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migration through Src-mediated phosphorylation of
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We have previously identified 1 241 regions of somatic copy number alterations (CNAs) in hepatocellular
carcinoma (HCC). In the present study, we found that a novel recurrent focal amplicon, 1q24.1-24.2, targets
the MPZL1 gene in HCC. Notably, there is a positive correlation between the expression levels of MPZLI and
intrahepatic metastasis of the HCC specimens. MPZL1 can significantly enhance the migratory and metastatic
potential of the HCC cells. Moreover, we found that one of the mechanisms by which MPZL1 promotes HCC cell
migration is by inducing the phosphorylation and activation of the pro-metastatic protein, cortactin. Additionally, we
found that Src kinase mediates the phosphorylation and activation of cortactin induced by MPZL1 overexpression.
Taken together, these findings suggest that MPZL1 is a novel pro-metastatic gene targeted by a recurrent region of

copy number amplification at 1q24.1-24.2 in HCC.
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Introduction

Hepatocellular carcinoma (HCC) is one of the tumor
types with worst prognosis worldwide. Cancer metas-
tases, both intrahepatic and extrahepatic, are major fac-
tors causing the mortality of HCC patients. Recently, a
number of cancer genes have been reported to be associ-
ated with the tumor metastasis in HCC, including CLU,
KAIl, ROCK2 and TWIST [1-4]. Furthermore, we have
previously identified several microRNAs that play criti-
cal roles in HCC metastasis, such as miR-30D, miR-151
and miR-210 [5-7]. Additionally, many signaling path-
ways have also been implicated in the process of HCC
metastasis, including RAF/MEK/ERK pathway, WNT/
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B-catenin pathway, insulin-like growth factor pathway,
hepatocyte growth factor/c-MET pathway and growth
factor-regulated angiogenic signaling [8]. However,
the molecular mechanisms underlying HCC metastasis
remain greatly elusive. Thus, efforts to understand the
genetic basis and molecular mechanism of initiation and
progression of this lethal disease will help to save life of
HCC patients.

An effective method of identifying driver genes with
causal roles in carcinogenesis is the detection of genomic
regions that undergo frequent alterations in cancers.
Chromosomal copy number alterations (CNAs) can
lead to the activation of oncogenes and the inactivation
of tumor suppressors in human cancers [9]. Although
certain regions of recurrent CNAs harbor a single gene,
most of these regions include several genes; thus, com-
bining structural and functional genomics studies is of
vital importance [10]. For example, the identification of
CDKS as an essential gene in colon cancers harboring
amplifications in a 16-gene region of chromosome 13 led



to a deeper investigation of the essentiality of all of the
genes in this region. The suppression of each gene in this
region by RNAi showed that CDK8 was the only one
required for the survival of colon cancer cells with copy
number amplification of chromosome 13 [11]. To iden-
tify recurrent regions of CNAs in HCC, we recently per-
formed a genome-wide copy number analysis of 58 pairs
of HCC primary tumors and adjacent non-tumor tissues
using the Affymetrix SNP 6.0 array, from which a total of
1 241 regions of somatic CNAs were derived [12]. Based
on the hypothesis that genes within smaller amplicons
are more likely to be tumor-promoting than those from
larger chromosomal alterations [13], a number of subtle
CNAs (< 3 Mb) were further uncovered among these
regions, including regions of copy number amplification
at 1q21.2-21.3 and 1q24.1-24.2. Copy number gain at
1q is one of the most frequently detected alterations in
HCC (58% - 78%) and has been suggested to be an early
genomic event in the process of HCC development [14].
Of note, the 1q21 amplicon has already been identified
and well documented in HCC [15, 16], whereas to date,
the 1g24 amplicon has rarely been indicated or studied in
HCC.

In this study, we take steps to explore and characterize
the potential cancer genes targeted by this focal recurrent
amplicon in HCC. By integrated analysis of copy number
and expression profiling data, we found that the recurrent
region of the 1q24.1-24.2 amplicon specifically targets
the MPZL1 gene in HCC. MPZL1, also known as PZR,
is a cell surface glycoprotein belonging to the immuno-
globulin superfamily and, in the human, consists of three
isoforms differing in their cytoplasmic sequences [17].
Recent studies have shown that MPZLI could promote
the fibronectin-dependent migration of murine mesen-
chymal-derived MEF cells [17, 18], and may be involved
in adhesion-dependent signaling [19, 20]. However,
the functional roles and clinical implications of MPZL1
amplification and overexpression in human cancers are
largely unknown. In the current study, we showed that
MPZLI plays a pivotal role in human cancer cell migra-
tion and tumor metastasis. Importantly, overexpression
of MPZL1I was identified to be associated with the intra-
hepatic metastasis of HCC patients. Our results revealed
that the pro-metastatic function of MPZLI might be
through promoting Src kinase-mediated phosphorylation
and activation of cortactin to increase cell migration.

Results
Recurrent genomic amplification of 1q24.1-24.2 targets

MPZLI in HCC
It has long been thought that DNA CNAs frequently
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contribute to tumor initiation and progression. To explore
this, we followed up with our previous studies in which
Affymetrix single-nucleotide polymorphism 6.0 arrays
were used to identify novel regions of amplification and
deletion in human HCC specimens [12]. Among the 1
241 regions of somatic CNAs identified in HCC, we
uncovered a novel recurrent region of focal amplifica-
tion (1q24.1-24.2) with a frequency of 44.8% (26/58) in
HCC. To further identify the potential driver genes lo-
cated in this region, we mainly focused on differentially
expressed genes within this region for further studies by
the integrated analysis of copy number and expression
profiling data [12], from which four upregulated genes
were identified in the broad region of 1q24 copy number
gain, including MPZL1 (also termed PZR), NME7 and
ATPIBI at 1q24.2 and PIGC at 1q24.3 (Figure 1A and
Supplementary information, Table S1). Furthermore,
both the DNA dosages and expression levels of these
genes were confirmed by quantitative real-time PCR (g-
PCR) in an independent cohort of HCC specimens. How-
ever, only the MPZLI gene could be confirmed at both
DNA dosage and mRNA expression level (Figure 1B, 1C
and Supplementary information, Figure S1). Addition-
ally, the positive correlation between the DNA dosage
and expression level of the MPZLI gene was also con-
firmed (Figure 1D). Therefore, these data suggested that
the MPZL1 gene is one of the candidate cancer genes tar-
geted by the recurrent genomic amplification of 1q24.1-
24.2, and it was selected for further study to explore its
biological function and molecular mechanism.

The expression levels of MPZLI1 correlate with the ma-
lignant features of HCC

The human MPZLI consists of three isoforms (MPZL1,
MPZL1a and MPZL1b) differing in their cytoplasmic
sequences [17]. We examined the relative expression
levels of three isoforms of MPZLI in 58 pairs of HCC
and adjacent non-tumor tissues by q-PCR. We found that
only the isoform a (MPZL]I) is overexpressed in HCC
compared with adjacent non-tumor tissues (Supplemen-
tary information, Figure S2). Consistent with our find-
ings, Oncomine expression analysis also revealed higher
MPZLI expression in HCC tissues than in normal liver
tissues in two independent sets of HCC specimens [21,
22] (Supplementary information, Figure S3).

Based on the relative expression levels of the MPZL1
gene in 58 pairs of HCC primary tumor and adjacent
non-tumor tissues, we undertook the analysis of the clini-
cal significance of MPZLI gene overexpression in HCC.
First, by comparison of the relative MPZLI expression
levels between the paired primary tumor and adjacent
non-tumor tissues, we found that the proportion of HCC
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Figure 1 A recurrent region of amplification at 1g24.1-24.2 targets the MPZL1 gene in HCC. (A) A schematic diagram of the
1924.1-24.2 amplicon and four upregulated genes (MPZL1, ATP1B1, NME7 and PIGC) located in the broad region of 1q24.
The upper panel displays an unsupervised hierarchical clustering of copy number data from 58 HCC specimens, and tumors
are ordered from top to bottom according to the hierarchical clustering of CNAs for chromosome 1. Red, copy number gains;
blue, copy number losses. (B) Validation of DNA dosages of the MPZL1 by g-PCR in an independent cohort of 125 paired
HCCs and adjacent non-tumor tissues with the genomic DNA. (C) Confirmation of gene expression of MPZL1 by g-PCR in an
independent cohort of 130 paired HCCs and adjacent non-tumor tissues with cDNA. (D) Correlation analysis of DNA dosage
and mRNA expression for the MPZL1 gene in 46 HCC primary tissues with both genomic DNA and cDNA. The correlation

was analyzed by the two-tailed Pearson Correlation Test.

specimens with MPZL1I upregulation (43.1%) was much
higher than that with MPZLI downregulation (12.1%)
(Figure 2A). Importantly, there was a positive correlation
between the expression levels of MPZL1 and intrahepatic
metastasis of the HCC specimens (Supplementary in-
formation, Table S2). Moreover, according to the results
of q-PCR analysis of the relative expression levels of
MPZLI gene in 58 HCC primary tissues, the expression
levels of the MPZLI gene in the HCC primary tumors
with intrahepatic metastasis significantly increased com-
pared with those without intrahepatic metastasis (Figure
2B), whereas the expression levels of the MPZL1I gene in
the high grade HCC primary tumors were significantly
higher than those in the low-grade ones (Figure 2C). To-
gether, these results implied that the increased expression
levels of the MPZLI gene may be associated with the
malignant progression and metastasis of HCC, thus pro-
viding clues to further explore its biological function and
molecular mechanism in HCC progression.

MPZLI increases the migratory and metastatic potential
of HCC cells

To choose suitable cellular models to study the bio-
logical function of MPZLI, we first examined the rela-
tive protein levels of the MPZL1 gene in six HCC cell
lines. The results showed that different expression levels
of the MPZLI gene can be detected in all the six HCC
cell lines (Figure 3A). Specifically, the protein level of
MPZLI was relatively low in HepG2, Hep3B, HUH-7
and SMMC-7721 cells, which have no or low metastatic
potential [4, 23-25], whereas the protein level of the
MPZL1 gene was relatively high in SK-HEP-1 and Li-7
cells, which have high metastatic potential [24, 26].

First, we stably knocked down the expression of the
MPZLI gene through lentiviral infection in two highly
metastatic cell lines, SK-HEP-1 and Li-7; the inter-
ference efficiency was confirmed by immunoblotting
(Figure 3B and Supplementary information, Figure S4).
Subsequently, the effect of RNA interference-mediated
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Figure 2 Overexpression of MPZL1 correlates with malignant features of HCC. (A) The expression levels of MPZL1 in 58
paired HCC and matched non-tumor tissues were determined by g-PCR. The data are expressed as the log, fold change
(ACt [HCC/Non.]). Significant upregulation of MPZL1 expression in paired HCC/non-tumor samples was defined as a log, fold
change > 1 (i.e.,2-fold). The pie chart shows the proportions of HCC samples showing upregulation (red), downregulation
(blue), and no change (yellow). (B) Overexpression of MPZL1 in primary HCCs with intrahepatic metastasis compared with
that without intrahepatic metastasis according to the results of g-PCR. (C) Overexpression of MPZL1 in primary HCCs in
high grade (grade = 3 and 4) compared with that in low grade (grade = 1 and 2) according to the results of g-PCR. Statistical
analysis of differences between the two groups was performed by unpaired Student’s t-test and P < 0.05 was considered

statistically significant.

knockdown of the MPZLI gene on the proliferation of
these cells was determined by CCK-8 assays; the results
showed that disruption of MPZLI gene expression had
no significant effect on the proliferation of HCC cells
(Figure 3C and Supplementary information, Figure S4).
Furthermore, we found that knockdown of MPZLI gene
expression inhibited the migratory and invasive abili-
ties of HCC cells in transwell assays (Figure 3D, 3E and
Supplementary information, Figure S4).

To further verify the role of MPZL1 in the HCC cell
migration, the MPZLI gene was overexpressed by lenti-
viral infection in HUH-7 and SMMC-7721 cells, which
was confirmed by immunoblotting (Figure 4A). Subse-
quently, we determined the effect of MPZL1 overexpres-
sion on the proliferation of these HCC cells both in vitro
and in vivo. The results showed that exogenous overex-
pression of the MPZL1 gene has no significant effect on
HCC cell proliferation (Figure 4B and Supplementary
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information, Figure S5). Furthermore, we examined the
effect of MPZL1 overexpression on the migratory and
invasive abilities of these HCC cells by transwell assays,
and the results showed that ectopic expression of MPZL1
significantly promoted the in vitro migration and inva-
sion of HCC cells (Figure 4C and 4D). Finally, we found
that MPZL1 could promote the in vivo metastasis of HCC
cells in mouse models by intravenous injection of tumor
cells into mouse (Figure 4E and 4F). Taken together,
these results suggested that the MPZL1 gene may play an
important role in the cell migration and tumor metastasis
of HCC.

Ectopic expression of MPZLI leads to increased phos-
phorylation of multiple pro-metastatic proteins

We performed a phospho-proteomics-based study
using a phospho-antibody microarray to explore the
molecular mechanisms underlying MPZL[-mediated
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Figure 3 Targeted downregulation of MPZL1 attenuates HCC cell migration. (A) The detection of the relative protein levels of
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cells, respectively. Statistical analysis of differences between groups was performed by unpaired Student’s t-test. The results

are shown as the mean + s.e.m, *P < 0.01; **P < 0.001.

cell migration and tumor metastasis [27]. The microar-
ray provides a high-throughput platform for an efficient
protein phosphorylation status profiling, with detection
and analysis of phosphorylation events at specific sites
to identify MPZLI downstream effectors that can regu-
late metastasis. Using cell lysates derived from HUH-
7-VECTOR and HUH-7-MPZL1 cells, we identified a
spectrum of proteins of which the phosphorylation levels
were increased by >15% in HUH-7-MPZL1 cells relative
to HUH-7-VECTOR cells. Many of these proteins, when
phosphorylated, are important for cell migration and tu-
mor metastasis. These pro-metastatic proteins included
focal adhesion kinase (FAK) [28 ], Src [29 | and cortac-
tin [30] (Supplementary information, Tables S3 and S4).
We further confirmed, by immunoblotting, that stable
overexpression of MPZL1 resulted in increased phos-
phorylation of FAK and Src in both HUH-7 and Hep3B

cells (Figure 5A). Additionally, targeted knockdown of
the MPZLI gene led to a reduced phosphorylation of
these two proteins in SK-HEP-1 cells (Figure 5B). Al-
though MPZL1, as a membrane protein, is unlikely to
directly regulate the activation of these pro-metastatic
tyrosine kinases by phosphorylation, the increased ac-
tivation of FAK and Src upon MPZLI overexpression
indicates the reprogramming of the HCC pro-metastatic
signaling network upon MPZLI overexpression. Recent-
ly, many studies have documented a role for the cortactin
in promoting cell motility and metastasis [31, 32]. More-
over, cortactin was originally identified as a substrate for
the Src family kinases, which are major kinases in the
tyrosine phosphorylation of cortactin [33]. In addition,
MPZLI has also been shown to activate Src kinase upon
stimulation of cells with extracellular stimuli [34]. How-
ever, the roles of MPZL1 in the phosphorylation and acti-
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vation of cortactin have not been determined. Therefore,
we propose that a novel MPZL1/Src/cortactin signaling
cascade exists and functions in the process of HCC cell
migration. Subsequently, we confirmed the increased
phosphorylation of cortactin in HUH-7 and Hep3B cells
upon MPZLI overexpression by immunoblotting (Figure
5C). Moreover, targeted knockdown of the MPZL1 gene
by shRNA also resulted in reduced phosphorylation of
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the cortactin in SK-HEP-1 cells (Figure 5D).

MPZL1 was previously identified as a SHP-2-binding
partner in epithelial cells, and the intracellular portion of
MPZL1 has two immunoreceptor tyrosine-based inhibi-
tion motifs that specifically interact with SHP-2, an SH2
domain-containing tyrosine phosphatase with a crucial
role in cell signaling [18, 19]. Recently, it has been re-
ported that the SHP-2 tyrosine phosphatase activates
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caused by the overexpression of MPZL1 in HUH-7 cells.

the Src tyrosine kinase via a non-enzymatic mechanism
[35]. We found that overexpression of MPZLI resulted
in increased phosphorylation of SHP2 (Figure 5E and
Supplementary information, Table S3). Furthermore, we
found that siRNA-mediated knockdown of the SHP-2
gene significantly attenuated the increased phosphoryla-
tion of the active form of Src (Y416) and cortactin (Y421)
caused by overexpression of MPZLI in HUH-7 cells
(Figure 5F). This result suggested that the activation of
Src kinase by overexpression of MPZLI is probably as-
sociated with the recruitment and activation of SHP-2.

MPZLI promotes cancer cell migration through phos-
phorylation and activation of cortactin

To further characterize the signaling properties of
MPZLI in cancer cell migration, we focused on the pro-
metastatic protein, cortactin. To clarify whether phos-

phorylation of cortactin is involved in MPZL [-mediated
cancer cell migration, we determined the effect of RNAi-
mediated knockdown of the CTTN gene, which encodes
cortactin, on the migration of the MPZL I-expressing
metastatic SK-HEP-1 cells. The CTTN shRNA was spe-
cific in decreasing cortactin protein expression in SK-
HEP-1 cells (Supplementary information, Figure S6A).
Stable knockdown of the CTTN gene in SK-HEP-1 cells
resulted in a significant reduction of their in vitro migra-
tory and invasive abilities but did not significantly affect
their proliferation (Supplementary information, Figure
S6B-S6D).

We further demonstrated that enforced expression of
MPZLI could enhance the migratory ability of HUH-
7 cells, while shRNA-mediated knockdown of the
CTTN gene significantly attenuated the migration of
these MPZL1-overexpressing cells (Figure 6A). More-
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for metastatic nodules in three groups, shNC, shMPZL1 and shMPZL1 + CTTN Y421D (E) and the incidence of lung metas-
tasis in the three groups of the mouse models (F). Original magnifications, 200x. Statistical analysis of differences among
groups was performed by the ° test and P < 0.05 was considered statistically significant.

over, stable expression of the CTTN wild-type construct
(CTTN WT) resulted in significantly increased migration
of HUH-7 and SMMC-7721 cells, and cells expressing
a phospho-mimetic mutant, CTTN Y421D, showed a
further increase in the migratory ability (Figure 6B and
6C). In contrast, overexpression of a phospho-deficient
mutant, CTTN Y421A, resulted in decreased cell migra-
tion of HUH-7 and SMMC-7721 cells (Figure 6B and
6C). In addition, overexpression of CTTN Y421A mutant
could abrogate the cell migration induced by MPZL1
overexpression in HUH-7 cells (Figure 6D). Finally, we
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examined the effects of overexpression of CTTN Y421D
mutant in MPZLI-knockdown cells on tumor metastasis
of HCC cells in mouse models. The results showed that
knockdown of MPZLI could inhibit the lung metastasis
of HCCLM3 cells, whereas overexpression of the phos-
pho-mimetic CTTN Y421D mutant could rescue the lung
metastasis in MPZL1-knockdown cells (Figure 6E and
6F). Taken together, these findings suggested that one of
the mechanisms by which MPZLI promotes the migra-
tion and metastasis of HCC cells is through the induction
of the phosphorylation and activation of cortactin.
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Figure 7 Src kinase mediates the phosphorylation of cortactin induced by MPZL1 overexpression. (A) Stable expression of
the dominant-negative mutant of Src kinase (K298M/Y530F kinase dead mutant with open conformation, Src DN) attenuates
the phosphorylation of cortactin induced by MPZL1 overexpression in HUH-7 cells. (B) Stable expression of the Src DN
mutant significantly inhibits the migration of HUH-7 cells induced by MPZL1 overexpression, which can be restored by the
overexpression of a constitutively active mutant of cortactin, CTTN Y421D (unpaired Student’s t-test, the mean * s.e.m,
**P < 0.01). (C) siRNA-mediated knockdown of Src attenuates the increased phosphorylation of cortactin (Y421) induced
by MPZL1 overexpression in HUH-7 cells. (D) A Src kinase inhibitor (PP1) attenuates the phosphorylation of cortactin
induced by MPZL1 overexpression in HUH-7 cells. Treatment of HUH-7-MPZL1 cells with different concentration of PP1
(0.1, 0.17 and 1 uM) could attenuate the increased phosphorylation of cortactin induced by MPZL1 overexpression. (E) The
examination of the effects of MPZL 1 overexpression on the phosphorylation of cortactin (Y421) and Src (Y416) in eight cases
of paired human HCC primary tumor and adjacent non-tumor tissues by immunoblotting (N, non-tumor; T, primary tumor).

Src kinase mediates the phosphorylation and activation of
cortactin induced by MPZL1 in HCC cells

According to the results of the phospho-antibody array
and immunoblotting, the phosphorylation level of an ac-
tive form of Src (phospho-tyrosine 416) was significantly
increased upon MPZL1 overexpression (Figure 5B).
Moreover, we also found that the phosphorylation level
of negative regulatory site of Src (Y527) was significant-
ly decreased in MPZL1-overexpressing cells (Supple-
mentary information, Figure S7). These data suggested
that the activation of Src kinase may be responsible for
the tyrosine phosphorylation of cortactin in HCC cells.
To determine whether the Src kinase activity is required
for MPZL I-induced phosphorylation of cortactin, we first
expressed a dominant-negative Src mutant (Src K298M/
Y530F) [36] in HUH-7-MPZL1 cells. The dominant-

negative Src mutant could inhibit the phosphorylation
of cortactin (Figure 7A) and reduced the migration of
HUH-7-MPZL1 cells (Figure 7B). Moreover, stable
overexpression of the phospho-mimetic CTTN Y421D
mutant was able to reverse the inhibitory effect of the
Src dominant-negative mutant on the migratory ability of
HUH-7-MPZL1 cells (Figure 7B). Furthermore, targeted
knockdown of the Src gene by siRNA also resulted in
reduced phosphorylation of cortactin in HUH-7-MPZL1
cells (Figure 7C). In addition, we treated HUH-7-MPZL1
cells with PP1, a selective inhibitor of Src family kinas-
es, and found that PP1 treatment could attenuate the in-
creased phosphorylation of cortactin induced by MPZL1
overexpression (Figure 7D). These results indicated that
the Src kinase activity is essential for MPZL [-mediated
migration of HCC cells.
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Finally, we examined the effect of MPZL1 overex-
pression on the phosphorylation of cortactin and Src
in human HCC tissues by immunoblotting. The results
showed that the protein levels of MPZL1 were signifi-
cantly increased in HCC tissues, while the phosphoryla-
tion levels of cortactin and Src were also predominantly
increased in HCC tissues compared with the adjacent
non-tumor tissues except that the phosphorylation level
of Src in case 7 was decreased in HCC tissue (Figure
7E). Together, these results indicated that the MPZLI-
induced phosphorylation and activation of cortactin is
dependent on the activation of Src kinase.

Discussion

Copy number gain of 1q is one of the most frequent
genetic alterations in primary HCC, detected in 58% -
78% of HCC patients [14]. Moreover, amplification of 1q
has frequently been detected in many other solid tumors,
including breast, ovarian, prostate, and lung tumors [37-
40]. In our previous study, a focal amplified region has
been narrowed down to 1q24.1-24.2, suggesting the ex-
istence of a cancer gene at this amplicon. Therefore, the
identification of the targeted genes responsible for the
1q24.1-24.2 amplification event is imperative for under-
standing the molecular mechanisms of cancer initiation
and progression in many solid tumors including HCC. In
the current study, we found that the recurrent region of
the 1q24.1-24.2 amplicon specifically targets the MPZL1
gene in HCC.

However, the correlation coefficient R between the
DNA dosage and mRNA expression level of MPZLI is
0.329. The result suggests that there is a weak correla-
tion between the DNA dosage and expression levels
of MPZL1 gene, which implies that other regulatory
mechanisms account for the upregulation of MPZL1
gene expression in HCC, such as DNA methylation. We
examined the methylation status of CpG islands within
MPZLI promoter using quantitative real-time methyla-
tion-specific PCR (MSP) on 37 cases of paired HCC and
non-tumor tissues. The results showed that the frequency
of hypomethylation is approximately 51.4% (19/37)
in HCCs, which may account for the upregulation of
MPZL1 mRNA level in HCC tissues in addition genomic
gain of 1q24.1-24.2 loci (Supplementary information,
Figure S8).

MPZL1 was originally isolated as a binding protein
and putative substrate of SHP-2. Its extracellular seg-
ment has significant sequence similarity to that of myelin
PO, whereas its intracellular portion has two ITIMs that
specifically interact with SHP-2 [41]. Moreover, MPZL1
is a highly conserved protein and is expressed in many
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cell types, suggesting its role in some basic cell func-
tions [20]. However, the biological functions and clinical
significance of this gene in human cancers are still elu-
sive. In this study, we first found that there is a positive
correlation between the expression levels of MPZL1 and
intrahepatic metastasis in HCC specimens. Furthermore,
MPZLI was observed to increase the in vitro migratory
and in vivo metastatic potential of HCC cells.

Microarray technologies have been widely used in
exploring cancer signaling pathways [42], including gene
expression array [43], microRNA array [44] and protein
array [45]. Recently, there is an intense interest in ap-
plying proteomics to foster an improved understanding
of cancer pathogenesis [42]. For example, Kang et al.
[27] performed a phospho-proteomics-based study us-
ing a phospho-antibody microarray to comprehensively
provide mechanistic insight into the role of RSK2 in
HNSCC metastasis. To further explore the underlying
mechanisms by which MPZL1 stimulates cell migra-
tion and tumor metastasis, we used a phospho-antibody
microarray-based proteomics approach [27], which has
the unique capability of quantitative profiling of protein
phosphorylation levels through the use of paired un-
phospho- and phospho-antibodies for each protein. We
identified multiple pro-metastatic proteins of which the
phosphorylation and activation levels were regulated by
MPZL1 in HCC cells, including ERK-1/2, AKT and cor-
tactin.

Previous study has shown that the phosphorylated
MPZL1 mutant (deletion of an extracullular and trans-
membrane domain) inhibits serum- and growth factor-
induced activation of ERK1/2 by blocking the normal
function of SHP-2 [46], implicating the roles of MPZL1
in the activation of ERK1/2. In the present study, we also
determined the effects of MPZLI overexpression on the
phosphorylation of ERK-1/2 and AKT in HCC cells by
immunoblotting. The results showed that MPZLI overex-
pression increases the phosphorylation levels of ERK-1/2
(T202/Y204) and AKT (Ser473), which was consistent
with the phospho-proteomic array (Supplementary infor-
mation, Figure S9).

Cortactin, an actin-binding protein and a substrate of
Src, is encoded by the CTTN oncogene [47]. Recently,
many studies have documented a role for cortactin in
promoting cancer cell motility and invasion, including a
critical role in invadopodia, which are actin-rich subcel-
lular protrusions associated with the degradation of the
extracellular matrix by cancer cells [48, 49]. Notably,
orthotopic injection of HCC cells overexpressing cor-
tactin into the liver resulted in an increased intrahepatic
metastasis [50]. In the present study, we found that one
of the mechanisms by which MPZL1 promoted HCC cell
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migration and tumor metastasis is through the phosphor-
ylation and activation of cortactin. It has been well docu-
mented that Src family kinases are the major kinases that
promote the tyrosine phosphorylation of cortactin [51].
Moreover, MPZLI has also been shown to activate Src
kinase upon stimulation of cells with extracellular stimuli
[20, 34]. In this study, we found that MPZLI-induced
phosphorylation and activation of cortactin is dependent
on the activation of Src kinase.

In conclusion, our findings suggested that the MPZL1
is a target gene within the 1q24.1-24.2 amplicon that
plays a pivotal role in HCC cell migration and tumor
metastasis, and a novel MPZL1/Src/cortactin signaling
cascade may be a key component of the MPZL1 pro-
metastatic signaling network in HCC cells.

Materials and Methods

Cell lines and cell culture

A total of seven liver cancer cell lines were used: HepG2,
HUH-7, SMMC-7721, Hep3B, SK-HEP-1, HCCLM3 and Li-7.
The SMMC-7721 cells were cultured at 37 °C in a 5% CO,
atmosphere in DMEM supplemented with 10% newborn calf
serum, 100 U/ml penicillin and 100 pg/ml streptomycin. The other
six cancer cell lines and HEK-293T were cultured in DMEM
supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin. The cells were regularly certified as
being free of mycoplasma contamination.

Plasmids and other reagents

The lentiviral shRNA vectors targeting MPZLI and scrambled
control shRNA were purchased from Open Biosystems. The
siRNAs targeting CTTN, Src, SHP-2 and the negative control were
ordered from GenePharma (Shanghai, China) (Supplementary
information, Table S5). In the current study, we employed three
siRNAs or shRNAs to knock down the target genes (MPZLI,
CTTN, Src and SHP2). Three different stRNAs were used to target
the MPZL1 gene, whereas three different siRNAs were used to
target the CTTN, Src and SHP2 genes . The knockdown efficiency
of each siRNA or shRNA was examined by immnuoblotting.
Recently, siRNA pool has been widely used in RNA interference
assays [52, 53]. For the Src and SHP-2 genes, we employed siRNA
pools (mixture of three different siRNAs) against individual genes,
and the results showed that the siRNA pool and individual siRNA
can significantly knock down the target genes (Supplementary
information, Figure S10). For the CTTN gene, all the three
siRNAs can significantly knock down this gene (Supplementary
information, Figure S10). Subsequently, the siRNA sequence that
was most effective in targeting CTTN (siRNA-CTTN-1) was used
to construct ShRNA vectors. The Src kinase inhibitor (PP1) was
purchased from Sigma.

Lentiviral vector construction, package and infection

The lentiviral constructs for MPZL1 (isoform a, full-length
MPZLI) and CTTN were made as described in the previous
studies [12]. The entire coding sequence of the target cDNAs
was amplified and cloned into the pWPXL vector, which was

obtained from Addgene. The phospho-mimetic mutant Y421D
(Y421/470/486D) and phospho-deficient mutant Y421A
(Y421/470/486A) for cortactin, and a dominant-negative Src
construct Src DN (K298M/Y530F) were generated using a two-
step PCR-based mutagenesis method as previously described [54].
In brief, the first round of PCR amplified two DNA fragments with
overlapping sequences that incorporated mutations. The second
round of PCR used these two fragments as templates to generate
a full-length mutagenized DNA fragment. Details of the primer
sequences and restriction sites are provided in Supplementary
information, Table S6. Lentiviral shRNA vectors targeting the
CTTN were constructed as described previously [55]. Lentiviral
production and transduction were performed according to
instructions supplied by Addgene (http://www.addgene.org).

HCC specimens and clinical information

HCC and the matched, adjacent non-tumor tissues (t3 cm from
the tumor) were obtained from the surgical specimen archives
of the Qidong Liver Cancer Institute, Jiangsu Province, China.
Participants from whom these samples were obtained provided their
written informed consent to participate in the study, and the Ethical
Review Committee of the WHO Collaborating Center for Research
in Human Production authorized by the Shanghai Municipal
Government approved this study as well as the consent procedure.
Genomic DNAs were extracted from 125 HCC primary tumor and
adjacent non-tumor tissues, which were subjected to g-PCR analysis
of the DNA dosages of MPZL1. Total RNA was extracted from 130
HCC primary tumor and adjacent non-tumor tissues, which were
reversely transcribed to a complementary DNA (cDNA) and then
subjected to q-PCR analysis of the mRNA expression of MPZLI.
The number of overlapping HCC specimens between the 125 HCC
specimens with genomic DNA and 130 HCC specimens with cDNA
was 46, which were further used to analyze the correlation between
DNA dosage and mRNA expression of the MPZLI gene. Among
the 130 paired HCC specimens with cDNA, 58 HCC specimens
with clinical and pathological information were used to analyze
the correlation between mRNA expression of the MPZLI gene and
clinical features of HCC (Supplementary information, Table S7).
The correlations between DNA dosage and mRNA expression of
MPZLI gene were tested using the linear Pearson’s R correlation
coefficients. The Pearson correlation coefficients were interpreted
using the scale provided by Salkin, where an R between 0.8 and 1.0
is defined as very strong, between 0.6 and 0.8 as strong, between
0.4 and 0.6 as moderate, between 0.2 and 0.4 as weak and between
0.0 and 0.2 as very weak or no relationship [56]. In this study,
the criteria employed to define the intrahepatic metastasis was as
follows: (1) Whether they represent portal-vein tumor thrombi or
grew contiguously with vascular thrombi, (2) whether they are small
compared to the tumor that they surround, (3) whether a single
tumor is present near the main tumor but is much smaller in size and
exhibits the same histology [57]. In addition, we mainly employed
the Edmondson and Steiner grading system (EGS) to determine the
histopathological grade of HCC, and two categories were considered
(low grade, EGS I-11; high grade, III-IV) [58].

Quantitative real-time PCR

Genomic DNA dosage and mRNA expression levels were
quantified using a 7900 Real-Time PCR System with SDS 2.3
software (Applied Biosystems), according to the manufacturer’s
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instructions. In brief, the total genomic DNA and mRNA were
extracted from tumor tissues. First-strand cDNA synthesis and
amplification were performed using Reverse Transcription
Reagents (Takara) per the manufacturer’s instructions. Briefly,
cDNA templates were combined with SYBR Green premix with
Rox (Takara) for quantitative PCR reactions. A repetitive element
(LINE-1) and B-actin were used as the endogenous controls for the
DNA and mRNA levels, respectively. DNA dosage was normalized
to LINE-1 and gene expression was normalized to B-actin. DNA
content was normalized to that of LINE-1, a repetitive element
whose copy numbers per haploid genome are similar among all
human cells (normal or neoplastic) [59]. Details of the primers
sequences are provided in Supplementary information, Table S6.
The human MPZL1 gene has three isoforms (MPZL1, MPZLIla
and MPZL1b), all of which were subjected to q-PCR analysis for
the relative expression levels of each isoform in 58 pairs of HCC
and adjacent non-tumor tissues.

Quantitative real-time MSP

The experiments were performed as previously described with
some modifications [60]. In brief, two real-time MSP systems
were developed for the detection and quantitation of the bisulfite-
converted methylated version of the MPZLI gene (the MPZL1-
M system; system 1) and the bisulfite-converted unmethylated
version of the MPZLI gene (the MPZL1-U system; system 2).
For system 1, the primers MPZL1-MF (5'-GTAAAGGATAG-
GTTTTGGGGATAC-3") and MPZL1-MR (5'-TCAACTCTTCT-
TATTCTCTACCGAC-3") were used. For system 2, the primers
MPZL1-UF (5'-TAAAGGATAGGTTTTGGGGATATG-3’) and
MPZL1-UR (5-TCAACTCTTCTTATTCTCTACCAAC-3') were
used. The DNA templates were combined with SYBR Green pre-
mix with Rox (Takara) for quantitative-PCR reactions. 3-actin was
used as the endogenous control for DNA levels.

Cell proliferation assays

Cells were seeded at a density of 2 000 cells per well in 96-
well plates and incubated. An aliquot of 10 pl of Cell-Counting
Kit (CCK-8, Dojindo, Kumamoto, Japan) was added to the wells
and incubated for 2 h. The absorbance was measured at 450
nm to calculate the numbers of viable cells in each well. Each
measurement was performed in triplicate and the experiments
were repeated twice.

For colony formation assays, cells were seeded in 6-well plates
at a density of 200 cells per well and cultured at 37 °C for 2 weeks.
At the end of the incubation, the cells were fixed with 100%
methanol and stained with 0.1% (W/V) Crystal violet. Megascopic
cell colonies were counted using Image-Pro Plus 5.0 software
(Media Cybernetics, Bethesda, MD, USA). Each measurement was
performed in triplicate and the experiments were each conducted
at least three times.

Transwell migration and invasion assays

Cell migration and invasion assays were performed using 6.5-
mm transwell chambers (8-um pore size, BD) as described previ-
ously, with certain modifications [55]. Cells were seeded at a den-
sity of 40 000 and 80 000 cells per well into transwell chambers for
migration and invasion assays, respectively. The wells were washed
with PBS after 16 h for HUH-7, SMMC-7721 and Li-7 cells and
4 h for SK-HEP-1 cells. The cells that had migrated to the basal
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side of the membrane were fixed and stained with Crystal violet,
visualized and photographed with a CKX41 microscope (Olympus,
Japan) at 200x magnification. Images of three random fields from
three replicate wells were obtained, and the cells that had migrated
were counted.

Animal experiments and histological analysis

Animal experiments were performed as described previously
[55]. Briefly, for primary tumor growth assays, cells (2 x 10° per
mouse) were injected subcutaneously into the right upper flank re-
gion of the nude mice. The mice were monitored weekly for tumor
size and evidence of morbidity. The tumor size was quantified in
two dimensions using calipers. Tumor volume was calculated as
follows: tumor volume (mm’) = L x W x W/2, where L represents
length and W represents width.

For in vivo metastasis assays, cells (2 x 10° per mouse) were
injected into the tail veins of nude mice. Six weeks later, all of the
mice were euthanized and the organs, including the lungs and liv-
ers, were removed and processed for standard histological studies.
For histological analysis, the primary tumors and mouse organs
were harvested at necropsy and fixed in 10% formalin. The fixed
samples were then embedded in paraffin, and three non-sequential
serial sections were obtained from each animal. The sections were
stained with hematoxylin and eosin (H&E) and analyzed for the
presence of metastases.

Phosphory-antibody array

The experiment was performed as described previously [27].
Cell lysates obtained from HUH-7 VECTOR and HUH-7 MPZL1
cells were applied to the Phospho Explorer Antibody Array
(PEX100), which was designed and manufactured by Full Moon
Biosystems Inc.

Src inhibitor treatments

For inhibitor treatments, cells were plated at a density such that
they would reach 80% confluency on the following day. Cells were
treated with DMSO or PP1 at different concentrations (0.1, 0.17
and 1 uM) in the complete medium. After 24 h, cells were harvest-
ed for western blot or transwell migration assays.

Western blot analysis

For western blot analysis, cells were lysed and the protein con-
centration was determined by the Bradford assay. The cell lysates
were separated by SDS-PAGE and transferred to polyvinylidene
difluoride membranes. The membranes were blocked and incu-
bated with specific primary antibodies. Specific antibodies against
MPZL1, phospho-MPZL1 (Y263), cortactin, phospho-cortactin
(Y421), FAK, phospho-FAK (Y397), SHP-2, phospho-SHP-2
(Y580), Src and phospho-Src (Y416) were from Cell Signaling
Technology; the antibody against B-actin was purchased from
Sigma.

Statistical analysis

The statistical analysis and graphical presentation were per-
formed using GraphPad Prism 5.0. The results are presented as the
mean + s.e.m and were evaluated with unpaired Student’s 7-test
(two-tailed; P < 0.05 was considered significant), unless specified
otherwise (paired #-test, the Pearson’s correlation and one-way
ANOVA analysis). Specifically, statistical analysis of differences
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between groups was performed by unpaired Student’s #-test and P
< 0.05 was considered statistically significant. A paired Student’s
t-test was used to analyze differences in mRNA expression levels
among tumors and paired non-tumor tissues in q-PCR analysis.
In addition, certain statistical calculations were performed using
SPSS (Statistical Package for the Social Sciences), version 19.0 for
Windows. The y” test was used to evaluate the association between
MPZL]I expression and the clinicopathological parameters of the
HCC specimens. P values < 0.05 were considered significant.
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