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Abstract
The LIM-domain protein AJUBA has been reported to be involved in cell-cell
adhesion, proliferation, migration and cell fate decision by acting as a scaffold or
adaptor protein. We previously identified AJUBA as a putative cancer gene in esophageal
squamous cell carcinoma (ESCC). However, the function and underlying mechanisms
of AJUBA in ESCC remain largely unknown. In the present study, we detected AJUBA
levels in ESCC tumor tissues and in corresponding adjacent non-tumor tissues by
immunohistochemistry (IHC) and investigated the function and mechanism of AJUBA
in ESCC cells. The IHC results showed that AJUBA levels were significantly higher in
ESCC tissues compared with corresponding adjacent non-tumor tissues (P < 0.001).
Both in vitro and in vivo experiments showed that AJUBA promoted cell growth and
colony formation, inhibited cisplatin-induced apoptosis of ESCC cells, and promoted
ESCC cell migration and invasion. RNA sequencing was used to reveal the oncogenic
pathways of AJUBA that were involved, and MMP10 and MMP13 were identified as two
of the downstream targets of AJUBA. Thus, AJUBA upregulates the levels of MMP10
and MMP13 by activating ERK1/2. Taken together, these findings revealed that AJUBA
serves as oncogenic gene in ESCC and may serve as a new target for ESCC therapy.

Introduction

preLIM region, which includes a nuclear export signal
(NES) [5]. AJUBA family proteins can function as
negative regulators of the Hippo pathway, affecting cell
proliferation and controlling tissue size [6, 7]. Moreover,
AJUBA can regulate many other cellular events, such as
the meiotic maturation of oocytes [5], response to DNA
damage [8], modulation of the actin cytoskeleton [9],
and migration and invasion of cells [10]. Increasing
evidence, including the detection of AJUBA mutations
in multiple human cancers such as ESCC [11, 12],
cutaneous squamous cell carcinoma [13] and head and
neck squamous cell carcinomas [14], suggests a role for
AJUBA in tumorigenesis. However, previous studies
have primarily focused on the Drosophila homolog of
AJUBA [6, 7, 15], and the role of AJUBA in human cancer
development has been controversially reported [10, 16].

Esophageal cancer is the sixth leading cause of
cancer death and the eighth most frequently diagnosed
cancer worldwide [1, 2], and most esophageal cancer
cases are esophageal squamous cell carcinoma [3].
Few significant improvements in the overall survival of
ESCC patients have been achieved; the 5-year overall
survival rate remains poor due to the advanced stage at
initial diagnosis and due to a lack of effective therapies [4].
The identification of molecular mechanisms critical for
driving ESCC progression is much needed.
AJUBA family proteins (AJUBA, LIMD1 and
WTIP) belong to the Zyxin/AJUBA family. These
proteins are characterized by the conservation of three
tandem C-terminal LIM domains and a unique N-terminal
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blot (Figure 2A). KYSE450, KYSE510 and KYSE180
ESCC cell lines with relatively higher levels of AJUBA
expression were used in further RNA interference studies.
We then generated two shRNAs that could dramatically
decrease both the mRNA and protein levels of AJUBA
(Figure 2B) and evaluated the effect of AJUBA on cell
proliferation. The results showed that AJUBA depletion
significantly inhibited the proliferation (Figure 2C) and
colony formation of KYSE450, KYSE510 and KYSE180
cells (Figure 2D). To further investigate the effect of
AJUBA on tumor growth, 5 × 106 of AJUBA-depleted or
control KYSE450 cells were subcutaneously inoculated
into the left or right dorsal flanks of female BALB/c-nu
mice, respectively. The size (Figure 2E and 2F) and
weight (Figure 2G) of tumors were significantly reduced
in AJUBA knockdown mice compared with the control
group (P < 0.05, paired t-tests). Similar results were also
observed for KYSE510 cells (Supplementary Figure S2).
These results indicated that AJUBA promotes ESCC cell
proliferation and tumor formation in vitro and in vivo.
To determine whether AJUBA affects ESCC
tumor cell survival, we treated KYSE450 and KYSE510
cells with cisplatin for 24 hours. The flow cytometric
analyses showed that after 24 hours of cisplatin
treatment, AJUBA knockdown significantly enhanced the
apoptosis of KYSE450 and KYSE510 cells (Figure 3C).
In contrast, AJUBA overexpression rendered ESCC cells
more resistance to cisplatin-induced apoptosis (Figure 3D).
These data suggested that regulation of AJUBA
expression might sensitize the ESCC cell response to
chemotherapeutic drugs, such as cisplatin.

In the present study, we detected the expression
levels of AJUBA by IHC and performed both
in vitro and in vivo functional assays to characterize the
biological effects of AJUBA on ESCC tumorigenicity and
metastasis. The oncogenic mechanism of AJUBA was also
investigated.

RESULTS
AJUBA was frequently overexpressed in ESCC
Previously, through exome sequencing, we
identified AJUBA somatic mutations in ESCC [11].
Here, we analyzed the mRNA levels of AJUBA and two
other AJUBA family members, WTIP and LIMD1, in
ESCC tumor tissues and in their matched adjacent nontumor tissues. From 179 paired samples, we found that
AJUBA was significantly overexpressed in tumor tissues
than in adjacent non-tumor tissues (mean, 2.15-fold;
P < 0.001, paired Student’s t-test, two-tailed) (Figure 1A).
However, the mRNA levels of WTIP and LIMD1 were not
dysregulated in tumor tissues (Supplementary Figure S1).
The AJUBA protein levels were then detected by IHC
in a tissue microarray (TMA) containing 81 primary
esophageal tumor tissues and 60 corresponding nontumor tissues from the same cohort as that of the RNA
microarray (Figure 1B). Overall, 70% (57/81) of tumor
tissues showed high expression of AJUBA (moderate to
strong staining), whereas only 20% (12/60) of non-tumor
tissues had high expression of AJUBA; this difference
was statistically significant (P < 0.001, χ2 test). When
comparing the staining result of tumor tissues with their
paired non-tumor tissues, 62% (37/60) of the tumor tissues
exhibited increased AJUBA expression (Figure 1C).
These results indicated that AJUBA was frequently
overexpressed in ESCC tumor tissues. Moreover, the
results showed that in non-tumor tissues, 38% AJUBA
positive cases showed nucleus staining, 62% AJUBA
positive cases showed cytoplasm staining. While in tumor
tissues, only 2% AJUBA positive cases had nucleus
staining, 86% AJUBA positive cases had cytoplasm
staining, and the remaining 12% cases had both nucleus
and cytoplasm staining.
Next, the relationships between AJUBA expression
in ESCC tissues and clinicopathological characteristics
were analyzed in 81 patients with ESCC. In this cohort,
expression level of AJUBA was associated with tumor
cell differentiation (P = 0.043, χ2 test) and invasion depth
(T stage, P = 0.005, Fisher’s exact test). Furthermore,
patients with high AJUBA expression had poorer
differentiation and a higher tumor grade ( Table 1).

AJUBA overexpression enhanced tumor
migration and invasion in vitro and in vivo
We next evaluated the effect of AJUBA on ESCC
cell motility. The results of wound-healing and Transwell
assays showed that AJUBA depletion significantly
inhibited the migration and invasion of KYSE450 and
KYSE510 cells (Figures 4A–4D). In contrast, exogenous
expression of AJUBA significantly increased the migratory
and invasive abilities of KYSE450 and KYSE510 cells
(Figures 5A–5D). Moreover, AJUBA overexpression
can also increase the motility of KYSE30 and KYSE70
cell lines which with low endogenous AJUBA levels
(Supplementary Figure S3).
To further evaluate the effect of AJUBA expression
on ESCC cell metastasis, 1 × 106 KYSE450 cells that
stably overexpressed AJUBA were intravenously injected
into non-obese diabetic (NOD)-SCID mice. The number of
micrometastatic nodules in the lungs was counted 12 weeks
later by histomorphological analysis under a microscope
(Figure 5E). Micrometastatic nodules in the lungs were
observed in 7 of 9 mice injected with cells overexpressing
AJUBA, whereas only 3 of 9 mice in the control
group had lung micrometastatic nodules (Figure 5F).
Moreover, the numbers of micrometastatic nodules in the

AJUBA knockdown inhibited tumor growth
in vitro and in vivo
First, we measured AJUBA mRNA and protein
levels in 7 ESCC cell lines by RT-PCR and Western
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AJUBA overexpression group were significantly higher
than those in the control group (Figure 5G, P < 0.05,
Student’s t-test).

cells compared with the control cells (Supplementary
Table S1). The positive correlation between AJUBA
and MMP10 and MMP13 expression was confirmed by
RT-PCR (Figure 6A) and Western blot (Figure 6B) after
AJUBA knockdown or overexpression in KYSE450
and KYSE510 cells. In addition, AJUBA mRNA levels
were significantly associated with elevated MMP10
and MMP13 expression in 179 ESCC tumor tissues
(r = 0.441, P < 0.001 and r = 0.404, P < 0.001,
respectively, Figure 6C and Supplementary Table S2),
suggesting that AJUBA promotes the expression of
MMP10 and MMP13 in ESCC.

AJUBA upregulated MMP10 and MMP13
expression in ESCC cells
We next explored the molecular events that were
involved in the AJUBA-mediated downstream regulatory
network. RNA sequencing was used to identify the altered
gene expression profiles following AJUBA knockdown
in KYSE450, KYSE510 and KYSE180 cells. Genes that
were significantly upregulated or downregulated (2-fold,
P < 0.01, FDR < 0.1) by AJUBA knockdown in three cell
lines were selected for Gene Ontology (GO) analysis. The
GO analysis revealed that a number of genes involved
in cell motility, cell adhesion and cell junctions were
significantly dysregulated following AJUBA knockdown
(Supplementary Figure S4). Among these genes, the
mRNA levels of MMP10 and MMP13 were downregulated
by 5.6-fold and 5.5-fold, respectively, in AJUBA-depleted

AJUBA enhanced MMP10 and MMP13
expression by activating ERK1/2
The mitogen-activated protein kinase (MAPK)
signaling pathway, including the well-known mediator
extracellular signal-regulated kinase 1/2 (ERK1/2),
regulates MMP expression in different cancer types
[17–20]. A previous study reported that AJUBA could

Figure 1: AJUBA was frequently upregulated in ESCC tissues compared with non-tumor tissues. (A) Analysis of AJUBA

mRNA level according to our previous microarray data (n = 179). P < 0.001, paired Student’s t-test. (B) Detection of the protein level of
AJUBA in a paraffin-embedded formalin-fixed ESCC tissue microarray containing 81 tumors and 60 corresponding non-tumor tissues by IHC.
Representative images of AJUBA in tumor tissues and non-tumor tissues. (C) The number of patients with ESCC expressing low (negative
and weak positive staining) and high (moderate and strong positive staining) levels of AJUBA in tumor tissues and non-tumor tissues
(left panel). P < 0.001, χ2 test. AJUBA expression in 60 paired ESCC tissues (right panel). T: tumor tissue; N: non-tumor tissue.
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Table 1: The relationships between AJUBA levels and clinicopathological characteristics in ESCC
tissues
Characteristics
Age
< 60
≥ 60
Gender
Female
Male
Smoking
No
Yes
Drinking
No
Yes
Family history
No
Yes
Differentiation
High
Middle
Low
T Classification
T1
T2
T3
T4
N classification
N<1
N≥1
TNM stage
I
II
III
IV

AJUBA expression

Total
(n = 81)

Low

High

39
42

14
10

25
32

0.234

14
67

4
20

10
47

1.000

36
45

12
12

24
33

0.514

35
46

10
14

25
32

0.856

71
10

21
3

50
7

1.000

16
44
21

7
15
2

9
29
19

0.043

6
12
53
10

3
4
10
7

3
8
43
3

0.005

36
45

11
13

25
32

0.870

4
35
41
1

3
7
14
0

1
28
27
1

0.076

augment MAPK activity by interacting with Grb2 [5].
To investigate the molecular mechanism by which AJUBA
promoted MMP10 and MMP13 expression in ESCC
cells, we examined the effects of AJUBA on ERK1/2
activation. The Western blot analysis showed that the
level of phosphorylated ERK1/2, but not p38 MAPK,
was dramatically decreased in ESCC cells with AJUBA
knockdown and increased in ESCC cells with AJUBA
overexpression (Figure 6D and Supplementary Figure S3).
To further investigate the key role of ERK1/2 in AJUBAmediated regulation of MMP10 and MMP13 expression,
U0126, the small molecule inhibitor of MEK1/2, was
used to suppress the phosphorylation of ERK1/2 in ESCC
cells. Treatment with U0126, which largely decreased the
level of phosphorylated ERK1/2, reduced MMP10 and
www.impactjournals.com/oncotarget

P value

MMP13 expression in KYSE450 and KYSE510 cells
(Figure 6E). In addition, U0126 attenuated the effect of
AJUBA overexpression on the upregulation of MMP10
and MMP13. These data suggested that AJUBA enhances
MMP10 and MMP13 expression in an ERK1/2-dependent
manner.

DISCUSSION
AJUBA, which was originally identified using a
yeast two-hybrid screen, participates in different signaling
pathways by interacting with a number of proteins via the
LIM domain or preLIM region [21–25]. Previous studies
have indicated that AJUBA promotes cell proliferation
by inhibiting the Hippo/Yes-associated protein (YAP)
36410
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pathway [6, 26], and Liang et al. reported that the AJUBA
level is upregulated in colorectal cancer tissues [10].
Consistent with these findings, the data obtained in the
present study showed that the level of AJUBA, but not
WTIP nor LIMD1, was significantly increased in ESCC
tissues compared with non-tumor tissues. In line with these
clinical data, AJUBA knockdown effectively inhibited cell
growth, colony formation, and tumor formation. Platinumbased chemotherapy is the first-line agent for patients
with advanced ESCC, and apoptosis-related genes, such
as TP53, are ubiquitously mutated in ESCC [11]. In this
study, down-regulation of AJUBA alleviated the resistance
of ESCC cells to cisplatin, suggesting that AJUBA can be
target for the clinical treatment of ESCC.
MMP10 and MMP13 can degrade the extracellular
matrix and promote cancer metastasis and progression

[27–33]. Overexpression of MMP10 and MMP13 in
ESCC tissues has been shown in several studies [34, 35].
In this study, MMP10 and MMP13 were identified as
the downstream targets of AJUBA by RNA-sequencing.
AJUBA promoted ESCC migration and invasion through
upregulating MMP10 and MMP13. The correlation
analysis between AJUBA and MMP10 and MMP13
in 179 ESCC tissues further confirmed the results
and strengthened the importance of AJUBA in ESCC
progression. MAPK/ERK1/2 pathways play critical roles
in cell growth, apoptosis and metastasis [36], and several
studies reported that MMP activities could be affected
by the level of p-ERK1/2 in ESCC [19, 37]. Consistent
with these findings, we found that AJUBA promoted the
expression of MMP10 and MMP13 partially through
upregulating the MAPK/ERK1/2 pathway.

Figure 2: AJUBA knockdown in ESCC cells suppressed cell proliferation in vitro and in vivo. (A) The mRNA and protein

levels of AJUBA were detected in 7 ESCC cell lines by RT-PCR and Western blot. (B) RT-PCR and Western blot analyses were used to
detect the knockdown efficiency of AJUBA. GAPDH and β-Actin were used as controls. (C) The proliferation of KYSE450, KYSE510 and
KYSE180 cells treated with shRNA or empty vector was measured by CCK8 assay at different time intervals ranging from 0 to 120 h. The
results are shown as the mean ± SEM of three independent experiments. P values were obtained using two-way ANOVA. (D) Representative
inhibition of clone formation in 6-well plates by shAJUBA compared with control cells. The columns show the mean number of clones
formed in three independent experiments. *P < 0.05; **P < 0.01 based on Student’s t-test. (E, F, and G) AJUBA knockdown markedly
reduced the volume and weight of the tumor mass. P values were obtained using paired t-tests.
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Recently, AJUBA mutations were found in many
types of tumors [11–14]. Most of these mutations were
insertions, deletions or splice-site alterations, and
truncating mutations of AJUBA can promote ESCC
progression [12]. Truncations and subcellular localization
can have distinct effects on the function of AJUBA and on
the cellular activities of tumor cells. The overexpression
of full-length AJUBA or of the AJUBA preLIM domain
increased the proliferation of P19 embryonal carcinoma

cells, whereas overexpression of the three LIM domains
of AJUBA reduced cell growth. In addition, AJUBA
localized to the nucleus of normal mouse lung epithelial
cells and mainly localized to the cytoplasm of tumor
tissues of malignant mesothelioma [16, 38]. Furthermore,
the accumulation of the LIM domains of AJUBA in the
nucleus resulted in growth inhibition and spontaneous
endodermal differentiation [39]. Consistent with these
findings, our study showed that AJUBA mainly localized

Figure 3: AJUBA inhibited the cisplatin-induced apoptosis of ESCC. (A and B) KYSE450 and KYSE510 cells were transfected
with the AJUBA CDS or empty vector, and the mRNA and protein levels of AJUBA were confirmed by RT-PCR and Western blot.
(C) KYSE450 and KYSE510 cells transfected with shRNA or control cells. (D) Vec-KYSE450, Vec-KYSE510 or AJUBA-KYSE450,
AJUBA-KYSE510 cells were seeded, cultured in 6-well plates for 24 h and harvested 24 h after treatment with cisplatin. Early apoptosis
was measured with FACS-based annexin-V/PI double staining. The results are expressed as the mean ± SEM. *P < 0.05; **P < 0.01,
Student’s t-test.
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Figure 4: Downregulation of AJUBA inhibited cell motility and invasiveness. (A and B) Wound-healing assays were performed
to compare the migration of shRNA-treated cells and control cells. The results are shown as the mean ± SEM of three independent
experiments. *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t-test. (C and D) Transwell assays were used to compare migration and
invasion between shAJUBA and control cells. The cells that migrated through the membrane or invaded the lower surface of the membrane
were fixed and stained with Giemsa. Student’s t-test was used to analyze the results.
www.impactjournals.com/oncotarget
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Figure 5: AJUBA overexpression promoted cell motility and invasiveness in vitro and in vivo. (A and B) Wound-healing

assays were performed to compare the migration of AJUBA CDS-transfected cells and control cells. The results are shown as the mean ± SEM
of three independent experiments. *P < 0.05; **P < 0.01, Student’s t-test. (C and D) Transwell assays were used to compare migration and
invasion between AJUBA CDS-transfected cells and control cells. Student’s t-test was used to analyze the results. (E) Representative images
of isolated lungs (upper) and H&E-stained lung sections (lower) from each group are shown. (F) The number of mice with micrometastases
is shown. (G) The number of lung micrometastases in NOD-SCID mice with i.v. injection of KYSE450-AJUBA or control cells was
counted under a microscope. *P < 0.05, Student’s t-test.

Figure 6: AJUBA upregulated the expression of MMP10 and MMP13 via the ERK1/2 signaling pathway.

(A) The relative mRNA levels of MMP10 and MMP13 in AJUBA-knockdown cells or AJUBA-overexpression cells compared with control
cells were detected by RT-PCR. GAPDH was used as a control. (B) Western blot was used to detect the expression of MMP10 and MMP13.
β-Actin was used as a loading control. (C) Correlation between the mRNA level of AJUBA and MMP10 and MMP13 mRNA expression in
ESCC cells. (D) Total ERK1/2, p-ERK1/2, total p38 and p-p38 levels were detected by Western blot. β-Actin was used as a loading control.
(E) The expression levels of AJUBA, total ERK1/2, p-ERK1/2, MMP10 and MMP13 were compared between cells treated with U0126
(20 µmol) for 24 h and control cells by Western blot. β-Actin was used as a loading control.
www.impactjournals.com/oncotarget
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mixtures (Thermo). Equal amounts of proteins were
separated by 10% SDS–PAGE and then transferred
to nitrocellulose filter membranes (Whatman GmbH,
Maidstone, Kent, UK). The membranes were blocked
at room temperature for 1 h with 5% non-fat milk and
subsequently incubated with primary antibodies directed
against AJUBA, ERK1/2, p-ERK1/2 (Cell Signaling
Technology, Danvers, MA, USA), MMP10 and MMP13
(Abcam, Cambridge, UK) at 4°C overnight. β-Actin
(Epitomics, Hangzhou, China) was used as a loading
control. After washing with TBST, the blots were
incubated with the appropriate HRP-conjugated secondary
antibody at room temperature for 1 h and then developed
using enhanced chemiluminescence (Millipore, Billerica,
MA, USA) according to the manufacturer’s protocol. The
signals were quantified using ImageJ software.

in the cytoplasm in tumor tissues, and the percentage of
nucleus staining dramatically decreased in tumor tissues
compared with non-tumor tissues, suggesting that AJUBA
may transfer from nucleus to cytoplasm and different
domains of AJUBA and the subcellular location of AJUBA
affect the subcellular activities of AJUBA and, thus, tumor
cell functions.
In conclusion, our study revealed that AJUBA
was frequently upregulated in ESCC tumor tissues.
AJUBA overexpression promoted the tumorigenicity and
motility of ESCC and upregulated MMP10 and MMP13
expression by increasing the level of pERK1/2. The
deletion of AJUBA decreased the resistance of ESCC cells
to cisplatin, which could serve as a new strategy for ESCC
treatment.

MATERIALS AND METHODS

Plasmid constructs and transfection

Cell lines and clinical samples

To silence endogenous AJUBA, 2 short hairpin RNA
(shRNA) oligonucleotides (5′- CCGGACCTGTATCAAG
TGCAACAAACTCGAGTTTGTTGCACTTGATACAG
GTTTTTTG-3′ and 5′-CCGGGACTTCTCCAACCAAGT
ATACCTCGAGGTATACTTGGTTGGAGAAGTCTTTT
TG-3′) were cloned into the pLKO.1 vector. For
overexpression, the coding DNA sequence (CDS) of
AJUBA was cloned into the pLenti-C-Myc-DDKIRES-Puro expression vector (Origene, MD, USA). The
recombined plasmid and the packaging plasmid mixture
(Invitrogen, Carlsbad, CA, USA) were co-transfected into
HEK 293T cells using Lipofectamine 2000 (Invitrogen).
The supernatant containing lentivirus was collected and
used to infect ESCC cell lines. The corresponding empty
vectors were used as controls. Stable cell lines were
selected for 14 d with 0.5 µg/ml puromycin (Invitrogen).
The efficiencies of knockdown and overexpression were
controlled by detecting the mRNA and protein levels of
AJUBA via RT-PCR and Western blot.

The esophageal cancer cell lines KYSE30,
KYSE70, KYSE140, KYSE180, KYSE410, KYSE450
and KYSE510 were grown in RMPI 1640 medium
(HyClone, Logan, UT, USA). HEK 293T cells were
maintained in DMEM medium (HyClone). All culture
media were supplemented with 10% fetal bovine serum
(Gibco, New York, NY, USA), 100 UI/ml penicillin and
100 UI/ml streptomycin. All cell lines used in this study
were regularly authenticated by short tandem repeat
(STR) detection and tested for the absence of mycoplasma
contamination. The clinical ESCC samples used in this
study were histopathologically and clinically diagnosed at
the Cancer Institute and Hospital of the Chinese Academy
of Medical Science with written consent and approval
from the institutional research ethics committee.

Real-time polymerase chain reaction (RT-PCR)
Total RNA was isolated from cultured cell lines
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA),
and complementary DNA (cDNA) was synthesized using
a Fermentas RevertAid™ Premium First Strand cDNA
Synthesis Kit (Thermo, Rockford, IL, USA). Quantitative
RT-PCR (qPCR) was performed in triplicate using SYBR
Green PCR master mix and an Applied Biosystems 7300
or 7900 RT-PCR System (Applied Biosystems, Foster
City, CA, USA) following the manufacturer’s instructions.
The 2−ΔΔCt method was used to quantify the expression
levels relative to GAPDH expression. Three independent
experiments were carried out to analyze the relative
mRNA expression level, and each sample was tested in
triplicate. The primers used in the study are provided in
Supplementary Table S3.

Wound healing assay
The stably transfected KYSE450 and KYSE510
cells were plated in 6-well plates, and the cell monolayer
was scratched 24 h later using a 10-µl pipette tip. Wound
closure was then monitored 0 h and 24 h after scratching
by photographing 9 random fields of the sample, and the
change in the area of the wound was calculated using
ImageJ software. The experiments were performed in
triplicate.

Migration and invasion assays
Cultured ESCC cells were starved for 24 h before
the migration assay. The cells were counted and suspended
in 200 µl of serum-free medium and seeded into the upper
chamber of a Transwell insert (Corning, New York, NY,
USA); 750 µl of 20% FBS 1640 medium was added to
the lower chamber. After the cells were cultured for 36 h,

Western blot
The cultured cells were lysed in RIPA buffer
supplemented with protease and phosphatase inhibitor
www.impactjournals.com/oncotarget
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TMAs and immunohistochemistry

cells that had migrated to the bottom surface were fixed
with methanol for 2 min and stained with Giemsa for 20
min. An invasion assay was performed with BD BioCoat
Matrigel Invasion Chambers following the manufacturer’s
instructions. Nine random fields from each filter were
then imaged, and the cells were counted using ImageJ
software. Three independent experiments were conducted
for both the migration and invasion assays. For the in vivo
metastasis assay, two groups of 4- to 5-week-old SCIDBeige mice (9 mice per group) were administered tail-vein
injections of 1 × 106 Vec-KYSE450 or AJUBA-KYSE450
cells. Twelve weeks later, the mice were sacrificed, and
the tumor nodules on the lungs were counted, excised and
embedded in paraffin for hematoxylin and eosin staining
(H&E). The mice used in this study received humane care,
and the experiments were performed according to the
guidelines approved by the Cancer Institute and Hospital
of Chinese Academy of Medical Sciences Institutional
Animal Care and Use Committee.

TMAs containing 81 primary esophageal tumors
and 60 corresponding non-tumor tissues were retrieved
from the archive of paraffin-embedded tissues obtained
between 2000 and 2008 at the Cancer Institute and
Hospital of the Chinese Academy of Medical Sciences.
Briefly, the TMA sections were deparaffinized, rehydrated,
and dipped in 3% hydrogen peroxide solution for 30 min.
The TMA sections were then treated with 10% goat serum
at room temperature for 30 min, followed by incubation
with anti-AJUBA (1:300 dilution) at 4°C overnight. After
washing with PBS, the TMA sections were incubated with
polyperoxidase-anti-rabbit IgG at room temperature for
20 min. DAB and hematoxylin were used to stain and
counterstain the sections, respectively. Two independent
pathologists analyzed the IHC stains. The staining
intensity was graded as follows: 0 (negative), 1 (weak), 2
(moderate) and 3 (strong).

Cell proliferation assay and xenograft model

RNA sequencing

To test the growth rate of stably transfected cells, cell
counting kit-8 (CCK8) assays were performed according
to the manufacturer’s instructions. Briefly, 2 × 103
cells were plated into 96-well plates, and cell viability was
measured by CCK8 assay (Dojindo, Kumamoto, Japan)
and quantified with the SoftMax® Pro 5 program at 0, 24,
48, 72, 96 and 120 h after seeding. For the clone formation
assay, 500 cells were seeded in 6-well plates and cultured
for 10–14 d in RPMI 1640 medium supplemented with
10% FBS; the surviving colonies were fixed and stained
with 1% crystal violet (Amresco, Solon, OH, USA). For
the in vivo tumorigenicity assay, 5 × 106 sh-AJUBA cells
and control cells were injected (s.c.) into the left and right
dorsal flanks of female BALB/c-nu mice (4–5 weeks,
15–17 g, Hua fu kang, Beijing, China). Tumor formation
was monitored every three days by measuring the tumor
size with a caliper. The tumor volume was then calculated
using the following formula: V = (L × W2)/2. Five weeks
later, the animals were sacrificed by cervical dislocation,
and the tumors were excised and weighed.

In this study, we used KYSE180, KYSE450 and
KYSE510 cells for RNA sequencing detection. For each cell
line, 3 wells of 6-well plates were treated with shRNA, and
3 were treated with empty vector. Cells were then harvested
96 h after infection, and knockdown was confirmed by
qPCR and Western blot. Total RNA quality analysis, cDNA
library preparation and sequencing were carried out by
Huada Genomics Co., Ltd. (Shenzhen, China).

Induced apoptosis
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Correlations between AJUBA mRNA levels and MMP10
or MMP13 mRNA levels were analyzed by Pearson’s
correlation coefficient. Differences were considered
significant when P < 0.05.

36416

Oncotarget

Science Foundation (7141011), PUMC Youth Fund and
Fundamental Research Funds for the Central Universities
(33320140169).

10. Liang XH, Zhang GX, Zeng YB, Yang HF, Li WH, Liu QL,
Tang YL, He WG, Huang YN, Zhang L, Yu LN, Zeng XC.
LIM protein JUB promotes epithelial-mesenchymal
transition in colorectal cancer. Cancer Sci. 2014; 105:660–
666. doi: 10.1111/cas.12404.

Data sharing statement

11. Gao YB, Chen ZL, Li JG, Hu XD, Shi XJ, Sun ZM,
Zhang F, Zhao ZR, Li ZT, Liu ZY, Zhao YD, Sun J,
Zhou CC, et al. Genetic landscape of esophageal
squamous cell carcinoma. Nat Genet. 2014; 46:1097–1102.
doi: 10.1038/ng.3076.
12. Zhang L, Zhou Y, Cheng C, Cui H, Cheng L, Kong P,
Wang J, Li Y, Chen W, Song B, Wang F, Jia Z, Li L,
et al. Genomic analyses reveal mutational signatures
and frequently altered genes in esophageal squamous
cell carcinoma. Am J Hum Genet. 2015; 96:597–611.
doi: 10.1016/j.ajhg.2015.02.017.

The microarray original data have been submitted
to the Gene Expression Omnibus under accession number
GSE53625.

CONFLICTS OF INTEREST
No potential conflicts of interest were disclosed.

REFERENCES
1.

Kamangar F, Dores GM, Anderson WF. Patterns of cancer
incidence, mortality, and prevalence across five continents:
defining priorities to reduce cancer disparities in different
geographic regions of the world. J Clin Oncol. 2006;
24:2137–2150. doi: 10.1200/JCO.2005.05.2308.

2.

Wheeler JB, Reed CE. Epidemiology of esophageal cancer.
Surg Clin North Am. 2012; 92:1077–1087. doi: 10.1016/j.
suc.2012.07.008.

3.

Tran GD, Sun XD, Abnet CC, Fan JH, Dawsey SM, Dong ZW,
Mark SD, Qiao YL, Taylor PR. Prospective study of risk
factors for esophageal and gastric cancers in the Linxian
general population trial cohort in China. Int J Cancer. 2005;
113:456–463. doi: 10.1002/ijc.20616.

4.

Enzinger PC, Mayer RJ. Esophageal cancer. N Engl J Med.
2003; 349:2241–2252. doi: 10.1056/NEJMra035010.

5.

Goyal RK, Lin P, Kanungo J, Payne AS, Muslin AJ,
Longmore GD. Ajuba, a novel LIM protein, interacts with
Grb2, augments mitogen-activated protein kinase activity
in fibroblasts, and promotes meiotic maturation of Xenopus
oocytes in a Grb2- and Ras-dependent manner. Mol Cell
Biol. 1999; 19:4379–4389. doi: 10.1128/MCB.19.6.4379.

6.

7.

13. Pickering CR, Zhou JH, Lee JJ, Drummond JA, Peng SA,
Saade RE, Tsai KY, Curry JL, Tetzlaff MT, Lai SY, Yu J,
Muzny DM, Doddapaneni H, et al. Mutational landscape of
aggressive cutaneous squamous cell carcinoma. Clin Cancer
Res. 2014; 20:6582–6592. doi: 10.1158/1078-0432.CCR14-1768.
14. Cancer Genome Atlas Network. Comprehensive
genomic characterization of head and neck squamous
cell
carcinomas.
Nature.
2015;
517:576–582.
doi: 10.1038/nature14129.
15. Sun G, Irvine KD. Ajuba family proteins link JNK to
Hippo signaling. Sci Signal. 2013; 6:ra81. doi: 10.1126/
scisignal.2004324.
16. Tanaka I, Osada H, Fujii M, Fukatsu A, Hida T, Horio Y,
Kondo Y, Sato A, Hasegawa Y, Tsujimura T, Sekido Y. LIMdomain protein AJUBA suppresses malignant mesothelioma
cell proliferation via Hippo signaling cascade. Oncogene.
2015; 34:73–83. doi: 10.1038/onc.2013.528.
17. Reunanen N, Li SP, Ahonen M, Foschi M, Han J,
Kähäri VM. Activation of p38 alpha MAPK enhances
collagenase-1 (matrix metalloproteinase (MMP)-1) and
stromelysin-1 (MMP-3) expression by mRNA stabilization.
J Biol Chem. 2002; 277:32360–32368. doi: 10.1074/jbc.
M204296200.

Das Thakur M, Feng Y, Jagannathan R, Seppa MJ, Skeath JB,
Longmore GD. Ajuba LIM proteins are negative regulators
of the Hippo signaling pathway. Curr Biol. 2010; 20:657–
662. doi: 10.1016/j.cub.2010.02.035.

18. Westermarck J, Kähäri VM. Regulation of matrix
metalloproteinase expression in tumor invasion. FASEB J.
1999; 13:781–792.

Reddy BV, Irvine KD. Regulation of Hippo signaling by
EGFR-MAPK signaling through Ajuba family proteins. Dev
Cell. 2013; 24:459–471. doi: 10.1016/j.devcel.2013.01.020.

8.

Kalan S, Matveyenko A, Loayza D. LIM protein Ajuba
participates in the repression of the ATR-Mediated DNA
damage response. Front Genet. 2013; 4:95. doi: 10.3389/
fgene.2013.00095.

9.

Marie H, Pratt SJ, Betson M, Epple H, Kittler JT, Meek L,
Moss SJ, Troyanovsky S, Attwell D, Longmore GD,
Braga VM. The LIM protein Ajuba is recruited to cadherindependent cell junctions through an association with alphacatenin. J Biol Chem. 2003; 278:1220–1228. doi: 10.1074/
jbc.M205391200.

www.impactjournals.com/oncotarget

19. Zhu YH, Liu H, Zhang LY, Zeng T, Song Y, Qin YR, Li L,
Liu L, Li J, Zhang B, Guan XY. Downregulation of LGI1
promotes tumor metastasis in esophageal squamous cell
carcinoma. Carcinogenesis. 2014; 35:1154–1161. doi:
10.1093/carcin/bgu040.
20. Gu Q, He Y, Ji J, Yao Y, Shen W, Luo J, Zhu W, Cao H,
Geng Y, Xu J, Zhang S, Cao J, Ding WQ. Hypoxiainducible factor 1alpha (HIF-1alpha) and reactive oxygen
species (ROS) mediates radiation-induced invasiveness
through the SDF-1alpha/CXCR4 pathway in non-small cell
lung carcinoma cells. Oncotarget. 2015; 6:10893–10907.
doi: 10.18632/oncotarget.3535.
36417

Oncotarget

21. Hou Z, Peng H, Ayyanathan K, Yan KP, Langer EM,
Longmore GD, Rauscher FJ, 3rd. The LIM protein AJUBA
recruits protein arginine methyltransferase 5 to mediate
SNAIL-dependent transcriptional repression. Mol Cell Biol.
2008; 28:3198–3207. doi: 10.1128/MCB.01435–07.

31. Zheng Y, Li X, Qian X, Wang Y, Lee JH, Xia Y, Hawke DH,
Zhang G, Lyu J, Lu Z. Secreted and O-GlcNAcylated MIF
binds to the human EGF receptor and inhibits its activation.
Nat Cell Biol. 2015; 17:1348–1355.
32. Zhao X, Sun B, Li Y, Liu Y, Zhang D, Wang X, Gu Q, Zhao J,
Dong X, Liu Z, Che N. Dual effects of collagenase-3
on melanoma: metastasis promotion and disruption of
vasculogenic mimicry. Oncotarget. 2015; 6:8890–8899. doi:
10.18632/oncotarget.3189.

22. Bai M, Ni J, Shen S, Wu J, Huang Q, Le Y, Yu L. Two newly
identified sites in the N-terminal regulatory domain of
Aurora-A are essential for auto-inhibition. Biotechnol Lett.
2014; 36:1595–1604. doi: 10.1007/s10529–014–1516–3.
23. Bai M, Ni J, Wu J, Wang B, Shen S, Yu L. A novel
mechanism for activation of Aurora-A kinase by Ajuba.
Gene. 2014; 543:133–139. doi: 10.1016/j.gene.2014.03.048.

33. Fan Y, Gan Y, Shen Y, Cai X, Song Y, Zhao F, Yao M, Gu J,
Tu H. Leptin signaling enhances cell invasion and promotes
the metastasis of human pancreatic cancer via increasing
MMP-13 production. Oncotarget. 2015; 6:16120–16134.
doi: 10.18632/oncotarget.3878.

24. Hirota T, Kunitoku N, Sasayama T, Marumoto T, Zhang D,
Nitta M, Hatakeyama K, Saya H. Aurora-A and an
interacting activator, the LIM protein Ajuba, are required
for mitotic commitment in human cells. Cell. 2003;
114:585–598. doi: 10.1016/S0092–8674(03)00642–1.

34. Jiao XL, Chen D, Wang JG, Zhang KJ. Clinical significance
of serum matrix metalloproteinase-13 levels in patients with
esophageal squamous cell carcinoma (ESCC). Eur Rev Med
Pharmacol Sci. 2014; 18:509–515.

25. Feng Y, Longmore GD. The LIM protein Ajuba influences
interleukin-1-induced NF-kappaB activation by affecting the
assembly and activity of the protein kinase Czeta/p62/TRAF6
signaling complex. Mol Cell Biol. 2005; 25:4010–4022.
doi: 10.1128/MCB.25.10.4010–4022.2005.

35. Liu H, Qin YR, Bi J, Guo A, Fu L, Guan XY.
Overexpression of matrix metalloproteinase 10 is associated
with poor survival in patients with early stage of esophageal
squamous cell carcinoma. Diseases of the Esophagus. 2012;
25:656–663. doi: 10.1111/j.1442–2050.2011.01284.x

26. Harvey KF, Zhang X, Thomas DM. The hippo pathway and
human cancer. Nat Rev Cancer. 2013; 13:246–257. doi:
10.1038/nrc3458.

36. Chan-Hui PY, Weaver R. Human mitogen-activated protein
kinase kinase kinase mediates the stress-induced activation
of mitogen-activated protein kinase cascades. Biochem J.
1998; 336:599–609. doi: 10.1042/bj3360599.

27. García-Irigoyen O, Latasa MU, Carotti S, Uriarte I,
Elizalde M, Urtasun R, Vespasiani-Gentilucci U,
Morini S, Benito P, Ladero JM, Rodriguez JA, Prieto J,
Orbe J, et al. Matrix metalloproteinase 10 contributes
to hepatocarcinogenesis in a novel crosstalk with the
stromal derived factor 1/C-X-C chemokine receptor 4 axis.
Hepatology. 2015; 62: 166–178. doi: 10.1002/hep.27798.

37. Zhu YH, Fu L, Chen L, Qin YR, Liu H, Xie F, Zeng T, Dong SS,
Li J, Li Y, Dai Y, Xie D, Guan XY. Downregulation of the
novel tumor suppressor DIRAS1 predicts poor prognosis
in esophageal squamous cell carcinoma. Cancer Res. 2013;
73:2298–2309. doi: 10.1158/0008–5472.CAN-12–2663.

28. Mukherjee S, Roth MJ, Dawsey SM, Yan W, RodriguezCanales J, Erickson HS, Hu N, Goldstein AM, Taylor PR,
Richardson AM, Tangrea MA, Chuaqui RF, EmmertBuck MR. Increased matrix metalloproteinase activation in
esophageal squamous cell carcinoma. J Transl Med. 2010;
8:91. doi: 10.1186/1479–5876–8–91.

38. Lange AW, Sridharan A, Xu Y, Stripp BR, Perl AK,
Whitsett JA. Hippo/Yap signaling controls epithelial
progenitor cell proliferation and differentiation in the
embryonic and adult lung. J Mol Cell Biol. 2015; 7:35–47.
doi: 10.1093/jmcb/mju046.
39. Kanungo J, Pratt SJ, Marie H, Longmore GD. Ajuba, a
cytosolic LIM protein, shuttles into the nucleus and affects
embryonal cell proliferation and fate decisions. Mol Biol
Cell. 2000; 11:3299–3313. doi: 10.1091/mbc.11.10.3299.

29. Vincent-Chong VK, Salahshourifar I, Karen-Ng LP, Siow MY,
Kallarakkal TG, Ramanathan A, Yang YH, Khor GH,
Rahman ZA, Ismail SM, Prepageran N. Overexpression
of MMP13 is associated with clinical outcomes and
poor prognosis in oral squamous cell carcinoma.
ScientificWorldJournal. 2014; 2014:897523.
30. Yen C, Chen C, Chang C, Tseng H, Liu S, Chuang L, Wen C,
Chang H. Matrix metalloproteinases (MMP) 1 and MMP10
but not MMP12 are potential oral cancer markers. Biomarkers.
2009; 14:244–249. doi: 10.1080/13547500902829375.

www.impactjournals.com/oncotarget

36418

Oncotarget

