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Disruption of NCOA2 by recurrent fusion with LACTB2 in
colorectal cancer
J Yu1, WKK Wu1,2, Q Liang1, N Zhang1,3, J He1, X Li1, X Zhang1, L Xu1, MTV Chan2, SSM Ng4 and JJY Sung1

Whole-genome and transcriptome sequencing were used to discover novel gene fusions in a case of colon cancer. A tumor-specific
LACTB2-NCOA2 fusion originating from intra-chromosomal rearrangement of chromosome 8 was identified at both DNA and RNA
levels. Unlike conventional oncogenic chimeric proteins, the fusion product lacks functional domain from respective genes,
indicative of an amorphic rearrangement. This chimeric LACTB2-NCOA2 transcript was detected in 6 out of 99 (6.1%) colorectal
cancer (CRC) cases, where NCOA2 was significantly downregulated. Enforced expression of wild-type NCOA2 but not the LACTB2-
NCOA2 fusion protein impaired the pro-tumorigenic phenotypes of CRC cells, whereas knockdown of endogenous NCOA2 in
normal colonocytes had opposite effects. Mechanistically, NCOA2 inhibited Wnt/β-catenin signaling through simultaneously
upregulating inhibitors and downregulating stimulators of Wnt/β-catenin pathway. Collectively, our data supports that NCOA2 is a
novel negative growth regulatory gene repressing the Wnt/β-catenin pathway in CRC, where recurrent fusion with LACTB2
contributes to its disruption.
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INTRODUCTION
Colorectal cancer (CRC) is the third most commonly diagnosed
cancer and the fourth leading cause of cancer death globally. Each
year over one million people are diagnosed with CRC worldwide
with a mortality rate of ~ 30%.1 The molecular pathogenesis of
sporadic CRC is complex and heterogeneous, involving somatic
mutations of a constellation of oncogenes (for example, KRAS,
PIK3CA and BRAF) and tumor suppressor genes (for example,
APC, TP53 and FBXW7).2 These acquired genetic defects cause
hyperactivation or inactivation of different intracellular signals,
resulting in deregulated phenotypes, such as uncontrolled cell
proliferation, resistance to cell death, and cellular invasiveness and
metastasis, thereby contributing to colorectal tumorigenesis.3

With the recent advent of next-generation sequencing, identifica-
tion of genetic aberrations in CRC has been advanced to genome-
wide level. Apart from abovementioned CRC hallmark genes, a
large number of novel candidates (for example, ARID1A, SOX9 and
FAM123B) mutated at lower frequencies in CRC have been
unveiled by high-throughput sequencing with anticipated func-
tional impacts on diverse cellular processes, such as chromatin
remodeling and stemness.4 Through exome and targeted capture
sequencing, our group recently reported additional recurrently
mutated genes (that is, CDH10, FAT4 and DOCK2) that are known
regulators of canonical and non-canonical Wnt signaling, in the
Asian CRC cohort.5

Aside from microscale alterations in DNA sequence (that is,
point mutations and small insertions/deletions), next-generation
sequencing possesses the power to identify gross genetic
defects, including abnormal gene fusions originated from

chromosomal rearrangements.6,7 Such fusion events could
promote tumorigenesis by mediating proto-oncogene over-
expression via promoter exchange (for example, Ig-MYC in
multiple myeloma) or disruption of microRNA-binding site (for
example, FGFR3-TACC3 in bladder cancer and glioblastoma).8–10

Gene fusions could also produce constitutively active chimeric
proteins (for example, BCR-ABL1 in chronic myeloid leukemia
and acute lymphoblastic leukemia) and inactivate tumor
suppressor genes (for example, fusion of TTC28 with multiple
loci in CRC).4,7,11 Although most gene fusions were originally
described in hematological malignancies, the application of
next-generation sequencing has led to the confirmation of their
pervasive existence in solid tumors.7 Thus far, several fusion
transcripts, namely C2orf44-ALK, VTI1A-TCF7L2, NAV2-TCF7L1,
EIF3E-RSPO2 and PTPRK-RSPO3, of various prevalence (2.5–7.4%)
have been documented in CRC.4,12–14 In particular, the functional
relevance of R-spondin fusion proteins (that is, EIF3E-RSPO2 and
PTPRK-RSPO3) to the activation of oncogenic Wnt/β-catenin
signaling has been demonstrated.12

In the present study, we adopted an integrative approach for
the discovery of novel gene fusions in CRC. We first performed
whole-genome and transcriptome sequencing in a case of CRC
to identify fusion events that could be detected at both DNA
and RNA levels. Large-cohort validation followed by in vitro and
in vivo functional assays were then used to assess the
prevalence and biological significance of identified fusion
events. With these efforts, we successfully identified a recurrent
fusion that disrupts the novel negative growth regulatory gene
NCOA2 in CRC.
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RESULTS
Whole-genome and transcriptome sequencing identified novel
gene fusions in CRC
To identify fusion events in CRC on a genome-wide scale, we
performed transcriptome and whole-genome sequencing of a
microsatellite-stable CRC sample staged at T3N1M1, with adjacent
normal tissue and peripheral blood as normal control
(Supplementary Table 1). Examination of the discordant paired-
end reads at RNA level revealed that 13 chimeric transcripts
contained in-frame exons from separate autosomal genes
(Supplementary Table 2). In parallel, a total of 193 somatic
structural variations (SVs) were identified at DNA level, of which
130 (67.4) and 63 (32.6%) were primarily intra-chromosomal and
inter-chromosomal, respectively, with 128 displayed interruption
of gene-coding regions (Figure 1a; Supplementary Table 3).
To screen for novel SV-based fusion of potential significance, we
selected the chimeric genes with consistent breakpoints at both
RNA and DNA levels, and removed known fusions, which are
present in public databases such as ChimeraDB. After filtering, we
discovered three tumor-specific fusions derived from chromosomal
translocations. The first two fusions were TM9SF2-13q31 (two
transcript variants) and TRAM1-8q22 (three transcript variants)
(Supplementary Figure 1), both of which have similar structures
that gene-coding regions were disrupted by non-coding inter-
genic fragments, resulting in gene truncation. On the other hand,
the third one was a fusion involving the 1st exon of LACTB2 and
the 22nd exon of NCOA2 (Figure 1b). Of note, the identified
chimeric DNA structure of this fusion comprised an additional
non-coding intron fragment of VPS13B between the expected
junctions of LACTB2 and NCOA2, indicating that the hybrid
LACTB2-NCOA2 transcript was originated from structurally rear-
ranged chromosomes.

LACTB2-NCOA2 fusion was a recurrent, tumor-specific event in CRC
Next, we assessed the molecular prevalence of these three
identified fusions in a large CRC cohort by PCR. Despite strenuous
efforts to target different breakpoint sequences, we failed to
detect the recurrence of TM9SF2-13q31 fusion in CRC comple-
mentary DNA (cDNA; data not shown), indicating that this fusion is
a rare event with limited impact. Conversely, the TRAM1-8q22
fusion was present in both tumor and normal cDNA (data not
shown), suggesting that this chimera was not tumor-specific.
Intriguingly, the LACTB2-NCOA2 fusion was present in 6 out of 99
(6.1%) CRC cDNA samples were with the same breakpoints
(Figure 1c), whereas no similar hybrid was detected in the normal
counterparts. Further sequence analysis showed that, in stark
contrast to classical oncogenic gene fusions which often retain the
key structures of individual genes to confer growth and/or survival
advantages to tumor,12–14 the LACTB2-NCOA2 fusion only encoded
truncated non-domain fragments, suggestive of an amorphic
rearrangement in which LACTB2 and/or NCOA2 might be a tumor
suppressor silenced by chromosomal translocation in CRC.

NCOA2 was downregulated in CRC
A common feature of functional negative growth regulatory genes
is their downregulation in cancer. We therefore measured the
expression of LACTB2 and NCOA2 in paired CRC tissues.
Quantitative reverse transcription–PCR (qRT–PCR) revealed that
NCOA2, but not LACTB2, was evidently downregulated in CRC
tissues compared with the cancer-adjacent controls (Figure 2a).
Further immunohistochemical analysis of paired CRC tissues
confirmed significantly weaker nuclear expression of NCOA2 in
tumor cells than in normal colonocytes (Figure 2b), concordant
with the reported function of NCOA2 as a transcriptional

Figure 1. Recurrent LACTB2-NCOA2 fusion in colorectal cancer (CRC). (a) Structural variations (SVs) in the tumor tissue of a CRC case were
illustrated as a Circos plot with red and blue lines indicating inter-chromosomal and intra-chromosomal SVs, respectively. (b) The DNA and
RNA structures of the LACTB2-NCOA2 fusion were illustrated. RT–PCR (M: size marker; N: normal cDNA; T: CRC cDNA) and Sanger sequencing
confirmed the tumor-specific occurrence of LACTB2-NCOA2 fusion. (c) The LACTB2-NCOA2 fusion transcript with the same breakpoints was
present in 6 out of 99 (6.1%) CRC cDNA samples as confirmed by RT–PCR and Sanger sequencing (chromatogram).
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regulator.15,16 The specificity of NCOA2 antibody was confirmed
by performing immunocytochemistry using SW1116 cells trans-
fected with empty (pcDNA3.1) or NCOA2-encoding plasmid.
Enforced expression of NCOA2 markedly increased the staining
intensity with the antibody (Figure 2c). Moreover, qRT–PCR
demonstrated that NCOA2 expression was markedly lowered in
CRC cell lines compared with normal colorectal tissues (Figure 2d).

NCOA2 but not LACTB2-NCOA2 fusion exerted tumor-suppressive
functions
To directly compare the functional impact of wild-type NCOA2
with that of the fusion protein in CRC, we performed multiple
in vitro assays on HCT116 (p53 wildtype) and SW1116 (p53
mutant) colon cancer cells stably transfected with empty vector
(control), vector encoding full-length NCOA2 or vector encoding
the LACTB2-NCOA2 fusion protein (Figure 3a). Results showed that
enforced expression of wild-type NCOA2 strongly inhibited the
proliferation (Figure 3b) and colony formation (Figure 3c) of both
HCT116 and SW1116 cells, whereas the LACTB2-NCOA2 fusion
exerted no significant effect under the same conditions. Annexin V
staining, cell migration and invasion assays further revealed that
NCOA2 but not the LACTB2-NCOA2 fusion protein increased early
apoptosis (Figure 3d), impeded migration and suppressed
invasiveness (Figure 3e) in both CRC cell lines. Consistent with
in vitro findings, overexpression of NCOA2 but not the LACTB2-
NCOA2 fusion protein significantly inhibited the growth of HCT116
xenografts in nude mice (Figure 3f). The overexpression of NCOA2
in xenografts established from NCOA2-stably transfected HCT116

cells was confirmed by immunohistochemistry (Supplementary
Figure 2).

Knockdown of NCOA2 promoted oncogenic phenotypes in
normal colonocytes
To confirm the tumor-suppressing action of NCOA2, we knocked
down the expression of this gene using two different small-
interfering RNA (siRNA) sequences in normal colonocytes
NCM460 (Figure 4a). Functional analyses showed that depletion
of endogenous NCOA2 markedly increased cell proliferation
(Figure 4b) and reduced early apoptosis (Figure 4c) of NCM460,
which were in line with the results from gain-of-function studies
of NCOA2.

Wild-type NCOA2 but not LACTB2-NCOA2 fusion repressed Wnt
signaling
Previous studies have shown that NCOA2 could act as a co-
activator of nuclear receptors, such as vitamin D receptor15 and
retinoic acid receptor,16 which are known suppressors of Wnt/β-
catenin signaling.17–19 Therefore, to gain mechanistic insights into
the oncogenic role of disruptive LACTB2-NCOA2 fusion, we
performed Wnt signaling-dependent luciferase reporter assays in
HCT116 cells. Compared with the empty vector control, wild-type
NCOA2 significantly reduced the protein levels of active β-catenin
(Figure 5a) and Wnt-dependent luciferase activity (Figure 5b),
whereas the LACTB2-NCOA2 fusion exerted negligible effects.
Enforced expression of wild-type NCOA2 but not the fusion

Figure 2. Downregulation of NCOA2 in CRC. (a) The mRNA expression levels of NCOA2, but not LACTB2, were significantly lower in CRC tissues
compared with corresponding tumor-adjacent controls as measured by qRT–PCR. (b) Immunohistochemical staining revealed significantly
lower NCOA2 protein expression in CRC tissues as compared with corresponding tumor-adjacent tissues. (c) Immunoreactivity of NCOA2 was
significantly higher in SW1116 cells overexpressing NCOA2. (d) NCOA2 mRNA levels were much lower in CRC cell lines compared with normal
colonic tissues. Results from qRT–PCR and conventional RT–PCR are shown in the chart (top) and as a gel picture (bottom), respectively.
Representative micrographs and quantification results of three independent experiments are shown.
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protein also deregulated the expression of a repertoire of Wnt
signaling regulators (Figure 5c). In particular, restored expression
of NCOA2 simultaneously upregulated inhibitors (for example,
APC and Frzb) and downregulated stimulators (for example,
Frizzled, Dishevelled and casein kinase 1) of the Wnt signaling
pathway. The repression of Wnt/β-catenin signaling by NCOA2
was also confirmed by the downregulation of FOSL1 and Jun, both
of which are transcriptional targets of β-catenin/TCF complex
(Figure 5d; Supplementary Table 4).

DISCUSSION
Using state-of-the-art sequencing technologies, we interrogated
the genome and transcriptome of a case of CRC in which three SVs
that give rise to concordant fusion transcripts were identified.
Further validation in our CRC cohort confirmed that one of these
three fusions, namely LACTB2-NCOA2, was a tumor-specific,
recurrent event. The fusion protein lacks major functional domains
of respective genes, indicative of a loss-of-function rearrange-
ment. Subsequent analyses revealed that NCOA2 but not LACTB2

Figure 3. Tumor-suppressing functions of NCOA2 and their abrogation after fusion with LACTB2 (a) The mRNA expression of full-length NCOA2
and the LACTB2-NCOA2 fusion (LN-fusion) in stably transfected HCT116 and SW1116 cells was confirmed by RT–PCR. The protein expression
of full-length NCOA2 after stable transfection was also confirmed by Western blots (WB). (b–e) Enforced expression of full-length NCOA2, but
not the LN-fusion, significantly (b) lowered proliferation as measured by xCELLigence System, (c) impaired colony formation, (d) induced early
apoptosis and (e) inhibited migration (left) and invasion (right) of HCT116 and SW1116 cells. (f) The growth of HCT116 xenografts stably
expressing NCOA2 was significantly slower than those stably transfected with empty vector or LN-fusion in nude mice. Data are represented
as mean± s.d. of three separate experiments in triplicates. *Po0.05; **Po0.01; ***Po0.005 significantly different between indicated groups.
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was downregulated in CRC in which wild-type NCOA2 but not the
LACTB2-NCOA2 fusion protein exerted tumor-suppressing func-
tions, including induction of apoptosis, inhibition of cell motility
and invasiveness, and reduction of in vivo tumorigenicity.
Mechanistic studies showed that NCOA2 but not the fusion
protein inhibited Wnt signaling through concordant deregulation
of Wnt regulators. Collectively, our data substantiated the notion
that the destructive fusion with LACTB2 disrupted the tumor-
suppressing functions of NCOA2 thereby promoting colorectal
tumorigenesis. However, it must be pointed out that the function
of NCOA2 in tumorigenesis is context dependent. For instance,
NCOA2 has been shown to be pro-tumorigenic in brain and
prostate cancers.20,21 Such functional divergence may be attrib-
uted to the different molecular pathways regulated by NCOA2 in
individual cancers. The ability of NCOA2 to differentially modulate
the expression of inhibitors and stimulators of Wnt signaling may
render its role as a tumor suppressor in CRC.
In this case of whole-genome-sequenced CRC, the number of

intra-chromosomal translocation far exceeds that of inter-
chromosomal translocation. The former most often results from
a segment breaking off the involved chromosome and being
rejoint at a different location. In contrast, inter-chromosomal
translocation is frequently mediated by non-allelic homologous
recombination.22 However, we observed that most intra-
chromosomal translocations are clustered on chromosome 8
(Figure 1a). Such massive genomic rearrangement, also known as
chromothrypsis, usually occurs after a single catastrophic event
leading to chromosome fragmentation followed by aberrant
repair. It has been reported that as many as 3% of all cancers

exhibit chromothrypsis.23 Nevertheless, the underlying molecular
mechanism and its relation to LACTB2-NCOA2 fusion (an intra-
chromosomal translocation in chromosome 8) remain elusive.
Previous studies have established the role of NCOA2 as a crucial

co-activator of diverse nuclear receptors, which regulate a wide
range of physiological responses.16,24–26 Among the nine NCOA2-
associated nuclear receptors, estrogen receptor, retinoic acid
receptor/retinoid X receptor, thyroid receptor and vitamin D
receptor are of particular relevance to CRC as activation of these
receptors has been shown to suppress CRC growth and induce cell
differentiation and apoptosis.27 Moreover, these particular nuclear
receptors are potent suppressors of Wnt/β-catenin signaling.18

Our finding that NCOA2 attenuates CRC growth, particularly its
robust inhibitory effects on Wnt signaling, is strongly coherent
with the reported tumor-suppressing functions of its associated
nuclear receptors in CRC.
In human, chimeric transcripts are known to be generated via

different biogenic pathways, including trans-splicing of pre-
mRNAs,28 RNA transcription runoff,29 RNA processing errors28

and gene fusion due to intra- or inter-chromosomal
translocations.14,30,31 In our study, the presence of an additional
non-coding intron fragment of VPS13B (also on chromosome 8)
between LACTB2 and NCOA2 at DNA level strongly indicated that
the LACTB2-NCOA2 fusion was generated through complex intra-
chromosomal rearrangement. Moreover, the absence of its
detection in normal tissues confirmed that the LACTB2-NCOA2
fusion is a tumor-specific somatic event. Given that LACTB2-NCOA2
fusion only occurs in a small subset (~6%) of CRC cases, whereas
NCOA2 exhibited pervasive downregulation, mechanisms other

Figure 3. Continued
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than gene fusion should have been involved in NCOA2 inactiva-
tion. In this regard, several microRNAs upregulated in CRC (for
example, miR-181b, miR-200c and miR-1290)32–33 were predicted
to target NCOA2 by multiple computer algorithms, namely
miRanda, miRDB, miRWalk, PICTAR5 and Targetscan. NCOA2 also
harbors CpG islands in its promoter,34 rendering the possibility of
NCOA2 regulation by microRNAs and/or DNA hypermethylation.
According to a recent systematic analysis, hundreds of chimeric

RNAs exist in different human tissues and certain chimeric
products are highly tissue specific with functional implications.35

While the physiological significance of most identified chimeric
transcripts remains elusive, increasing evidence supports a strong
correlation between certain chimeric proteins and human
disorders, particularly cancers. With the advent of high-
throughout sequencing technology, increasing number of fusion
transcripts is being described in malignancies, with the majority of
fusion events resulting in the generation of oncogenic chimeric
proteins.7 Aside from activation of proto-oncogene, gene fusion
could mediate their biological functions through gene disruption
(for example, PAFAH1B3-CLK2 in mental retardation and TTC28 in
CRC).4,36 However, the disruption of tumor-suppressor gene
through recurrent in-frame fusion of two genes in cancer has
not yet been described. Herein, we report the first of its kind by
showing that wild-type NCOA2 but not the in-frame fusion
product possessed tumor-suppressing functions. Importantly,
although fusions of NCOA2 with other genes have been reported
in human cancers (for example, PAX3-NCOA2 in rhabdomyo-
sarcoma,37 HEY1-NCOA2 in mesenchymal chondrosarcoma38 and
GTF2I-NCOA2 in soft tissue angiofibroma),39 these NCOA2 chimeras

retain the functional domains of NCOA2, whose biological function
is presumed to be augmented by its fusion partner to induce
carcinogenic transformation.40–42

In conclusion, we demonstrated an unreported function of
recurrent in-frame gene fusion in promoting colorectal carcino-
genesis through inactivation of the negative growth regulatory
gene NCOA2 in CRC. Given the enormous amount of chimeric
sequences in cancer genomes, it is anticipated that a large
number of loss-of-function fusion events remain unexplored.
Future identification and characterization of such fusions using
revised screening strategies may uncover a new repertoire of
growth regulators with clinical and functional significance.

MATERIALS AND METHODS
Human samples and DNA/RNA extraction
A histologically confirmed, moderately differentiated adenocarcinoma isolated
from the distal transverse colon of a 65-year-old Chinese male admitted to the
Prince of Wales Hospital in 2010 was subject to genomic analysis. The
collected tumor was staged as T3N1M1 according to the tumor-node-
metastasis (TNM) system by a pathologist and was classified as microsatellite
stable based on the absence of mutation in all five Bethesda markers (BAT25,
BAT26, D2S123, D5S346 and D17S250). Written consent had been obtained
prior to collection of tumor, adjacent normal tissue and peripheral blood
samples. Clinical samples for prevalence screening were colon tumors and
adjacent normal tissue obtained from surgical resections in the Prince of
Wales Hospital in the past decade. Written consents had been obtained from
all patients involved. Genomic DNA was extracted from tumor and blood
samples using QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA). Total RNA
was isolated from tissue samples and cancer cell lines using Trizol reagent

Figure 4. Pro-tumorigenic effects of NCOA2 knockdown in normal colonocytes NCM460. (a) The downregulation of mRNA and protein
expression of endogenous NCOA2 on transfection with siRNA was confirmed by RT–PCR and Western blots (WB), respectively. (b) Proliferation
of NCOA2-knocked down NCM460 cells was accelerated when compared with control siRNA-transfected cells. (c) Basal apoptosis of NCM460
cells was significantly reduced on transfection with NCOA2 siRNA. Assays were conducted 48 h post transfection and data are represented as
mean± s.d. of three separate experiments in triplicates. *Po0.05; **Po0.01 significantly different between indicated groups.
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(Invitrogen, Carlsbad, CA, USA) following manufacturer’s instructions. This
study had been approved by the Clinical Research Ethics Committee of the
Chinese University of Hong Kong.

Cell lines and cell culture
The human colon cancer cell lines CaCO2, DLD-1, HCT116, LoVo, LS180,
SW480, SW620 and SW1116 were purchased from the American Type
Culture Collection (Manassas, VA, USA). The human colon cancer cell line
CL-14 was purchased from Creative Bioarray (New York, NY, USA). All cell
lines had been authenticated with short-tandem repeat profiling by the
vendors. Cells were cultured in RPMI-1640, Dulbecco's Modified Eagle's
medium (DMEM) or Eagle's medium (Invitrogen) supplemented with 10%
(v/v) fetal bovine serum (Invitrogen).

Transcriptome sequencing and identification of fusion RNAs
Total RNA isolated from the primary colon tumor tissue was subject to
transcriptome sequencing. Poly-A-containing mRNA purification, double-
stranded cDNA synthesis, end repair, 3’ end adenylation, adapter ligation
and enrichment of DNA fragments for RNA-Seq library construction were
performed using the reagents provided in the Illumina TruSeq RNA Sample
Preparation Kit (Illumina, San Diego, CA, USA). RNA-Seq library sequencing
was then performed on an Illumina HiSeq 2000 (Illumina) as per
manufacturer’s instructions. The sequencing reads were first filtered to
remove low quality reads or reads with adapters. All remaining qualified
reads were aligned to human hg19 downloaded from UCSC (Santa Cruz,
CA, USA). In total, 11.5 gb qualified sequence reads were obtained, of
which ~ 71% mapped uniquely to the human genome. The fragments per
kb of exon per million fragments mapped (FPKM) expression levels for

Figure 5. Repression of Wnt/β-catenin by wild-type NCOA2 but not the LACTB2-NOCA2 fusion (LN-fusion) protein in CRC cells. (a and b)
Western blots and luciferase reporter activity show (a) the reduction of active β-catenin and (b) the inhibition of β-catenin transcriptional
activity on enforced expression of NCOA2, but not the LN-fusion protein, in stably transfected HCT116 cells. (c) Stable overexpression of
NCOA2, but not the LN-fusion protein, caused dramatic alterations in the expression of Wnt signaling components in HCT116 cells as
measured by pathway-specific RT–PCR array. (d) The concurrent upregulation of Wnt inhibitors (for example, APC and Frzb) and
downregulation of Wnt stimulators (for example, Frizzled, CK1 and Dvl) as well as the repression of β-catenin transcriptional targets (that is,
FOSL1 and Jun) on stable expression of NOCA2 in HCT116 cells were illustrated in the schematic diagram. Gel pictures are representative and
data are represented as mean± s.d. of three independent experiments. *Po0.05 significantly different between indicated groups.
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each gene were calculated using the program Cufflinks. Both SOAPfuse (http://
soap.genomics.org.cn/soapfuse.html) and deFuse programs (Vancouver, BC,
Canada) were used for scanning of fusion RNAs using transcriptome data. The
de novo transcriptome assembler SOAPdenovo-Trans was then used for
transcript assembly to double check gene fusions matching somatic SVs
(http://soap.genomics.org.cn/SOAPdenovo-Trans.html).

Whole-genome sequencing and SV calling
Genomic DNA from primary tumor and peripheral blood was fragmented
to an average size of 500 nucleotides. Standard Illumina protocols
(Illumina) and Illumina paired-end adapters (Illumina) were then used for
library preparation. DNA library sequencing was then performed on an
Illumina Solexa sequencing platform (Illumina) as per manufacturer’s
instructions. The general clustering diagram was used to call SVs similar to
dRanger (Cambridge, MA, USA). First, fragment-length distribution was
analyzed to evaluate the library insert size range and filter discordant read
pairs, which refer to mapping to different chromosomes or in unexpected
positions (4max library insert size+4.5 × s.d.) or unexpected orientations
(incorrect order on opposite strands or any order on the same strand) on
the same chromosome. Second, clusters of discordant pairs implicated
potential rearrangements and determined the rough range of SVs. To filter
out somatic SVs, clusters with any supporting discordant pairs in the same
region from matched normal were discarded. Moreover, clusters with less
than five supporting read pairs or falling to UCSC simple Repeat regions
were discarded. To identify the exact SV breakpoints at single nucleotide
level, an in-house program SeekSV was used. Similar to CREST, SeekSV
used next-generation short reads with partial alignments with the
reference genome to call SVs and included four steps as follows: (i) obtain
soft-clipped reads from the BWA alignment results; (ii) align the clipped
sequences (unmapped parts of the soft-clipped reads) with the human
reference genome hg19; (iii) obtain the SV breakpoints according to the
break end positions in the alignment results; (iv) obtain somatic SV
breakpoints by comparing SVs in tumor with those in blood. SV
breakpoints identified by SeekSV with concordant SV clusters predicted
by the clustering method above were then selected to fill the SV gaps.
Sequences disrupted by SVs were annotated to gene regions according to
refGene database downloaded from UCSC.

Validation and screening for gene fusion
Expression of indicated RNA fusions was validated in CRC tumor and
adjacent normal samples by RT–PCR. Sample cDNA was synthesized using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). RT–PCR was performed using AmpliTaq Gold DNA
Polymerase (Invitrogen) or MightyAmp DNA Polymerase (Takara, Dalian,
China) as per manufacturer’s instructions.

Examination of NCOA2 expression
NCOA2 expression levels were examined in tissue samples and cell lines by
qRT–PCR and/or immunohistochemistry. qRT–PCR was performed on
LightCycler 480 real-time PCR system (Roche Applied Science, Indianapolis,
IN, USA) using LightCycler 480 SYBR Green I Master (Roche Applied
Science) following manufacturer’s instructions. Immunohistochemistry was
performed on paraffin sections using an anti-NCOA2 antibody (Cat:
sc-8996; Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Construction and transfection of expression vector/siRNA
The expression vectors were constructed by inserting the putative open
reading frames (ORF) encoded by the LACTB2-NCOA2 fusion RNA and the
full-length ORF of human NCOA2 into the pcDNA3.1-V5-His-TOPO
expression vector (Invitrogen). The sequences of the constructs were
confirmed by Sanger sequencing. Knockdown of NCOA2 was mediated by
custom-made siRNA (GenePharma, Shanghai, China). Transfection of vector
and siRNA was performed using Lipofectamine 2000 (Invitrogen) following
manufacturer’s instructions. Stably transfected cells were established
under selection with neomycin (G418) (Invitrogen). Ectopic expression of
target genes was confirmed by RT–PCR and/or Western blot. RNA and
proteins were harvested at 48 h after transfection.

Western blots
Total protein was extracted and protein concentration was measured by
the DC protein assay method of Bradford (Bio-Rad, Hercules, CA, USA).

Protein samples (30 μg per lane) were separated on 10% Bis/Tris-
polyacrylamide gel by electrophoresis and blotted onto nitrocellulose
membranes (GE Healthcare, Piscataway, NJ, USA). Blots were stained with
primary antibodies overnight at 4 °C and secondary antibodies for 1 h at
room temperature. Proteins were visualized using ECL Plus Western
blotting Detection Reagents (GE Healthcare).

Cell proliferation and colony formation assays
Cell proliferation was monitored real-time by an xCELLigence System
(Roche Applied Science) with growth index data collected automatically
every 30min until the chamber becomes saturated with cells or measured
by CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega,
Madison, WI, USA) according to manufacturer’s instructions. For colony
formation, cells were seeded (2 × 103 per well) onto 6-well plate for 10–
14 days, resulting colonies (450 cells) were then counted after being fixed
with 70% ethanol and stained with crystal violet solution.

Flow cytometry for apoptosis
Cells were stained with Annexin V (allophycocyanin conjugated) and
7-AAD (BD Biosciences), then analyzed by fluorescence-activated cell
sorting using FACScan (BD Biosciences, San Jose, CA, USA). Cell
populations were classified as viable (Annexin V negative, 7-AAD negative),
early apoptotic (Annexin V positive, 7-AAD negative), late apoptotic
(Annexin V positive, 7-AAD positive) or necrotic (Annexin V negative,
7-AAD positive).

In vivo tumorigenicity assays
HCT116 cells (1.5×106 cells) transfected with empty vector, pcDNA3.1-LACTB2
(e1)-NCOA2(e22) or pcDNA3.1-NCOA2 were injected subcutaneously into
dorsal flanks of 4-week-old female Balb/c nude mice (n=5 per group) on
day 0. Tumor diameters were measured every 2 days for ~2 weeks. Tumor
volume (mm3) was estimated by measuring the longest and shortest diameter
of the tumor. All experimental procedures had been approved by the Animal
Ethics Committee of the Chinese University of Hong Kong.

Wnt signaling pathway-PCR array
Gene expression profiles of stably transfected HCT116 cells were analyzed
by Human Wnt Signaling Pathway RT2 Profiler PCR Array (SABiosciences,
Frederick, MD, USA). Each array contains 84 functionally characterized
genes related to Wnt-mediated signal transduction (http://www.sabios
ciences.com). Gene expression with more than threefold of change was
considered to be of biological significance.

Statistical analysis
Results were expressed as mean± s.d. Statistical analysis was performed
using the SPSS statistical software package (standard version 13.0; IBM
China/Hong Kong Limited, Hong Kong, China). Mann–Whitney U-test or
Student’s t-test was used to compare the variables of two groups. Analysis
of variance was used for multiple-group comparisons. P-valueso0.05 were
taken as statistically significant.
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