes that define cell identity and disease [7]. In diverse types of cancer, SEs are formed

at critical oncogenes such as MYC and cause high expression of these oncogenes [7][8].

Because transcription of SE-associated genes is sensitively down-regulated by a BETi,

JQ1 [8], this inhibitor has been used to suppress the malignant phenotypes of cancer

cells. In particular for prostate cancers, recent studies have shown that JQ1 abrogates

BRD4 localization to AR target loci and AR-mediated gene transcription [9], reduces cell



migration in multiple CRPC cell lines [10], and inhibits the expression of clinically

relevant master regulator genes in CRPC [11]. Thus, several clinical trials for BETis have

been initiated to determine a candidate for CRPC therapy [12].

Here we show that SE-associated genes that are specific to an AR-negative CRPC

line, PC3 cells, include genes involved in the regulation of epithelial-mesenchymal

transition (EMT). Indeed, EMT-related phenotypes, cell migration and invasion, of PC3

cells are inhibited by JQ1 treatment. We identified a long non-coding RNA (IncRNA),

MANCR, which is sensitively down-regulated by JQ1, and found that MANCR is critical

for migration and invasion of PC3 cells. Thus, our results imply that MANCR may serve

as a potential therapeutic target for AR-negative CRPC.

MATERIALS AND METHODS

Cell culture and drugs

LNCaP clone FGC cells were purchased from the American Type Culture Collection

(ATCC) (Manassas, VA, USA). PC3 cells were provided by the RIKEN BioResource

Research Center (BRC) through the National BioResource Project of the Ministry of

Ministry of Education, Culture, Sports, Science, and Technology/Japan Agency for

Medical Research and Development (MEXT/AMED). LNCaP and PC3 cells were



cultured in RPMI-1640 medium (FUJIFILM Wako, Osaka, Japan) supplemented with

10% fetal bovine serum (Life Technologies, Carlsbad, CA, USA), 100 units/mL penicillin,

100 ug/mL streptomycin, and 292 pg/mL L-glutamine (Life Technologies) at 37°C in a

humid 5% CO;atmosphere. A BET inhibitor, (+)-JQ1 (ab141498) was purchased from

Abcam (Cambridge, UK).

Migration and invasion assay

Migration and invasion assays were performed in Transwell chambers.

Polycarbonate filters (8 um pore size, Kurabo, Osaka, Japan) in the chamber were

coated with 1 ug fibronectin (Sigma-Aldrich, MO, USA) for migration assays and with 100

pL 0.15 mg/mL Matrigel (Corning, NY, USA) for invasion assays. Cells were pre-treated

with phenol red-free RPMI containing charcoal-stripped serum (Life Technologies) for

48 h followed by DMSO or JQ1 treatment. The cells in 100 yL RPMI with DMSO or JQ1

were seeded at a density of 5 x 10* cells/well in the upper chamber, and 680 uL RPMI

supplemented with 10% FBS was placed in the lower chamber as a chemotactic agent.

The plates were incubated with 5% CO- at 37°C for 8 h for migration assays and for 16 h

for invasion assays. The cells that migrated and invaded to the opposite side of the



membrane were fixed and stained using Diff-Quik Kit (Sysmex, Kobe, Japan). Five

random fields were captured to count the number of viable cells.

Wound healing assay

PC3 and LNCaP cells were cultured in six-well plates until 100% confluence was

achieved. The monolayers were scratched in a straight line with a 200 uL pipette tip and

washed with PBS. The wounded monolayers were cultured for 24 h under starvation

conditions in serum-free medium.

siRNAs, plasmid, and transfection

MANCR siRNAs and negative control siRNA were purchased from Life Technologies.

siRNA sequences against MANCR were as follows:

MANCR siRNA#1 5'-GCUUGCUCUCACAGCCAUUTT-3'

MANCR siRNA#2 5-GGCUGAGUCUAAGUGUACATT-3'

MANCR siRNA#3 5-CACUUAAUGUUAGACAUUATT-3'

MANCR siRNAs and negative control siRNA were transfected into PC3 cells using

Lipofectamine RNAIMAX (Life Technologies) according to the manufacturer’s

instructions. After 48-h transfection, the cells were collected for further experiments.



RT-qPCR

Total RNA was isolated using TRIzol reagent (Life Technologies), and cDNA was

synthesized using the reverse transcriptase Superscript lll kit (Life Technologies). Then,

RT-qPCR was performed with SYBR Green Master Mix (Takara, Shiga, Japan). Data

were normalized to GAPDH expression. The primers were as follows: MANCR forward,

5-TGCGTTCAGTAAAACGGGCA-3' and reverse, 5-TGTGGGAAATGCAGGGTTCT-3';

GAPDH forward, 5'-TGCACCACCAACTGCTTAGC-3' and reverse,

GGCATGGACTGTGGTCATGAG-3'.

Data analysis of external ChlP-seq and RNA-seq datasets

H3K27ac ChlIP-seq and the input datasets of LNCaP (dihydrotestosterone: DHT

untreated) and PC3 cells were downloaded from the Gene Expression Omnibus (GEO)

GSE51621 and GSE57498, respectively. Reads were aligned to the human reference

genome sequences (hg19) using Bowtie2 [13]. The TagDirectories were generated

using HOMER software [14]. SEs were identified using the H3K27ac ChIP-seq reads by

running HOMER'’s findPeaks command with “-style super” option. Pathway analysis was

performed using NCI-Nature 2016 provided on the web-tool ‘Enrichr’ [15]. RNA-seq and



BRD4 ChlP-seq datasets for untreated or JQ1-treated PC3 cells were downloaded from

GSE98069 and analyzed using the Galaxy platform [16]. The BRD4 ChIP-seq data were

visualized on the IGV genome browser [17]. MANCR expression in several cancer cell

lines were analyzed using Expression Atlas [18].

RNA-sequencing and data analysis

Biological triplicates of PC3 cells transfected with negative control siRNA and

MANCR siRNA#1 were used for RNA-sequencing. Total RNA was isolated using TRIzol

reagent from PC3 cells collected at 48 h after transfection. Library preparation was

performed using a TruSeq stranded mRNA sample prep kit (lllumina, San Diego, CA,

USA) according to the manufacturer’s instructions. Sequencing was performed on an

lllumina HiSeq 2500 platform in a 75-base single-end mode. lllumina Casava1.8.2

software was used for base calling. The sequenced reads were mapped to the human

reference genome sequences (hg19) using TopHat version 2.0.13 in combination with

Bowtie2 version 2.2.3 and SAMtools version 0.1.19. The fragments per kilobase of exon

per million mapped fragments (FPKMs) were calculated using Cufflinks version 2.2.1.

RNA-seq data are available at the Gene Expression Omnibus (GEO) with accession

number GSE145081.



Statistical analyses

Statistical analyses were conducted using Graphpad Prism 8 (GraphPad Software,

CA, USA). One-way ANOVA with Dunnett’'s multiple comparisons test was used for

datasets with more than two conditions. Student’s t-tests were used for two-condition

comparisons. A P-value of 0.05 was used to indicate significance.

RESULTS

PC3-specific SE-associated genes include genes involved in cell migration and

invasion

SEs are clusters of enhancers that drive high-level expression of genes that define

cell identity. To investigate the differences in SE-associated genes between

AR-dependent and -independent prostate cancer cell lines, we profiled SEs of

androgen-dependent LNCaP and androgen-independent PC3 cells using public

H3K27ac ChIP-seq datasets (GSE51621, GSE57498) [19][20]. We identified 1,078 and

929 SE-associated genes from LNCaP and PC3 cells, respectively (Fig. 1A). Although

comparable numbers of SE-associated genes were obtained from LNCaP and PC3 cells,

most genes did not overlap among the cells (Fig. 1B). We obtained 941 LNCaP-specific
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and 792 PC3-specific SE-associated genes and performed a pathway analysis. The

indicated terms from LNCaP cells are mainly related to AR activity and ErbB signaling.

(Note that ErbB2 and ErbB3 genes are highly expressed in AR-positive cell lines [21].) In

contrast, the terms from PC3 cells are related to EMT including cell migration and

invasion ability of cancer cells such as HIF-1a transcription network, p38 signaling,

SMAD2/3 signaling, and ATF2 transcription network [22][23] (Fig. 1C). These results

suggest that androgen-dependent LNCaP and androgen-independent PC3 cells have a

distinct SE-associated gene set that determines each cell identity, and that particularly in

AR-negative PC3 cells, genes related to cell migration and invasion are potentially

regulated by SEs.

A BETi, JQ1, decreases migration and invasion abilities of PC3 cells

To examine whether genes related to cell migration and invasion are under the

regulation of SEs in PC3 cells, we used a BETi, JQ1, which blocks BRD4 binding to

acetylated histones, thereby abrogating the formation of SEs. We first performed

migration assays and found that JQ1 treatment significantly reduced migration of PC3

cells, but not LNCaP cells (Fig. 2A). Consistently, wound healing assays, which are used

to measure cell migration activity, showed that wound healing was abrogated by JQ1 in
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PC3 cells, while the wound healing activity was low in LNCaP cells with or without JQ1

(Fig. 2B). We next performed invasion assays using Matrigel-coated chambers and

found that JQ1 significantly decreased the invasive ability of PC3 cells, but not LNCaP

cells (Fig. 2C). These results suggest that genes involved in migration and invasion are

regulated by SEs in PC3 cells.

PC3-specific SE-associated IncRNA MANCR is down-regulated by JQ1

To identify genes that are down-regulated by JQ1 treatment in PC3 cells, we analyzed

the expression of 792 PC3-specific SE-associated genes shown in Figure 1B using the

published RNA-seq dataset for PC3 cells treated with DMSO or 500 nM JQ1

(GSE98069) (Fig. 3A) [24]. We selected 58 genes that were considerably expressed in

control cells (Log2 FPKM >1 on DMSO) and were down-regulated by JQ1 to less than

half that of control cells (Log2 fold change <-1 on JQ1/DMSO). Among them, we

focused on a long non-coding RNA, mitotically-associated INncRNA (MANCR), because it

has been reported that MANCR is up-regulated in aggressive breast cancer and is

involved in cell proliferation, viability, and genomic stability [25]. To validate the RNA-seq

data, we performed RT-gPCR analysis for MANCR expression in PC3 cells and

confirmed that MANCR expression was markedly suppressed by JQ1 (Fig. 3B). To
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assess the binding profile of BRD4 in the MANCR locus, we analyzed published BRD4

ChiP-seq dataset for PC3 cells (GSE98069) [24] and found that BRD4 binding was

detected in the MANCR locus and was clearly lost by JQ1 (Fig. 3C). These data indicate

that MANCR is sensitively down-regulated by JQ1, and thus is under the regulation of

SEs via BRD4 in PC3 cells.

To investigate MANCR expression in various cancer cell lines, we analyzed the

Expression Atlas database [18] and found that MANCR is selectively expressed in

AR-negative prostate cancer cell lines such as PC3 and DU145 cells [26] (Fig. 3D).

Interestingly, among several breast cancer cell lines, MANCR is expressed in

triple-negative breast cancer (TNBC) cell lines, MDA-MB-231, MDA-MB468, and

CAL-85-1, which do not express estrogen receptor, progesterone receptor, and human

epidermal growth factor receptor 2 [27] (Fig. 3D). These data suggest that MANCR might

be commonly up-regulated in hormone-independent cancer cells with more aggressive

phenotypes.

MANCR plays a critical role in migration and invasion of PC3 cells

To investigate whether MANCR is functionally involved in aggressive phenotypes

such as migration and invasion of PC3 cells, we sought to knock down MANCR using
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three siRNAs targeting MANCR (siRNA#1, siRNA#2, and siRNA#3). RT-qPCR analysis

showed that all of three siRNAs significantly reduced MANCR expression in PC3 cells

when compared with control siRNA (Fig. 4A). MANCR knockdown led to a significant

decrease in migration and invasion of PC3 cells (Fig. 4B-D). To further investigate the

genes whose expression is altered by MANCR knockdown, we performed RNA-seq

analysis using biological triplicates of PC3 cells transfected with control siRNA and

MANCR siRNA#1. We selected 94 genes that were considerably expressed in control

cells (Log2 FPKM >1 on Ctrl) and were down-regulated by MANCR knockdown to less

than half that of control cells (Log2 fold change <-1 on MANCR knockdown/Ctrl)

including MANCR itself (Fig. 4E). The selected gene set included several critical

EMT-related genes such as Snail (SNAII) and vimentin (VIM). In marked contrast to

these mesenchymal marker genes, epithelial marker genes such as E-cadherin (CDH1)

and Claudin1 (CLDN1) were up-regulated by MANCR knockdown (Fig. 4F). Gene

Ontology (GO) analysis also indicated these genes were enriched within terms as

‘Positive regulation of EMT and ‘Regulation of EMT’ (Fig. 4G). Consistent with a

previous report [25], GO terms related to mitosis and cell cycle were also included,

however, cell proliferation was not significantly inhibited by MANCR knockdown in PC3

cells (Fig. S1A). The function of MANCR was further investigated using
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androgen-dependent LNCaP cells, which express very low levels of MANCR (Fig. S2A).

We overexpressed MANCR in LNCaP cells at a similar expression level in PC3 cells (Fig.

S2A). We found that expression of MANCR significantly increased migration and

invasion of LNCaP cells (Fig. S2B and C). Collectively, these data indicate that MANCR

has the ability to enhance EMT-related functions such as migration and invasion in

prostate cancer cells.

DISCUSSION

BET protein inhibition exhibits anti-tumor activities in a wide range of cancers by

suppressing the transcription of critical oncogenes driven by SEs. However, it remains to

be elucidated as to which genes are down-regulated by BETi and are associated with the

tumor phenotypes. In this study, we found that the genes involved in cell migration and

invasion were selectively regulated by SEs in AR-negative CRPC PC3 cells. Indeed, in

vitro assays confirmed that JQ1 treatment suppressed migration and invasion abilities of

PC3 cells. In a further analysis, we identified the IncRNA MANCR, which was remarkably

down-regulated by JQ1, and found that BRD4 binds to the MANCR locus. Additionally,

MANCR knockdown reduced migration and invasion of PC3 cells. Consistent with these

phenotypic alterations, RNA-seq analysis revealed that EMT-promoting genes were
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down-regulated in MANCR knocked-down cells, and GO analysis indicated that ‘positive

regulation of EMT’ was ranked among the top biological terms. Collectively, our data

demonstrate that MANCR plays a critical role in cellular migration and invasion abilities

of AR-negative CRPC PC3 cells.

MANCR was originally identified as a IncRNA that is up-regulated in aggressive

breast cancer and is involved in cell proliferation, viability, and genomic stability [25].

Besides breast cancer, recent studies have reported that MANCR is also up-regulated

and is involved in cell proliferation in thyroid cancer, gastric cancer, and mantle cell

lymphoma (MCL) [28][29][30]. In the prostate cancer cell line PC3, we found that

MANCR knockdown did not affect cell proliferation, however, MANCR is critical for cell

migration and invasion. Consistent with our findings, it has been reported that MANCR

overexpression had no significant effects on cell proliferation, but promoted migration

and invasion of hepatocellular carcinoma (HCC) [31]. In thyroid cancer cells, MANCR

depletion inhibited both cell proliferation and invasion [28]. Thus, MANCR may play

distinct roles in tumorigenesis and cancer progression in different types of cancer [31].

Previous studies have shown that many IncRNAs serve as miRNA sponges to

down-regulate tumor-suppressive miRNAs in cancer [32], suggesting that MANCR may

also function as an miRNA sponge. In line with this notion, distinct miRNAs, miR-218,
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miR-101, and miR-122a, have been proposed as targets of MANCR in MCL, gastric

cancer, and HCC, respectively [29-31]. It is conceivable that certain types of miRNA

may be specific targets of MANCR in prostate cancer. Further studies are required to

clarify this possibility.
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FIGURE LEGENDS

Figure 1. PC3-specific SE-associated genes include genes involved in cell

migration and invasion. (A) Numbers of SE-associated genes in the indicated cell lines.
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(B) Venn diagram showing the numbers of SE-associated genes in LNCaP and PC3

cells. (C) Pathway analysis was performed using the LNCaP- and PC3-specific

SE-associated gene sets; the top 10 terms are indicated.

Figure 2. A BETi, JQ1, decreases migration and invasion abilities of PC3 cells. (A)

Migration and (C) invasion assays using LNCaP and PC3 cells. Cells were treated with

DMSO (Ctrl) or 100 nM or 500 nM JQ1 and incubated in the chamber for 8 h for migration

assays and 16 h for invasion assays. Error bars indicate mean + S.E.M. (n=3 biological

replicates). ***P<0.001, **P<0.01; one-way ANOVA. Scale bar, 200 um. (B) Wound

healing assay using LNCaP and PC3 cells treated with 500 nM JQ1. Scale bar, 500 pm.

Figure 3. PC3-specific SE-associated IncRNA MANCR is down-regulated by JQ1.

(A) Scatter plot comparing Log2 FPKM expression values for PC3-specific

SE-associated genes as identified in Figure 1B. An RNA-seq dataset for untreated (Ctrl)

and JQ1-treated PC3 cells were used (GSE98069). (B) RT-qgPCR analysis of MANCR

expression in PC3 cells treated with JQ1. Error bars indicate mean + S.E.M. (n=3

biological replicates). ***P<0.001; unpaired t-test. (C) Genome browser images of BRD4

ChiIP-seq in PC3 cells. ChlP-seq dataset for untreated (Ctrl) and JQ1-treated PC3 cells
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were used (GSE98069). (D) Comparative analysis of MANCR expression in several

cancer cell lines. Expression data were downloaded from Expression Atlas

(http://www.ebi.ac.uk/gxa).

Figure 4. MANCR plays a critical role in migration and invasion of PC3 cells. (A)

RT-gPCR analysis of MANCR expression in PC3 cells transfected with control or

MANCR-targeted siRNA. (B) Representative images of migration and invasion assays

using PC3 cells transfected with the indicated siRNA. Scale bars, 100 ym. (C, D)

Quantification of the migration (C) and invasion assays (D). (A, C, D) Error bars indicate

mean * S.E.M. (n=3 biological replicates). ***P<0.001, **P<0.01, *P<0.05; one-way

ANOVA. (E) Scatter plot displaying mRNA expression levels in MANCR-knocked down

PC3 cells compared with the control. Red dots indicate down-regulated genes (Log2

FPKM >1 in Ctrl, Log2 FC <-1 by MANCR knockdown). (F) Heat map showing

expression levels of genes involved in EMT. (G) Gene Ontology analysis using the gene

set indicated by red dots in (E). Top 10 terms are indicated.
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