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Transcription-Mediated Chimeric RNAs in Prostate Cancer:
Time to Revisit Old Hypothesis?
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Abstract

Chromosomal rearrangements and fusion genes play important roles in tumor development and progression.
Four high-frequency prostate cancer-specific fusion genes were recently reported in Chinese cases. We at-
tempted to confirm one of the fusion genes, USP9Y-TTTY15, by reverse transcription PCR, but detected the
presence of the USP9Y-TTTY15 fusion transcript in cancer samples, nonmalignant prostate tissues, and normal
tissues from other organs, demonstrating that it is a transcription-induced chimeric RNA, which is commonly
produced in normal tissues. In 105 prostate cancer samples and case-matched adjacent nonmalignant tissues, we
determined the expression level of USP9Y-TTTY15 and a previously reported transcription-induced chimeric
RNA, SLC45A3-ELK4. The expression levels of both chimeric RNAs vary greatly in cancer and normal cells.
USP9Y-TTTY15 expression is neither higher in cancer than adjacent normal tissues, nor correlated with features
of advanced prostate cancer. Although the expression level of SLC45A3-ELK4 is higher in cancer than normal
cells, and a dramatic increase in its expression from normal to cancer cells is correlated with advanced disease,
its expression level in cancer samples alone is not correlated with any clinical parameters. These data show that
both chimeric RNAs contribute less to prostate carcinogenesis than previously reported.

Introduction

Gene fusions induced by chromosomal rearrangement,
initially identified in hematological malignancies and

soft tissue sarcomas, for example the BCR-ABL fusion in
chronic myeloid leukemia (Mitelman et al., 2007), have been
used for tumor diagnosis, subclassification, prognosis, re-
currence monitoring, and therapeutic targets. In addition to
the generation of novel fusion proteins, this genomic fusion
can lead to the overexpression of oncogenes under the control
of the constitutive, or tissue type-specific high activity pro-
moters that they join (Mitelman et al., 2007). Recently, with
the development and application of modern genetic tech-
nologies, gene fusions have also been frequently identified in
carcinoma, the most common type of human malignancy,
including prostate (Tomlins et al., 2005), lung (Kohno et al.,
2012; Soda et al., 2007), and other cancers (Edwards, 2010;
Seshagiri et al., 2012), which have deepened our under-

standing of the importance of fusion genes in human malig-
nant diseases. The EML4-ALK fusion found in lung cancer
(Soda et al., 2007) has also been used as a target for molecular
therapy (Pikor et al., 2013).

Prostate cancer is the most common cancer and the second
leading cause of cancer-related death in Western men ( Jemal
et al., 2011). Numerous studies have been carried out to ex-
plore the genetic alterations underlying prostate cancer de-
velopment and progression. The prostate cancer-specific
TMPRSS2-ERG fusion, which has been found in approxi-
mately 50% of prostate cancer cases, is the most commonly
detected fusion gene in human malignancies (Mitelman et al.,
2007). In addition to TMPRSS2-ERG fusion, many other
fusion genes have also been identified in prostate cancer,
although at much lower frequencies (Boyd et al., 2012).
Those fusion partners predominantly involve the ETS family
genes and androgen-regulated transcripts (Boyd et al., 2012),
although there are cases where both partner genes do not
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belong to these two categories, for example, the ESRP1-
RAF1 fusion gene (Palanisamy et al., 2010). The identifica-
tion of the high frequency TMPRSS2-ERG fusion also
promoted research into fusion genes in other human solid
tumors.

There is a clear difference in the incidence and mortality of
prostate cancer between different populations ( Jemal et al.,
2011). Many factors, including living and working environ-
ment, diet, race, age ( > 65 y), sexual history, and genetic
factors, have been proposed to contribute to this population
difference (Gronberg, 2003; McCracken et al., 2007; Shook
et al., 2007). We and other researchers have found that the
frequency of certain somatic genomic changes in prostate
cancers is drastically different between cases from the
Western world and East Asian populations (Boyd et al., 2012;
Lee et al., 2010; Magi-Galluzzi et al., 2011; Mao et al., 2010;
Miyagi et al., 2010; Ren et al., 2012). This includes the
TMPRSS2-ERG fusion, which is commonly found in Western
prostate cancer but at a much lower frequency in Chinese and
other East Asian populations (Lee et al., 2010; Magi-Galluzzi
et al., 2011; Mao et al., 2010; Miyagi et al., 2010). Using next
generation sequencing of the transcriptome, four new high-
frequency fusion genes, USP9Y-TTTY15(19/54), RAD50-
PDLIM4(15/54), CTAGE5-KHDRBS3(20/54) and SDK-AMACR
(13/54) were identified in prostate cancer cases from China
(Ren et al., 2012). Both USP9Y and TTTY15 are located on
the Y chromosome (Yq11) within a short genomic distance.
The USP9Y-TTTY15 transcript is not predicted to code a
functional protein. If translated, the product would be a 96AA
(10.56kDa) protein, containing the first 32AA from USP9Y, a
region with no known functional domain, and potentially
64AA of TTTY15, also lacking a predicted functional do-
main. In this study we attempted to confirm the USP9Y-
TTTY15 fusion as a Chinese prostate cancer-specific genetic
alteration in a separate cohort of Chinese prostate cancer
samples. Surprisingly, we detected USP9Y-TTTY15 fusion
transcripts not only in prostate cancer samples but also in
nonmalignant prostate tissues, as well as nonmalignant tissue
from other organs.

Therefore, USP9Y-TTTY15 is a transcription-induced chi-
meric RNA (an RNA created in normal cells by combining
exons from two or more distinctly known parental genes)
(Akiva, 2005; Fang et al., 2012; Gingeras, 2009; Kannan
et al., 2011; Kim DS et al., 2007, 2012; Kim P et al., 2010;
Kim RN et al., 2012; Li et al., 2008; Parra, 2005; Prakash
et al., 2010; Thomson et al., 2000; Zhang et al., 2012). Linked
to this finding, we also investigated the expression of another
transcription-induced chimeric RNA previously studied in
prostate cancer from Western countries, SLC45A3-ELK4, of
which both partner genes lie on the same chromosome within
a short genomic distance (1q32) (Maher et al., 2009; Rick-
man et al., 2009; Zhang et al., 2012). We found that the roles
they play in prostate cancer may not be as important as pre-
viously thought.

Materials and Methods

Samples

105 pairs of fresh frozen prostate cancer and their case-
matched normal prostate tissue samples from prostate cancer
patients who underwent radical prostatectomy, and one kid-
ney, one lung, and one gall bladder tissue sample removed

during routine surgery in noncancer patients at the First Af-
filiated Hospital, Zhejiang University Medical College,
Hangzhou, China were collected for this study. In addition,
two prostate benign hyperplasia (BPH), four cancer, two
high-grade prostatic intraepithelial neoplasia, and seven
nonmalignant prostate tissues adjacent to malignant lesions
from patients who underwent urological surgery at Barts
Health NHS Hospital, London, UK, were obtained. Samples
were snap frozen and preserved at - 80�C or in liquid ni-
trogen. Detailed clinicopathological information for all the
Chinese cases are available, except diagnostic prostate spe-
cific antigen (PSA) levels missing in two patients (Supple-
mentary Table S1).

The tissue morphology and Gleason grade of cancer le-
sions were confirmed by the pathologist authors. Cancer and
gland-rich areas of adjacent normal tissues were macro-
dissected for RNA extraction. Those surgically removed
tissues, remaining after pathological diagnosis, were used for
this study with written informed consent from patients. This
study, including the content procedures, was approved by the
ethical committee of First Affiliated Hospital, Zhejiang
University Medical College, China (No: 2012-42) and East
London and The City REC Alpha, UK (No. 09/H0704/4).
Five prostate cancer cell lines, VCaP, DU145, LNCaP, PC3,
and 22RV1, and two immortalized prostate epithelial cell
cultures, PNT1a and PNT2-C2, confirmed by STR genotype
analysis were also used in this study.

Reverse transcription polymerase chain reaction
(RT-PCR) and real time quantitative RT-PCR using
SYBR Green technology

Total RNA was extracted from the above samples using
Trizol reagent (Invitrogen) and cDNA synthesis was con-
ducted in a 25 lL reaction mixture using Reverse Tran-
scriptase M-MLV (RNase H�) and random primer as
previously described (Noel et al., 2010). As the previously
reported primer pairs (USP9Y Forward: CTGTGTCAAGTA
TGACAGCCATC and TTTY15 Reverse: CCAGTTTTTCCA
AGGGCTTT) (Ren et al., 2012) always generate a nonspecific
PCR product 9 bp shorter than the fusion product at a range of
annealing temperatures we tested, we designed a pair of
primers (USP9Y Forward: GCAAAGATCTGTGCTGTGTC
AAGTA and TTTY15 Reverse: GCTTAGTTTTCAGTGACT
CACAGGT) to detect the reported USP9Y-TTTY15 fusion
transcripts, with an expected product of 232 bp using an an-
nealing temperature of 57.6�C. Each RT-PCR product band
was gel-excised (E.Z.N.A. Gel Extraction Kit, Omega Bio-tek,
Inc. Norcross, GA) for sequencing analysis.

100 ng cDNA was analyzed by quantitative RT-PCR using
the SYBR Premix Ex Taq (Perfect Real Time, Takara, Da-
lian, China) following the manufacturer’s instructions. The
amplification program consisted of an initial denaturation
step at 95�C for 30 sec, followed by 50 cycles of denaturation
at 95�C for 5 sec, annealing at 60�C for 30 sec, and extension
at 72�C for 15 sec. The total quantity of fluorescent product
was measured at the end of every cycle with a single acqui-
sition. Prior to the detection of gene expression, a standard
curve for each primer pair was created by performing quan-
titative RT-PCR on a series of 10-fold dilutions of cDNA
templates. Ct values between 8 and 35 were plotted against
log10 of the dilution factor and the application efficiency was
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assessed using the slope of the regression line in the standard
curve. The specificity of the primers was determined through
a dissociation peak and further confirmed on a 1.5% agarose
gel. Each sample was performed in triplicate, and a non-
template control was included to detect possible contamina-
tion. For each triplicate, a mean Ct value was calculated and
samples with aberrant values within the triplicate were re-
peated. Gene expression levels were normalized to the
housekeeping gene GAPDH in the same sample by sub-
tracting the Ct value of GAPDH from the Ct value of the
target probes (DCt). DDCt was calculated as the DCt of the
target sample subtracted by the DCt of the control sample.
Fold change compared with the control was calculated by
2-DDCt. The transcript-specific primers used for quantitative
RT-PCR are listed in Supplementary Table S2.

Sequencing analysis

PCR products (the corresponding fusion product bands)
were cloned into pMD 18-T vector (Takara, Dalian, China)
with a TA cloning technique according to the manufacturer’s
instructions. The molar ratio of vector DNA to insert DNA
used for cloning ranged from 1:2–10, and the ligation reac-
tion was performed at 16�C for 50 min. The plasmid was then
transformed into competent E.coli and subsequently cultured
in LB growth medium containing ampicillin. Monoclones
were picked for sequencing analysis using M13 + primers
and the ABI3730XL sequencing machine.

Detection of chimeric transcripts in prostate cancer
transcriptome sequencing data

Raw next generation sequencing data was curated from three
datasets, E-MTAB-567 Chinese dataset (http://www.ebi.ac.uk/

arrayexpress/experiments/E-MTAB-567), EGAD00001000305
(https://www.ebi.ac.uk/ega/datasets/EGAD00001000305), and
GSE22260 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc = GSE22260), representing 40 primary prostate cancer and
25 nontumor prostate samples in total. Read sequences were
mapped to the human reference genome (hg19) and Ensembl
genes using the Bowtie algorithm (Langmead, 2010). Sequence
alignments were subsequently processed to nominate chimeric
RNAs using ChimeraScan (Iyer et al., 2011) with default pa-
rameters. Gene fusion nominations were required to have at least
two independent fragments supporting individual chimeras.

Statistical analysis

A cut off value (fold change of these chimeric transcript
expression level) was used to categorize the cases into groups
and a Chi-squared test was performed. When the chimeric
transcript expression level was left ungrouped, paired and
unpaired t tests were applied. All statistical analysis was
performed using SPSS 16.0 for Windows (SPSS, Chicago,
IL, USA) with two tailed tests. A p value of less than 0.05 was
considered statistically significant.

Results

The USP9Y-TTTY15 fusion transcript is expressed
in all samples including different types of normal tissues

Using the RT-PCR primer pair we designed, we detected
the expected 232 bp PCR product, which correlates to the
previously reported form of the USP9Y-TTTY15 fusion.
However, this fusion sequence was found in all prostate
cancer (n = 32) and adjacent normal tissue (n = 15) samples
analyzed (Fig. 1A). The fusion product was confirmed by
sequencing analysis in all 21 randomly selected prostate

FIG. 1. Detection of the
USP9Y-TTTY15 fusion tran-
script in prostate cancer and
adjacent nonmalignant prostate
tissue. (A) Examples of the RT-
PCR products of the USP9Y-
TTTY15 fusion transcript at
232 bp in prostate cancer (lanes
1–5) and case-matched adja-
cent normal tissue (lanes 6–10)
samples along with a negative
control without input cDNA
template (lane 11). Marker:
1 Kb plus (Life Technology)
DNA size marker. (B) Sche-
matic presentation of the
alignment of TTTY15 and
USP9Y on the Y chromosome
and the fusion transcripts based
on the sequencing data of the
fusion at the end of USP9Y
exon 3 and the beginning of
TTTY15 exon 3. The bottom
panel is a representative image
of the fusion sequence from a
clinical sample. The position of
the nucleotide fusion site is in-
dicated by the black arrows.
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cancer samples and nine adjacent nonmalignant tissues (Fig.
1B). Only one form of the USP9Y-TTTY15 fusion transcript
was found using these primers.

We further examined the expression of the USP9Y-TTTY15
chimeric transcript in one BPH, one normal kidney, one lung,
and one gall bladder sample by RT-PCR, with subsequent
confirmation by sequencing. We found that the fusion tran-
script existed in all normal human tissues tested (Fig. 2).
Therefore, USP9Y-TTTY15 could either be a transcription-
mediated chimeric RNA produced in normal human cells, or
an artifact generated from template switching during reverse
transcription rather than a prostate cancer specific fusion gene
(Cocquet et al., 2006).

In order to rule out the possibility of template switching-
induced artifact fusion, we checked whether there are short
duplicated sequences at the exon–intron and intron–exon
boundaries, which has been proposed as the mechanism for
template switching during reverse transcription (Cocquet
et al., 2006). We did not find any short duplicated sequences
near the junctions. In addition, the junction is canonical (GT-
AG), further supporting that this chimeric sequence is a
transcription-mediated chimeric RNA generated by trans or
cis splicing. We also analyzed two BPH and a number of
prostate cancer and adjacent nonmalignant samples from UK
patients, as well as five prostate cancer cell lines (VCaP,
DU145, LNCaP, PC3, and 22RV1) and two immortalized

FIG. 2. Detection of the USP9Y-TTTY15 fusion transcript by RT-PCR in normal lung,
gall bladder, and kidney tissues. Gel image showing the USP9Y-TTTY15 fusion transcript
detected at the expected size of 232 bp. A positive control using a prostate cancer cDNA
sample and a negative control without cDNA template were also included. Marker: 1 Kb
plus (Life Technology) DNA size marker.

FIG. 3. USP9Y-TTTY15 expression in UK prostate samples. (A) Examples of the RT-
PCR products of the USP9Y-TTTY15 fusion transcript at 232 bp in two BPHs, one prostate
cancer sample (WX33T), together with its adjacent normal tissue (WX33N) from an UK
patient and two prostate cell lines (PNT2 and LNCaP). (B) USP9Y-TTTY15 expression
level measured by qRT-PCR in UK samples was presented in N fold change relative to
sample P80BPH (setting the expression level at 1). Light blue, BPH samples; purple,
normal prostate tissue; green, PIN samples; brown, cancer samples; dark blue, prostate cell
lines. BPH, benign prostatic hyperplasia; N, normal; PIN, prostate intraepithelial neo-
plasia; T, tumor.
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prostate epithelial cell cultures (PNT1a and PNT2-C2). We
identified the fusion transcript in all of them, although at
different expression levels (Fig. 3), indicating that expression
of this chimeric transcript is not specific to the Chinese
population either.

Correlation of USP9Y-TTTY15 and SLC45A3-ELK4
expression levels with clinicopathological parameters
in Chinese prostate cancer cases

We further analyzed the expression level of the chimeric
transcripts USP9Y-TTTY15 and SLC45A3-ELK4 by quanti-
tative RT-PCR in both the cancer and case-matched adjacent
nonmalignant prostate tissue samples from 105 Chinese
prostate cancer cases, where clinical data were available. The
expression levels of USP9Y-TTTY15 in both cancer tissues
and adjacent normal tissues vary dramatically, with higher
expression in cancer cells than their case-matched normal
tissues in 59 cases and lower in 45 cases. There was no sta-
tistically significant difference between the overall expres-
sion in cancer and adjacent nonmalignant tissues ( p > 0.05
for both paired and unpaired t test, Fig. 4A). The ratio of

USP9Y-TTTY15 expression between cancer and adjacent
normal tissues was significantly associated with a lower
baseline level of PSA in normal tissues (using PSA cut off at
20 ng/mL, p = 0.004), as well as older age at diagnosis (using
70y as cut off, p = 0.025). However, USP9Y-TTTY15 expres-
sion level changes from normal to cancer samples was not
correlated with Gleason score ( p = 0.781), clinical (TNM)
stage ( p = 0.856), or lymph node metastasis ( p = 0.799). The
correlation between prostate cancer clinicopathological pa-
rameters and the changes in USP9Y-TTTY15 expression in
cancer samples compared to case-matched normal tissues are
shown in Table 1. When the expression levels in cancer
samples alone (not considering the expression in adjacent
normal tissue) were compared between cases with different
clinical parameters, the expression level of USP9Y-TTTY15
was not correlated with any parameters (Table 2). However, a
higher expression level in normal prostate tissue was signifi-
cantly associated with a higher baseline PSA (using 20 ng/ml
as cut off, p = 0.025) and diagnosis of prostate cancer at a
younger age (using 70 years for grouping, p = 0.043). The re-
maining correlations were not statistically significant (Table 2,
Fig. 4A).

FIG. 4. Distribution of the transcription-mediated chi-
mera expression. (A) The distribution of USP9Y-TTTY15
expression level in the Chinese prostate cancer and ad-
jacent nonmalignant tissues overall and in different
clinical subgroups. (B) The distribution of SLC45A3-
ELK4 expression level in the Chinese prostate cancer and
adjacent nonmalignant tissues, split into different groups
based on clinical parameters. The expression level of
USP9Y-TTTY15 and SLC45A3-ELK4 (y axis) was pre-
sented in n fold change relative to sample 31C (setting
the expression level at 1). Age, age of the patient at
diagnosis; GS, Gleason score; PSA, prostate specific
antigen.
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We investigated whether stimulation by androgens in the
androgen-sensitive prostate cancer cell line LNCaP would
increase expression of USP9Y-TTTY15. LNCaP cells grown
in androgen free medium (charcoal stripped serum) were
treated with the synthetic androgen Mibolerone at 0.1, 1, and
10 nM, together with a 0.01% ethanol-treated control. Mi-
bolerone treatment decreased the USP9Y-TTTY15 expression
level in a dose dependent manor (Supplementary Fig. S1).

For the previously well-characterized SLC45A3-ELK4
chimeric transcript, although there are several forms of the
fusion, we mainly detected the SLC45A3 exon 1 to ELK4
exon 2 fusion, which is consistent with the previous report
(Rickman et al., 2009). This form of the fusion has been
previously confirmed experimentally as a cis-splicing medi-
ated chimeric transcript. We also found that the junction is
canonical (GT-AG) without short duplicated sequences near
the junctions. The expression levels of SLC45A3-ELK4 also
vary dramatically in both cancer and adjacent normal tissues.
In a pairwise comparison, while in 63 cases the expression in

cancer cells was higher than case-matched normal tissues, in
many cases (n = 42), the expression in cancer cells was lower
than their case-matched normal tissue. Overall, there is sig-
nificantly higher expression of SLC45A3-ELK4 in prostate
cancer samples than adjacent normal tissue if a paired t test is
used for analysis ( p = 0.003). However, this significance
disappeared ( p = 0.136) if an unpaired t test was applied due
to the great variation in each group and overlapping of
SLC45A3-ELK4 expression levels in these two sample
groups (Fig. 4B). The expression of SLC45A3-ELK4 in
cancer samples or normal prostate tissues alone did not cor-
relate with any clinical parameters.

There was a trend towards higher SLC45A3-ELK4 expres-
sion in normal tissues in cases with lower baseline PSA and
lower Gleason score, but none of the comparisons were sta-
tistically significant ( p = 0.058 and 0.15, respectively) (Table 2,
Fig. 4B). Furthermore, we frequently detected ten times higher
SLC45A-ELK4 expression in prostate cancer than in normal
samples in cases with higher baseline PSA ( ‡ 20 ng/ml;
p = 0.031), Gleason score ( p = 0.032), TNM stage ( p = 0.012),
and with lymph node metastasis ( p = 0.013), indicating that a
dramatic increase of SLC45A3-ELK4 expression is associated
with the progression of prostate cancer to an advanced disease
status (Table 3).

We analyzed three next generation sequencing datasets of
the prostate cancer transcriptome to detect these two chimeric
transcripts. We found USP9Y-TTTY15 chimeric transcripts in
six of 14 Chinese prostate cancer samples, with reads in in-
dividual samples ranging from 2 to 7. We also found USP9Y-
TTTY15 chimeric transcripts in two of 14 normal tissues in
this Chinese dataset, each sample had three reads. We did not
detect this chimeric transcript in any of the samples in the
GSE22260 dataset, where the sequencing depth is lower than
the other two datasets. In the EGAD00001000305 dataset,
where the sequencing depth is several times higher than the
other two data sets, the USP9Y-TTTY15 chimeric transcript
was detected in six out of eight cancer samples, each with
only two or three reads. However, we did not find any
SLC45A3-ELK4 positive cases from these three datasets. We
also searched for TMPRSS2-ERG fusion transcripts in these
three datasets and found TMPRSS2-ERG in four of 14 Chi-
nese prostate cancer samples, 13 of 18 cancer samples in the
GSE22260 dataset, and five of eight cancer samples from the

Table 1. Correlation of Clinicopathological

Parameters and Expression Changes

of USP9Y-TTTY15 in Chinese Prostate Cancer

Samples Related to Case-Matched

Normal Tissues

Variable Folds £1 Folds >1 p value

Age £ 70 37 35 0.021
Age > 70 9 24
PSA £ 20 22 43 0.004
PSA > 20 24 14
GS £ 7 34 45 0.781
GS > 7 12 14
Clinical stage £ 3 40 52 0.856
Clinical stage > 3 6 7
Meta negative 42 53 0.799
Meta positive 4 6

Chi-squared test was performed. Folds £1 shows the number of
cases where cancer samples express lower or equal levels of
USP9Y-TTTY15 than the normal tissues, while Folds >1 shows the
number of cases where cancer samples express higher levels of
USP9Y-TTTY15 than the normal tissues. GS, Gleason score; meta,
metastasis; PSA, prostate specific antigen.

Table 2. Correlation of Clinicopathological Parameters and Expression Level of USP9Y-TTTY15
and SLC45A3-ELK4 in Prostate Cancer and Normal Tissues

p values for USP9Y-TTTY15 p values for SLC45A3-ELK4

Clinicopathological parameters Number of cases Cancer Normal Cancer Normal

Age £ 70 72 0.216 0.043 0.249 0.706
Age > 70 33
PSA £ 20 65 0.607 0.025 0.183 0.058
PSA > 20 38
GS £ 7 79 0.904 0.818 0.815 0.150
GS > 7 26
Clinical stage £ 3 92 0.990 0.501 0.535 0.908
Clinical stage > 3 13
Meta negative 95 0.821 0.604 0.683 0.940
Meta positive 10

T test was performed. GS, Gleason score; meta, metastasis; PSA, prostate specific antigen.
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EGAD00001000305 dataset, in more than half of the cases,
there were more than 50 TMPRSS2-ERG reads supporting
this fusion. Adjusted by the gene size, the number of reads for
TMPRSS2 and SLC45A3 is 50 times more than that for
USP9Y.

Discussion

With recent interest into the study of gene fusions in
nonhematological malignancies, fusion genes have now been
recognized as a common mechanism in the development and/
or progression of many human solid tumors (Edwards, 2010;
Mitelman et al., 2007). The four high frequency fusions re-
ported to be specific to Chinese prostate cancer (Ren et al.,
2012), once confirmed by independent studies, will change
the understanding of fusion genes in prostate cancer. How-
ever, using a considerably large number of clinical samples,
we found that one of the four fusion genes reported in that
study, USP9Y-TTTY15, is not specific to Chinese prostate
cancer. It has been detected in different types of human
normal tissues and was not confined to the Chinese popula-
tion either. This highlights the importance of careful exam-
ination of the adjacent and other normal tissues for a fusion
transcript initially identified in cancer cells.

In fact, transcription-induced chimeric RNAs, generated in
normal healthy cells, without corresponding genomic re-
arrangements have been well recognized in the field of ge-
netic research (Akiva, 2005; Fang et al., 2012; Gingeras,
2009; Kim DS, et al., 2007; Kim DS, et al., 2012; Kim P, et al.,
2010; Kim RN, et al., 2012; Li et al., 2008; Parra, 2005; Pra-
kash et al., 2010; Thomson et al., 2000; Zhang et al., 2012).
However, the existence of transcription-induced chimeric
RNAs has not been well appreciated in the cancer research
field, where fusion genes play an important role in disease
development, progression, and treatment (Edwards, 2010;
Mitelman et al., 2007). Transcription-induced chimeric RNAs
are generally expressed at low levels (Prakash et al., 2010).

As the current approach in cancer genetics is mainly fo-
cused on fusion gene discovery in cancer samples, some
transcription-induced chimeric RNAs can easily be reported
as cancer-specific fusions, without thorough gene expres-
sion analysis of the normal tissues and genomic analysis to

identify the corresponding rearrangements in tumor cells.
Even in cases where fusion transcripts without corresponding
genomic rearrangements have been identified (Guerra et al.,
2008; Li et al., 2008; Maher et al., 2009; Rickman et al.,
2009; Zhang et al., 2012), their contributions to tumorigen-
esis may be overestimated due to the focus on their roles in
malignant disease in those studies. Therefore, it is essential to
highlight the existence of transcription-induced chimeric
RNAs in normal cells in the cancer research field, to prevent
future reports of such chimeric transcripts as recurrent cancer
specific fusion genes. Here we not only identified USP9Y-
TTTY15 as a transcription-induced chimeric RNA with
little role in prostate carcinogenesis, but also showed that
SLC45A3-ELK4 may not be associated with prostate can-
cer development and progression as greatly as previously
reported.

When we explored the correlation of the chimeric tran-
script USP9Y-TTTY15 with the clinicopathological data in
this cohort of Chinese prostate cancer samples, we found that
USP9Y-TTTY15 transcript expression is correlated with PSA
levels in the normal tissues and inversely correlated with age
at diagnosis, suggesting that USP9Y-TTTY15 expression may
be influenced by androgens, that are also associated with PSA
level and are at higher levels in younger men in comparison to
older men. However, USP9Y-TTTY15 expression was not
stimulated by androgen. The slightly reduced expression of
USP9Y-TTTY15 may result from the increased expression
of androgen controlled genes and relative ratio reduction of
non-androgen controlled genes. The lower number of USP9Y
reads, compared to that of androgen regulated genes
TMPRSS2 and SLC45A3 from the transcriptome sequencing
data, also support that USP9Y-TTTY15 is not prostate spe-
cific, or under the control of androgens. The above findings,
together with the lack of an association between transcript
expression levels and any other prostate cancer develop-
ment or progression features, indicates that USP9Y-TTTY15
expression levels may play little or no role in prostate
carcinogenesis.

Following TMPRSS2, SLC45A3 is the second most com-
mon 5¢ fusion partner reported in prostate cancer in Western
countries (Boyd et al., 2012). However, the SLC45A3-ELK4
fusion product is a transcription-induced chimeric RNA,
which is generated by transcriptional run over of adjacent
genes and cis-splicing in the absence of chromosomal re-
arrangement (Maher et al., 2009; Rickman et al., 2009;
Zhang et al., 2012). It has been found in both prostate cancer
and normal tissues (Rickman et al., 2009; Zhang et al., 2012).
While transcription-induced chimeric RNAs exist in normal
cells, changes in the expression levels of certain chimeric
RNAs have the potential to be associated with cancer de-
velopment and/or progression. The expression of many
transcription-induced chimeric RNAs has been detected at a
much higher level in prostate cancer samples than non-
malignant prostate tissues (Kannan et al., 2011). Therefore,
identifying the correlation between the expression level of
SLC45A3-ELK4 fusion transcripts and prostate cancer de-
velopment and progression (Maher et al., 2009; Rickman
et al., 2009; Zhang et al., 2012) might still provide a potential
diagnostic or prognostic biomarker for prostate cancer.

However, in our study of a large number of case-matched
cancer and adjacent normal prostate tissues, SLC45A3-ELK4
expression varied greatly, both in cancer and normal samples.

Table 3. Correlation of Clinicopathological

Parameters and Expression Changes

of SLC45A3-ELK4 in Chinese Prostate

Cancer Samples Related

to Case-Matched Normal Tissues

Variable Folds £10 Folds >10 p value

Age £ 70 56 16 0.400
Age > 70 28 5
PSA £ 20 67 11 0.031
PSA > 20 15 10
GS £ 7 67 12 0.032
GS > 7 17 9
Clinical stage £ 3 77 15 0.012
Clinical stage > 3 7 6
Meta negative 79 16 0.013
Meta positive 5 5

Chi-squared test was performed. GS, Gleason score; meta,
metastasis; PSA, prostate specific antigen.
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In many cases (42/105), SLC45A3-ELK4 was expressed at a
higher level in the case-matched adjacent tissues than in
cancer samples. The expression of SLC45A3-ELK4 was
significantly higher in prostate cancer compared with adja-
cent normal tissue, only when a paired t-test was applied.
Furthermore, contrary to a previous report (Rickman et al.,
2009), SLC45A3-ELK4 expression levels in cancer cells
alone were not associated with any features of advanced
prostate cancer. While there may be population differences
between the association of SLC45A3-ELK4 expression level
and prostate cancer progression, careful examination of the
data from the previous report showed that the association of
SLC45A3-ELK4 expression with high Gleason score, ad-
vanced stage, and cancer metastasis were based on the
comparison of the expression in advanced disease with
nonmalignant tissues, instead of the less advanced cancer
cases (Rickman et al., 2009).

SLC45A3 is a prostate-specific androgen responsive gene,
which is highly expressed in prostate cancer. Its expression is
increased by stimulation with the synthetic androgen R1881
(Tomlins et al., 2007). Treatment with R1881 also increased
SLC45A3-ELK4 expression in LNCaP cells by androgen re-
ceptor dependent activation (Rickman et al., 2009; Zhang
et al., 2012). While this upregulation of SLC45A3-ELK4 in-
creases cell proliferation in cancer cells, it may also play a
similar role in normal prostate cells. In our study, we found
that the change in SLC45A3-ELK4 expression level was as-
sociated with prostate cancer progression, only when its ex-
pression was dramatically (ten-fold) increased in cancer
cells, compared to case-matched normal tissues. This asso-
ciation included high PSA levels, Gleason score, clinical
stage, and lymph node metastasis. Therefore, it appears that
the baseline expression level of SLC45A3-ELK4 is not im-
portant for prostate carcinogenesis, and only in certain cases
where the expression of SLC45A3-ELK4 is dramatically el-
evated by an unknown mechanism, is it associated with
prostate cancer development and progression. These findings
indicate that, while further investigations into the contribu-
tion of transcription-induced chimeric RNAs in prostate
cancer development and progression are required, careful
analysis of normal tissues within this process is necessary.

Although the mechanism of formation and the functional
roles of chimeric transcripts remain elusive (Kannan et al.,
2011; Kim RN, et al., 2012; Parra, 2005), two main mecha-
nisms involved in the generation of transcription-induced
chimeric transcripts have been established: 1) Through con-
joined genes (two or more closely located genes on the same
strand of a chromosome (Kannan et al., 2011; Kim DS, et al.,
2012; Kim RN, et al., 2012; Parra, 2005; Prakash et al., 2010),
where chimeric transcripts can be generated either by run-off
transcription of the upstream gene followed by cis-splicing
(Kannan et al., 2011; Prakash et al., 2010; Zhang et al., 2012)
or skipping/truncation of the final exon in the upstream gene
(Kim RN, et al., 2012); 2) Trans-splicing of RNAs, which
generates inter- and intra-chromosomal chimeric transcripts
(Fang et al., 2012; Gingeras, 2009; Kannan et al., 2011; Li
et al., 2008). The USP9Y and TTTY15 genes are located next
to each other in the same direction, meeting the criteria for a
conjoined gene. However, the 5¢ end of the downstream gene
is placed in front of the 3¢ end of the upstream gene. There-
fore, a trans-splicing or novel mechanism may be used to
generate the chimeric transcript in this case. The unique

mechanisms used in the formation of transcription-induced
chimeric RNAs may play a role in protein evolution or gene
regulation (Akiva, 2005; Kannan et al., 2011; Prakash et al.,
2010), but the role of those chimeric RNAs in carcinogenesis
has to be carefully evaluated.

The genomic changes in many cancers have been shown to
differ between populations (Boyd et al., 2012). These dif-
ferences are also expected for fusion/chimeric transcripts,
and different frequencies of the TMPRRS2-ERG fusion gene
in prostate cancer have been demonstrated between popula-
tions (Boyd et al., 2012; Mao et al., 2010; Ren et al., 2012).
The USP9Y-TTTY15 chimeric RNA was initially detected as
Chinese prostate cancer specific. Although we have demon-
strated in this study that it is expressed in samples from both
Chinese and Western populations, there are more reads in the
Chinese transcriptome sequencing database than from Wes-
tern men. Our transcriptome sequencing data analysis reveals
that both USP9Y-TTTY15 and SLC45A3-ELK4 are present at
a very low abundance, and we failed to identify SLC45A3-
ELK4 positive cases from the three transcriptome sequencing
datasets. We have detected the previously reported USP9Y-
TTTY15 and TMPRSS2-ERG positive cases from the same
datasets. Althogh SLC45A3-ELK4 has been identified from
the dataset, in each positive sample, only one copy has been
detected, which was not considered by our analysis with a
minimum criteria of two reads to define a positive case.

Nevertheless, many relatively rare fusion/chimeric tran-
scripts have been identified through whole genome and
transcriptome sequencing (Kannan et al., 2011; Maher et al.,
2009; Ren et al., 2012). With the increased efficiency and
reduced cost of next generation sequencing, more fusion/
chimeric transcripts will be identified and population se-
quencing for different populations will help to understand
those fusion events and their potential roles in cancer de-
velopment and expression. As many of those fusion/chimeric
sequences are presented in low abundance, their expression
level differences between cancer and normal samples and
among populations should be assessed by targetted exten-
sively deep sequencing or quantitative PCR method.

In summary, we found that the USP9Y-TTTY15 chimeric
RNA, previously described as a prostate-specific fusion gene
in the Chinese population, is in fact a transcription-induced
chimeric RNA, expressed in different types of normal human
tissues. Using a large cohort of prostate cancer samples, with
case-matched adjacent nonmalignant tissues, we investigated
the role of two transcription-induced chimeric RNAs. We
found that USP9Y-TTTY15 plays a limited role in prostate
cancer carcinogenesis. Although SLC45A3-ELK4 expression
is slightly higher in cancer than in normal prostate tissues, only
a dramatic increase of its expression in cancer cells compared
to case-matched normal tissues is associated with advanced
disease. Conversely, expression levels of SLC45A3-ELK4 in
cancer cells alone did not significantly correlate with any
clinical parameters. The existence of transcription-induced
chimeric RNAs are largely ignored in the field of cancer re-
search, where people are focused on identifying new fusion
genes, as they are always assumed critical to malignant disease
development and/or progression. This study suggests that it is
essential to carefully examine a new fusion transcript in both
cancer and normal tissues when it is identified, and bias to-
wards a positive association between fusion transcripts and
carcinogenesis should be avoided.
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Conclusion

Using both malignant and nonmalignant samples, we show
that USP9Y-TTTY15 is a transcription-induced chimeric
RNA, which is expressed in different types of normal human
tissues, and both USP9Y-TTTY15 and SLC45A3-ELK4 chi-
meric RNAs contribute less to prostate carcinogenesis than
previously reported. Therefore, although exploring the role of
chimeric RNAs in prostate cancer may have the potential to
bring new findings to help our understanding and improve
clinical management of this disease, it is essential to keep an
open mind in this area of research before making the as-
sumption that the presence of chimeric RNAs contribute to
carcinogenesis.
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