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JRK is a positive regulator of β-catenin transcriptional activity
commonly overexpressed in colon, breast and ovarian cancer
L Pangon1,2,7, I Ng1,7, M Giry-Laterriere1, N Currey1, A Morgan1, F Benthani1,2, PN Tran1, S Al-Sohaily1, E Segelov2, BL Parker3,4,
MJ Cowley1,2,5, DC Wright6, L St Heaps6, L Carey6, I Rooman1,2 and MRJ Kohonen-Corish1,2

The loss of β-catenin inhibitory components is a well-established mechanism of carcinogenesis but β-catenin hyperactivity can also
be enhanced through its coactivators. Here we first interrogated a highly validated genomic screen and the largest repository of
cancer genomics data and identified JRK as a potential new oncogene and therapeutic target of the β-catenin pathway. We
proceeded to validate the oncogenic role of JRK in colon cancer cells and primary tumors. Consistent with a β-catenin activator
function, depletion of JRK in several cancer cell lines repressed β-catenin transcriptional activity and reduced cell proliferation.
Importantly, JRK expression was aberrantly elevated in 21% of colorectal cancers, 15% of breast and ovarian cancers and was
associated with increased expression of β-catenin target genes and increased cell proliferation. This study shows that JRK is
required for β-catenin hyperactivity regardless of the adenomatous polyposis coli/β-catenin mutation status and targeting JRK
presents new opportunities for therapeutic intervention in cancer.
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INTRODUCTION
Constitutive activation of Wnt/β-catenin signaling is a key
oncogenic mechanism in several types of cancer. A broad range
of mutations or gene alterations have been identified that cause
upregulation of β-catenin activity.1 However, in colorectal cancer
adenomatous polyposis coli (APC) mutations are overly represented
with 80% of colorectal cancers harboring APC mutations.
Following APC mutation, β-catenin accumulates in the cytoplasm
and in the nucleus leading to aberrant β-catenin-mediated
transcription. Nuclear β-catenin stimulates gene transcription by
recruiting chromatin-remodeling complexes and coactivators,
such as BCL9 and Pygopus (PYGO) protein families.2 Importantly,
several studies are now showing that strategies aimed at blocking
these coactivators could provide potent anti-tumoral effects.3 The
aim of this study was to identify novel proteins that are required
for β-catenin oncogenic activity and to evaluate their potential
therapeutic value.
Our work builds on data from a highly validated whole-genome

siRNA screen that identified 33 genes that are required for
efficient β-catenin transcriptional activity.4 Importantly, this screen
was performed using DLD1 and SW480, two APC-mutated cell
lines, suggesting that inhibition of these genes could repress
oncogenic β-catenin activity in tumors regardless of the APC
mutation status. We hypothesized that opposite to the β-catenin
repressive effect observed following knockdown, overexpression
of these genes in cancer could be oncogenic. Using The Cancer
Genomics Atlas (TCGA), the largest repository of cancer genomics
data, we identified JRK to be commonly overexpressed in colon,
breast and ovarian cancer.

JRK is the homolog of Earthbound (Ebd1) that was identified in
Drosophila as an essential component of the Wnt/β-catenin
signaling pathway.5 It belongs to a family of proteins that contain
centromere protein B-type DNA-binding domains. JRK protein
interacts directly with the β-catenin transcriptional complex,
including β-catenin itself, LEF1 and PYGO2. The binding of JRK
to this complex is expected to stabilize the β-catenin/TCF
complex, and facilitate recruitment of β-catenin to chromatin.5

Thus JRK is functioning at the core of the β-catenin pathway and
downstream of the APC-GSK3-AXIN destruction complex, making
it an attractive therapeutic target.
In humans, germline JRK alteration has been implicated in

juvenile myoclonic epilepsy,6 but remarkably there are no
previous studies addressing the expression of JRK in cancer or
its functional significance in carcinogenesis. Here, we show that
JRK upregulates β-catenin activity and is a potential therapeutic
target regardless of the mutational status of the Wnt/β-catenin
pathway.

RESULTS
In silico analyses identify JRK as a potential new oncogene in
colon, breast and ovarian cancer
We first hypothesized that genes located in regions of recurrent
genomic amplification or showing overexpression in cancer
present potential oncogenic activity. We determined the expres-
sion and gene copy number of 33 β-catenin coactivator genes4

using TCGA, the largest and most comprehensive set of cancer
genome data.7,8 We identified JRK as the only one of these genes
that was overexpressed in three major cancer types: breast, colon
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and ovarian (Figure 1a). JRK is overexpressed by more than
twofold in 16% of colon or rectum adenocarcinoma (n= 244),
14.6% of breast invasive carcinoma (n= 774), 35% of basal breast
cancer (n= 81) and 15.2% of ovarian serous cystadenocarcinoma
(n= 316).
JRK is located on chromosome 8q24, which is the most

frequently amplified region across human cancer.9 Consistent
with its genomic location JRK is also commonly amplified in all
three cancer types analyzed (Figure 1b). A prominent resident of
chromosome 8q24 is the MYC proto-oncogene, raising the
possibility that JRK overexpression could be a by-product
of MYC amplification. We next analyzed the relation between
JRK copy-number alterations, MYC copy-number alterations and
JRK gene expression. As expected from their relative genomic
proximity, increased JRK gene copy number was tightly associated
with MYC gene copy number (495% of JRK copy-number gain is
associated with MYC copy-number gain in these cancers).
However, a large proportion of cancers showing increased
expression of JRK occurred independently of MYC or JRK gene
copy-number gain in colon (39%), breast (44%) or ovarian cancers
(73%; Figure 1c).

JRK is required for efficient transcription of endogenous β-catenin
target genes across several cancer cell lines
To aid in the identification of a suitable model system for the
assessment of JRK function, we quantified the expression of
JRK by quantitative PCR (qPCR) in 56 cell lines (Supplementary
Figure 1A). Both basal and luminal breast cancer cell lines showed
statistically significant increased expression of JRK compared with
normal breast cell lines (Supplementary Figure 1B).
We next tested the effect of JRK knockdown on β-catenin

transcriptional activity in HCT15 and SW480 cell lines, that are
both APC mutated. Remarkably, despite the modest reduction in
JRK mRNA level (~40%), we observed a pronounced reduction in
β-catenin transcriptional activity, as measured by the TOPFlash
luciferase reporter in both cell lines (Figure 2a). We next
determined the effect of JRK knowndown on the expression of
several endogenous β-catenin target genes. JRK knockdown
significantly reduced the expression of seven out of seven
β-catenin target genes in HCT15 cells (Figure 2b) and three out
of seven genes in SW480 cells (Figure 2c). To avoid possible small
interfering RNA (siRNA) off-target effects we engineered two
stable knockdown cell lines; HCT15 and RKO using two

Figure 1. In silico analysis of TCGA data identify JRK as a potential new oncogene in colon, breast and ovarian cancer. (a) Heat map showing
the percentage of tumors with mRNA upregulated by more than twofold for 33 potential β-catenin activators in breast, colon and ovarian
cancer. JRK is overexpressed by more than twofold in 14.6% of breast invasive carcinoma, 16% colon and rectum adenocarcinoma, and
15.2% of ovarian serous cystadenocarcinoma. Data were obtained from cbioportal7,8 (TCGA, all complete tumors); colon and rectum
adenocarcinoma,26 breast invasive carcinoma,27 ovarian serous cystadenocarcinoma.28 (b) Heat map showing the percentage of tumors with
gene copy-number gain for 33 potential β-catenin activators in breast, colon and ovarian cancer. JRK gene copy-number gain is observed in
47% of breast invasive carcinoma, 45% colon and rectum adenocarcinoma, 53% ovarian serous cystadenocarcinoma. (c) JRK mRNA
upregulation is independent of JRK copy-number gain in 39.29% of colon and rectum adenocarcinoma (n= 243), 44.29% of breast invasive
carcinoma (n= 842) and 73.08% of ovarian serous cystadenocarcinoma (n= 261).
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independent JRK-shRNAs (small hairpin RNAs). Following stable
integration we confirmed the repressive effect of JRK knockdown
on two out of three selected β-catenin target genes, LEF1 and
VEGFA in both cell lines (Figures 2d and e).
Finally, TCGA data show that, JRK is also overexpressed in breast

and ovarian cancers (Figure 1a). We next tested the effect of
transient JRK knockdown on seven β-catenin target genes in two
breast cancer cell lines (MCF7 and HCC1500), one ovarian cancer
cell line (TOV112D) and four colorectal cancer cell lines (HCT15,
SW480, HCT116 and RKO). At least four out of the seven genes
tested showed reduced expression following JRK knockdown in all

seven cell lines tested (Figure 2f). Further analysis of TCGA data
also showed tendency towards co-occurrence for overexpression
of JRK and nine β-catenin target genes in colon, breast or ovarian
tumors (Supplementary Figure 2).

JRK is overexpressed in 21% of colon cancers compared with
adjacent normal tissue and JRK expression is significantly
associated with an increase in β-catenin target gene expression
and β-catenin nuclear localization
To validate the TCGA data we determined JRK expression in a
cohort of 130 primary colorectal cancers by qPCR. We found JRK

Figure 2. JRK is required for efficient transcription of endogenous β-catenin target genes across several cancer cell lines. (a) JRK knockdown
represses β-catenin transcriptional activity as measured by the TOPFlash luciferase assay. HCT15 or SW480 cells were transiently transfected
with JRK siRNA or control siRNA (siCTRL) with 1 μg of the β-cat/TCF/LEF reporter construct. The y axis shows normalized relative luciferase
activity, data are represented as mean s.d., n= 3. qPCR was used to confirm JRK knockdown in HCT15 and SW480. (b, c) JRK transient
knockdown represses β-catenin target genes expression in HCT15 and SW480, respectively. JRK was transiently knocked down for 48 h and
mRNA expression of β-catenin target genes was assessed by qPCR. Following JRK knockdown, seven and three target genes were showing
significant reduction in mRNA level in HCT15 and SW480 cell lines, respectively. (d, e) JRK stable knockdown represses endogenous β-catenin
target gene expression in HCT15 and RKO, respectively. Two Independent shRNAs (shJRK1 and shJRK5) were used to stably knockdown the
expression of JRK in HCT15 and RKO cell lines. qPCR was used to assess three β-catenin target genes. (f) Effect of transient JRK knockdown on
β-catenin target genes on two breast cancer cell lines (MCF7 and HCC1500), one ovarian cancer cell line (TOV112D) and four colorectal cancer
cell lines (HCT15, SW480, HCT116 and RKO). Values shown are the fold change relative to control siRNA.

JRK is a novel positive regulator of β-catenin in cancer
L Pangon et al

2836

Oncogene (2016) 2834 – 2841 © 2016 Macmillan Publishers Limited



overexpressed by more than twofold in 21% of tumors compared
with adjacent normal matched tissue (Figure 3a). We also
observed 7.5% of tumors having 410-fold increased expression
compared with normal.
In Drosophila, JRK was shown to be a component of the

β-catenin transcriptional complex, binding to β-catenin, LEF1 and
PYGO.5 This study also suggested that JRK binds and stabilizes
β-catenin in the nucleus. We next performed immunohisto-
chemistry for β-catenin on 35 tumors and their matched control
tissues. Tumors with high JRK expression (42.5-fold) showed
significantly higher nuclear β-catenin staining (Figures 3b and c).
We next determined the expression of three of the upregulated

β-catenin target genes LEF1, VEGFA and NKD1, between the
30 lowest JRK-expressing colorectal tumors and 30 highest
expressing JRK tumors. High JRK expression was significantly
associated with an increased expression of these target genes
compared with low JRK-expressing tumors (Figure 3d).

The N-terminal domain of JRK is required to promote cell
proliferation
Increase in β-catenin activity is commonly associated with an
increase in cell proliferation. To investigate the involvement of JRK
on cell proliferation, we knocked down JRK in HCT116 colon
cancer cells using lentivirus. Loss of JRK expression in two
independent HCT116 clones resulted in a decrease in cell
proliferation compared with control (Figure 4a). Conversely, stable

expression of JRK wild type in SW480 cell promoted cell
proliferation (Figure 4b). We repeated the proliferation assay
using SW480 stably expressing JRK(ΔN49), an N-terminal deletion
that is known to impair JRK binding to β-catenin.5 JRK(ΔN49)
expression in SW480 cells failed to promote cell proliferation
(Figure 4b).
Finally, consistent with its transcriptional coactivator role, we

found JRK-WT to be predominantly localized in the nucleus
forming a large number of small nuclear foci and a few large foci
(Figure 4c). Conversely, N-terminal deletion of JRK JRK(ΔN49) was
predominantly observed in the cytoplasm and at the cellular
membrane (Figure 4d). The large foci have previously been
described as JRK binding to chromosome 15 centromere.10

However, fluorescence in situ hybridization assay using chromo-
some 15 centromere probe and cell karyotyping of several cancer
cell lines show that the localization and number of these large foci
are not linked to chromosome 15 (Supplementary Figure 3).

The JRK protein binds to the β-catenin transcriptional machinery
and the gene is transcriptionally regulated by TCF7L2
In agreement with a previous report5 we found JRK in complex
with the β-catenin transcriptional machinery including β-catenin
itself, TCF7L2 and LEF1 (Figure 5a). Furthermore, we also observed
the interaction between β-catenin and JRK using endogenous
protein (Figure 5b). Importantly, we found β-catenin N-terminal
domain (amino acid 1–217) to be sufficient for binding to

Figure 3. JRK is commonly overexpressed in colon cancer and associated with increased β-catenin target genes expression and increased
β-catenin nuclear localization. (a) JRK is overexpressed by more than twofold in 21% of primary colon cancer. qPCR was performed on 130
primary colon cancers and 130 matched normal tissues. JRK mRNA expression varies greatly in the overexpressed group, with 7.5% showing
an increase of 410-fold compared with normal matched tissue. (b) Tumors with high JRK expression show increased β-catenin nuclear
staining, Fisher exact-test, P= 0.038. Thirty-five primary tumors out of the 130 were stained for β-catenin and β-catenin nuclear staining was
scored. Graph shows JRK expression in tumors relative to normal tissues and the percentage of positive nuclear β-catenin staining.
(c) Representative immunohistochemistry staining of primary colon cancer showing β-catenin expression in a low JRK-expressing tumor (Top)
and in a high JRK-expressing tumor (bottom). (d) Tumors with high JRK expression (n= 24-27) are associated with increased expression of
β-catenin target genes compared with low expressing tumors (n= 22-23). VEGFA, LEF1 and NKD1 mRNA level were assessed by qPCR.
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Figure 4. The N-terminal domain of JRK is required to promote cell proliferation. (a) Loss of JRK expression in HCT116 resulted in a decrease in
cell proliferation, compared with control. JRK was stably knocked down in HCT116 using lentivirus. To rule out that the observed reduction in
proliferation was a consequence of random shRNA integration, proliferation was assessed using two clones. Data were recorded using
Incucyte as an average of three wells per conditions and four reads per well. (b) Ectopic stable expression of JRK-WT but not JRK-ΔN49
increases cell proliferation in SW480 cells. Proliferation of SW480 stably transfected with JRK-WT, JRK-ΔN49 or vector control (CMV6) were
recorded using Incucyte as an average of 3 wells per conditions and four reads per well. (c) JRK-ΔN49 shows a different subcellular localization
to JRK-WT. JRK-WT(GFP) or JRK-ΔN49(GFP) were transfected in HCT15 and their subcellular localization assessed by confocal microscopy.

Figure 5. JRK binds to the β-catenin transcriptional machinery. (a) Co-immunoprecipitation experiments identify JRK in complex with
β-catenin, TCF7L2 and LEF1. 293T cells were cotransfected with different expression plasmids as labeled. JRK was immunoprecipitated (IP) with
anti-FLAG antibody. Immunoprecipitates were run and the membrane blotted with the appropriate antibody. (b) Endogenous JRK interacts
with endogenous β-catenin in DLD1 cells. Lysates were immunoprecipitated with JRK or IgG antibodies and blotted with the appropriate
antibody. (c) JRK binds to β-catenin N-terminal region (amino acids 1–217). 293T cells were transfected with a vector containing the N-terminal
domain of β-catenin (amino acids 1–217). N-terminal β-catenin was immunoprecipitated with anti-GFP antibody and the immunoprecipitates
were run and blotted with the appropriate antibody. wcl, whole-cell lysate.
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endogenous JRK (Figure 5c). This region of β-catenin has been
described as a potential ‘targetable’ region.11

As most β-catenin regulators are themselves regulated by Wnt/
β-catenin,12 we next determined whether JRK expression was
under β-catenin regulation. Indeed, Wnt stimulation of HCT116
cells induced JRK mRNA expression and this was not seen in APC-
deficient HCT15 cells (Figure 6a). This finding raises the possibility
that JRK is a β-catenin/TCF7L2 target gene. Remarkably, whole-
genome chromatin immunoprecipitation sequencing analyses
performed on HCT116 cell line identified TCF7L2 binding in
proximity to JRK transcriptional start site13 (Figure 6b). TCF7L2
consensus binding site has been extensively studied.14 Detailed
analysis of the chromatin immunoprecipitation sequencing
sequence confirmed the presence of a TCF7L2 consensus binding
site (Figure 6b).

DISCUSSION
The loss of a number of β-catenin inhibitory components is a well-
established mechanism of β-catenin hyperactivation in cancer. On
the other hand, fewer oncogenic proteins that promote β-catenin
hyperactivity, such as CBP, TCF7L2 or BCL9, have been identified.
These proteins are of particular interest as they offer novel
therapeutic opportunities to target hyperactive β-catenin activity
even for the commonly occurring APC-mutated tumors.
This study brings several lines of evidence to support the

protein JRK as a positive regulator of β-catenin with promising
therapeutic value; (1) JRK is commonly overexpressed in three
major cancer types; colon, breast and ovarian. (2) High JRK
expression, in human colorectal cancer tumors, is significantly
associated with an increase in β-catenin target gene expression
and nuclear localization. (3) JRK is required for efficient
β-catenin transcriptional activity across different cancer cell
types, regardless of their APC status. (4) JRK is a core component

of the β-catenin transcriptional complex and several other
components of this complex are now actively pursued as
promising therapeutic targets such as TCF7L2,15 BCL916 and
CBP.17 (5) JRK binds to the ‘targetable’ N-terminal β-catenin
domain (residues 1–217).11

The detailed mechanism by which JRK upregulates β-catenin
activity is still unclear. JRK binds to DNA,18 which raises the
possibility that JRK in complex with β-catenin could relocate
β-catenin to different genomic locations and thereby directing
the transcription of specific target genes. Furthermore, we show
that JRK is a Wnt-inducible gene indicating that JRK is part of a
positive feedback loop, possibly reinforcing the Wnt pathway
activity.
In agreement with previous work in Drosophila, we identified

JRK as a core component of the β-catenin transcriptional complex
in human cell lines, binding to β-catenin itself, TCF7L2 and LEF1.5

Importantly, we found JRK binding to a ‘targetable’ N-terminal
part of β-catenin. Hence, this region of β-catenin is of particular
interest, as it does not bind to known inhibitors (such as APC or
E-cadherin), and a number of highly promising pharmacologic
strategies are actively pursuing ways to target this region to
inhibit oncogenic Wnt signaling.16,19,20 Further work is now
needed to determine if these approaches,16,19 could also be used
to block JRK/β-catenin interaction. Finally, the widespread
amplification of JRK in many cancers, beyond those discussed in
this paper, notably prostate, liver and head and neck cancers,
support the conclusion that JRK is a positive regulator of β-catenin
hyperactivity. Taken together, our data suggests that therapeutic
mechanisms disrupting JRK function may have utility in many
cancer types, making it a strong candidate target for an umbrella
therapeutic trial.
In conclusion, we propose that JRK is a positive regulator

of β-catenin hyperactivity and strategies aimed at blocking

Figure 6. JRK is a β-catenin/TCF7L2 target gene. (a) JRK expression increases in HCT116 cells following Wnt3a stimulation. HCT15 or HCT116
cell lines were treated with Wnt3a conditioned media or mock treated for 24 h. RNA was extracted and JRK expression was assessed by qPCR.
Wnt3a activates β-catenin transcription in HCT116 but not in HCT15 cells. HCT15 or HCT116 cells were transiently transfected with 1 μg of the
β-cat/TCF/LEF luciferase reporter construct, and β-catenin transcriptional activity was measured by the TOPFlash luciferase assay. The y axis
shows normalized relative luciferase activity, data are represented as mean s.d., n= 3. (b) Chromatin immunoprecipitation sequencing data on
HCT116 cell line identifies TCF7L2 binding in proximity to JRK transcriptional start site. Analysis of this chromatin immunoprecipitation
sequencing sequence confirms the presence of a TCF7L2 consensus binding site (TCAAAG).

JRK is a novel positive regulator of β-catenin in cancer
L Pangon et al

2839

© 2016 Macmillan Publishers Limited Oncogene (2016) 2834 – 2841



JRK/β-catenin interaction could have some therapeutical benefits
in cancers with high JRK expression.

MATERIALS AND METHODS
Cell culture
All cancer cell lines, RKO, SW480, HCT116, HCT15, MCF7, HCC1500 and
TOV112D were propagated as recommended by the American Type
Culture Collection and regularly tested for mycoplasma contamination. All
cancer cell lines were authenticated by Cell Bank Australia by short tandem
repeat profiling, in line with the draft international standard currently
being prepared by the ATCC Standards Development Organisation
Workgroup ASN-0002 (04 May 2011).

Antibodies
The following antibodies were used: anti-β-catenin (BD Bioscience, Franklin
Lakes, NJ, USA, #610153, Abcam, Cambridge, UK, #AB32572), anti-JRK
(Santa Cruz Biotechnology, Santa Cruz, CA, USA, #sc-87174, Abcam
#H00008629-B01P, Biorbyt, Cambridge, UK, #0rb35995, Sigma Aldrich,
St Louis, MO, USA, #sab1406696), anti-LEF1 (Cell Signaling Technology,
Danvers, MA, USA, #2230P), anti-TCF4 (TCF7L2; Cell Signaling Technology
#2569P), GAPDH (4300, Ambion, Austin, TX, USA), anti-FLAG (Sigma Aldrich
#F1804), Horseradish peroxidase-conjugated anti-mouse, or anti-rabbit IgG
(GE Healthcare, Amersham, UK).

Patient samples
The colorectal cancer specimens were resected at the South Western
Sydney Area Health Service hospitals 2000–2003, after patients gave
informed consent. The study was approved by the Ethics Review
Committees of Royal Prince Alfred and Liverpool Hospitals by protocol
numbers X08-0224, HREC/08/RPAH/376, LPOOL 2007/035 and HREC/14/
RPA/176. Matched tumors and normal tissue were biopsied by an
Anatomical Pathologist from the surgery specimen, snap frozen and
stored at − 80 °C. Immunohistochemistry was performed using tissue
microarrays prepared from the matched formalin-fixed paraffin embedded
specimens.21 Staining was performed using DAKO autostainer (Dako,
Glostrup, Denmark). DAKO s2367 (pH 9) solution at 95 °C was used in
antibody retrieval for 20min. Primary antibody: mouse anti-β-catenin (BD
Bioscience #610153) 1:1000 for 60min. Secondary antibody: mouse
Envision HRP for 30min. Slides were scored blindly by two independent
researchers, one of whom was a specialist Anatomical Pathologist.

RNA extraction, cDNA synthesis and quantitative PCR
RNA was extracted from cell lines using the RNeasy Mini kit (Qiagen,
Hilden, Germany). RNA was extracted from fresh frozen colorectal cancer
patient tissue using the Allprep DNA/RNA/protein Mini kit (Qiagen). RNA
concentrations were quantified on the Nanodrop 2000. The Quantitect
Reverse Transcription kit (Qiagen) was used for cDNA synthesis, with
700 ng of RNA used per reaction. A negative control reaction, where all
components except reverse transcriptase were included in the mix, was
carried out for each run.
Taqman qPCR assays (Life Technologies, Scoresby, VIC, Australia) were

carried out in the Applied Biosystems 7900HT (Life Technologies), using
2.5 μl of diluted cDNA, 5 μl of Taqman Gene Expression Master Mix (Life
Technologies) and 0.5 μl of Taqman assay in a 10 μl reaction mix (GAPDH,
Hs99999905_m1; KCNJ8, Hs00958961_m1; JRK, Hs00374396_s1; LEF1,
Hs01547250_m1; MYC, Hs00153408_m1; NKD1, Hs00263894_m1; SOX9,
Hs01001343_g1; TNFRSF19, Hs00218634_m1; VEGFA, Hs01031688_m1; AXIN2,
Hs00610344_m1; CYCLIND1, Hs00277039_m1). All qPCR reactions were
carried out in triplicate, with GAPDH used as the housekeeping control
gene; the reverse transcription negative control and a no template control
were included in each run. The cycling conditions were as follows: 2 min at
50 °C then 10min at 95 °C, followed by 40 cycles of denaturation at 95 °C
for 15 s and annealing/extension at 60 °C for 60 s.
The ΔCt method was used to analyze the qPCR data. Briefly, the mean Ct

value of the triplicates of each sample for each gene of interest was
calculated, then the mean GAPDH Ct value for each sample was subtracted
from this to obtain a ΔCt value. The formula 2-ΔCt was used to transform
the ΔCt value into the relative gene expression value. The fold change in
gene expression was then calculated by dividing the expression of the test
sample by the expression of the control sample (that is, in the case of the

patient samples this would be each individual tumor sample normalized to
the corresponding matched normal sample).

Knockdown, proliferation and site directed mutagenesis
JRK shRNA were purchased from Sigma (pMission TRCN0000147500,
TRCN0000219822) and JRK siRNA duplexes and nontargeting siRNA from
Origene (Rockville, MD, USA, SR305667). Transfections were performed
twice, 24 h apart, with 10 nM siRNA using DharmaFECT1 reagent according
to the manufacturer’s instructions. Cells were harvested or fixed 72 h after
the first transfection. The empty pCMV6 vector, pCMV6 containing full-
length JRK cDNA (NM_001077527, Origene) or JRK mutants were
transfected using Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA).
Site-directed mutagenesis was carried out as previously described.22

Live cultures were analyzed using time lapse phase-contrast microscopy
at 37 °C with the automated Live Cell Imaging System IncuCyte
zoom40061 FLR (Essen Bioscience Inc., Ann Arbor, MI, USA). A total of
2 × 104 cells per well were seeded triplicate in a 24-well plate, which was
immediately loaded into the IncuCyte imaging system. Four images per
well were collected at 2 h intervals. The percent confluence of the live
cultures was calculated using the IncuCyte software (Essen Bioscience Inc.).
Briefly, average confluence was calculated using individual data from each
of the four images taken per well at each time point. The data points
represent the mean of three wells (± s.e.m.).

β-Catenin TCF/LEF luciferase assay
Exponentially growing cells in 6-well plates were transfected with either
the β-cat/TCF/LEF luciferase reporter construct alone (M50 Super 8X
TOPFlash), the negative control construct alone (M51 Super 8X FOPFlash)
or cotransfected with the indicated JRK plasmid using Xtreme Gene
transfection reagent (Roche, Mannheim, Germany). Luciferase reporter
plasmids TOPFlash and FOPFlash were gifts from Randall Moon, University
of Washington, USA.23 The beta-galactosidase construct was cotransfected
as a normalization control. After an overnight incubation, the cells were
stimulated with either control or Wnt3a-conditioned medium, harvested
and lysed in Tropix Galacto-Star lysis solution (Applied Biosystems, Life
Technologies, T2071). A total of 10 μl of each lysate was incubated with
luciferase Assay Reagent (Promega, Madison, WI, USA, E1505) and
luciferase reporter assays were performed as previously described.24

The β-cat/TCF/LEF luciferase activity was normalized with the value
of the corresponding beta-galactosidase dependent luciferase activity
(Applied Biosystems, Life Technologies, T2254, T2239) and the ratio (n= 3,
mean± s.d.) was statistically analyzed (t-test; *Po0.05 and **Po0.01).

Immunofluorescence microscopy and FISH
HCT15 cells were cultured as described above on glass coverslips
and processed as previously described.25 Optical sections were
analyzed by confocal microscopy on an inverted microscope (DM IRE2,
Leica Microsystems, Wetzlar, Germany) using a ×63/1.4 numerical aperture
HC Plan × 10/25 objective lens (Leica Microsystems). The contrast was
adjusted for all images with the same settings. FISH was performed using a
chromosome 15 centromere probe labeled in Spectrum Orange (Vysis CEP
15 (D15Z4), Alpha Satellite DNA Order no. 06J36-015, Abbott Laboratories,
Abbott Park, IL, USA) and JRK-GPF as previously described.10

Co-immunoprecipitation and western blotting
Immunoprecipitation was performed on whole-cell lysates resuspended in
cold lysis buffer (50mM Tris-HCl (pH 7.4), 150mM NaCl, 1 mM EDTA and
0.5% Triton X-100) containing protease inhibitors using the appropriate
antibody at 4 °C overnight. Immunoprecipitates were resolved on 10%
SDS–polyacrylamide gel electrophoresis. Proteins were transferred to
nitrocellulose (Millipore, Bedford, MA, USA), immunoprobed and detected
by enhanced chemiluminescence (Pierce Chemical, Rockford, IL, USA).
Western blotting was performed with the same antibodies used for the
immunoprecipitation to control for loading.
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