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Introduction: Although the ability of androgens to promote prostate cancer development
has been known for decades, the molecular mechanisms of androgen receptor (AR)
signaling in the tumorigenesis remain unclear. Enhancer RNAs (eRNAs) transcribed
from strong enhancers, or super-enhancers (SEs), have recently emerged as a novel
class of regulatory non-coding RNAs (ncRNAs) that facilitate transcription, including
that of androgen target genes, through chromatin looping to position enhancers proximate
to the promoters. The aim of this study was to assess androgen-dependent transcription in
prostate tumors of eRNAs (designated as KLK3eRNAs) from the SE of the KLK3 gene
encoding the prostate-specific antigen (PSA) protein, a clinical marker of prostate
carcinogenesis.

Materials and Methods: The androgen-induced KLK3eRNAs were identified in the
LNCaP human prostate cancer cell line. The expressions of these KLK3eRNAs together
with KLK3 and AR mRNA transcripts were assessed by qRT-PCR in prostate tumor samples
from five prostate cancer patients.

Results: Androgen-induced KLK3eRNAs have been identified in the LNCaP cells, and their
expression was further analyzed in tumors of prostate cancer patients. Transcripts of the
tested KLK3eRNAs have been detected in all clinical samples, but their expression patterns
differed between individual tumor specimens. We found a statistically significant correlation
between the levels of the KLK3 and AR mRNAs with those of the previously reported
KLK3eRNAs, while such correlation was not observed for novel KLK3eRNAs described in
our recent report.

Conclusion: Presented data suggest that prostate tumor development may associate with
epigenetic reorganization in the KLK3 genomic regulatory elements reflected by changes of
the KLK3eRNA expression. Our findings support a potential of eRNAs profiling to be used
as diagnostic marker.

Keywords: enhancer RNA, prostate cancer, androgen receptor, PSA, non-coding RNA,
epigenetic modification

Introduction

Prostate cancer development depends on the activation of androgen signaling;
hence, the cancer treatment involves androgen deprivation therapies.' Clinical
success of such therapies is often limited to a few years of remission followed by
patient tumor transition into more malignant hormone-independent stages.' The
nuclear androgen receptor (AR) is expressed in hormone-dependent prostate tumors
at the levels similar to those in normal tissues,'* and AR continues to be expressed
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at detectable levels even upon cancer transition into the
androgen-independent state,® while an apparent loss of the
AR expression has been observed only at more advanced
malignancy stages.' > Although causative factors in the
prostate cancer stage progression remain largely
uncovered,’ AR is believed to play a pivotal role in the
process, including the transition into androgen-
independent tumor state known as a castration-resistant
prostate cancer (CRPC).’

AR is a member of the nuclear receptor superfamily
and acts as a DNA binding transcription factor controlling
expression of target genes.®” In prostate cells, the kallik-
rein-related peptidase 3 gene (KLK3) and its regulatory
genomic elements represent an important AR target, since
the KLK3 locus encodes the prostate-specific antigen
(PSA) protein, a well-characterized and readily detectable
in the serum diagnostic marker of prostate cancer.”

It has been established that tumorigenesis associates
with a global reconfiguration of the chromatin epigenetic
landscape.”'® Chromatin reorganization has also been
shown during prostate cancer progression from androgen-
dependency into hormone-independent stages.”'°

For specific chromatin site targeting, AR requires so-
called pioneering factors, primarily FOXA1'' that func-
tion as binding platforms for AR association with chro-
matin at the target promoters and other regulatory
genomic regions even in the absence of ligand.
Epigenetic reorganization may associate with change in
patterns of chromatin distribution of FOXA1 that results
in altered AR genomic association topographies and dis-
tinct AR action in prostate cells during transition into
CRPC

showed that somatic duplications of both AR enhancer

stages.'”>  Whole-genome-sequencing  studies
and AR protein-encoding sequences associated with
increased malignancy of prostate tumors.'®> The AR struc-
tural gene was found linked by somatic recombination in
CRPC cells with a normally distant intergenic enhancer
that might be further amplified alone or with the AR
encoding locus.'* Tt has been suggested that increased
AR protein expression after somatic enhancer acquisition
and/or amplification of the AR cistron may confer andro-
gen-independency at advanced prostate cancer stages.'>'
These findings clearly indicate that AR signaling abnorm-
alities during prostate cancer development can be attrib-
uted to structural and epigenetic reorganization at the AR
loci.

Chromatin reconfiguration involves action of various
epigenetic factors, of which chromatin remodelers and

histone modifiers are believed to be the key players.'>!®

Recently, non-coding RNAs (ncRNAs) were shown to
affect the functional state of chromatin in cooperation
with protein epigenetic regulators.'”"'®

The ncRNAs transcribed from genomic enhancer ele-
ments, hence named as enhancer RNAs (eRNAs), are
found to be critical for efficient activation of gene expres-
sion through spatial proximation of distal enhancer regions
with structural gene promoters by chromatin looping.'**°
Although molecular events during the eRNA-induced
chromatin looping are not fully understood, they were
shown to involve recruitment by eRNAs of cohesin com-
plexes that had been initially known to hold together sister

1920 .RNAs are derived from

chromatids after replication.
strong or super-enhancers (SEs) comprising arrays of mul-
tiple eRNA transcription sites. The levels of eRNA expres-
sion reflect the enhancer functional activity.”%*'

Recent studies have shown that various transcriptional
cofactors function within giant ribonucleoprotein (RNP)
condensates formed by a mechanism described as liquid—
liquid phase separation (LLPS), and dynamically interact
with DNA-bound transcriptional factors, including nuclear
hormone receptors, through their low complexity intrinsi-
cally disordered regions (IDRs) for efficient coactivation
of transcription.”*2* The assembling of such multiunit
coactivator condensates at SE and promoter regions has
been shown to require eRNAs.>>>* Thus, recent studies
emphasize the involvement of eRNAs in variety of regu-
latory mechanisms affecting chromatin conformation and
transcription. It is, therefore, conceivable that development
and progression of malignancy may associate with
changes in eRNAs’ expression patterns.

The structure and factors regulating the human KLK3
gene have been intensively scrutinized owing to the clin-
ical significance of its expression product, PSA protein, as
prostate cancer diagnostic marker.>>*® Previously, KLK3
enhancer-derived eRNAs (designated as K-KLK3eRNAs)
were reported to selectively facilitate transcription of AR
target genes in LNCaP cells.”” Recently, we found that the
human KLK3 genomic locus is located within a registered,
yet untested super-enhancer (KLK3-SE) and characterized
additional novel = KLK3eRNAs (designated as
N-KLK3eRNAs) transcribed from this KLK3-SE in the
human prostate cancer LNCaP cell line.”® In this study,
we analyzed in clinical specimens of prostate tumor
expression patterns of the KLK3eRNAs, as potential mar-
kers of malignancy development and advanced stage
progression.
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Materials and Methods
Cell Culture and DHT Treatment

The human prostate carcinoma cell line LNCaP (pur-
chased from the RIKEN Cell Bank, Japan; catalogue No
RCB2144) cells were seeded at 1.0x10° cells per 10cm
dish, pre-incubated with RPMI1640 conditioning media
for 48 hours, and then with 10% charcoal-treated (ie,
depleted from endogenous androgens) bovine calf serum
for further 72 hours before treatment with dihydrotestos-
terone (DHT). The cells were treated with 10nM DHT
(+DHT samples) or equal volumes of the solvent (-DHT,
or control samples) in culture media for 5 hours and

harvested for RNA extraction.?%?°

Quantitative Real-Time PCR (qRT-PCR)
Extraction of total RNA from DHT-treated and untreated
LNCaP cells was performed using the RNeasy plus spin
column kits (Qiagen, Valencia, CA, USA) according to the
manufacturer protocol. Complementary DNAs (cDNAs) were
prepared with the iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, CA, USA). qRT-PCR analysis was performed
using the SYBR Green Master CFX Connect Real-Time PCR
System (Bio-Rad Laboratories, CA, USA).”** Preparation of
complementary DNAs (cDNAs) and qRT-PCR was conducted
by the iScript cDNA Synthesis Kit (Bio-Rad Laboratories,
CA, USA) and the SYBR Green Master on a CFX Connect
Real-Time PCR System (Bio-Rad Laboratories, CA, USA),
respectively.”’~® Expression of eRNA transcripts was calcu-
lated by the delta—delta Ct method with B-actin expression
used as a normalizing internal control. The PCR primer sets
used in the study are listed in Supplementary Table 1.

Preparation of Patient Samples

Prostate biopsy samples were collected from 45 patients in our
hospital during the period between January 2017 and
January 2018. In addition to the excision biopsies, we obtained
clinical diagnostic specimens using two bundled biopsy nee-
dles, and assigned one specimen for histology (pathology
specimen) and the other for RNA extraction (RNA specimen).
A pathologist confirmed the boundary between cancer and
normal prostate tissue from the section of pathology specimen
and marked it on the corresponding RNA specimen.’'~**
According to the boundary, RNA specimen was cut into
cancer and normal sections. Among the 45 patients, 22
patients were diagnosed with prostate cancer by diagnostic
biopsies. Of these 22 prostate cancer specimens, samples from
only 5 individual patients (see Table 1) contained sufficient

amount of both cancer and normal tissues for RNA analysis.
Total RNA was extracted by TRIzol (Invitrogen Carlsbad, CA,
USA) and cDNA was synthesized using iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, CA, USA).***

Statistical Analysis

Based on the results of qRT-PCR analyses of eRNAs, KLK3
and AR mRNAs, we calculated the ratios of RNA expres-
sion in cancer to normal tissue for each individual patient.
The raw data are presented in Supplementary Table 2.

We estimated the relationship between the expression
ratio of eRNA and KLK3 or AR mRNA in patient samples
using a linear regression approach, which included a random
intercept for the individual to control for correlation in data
from the same individuals.***° In the regression models,
the dependent variable was the natural logarithm of eRNA
and the independent variable was KLK mRNA or AR
mRNA. For these analyses, we excluded statistical outliers
when the observed value of eRNA was higher than the third
quartile plus 1.5 times the interquartile range. The following
four sets of relationships were considered and displayed in
Figure 1: (A) K-KLK3eRNAs versus KLK3mRNA; (B)
N-KLK3eRNAs versus KLK3mRNA; (C) K-KLK3eRNAs
versus ARmMRNA; and (D) K-KLK3eRNAs
ARmMRNA.

VErsus

Ethics

Patient samples collection has been conducted in accordance
with the Declaration of Helsinki and relevant national reg-
ulations. A signed Informed Consent Form has been
obtained from each individual patient. Clinical samples
handling and assessment protocols have been approved by
the Jyoban Hospital Institutional Review Board.

Results

KLK3 Super-Enhancer Encodes
Androgen-Inducible and Non-Inducible
eRNAs

By in silico analysis of the dbSUPER database, we identi-
fied an SE registered in the vicinity of the human KLK3
locus that might control the KLK3 expression. Previously,
eRNA
reported to support androgen-dependent KLK3 mRNA

several androgen-inducible transcripts ~ were
expression.”” These known eRNAs have been designated
as K-KLK3eRNAs to distinguish them from a recently
reported by our group novel N-KLK3eRNAs.*® We ana-

lyzed by qRT-PCS individual transcript expression of the
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K-KLK3eRNAs (sense strand primer sets S1-S7; antisense
strand primer sets AS1-AS4) and the N-KLK3eRNAs
(sense strand primer sets S8-S9; antisense strand primer
sets AS5-ASR).

In the LNCaP cells, we observed a DHT-dependent
induction of all the K-KLK3eRNAs and S9, AS5 and
AS8 N-KLK3eRNAs, while the expression of the S8,
AS6 and AS7 N-KLK3eRNAs did not change after the
treatment with androgen (Figure 2). Thus, the KLK3eRNA
expression profiling in the LNCaP prostate cancer cells
revealed heterogeneity of the KLK3eRNAs species,
including their differential response to androgens. This
finding suggests distinct biological roles of the eRNAs
transcribed from the KLK3 SE with possible different
impacts on the androgen-dependent expression of the
PSA protein.

Analysis of KLK3eRNA, KLK3 mRNA and
AR mRNA Transcripts in Human Prostate

Tumor Samples

After characterization of the KLK3eRNAs expression in the
LNCaP cells, we investigated their expression in human pros-
tate cancer specimens together with expression of the KLK3
and AR mRNAs. Among the collected tumor biopsy samples,
we were able to select specimens from only five individual
patients (Table 1) with reliably distinguishable and dissectible
normal and malignant tissue areas, as the sets of the two
sections from the other 17 patients were pathologically unclear
to judge the tissues as tumors or normal tissues. The reliably
distinguishable sets from the five patients were used for his-
tological analysis and RNA isolation (Figure 3). (Table 1) that
had reliably distinguishable and dissectible areas of normal
and malignant tissue samples in quantities sufficient for histo-
logical analysis and RNA isolation (Figure 3). Among the
tested specimens, cases 1-3 were derived from the patients
with high serum levels of PSA (Table 1).

Table | Patient Characteristics

All the K- and N-KLK3RNAs expressed in the
LNCaP cells (Figure 2) were also detectable in the
human prostate

samples (Supplementary Table 2).

However, there was significant variation in expression
levels of these eRNAs among the tested specimens, and
between normal and malignant areas of individual sam-

ple tissues.

Correlation Between KLK3eRNAs and
KLK3 or AR mRNAs Expression in

Prostate Tumors

Considering that the K-KLK3eRNAs were originally
reported to facilitate DHT-inducible expression of the
KLK3 gene,”” we assessed the correlation between the
expression levels of the KLK3eRNAs and KLK3 mRNA
and AR mRNA in the patient samples using the regression
approach,** ¢ and also evaluated the tumor/normal tissue
ratio of these RNA expression levels in each individual
patient specimen (Figure 1).

The expression levels of the K-KLK3eRNAs (Figure 1A
and C) were higher in the tumor areas in comparison to that
in the normal sample counterparts, but somewhat opposite
expression ratio patterns were observed for the
N-KLK3eRNAs (Figure 1B and D). Furthermore, there
was a statistically significant correlation between expression
levels of K-KLK3eRNAs and those of the KLK3 mRNA
(Figure 1A) and AR mRNA (Figure 1C). However, no such
correlation was observed for the N-KLK3eRNAs (Figure 1B
and D and Table 2).

Thus, the differences in the KLK3eRNA expression
between individual specimens suggest that the chromatin
environment at the KLK genomic locus may vary in pros-
tate tumor cells. It would be important to further investi-
gate whether the KLK3eRNAs expression profiles may
reflect the progression of prostate tumors into more malig-
nant stages.

Case | Age Clinical Serum PSA Level at Diagnosis, ng/ Gleason D’Amico Risk Primary
Stage mL Score Group Treatment

| 82 T3b 802 4+3 High ADT

2 75 T2c 91.8 4+3 High ADT

3 83 T2b 56.7 4+3 High ADT

4 75 T2b 18.1 4+3 Intermediate Radiotherapy

5 79 T3a 4.7 4+3 High ADT

Abbreviation: ADT, androgen deprivation therapy.
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Figure | Correlation between expression of KLK3eRNAs and KLK3 or AR mRNA in the patient samples. The ratio of RNA expression level (tumor/normal) of (A and B)
KLK3 mRNA in the five patients and (C and D) AR mRNA in the three patients are indicated in the X-axis. The ratio of RNA expression level (tumor/normal) of (A and C)
reported and (B and C) novel eRNA were plotted in the Y-axis in each patient. The colors of plots correspond to primer sets shown in Figure 2. A linear regression line was
fitted to the plots on the logarithmic Y-axis. Expression levels of AR in cases 4 and 5 were not evaluable. qRT-PCR could not detect RNA in some combinations of sample
and primer set due to extremely low expression. If RNA level of either tumor or normal tissues in a patient were not detected using a primer set, we defined this
undetectable Ct value as 40, the minimum detectable value of the qRT-PCR assay. P-values in the figure are the regression outputs. P-value less than 0.05 was considered
statistically significant in this study, meaning that there was a statistically significant relationship in (A, C and D).

Discussion

Mortality of prostate cancer patients often associates with
tumor progression into CRPC stages. Significantly, the
transition of prostate tumors into fatal stages may take
many years.' > Therefore, discovery of markers reliably
predicting malignancy advancement rates would improve
diagnosis efficiency, may help to optimize therapeutic

strategies and ultimately, reduce mortality of the

patients.*”-*®

Currently, the serum concentration of PSA is the most
widely used non-invasive marker of prostate cancer. PSA
protein is a product of the KLK3 gene. Therefore, analysis
of upstream factors affecting KLK3 gene expression may
lead to identification of prostate cancer diagnostic markers
at earlier stages than those reflected by the PSA levels.
The KLK3 gene promoter bears functional AR binding

sites acting as androgen-responsive enhancer elements

(AREs).® In addition, several eRNAs have been identified
to be transcribed in LNCaP cells from the KLK3 gene-
associated cluster of enhancer elements in the androgen-
dependent manner, which promote KLK3 expression.”’-**
In this study, we have initially confirmed the expression in
LNCaP cells of the previously described eRNAs
(K-KLK3eRNAs)?” as well as novel N-KLK3eRNAs
recently identified by our group,® and analyzed the indu-
cibility of their transcription by DHT (Figure 2). We then
analyzed the expression of the KLK3eRNAs in prostate
tissue samples. Transcripts of the K- and N-KLK3eRNA
were detectable in the tumors as well as normal sections
of prostate samples from the same patients (Figure 1). The
KLK3 mRNA expression levels exhibited statistically sig-
nificant, albeit moderate correlation with those of the
K-KLK3eRNAs in the analyzed malignant and normal
prostate tissues (Figure 1), supporting the conclusion
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Figure 2 Expression of eRNAs in the LNCaP cells. Genomic location of a super-enhancer (SE) in the human KLK3 locus (A). The location of the KLK3 (PSA) gene (by RefSeq
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The region harboring consensus AR binding elements (ARE) is shown as KLK3 ARE as an orange box. Pink and sky blue boxes are amplicons of previously reported sense
(S1-8) and antisense (AS1-6) eRNAs, respectively. (B) The expressions of KLK3 mRNA, AR, and previously reported and newly identified KLK3eRNAs in LNCaP cells were
tested by RT-PCR at least three times and one of the data set is representatively shown. *P<0.05.

that KLK3eRNAs the KLK3
expression.””?’ However, the expression levels of the
K-KLK3eRNAs and KLK3 mRNA were diverse among
the individual patient tissues, suggesting that the chroma-

might facilitate

tin epigenetic landscape at the KLK3 locus and its geno-
mic regulatory regions may differ at different stages of
prostate cancer progression and/or prostate cell environ-
ment in the tissue.

Consistent with earlier reports,””*® we observed the AR
mRNA expression in our LNCaP cells, and the DHT-
dependent induction of KLK3 mRNA and K-KLK3eRNAs
expression correlated with the DHT-dependent proliferation
of these cells. In the analyzed prostate tissues, levels of the
AR mRNA expression were different between individual
patient samples and between adjacent malignant and normal
sections of the same patient sample (Figure 1). These

findings are consistent with the previous reports' > showing
that the levels and distribution of AR expression were quite
diverse in prostatic tumors, depending on tumor progression
stages and cell-types. Most notably, we did not observe
correlation between the N-KLK3eRNAs expression and
that of KLK3 mRNA or AR mRNA in the tumor samples.
Also, there was no apparent correlation between the KLK3
mRNA and AR mRNA levels in the tested clinical samples
(Table 2). Thus, it appears that the expression of the KLLK3
mRNA and subsets of the KLK3eRNAs in the prostate
tumors exhibit divergent androgen-dependency regardless
of the levels of AR expression. This suggests that other
factor(s) or signaling pathway(s) might be also involved in
the control of the KLK3 mRNA and eRNAs transcription
during prostate tumorigenesis, "' **%4 and that AR signal-
ing may not be the only defining factor in activation of the
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Figure 3 Histology of normal prostate and prostate tumor tissues in the patients. The tissues were stained with hematoxylin and eosin (*200) for histopathological analysis
to diagnose tumors. The representative sections of the several data sets from each tissues are shown.

KLK3 gene expression reflected by elevation of circulated
PSA in prostate cancer patients.

Conclusion

We have found in the LNCaP cells that KLK3eRNAs consist
of heterogeneous transcripts regulated by diverse signaling
pathways, including androgen-inducible and non-inducible
eRNAs. The KLK3eRNAs described in the LNCaP cells are
also expressed in human prostate tumors. However, the
levels of the KLK3eRNAs were found to be different in
individual tumor samples and also differed between normal
and malignant areas from the same tissue samples.

Table 2 Correlation of RNA Expression Ratio (Tumor/Normal)
Between eRNAs and KLK3, and eRNAs and AR

Reported eRNAs Novel eRNAs

KLK3 Correlated
AR Correlated

Not correlated
Inversely correlated

Although activated AR signaling or increased androgen
sensitivity has been inferred in developed prostate tumors,'
we have not observed in the analyzed prostate samples a clear
correlation between the AR expression and the levels of the
KLK3 mRNA and KLK3eRNAs transcripts. Furthermore,
we showed that the transcription of a subset of the
KLK3eRNAs was not dependent on androgens.

Thus, our findings clearly indicate that the activity of
super-enhancer elements supporting the KLK3 gene
expression might be also controlled by androgen-
independent regulators and/or signaling pathways.
Further analysis of larger numbers of prostate tumor sam-
ples may reveal consistent patterns of changes in the
KLK3eRNAs expression associated with prostate carcino-
genesis and point to novel regulatory factors involved in

malignant transformation of prostate cells.
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