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Discovery and Classification of Fusion Transcripts
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Fusion transcript formation is one of the fundamental mechanisms that drives the development of
prostate cancer. Because of the advance of high-throughput parallel sequencing, many fusion transcripts
have been discovered. However, the discovery rate of fusion transcripts specific for prostate cancer is
lagging behind the discoveries made on chromosome abnormalities of prostate cancer. Recent analyses
suggest that many fusion transcripts are present in both benign and cancerous tissues. Some of these
fusion transcripts likely represent important components of normal gene expression in cells. It is
necessary to identify the criteria and features of fusion transcripts that are specific for cancer. In this
review, we discuss optimization of RNA sequencing depth for fusion transcript discovery and the char-
acteristics of fusion transcripts in normal prostate tissues and prostate cancer. We also propose a new
classification of cancer-specific fusion transcripts on the basis of their tail gene fusion protein product
and the roles that these fusions may play in cancer development. (Am J Pathol 2015, 185: 1834e1845;
http://dx.doi.org/10.1016/j.ajpath.2015.03.008)
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Genomic alteration is the hallmark of human malignancies.
These alterations are manifested as changes in copy number in
a region of chromosome such as amplification, deletion,
duplication, or chromosome rearrangement. Single nucleotide
mutations that alter the protein structure may also have rele-
vant impact on the development of cancers. The invariable
association between human malignancies and these genomic
alterations argues strongly that genome alterations, rather than
epigenomic changes, are the most critical and common un-
derlying mechanisms for the development of human cancers.
The genomic and epigenomic alterations and their corre-
sponding gene expression alteration in prostate cancer were
well documented and characterized in the past 15 years.1e11

Studies that used high-throughput genome array and
whole-genome sequencing reveal a large number of copy
number changes in human prostate cancer genomes,
affecting almost all chromosomes.6,12,13 Because of the high
level of genomic rearrangement identified in the prostate
cancer genome, the term chromoplexy was coined to
describe the complexity and abundance of chromosome
rearrangements.14 Some of the grave consequences of
chromosome rearrangement are the aberrant joining of un-
related genes and the production of a fusion transcript.
stigative Pathology.

.

The events of joining together two unrelated genes often
lead to the creation of a new oncogene that might be analo-
gous to BCR-Abl seen in leukemias. Even though genomic
rearrangement in prostate cancer is extensive, only a handful
of fusion transcripts related to prostate cancer are properly
validated, suggesting that the prevailing approach of fusion
transcript discovery is suboptimal. RNA sequencing could be
modified to improve the discovery rate of fusion transcripts.
High Coverage of RNA Sequencing Is Necessary
to Discover Most Low-Abundance Fusion
Transcripts

Abundantly expressed housekeeping genes usually have the
dominant presence in whole-transcriptome sequencing.
Indeed, we found that the top quartile of expressed genes
generally account for 90% of the mapped reads in our
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Fusions in Prostate Cancer
transcriptome analyses.15 This leaves few detected reads
representing low abundantly expressed genes.

To detect fusion transcripts, accurate detection relies on
the finding of split reads that contain fusion-joining se-
quences of two unrelated genes in a 100-bp sequence when
using Illumina HiSeq2500 sequencer. Reads mapped to
other regions of a fusion transcript are irrelevant because
they overlap a fusion transcript and its wild-type counterpart
and thus will be classified as wild-type gene transcripts.

Even though spanning reads that contain pair-end mapped
to the head and tail parts of a fusion transcript may provide
important support for the presence of a fusion transcript, the
rate of validation is low because of uncertainty of the
location of the fusion joining point. Thus, the focus of
fusion transcript detection is identification of sequences that
contain the fusion split juncture. Because of the limit of
sequence mapping, the split juncture has to be at least 10 bp
away from the end of the read to avoid ambiguous mapping.
Sequences not >90 bp from either side of the fusion split
juncture will be used when using Illumina 200 cycle paired-
end sequencing scheme. As a result, the rate of detecting a
split read may be low if the expression of the fusion tran-
script is not abundant.

In our recent transcriptome sequencing that used 1200�
to 1400� coverage per gene,15 of the eight validated fusion
transcripts and TMPRSS2-ERG, the numbers of split reads
ranged from 2 to 13 (Table 1).15 Most of the fusion tran-
scripts have five or less split reads by using FusionCatcher
(https://code.google.com/p/fusioncatcher, last accessed March
12, 2015). This translates to the bottom half of expression levels
for all genes. Two of nine fusion transcripts are in the bottom
30% of expressed genes.

To determine the threshold of coverage to detect these
transcripts, we randomized and subsampled the mapped reads
to equivalence of 1000�, 600�, 400�, and 200� coverage.
Although TMPRSS2-ERG and MTOR-TP53BP1 were
consistently detected even when coverage was reduced to
300�, all other fusion transcripts disappearedwhen sequencing
coverage was reduced to 600�. However, when sequencing
depth was raised to 1000� coverage, only LRRC59-FLJ60017
was not detectable. Thus, sequencing depth is crucial to
detecting novel fusion transcripts.
Table 1 Coverage Dilution Simulation to Detect Fusion Transcripts

Sample Head gene Tail gene Expression percentile

Wh

Spa

1T TMPRSS2 ERG 30the40th 7
5T TMPRSS2 ERG 70the80th 6
3T TRMT11 GRIK2 50the60th 3
1T LRRC59 FLJ60017 30the40th 3
4T TMEM135 CCDC67 20the30th 3
2T MTOR TP53BP1 50the60th 12
3T MAN2A1 FER 60the70th 3
3T KDM4B AC011523.2 20the30th 7
3T CCNH C5orf30 30the40th 3
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To detect most fusion transcripts, a minimum of 1000�
coverage is required. Because whole-genome sequencing
from these prostate cancer samples indicates far more
chromosome rearrangements and translocations than the
number of fusion transcripts found,14,15 a substantial num-
ber of fusion transcripts may have escaped our detection
even with 1300� coverage. Quite likely, the undetected
fusion transcripts are expressed in low abundance.
Extensive Presence of Fusion Transcripts in
Normal OD Prostate Tissues

Similar to nucleotide and copy number variants, most fusion
transcripts can be physiologic. Recent transcriptome
sequencing of normal prostate tissues from healthy organ do-
nors (OD) revealed numerous fusion transcripts in normal
prostate tissues.15 These fusion transcripts can be classified into
two categories: The fusion transcripts connect two adjacent
transcripts. This type of fusion transcripts appears to result from
the splicing of the 50 end of a head gene and the 30 end of a tail
gene. A chimera mRNA is produced with the arrangement of
headetail gene in the same direction of transcription from the
chromosome. Such fusion transcript formation requires no
chromosome rearrangement. Some of these transcripts may
have a chimera protein translated. The second type of fusion
transcript involves the combination of head and tail genes from
a far distance, or from different chromosomes, or in different
chromosome transcription directions. The formation of such
fusion transcripts may require chromosome recombination or
may be RNA recombination if the evidence of chromosome
rearrangement is absent.

Among the 20 samples of OD prostate samples, >80% of
validated fusion transcripts are the results of splicing of a
continuous transcript that spans two genes (category 1). The
most common iteration of type 1 category 1 fusion is
TTTY15-USP9Y from Y chromosome (Table 2). TTTY15 is
a testis-specific non-coding RNA with no known function.
USP9Y is an ubiquitin-specific peptidase that may be
involved in spermatogenesis.16 Two different fusion points
in TTTY15 were identified (Figure 1A): one fusion isoform
produced chimera RNA with the first 3 exons of TTTY15
ole 1000� 600� 300�
n Split Span Split Span Split Span Split

6 6 2 3 1 3 1
13 2 4 0 2 0 0
12 5 4 0 0 0 0
7 0 0 0 0 0 0
3 3 1 0 0 0 0
5 10 5 5 5 5 3
13 3 8 0 0 0 0
2 7 1 0 0 0 0
5 2 4 0 0 0 0
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connecting with a partial first exon of USP9Y. The first 779
nucleotides of exon 1 in USP9Y were lost. The open reading
frame for USP9Y remains intact. It will likely have no
impact on the translation of the ubiquitin-specific protease 9,
Y chromosome (USP9Y) protein.

The second isoform has the first three intact exons of
TTTY15 but also retains a partial exon 4. The head gene is
substantially larger than isoform a but loses 1.7 kb of exon
4. This portion of TTTY15 connects with the same fusion
point of USP9Y as isoform a; thus, the isoform has an intact
open reading frame for USP9Y. To examine the frequency
of TTTY15-USP9Y fusion in healthy persons, RT-PCRs
using primers that corresponded to the sequences sur-
rounding the fusion point of TTTY15-USP9Y were per-
formed on 20 samples of OD prostates from persons free of
urologic malignancies with ages ranging from 15 to 71
years. Isoform a of TTTY15-USP9Y was readily detected in
19 of 20 OD samples, whereas isoform b was positive in 16
samples. The high frequency rate of TTTY15-USP9Y in
donor prostates from persons with wide range of ages sug-
gests that TTTY15-USP9Y fusion is a likely physiologic
event, even though it was previously identified in prostate
cancer samples.17

A surprising finding of fusion transcripts in normal
prostate tissues is the presence of fusions that could not be
Table 2 Validated Fusion Transcripts Present in Healthy Organ Donors

Fusion gene Protein product Head/tail gene locus

HARS2-ZMAT2 Head gene-WT 5q31.3/5q31.3
Tail gene-AWTASC

BAIAP2L2-SLC16A8 Head gene-WT 22q13.1/22q13.1
Tail gene-WT

KLK4-KLKP1 Head gene-CTT 19q13.1/19q13.1
Tail gene-NC

AZGP1-GJC3 Chimera protein 7q22.1/7q22.1
Chimera protein

SLC45A3-ELK4 Chimera protein 1q32.1/1q32.1
Chimera protein

PRKAA1-TTC33 Head gene-CTT 5p13.1/5p13.1
Tail gene-WT

C6orf47-BAG6 Head gene-AWTASC 6p21.3/6p21.3
Tail gene-WT

ADCK4-NUMBL Chimera protein 19q13.2/19q13.2
Chimera protein

TTTY15-USP9Ya Head gene-NC Yq11.1/Yq11.1
Tail gene-WT

TTTY15-USP9Yb Head gene-NC Yq11.1/Yq11.1
Tail gene-WT

MALAT1-TNN Head gene-NC 11q13.1/2q31
Tail gene-AWTASC

MALAT1-WDR74a Head gene-NC 11q13.1/11q12.2
Tail gene-WT

MALAT1-WDR74b Head gene-NC 11q13.1/11q12.2
Tail gene-AWTASC

Transcripts were validated through RT-PCR and Sanger sequencing.
AWTASC, absence of wild-type ATG start codon; CTT, C-terminal truncation; NC
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explained by splicing within the same transcript. This type
of fusion makes up <10% of validated fusion transcripts
detected in tissues from healthy persons. One of the most
frequently detected fusion transcripts of this category is
MALAT1 and its associated partners.MALAT1 is a long non-
coding RNA with a single exon of 8.7-kb length. MALAT1
appears to involve RNA recombination and is located at the
active transcription sites.18 Increase of expression of
MALAT1 is associated with poor prognosis of several
human malignancies.19e26

Multiple mechanisms were proposed for the oncogenic
activity of MALAT1.27e35 A donor prostate from a 21-year-
old man was positive for MALAT1 fusion with several gene
partners: two isoforms of MALAT1-WDR74 and one
MALAT1-TTN were detected (Figure 1B). For MALAT1-
WDR74 fusion, the breakpoint of fusion isoform a
occurred in cDNA position 7106 bp of MALAT1 and the
first 25 nucleotide ofWDR74. The resulting fusion transcript
contains an intact open reading frame for WDR74 and thus
likely retains function to translate a wild-type WD repeat-
contained protein 74 (WDR74) protein. The breakpoint of
MALAT1-WDR74 isoform b, however, occurred in the exon
of MALAT1 and intron 4 of WDR74. Such fusion eliminates
the ATG translation start codon forWDR74; thus, no protein
will be produced from this template.
Distance Head/tail joining sequence Age/number

2 kb 50-CGTTGTCAAGAG-30 19e71/9
50-ACAAAAAACTTG-30

1.9 kb 50-GGGGTCCGAGAC-30 19e71/9
50-CTGCTCCACTTC-30

20 kb 50-TGCTGGCGAACG-30 19e71/10
50-ATGCTGTGATTG-30

48 kb 50-ACGACAGTAACG-30 19e71/10
50-TTCCAGGAAGAA-30

38 kb 50-CGGGAGAAGCAG-30 19e71/9
50-CTCATTGCTATGG-30

17 kb 50-GTAGTATTGATG-30 19e71/10
50-AATGGCTTCCTT-30

8.5 kb 50-GGTGTGGCCTTG-30 19e71/10
50-AGACCTGTCGGC-30

6 kb 50-TTTGAAACCAAG-30 22e71/7
50-GGCGGACCCCGG-30

15 kb 50-TTCTGACCTGTG-30 15e75/19
50-AGAGCTTGGAG-30

15 kb 50-GTATTTTGGAAG-30 15e56/16
50-AGAGCTTGGAG-30

Infinite 50-ATGGGACAATAG-30 21/1
50-TAATGTCGCTGG-30

2.6 mb 50-CAGTAAGAAAAA-30 21/1
50-ATCAAGTGTAGT-30

2.6 mb 50-TGGGTTAGAGAA-30 21/1
50-GGAGTCTCACTC-30

, non-coding; WT, wild-type.
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Figure 1 Fusion transcripts in normal prostate
tissues. A: Fusion transcripts result from contin-
uous transcription of two contiguous genes.
Schematic diagrams of TTTY15 and USP9Y genomes,
fusion transcripts, and predicted translation
products. Blue arrow indicates fusion breakpoint
in the genome. Transcription direction is indicated
by black arrow. Translation start site is indicated
by 90� arrow. B: Fusion transcripts result from
noncontiguous transcription. Schematic diagrams
of MALAT1, WDR74, and TTN genomes, fusion
transcripts, and predicted translation products.
Blue arrow indicates fusion breakpoint in the
genome. Transcription direction is indicated by
black arrow. Translation start site is indicated by
90� arrow.

Fusions in Prostate Cancer
These fusions cannot be explained by continuous tran-
scription through these two genes because the directions of
these two transcripts are opposite and are away from each
other.MALAT1-TTN fusion occurred betweenMALAT1 exon
and TTN partial exon 44. The resulting transcript will have
ATG translation start site deleted for TTN; thus, no titin
(TTN) protein will likely be translated. Multiple fusion
partners of MALAT1 fusion in the same sample (Table 2)
suggest that these fusion transcripts occurred at the RNA
level. Even though transgene splicing is a distinct possibility,
the lack of splicing donor or acceptor sequences at some of
the fusion breakpoints makes it an unlikely mechanism.
Because MALAT1 plays a critical role in RNA splicing
through RNAeRNA interaction,36 MALAT1 RNA may be
involved in RNA cleavage and rejoining process. Probably a
yet-to-be-discovered RNA recombination mechanism drives
such epigenetic (post-transcriptional) process.

The discovery of a substantial number of fusion tran-
scripts in normal tissues from healthy persons of various
ages suggests that many gene fusions are likely to be
physiologic processes. Most of these fusion transcripts do
not produce chimeric proteins. Instead, some of these fusion
transcripts produce a truncated head gene-driven transcrip-
tion of a tail gene. Protein truncations or complete elimi-
nation of open reading frame are frequent. The repeated
presence of specific fusion transcripts in normal prostate
tissues suggests that these fusions are not random events.
Rather, fusion transcripts add a new sphere of diversity and
complexity of protein and gene expression regulation.
Fusion transcripts because of RNA recombination may
allow cells to destroy unwanted transcripts and prevent them
from translating into proteins that might substantially alter
the differentiation paths of these cells. Truncated proteins
may interfere or weaken the function of the wild-type pro-
teins by competing for the same substrates or binding
molecules. A head gene-driven tail gene transcript may have
The American Journal of Pathology - ajp.amjpathol.org
the effect of weakening the expression of the head gene
protein because of truncation, but enhancing the expression
of a tail gene protein when open reading frame is intact,
because of transcripts from both the head and tail gene
promoters. The investigation of the mechanisms that drive
these physiologic fusion formations and of the biological
role of these fusion transcripts will give us important new
insight into the epigenetic regulation of gene/protein
expressions.

Fusion Transcripts in Prostate Cancer

Classification

In general, fusion transcripts in prostate cancer can be
classified into three categories on the basis of the protein
structure of the head gene and the tail gene in the fusion
transcripts (Table 3): chimera protein-forming fusion tran-
scripts, independent wild-type tail gene fusion transcripts,
and nonefusion-forming fusion transcripts. For chimera
protein-forming fusion transcript, translation of a fusion
protein occurs at the ATG start codon of the head gene and
connect it in frame with the C-terminus of the tail gene. For
independent wild-type tail gene fusion transcript, the fusion
point occurs at the 50 untranslated region of the tail gene
mRNA such that both the ribosomal binding site and the
ATG start codon are preserved. The consequence of such
fusion is independent translation of the tail gene in the
transcript, whereas the expression of the tail gene is driven
by the head gene promoter. The head gene may or may not
express a truncated protein. For nonefusion-forming fusion
transcript, the ATG translation start codon and the ribosome
binding site of the tail gene are deleted, whereas the head
gene has C-terminus truncation or has lost the open reading
frame all together. In rare occasion, a wild-type head gene is
preserved in nonefusion-forming fusion transcript.
1837
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Table 3 Fusion Transcripts that Result from Chromosome Rearrangement

Fusion gene Head gene locus Tail gene locus Fusion protein product

Chimera protein fusion
ALG5-PIGU* 13q13.3 20q11.22 ALG5(aa1-157)-PIGU(aa209-434)
PIGU-ALG5* 20q11.22 12q13.3 PIGU(aa1-208)-ALG5(aa158-294)
MAN2A1-FER 5q21-22 5q21 MAN2A1(aa1-703)-FER(aa572-822)
SLC45A2-AMACR 5p13.2 5p13 SLC45A2(aa1-187)-AMACR(aa84-394)
DDX5-ETV4* 17q21 17q21 DDX5(aa1-102)-ETV4(aa67-484)
HNRNPA2B1-ETV1 7p15 7p21.3 HNRNPA2B1(aa1-2)-ETV1(aa16-477)
TMPRSS2-ETV5* 21q22.2 3q28 TMPRSS2(aa1-116)-ETV5(b) (aa1-510)

TMPRSS2 (aa1-18)-ETV5(a) (aa1-510)
Independent wild-type tail gene protein fusion

TMPRSS2-ERG(b) 21q22.2 21q22.3 TMPRSS2, CTT; ERG, WT
CCNH-C5orf30 5q13.3-14 5q21.1 CCNH, CCT; C5orf30, WT
TNPO1-IKBKB* 5q13.2 8p11.2 TNPO1, CCT; IKBKB, WT

Non-chimera protein-forming fusion
TMPRSS2-ERG(a) 21q22.2 21q22.3 TMPRSS2, CTT; ERG, AWTASC
TMPRSS2-ETV1 21q22.2 7p21.3 TMPRSS2, CTT; ETV1, AWTASC
TMPRSS2-ETV4 21q22.2 17q21 TMPRSS2, CTT; ETV4, AWTASC
SLC45A3-ERG* 1q32.1 21q22.3 NK
SLC45A3-ETV5* 1q32.1 3q28 SLC45A3, AWTASC; ETV5, AWTASC
ACSL3-ETV1* 2q34-35 7p21.3 ACSL3, CTT; ETV1, AWTASC
HERV-K-ETV1* 22q11.23 7p21.3 HERV-K, CTT; ETV1, AWTASC
FLJ35294-ETV1 17p13.1 7p21.3 FLJ35294, CTT; ETV1, AWTASC
FOXP1-ETV1* 3p13 7p21.3 FOXP1, CTT; ETV1, AWTASC
C15orf21-ETV1 15q21.1 7p21.3 C15orf21, AWTASC; ETV1, AWTASC
KLK2-ETV4* 19q13.33 17q21 KLK2, CTT; ETV4, AWTASC
KLK2-ETV1 19q13.33 7p21.3 KLK2, CTT; ETV1, AWTASC
CANT1-ETV4 17q25.3 17q21 CANT1, CTT; ETV4, AWTASC
TMEM135-CCDC67 11q14.2 11q21 TMEM135, CTT; CCDC67, AWTASC
LRRC59-FLJ60017 17q21.33 11q12.3 LRRC59, CTT; FLJ60017, AWTASC
TRMT11-GRIK2 6q22.33 6q16.3 TRMT11, CTT; GRIK2, AWTASC
MTOR-TP53BP1 1p36.2 15q15.21 MTOR, CTT; TP53BP1, AWTASC
KDM4B-AC011523.1 19p13.3 19p12 MTOR, CTT; tail gene unknown

*Identified in only one case.
AWTASC, absence of wild-type ATG start codon; CCT, C-terminus truncation; NK, not known; WT, wild-type.
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ETS Gene Fusions

E26 transformation-specific (ETS) gene fusions are some of
the most studied fusion transcripts in prostate cancer.37,38

ETS genes belong to one type of transcription factor that
contains a domain binding to DNA sequences with a central
GGA(A/T) motif. There are 12 subfamilies.39 ETS was
coined because transcription of some of its members can be
activated by leukemia virus, E26.

Fusion transcripts that involve ETS gene family members
represent the largest collection of fusion gene in prostate
cancer.37 With the use of expression outlier and RNAeexon
quantification analyses, Tomlins et al40 identified the pres-
ence of TMPSS2-ERG and TMPRSS2-ETV1 in prostate
cancer cell lines and primary prostate cancer samples. Since
then, TMPRSS2-ETV4 and TMPRSS2-ETV5 were also
discovered.41e44

ETS gene fusions tend to have multiple head gene part-
ners. Many of these head genes are driven by promoters that
respond to androgen stimulation. Several TMPRSS2-ERG
fusion variants were discovered.45e47 Although most
1838
variants produce no functional chimera protein, some pro-
duce a wild-type ERG. Up to 65% of prostate cancers were
detected to contain TMPRSS2-ERG fusion.40

ETV1, ETV4, and ETV5 have substantially more head
gene partners, whereas only 1% to 5% prostate cancer are
positive for ETV fusion. Most ETV fusion genes produce no
chimera protein, whereas HNRNPA2B1-ETV1 produces a
chimera protein that resembles a full-length ETV1, losing
only 15 amino acids at its N-terminus. Thus, both the reg-
ulatory domain and the DNA binding domain of ETV1 are
likely preserved. TMPRSS2-ETV5 preserves the entire ETS
translocation variant 5 (ETV5) protein, whereas it has a
giant truncation on TMPRSS2 gene. These fusions likely
retain the full function of the tail genes.
For nonefusion-forming type of ETS fusions, an alter-

native ATG start codon for the tail genes has to be used if
truncated proteins were to be expressed in cancer samples,
because the wild-type ATG start codon of the tail gene is
deleted in these fusion transcripts. But it is not clear which
alternative translation start codon is used and what the ef-
ficiency of such translation initiation is, if such translation
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Schematic diagram of ERG activa-
tion. ERG protein is activated with phosphoryla-
tion of serine residues 81 and 215 by AKT kinase.
The activated ERG protein facilitates the tran-
scription of Wnt/LEF1, MMP9, and CXCR4.

Fusions in Prostate Cancer
does exist in primary cancer samples. Correlation of protein
expression of ERG and TMPRSS-ERG rearrangement
yielded conflicting results,48 suggesting the efficiency of the
alternative start codon may not be high. In general, the
consequences of most of these chromosome rearrangements
that involve ERG, ETV1, ETV4, and ETV5 are probably
functional loss of these genes and their head gene partners.

Some studies indicate that expression of ERG or ETV1 in
transgenic mice under an androgen-responding promoter
leads to prostatic intraepithelial neoplasia but not frank
invasive prostate cancer.49e53 However, conflicting results
were observed in other groups.52,54 ERG expression accel-
erated the carcinogenesis development in Pten knockout
mice. When combining with androgen receptor over-
expression, high levels of ERG produced invasive prostate
cancer.53 These analyses suggest that ERG may have an
oncogenic role in assisting the development of prostate
cancer. Because ERG genome rearrangement was identified
in up to 20% high-grade prostatic intraepithelial neoplasia,
TMPRSS2-ERG would be considered as an early event in
prostate carcinogenesis.55e57 However, conflicting results
were reported in its association with the aggressive behavior
of prostate cancer.58e69 These conflicting results suggest
that other genetic factors such as Pten deletion, may play a
major role in determining the clinical outcomes of prostate
cancer. In addition, samples with isoform a of TMPRSS2-
ERG would have a different implication in ERG protein
expression in comparison with samples with isoform b.
Such complexity may contribute to the variation of the an-
alyses. ERG is a transcription factor that is activated by
phosphorylation at its serine residues 81 and 215 by AKT
kinase70 (Figure 2). Presumably, the activated ERG induces
the expression of several critical proteins that mediates cell
growth71 and invasion.70,72 CXCR4 and MMP9 are of
particular interest because they were well documented as
The American Journal of Pathology - ajp.amjpathol.org
direct mediators of adhesion and invasion, respectively.
Increased levels of CXCR4 and MMP9 may co-operate to
enhance the invasion of prostate cancer.
Fusion Genes Containing Functional Chimera
Proteins

One of the examples of chimera protein is ALG5-PIGU, a
chimeric protein between dolichyl-phosphate beta-gluco-
syltransferase (ALG5) and phosphatidylinositol glycan
anchor biosynthesis, class U (PIGU). ALG5-PIGU or
PIGU-ALG5 fusion is the result of balanced translocation
between chromosomes 20 and 13.73 ALG5-PIGU largely
retains the glycosyl-transferase domain in ALG5 but has its
GPI transamidase domain severely truncated in PIGU. It is
not clear whether ALG5-PIGU chromosome rearrangement
is recurrent. Recently, genomic and transcript sequencing
allow for comprehensive analysis of genome and RNA
sequencing. Our group recently uncovered several fusion
transcripts by using these methods.15

Among these transcripts, fusion transcripts mannosidase,
a, class 2A, member 1-fer (fps/fes related) tyrosine kinase
(MAN2A1-FER), and solute carrier family 45, member 2-a-
methylacyl-CoA racemase (SLC45A2-AMACR) fusion
transcripts express chimera proteins. MAN2A1-FER fusion
results from chromosome rearrangement that leads to the
loss of the genome sequence corresponding to the 50 end of
FER. Whole-genome sequencing revealed that the break-
point of MAN2A1-FER was located in intron 13 of MAN2A1
and intron 14 of FER.

MAN2A1 is a Golgi enzyme required for conversion of
high mannose to complex type structure of N-glycan for
mature glycosylation of a membrane protein.74 Little is
known about its relation with humanmalignancies. However,
1839
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FER, a tyrosine kinase, is a well-documented oncogene.75

Several studies showed that FER activates androgen recep-
tor by phosphorylating Tyr223 in androgen recetpor76 and is
essential for NF-kB activation of epidermal growth factor
receptor.77 Some studies indicate that FER is an essential
component of stem cell tyrosine kinase 177 and mast cell
growth factor receptor (kit)78 signaling. Overexpression of
FER is associated with poor clinical outcomes of several
human malignancies.79e82

The fusion transcript contains the first 13 exons from
MAN2A1 and the last 6 exons fromFER. The fusion transcript
is predicted to produce a chimera mannosidase a class 2A
member (MAN2A1)-FER protein of 954 amino acids. The
chimera protein retains the N-terminal glycoside hydrolase
domain and a-mannosidase domain but loses the C-terminal
glycoside hydrolase domain from MAN2A1. The fusion be-
tween MAN2A1 and FER also results in a large truncation of
the FER regulatory domains, including SH2 and FCH do-
mains, but retains an intact tyrosine protein kinase domain in
the chimera protein. The absence of SH2 domainmay convert
a normally inactive FER kinase to a constitutively activated
protein kinase. Furthermore, the signal peptide in MAN2A1
N-terminusmay bringMAN2A1-FER to the Golgi apparatus.
A misplaced and activated FER kinase may ectopically
phosphorylate glycoproteins in the Golgi. This may lead to
alterations of multiple signaling pathways initiated by trans-
membrane proteins. Only 5% of prostate cancers are positive
for MAN2A1-FER fusion transcripts. However, 80% of
prostate cancers positive for MAN2A1-FER experienced
prostate cancer recurrence.15

Similar to MAN2A1-FER, SLC45A2-AMACR fusion also
results from chromosome rearrangement of the short arm of
chromosome 5. Fluorescence in situ hybridization indicates a
loss of chromosome sequence corresponding to the 50 end
of AMACR in SLC45A2-AMACR fusion transcript-positive
prostate cancer samples. SLC45A2 is a member of solute
carrier that is highly expressed in melanoma. It is thought that
SLC45A2 is involved in melanin metabolism. Mutation of
SLC45A2 is associated with albinism.74 Little is known about
its relationwith other humanmalignancies.However,AMACR,
a racemase involved in branch fatty acid metabolism, is a well-
documented progrowth cancer marker.75,83 High levels of
expression of AMACR were identified in numerous human
malignancies, including prostate cancer.84e93 Knockdown of
AMACR induced cell growth arrest and apoptosis.94

In SLC45A2-AMACR transcript, the first two exons of
SLC45A2 join exons 2 to 5 of AMACR to produce a fusion
transcript. The fusion transcript translates into a chimera
protein that contains the first 187 amino acids from
SLC45A2 at its N-terminus and 311 amino acids from
AMACR at its C-terminus. The chimera protein has 7 of 12
transmembrane domains from SLC45A2 truncated but re-
tains a largely intact racemase domain. In contrast to
AMACR which is a protein residing in mitochondria,
truncation of its signal peptide in the N-terminus of
AMACR and the presence of plasma membrane localization
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signal from SLC45A2 in SLC45A2-AMACR imply a likely
membranous and cytoplasmic localization of the chimera
protein. The presence of an ectopic racemase may affect the
fatty acid-related signaling in the cells. Because AMACR is
one of the most frequent discovered biomarkers for human
malignancies, it raises the possibility that some of the
AMACR elevations are the results of fusion gene formation
of AMACR attaching to a highly expressed housekeeping
gene. Approximately 6.5% of prostate cancers are positive
for SLC45A2-AMACR fusion, and 87% of these patients
experienced chemical recurrence. Such low prevalence rate
of SLC45A2-AMACR fusion suggests that AMACR may
have other head gene partners to drive its expression.

Fusion Transcripts that Produce Wild-Type Tail
Gene Protein but Have Truncation of Head Gene
Protein

Several rare isoforms of TMPRSS2-ERG and TMPRSS2-
ETV4 fusions and of TNPO1-IKBKB belong to this cate-
gory. Such arrangement allows the tail gene expression under
the control of head gene promoter. Because TMPRSS2 is
driven by the promoter responding to androgen, the expres-
sion of ERG and ETV4 in these prostate cancers may play a
bigger role in prostate cancer development. It would be of
interest to compare treatment responses of these prostate
cancers with cancers containing TMPRSS2-ERG and
TMPRSS2-ETV4 fusions that result in functional loss of the
proteins. CCNH-C5orf30 is another example of a fusion gene
expressing the intact tail gene. Cyclin H (CCNH) belongs to
the cyclin family. This cyclin binds CDK7 and MAT1 to
form a complex to activate CDK2,95 which, in turn, promotes
cell cycle entry into the S phase. Other studies suggest that
CCNH also partners with RNA polymerase II and TFIIH and
participates in transcription process.96,97 CCNH-C5orf30
fusion results in loss of 17 amino acids from the C-terminus
of CCNH. This may have an impact on its activity in pro-
moting cell cycle progression and transcription-related ac-
tivity. C5orf30 encodes a novel protein of 206 amino acids
that have high homology with UNC119 binding protein. Its
function is largely unknown. Its sequence is conserved in
most mammals. Thus, important physiologic function of this
gene is expected.

Fusion Transcripts that Result in the Loss of
Tail Gene Protein and the Truncation of Head
Gene Protein

Most fusion transcripts do not result in in-frame translation of
both head gene and tail gene partners into a chimera protein.
The consequence of such fusion is the loss of tail gene protein
because of the deletion of the ATG translation start codon in
the tail gene and the C-terminal truncation of the head gene
protein because of the loss of the 30 end of the mRNA. This
category of fusion transcripts includes most of the variants of
ajp.amjpathol.org - The American Journal of Pathology
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ETS fusion transcripts and several newly discovered fusion
genes. One important example is TRMT11-GRIK2, that is, a
fusion between tRNA methyltransferase and glutamate re-
ceptor. The fusion creates a giant C-terminal truncation on
TRMT11. Only 24 amino acids are translated from TRMT11.
As a result, most of the methyl-transferase motifs in TRMT11
are lost. Because the ATG start codon of GRIK2 is deleted in
the fusion transcript, there is likely no protein translation
occurring for GRIK2 from the fusion gene RNA template.
Interestingly, in samples in which TRMT11-GRIK2 was
detected, there was nowild-type mRNA for either TRMT11 or
GRIK2, whereas normal prostate tissues have moderate
amounts of RNA for both,15 suggesting that the transcription
of GRIK2 or TRMT11 comes from a single allele. TRMT11-
GRIK2 fusion essentially results in functional loss of both
genes. The presence of TRMT11-GRIK2 in prostate cancer
signals high aggression of prostate cancer. Among the 20
patients of prostate cancers that were positive for TRMT11-
GRIK2 fusion, no patient survived 5 years without prostate
cancer recurrence. Most of these patients experienced rapid
doubling of prostate-specific antigen during their recurrence. It
is unclear whether this aggressive behavior is because of the
loss of both TRMT11 and GRIK2 expression or because of
the truncation of tRNA [guanine(10)-N2]-methyltransferase
homolog (TRMT11) protein.

Another example of the loss of function of a tail gene is
MTOR-TP53BP1. This fusion results from translocation of
the short arm of chromosome 1 to the long arm of chromo-
some 15.15 The resulting MTOR-TP53BP1 transcript is
predicted to produce a C-terminusetruncated mammalian
target of rapamycin (MTOR) protein. The remaining 926
amino acids from the N-terminus of MTOR do not contain a
known functional domain in the protein, whereas phospha-
tidylinositol 3-kinase and rapamycin-binding domains are
deleted from the protein because of truncation. The fusion
transcript has the ATG start codon deleted from the TP53BP1
gene; thus, it unlikely has viable translation occurring for the
tumor suppressor p53-binding protein 1 (TP53BP1) protein,
unless it proves that an alternative ATG start site exists for
TP53BP1 translation. Approximately 4% prostate cancer
samples are positive for MTOR-TP53BP1 fusion transcript.
All proved highly aggressive and recurrent. Because MTOR
is thought to be a central signaling molecule for cell growth
and proliferation, the lack of MTOR signaling in these can-
cers suggests that cancer cells have an alternative mechanism
to bypass the MTOR signaling pathway. MTOR-TP53BP1
fusion also represents a novel mechanism for inactivation of
tumor suppressor TP53BP1.
Features that Distinguish Transcripts Resulting
from Malignant Transformation from Those
from Benign Tissues

Abundant evidence mentioned in Fusion Transcripts in
Prostate Cancer suggests that fusion transcripts are
The American Journal of Pathology - ajp.amjpathol.org
present in normal prostate or other tissues.98 The presence
of these fusion transcripts in healthy young adults indicates
that these fusion transcripts may be physiologic and may
perform important functions in prostate gland development.
Many more fusion transcripts in normal OD prostate tissues
were detected by deep transcriptome sequencing, but they
have yet to be validated. If some of these fusion transcripts
turn out to be authentic, this raises the question on how to
classify fusion transcripts. Indeed, some of the previously
thought cancer fusion transcripts such as TTTY15-USP9Y
and SLC45A3-ELK4 are present in healthy young adults. It
is important to identify the characteristics of fusion tran-
scripts that are pathologic and are important for cancer
development.

So far, the main features of cancer-specific fusion tran-
scripts are the results of preformed chromosome rearrange-
ment. This could be because of chromosome translocation,
deletion, or isochromosome formation. Because most of the
genome rearrangements occur in the intron regions, proper
splicing is found in most cancer-specific fusion transcripts.
Most cancer-specific fusion transcripts do not contain known
intron sequences. In contrast to the features seen in cancer-
related gene fusions, no known fusion transcripts detected in
healthy persons contain chromosome rearrangement, even
though cryptic chromosome rearrangement was identified in
some of the healthy adult population.99 Many of the fusion
transcripts represent continuous transcription of two adjacent
genes. Even when trans fusion occurs in healthy tissues, there
is no evidence of accompanying chromosome rearrange-
ment.98 In some instances, intron or partial exon sequence is
present in the transcript. This clearly indicates that fusion
transcripts in normal tissues are the results of post-
transcription events.

To classify cancer-specific fusion transcripts versus
physiologic ones, one might consider the following criteria.
i) For cancer-specific transcripts, the evidence of chromo-
some rearrangement involving the gene partners of the
fusion transcript should be present, as provided by hybrid-
ization or sequencing results. ii) The breakpoint of a fusion
transcript should not contain known intron or partial exon
sequence, because the presence of intron sequence suggests
post-transcription and RNA processing events rather than
DNA-based alterations and is likely transient. iii) The fusion
transcript is not known to be present in healthy persons. iv)
If the fusion direction is cis, the distance between the
breakpoints of the head gene and the tail gene should be not
<100 kb, because transcripts overriding intergenic brakes
are common in physiologic condition. For trans direction,
no distance limitation is required.
Perspective of the Importance of Discovery of
Fusion Transcripts in Prostate Cancer

Most fusion transcripts in prostate tissues may be physio-
logic, unless they are the products of chromosome
1841
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rearrangement. The presence of these fusion transcripts in-
creases the diversity of human gene structure and gene
function. We speculate that mechanisms exist in the prostate
tissues to regulate the formation of these fusion transcripts,
and they may play important roles in organ development of
the prostate gland. The most common fusion transcript
TMPRSS2-ERG was found in up to 60% of prostate cancer
and high-grade prostatic intraepithelial carcinoma. Recently,
TMPRSS2-ERG fusion was also found in benign prostatic
hyperplasia.100 This suggests that TMPRSS2-ERG chro-
mosome rearrangement occurs in the early stage of prostate
cancer development. Interestingly, with a few exceptions,
most fusion transcripts discovered so far were found to lose
the original ATG start site for the tail gene and had no chimera
protein formation because of frame shift from the head gene
translation or concomitant loss of the ATG start codon of the
head gene. As a result, it is unlikely that an efficient translation
would occur for the tail gene protein. Such arrangement
suggests that only a limited amount of truncated protein or no
protein for the tail gene would be produced. Because most
head genes experience a large loss of amino acid sequences, it
implies that most fusion transcripts in cancer cells represent
shell RNA such that no effective translation can occur. These
findings argue that the consequence of most fusion tran-
scripts discovered in prostate cancer is the functional loss of
both head gene and tail gene. Indeed, evenwith fusion protein
formation, most functional domains of head gene or tail gene
are eliminated after the fusion. The functions of these pro-
teins are severely compromised or altered. The loss of two
genes in one hit may produce a moderate or even serious
imbalance in homeostasis of a cell, depending on the function
of the genes. Additional hits are likely to be required for the
development of prostate cancer. These hits could be addi-
tional chromosome rearrangement, mutations, copy number
alterations, or epigenetic changes. Overall, regardless of
whether fusion genes are loss or gain of functions, abnormal
joining of two genes represents the most important and
fundamental changes in the genome of cancer cells. They are
probably the foundation and hallmark of prostate cancer
development.

The challenge of interpreting the importance of gene
fusions for the homeostasis of any cell type is immense.
Analysis of the regulation of the regularly structured genome
has exceeded the capabilities of most computer-based models
tried to date. The added analysis of the importance of new
abnormally present genes that result from fusion of normal
genes adds a huge but exciting challenge. The understanding
of this new complexity is likely to have strong implications
for normal cell biology, for neoplastic development, and
hopefully for development of new cancer treatment modal-
ities. We should not forget that true cancer-driver gene fu-
sions occur only in the cancer cells. This uniqueness is
potentially the basis for new therapeutic applications, based
on genome editing approaches or on new drugs that may
finally succeed in affecting only the cancer cells, leaving
normal cells intact.
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