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Abstract The inhibitor of growth family member 3 (ING3) is
a member of the ING tumor suppressor family. Although its
expression has been reported in various types of cancers, the
role of ING3 and its prognostic value in prostate cancer (PCa)
has not been investigated. ING3 expression and prognostic
value was assessed in a cohort of PCa patients (n= 312)
treated with transurethral resection of prostate using
immumoflourescent automated quantitative analysis
(AQUA) system. In vitro studies were carried out in conjunc-
tion to investigate its expression in various PCa cell lines.
ING3 knockdown was also carried out in DU145 cell lines
to assess for any changes in invasion and migration. ING3
expression was highest in benign prostate tissues (mean 3.2
±0.54) compared to PCa (mean 2.5±0.26) (p=0.437), ad-
vanced prostate cancer (AdvPCa) (mean 1.5 ± 0.32)

(p=0.004), and castration-resistant prostate cancer (CRPC)
(mean 2.28±0.32) (p=0.285). ING3 expression was inverse-
ly correlated to Gleason score (p=0.039) and ETS-related
gene (ERG) expression (p=0.019). Higher ING3 expression
was marginally associated with lethal disease (p=0.052), and
this was more pronounced in patients with ERG-negative sta-
tus (p=0.018). Inhibition of ING3 in DU145 PCa cells using
small interfering RNA (siRNA) was associated with de-
creased cell invasion (p=0.0016) and cell migration com-
pared to control cells. ING3 is significantly associated with
PCa disease progression and cancer-specific mortality. To our
knowledge, this is the first report suggesting an oncogenic
function of ING3, previously well known as a tumor suppres-
sor protein. Further studies should investigate potential-
related pathways in association to ING3.
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Abbreviations
ING3 Inhibitor of growth member 3
CRPC Castration-resistant prostate cancer
GS Gleason score
PCa Prostate cancer
ERG ETS-related gene
PCK Cytokeratin
DAPI 4′,6-Diamidino-2-phenylindole dihydrochloride

Introduction

Prostate cancer (PCa) is the most commonmalignancy in men
and the second leading cause of cancer-related deaths inWest-
ern countries [1]. It is expected that one in six men will
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develop PCa in their lifetime [2] with estimated 233,000 new
cases and 29,480 deaths to have occurred in 2014 in USA [3].
The inhibitor of growth family member 3 (ING3) is a member
of the ING family type II of tumor suppressors, which repre-
sent novel tumor suppressors comprised of five conserved
genes ING1–ING5 [4]. ING proteins were identified in differ-
ent organisms such as mouse, frog, worms, yeast, and human.
Mutations and alterations of INGs have been reported in dif-
ferent types of cancer [5–7].

ING3 encoding a 47 kDa protein with 418 amino acids is
located on chromosome 7q31, and it is expressed in various
normal human tissues and is suggested to play a role in apo-
ptosis and cell cycle regulation [8, 9].

Recent studies have suggested that ING3 has tumor sup-
pressor functions [5–7]. For instance, deregulation of ING3
expression has been found in human head and neck squamous
cell carcinomas, hepatocellular carcinoma (HCC), and mela-
nomas [6, 9, 10]. In another study, overexpression of ING3 in
colon cancer cell lines induced apoptosis and inhibited tumor
cell growth through mechanisms involving cell cycle regula-
tion [8].

The ETS-related gene (ERG) belongs to the erythroblast
transformation specific erythroblast transformation specific
(ETS) family of transcription factors, which consists of 29
genes, subdivided into 13 groups [11]. ERG fusion was first
described in Ewing’s sarcoma and acute myeloid leukemia
[12]. The ERG gene has been reported to have a normal bio-
logical function in regulating cellular differentiation, cell
growth, and angiogenesis [13].

In clinical cohorts, ERG has been proposed to be associated
with specific molecular subtypes of PCa and may be of po-
tential prognostic value, but this is not uniformly noted in all
publications, [14–19].

Metastasis is one of the main hallmarks of cancer, and there
are different procedures to assess metastatic potential in in vitro
studies. One methodology is evaluating epithelial-mesenchymal
transition (EMT) which changes the morphology of epithelial
cells from firm organized to more spindle-like in order to travel
to distant organs. Therefore, demonstrating levels of EMT
markers such as E-cadherin, N-cadherin, Twist, and Snail in
prostate cancer cell lines where ING3 is manipulated would
support the role of ING3 in prostate cancer aggressiveness.

The role and function of ING3 in PCa have not yet been
investigated. In this study, we investigated the prognostic value
of ING3 in a cohort of prostate cancer patients treated by trans-
urethral resection of prostate (TURP) and characterized the role
of ING3 its biological role in vitro using several PCa cell lines.

Material and methods

Cell culture and transfections

Human PCa cell lines Vcap, LNCaP, PC3, and DU145 as well
as immortalized prostate cell line RWPE-1 were from the
American Type Culture Collection (Rockville, MD, USA)
and were cultured following the manufacturer’s instructions
[20–23].

To study the effect of ERG on ING3 expression, we gen-
erated stable clones of RWPE-1 and LNCaP cell lines overex-
pressing ERG as shown in Supplementary Fig. 1. The PC3-
ERG stable cell line was obtained from Dr. Felix Feng, Uni-
versity of Michigan. VCaP cells were transiently transfected
with either non-targeting control small interfering RNA
(siRNA) or siRNA against ERG custom synthesized
(GAUCCACGCUAUGGAGUA) (Sigma, St. Louis, MO,

Fig. 1 Fluorescent immunohistochemical staining of ING3 in prostate
samples. Representative samples of TMA cores showing fluorescent
immunohistochemical staining of ING3 using AQUA platform of two
prostate tissue samples. Benign core (A–D) and cancer core (E–H).

Immunofluorescence, using AQUA system, is shown for the
localization of ING3 (red; B, F) and cytokeratin (green; C, G). DAPI
was used as a nuclear stain (D, H). Merged images for all three stains
(A, E). (Image provided by Mr. Brant Pohorelic)
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USA) using Lipofectamine RNAiMax reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s proto-
col. To assess the functional role of ING3, we transfected
DU145 (originally expressing high ING3 levels) with either
siRNA against ING3 or non-targeting control siRNA using
Lipofectamine RNAiMax reagent (Invitrogen).

qRT-PCR analyses

Total RNAwas extracted using miRNeasy®Mini Kit (Qiagen
Sciences, Maryland, USA; cat. number 1038703), and reverse
transcription was performed using qScript™ cDNASuperMix
(Quanta BioSciences TM, Gaithersburg, MD, USA) by Au-
thorized Thermal Cycle Eppendorf. The primers used for
quantitative reverse transcription PCR (qRT-PCR) are listed
in Supplementary Table 1. Beta glucuronidase (GUSB) was
used as an internal control. Three independent experiments
were performed; each one had reactions in triplicates.

Western blot analysis

Western blotting was performed as previously described in
[24]. Primary antibodies used in this study are anti-ING3
(2A2) mouse monoclonal (Riabowol’s Lab, Antibody Fa-
cility University of Calgary), anti-β-Actin (Cell Signaling
Technology, Danvers, MA, USA), anti-ERG (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Santa Cruz Biotechnology). The signals were detected

with an enhanced chemiluminescence kit (Pierce ECL
Western Blotting Substrate) (Thermo Scientific, Rockford,
IL, USA).

Invasion assay

The CytoSelectTM 24-well cell invasion assay basement mem-
brane, Flourometric Format kit (catalogue number CBA-111,
Cell Biolabs Inc., San Diego, CA. USA), was used according
to the manufacturer protocol to determine the invasion ability
of DU145 cells after ING3 knockdown.

Wound-healing assay

Awound was created on a monolayer of confluent cells cul-
tured in 6-well plates by scratching using a p200 pipette tip.
The wounded monolayer was then washed twice with fresh
cell culture media to remove debris. At that point, cell-free
space was compared by images taken byMoticam Pro camera
(Hong Kong, China) at different times 0, 16, and 24 h.

Clinical samples

Patients and tissue microarray construction

The study cohort consisted of 312 PCa patients treated with
TURP between 2005 and 2008 at University of Calgary,
Rockyview General Hospital. A total of two tissue microarray
blocks were constructed with an average of two cores
(0.6 mm) taken from each patient sample reflecting total
Gleason score (GS). After construction, the diagnosis and
GS were verified on the initial HE slides. GS was assessed
using the 2005 ISUP criteria [25]. All clinical and pathological
information were collected with approval of the institutional
ethical review board at the University of Calgary. Patients
were grouped into three categories:

1. Patients with unsuspected PCa; defined as patients with
no previous diagnosis of PCa, found to have PCa with GS
≤7at the time of histological examination.

2. Patients with advanced prostate cancer (AdvPCa); defined
as patients with no prior diagnosis of PCa, but for whom
the histological findings demonstrate a GS of 8–10.

3. Patients with castration-resistant prostate cancer (CRPC);
defined as patients with previous diagnosis of PCa who
were treated by LH-RH agonists and progressed requiring
channel TURP to relieve obstructive symptoms.

A total of 615 cores from two tissue microarray (TMAs)
were available. They included benign prostate tissue (n=83),
localized PCa cores (n=233), AdvPCa (n=173), and CRPC
cores (n=126), assembled into two TMAs.

Table 1 Patients’ demographics in relation to ING3 expression in
clinical samples

ING3 ≤ 0.155 ING3> 0.155 p Value

PCa death 0.014

Yes 9 (10.0 %) 47 (22.0 %)

No 81 (90.0 %) 167 (78.0 %)

Gleason score 0.604

<7 29 (31.9 %) 66 (32.4 %)

7 18 (19.8 %) 31 (15.2 %)

7 (3 + 4) 11 (12.1 %) 20 (9.8 %)

7 (4 + 3) 7 (7.7 %) 11 (5.4 %)

>7 44 (48.4 %) 107 (52.5 %)

Tumor volume 0.092

≤5 % 19 (28.8 %) 27 (18.5 %)

>5 % 47 (71.2 %) 119 (81.5 %)

Patient subgroup 0.242

PCa 45 (47.9 %) 92 (44.2 %)

AdvPCa 34 (36.2 %) 65 (31.3 %)

CRPC 15 (16.0 %) 51 (24.5 %)
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ERG and AR protein expression assessment
by immunohistochemistry

ERG immunohistochemistry was carried out as previously
described [18]. Briefly, paraffin-embedded sections were
placed on slides and incubated with sodium citrate buffer
(10 mM pH 6.0) for 40 min. Slides were kept at room tem-
perature to cool down for about 20–30 min. Immunohisto-
chemistry was performed using automated Ventana
autostainer. Slides were then incubated with ERG rabbit
monoclonal antibody (Epitomics, clone EPR 3864) at 1:50
dilution. Androgen receptor (AR) immunohistochemistry
was performed on Leica Bond Max platform (Leica
Microsystems, Wetzlar, Germany). Sections were subjected
to heat-induced antigen retrieval for 30 min using Leica Epi-
tope Retrieval Solution 2. Slides were then incubated with
androgen receptor mouse monoclonal antibody from Santa
Cruz clone AR441 (catalogue # sc-7305) for 15 min at a
1:200 dilution. Expression of ERG and AR were assessed
based on the intensity of the protein level where 0, 1, 2, and
3 were considered negative, weak, moderate, and strong pro-
tein level intensity, respectively.

Assessment of ING3 by immunoflourescent imaging system
(AQUA)

ING3 protein expression was assessed by fluorescence immu-
nohistochemical staining using an Aperio Scanscope FL
(Aperio Inc., Vista, CA, USA) for the Automated Image Ac-
quisition and Analysis (AQUA). Using this system, ING3
nuclear staining was red and counterstained blue with 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI). The gen-
erated score was a percentage of the nuclear area that was
positive for ING3 and nuclear staining which was stained blue
by DAPI. ING3 positivity was determined based on threshold
image levels to remove background. Samples were separated
according to the percentage of cells expressing ING3, into two
groups (≤0.15 vs. ≥0.15) based on fluorescent immunohisto-
chemical staining of ING3 using AQUA platform. The 0.155
cutoff was determined using the Charité Cutoff Finder: http://
molpath.charite.de/cutoff/index.jsp and was found to be the
most significant cutoff point [26]. Further analyses were
then performed based on this cutoff.

Statistical analysis

Statistical analyses were carried out using the Statistical Pack-
age for Social Sciences, version 19.0 (SPSS, Chicago, IL,
USA). Graphing was carried out using the GraphPad Prism
6 software package. Two-sided Student’s t test and the Mann–
Whitney test were used for statistical comparisons between
controls and ERG cells. Correlations between ING3 expres-
sion and ERG, GS, tumor volume, and lethal disease were

evaluated by the Spearman’s test. The Kaplan–Meier and
Cox regression hazard tests were applied for the analysis of
follow-up data. Unless otherwise mentioned, the mean for the
corresponding number of experiments was plotted together
with the SEM. The degrees of significance are indicated as
*p<0.05, **p<0.01.

Results

ING3 expression in clinical prostate samples

To explore ING3 expression in prostate cancer, we utilized a
cohort of (n=304) patients who were diagnosed with PCa by
TURP and then used the AQUA analysis system to determine
the association of ING3 expression and prostate disease pro-
gression. Based on the 0.15 cutoff proposed above, our cohort
of 304 patients was grouped into 90 patients with low ING3
and 214 with high ING3 expressions (Table 1).

ING3 staining was mainly located at the nuclear compart-
ment, and its expression was decreased with disease progres-
sion as shown in Fig. 1. ING3 mean percentage expression
was highest in benign prostate tissues (mean 3.2±0.54) com-
pared to PCa (mean 2.5±0.26) (p=0.437), AdvPCa (mean
1.5 ± 0.23) (p = 0.004), and CRPC (mean 2.28 ± 0.32)
(p=0.285) (Fig. 2a). This was significant when comparing
ING3 mean percentage expression in benign prostate tissues
(mean 3.2±0.54) with all types of prostate cancer progression
combined (PCa/Adv/CRPC) (mean 2.13± 0.16) (p=0.015)
(Fig. 2b).

ING3 and Gleason score in clinical samples

To investigate the correlation between ING3 expression and
Gleason score, PCa clinical samples were grouped into three
categories GS<7, GS 7 (3+4), and GS 7 (4+3). Our results
showed that higher ING3 expression was significantly and
inversely associated with GS (4+3) compared to GS (3+4)
or GS<7 (p<0.041) (Supplementary Fig. 2).

ING3 and patients’ outcome

Patients with lower expression of ING3 showed marginally
significant better cancer-specific mortality outcome compared
to patients with higher ING3 expression (n=304; p<0.052)
(Fig. 2c). This significance was more pronounced in the group
of patients with ERG-negative tumors (p=0.018) (Fig. 2d).
Using Cox regression analysis, ING3 mean percentage ex-
pression was still significant in predicting lethal outcome
when considering GS and tumor volume (p<0.027) (Table 2).
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ING3 expression in the prostate cancer cell lines

Examining ING3 messenger RNA (mRNA) levels using qRT-
PCR showed upregulation of ING3 expression in both VCaP
and LNCaP PCa cell lines compared to RWPE-1 (p<0.007
and p<0.0003), respectively. ING3mRNA expression in PC3

and DU145 cells was significantly downregulated compared
to RWPE-1, p < 0.0007 and p < 0.0003, respectively
(Supplementary Fig. 3). However, ING3 protein levels were
detectable at relatively comparable levels in all PCa cell lines

Table 2 Multivariate analysis of study cohort of key pathological
parameters and in relation to patients’ outcome

p Value Hazard ratio

Gleason score

GS ≤7 vs. >7 0.001 3.602

ING3 % positive

≤0.155 vs. >0.155 0.027 2.059

Tumor volume

≤5 vs. > 5 % 0.589 1.789

Fig. 2 ING3 expression in clinical samples. Mean expression of the
percentage of cells which expressed nuclear ING3 protein levels in
correlation with disease progression between benign and each type of
prostate cancer progression (PCa, AdvPCa, and CRPC) separately (a)
and between benign and all combined progression of prostate cancer
samples (b). The overall survival analysis of patients with tumors
expressing low ING3 levels (below median, <0.15) compared to
patients with high levels of ING3 in all prostate cancer samples (c) and

in ERG-negative samples (d). Significant differences in the overall
survival between both groups were determined by Kaplan–Meier
survival analysis. Error bars represent 95 % CI of mean percentage of
cells expressing ING3 based on AQUA analysis. (BN benign, PCa
localized prostate cancer, AdvPCa advanced prostate cancer, CRPC
castration-resistant prostate cancer). The primary antibody used is anti-
ING3 (2A2)

Fig. 3 ING3 expression in prostate cell lines. Of total protein cell lysate
from all prostate cell lines, 40 μg was used to determine the protein level
of ING3. Western blot performed on all prostate cancer cell lines was
compared to the immortalized prostate cell line RWPE-1. ING3 (2A2)
antibody was utilized in Western blot experiments. HEK293 cell lines
were used as positive control for ING3 expression, and GAPDH was
used as an internal control
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(LNCaP, VCaP, and DU145 cell lines as well as in the
immortalized prostate cell line RWPE-1) with the exception
of PC3 cell line that expresses ING3 at low levels (Fig. 3).

ING3 increases cell invasion and migration in prostate
cancer cell lines

To assess the biological role of ING3 in PCa, we per-
formed cell invasion and migration assays in DU145
cells (originally expressing higher levels of ING3) after
ING3 knockdown using siRNA. The effectiveness of
ING3 knockdown is shown in Supplementary Fig. 4.
Invasion assessed after 48 h demonstrated a significant
decrease in ING3 knocked down cells compared to the
control cells (Fig. 4a). Similarly, the migration ability
assessed after 24 h was decreased in ING3 knocked
down cells compared to the control (Fig. 4b).

ERG affects ING3 expression in PCa cell lines

To study the influence of ERG on ING3 expression, we used
RWPE-1, LNCaP, and PC3 cell lines stably expressing ERG.
VCaP cells, which harbor TMPRSS2-ERG gene fusion, were
used as a positive control for ERG expression. ING3 mRNA
expression was downregulated in all the cell lines stably ex-
pressing ERG; RWPE-1-ERG, LNCaP-ERG, and PC3-ERG
compared to their control cell lines expressing either GFP or
luciferase (p< 0.001, p< 0.0001, p< 0.0003, respectively)
(Fig. 5a). At the protein level, ING3 did not show significant
changes in RWPE1-ERG or LNCaP-ERG cells; however,

there was a significant reduction in PC3-ERG in comparison
to the control PC3-Luc (Fig. 5b).

Discussion

The inhibitor of growth family member 3 (ING3) is a member
of the ING tumor suppressor family, which represents a novel
tumor suppressor family of proteins encoded by five-
conserved genes. ING3 is ubiquitously expressed in normal
human tissues and regulates gene transcription, cell cycle con-
trol, and apoptosis [27]. Deregulated ING3 expression has
been found in human head and neck squamous cell carcino-
mas, melanomas, and hepatocellular carcinoma [5–7]. How-
ever, no previous studies have examined ING3 expression
levels and its function in prostate cancer or investigated its
relation to TMPRSS2-ERG gene rearrangements.

A study by Lu et al. [10] investigated expression of ING3
in HCC and showed lower levels of ING3 in cancer samples
compared with normal liver tissues using both cell lines and
human samples of HCC.Moreover, in the same study, wound-
healing assays on hepatocellular cell lines transfected with
ING3 showed a significant reduction of migration in those
cells. These studies suggest a tumor suppressor role of ING3
in this type of malignancy. In contrast to these studies, our
results demonstrated that lower ING3 levels in PCa is associ-
ated with a better survival rate compared to higher levels of
ING3. In addition, our observation in wound-healing and in-
vasion assays on DU145 cell line transfected with siRNA
ING3 showed that there was a reduction of invasion and

Fig. 4 Effect of ING3 expression on cancer cell invasion and migration.
a DU145 cells were transfected with siRNA, non-targeting (siControl)
and siRNA ING3. 5 × 104 cells per ml were left to transfer through
membrane for 24 and 48 h in triplicate; then, the mean ± SEM was
calculated. ING3 knocked down cells invaded through membrane in

significantly less numbers (**p < 0.01). b Monolayer of DU145 cells.
Cells transiently transfected with non-targeting siRNA (upper panel).
DU145 cells transiently transfected with siRNA ING3 (lower panel).
Cells were then subjected to a wound-healing assay, and images were
taken after 0, 16, and 24 h to assess migration
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migration. These findings present for the first time support a
potential oncogenic role of ING3 in PCa. To our knowledge,
only one study has suggested a tumor potentiating role of
another member of the ING family (ING2) in colon cancer,
where its expression levels were found to be upregulated in
this type of malignancy; however, this was not supported by
further functional studies [28]. In other studies, ING2 was
reported to play a tumor suppressor role in hepatocellular car-
cinoma, head and neck squamous cell carcinoma, and mela-
noma [29–31]. ING3, similar to ING2, showed downregula-
tion in those three types of cancer in addition to colon cancer.
The contradictory roles of the samemember of the ING family
suggest that ING proteins’ biological role is cell type-specific.

Our qRT-PCR results indicated a negative correlation be-
tween ERG and ING3 where ERG overexpressing cell lines
showed a significant decrease in ING3 expression in compar-
ison to their controls at the mRNA level. These findings are in
agreement with our clinical data where ERG-positive samples
showed a decrease in the percentage of cells that have nuclear
expression of ING3. It was interesting to observe that PC3-
ERG cell lines had lower levels of ING3 in comparison to
their PC3-Luc control cells, which was not the case in
RWPE1-ERG and LNCaP-ERG cells when compared to their
controls. In addition to the cell type differences, other factors
such as PTEN deletion and the presence of AR may have a
role in this discrepancy among the cells regarding the effect of
ERG on ING3 expression. This might suggest a role of AR in
regulating ING3 expression, as PC3 cells are AR negative
while RWPE-1 and LNCaP are AR positive. Therefore, the
excess amount of ERG could have acted as a negative feed-
back for the expression of AR [32]. The differences between
ING3 protein and mRNA levels in the ERG expressing cell
lines might also be attributed to posttranslational modifica-
tions, which warrants further investigation to explain the dis-
crepancies between mRNA and protein levels.

In conclusion, this study is the first to report the expression
of ING3 in prostate cancer and the association of this expres-
sion with ERG gene fusion. One of the main novelties of our
study is that it is the first to investigate the expression levels of
ING3 in relation to disease progression and clinical outcome
of prostate cancer patients. In addition, this is the first study to
demonstrate direct evidence about the oncogenic role of
ING3, a protein that has been only known as a tumor suppres-
sor. Further studies to elucidate the detailed mechanistic path-
ways involved in the functional role of ING3 and its therapeu-
tic usage in prostate cancer are warranted.
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