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ABSTRACT
The human TESTIN (TES) gene has been identified as a candidate tumor
suppressor based on its location at a common fragile site – a region where loss of
heterozygosity has been detected in numerous types of tumors. To investigate its
role in colorectal cancer (CRC), we examined TES protein levels in CRC tissue samples
and cell lines. We observed that TES was markedly reduced in both CRC tissue and
cell lines. Additionally, overexpression of TES significantly inhibited cell proliferation,
migration, and invasion, while increasing cell apoptosis in colon cancer cells. By
contrast, shRNA-mediated TES knockdown elicited the opposite effects. TES inhibited
the progression of CRC by up-regulating pro-apoptotic proteins, down-regulating
anti-apoptotic proteins, and simultaneously activating p38 mitogen-activated protein
kinase (MAPK) signaling pathways. Collectively, these data indicate that TES functions
as a necessary suppressor of CRC progression by activating p38-MAPK signaling
pathways. This suggests that TES may have a potential application in CRC diagnosis
and targeted gene therapy.

satisfactory [8, 9]. Better understanding of the molecules
and signal transduction pathways involved would facilitate
the development of more effective therapeutic strategies
[7, 9], bringing potential improvements for outcomes and
quality of life [10].
The human TESTIN gene, also known as TES, has
been implicated in cancer due to its loss of expression
in prostate cancer [11, 12], its presence at the sites of
focal adhesions, and its role in cytoskeletal organization
[13–18]. TES was mapped to a common fragile site

INTRODUCTION
Colorectal cancer (CRC) is one of the most common
malignancies worldwide [1–3], with a rising incidence and
high mortality and morbidity rates [4, 5]. CRC is the third
leading cause of cancer death, accounting for over 50,000
deaths worldwide in 2014 [2, 3, 5]. Although progress has
been made in the molecular characterization of CRC over
the last decade [6, 7], the options for CRC therapy are still
limited in some senses, and the therapeutic effect is still not
www.impactjournals.com/oncotarget
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at chromosome 7q31.1/2, designated as FRA7G.
Deletions at 7q31.1/2 have been detected in several
types of leukemia as well as tumors of the breast, ovary,
prostate, colon, stomach, kidney, head, and neck [11,
12, 19]. Loss of gene expression within this region
may play a role in the development and progression
of neoplasia. Loss of FRA7G heterozygosity is seen
in many human malignancies, and some studies
suggest that genetic and epigenetic alterations of one
or more tumor suppressor genes in the FRA7G region,
potentially including TES, are involved in multiple
malignancies [20, 21].
TES is expressed in all normal human tissues [22].
It is localized in the cytoplasm as a component of focal
adhesions and cell-cell connections [13–18]. Lack of TES
mRNA expression was found in several cancer-derived
cell lines, particularly hematopoietic, breast, prostate, and
ovarian cancer cell lines as well as in primary tumors.
This phenomenon was found to be correlated with the
methylation of CpG islands in the TES gene [20, 21].
The functional role of TES in CRC remains unclear
[20]. In this study we sought to uncover the connection
between TES and CRC first by comparing its expression
in CRC tissue samples and adjacent tumor-free samples
and in CRC cell lines and then to determine the effect of
manipulating TES expression on CRC cell behavior in
vitro and in vivo.

the two kinds of normal human colon cells. We also
analyzed the correlation between Broder’s grade and
Duke’s classification of the original tumors and the TES
protein levels in the CRC cell lines [23–25]. Duke’s
classification of four cell lines could not be determined;
based on the remaining five cell lines, no correlation
could be found between Duke’s classification of the
original tumors and the TES protein levels (data not
shown). However, a significant adverse correlation
between histological grades of the original tumors
and TES protein levels was observed (p < 0.01;
Supplementary Figure S1B).

TES-suppressed cell proliferation, migration,
and invasion of CRC cells in vitro
In order to explore the function of TES in CRC
further, we established stable cells that constitutively
overexpressed TES using a lentiviral vector and generated
TES-knockdown cell line models by stably expressing
knockdown constructs (TES-specific shRNAs) in the
CRC cell lines HCT116 and DLD-1. The transfection
efficiency was confirmed using Western blot and real-time
qPCR analysis. As shown in Figure 2A, the HCT116 and
DLD-1 cells transfected with the overexpression plasmid
(Lenti-TES cell lines) showed significantly increased
TES protein and mRNA compared with cells transfected
with empty vector (Lenti-NC cell lines). The HCT116
and DLD-1 cells stably expressing the knockdown
constructs (shTES cell lines) showed significantly
decreased TES protein and mRNA compared with cells
transfected with control plasmid (shRNA cell lines). We
used two shRNAs (shTES-#1 and shTES-#2) targeting
different TES sequences to reduce the possibility that the
phenotypes observed were due to off-target effects of the
shRNAs. The data for shTES-#1 are shown in Figures 2,
3, and 4, whereas the data for shTES-#2 are only shown
in Supplementary Figures due to the lower efficiency of
shTES-#2.
After establishing ten stably transfected cell lines
(Lenti-NC-HCT116, Lenti-TES-HCT116, shRNAHCT116, shTES-#1-HCT116, and shTES-#2-HCT116;
Lenti-NC-DLD-1, Lenti-TES-DLD-1, shRNA-DLD-1,
shTES-#1-DLD-1, and shTES-#2-DLD-1), we first
performed a clonogenic assay. As shown in Figure 2B
(and Supplementary Figure S2B), overexpression of TES
in HCT116 and DLD-1 cells dramatically reduced the
colony formation efficiency in vitro, whereas the colony
formation efficiency was dramatically increased in the
TES-knockdown cells compared with control cells (p <
0.01).
We next investigated the effect of TES expression on
cell growth and proliferation. As shown in Figure 2C (and
Supplementary Figure S2C), MTT assay revealed that TES
overexpression significantly inhibited cell growth, whereas
knockdown of TES significantly enhanced the growth of

RESULTS
Loss of TES expression in CRC tissue samples
and cell lines
TES expression profiles from 21 pairs of human
CRC tissue samples and the corresponding adjacent
tumor-free tissue samples (Supplementary Table S1)
were examined by Western blot analysis and real-time
quantitative PCR (real-time qPCR). TES protein levels
(p < 0.01; Figure 1A and 1B) and mRNA expression (p
< 0.01; Figure 1C) were significantly reduced in CRC
tissue samples compared with the adjacent tumor-free
tissue samples. Additionally, we analyzed the correlation
with histological grades or TNM stages in CRC samples
and found no correlation between TNM stages and TES
protein levels (data not shown). However, a significant
adverse correlation between histological grades and TES
protein levels was observed (p < 0.01; Supplementary
Figure S1A).
We then examined TES mRNA expression and
protein level in a panel of nine CRC cell lines (DLD1, Caco-2, HT-29, SW48, SW480, SW620, HCT116,
LoVo, and RKO) and two kinds of normal human colon
cells (FHC as a normal human colon epithelial cell and
CCD-18Co as a normal human colon cell). TES protein
(Figure 1D and 1E) and mRNA (Figure 1F) were
remarkably reduced in CRC cell lines compared with
www.impactjournals.com/oncotarget
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HCT116 and DLD-1 cells. In order to characterize the
effect of TES expression on the proliferation of HCT116
and DLD-1 cells further, an EdU proliferation assay was
performed. After culturing for 24h, the proliferation rate

of the ten kinds of cancer cells were measured (Figure 2D
and Supplementary Figure S2D). These data suggest that
TES contributed to the reduced growth or proliferation in
CRC cells.

Figure 1: Loss of TES expression in CRC tissues and cell lines. A. Western blot analysis of TES protein levels in 21 paired CRC

tissue and adjacent tumor-free tissue samples. B. Densitometric analysis of Western blot of TES in CRC tissue and adjacent tumor-free
tissue samples. C. Relative expression of TES mRNA evaluated by real-time qPCR in CRC tissue and adjacent tumor-free tissue samples.
N represents corresponding adjacent tumor-free tissue; T represents CRC tissue. D. Western blot analysis of TES protein levels in two
normal human colon cell lines (FHC and CCD-18Co) and nine human CRC cell lines (DLD-1, Caco-2, HT-29, SW48, SW480, SW620,
HCT116, LoVo and RKO). E. Densitometric analysis of Western blot of TES in normal colon cells and CRC cells. F. Relative expression
of TES mRNA evaluated by real-time qPCR in normal colon cells and CRC cells. ** p < 0.01. Data are plotted as the mean ± SD from five
independent experiments. Bars indicate the standard deviation of the mean.
www.impactjournals.com/oncotarget
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Figure 2: TES suppresses proliferation in CRC cells. A. Confirmation of the protein levels and mRNA expression of TES in

the genetically modified HCT116 and DLD-1 cells by Western blot and real-time qPCR. GAPDH was used as endogenous control. B.
Representative photographs of cell culture plates following staining with crystal violet for colony formation of the genetically modified
HCT116 and DLD-1 cells. Number of colonies was quantified and plotted as percent (%) relative to the control. C. Cell growth of the
genetically modified HCT116 and DLD-1 cells was determined by MTT assays at each time point. D. Representative profiles of EdU cell
proliferation assay in the genetically modified HCT116 and DLD-1 cells. Representative photographs were taken at 200× magnification.* p
< 0.05; ** p < 0.01. Data are plotted as the mean ± SD from five independent experiments. Bars indicate the standard deviation of the mean.
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TES activates p38-MAPK signaling pathways in
HCT116 and DLD-1 cells

We examined the effect of TES on cell migration
and invasion. We observed that the Lenti-TES cells
displayed significantly reduced cell migration and
invasion compared with Lenti-NC cells 24 h after seeding
in the uncoated as well as Matrigel™-coated Transwell®
chambers (Figure 3A and Supplementary Figure S2E)
and 36 h after scratch was performed (Figure 3B and
Supplementary Figure S2F). In contrast, enhanced cell
migration and invasion was observed in shTES cells
compared with control shRNA cells, as shown in Figure 3
and Supplementary Figure S2E and S2F.
Together, these data suggest that TES plays a
significant role in suppressing the proliferation, migration,
and invasion of CRC cells in vitro.

Finally, we performed Western blot analysis to
analyze the signaling pathways involved in TES-mediated
inhibition of proliferation, migration, and invasion in
HCT116 and DLD-1 cells. We first examined whether
TES affected the MAPK signaling pathways, as these have
previously been shown to play an important role in CRC
[26, 27]. P38 phosphorylation levels were dramatically
elevated in Lenti-TES cells compared with Lenti-NC
cells, whereas extracellular signal-regulated kinase (ERK)
and Jun N-terminal Kinase (JNK) were not significantly
affected (Figure 6). Conversely, the phosphorylation
of p38 was almost completely impaired in shTES cells
compared with shRNA cells (Figure 6). Although the AKT
signaling pathway plays a crucial role in the regulation of
CRC [28, 29], we did not observe any differences in the
AKT signaling pathways of these cells (data not shown).
These data suggest that the TES regulation of CRC may
be mediated by the p38-MAPK signaling pathway rather
than the AKT pathway.

TES promotes apoptosis of CRC cells
In addition to the observed suppression effects of
TES on proliferation, migration, and invasion in CRC
cells, we studied whether TES could affect apoptosis
in CRC cells. Flow cytometry showed a significantly
increased apoptotic cell fraction (Annexin V+/7-AAD±)
in Lenti-TES cells compared with Lenti-NC cells after
48 h culture in medium without fetal bovine serum (FBS;
8.87 ± 0.69% versus 4.88 ± 0.54%, p < 0.01; Figure 4A).
In contrast, shTES-#1 and shTES-#2 cells exhibited
obviously decreased apoptotic cell fractions compared
with shRNA cells. (2.97 ± 0.26% versus 5.05 ± 0.27%,
p<0.01; 3.26 ± 0.26% versus 5.26 ± 0.25%, p < 0.01;
Figure 4A and Supplementary Figure S3).
To investigate how TES induces CRC cell
apoptosis, we studied the expression of apoptosisrelated proteins in the modified HCT116 and DLD-1
cell lines. Western blot and real-time qPCR analysis
showed increased protein levels and mRNA expression
of pro-apoptotic proteins (p53, Puma, and Bax) and
decreased protein levels and mRNA expression of antiapoptotic proteins (Bcl-2 and survivin) in Lenti-TES
cells compared with Lenti-NC cells (Figure 4B and 4C).
In contrast, the TES-knockdown cells displayed the
opposite pattern (Figure 4B and 4C).

Inhibition of p38 activity reverses tumor
suppression in TES-overexpressing cells
To confirm whether p38 mediated the tumor
suppressive effects of TES in CRC, we chose SB203580,
a specific inhibitor of p38 MAP kinase, to treat the
TES-overexpressing cells (Lenti-TES-HCT116 and LentiTES-DLD-1). As shown in Figure 7 and Supplementary
Figure S4, treatment with SB203580 markedly promoted
growth or proliferation (Figure 7A, 7B, 7C, and
Supplementary Figure S4) and inhibited apoptosis (Figure
7F), but only slightly affected migration or invasion in
TES-overexpressing cells (Figure 7D and 7E). These
results suggest that p38 activation is critical for the antiproliferation and pro-apoptosis effect of TES in colon
cancer cells, while the migration and invasion suppressive
effect may be mediated by the interaction between TES
and cytoskeleton proteins.

DISCUSSION

TES suppresses tumor formation and growth of
CRC cells in vivo

CRC has one of the highest incidences and mortality
rates of all cancers worldwide [1-5, 30]. The formation of
CRC is a multistep process that may be induced by the
accumulation of genetic or epigenetic alterations [31, 32].
These alterations tend to occur in chromosomal fragile
regions, which can provide a strategy to discover cancer
susceptibility genes [33, 34]. The human TES gene is
located at 7q31.1/2 within the fragile chromosomal region
FRA7G, which has been reported to be involved in the
loss of heterozygosity in several human malignancies [11,
20, 21, 35–38]. The expression of TES is downregulated
in a variety of tumor cell lines, particularly hematopoietic,

To determine the suppressive effect of TES in CRC
cells in vivo, Lenti-TES-HCT116, Lenti-NC-HCT116,
shTES-#1-HCT116, or shRNA-HCT116 cells were
subcutaneously injected into nude mice. We observed that
TES overexpression remarkably inhibited tumor formation
and growth in vivo (Figure 5A), whereas TES knockdown
significantly facilitated tumor formation and growth in
vivo (Figure 5C), evaluated by the volume and weight
of xenograft tumors (Figure 5B and 5D). These findings
suggest that TES functions as a tumor suppressor in CRC
cells in vivo.
www.impactjournals.com/oncotarget
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Figure 3: TES suppresses migration and invasion in CRC cells. A. Cell migration and invasion was assessed after 24 h incubation
by Transwell® assay. B. Representative images of wound healing assay by scraping culture dishes using a pipet tip and closure after 36
h of culture. Representative photographs were taken at × 100 magnification. ** p < 0.01. Data are plotted as the mean ± SD from five
independent experiments. Bars indicate the standard deviation of the mean.
www.impactjournals.com/oncotarget
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Figure 4: TES promotes apoptosis in CRC cells. The genetically modified HCT116 and DLD-1 cells were grown over time
respectively. A. Cell apoptosis was measured by flow cytometric analyses. Representative biparametric histogram showing cell population
in apoptotic (top right and bottom right quadrants), viable (bottom left quadrant) and necrotic (top left quadrant) states. B. Protein levels
and mRNA expression of p53, Puma, Bax, Bcl-2 and survivin of HCT116 cells. C. Protein levels and mRNA expression of p53, Puma,
Bax, Bcl-2 and survivin of DLD-1 cells. GAPDH was used as loading control. ** p < 0.01. Data are plotted as the mean ± SD from five
independent experiments. Bars indicate the standard deviation of the mean.
www.impactjournals.com/oncotarget
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Figure 5: TES suppresses tumor formation and growth of CRC cells in vivo. A. Photographs of tumors in mice and excised
36 days after inoculation of stably transfected Lenti-NC and Lenti-TES HCT116 cells into athymic nude mice. B. Growth of tumor volume
plotted over time, weight of tumor at the end of 36 days were plotted of six mice per group. C. Photographs of tumors in mice and excised
28 days after inoculation of stably transfected shRNA and shTES-#1 HCT116 cells into athymic nude mice. D. Growth of tumor volume
plotted over time, weight of tumor at the end of 28 days were plotted of six mice per group. ** p < 0.01. Data are shown as mean ± SD.
Bars indicate the standard deviation of the mean.
www.impactjournals.com/oncotarget
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breast, and ovarian cancer cell lines as well as in primary
tumors [20, 21].
In the present study, we initially evaluated the
expression of TES in CRC and adjacent tumor-free tissue
samples as well as in various CRC cell lines and normal
colon cells. Western blot analysis and real-time qPCR
demonstrated that CRC specimens and all of the nine

kinds of colon cancer cells exhibited significantly reduced
TES protein and mRNA compared with the adjacent
tumor-free tissue samples and the two kinds of normal
colon cells. Furthermore, there is a significant adverse
correlation between degrees of malignancy in the cancer
samples (or the original tumors of the cancer cell lines)
and TES protein levels. These results suggest that loss of

Figure 6: TES functions as a tumor suppressor by activating the p38-MAPK signaling pathway. A. Representative Western

blots showing the phosphorylation and total protein levels of ERK1/2, JNK1/2 and p38 in the genetically modified HCT116 cells. B.
Representative Western blots showing the phosphorylation and total protein levels of ERK1/2, JNK1/2 and p38 in the genetically modified
DLD-1 cells. GAPDH was used as loading control. ** p < 0.01. Data are plotted as the mean ± SD from five independent experiments. Bars
indicate the standard deviation of the mean.
www.impactjournals.com/oncotarget
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Figure 7: The p38 inhibitor reversed the tumor suppressive effect of TES in CRC cells. A. Representative photographs of

cell culture plates following staining with crystal violet for colony formation of the TES-overexpressing HCT116 and DLD-1 cells in the
presence or absence of p38 inhibitor. Number of colonies was quantified. B. The cell growth of the TES-overexpressing HCT116 and DLD1 cells in the presence or absence of p38 inhibitor were determined by MTT assays at each time point. C. Representative profiles of EdU
cell proliferation assay of the TES-overexpression HCT116 and DLD-1 cells in the presence or absence of p38 inhibitor. Representative
photographs were taken at 200× magnification. D. Cell migration and invasion was assessed after 24 h incubation in the presence or
absence of p38 inhibitor by transwell assays. Representative photographs were taken at 100× magnification. E. Representative images
of wound healing assay by scraping culture dishes using a pipet tip and closure in the presence or absence of p38 inhibitor after 36 h of
culture. Representative photographs were taken at 100× magnification. F. Cell apoptosis of TES-overexpressing HCT116 and DLD-1 cells
in the presence or absence of p38 inhibitor was measured by flow cytometric analyses. Representative biparametric histogram showing cell
population in apoptotic (top right and bottom right quadrants), viable (bottom left quadrant) and necrotic (top left quadrant) states. ** p <
0.01. Data are plotted as the mean ± SD from five independent experiments. Bars indicate the standard deviation of the mean.
www.impactjournals.com/oncotarget
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TES plays an important role in CRC tumorigenesis and
progression.
It has been demonstrated that overexpression of
TES suppresses tumor cell growth and induces apoptosis
in breast and uterine cancer [19, 20, 22]. Moreover,
the deletion of TES is associated with hematopoietic
malignancies and epithelial tumors. Taken together, these
data implicate TES as a putative tumor suppressor gene
[19]. To confirm TES tumor suppressor function in CRC,
we chose HCT116 and DLD-1 cells for their moderate
TES protein levels, and then established colon cancer cell
lines that stably overexpress TES or shRNA-targeting
TES. Our studies demonstrate that TES suppresses the
proliferation, migration, and invasion of CRC cells in
vitro and inhibits the tumor growth of CRC cells in vivo.
Closer examination of apoptosis revealed that TES had an
apoptosis-inducing effect on CRC cells. Thus, these results
suggest that TES plays a tumor suppressor role in CRC
cells via inhibiting proliferation and promoting apoptosis
in agreement with results from other tumors.
Human TES localizes to the cytoplasm as a
component of focal adhesions and cell-cell contacts [13–
18]. It contains a PET domain (found in a limited number
of proteins, function has not been clarified to date [17])
and three tandemly arranged LIM domains (proteininteraction motifs that bind a wide range of different
proteins [39]). TES interacts with a series of cytoskeletal
proteins, such as Arp7A, alphaII-spectrin, talin, zyxin,
Mena, EVL (Ena/vasodilator-stimulated, phosphoproteinlike protein), and actin [13–18]. Deletion of TES increases
cell motility and decreases cell-cell connections, whereas
TES overexpression causes the opposite effects [16, 18,
40]. To investigate whether TES has a similar effect in
CRC cells, we evaluated the migration and invasion
ability of TES-overexpressing and knockdown HCT116
and DLD-1 colon cancer cells. Increased TES expression
reduced the migration and invasion ability of colon cancer
cells in vitro. Additionally, we observed in the nine kinds
of CRC cell lines studied (DLD-1, Caco-2, HT-29, SW48,
SW480, SW620, HCT116, LoVo, and RKO) that cell
types with higher TES expression (such as Caco-2 and
HT-29) presented more circular colonies, while cell types
with lower TES expression (such as SW480 and SW620)
presented colonies more leaf-like at the edges under light
microscopy.
To dissect the possible mechanisms by which
TES suppresses proliferation and induces apoptosis of
colon cancer cells, we identified the effect of TES on
molecules involved in apoptosis. Overexpression of TES,
decreased the levels of the anti-apoptotic proteins (Bcl-2
and survivin) and increased the levels of the pro-apoptotic
proteins (p53, Puma, and Bax). These findings suggest that
in CRC, the tumor suppressor effect of TES depends on
apoptosis, or is at least partially associated with apoptosis.
We next investigated the MAPK and AKT signaling
pathways – both known to be involved in CRC [41,
www.impactjournals.com/oncotarget

42]. We found that the phosphorylation of p38 was
significantly increased by the overexpression of TES,
but was attenuated by TES knockdown. The p38-MAPK
pathway is a member of the conserved MAPK family of
dual serine-threonine kinases, which respond to a variety
of internal and external stimuli. The p38-MAPK pathway
not only has important functions in inflammation and
other cellular stresses, but also regulates cell proliferation
and tumorigenesis. Still, since the p38 inhibitor did not
reverse the migration and invasion suppressive effect of
TES in CRC cells, the suppression effect of TES might
not be dependent on the p38-MAPK signaling, but on
the interaction with cytoskeletal proteins. The role of
p38 in cancer remains controversial. Considerable data
imply that p38 acts as a tumor suppressor, inducing cellcycle arrest, differentiation, senescence, and apoptosis
in various cancer types including prostate and colorectal
cancer [43–53]. Mouse models of lung and liver cancers
deficient in p38 exhibit higher tumor burden than their
wild type counterparts [54–57]. Furthermore, p38 was
found to be a marker for tumor dormancy and an inhibitor
of self-renewal in several cancers, including melanoma as
well as breast, prostate, and colorectal carcinomas [58].
Inhibition of p38 could enhance the chemo resistance
of gastric cancer, which shares chemotherapy regimens
with colorectal cancer [59]. Conversely, other reports
have suggested that p38 is involved in cell survival and
increased invasion in several advanced tumor types,
including lung and prostate cancers [60–62], suggesting
that increased p38-MAPK activity is correlated with poor
prognosis. The inhibition of p38 was reported to reduce
tumor growth in patient-derived xenografts from colon
tumors [63].
Two opposite opinions have arisen. In a recent
published study, it was reported that the response of
CRC to p38 inhibitors is highly variable; while p38
inhibitors induces regression of one subgroup of CRCs, it
stimulates growth of another subgroup. Additionally, it has
been shown that PP2AC expression in the two different
CRC subgroups determines the opposite effects of p38
inhibitors to the cells [64]. To some extent, these findings
are consistent with the opinion that p38 signaling has a
dual function in colorectal tumorigenesis [65]. Thus, the
role and function of p38 in tumorigenesis is complex. It
may function in a cell context-specific or cell type-specific
manner, or may be affected by other unpredictable factors
[46]. Even in the same kinds of cancers, p38 may act as
either tumor suppressor or promotor (such as prostate
cancer [52, 61], lung cancer [56, 62], and colorectal cancer
[53, 63]). Our results suggest that TES overexpression
could activate p38 MAPK, whereas pharmacological
inhibition of p38 MAPK could alleviate the inhibitory
effects of TES on CRC cells. Taken together, our findings
suggest that the anti-proliferation and pro-apoptosis effects
of TES are associated with the activation of the p38MAPK signaling pathway, which is in good agreement
45829
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with previous evidence for the tumor suppressor role of
p38 in colorectal cancer. It is in opposition to the opinion
that p38 acts as a tumor promotor in colorectal cancer
simultaneously. The roles and mechanisms of p38 in
colorectal cancer are still not very clear. Perhaps it plays
different roles in sporadic CRC and colitis-associated
CRC [65]. Alternatively, a single molecule could reverse
its function in the same kind of cell [64].
In conclusion, this study first identified a tumor
suppressor role of TES in CRC. Our findings indicate
that overexpression of TES suppresses the development
of CRC, whereas knockdown of TES promotes the
progression of CRC. This effect appears to be related
to the p38-MAPK signaling pathway – a finding that
provides novel insights into the molecular mechanisms
underlying CRC. Our results furthermore provide TES
as a promising new therapeutic target for suppressing the
onset of CRC.

SW620, HCT116, LoVo, and RKO cells were cultured in
McCoy’s 5A medium (AppliChem, Darmstadt, Germany)
supplemented with 10% FBS (HyClone, Logan, UT,
USA) and 1% penicillin-streptomycin (Gibco, Carlsbad,
CA, USA) at 37°C in a 5% CO2 incubator (Thermo Fisher
Scientific Inc.). The correlation between Broder’s grade
or Duke’s classification of the original tumors and TES
protein levels of the CRC cell lines were analyzed. The
differentiation of xenograft, Broder’s grade, and Duke’s
classification of the original tumors of the CRC cell
lines are listed in Supplementary Table S2. Cells were
classified into two grades according to Broder’s grades or
differentiation of xenograft. The two-tiered grading system
was recommended by the “Protocol for the examination
of specimens from patients with primary carcinoma of the
colon and rectum [66, 67]”.
HEK 293T cells were cultured in DMEM (high
glucose; Invitrogen, Madison, WI, USA) supplemented
with 10% FBS (HyClone, Logan, UT, USA) and
penicillin-streptomycin (Gibco, Carlsbad, CA, USA) in
a 5% CO2 incubator (Thermo Fisher Scientific Inc.) for
packaging and expanding of lentiviral vectors.
SB203580 (p38 inhibitor) was purchased from
Sigma-Aldrich (Saint Louis, Missouri, USA) and
solubilized in DMSO according to the manufacturer’s
instruction. Lenti-TES cells (Lenti-TES-HCT116 and
Lenti-TES-DLD-1) were treated with SB203580 at a
final concentration of 50 μM, and then subjected to
colony formation assays, cell proliferation assays, soft
agar assays, cell migration and invasion assays, and cell
apoptosis assays. Cells were allowed to form colonies for
14 days during which SB203580 was replenished every
other day.

MATERIALS AND METHODS
All studies were conducted according to ethical
standards, the Declaration of Helsinki, and national and
international guidelines and have been approved by the
authors’ institutional review board.

Patient samples, cell lines, and reagents
21 pairs of matched primary human colorectal
carcinoma samples (the pathological diagnosis of these
samples are all adenocarcinoma) and adjacent tumorfree, frozen tissue samples, which were obtained from
patients at Wuhan Union Hospital who underwent
surgical resection between 2013 and 2014, were used to
test the mRNA expression and protein levels of TES. The
clinical data of the 21 human subjects are summarized in
Supplementary Table S1. Then, the correlation between
histological grades or TNM stages and TES protein levels
of the CRC samples were analyzed. Histological grading
systems [66] and TNM stage groupings [67] for CRC
were recommended by the “Protocol for the examination
of specimens from patients with primary carcinoma of the
colon and rectum [67]”. Samples were collected according
to institutional protocols. All enrolled individuals were
Han Chinese. This study was approved by the Ethics
Committee of Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology (HUST).
The data were analyzed anonymously.
Human FHC cells and CCD-18Co cells were
cultured in a 1:1 mixture of Dulbecco’s modified
Eagle’s medium (DMEM) and Ham’s F12 medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10%
FBS (HyClone, Logan, UT, USA) and 1% penicillinstreptomycin (Gibco, Carlsbad, CA, USA) at 37°C in a 5%
CO2 incubator (Thermo Fisher Scientific, Madison, WI,
USA). Human DLD-1, Caco-2, HT-29, SW48, SW480,
www.impactjournals.com/oncotarget

Plasmid construction and RNA interference
The TES overexpression plasmid was generated
by cloning the cDNA representing the complete
open reading frame (ORF) of TES into the pSi-Flag
vector (Invitrogen, Carlsbad, CA, USA). TES-F
(CGCGGATCCATGGACCTGGAAAACAAAG)
and
TES-R (CCGCTCGAGCTAAGACATCCTCTTCTTAC)
were chosen as primers. RNAi techniques were used to
generate TES-knockdown clones. Oligos corresponding to
the target sequences were annealed and cloned into the HpaI
and XhoI sites of the pSicoR plasmid (Addgene, Cambridge,
MA). TES-#1 (GAATGTCTCCATCAATACAG) and TES#2 (GAACTCAATATTCCTGCTA) were chosen as target
regions. All constructs were verified by sequencing.

Virus generation and infection
Lentiviral vectors were transfected into HEK
293T cells in combination with the lentiviral packaging
vectors pRSV-Rev, pMD2.G, and pCMV-VSV-G using
Lipofectamine™2000 (Invitrogen, Carlsbad, CA, USA).
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After transfection for 48 h, supernatants were collected,
filtered through a 0.4-μm filter, and directly used to
transfect the HCT116 and DLD-1 cells to establish the
TES-overexpression cell lines (Lenti-TES-HCT116 and
Lenti-TES-DLD-1). The HCT116 and DLD-1 cells were
transfected with empty vectors to generate the control cell
lines (Lenti-NC-HCT116 and Lenti-NC-DLD-1). Clones
were selected using 500 μg/mL of Geneticin (G418,
Invitrogen, Carlsbad, CA, USA). Colonies resistant to
G418 appeared within two weeks and single colonies were
picked and expanded for another three weeks to obtain
stable clone stock cells. The TES-knockdown cell lines
pSicoR-shRNA-TES-#1 (shTES-#1-HCT116, and shTES#1-DLD-1) and pSicoR-shRNA-TES-#2 (shTES-#2HCT116, and shTES-#2-DLD-1) and the control cell lines
(shRNA-HCT116, and shRNA-DLD-1) were established
following the same procedures. Western blot analysis and
real-time qPCR were performed to determine whether
stable cell lines were successfully generated.

were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); anti-ERK1/2 (#4695, diluted 1:1000),
anti-phospho-ERK1/2Thr202/Thr204 (#4370, diluted 1:2000),
anti-p38 (#9212, diluted 1:1000), anti-phospho-p38Thr180/
Thr182
(#4511, diluted 1:1000), anti-JNK1/2 (#3708, diluted
1:1000), anti-phospho-JNK1/2Thr183/Tyr185 (#4668, diluted
1:1000), anti-AKT (#4691, diluted 1:1000), anti-phosphoAKTSer473 (#4060, diluted 1:2000), anti-Bax (#2772,
diluted 1:1000), anti-Bcl-2 (#2876, diluted 1:1000), antiPuma (#4976, diluted 1:1000) were purchased from Cell
Signaling Technology (Beverly, MA, USA); anti-GAPDH
(MB001, diluted 1:1000) was purchased from Bioworld
Technology (St Louis Park, MN, USA).

Colony formation assay, soft agar assay and cell
proliferation assays
For colony formation, as described in earlier studies
[68], 1000 cells/well were seeded into 6-well cell culture
plates and culture medium was replaced every three days.
After 14 days of culture, cells were stained with crystal
violet, and the number of visible colonies was counted.
For anchorage-independent growth assays in softagar, as described in earlier studies [69–71], Lenti-TES
cells at 5 × 103 cells/well were mixed with 0.05% Nobel
agar (Fisher Scientific, Pittsburgh, PA) in growth medium
which contains SB203580 at a final concentration of 50
μM and plated onto 6-well plates containing a solidified
bottom layer (0.1% Noble agar in growth medium).
After the incubation of cells for 14 days, the cells were
stained with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide], and the number of cell
colonies was counted.
Cell viability and proliferation was determined by
MTT assay and EdU cell proliferation assay. For the MTT
assay, 1 × 103 cells in 200 μL culture medium were plated
into each well of 96-well plates. After culturing cells for
an appropriate time, MTT was added into each well at a
final concentration of 5 μg/mL and was allowed to remain
in culture for 4 h before measurement. Optical density was
measured at a wavelength of 570 nm and cell growth curves
were determined according to the optical density value. For
the EdU cell proliferation assay, as described previously
[72], Cell-Light 5-ethynyl-2-deoxyuridine (EdU) DNA
Cell Proliferation Kit (RIBOBio. Co. Ltd, Guangzhou,
China) was used [73]. Briefly, cells (1×105) were cultured
in 24-well plates. After culturing for 24 h, the four kinds
of transfected cells were exposed to 50 μM EdU for 2 h at
37°C. The cells were then fixed in 4% formaldehyde for 30
min at room temperature and permeabilized in 0.5% Triton
X-100 for 10 min. Cells were washed with PBS, and each
well was incubated with 200 μM Apollo reaction cocktail
for 30 min, followed by Hoechst 33342 (200 mL per well)
for staining nuclei. The stained cells were imaged under a
fluorescence microscope (IX71, Olympus). The number of
cells were counted using Image-Pro Plus v6.2 software.

RNA extraction and real-time qPCR
Total RNA was isolated using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. 2 μg of total RNA was reverse
transcribed using RNA PCR Kit (Takara Biotechnology,
Otsu, Japan), and the resulting cDNA was used as a
PCR template. The mRNA levels were determined by
real-time qPCR with an ABI PRISM 7900 Sequence
Detector system (Applied Biosystem, Foster City, CA,
USA) according to the manufacturer’s instructions and
normalized to GAPDH gene expression. The experiment
was performed in triplicate. The sequences of primers for
real-time qPCR are listed in Supplementary Table S3.

Western blot and antibodies
Total cells and tissues were lysed using RIPA
buffer, and the protein concentration was determined
with a BCA protein assay kit (Pierce Company, Rockford,
IL, USA). Protein extracts were used for SDS-PAGE
(Invitrogen, Carlsbad, CA, USA), and the proteins
were transferred to a polyvinylidene fluoride membrane
(Millipore, Billerica, MA, USA), which was incubated
with various primary antibodies overnight at 4°C. After
incubation with HRP-conjugated secondary antibodies
(diluted 1:5000) for 1 h at room temperature, the
membranes were treated with ECL reagents (170-5061,
Bio-Rad, Hercules, CA, USA) prior to visualization
using a FluorChem E imager (Cell Biosciences, San
Jose, CA) according to the manufacturer’s instructions.
The specific protein expression levels were normalized
to GAPDH on the same nitrocellulose membrane. The
following primary antibodies and dilutions were used:
anti-p53 (sc-126, diluted 1:500), anti-survivin (sc-17779,
diluted 1:500) and anti-TES (sc-271184, diluted 1:500)
www.impactjournals.com/oncotarget
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Cell migration and invasion assays

Xenograft mouse model

Migration of cells was evaluated by a woundhealing assay and uncoated Transwell® inserts
according to manufacturer instructions. For the woundhealing assay, as described in earlier studies [74–78],
cells were plated and the monolayer of the cells was
gently scratched with sterile micropipette tips, washed
twice with PBS to remove cell debris, and incubated
at 37°C with serum-free culture medium for serum
starvation. The area of the gap at 0 h and the residual
gap at 36 h after wounding of five random locations
were acquired using a digital camera and microscope.
A percentage of the cleared area at 36 h compared
with 0 h after wounding was measured using ImagePro Plus v6.2 software. For the uncoated Transwell®
assay, as described in earlier studies [59, 74, 79–81],
the uncoated Transwell® filter inserts with eight micron
pores (BD Biosciences, Bedford, MA, USA) in 24-well
cell culture plates were used. Cell invasion properties
were measured by the Transwell® Invasion assay (BD
Biosciences, Bedford, MA, USA) along with chambers
consisting of precoated Matrigel membrane Transwell®
filter inserts with eight micron pores in 24-well cell
culture plates. 1 × 105 cells were suspended and then
seeded in the uncoated and precoated upper chambers
of 24-well Transwell® plates with FBS-free medium.
Minimum essential medium containing 10% FBS in
the lower chamber served as the attractant. After 24 h
incubation at 37°C in a humidified 5% CO2 atmosphere,
migrated and invasive cells were stained by 0.5%
crystal violet solution for 15 min, observed by digital
camera and microscope to take photomicrographs, and
the cell migration was quantified by calculating the
cell-covered area, as described in earlier studies [59],
using Image-Pro Plus v6.2 software.

All animal procedures were conducted in accordance
with the Guidelines for the Care and Use of Laboratory
Animals, which were prepared by the National Academy
of Sciences, published by the National Institutes of Health,
and approved by the Institutional Animal Care and Use
Committee of HUST. Athymic nude mice (strain BALB/c
nu/nu; Charles River Laboratories, Wilmington, MA, USA)
were used for tumorigenesis studies. The mice were housed
and maintained under specific pathogen-free conditions
in facilities approved by the Association for Laboratory
Animal of Hubei Province, China. 8 to 12 week old mice
were used in accordance with institutional guidelines.
For the subcutaneous xenograft mouse model, HCT116
cells (1×106 cells) were stably transfected with pSi-Flag-TES
(Lenti-TES-HCT116), pSi-Flag-empty (Lenti-NC-HCT116),
pSicoR-shTES-#1 (shTES-#1-HCT116), and pSicoR-shRNA
(shRNA-HCT116) vectors and harvested from subconfluent
cultures by a brief exposure to 0.25% trypsin and 0.02%
EDTA. Trypsinization was stopped with RPMI 1640 medium
containing 10% FBS, and the cells were washed once in
serum-free RPMI 1640 medium and resuspended in Hanks
Balanced Salt Solution. Only suspensions of single cells with
> 90% viability were used for injection. These two pairs of
corresponding HCT116 cells (Lenti-TES-HCT116 paired
with Lenti-NC-HCT116 and shTES-HCT116-#1 paired
with shRNA-HCT116) were subcutaneously injected at
day zero into the right and left dorsal flank, respectively, of
nude mice (6/group). Tumor diameter was measured every
two days before harvest over the course of 36 days for the
TES-overexpression pair group and 28 days for the TESknockdown pair group. Tumor volume (mm3) was estimated
by measuring the shortest (X) and longest (Y) diameters of
the tumor using the formula: x2y/2.

Statistical analysis

Cell apoptosis assay

The statistical analysis was performed with the
Statistical Package for Social Sciences (version 17.0;
SPSS, Chicago, IL). All data are expressed as mean ± SD
(standard deviation, SD). The differences were analyzed
by one-way ANOVA for multiple comparison and
Student’s t-test for paired data between two groups. P <
0.01 was considered statistically significant.

Cells were harvested 48 h after culturing in
FBS-free medium, washed twice with PBS, and were
resuspended in cold binding buffer. For apoptosis
analysis, cells were stained with the Annexin
V-fluorescein
isothiocyanate
(FITC)/7-aminoactinomycin D (7-AAD) staining system obtained from
BD Biosciences (San Diego, CA, USA). For each assay,
1 × 105 cells were incubated with 5 μL of Annexin
V-FITC and 5 μL of 7-AAD in the dark for 15 min at
room temperature. After adding 400 μL of binding buffer,
the cells were analyzed within one hour by fluorescenceactivated cell sorting using FACScan (BD Biosciences,
San Diego, CA, USA). Cell populations were classified
as viable (Annexin V negative, 7-AAD negative),
apoptotic (Annexin V positive, 7-AAD negative or
positive), or necrotic (Annexin V negative, 7-AAD
positive). All samples were assayed in triplicate.
www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS
We are grateful to Meng Du at the Institution of
Cardiology, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology for
technical assistance.

CONFLICTS OF INTEREST
The authors have declared no conflict of interest.
45832

Oncotarget

GRANT SUPPORT

and Smith DI. A molecular cytogenetic analysis of 7q31 in
prostate cancer. Cancer research. 1998; 58:759-766.

This work was financially supported by the Scientific
Research Training Program for young talents from Union
Hospital of Tongji Medical College, Huazhong University
of Science and Technology (to Huili Li); by the Independent
Innovation Foundation of Huazhong University of Science
and Technology (0118530218 to Huili Li); by the Natural
Science Foundation of China (81570568 to Jiliang Wang);
by the Research Fund of Public Welfare in Health Industry,
2014, Health Ministry of China (201402015 to Guobin
Wang); by the Natural Science Foundation of Hubei
province (2013CFB131 to Lixia Wang); by the Foundation
of Health and Family Planning Commission of Hubei
Province (WJ2015MB075 to Yanfeng Niu). The funders
had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

12. Latil A, Cussenot O, Fournier G, Baron JC and Lidereau R. Loss
of heterozygosity at 7q31 is a frequent and early event in prostate
cancer. Clinical cancer research. 1995; 1:1385-1389.
13. Boeda B, Knowles PP, Briggs DC, Murray-Rust J, Soriano
E, Garvalov BK, McDonald NQ and Way M. Molecular
recognition of the Tes LIM2-3 domains by the actin-related
protein Arp7A. The Journal of biological chemistry. 2011;
286:11543-11554.
14. Boeda B, Briggs DC, Higgins T, Garvalov BK, Fadden AJ,
McDonald NQ and Way M. Tes, a specific Mena interacting
partner, breaks the rules for EVH1 binding. Molecular cell.
2007; 28:1071-1082.
15. Rotter B, Bournier O, Nicolas G, Dhermy D and Lecomte
MC. AlphaII-spectrin interacts with Tes and EVL, two
actin-binding proteins located at cell contacts. The
Biochemical journal. 2005; 388:631-638.

REFERENCES

16. Griffith E, Coutts AS and Black DM. RNAi knockdown of
the focal adhesion protein TES reveals its role in actin stress
fibre organisation. Cell motility and the cytoskeleton. 2005;
60:140-152.

1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray T and
Thun MJ. Cancer statistics, 2008. CA Cancer J Clin. 2008;
58:71-96.

17. Garvalov BK, Higgins TE, Sutherland JD, Zettl M,
Scaplehorn N, Kocher T, Piddini E, Griffiths G and Way
M. The conformational state of Tes regulates its zyxindependent recruitment to focal adhesions. The Journal of
cell biology. 2003; 161:33-39.

2. Siegel RL, Miller KD and Jemal A. Cancer statistics, 2015.
CA Cancer J Clin. 2015; 65:5-29.
3. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J and
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin.
2015; 65:87-108.

18. Coutts AS, MacKenzie E, Griffith E and Black DM. TES is
a novel focal adhesion protein with a role in cell spreading.
Journal of cell science. 2003; 116:897-906.

4. Mehrkhani F, Nasiri S, Donboli K, Meysamie A and
Hedayat A. Prognostic factors in survival of colorectal
cancer patients after surgery. Colorectal disease. 2009;
11:157-161.

19. Drusco A, Zanesi N, Roldo C, Trapasso F, Farber JL,
Fong LY and Croce CM. Knockout mice reveal a tumor
suppressor function for Testin. Proceedings of the National
Academy of Sciences of the United States of America.
2005; 102:10947-10951.

5. Siegel R, Desantis C and Jemal A. Colorectal cancer
statistics, 2014. CA Cancer J Clin. 2014; 64:104-117.
6. JE IJ, Medema JP and Dekker E. Colorectal Neoplasia
Pathways: State of the Art. Gastrointestinal endoscopy
clinics of North America. 2015; 25:169-182.

20. Tatarelli C, Linnenbach A, Mimori K and Croce CM.
Characterization of the human TESTIN gene localized in
the FRA7G region at 7q31.2. Genomics. 2000; 68:1-12.

7. Yashiro M. Molecular Alterations of Colorectal Cancer
with Inflammatory Bowel Disease. Digestive diseases and
sciences. 2015; 60:2251-63.

21. Tobias ES, Hurlstone AF, MacKenzie E, McFarlane R
and Black DM. The TES gene at 7q31.1 is methylated in
tumours and encodes a novel growth-suppressing LIM
domain protein. Oncogene. 2001; 20:2844-2853.

8. Markman JL and Shiao SL. Impact of the immune system
and immunotherapy in colorectal cancer. Journal of
gastrointestinal oncology. 2015; 6:208-223.

22. Sarti M, Sevignani C, Calin GA, Aqeilan R, Shimizu M,
Pentimalli F, Picchio MC, Godwin A, Rosenberg A, Drusco
A, Negrini M and Croce CM. Adenoviral transduction
of TESTIN gene into breast and uterine cancer cell lines
promotes apoptosis and tumor reduction in vivo. Clinical
cancer research. 2005; 11:806-813.

9. Khan K, Cunningham D and Chau I. Targeting Angiogenic
Pathways in Colorectal Cancer: Complexities, Challenges
and Future Directions. Current drug targets. 2015. Mar 25.
[Epub ahead of print].
10. Andrea C, Fausto P, Francesca BK, Mary C, Mara G,
Veronica L and Sandro B. Which strategy after first-line
therapy in advanced colorectal cancer? World journal of
gastroenterology. 2014; 20:8921-8927.

23. Chen TR, Hay RJ and Macy ML. Karyotype consistency in
human colorectal carcinoma cell lines established in vitro.
Cancer genetics and cytogenetics. 1982; 6:93-117.

11. Jenkins RB, Qian J, Lee HK, Huang H, Hirasawa K,
Bostwick DG, Proffitt J, Wilber K, Lieber MM, Liu W

www.impactjournals.com/oncotarget

24. Leibovitz A, Stinson JC, McCombs WB, 3rd, McCoy
CE, Mazur KC and Mabry ND. Classification of human

45833

Oncotarget

colorectal adenocarcinoma cell lines. Cancer research.
1976; 36:4562-4569.

the long arm of chromosome 7 in follicular and anaplastic
thyroid cancer, but not in papillary thyroid cancer. The
Journal of clinical endocrinology and metabolism. 1999;
84:3235-3240.

25. Trainer DL, Kline T, McCabe FL, Faucette LF, Feild J,
Chaikin M, Anzano M, Rieman D, Hoffstein S, Li DJ and
et al. Biological characterization and oncogene expression in
human colorectal carcinoma cell lines. International journal
of cancer. 1988; 41:287-296.

39. Kadrmas JL and Beckerle MC. The LIM domain: from the
cytoskeleton to the nucleus. Nature reviews Molecular cell
biology. 2004; 5:920-931.

26. Grossi V, Peserico A, Tezil T and Simone C. p38alpha
MAPK pathway: A key factor in colorectal cancer therapy
and chemoresistance. World journal of gastroenterology.
2014; 20:9744-9758.

40. Griffith E, Coutts AS and Black DM. Characterisation of
chicken TES and its role in cell spreading and motility. Cell
motility and the cytoskeleton. 2004; 57:133-142.
41. Siena S, Sartore-Bianchi A, Di Nicolantonio F, Balfour J
and Bardelli A. Biomarkers predicting clinical outcome
of epidermal growth factor receptor-targeted therapy in
metastatic colorectal cancer. Journal of the National Cancer
Institute. 2009; 101:1308-1324.

27. Hui K, Yang Y, Shi K, Luo H, Duan J, An J, Wu P, Ci Y,
Shi L and Xu C. The p38 MAPK-regulated PKD1/CREB/
Bcl-2 pathway contributes to selenite-induced colorectal
cancer cell apoptosis in vitro and in vivo. Cancer letters.
2014; 354:189-99.

42. Walther A, Johnstone E, Swanton C, Midgley R, Tomlinson
I and Kerr D. Genetic prognostic and predictive markers in
colorectal cancer. Nature reviews Cancer. 2009; 9:489-499.

28. Sangawa A, Shintani M, Yamao N and Kamoshida S.
Phosphorylation status of Akt and caspase-9 in gastric and
colorectal carcinomas. International journal of clinical and
experimental pathology. 2014; 7:3312-3317.

43. Han J and Sun P. The pathways to tumor suppression
via route p38. Trends in biochemical sciences. 2007;
32:364-371.

29. Lien GS, Wu MS, Bien MY, Chen CH, Lin CH and Chen
BC. Epidermal Growth Factor Stimulates Nuclear FactorkappaB Activation and Heme Oxygenase-1 Expression via
c-Src, NADPH Oxidase, PI3K, and Akt in Human Colon
Cancer Cells. PloS one. 2014; 9:e104891.

44. Schwenger P, Bellosta P, Vietor I, Basilico C, Skolnik EY
and Vilcek J. Sodium salicylate induces apoptosis via p38
mitogen-activated protein kinase but inhibits tumor necrosis
factor-induced c-Jun N-terminal kinase/stress-activated
protein kinase activation. Proceedings of the National
Academy of Sciences of the United States of America.
1997; 94:2869-2873.

30. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J and
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin.
2015; 65:87-108.
31. Pritchard CC and Grady WM. Colorectal cancer molecular
biology moves into clinical practice. Gut. 2011; 60:116-129.

45. Chan AT, Ogino S and Fuchs CS. Aspirin use and
survival after diagnosis of colorectal cancer. Jama. 2009;
302:649-658.

32. Bae JM, Kim JH and Kang GH. Epigenetic alterations in
colorectal cancer: the CpG island methylator phenotype.
Histology and histopathology. 2013; 28:585-595.

46. Wagner EF and Nebreda AR. Signal integration by JNK
and p38 MAPK pathways in cancer development. Nature
reviews Cancer. 2009; 9:537-549.

33. Savelyeva L and Brueckner LM. Molecular characterization
of common fragile sites as a strategy to discover cancer
susceptibility genes. Cellular and molecular life sciences.
2014; 71:4561-4575.

47. Chung KS, Han G, Kim BK, Kim HM, Yang JS, Ahn J, Lee
K, Song KB and Won M. A novel antitumor piperazine alkyl
compound causes apoptosis by inducing RhoB expression
via ROSmediated cAbl/p38 MAPK signaling. Cancer
chemotherapy and pharmacology. 2013; 72:1315-1324.

34. Aqeilan RI. Role of common fragile sites and corresponding
genes in cancer development. Cellular and molecular life
sciences. 2014; 71:4487-4488.

48. Xu Y, Liao R, Li N, Xiang R and Sun P. Phosphorylation of
Tip60 by p38alpha regulates p53-mediated PUMA induction
and apoptosis in response to DNA damage. Oncotarget.
2014; 5:12555-12572. doi: 10.18632/oncotarget.2717.

35. Achille A, Biasi MO, Zamboni G, Bogina G, Magalini
AR, Pederzoli P, Perucho M and Scarpa A. Chromosome
7q allelic losses in pancreatic carcinoma. Cancer research.
1996; 56:3808-3813.

49. Casini N, Forte IM, Mastrogiovanni G, Pentimalli F,
Angelucci A, Festuccia C, Tomei V, Ceccherini E,
Di Marzo D, Schenone S, Botta M, Giordano A and
Indovina P. SRC family kinase (SFK) inhibition reduces
rhabdomyosarcoma cell growth in vitro and in vivo
and triggers p38 MAP kinase-mediated differentiation.
Oncotarget. 2015; 6:12421-12435. doi: 10.18632/
oncotarget.3043.

36. Nishizuka S, Tamura G, Terashima M and Satodate R.
Commonly deleted region on the long arm of chromosome
7 in differentiated adenocarcinoma of the stomach. British
journal of cancer. 1997; 76:1567-1571.
37. Shridhar V, Sun QC, Miller OJ, Kalemkerian GP, Petros J
and Smith DI. Loss of heterozygosity on the long arm of
human chromosome 7 in sporadic renal cell carcinomas.
Oncogene. 1997; 15:2727-2733.

50. Lui GY, Kovacevic Z, Richardson V, Merlot AM, Kalinowski
DS and Richardson DR. Targeting cancer by binding iron:

38. Trovato M, Fraggetta F, Villari D, Batolo D, Mackey K,
Trimarchi F and Benvenga S. Loss of heterozygosity of
www.impactjournals.com/oncotarget

45834

Oncotarget

Dissecting cellular signaling pathways. Oncotarget. 2015;
6:18748-18779. doi: 10.18632/oncotarget.4349.

mediated by p38-MAP kinase activation in prostate cancer
cells. Cell death & disease. 2013; 4:e641.

51. Cuenda A and Rousseau S. p38 MAP-kinases pathway
regulation, function and role in human diseases. Biochimica
et biophysica acta. 2007; 1773:1358-1375.

62. Greenberg AK, Basu S, Hu J, Yie TA, Tchou-Wong KM,
Rom WN and Lee TC. Selective p38 activation in human
non-small cell lung cancer. American journal of respiratory
cell and molecular biology. 2002; 26:558-564.

52. Pollock CB, McDonough S, Wang VS, Lee H, Ringer L,
Li X, Prandi C, Lee RJ, Feldman AS, Koltai H, Kapulnik
Y, Rodriguez OC, Schlegel R, Albanese C and Yarden RI.
Strigolactone analogues induce apoptosis through activation
of p38 and the stress response pathway in cancer cell lines
and in conditionally reprogrammed primary prostate cancer
cells. Oncotarget. 2014; 5:1683-1698. doi: 10.18632/
oncotarget.1849.

63. Gupta J, Igea A, Papaioannou M, Lopez-Casas PP,
Llonch E, Hidalgo M, Gorgoulis VG and Nebreda AR.
Pharmacological inhibition of p38 MAPK reduces
tumor growth in patient-derived xenografts from colon
tumors. Oncotarget. 2015; 6:8539-8551. doi: 10.18632/
oncotarget.3816.
64. Zhang Y, Wang X, Qin X, Wang X, Liu F, White E
and Zheng XF. PP2AC Level Determines Differential
Programming of p38-TSC-mTOR Signaling and
Therapeutic Response to p38-Targeted Therapy in
Colorectal Cancer. EBioMedicine. 2015; 2:1944-1956.

53. Qi X, Tang J, Pramanik R, Schultz RM, Shirasawa S,
Sasazuki T, Han J and Chen G. p38 MAPK activation
selectively induces cell death in K-ras-mutated human colon
cancer cells through regulation of vitamin D receptor. The
Journal of biological chemistry. 2004; 279:22138-22144.

65. Gupta J, del Barco Barrantes I, Igea A, Sakellariou S,
Pateras IS, Gorgoulis VG and Nebreda AR. Dual function
of p38alpha MAPK in colon cancer: suppression of colitisassociated tumor initiation but requirement for cancer cell
survival. Cancer cell. 2014; 25:484-500.

54. Hui L, Bakiri L, Stepniak E and Wagner EF. p38alpha: a
suppressor of cell proliferation and tumorigenesis. Cell
cycle. 2007; 6:2429-2433.
55. Hui L, Bakiri L, Mairhorfer A, Schweifer N, Haslinger
C, Kenner L, Komnenovic V, Scheuch H, Beug H and
Wagner EF. p38alpha suppresses normal and cancer cell
proliferation by antagonizing the JNK-c-Jun pathway.
Nature genetics. 2007; 39:741-749.

66. Cerottini JP, Caplin S, Pampallona S and Givel JC.
Prognostic factors in colorectal cancer. Oncology reports.
1999; 6:409-414.
67. Washington MK, Berlin J, Branton P, Burgart LJ, Carter
DK, Fitzgibbons PL, Halling K, Frankel W, Jessup J, Kakar
S, Minsky B, Nakhleh R, Compton CC and Members of
the Cancer Committee CoAP. Protocol for the examination
of specimens from patients with primary carcinoma of the
colon and rectum. Archives of pathology & laboratory
medicine. 2009; 133:1539-1551.

56. Ventura JJ, Tenbaum S, Perdiguero E, Huth M, Guerra C,
Barbacid M, Pasparakis M and Nebreda AR. p38alpha MAP
kinase is essential in lung stem and progenitor cell proliferation
and differentiation. Nature genetics. 2007; 39:750-758.
57. Iyoda K, Sasaki Y, Horimoto M, Toyama T, Yakushijin T,
Sakakibara M, Takehara T, Fujimoto J, Hori M, Wands JR
and Hayashi N. Involvement of the p38 mitogen-activated
protein kinase cascade in hepatocellular carcinoma. Cancer.
2003; 97:3017-3026.

68. Chen K, Yu G, Gumireddy K, Li A, Yao W, Gao L, Chen S,
Hao J, Wang J, Huang Q, Xu H and Ye Z. ZBRK1, a novel
tumor suppressor, activates VHL gene transcription through
formation of a complex with VHL and p300 in renal
cancer. Oncotarget. 2015; 6:6959-6976. doi: 10.18632/
oncotarget.3134.

58. Sosa MS, Avivar-Valderas A, Bragado P, Wen HC and
Aguirre-Ghiso JA. ERK1/2 and p38alpha/beta signaling
in tumor cell quiescence: opportunities to control
dormant residual disease. Clinical cancer research. 2011;
17:5850-5857.

69. Zhang H, Qi M, Li S, Qi T, Mei H, Huang K, Zheng L and
Tong Q. microRNA-9 targets matrix metalloproteinase 14 to
inhibit invasion, metastasis, and angiogenesis of neuroblastoma
cells. Molecular cancer therapeutics. 2012; 11:1454-1466.

59. Kim IK, Park SM, Cho HJ, Baek KE, Nam IK, Park SH,
Ryu KJ, Ryu J, Choi J, Hong SC, Kim JW, Lee CW, Kang
SS and Yoo J. 14-3-3sigma attenuates RhoGDI2-induced
cisplatin resistance through activation of Erk and p38 in
gastric cancer cells. Oncotarget. 2013; 4:2045-2056. doi:
10.18632/oncotarget.1334.

70. Zhang H, Pu J, Qi T, Qi M, Yang C, Li S, Huang K, Zheng L
and Tong Q. MicroRNA-145 inhibits the growth, invasion,
metastasis and angiogenesis of neuroblastoma cells through
targeting hypoxia-inducible factor 2 alpha. Oncogene. 2014;
33:387-397.

60. Zhang Y, Guo Z, Du T, Chen J, Wang W, Xu K, Lin T and
Huang H. Prostate specific membrane antigen (PSMA): a novel
modulator of p38 for proliferation, migration, and survival in
prostate cancer cells. The Prostate. 2013; 73:835-841.

71. Li D, Mei H, Qi M, Yang D, Zhao X, Xiang X, Pu J,
Huang K, Zheng L and Tong Q. FOXD3 is a novel tumor
suppressor that affects growth, invasion, metastasis and
angiogenesis of neuroblastoma. Oncotarget. 2013; 4:20212044. doi: 10.18632/oncotarget.1579.

61. Milone MR, Pucci B, Bruzzese F, Carbone C, Piro G,
Costantini S, Capone F, Leone A, Di Gennaro E, Caraglia
M and Budillon A. Acquired resistance to zoledronic acid
and the parallel acquisition of an aggressive phenotype are
www.impactjournals.com/oncotarget

72. Li H, Huang K, Liu X, Liu J, Lu X, Tao K, Wang G and
Wang J. Lithium chloride suppresses colorectal cancer

45835

Oncotarget

cell survival and proliferation through ROS/GSK-3beta/
NF-kappaB signaling pathway. Oxidative medicine and
cellular longevity. 2014; 2014:241864.

M and Shimamoto F. PARP6 acts as a tumor suppressor via
downregulating Survivin expression in colorectal cancer.
Oncotarget. 2016. doi: 10.18632/oncotarget.7712. [Epub
ahead of print].

73. Salic A and Mitchison TJ. A chemical method for fast and
sensitive detection of DNA synthesis in vivo. Proceedings
of the National Academy of Sciences of the United States
of America. 2008; 105:2415-2420.

78. Yang IP, Tsai HL, Huang CW, Lu CY, Miao ZF, Chang
SF, Hank Juo SH and Wang JY. High blood sugar levels
significantly impact the prognosis of colorectal cancer
patients through down-regulation of microRNA-16 by
targeting Myb and VEGFR2. Oncotarget. 2016. doi:
10.18632/oncotarget.7719. [Epub ahead of print].

74. Fukuhara S, Chang I, Mitsui Y, Chiyomaru T, Yamamura
S, Majid S, Saini S, Hirata H, Deng G, Gill A, Wong DK,
Shiina H, Nonomura N, Dahiya R and Tanaka Y. DNA
mismatch repair gene MLH1 induces apoptosis in prostate
cancer cells. Oncotarget. 2014; 5:11297-11307. doi:
10.18632/oncotarget.2315.

79. Zhang B, Halder SK, Kashikar ND, Cho YJ, Datta A,
Gorden DL and Datta PK. Antimetastatic role of Smad4
signaling in colorectal cancer. Gastroenterology. 2010;
138:969-980 e961-963.

75. Suman S, Das TP, Sirimulla S, Alatassi H, Ankem MK
and Damodaran C. Withaferin-A suppress AKT induced
tumor growth in colorectal cancer cells. Oncotarget. 2016;
7:13854-64. doi: 10.18632/oncotarget.7351.

80. Wu XB, Liu Y, Wang GH, Xu X, Cai Y, Wang HY, Li
YQ, Meng HF, Dai F and Jin JD. Mesenchymal stem cells
promote colorectal cancer progression through AMPK/
mTOR-mediated NF-kappaB activation. Scientific reports.
2016; 6:21420.

76. Yang Z, Liu S, Zhu M, Zhang H, Wang J, Xu Q, Lin K, Zhou
X, Tao M, Li C and Zhu H. PS341 inhibits hepatocellular
and colorectal cancer cells through the FOXO3/CTNNB1
signaling pathway. Scientific reports. 2016; 6:22090.

81. Yuan G, Zhang B, Yang S, Jin L, Datta A, Bae S, Chen X and
Datta PK. Novel role of STRAP in progression and metastasis
of colorectal cancer through Wnt/beta-catenin signaling.
Oncotarget. 2016; 7:16023-37. doi: 10.18632/oncotarget.7532.

77. Qi G, Kudo Y, Tang B, Liu T, Jin S, Liu J, Zuo X, Mi S,
Shao W, Ma X, Tsunematsu T, Ishimaru N, Zeng S, Tatsuka

www.impactjournals.com/oncotarget

45836

Oncotarget

