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Critical relevance of genomic gains of PRL-3/EGFR/c-myc
pathway genes in liver metastasis of colorectal cancer
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Abstract. The PRL-3 gene is involved in the liver metastasis of
colorectal cancer (CRC) and oncogene addiction to anticancer
therapy. In the present study genomic gains in PRL-3 and its
pathway genes, c-myc and EGFR, were investigated in order to
determine their clinical relevance during metastatic formation
in primary CRC and corresponding liver metastases. The
genomic gain statuses of PRL-3, EGFR, and c-myc were
investigated using quantitative polymerase chain reaction
(qPCR) analysis in 35 samples of CRC and corresponding
liver metastases. In the primary CRC specimens, genomic
gains in PRL-3, c-myc, and EGFR were observed in 4, 4,
and 13 cases, respectively. A genomic gain in one gene was
observed in 18 cases, and these genomic gains were mutually
exclusive. In the liver metastasis specimens, genomic gains
were observed in 14, 8, and 13 cases, respectively. The copy
numbers of PRL-3 and c-myc were significantly higher in the
liver metastases than in the primary CRC specimens (P=0.03,
P=0.009, respectively). A genomic gain in PRL-3 was the
most frequent gain in the liver metastases (P=0.004) and
was partially redundant with a c-myc genomic gain. EGFR
genomic gains were consistent between the primary CRC and
the liver metastases (P=0.0000008). In addition, a genomic
gain in any of the 3 genes was observed in 23 cases (66%).
Among the clinicopathological factors that were assessed, an
EGFR genomic gain was significantly associated with tumour
size in the primary CRC and the liver metastases (P=0.04).
A c-myc genomic gain was also significantly associated with
the v factor of the primary tumours in the liver metastases
(P<0.01). In conclusion, the genomic copy numbers of PRL-3,
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c-myc and EGFR were frequently characterised by aberrations
in genomic gain in liver metastases from CRC; thus, these
gene statuses exhibit potential for the identification of patients
who are likely to respond positively to anticancer therapies.

Introduction

The prevalence of colorectal cancer (CRC) is increasing,
and CRC has one of the highest cancer morbidities reported
worldwide. Over 47,000 CRC-related deaths occurred in
Japan in 2012; in terms of site-specific cancer mortality,
these figures corresponded to the third highest in men and the
highest in women (1). CRC without lymph node metastasis
can be largely cured by surgical resection alone (2), but the
prognosis becomes poor once CRC has progressed to lymph
node metastasis or distant organ metastasis. With lymph node
metastasis, CRC is more likely to recur than CRC without
lymph node metastasis (3), and distant metastases greatly
reduce the 5-year survival rate. The liver is the most common
metastatic organ (4,5), regardless of whether metastasis occurs
in a synchronous or metachronous manner, and liver metas-
tasis is a major factor affecting the prognosis of CRC. For CRC
treatment strategies, the prevention of liver metastasis is one
of the most important issues. Thus, multimodality therapies
have been rigorously established, including surgical resec-
tion (6), radiation (7,8), chemotherapy (EORTC trial) (9), and
molecular target therapies (PRIME trial, FIRE-3 trial) (10,11).

Various genetic changes have been reported as factors
involved in the therapeutic effect of anti-epidermal growth
factor receptor (EGFR) monoclonal antibody, including
K-ras genomic mutation (12,13) and EGFR genomic ampli-
fication (14,15). These factors have already been applied in
clinical practice, but treatment failure continues to occur
frequently. Recently, the phosphatase of regenerating liver-3
(PRL-3)-induced activation of EGFR was reported to be
primarily attributable to the transcriptional downregulation
of protein tyrosine phosphatase 1B (PTP1B), an inhibitory
phosphatase for EGFR, and oncogene addiction to EGFR,
which enhances tumour sensitivity in anti-EGFR cancer
therapy in patients with CRC (16). Accordingly, the PRL-3
gene status has attracted attention as a new therapeutic
biomarker for CRC.
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A number of genetic and epigenetic abnormalities are
related to colorectal tumour progression (17). Normal
colorectal mucosa changes into adenoma, accompanied by
APC gene mutations (18), and subsequent progression to
atypical adenoma is related to K-ras gene mutations (19).
p53 gene mutations finally cause malignant transforma-
tion (20). Moreover, there have been critical reports that 8q
chromosome amplification is associated with the acquisi-
tion of metastatic potential (21). This locus includes many
oncogene candidates, such as PRL-3 and c-myc. PRL-3
and c-myc genes exhibit gene amplification accompanied
by gene overexpression in CRC (21), and an association
with the progression of CRC or vascular invasion has been
reported (22). PRL-3 is a member of the protein tyrosine
phosphatase family, the members of which play important
roles in signalling pathways. We recently reported that
PRL-3 genomic amplification and overexpression were
confirmed in gastric cancer, oesophageal squamous cell
cancer, and CRC (23-26), and we revealed a relationship
between these changes and cancer invasion and a poor prog-
nosis. Especially in terms of CRC, PRL-3 genomic gains
(defined larger as over two-fold) were significantly increased
in liver metastases (26).

In the current study, the genomic copy numbers of PRL-3,
c-myc and EGFR were simultaneously investigated in both
primary CRC and corresponding liver metastases to clarify
the clinical relevance of these oncogenes during metastatic
formation.

Patients and methods

Patients. A total of 35 patients with histologically confirmed
liver metastases (synchronous, n=11 and metachronous, n=24)
of CRC underwent surgical resection of the liver and primary
tumours at the Department of Surgery, Kitasato University
School of Medicine (Sagamihara, Japan), between 1993
and 2007. Nakayama et al previously reported 44 cases in
this series (26), but 9 of those cases were excluded because
additional exploration was impossible due to a lack of
available DNA from the tumour tissues. The 35 cases in the
present series were composed of stage I (n=3), stage IIA (n=7),
stage IIB (n=1), stage IIIB (n=9), stage IIIC (n=2), stage [VA
(n=9), and stage IVB (n=4) disease at the time of the diagnosis
of the primary CRC.

Clinicopathological factors. The included clinicopatho-
logical factors were age, sex, tumour portion, tumour size,
7th UICC pT factor, 7th UICC pN factor, ly factor (lymphatic
permeation), v factor (vascular permeation), synchronous or
metachronous liver metastasis, and 7th UICC stage, in addi-
tion to the genomic copy statuses of the PRL-3, c-myc and
EGFR genes.

DNA extraction from the tissues. Tissue sections from the
tumours (primary CRC or the corresponding liver metastases
from CRC) and corresponding normal mucosa obtained at
least 5 cm from the tumour edge were precisely dissected on
haematoxylin and eosin-stained slides; genomic DNA was
subsequently extracted using a QIAamp® DNA FFPE kit
(Qiagen GmbH, Hilden, Germany).
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PRL-3, c-myc, and EGFR genomic gain statuses in primary
CRC and liver metastases. Quantitative polymerase chain
reaction (QPCR) was performed to quantify each genomic
amplification in triplicate samples using iQ™ Supermix and the
iCycler iQ™ Real-Time PCR Detection system (both Bio-Rad
Laboratories, Hercules, CA, USA). To normalise each gene copy
number per cell, B-actin was used as an endogenous reference, as
previously described (23,24). The ACt values were calculated as
C, (PRL-3)-C, (B-actin) for each sample. The copy number rela-
tive to the corresponding normal tissue was determined as 244,
where AAC=AC, (tumour)-AC, (corresponding normal tissues).
The PCR conditions and sequences for the B-actin/PRL-3
primers and probes have been previously described (23) (-actin:
Forward, 5'-tggtgtttgtctctetgactaggtg-3'; reverse, 5'-ctaagtgt-
gctggggtettgg-3'; probe, 5'-tggctcgtgtgacaaggecatg-3', PRL-3:
5'-aaagattggcgagaacagca-3'; reverse, S'-atcccagacacacaccgaac-3';
probe, 5'-tggtgtttgtctctctgactaggtg-3'). The EGFR primers
and probe were based on those reported by Moroni et al (15)
(forward, 5'-gaattcggatgcagagcttc-3'; reverse, 5'-gacatgctgeg-
gtgttttc-3'; probe, 5'-ctctgtttcagggeatgaactact-3'). The c-myc
primers and probe were prepared using Primer 3 software
(forward, 5'-agcccactggtcctcaagag-3'; reverse, 5'-cttggcagcag-
gatagtccttc-3'; probe, 5'-tctccacacatcagcacaactacgcage-3'). DNA
ratios for the tumour (primary CRC or liver metastasis) tissues
(T) relative to the corresponding normal tissues (N) (T/N ratio)
that were equal to or greater than 2-fold were defined as positive
genomic gains.

Immunohistochemical study. Liver metastases from CRC
were immunohistochemically stained for PRL-3, c-myc,
EGFR, and E-cadherin using the following respective
antibodies: anti-human/-mouse/-rat PRL-3 antibody Clone
334407, Human c-Myc Antibody Monoclonal Mouse
IgG1 Clone #9E10 cat. no. MAB3696 (both R&D Systems
Inc., Minneapolis, MN, USA), Anti EGFR UltraMAB
(R) UMS570070 (OriGene Technologies Inc., Rockville,
MD, USA), and G-10:sc-8426 diluted 1:200 (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA).

FFPE tissue blocks of cases 24 and 26 were cut into thin
sections (4 um thick) that were then deparaffinized with
xylene and dehydrated through a stepwise series of ethanol.
For antigen activation, samples were immersed in pH 6 citrate
buffer and boiled in a microwave for 15 min. The sections were
then incubated in 3% aqueous hydrogen peroxide for 15 min to
inactivate endogenous peroxidases. The sections were incu-
bated with each of the above primary antibodies overnight
at 4°C. The secondary antibody reaction was performed using
the Histofine Simple Stain MAX-PO (MULTI) kit (Nichirei,
Tokyo, Japan) according to the manufacturer's protocol. Color
was developed by incubating with ImmPACT DAB (Vector
Laboratories, Inc., Burlingame, CA, USA) for 5 min. Mayer's
Hematoxylin Solution was used to stain nuclei. The slides were
observed with an optical microscope at magnification, 400.

Statistical analysis. Continuous variables were evaluated
using a paired Student t-test, and categorical variables were
evaluated using the Fisher exact test or the Chi square test, as
appropriate. P<0.05 was considered to indicate a statistically
significant difference. All the calculations were performed
using JIMP® 10 software (SAS Institute Inc., Cary, NC, USA).
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Figure 1. qPCR analysis examining genomic gains in c-myc and EGFR genes as well as gains in the PRL-3 gene in 35 primary CRC and corresponding liver
metastases. (A) Representative case with a c-myc gain. The -actin gene was used as an internal control for the DNA. Note that the 3-actin levels of the Meta,
Primary and Normal tissues were almost the same, unlike the levels of the c-myc gene. (B) Representative case with an EGFR gain. The (3-actin gene was
used as an internal control for the DNA. Note that the (3-actin levels of the Meta, Primary and Normal tissue were almost the same, unlike the levels of the
EGFR gene. (C) Panel showing the genomic gain statuses of the PRL-3 (light green), c-myc (yellow) and EGFR (blue) genes using coloured bars. The two
dark-coloured bars show T/N genomic gain ratios of over 10-fold. qPCR, quantitative polymerase chain reaction analysis; CRC, colorectal cancer; EGFR,
epidermal growth factor receptor; PRL-3, phosphatase of regenerating liver-3; RFU, relative fluorescence unit.

Results

Genomic gains in PRL-3, c-myc and EGFR in primary CRC
and corresponding liver metastases as evaluated using
Q-PCR. In this study, Q-PCR protocols for the c-myc gene and
the EGFR gene were initially developed to assess the genomic
copy number, and these protocols were used in addition to
the previously reported protocol for the PRL-3 gene (26).
Representative genomic quantifications for the c-myc gene
and the EGFR gene are shown in Fig. 1A and B, respectively.
In Fig. 1A, c-myc genomic gains (2.1-fold for both) were
recognised only in the liver metastases, compared with the
corresponding primary tumours (Primary) and the corre-
sponding normal tissues (Normal). In Fig. 1B, EGFR genomic
gains (5.7-fold and 9.6-fold, respectively) were recognised
in both the liver metastases and the corresponding primary
tumours (Primary), compared with the corresponding normal
tissues (Normal).

The genomic gain statuses of c-myc and EGFR were
then compared with the PRL-3 genomic gain status in the
35 previously reported primary CRC and corresponding
liver metastases (Fig. 1C) (26). In the primary CRC tumours,
genomic gains in PRL-3, c-myc, and EGFR were seen in 4
(11%), 4 (11%), and 13 (37%) cases, respectively. Among

the 3 genes, EGFR genomic gains were the most frequent,
followed by PCR-3 and c-myc, in the primary CRC tissues.
Genomic gains in the 3 genes were mutually exclusive in the
primary CRC tissues. As a result, a genomic gain in any of the
3 genes was observed in 18 cases (51%).

In the corresponding liver metastases, genomic gains in
PRL-3, c-myc, and EGFR were seen in 14 (40%), 8 (23%), and
13 (37%) cases, respectively. A genomic gain in any of the
3 genes was observed in 23 cases (66%). Among the 3 genes,
a genomic gain in PRL-3 was the most frequent, followed by
EGFR and c-myc. A genomic gain in c-myc was partially
redundant with PRL-3 in the liver metastases. Interestingly,
genomic gains in the EGFR gene were consistent between
both primary CRC and liver metastases (P=0.0000008).

T/N ratios of PRL-3, c-myc and EGFR genetic copies between
primary CRC and corresponding liver metastases. The T/N
ratios of the PRL-3 gene are shown for primary CRC and
the corresponding liver metastases in Fig. 2A. The T/N ratio
ranged from 0.4 to 4.3 (mean, 1.4) in the primary CRC and from
0 to 10.8 (mean, 2.0) in the corresponding liver metastases. A
significant difference in the T/N ratios of the PRL-3 gene was
observed between the primary CRC and the corresponding
liver metastases when compared using a t-test (Fig. 2A;
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Figure 2. DNA T/N ratio in primary CRC and corresponding liver metastases. (A) The T/N ratios of the PRL-3 gene and the c-myc gene exhibited significant
differences between the primary CRC (grey bar) and the corresponding liver metastases (black bar), respectively. (B) In an ANOVA, the T/N ratio of the PRL-3
gene was the only significant difference between primary CRC and the corresponding liver metastases. Error bars indicate respective standard deviation.

(C) Only a PRL-3 genomic gain was observed significantly more frequently i

n the liver metastases than in the corresponding primary CRC. "P<0.05; “P<0.01.

PRL-3, phosphatase of regenerating liver-3; NS, not significant; CRC, colorectal cancer; PRL-3, phosphatase of regenerating liver-3; EGFR, epidermal growth

factor receptor; ANOVA, analysis of variance.

P=0.03) and an analysis of variance (ANOVA) (Fig. 2B;
P=0.03). A genomic gain in PRL-3 was more frequently seen
in the liver metastases than in the corresponding primary CRC
(Fig. 2C; P=0.004).

The T/N ratios of the c-myc gene are also shown for
primary CRC and the corresponding liver metastases in
Fig. 2A. The T/N ratio ranged from 0.05 to 10.2 (mean, 1.2)
in the primary CRC and from 0.05 to 4.8 (mean, 1.4) in the
corresponding liver metastases. A significant difference
in the T/N ratios of the c-myc gene was observed between
the primary CRC and the corresponding liver metastases
when compared using a Wilcoxon signed-rank sum analysis
(Fig. 2A; P=0.009), but a significant difference was not seen
using an ANOVA (Fig. 2B). A genomic gain in c-myc was
more frequently seen in the liver metastases than in the corre-
sponding primary CRC (Fig. 2C).

The T/N ratios of the EGFR gene are also shown for
primary CRC and the corresponding liver metastases in
Fig. 2A. The T/N ratio ranged from 0.1 to 9.6 (mean, 2.3)
in the primary CRC and from 0.2 to 8.3 (mean, 2.3) in the
corresponding liver metastases. A significant difference in
the T/N ratio of the EGFR gene was not observed between
the primary CRC and the corresponding liver metastases
when compared using a Wilcoxon analysis (Fig. 2A) or an

ANOVA (Fig. 2B). The genomic gain in EGFR was equal
between the primary CRC and the corresponding liver
metastases (Fig. 2C).

Clinicopathological analysis of PRL-3, c-myc and EGFR
genomic gains in primary CRC tissues and corresponding
liver metastases. We then investigated the associations
between PRL-3, c-myc, and EGFR genomic gains and clini-
copathological factors in the 35 primary CRC. In the primary
CRC tissues, genomic gains in the PRL-3 and c-myc genes
were not correlated with any factors, while that of EGFR was
significantly associated with tumour size (Table I, P=0.04).
In the liver metastases, the c-myc genomic status was signifi-
cantly associated with the v factor (P<0.01), and the EGFR
genomic status was significantly correlated with tumour size
(P=0.04).

Based on the clinical data for the liver metastases, the
genomic gains in PRL-3 and EGFR were relatively inde-
pendent, while that of c-myc was redundant with that of PRL-3
in the liver metastases. The former observation reflects the
central role of the PRL-3/EGFR pathway in tumour progres-
sion through PRL-3-induced EGFR oncogene addiction (16),
while the latter may reflect the proximity of c-myc to the
PRL-3 genomic locus (21).
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(without PRL-3 genomic gain)

c-myc
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Figure 3. Immunostaining of liver metastases from CRC. Staining for PRL-3 protein was positive in case 26 and negative in case 24. Staining for c-myc protein
was positive in case 26 (arrowhead) and negative in case 24. Staining for EGFR and for E-cadherin protein were both positive in cases 26 and 24. (magnifica-
tion, x400). CRC, colorectal cancer; EGFR, epidermal growth factor receptor; PRL-3, phosphatase of regenerating liver-3.

to liver metastasis and synergistic thereafter. Gains in both the
PRL-3 and the c-myc genes might occur together at the time of
liver metastasis, while genomic gains in these two genes might
occur separately in primary CRC. The PRL-3 genomic gain is
likely to contribute more to the liver metastatic capacity than a
gain in c-myc because 1 case with liver metastasis from a stage [
primary cancer exhibited the highest genomic gain in PRL-3,
but the genomic gain in c-myc was relatively low in the corre-
sponding liver metastasis (Fig. 1C).

In this study, the genomic gain in EGFR was correlated
with the tumour size (P=0.04) in both the liver metastases
and the corresponding primary tumours (Table I). EGFR gene
activation is known to be important for tumour progression,
and EGFR-targeting therapies have been rigorously established
for CRC and non-small cell lung cancer in clinical practice.
Overexpression of the EGFR gene is frequently recognised in
CRC (25-80%) and is associated with aggressive disease and a
poor prognosis (30,31). In our study, a genomic gain in EGFR

was not associated with the acquisition of liver metastatic
potential but was useful as a predictor of liver metastasis, since
it was consistent between the liver metastases and the corre-
sponding primary tumours (P=0.0000008).

In a combination analysis of the 3 genes, their positive
gains were exclusive of each other in primary CRC. The PRL-3
gene exerts various functions, such as proliferation and the
growth and inhibition of apoptosis signals, through the activa-
tion of EGFR and c-myc. In the present study, 23 cases (66%)
exhibited gains in any of the 3 genes; moreover, the genomic
gains in c-myc and EGFR in liver metastases were significantly
associated with vascular invasion factor and tumour growth,
respectively. The PRL-3, c-myc, and EGFR genes are likely to
have complementary roles in the proliferation of liver metastases
in CRC. In liver metastasis, a PRL-3 genomic gain is corre-
lated with its own protein expression, and c-myc protein was
induced by the PRL-3 protein or a genomic gain (Fig. 3). PRL-3
protein might increase the expression of c-myc protein in liver
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Figure 4. Signalling pathways related to PRL-3/EGFR/c-myc genes in cancer cells. EGFR, epidermal growth factor receptor; PTP1B, protein tyrosine phos-
phatase 1B; PTEN, phosphatase and tensin homolog; PRL-3, phosphatase of regenerating liver-3; PI3K, phospho-inositide 3 kinase; JAK, Janus kinase;
Csk, C-terminal Src kinase; STAT, signal transducers and activators of transcription; MEK, mitogen-activated protein kinase kinase; ERK, extracellular

signal-regulated kinase; EGFR, epidermal growth factor receptor.

metastasis independently of the EGFR protein. PRL-3-targeted
therapy, which targets a point furthest upstream in the signalling
cascade, may be effective against CRC with liver metastasis as
a new treatment to improve prognosis in patients with a PRL-3
genomic gain.

Anti-EGFR monoclonal antibodies have been used in
patients with unresectable advanced or recurrent CRC who
are negative for RAS mutations. The K-ras gene wild type is
seen in 60-70% of CRC with metastasis; however, the actual
response rate to anti-EGFR monoclonal antibody was reported
to be 10-40% (32). Moreover, some reports have indicated
that only about 10% of patients with CRC and metastasis
who are resistant to chemotherapy responded to treatment
with P-mab or cetuximab (33,34). Therefore, it is necessary
to predict responders to anti-EGFR monoclonal antibody
therapy. Balin-Gauthier ez al (35) reported that a response to
cetuximab was correlated with the level of phosphorylated
EGFR but not with the level of EGFR expression. On the other
hand, another report indicated that the response to anti-EGFR
treatment is influenced by the EGFR amplification status (15).
Al-Aidaroos et al (16) showed that in mice, PRL-3 activates
EGFR leading to EGFR oncogene addiction and is a molecular
marker that is indicative of a response to anti-EGFR monoclonal
drugs. Intriguingly, there have been reports describing the effects
of monoclonal antibodies against EGFR, if the EGFR gene is
amplified, even in the presence of a K-ras exon 2 mutation (16).
Whether the expression of PRL-3 or EGFR has a greater effect
on anti-EGFR treatments in CRC cell lines remains unclear.
However, considering that PRL-3 is located upstream of
EGFR, the PRL-3 gene could be a superior therapeutic target
than EGFR in anti-EGFR monoclonal antibody therapy. In a
preliminary investigation performed at our hospital, anti-EGFR
antibody treatment tended to have a good therapeutic effect

(partial response) in cases with a high expression of PRL-3 (data
not shown), similar to a recent report that actually demonstrated
this effect in a prospective cohort study (16).

Limitations. First, the number of target cancer tissues was
limited, and the tissues had been archived. Several effects
arising from the long-term preservation of tissues used for
DNA extraction and tissue immunostaining are conceivable.
In the future, we would like to perform additional studies
using a larger number of freshly obtained CRC tissues and
corresponding liver metastases. Second, all the experiments
were performed in vitro. Since in vivo experiments are neces-
sary for the development of clinical applications of PRL-3 as a
biomarker, we plan to perform prospective research involving
such investigations in the near future.

Finally, we summarised the PRL-3/EGFR/K-ras pathway
based on previous reports (Fig. 4). Numerous reports have indi-
cated that EGFR is involved in cell proliferation and survival
through individual critical pathways, such as MAPK, PI3K/Akt,
and JAK/STAT, as well as those of feedback mechanisms (36,37).
PRL-3 has been reported to be involved in the activation of
EGFR through the inhibition of PTP1B (12), the promotion of
cell motility and invasion related to Src and Csk (38,39), and the
up-regulation of the PI3K/Akt pathway through the down-regu-
lation of phosphatase and tensin homologue deleted chromosome
10 (PTEN), which are inhibitors of the PI3K pathway for the
dephosphorylation of PI3K products (40).

Genomic gain aberrations in the copy numbers of PRL-3,
c-myc and EGFR are frequently observed in liver metastases
from CRC. These results may be beneficial for the treatment
of CRC patients with liver metastasis and may be useful for
the identification of patients who are likely to respond well to
anticancer therapies in the near future.
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