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Abstract: Epithelial-mesenchymal transition (EMT) is a crucial step in tumor progression and has an important role
during cancer invasion and metastasis. The proteins of the inhibitor of growth (ING) candidate tumor suppressor
family are involved in multiple cellular functions such as cell cycle regulation and apoptosis. ING5 is a member of
the family. However, the role of ING5 in breast cancer is still unclear. Thus, the aim of this study is to explore the role
of ING5 in breast cancer. In the present study, we showed that ING5 is involved in the pathogenesis of breast cancer.
ING5 is down-regulated in breast cancer tissues and cell lines. Overexpression of ING5 significantly inhibited breast
cancer cell migration, invasion, and EMT phenotype, moreover, overexpression of ING5 significantly the phosphory-
lation of PI3K and Aktin in breast cancer cells. In conclusion, our findings show that ING5 can efficiently inhibit the
EMT progression in breast cancer cells by suppressing PI3K/Akt signaling pathway. Therefore, ING5 may be a good

molecular target for the prevention and treatment of breast cancer.
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Introduction

Breast cancer is the leading malignancy in
women worldwide and the incidence rates have
been increasing annually [1]. In the past several
decades, the treatment of breast cancer mainly
includes the surgical resection of the tumors
and high toxicity chemotherapy. Unfortunately,
the clinical outcome of patients remains unsat-
isfactory [2]. This is largely because of a lack of
understanding regarding the molecular mecha-
nisms behind breast cancer. Therefore, dis-
secting the molecular mechanisms that regu-
late breast cancer progression may facilitate
the advancement of clinical treatment.

The inhibitor of growth (ING) gene family
includes ING1, ING2, ING3, ING4 and ING5. All
ING proteins share a highly conserved carboxy-
terminal plant homeodomain (PHD) and are
involved in the control of cell growth, senes-
cence, apoptosis, DNA repair and chromatin
remodeling [3-5]. One of the ING family genes,
ING5, has been demonstrated to play impor-
tant roles in the progression of tumor. Several

studies have reported that ING5 expression is
decreased in many tumors, including oral squa-
mous cell carcinoma, head and neck squamous
cell carcinoma and gastric carcinoma [6-8]. In
addition, it has been reported that ING5 affects
adhesion, migration, invasion, epithelial-mes-
enchymal transition (EMT) and apoptosis of
tumor cells [8-10]. However, the role of ING5 in
breast cancer is still unclear. Thus, the aim of
this study is to explore the role of ING5 in breast
cancer. In this study, we have analyzed ING5
expression and function in human breast can-
cer, identifying apotential tumor suppressor
role in breast, mainly involved in inhibition of
EMT and cell invasion.

Materials and methods
Tissue specimens

Breast cancer tissues were obtained from
patients undergoing surgical treatment at the
Department of Oncology, The Second Affiliated
Hospital of Medical College Qing Dao University,
during the period from 2012 to 2014. The histo-
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logical types and grades of the primary tumors
were determined according to the diagnostic
criteria of the WHO Classification of Tumors of
the Breast. Healthy tissue samples were from
non-pathologic areas distant from tumors in
surgical specimens. All fresh samples were
immediately frozen after resection and stored
at-80°C until use. Informed consent for the sci-
entific use of biological material was obtained
from all patients and the work has been
approved by the local Ethical Committee.

Cell culture

Human breast cancer cell lines (MDA-MB-231
and MCF-7) and human mammary epithelial
cells (HMEC) were purchased from The
American Type Culture Collection (ATCC,
Manassas, VA) and maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 10%
fetal bovine serum (FBS), 2 mmol/I L-glutamine,
100 units/mL penicillin and 100 pg/ml strepto-
mycin (Sigma, St. Louis, MO, USA). All cells were
incubated in a 5% CO, humidified atmosphere
at 37°C.

Constructs and establishment of stable cell
lines

To generate stable ING5 overexpression cells,
breast cancer cells were infected with GV218-
EGFP-ING5 lentivirus construct (Genechem).
Single-cell clones were isolated by 5 pg/mi
puromycin for 48 h followed by 1 yg/ml puromy-
cin treatment. Empty vector-infected cells were
used as control.

RNA extraction and quantitative reverse tran-
scription polymerase chain reaction (RT-qPCR)

Total RNA was extracted from breast cancer tis-
sues and cells using Trizol reagent (Abcam,
Cambridge, UK). The cDNA was synthesized by
reverse transcription of total RNA, using the
Prime ScriptH RT reagent kit (Takara, Dalian,
China) with oligo-dT primers, based on the
manufacturer’s instructions. Real-time quanti-
tative PCR reactions were performed on the
Bio-Rad iQ5 real-time thermal cyclers using
SYBRH Premix Ex TaqTM Il kit (Takara, Dalian,
China). PCR amplification was performed using
the following primers: ING5, 5-TCCAGAACGCC-
TACAGCAAG-3’ (sense) and 5-TGCCCTCCATC-
TTGTCCTTC-3’ (antisense); and B-actin, 5’-TTA-
GTTGCGTTACACCCTTTC-3’ (sense) and 5-AC-
CTTCACCGTTCCAGTTT-3' (antisense). The PCR
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conditions included an initial denaturation step
of 94°C for 2 min, followed by 35 cycles of 94°C
for30s,56°Cfor 30 s,and 72°C for 2 min, and
a final elongation step of 72°C for 10 min. For
relative quantification, the levels of individual
gene mRNA transcripts were first normalized to
the control B-actin. Subsequently, the differen-
tial expression of these genes was analyzed by
the 222°T method and expressed as fold
changes.

Western blot

For protein extraction, cells were lysed in lysis
buffer containing 1% NP40, 1 mM EDTA, 50
mM Tris-HCI (pH 7.5) and 150 mM NaCl, sup-
plemented with complete protease inhibitors
mixture (Roche, Monza, Italy). The equal
amount of protein samples was separated by
10% SDS-PAGE and electro transferred onto
polyvinylidene difluoride membranes (Millipore,
Boston, MA, USA). Immunoblots were blocked
with 5% skim milk in TBS/Tween 20 (0.05%,
v/v) for 1 hour at room temperature. The mem-
brane was incubated with primary antibody
overnight at 4°C. Immunodetection of target
proteins [ING5, E-cadherin, N-cadherin, phos-
pho-PI3K, PI3K, phospho-Akt, Aktand [B-actin]
was performed using mouse monoclonal anti-
body (1:1,000; Santa Cruz Biotechnology) and
anti-B-actin antibody (Sigma, St. Louis, MO,
USA), respectively. Blots were then incubated
withhorseradishperoxidase-conjugatedIgG.Pro-
tein bands were evaluated by enhanced chemi-
luminescence (Thermo Fisher Scientific,
RockFord, IL, USA).

Transwell migration and invasion assay

For the migration assay, 5 x 10* cells transfect-
ed with overexpression-ING5 were suspende-
din serum-free medium and plated on cham-
bers (CorningCostar, NY, USA) that were not
coated with Matrigel. For the invasion assay, 5
x 10% cells transfected with overexpression-
ING5 were seeded into the upper chamber that
was precoated with Matrigel (BD Bioscience,
CA, USA). For both assays, medium containing
10% FBS was added to the lower chamber as a
chemoattractant. After incubating for 24 h at
37°C in the incubator supplemented with 5%
CO,, noninvasive cells in the upper chamber
were removed by wiping with a cotton swab,
and cells adhering to the lower membrane were
fixed with 4% paraformaldehyde, stained with
crystal violet solution, and then counted in 5
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random fields perwell under a light microscope
(100 x magnification).

Statistical analysis

All results are reported as means * SD.
Statistical analysis involved using the Student’s
t test for comparison of 2 groups or 1-way
ANOVA for multiple comparisons. P < 0.05 was
considered to be significant.

Results

ING5 is down-regulated in breast cancer tis-
sues and cells

To explore the potential role of ING5 in the
tumorigenesis of breast cancer, we detected
the ING5 mRNA levels in 12 paired primary
breast cancer tissues and the corresponding
adjacent normal tissues using RT-qPCR. As
shown in Figure 1A, the ING5 mRNA levels in
primary breast cancer tissues were obviously
lower than those in the adjacent normal breast
tissues. Consistent with the expression of ING5
in breast cancer tissues, ING5 mRNA and pro-
tein expression were also decreased in MDA-
MB-231 and MCF-7 cells (Figure 1B and 1C).
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Figure 1. Expression of ING5 in human breast cancer
tissue samples and cell lines. A: mRNA expression of
ING5 was analyzed by RT-PCR. SOX1 mRNA levels in
breast cancer were obviously lower than that in nor-
mal breast tissues, “P < 0.05 compared to normal
breast tissues; B: Representative mRNA expression
of ING5 in breast cancer cell lines; C: Representative
Western image of ING5 protein in breast cancer cell
lines. All experiments were repeated at least three
times. Data are presented as mean + SD. "P < 0.05
compared to the HMEC group.

These results suggest that ING5 is down-regu-
lated in breast cancer.

ING5 inhibits breast cancer cell migration an-
dinvasion

One characteristic oftumor metastasis is the
increased ability of tumor cellsmigration [11].
Thus, we investigated the effect of ING5 on cell
migration by transwell migration assay in breast
cancer cells. As shown in Figure 2, the expres-
sion levels of ING5mRNA and protein were obvi-
ously increased in MDA-MB-231 and MCF-7
cells, respectively (Figure 2A and 2B). In addi-
tion, ING5 overexpression significantly inhibited
migration of MDA-MB-231 cells (Figure 2C).
ING5 overexpression could also significantly
suppress MDA-MB-231 cells from invading
through Matrigel-coated polycarbonate filter in
the transwell chamber (Figure 2D). Similar
results were observed in MCF-7 cells (Figure 2E
and 2F).

ING5 inhibits the EMT process in breast can-
cer cells

EMT plays an important role in promoting tumor
invasion and metastasis [12]. In order to inves-
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Figure 2. ING5 inhibited the migration and invasion of breast cancer cells. A: The Mrna and protein expression
of ING5 in overexpression-ING5-transfected MDA-MB-231 cells; B: The mRNA and protein expression of ING5 in
overexpression-ING5-transfected MCF-7 cells; C and D: ING5 inhibited the migration and invasion of MDA-MB-231
cells; Eand F: ING5 inhibited the migration and invasion of MCF-7 cells. All experiments were repeated at least three
times. Data are presented as mean + SD. “P < 0.05 compared to the mock group.

tigate whether ING5 decreased breast cancer
cell invasion by inhibiting EMT, we analyzed
mRNA level of several EMT markers in MDA-
MB-231 and MCF-7 cells transfected with
ING5-overexpressing. As shown in Figure 3A,
RT-gPCR results showed that ING5 obviously
increased mRNA level of E-cadherin, an epithe-
lial marker, and decreased mRNA levels of
N-cadherin, a mesenchymal marker, in MDA-
MB-231 cells. Similar results were observed in
MCF-7 cells (Figure 3B). Moreover, western blot
analysis demonstrated that ING5 obviously
increased protein level of E-cadherin, an epi-
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thelial marker, and decreased protein levels of
N-cadherin, a mesenchymal marker, in MDA-
MB-231 and MCF-7 cells, respectively (Figure
3C and 3D).

ING5 inhibits PI3K/Akt signal pathway involved
in the block of EMT, migration and invasive-
ness

PI3K/Akt signaling pathway plays an important
role in cancer cell growth and invasion [13-15].
To explore the molecular mechanisms by which
ING5 contributes to these malignant features,
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Figure 3. ING5 inhibits the EMT process in breast cancer cells. A and B: Representative images of relative mRNA
level of E-cadherin and N-cadherinin overexpression-ING5-transfected MDA-MB-231 and MCF-7 cells, respectively.
C and D: Representative images of relative protein level of E-cadherin and N-cadherinin overexpression-ING5-trans-
fected MDA-MB-231 and MCF-7 cells, respectively. All experiments were repeated at least three times. Data are
presented as mean * SD. "P < 0.05 compared to the mock group.

we investigated the effect of ING5 on phos-
phorylation levels of PI3K and Akt in breast
cancer cells. As shown in Figure 4, Western blot
showed that ING5 significantly inhibited the
phosphorylation of PISBK and Aktin MDA-
MB-231 cells.

Discussion

ING5 belongs to the ING candidate tumor sup-
pressor family. In the present study, we showed
that ING5 is involved in the pathogenesis of
breast cancer. ING5 is down-regulated in breast
cancer tissues and cells. Overexpression of
ING5 significantly inhibited breast cancer cell
migration, invasion, and EMT phenotype.
Moreover, overexpression of ING5 significantly
the phosphorylation of PI3K and Aktin in breast
cancer cells.

Aberrant expression of ING5 has been found in
several tumors. In this study, we observed that-
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ING5 is down-regulated in breast cancer tis-
sues and cells. Our observations are consistent
with numerous reports of reduced ING5 expres-
sion in many cancers, including lung cancer
[16] and hepatocellular carcinoma [17].
Together, these studies indicate that ING5
plays a central role in the pathogenesis of
these cancers.

Very recently, several studies demonstrated
that other ING family proteins are involved in
breast cancer growth, migration and invasion.
For example, Xu et al. reported that adenovirus-
mediated ING4 (Ad-ING4) treatment could
induce in vitro significant growth suppression
in both mutant p53 MDA-MB-231 and wild-type
p53 MCF-7 breast carcinoma cells despite p53
status, and intratumoral injections of Ad-ING4
in nude mice bearing mutant p53 MDA-MB-231
breast tumors remarkably inhibited the human
breast xenografted tumor growth [18]. Thakur

Int J Clin Exp Med 2015;8(9):15498-15505
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et al. reported that ING1 overexpression also
blocked cancer cell metastasis in vivo and elim-
inated tumor-induced mortality in mouse mod-
els [19]. Consistent with previous findings, in
this study, we observed that ING5 inhibited
breast cancer cell migration and invasion.
These data suggest that ING5 plays an impor-
tant role in inhibiting breast cancer cell migra-
tion and invasion.

EMT is considered as one of critical steps in
breast cancer metastasis and invasion [20-22].
Generally, increased motility and invasion are
positively correlated with EMT, which is charac-
terized by repression of epithelial markers and
induction of mesenchymal markers, and reduc-
tion or a loss of E-cadherin expression is one of
the well-established hallmarks of EMT [23]. In
this study, we observed that ING5 obviously
increased the level of E-cadherin mRNA and
protein, and decreased the level of N-cadherin
mRNA and proteinin breast cancer cells.
Overall, our results suggest that ING5 negative-
ly regulates EMT, consequently markedly
affects cell migration and invasion in vitro.

The molecular mechanism of ING5 involvement
in the loss of the mesenchymal-like phenotype
in breast cancer cells awaits further investiga-
tion. Several signaling pathways may contribute
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Figure 4. ING5 inhibits PI3K/Akt signaling pathway in
breast cancer cells. A: The levels of phosphorylated
PI3K, total PI3K, phosphorylated Akt and total Akt in
MAD-MB-231 cells transfected with overexpression-
ING5 or mock were determined by western blot. B and C:
The relative protein expression levels of p-PI3K and p-Akt
were quantified using Image-Pro Plus 6.0 software and
normalized to B-actin. All experiments were repeated at
least three times. Data are presented as mean + SD. “P
< 0.05 compared to the mock group.
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to EMT progression [24-27]. The PI3K/Akt path-
way is known to play a critical role in human
cancer initiation and progression, and is also
associated with the induction of EMT [28]. It
has been reported that expression of activated
Akt in epithelial cells results in loss of cell-cell
adhesion, loss of apical-basolateral cell polar-
ization, induction of cell motility, and changes
in the expression or the distribution of various
epithelial and/or mesenchymal markers [29].
In this study, we found that ING5 significantly
inhibited the phosphorylation of PI3K and Aktin
breast cancer cells. These results support the
notion that ING5 inhibits cell invasion and EMT
through suppressing PI3K/Akt signaling path-
way.

In conclusion, our findings show that ING5 can
efficiently inhibit the EMT progression in breast
cancer cells by suppressing PI3K/Akt signaling
pathway. Therefore, ING5 may be a good molec-
ular target for the prevention and treatment of
breast cancer.
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