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Abstract
The androgen receptor (AR) is a transcriptional factor that has
a pivotal role in the development of normal and also cancerous
prostate. Therefore, analyzing AR signaling is essential to
understand cancerogensis and proliferation of prostate cancer
(PCa). Inhibitor of growth 1 (ING1) and ING2 are tumor
suppressors with reduced expression in many cancer types.
There are also indications of misregulation of ING1 and
ING2 in PCa. However, the roles of ING1 and ING2 in PCa
and AR signaling are poorly understood. Here, we show that
surprisingly the ING1b knockdown (KD) represses AR-
mediated transactivation on AR key target genes in the human
LNCaP PCa cells. This is associated with growth reduction of
LNCaP cells by ING1KD. In line with this, using Ing1 knock-
out (KO) mice, we provide further evidence that ING1 defi-
ciency downregulates prostate-specific AR target genes
in vivo. Further analyses suggest that KD of ING1b results
in induction of both cellular senescence and the cell cycle
inhibitor p16INK4a. The unexpected finding that the ING1
KD results in growth inhibition was further analyzed and
can be explained by a compensatory mechanism through en-
hanced levels of ING2 protein in ING1-deficient condition.

Accordingly, the data suggest that ING2 interacts with AR and
hampers the AR transcriptional activation, causes growth ar-
rest, and induces cellular senescence. The data further suggest
that ING2 upregulates p16INK4a, which is a novel target for
ING2. Taken together, our data suggest that ING2 is a novel
corepressor for AR. ING2 levels are increased upon downreg-
ulation of ING1 expression indicating a compensatory mech-
anism and suggests a novel crosstalk between ING1 and
ING2 tumor suppressors to inhibit AR signaling and induce
cellular senescence in PCa cells.

Key message
• The tumor suppressors ING1 and 2 are dysregulated in

human prostate cancer.
• ING1 deficiency reduces AR-mediated gene expression

in vitro and in vivo.
• ING2, like ING1, inhibits AR-mediated transactivation and

prostate cancer cell growth.
• ING1 regulates ING2.
• ING1 and ING2 crosstalk with each other to inhibit AR

signaling in prostate cancer.
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Introduction

Prostate cancer (PCa) is the most common diagnosed cancer
and the second leading cause of cancer mortality for males in
many western countries [1]. While age is a major risk factor
for this disease, hormone levels might also contribute to
growth of the tumor. Androgens play an important role by
regulating the growth of both normal prostate and PCa via
the ligand-controlled transcription factor androgen receptor
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(AR) [2], which is a member of the nuclear hormone receptor
superfamily. Therefore, AR represents a major drug target in
the treatment of PCa.

The AR signaling is activated by the binding of its ligands
either androgens (AR agonists) or antiandrogens (AR antago-
nists) to the receptor, leading to AR translocation into the
nucleus where it binds to androgen response element (ARE)
on the promoter of its target genes [3]. Upon binding to ARE,
the liganded AR recruits coregulators which as a complex
regulate the transcription of AR target genes [4]. The recruit-
ment of coactivators leads to transactivation, while the recruit-
ment of corepressors results in inhibition of AR target gene
expression. The genes regulated by AR are important for the
development and physiological function of the normal pros-
tate as well as for the proliferation of cancerous prostate tissue.
The AR signaling does not only play a role in transcriptional
regulation but can also direct the fate of PCa. The effect of
androgens and the AR on the invasion and proliferation of
PCa cells have been well established [5, 6]. On the other hand,
AR antagonists and the AR have also been reported to be
involved in the induction of apoptosis and cellular senescence
of PCa cells [7, 8]. However, the possibility to inhibit the
androgen-activated AR by cellular tumor suppressors that
act as AR corepressors is not fully understood.

The inhibitor of growth (ING) family of proteins represents
a tumor suppressor family. Among the family members, ING1
and ING2 have been studied as a subgroup due to their highly
conserved amino acid sequences and similarity in tumor sup-
pressive functions [9]. ING1b is the most widely expressed
isoform of ING1, while ING2a is the major isoform of ING2.
Their tumor suppressor functions have been concerned with
many biological processes including gene transcription, cell
growth control, apoptosis, and cellular senescence [10, 11].
Their role as tumor suppressors is supported by the fact that
their expression is decreased or lost in many human tumors
[12]. Moreover, both Ing1 and Ing2 knockout (KO) mice were
reported to promote tumor development [13–15]. However,
analyzing the available microarray gene expression data from
Oncomine database [16] has revealed that ING1 or ING2
messenger RNA (mRNA) is controversially either upregulat-
ed or downregulated in PCa compared to normal prostate
gland [17–21]. One study has revealed an inverse expression
of ING1 and ING2 in human PCa specimens, correlating a
reduced ING1 expression with an increase of ING2 level [18].

A recent study of our research group reports that ING1b
acts as a novel corepressor for AR [22]. ING1b was found to
physically interact with AR both in vitro and in vivo. The
overexpression of ING1b resulted in an inhibition of AR-
mediated transactivation and the growth of PCa cells, while
the primary mouse embryonic fibroblasts (MEFs) from
ING1b KO mouse [13] exhibited enhanced AR activity [22].

Surprisingly, knockdown (KD) of ING1b also resulted in
reduction of AR signaling and inhibition of PCa cell growth.

Similar results were also detected for prostate-specific AR
target genes in Ing1 KO mice. Therefore, we were wondering
whether the ING1b-related factor, ING2, might compensate
for ING1 and also interferes with AR signaling in ING1-
deficient condition. The data suggest that ING2 expression
is increased in both the complete Ing1 KO mice prostate and
the ING1b KD LNCaP cells. Also, we show that ING2 re-
presses AR-mediated transactivation, which could be the un-
derlying molecular mechanism of repression of AR-mediated
transactivation in the genetic Ing1 KO or ING1b KD back-
grounds. It further indicates that ING2 is also a corepressor for
the AR. Accordingly, the expression of ING2a downregulates
ING1b, which indicates a crosstalk between the two tumor
suppressors. Thus, we provide a novel crosstalk between
ING1 and ING2 and a compensatory mechanism in regulating
AR-mediated transactivation.

Materials and methods

Cell culture and retroviral transduction

MEFs [14] isolated from 15.5-day embryos were cultured in
DMEM supplemented with 10 % fetal bovine serum (FBS),
1 % penicillin/streptomycin, and 25 mM HEPES (pH 7.8).
The androgen-dependent human PCa cell line LNCaP [23]
was cultured in RPMI1640 supplemented with 10 % FBS,
1 % penicillin/streptomycin, 25 mM HEPES (pH 7.8), and
1 % sodium pyruvate. Castration-resistant prostate cancer
(CRPCa) cells C4-2, PC3, and PC3-AR were cultured as de-
scribed earlier [22]. Phoenix-Eco, which is a retroviral pack-
aging cell line for the generation of helper-free ecotropic ret-
roviruses, was cultured in the same medium as MEFs, except
that FBS was 10 % heat inactivated. All cells were cultivated
in a humidified atmosphere with 5 % CO2 at 37 °C. The cells
were cultured in charcoal-stripped serum (CSS) containing
media when hormone depletion was needed.

Retroviral gene transfer into LNCaP cells was performed
essentially as described earlier [22]. In brief, for virus produc-
tion, Phoenix-Eco cells are transiently transfected with the
retroviral vector of interest using the CaPO4 method. After
48 h, the medium containing viral particles was filtered, dilut-
ed with fresh medium in the presence of polybrene, and added
to the human PCa cells, which were expressing the ecotropic
receptor for the ecotropic virus entry. Infected cells were se-
lected with puromycin for 10–15 days for successful transduc-
tion. Selected cells were then pooled for the assays.

Growth assays

LNCaP cells were seeded on the 6-well tissue culture plates in
appropriate medium. Then, the retroviral transduction was
applied to the cells. After 48 h, the medium was replaced with
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the ones containing 5% FBS and different AR ligands. After a
further cultivation of 48 h, antibiotic selection of the trans-
duced cells in the presence or absence of AR ligands was
performed for 10–15 days. The resistant cells were fixed with
1 % glutaraldehyde, stained with 0.1 % crystal violet as an
indirect measure of cell number, and the cell-associated crystal
violet in dried plates was solubilized with Sørenson’s solution
as described [24]. Absorbance was measured at 590 nm.
Growth curves were plotted as previously explained [22].

Scratch assays

The scratch assays were performed according to Jansson et al.
[24]. The images acquired were further analyzed quantitative-
ly by using TScratch computing software [25]. Cell migration
is presented as percent gap closure, calculated using the fol-
lowing formula:

Gap closure ¼ Pre‐migration area at time 0ð Þ – Migration area at indicated time pointð Þ
Pre‐migration area at time 0ð Þ � 100

Senescence-associated beta-galactosidase staining

The staining was performed as described previously [26,
27] directly on the transduced cells survived from anti-
biotic selection. The percentage of stained cells was
determined following counting at least 400 cells per well
under light microscopy.

Dichlorofluorescein assays

For detection of reactive oxygen species (ROS) levels,
dichlorofluorescein (DCF) assays were used according to
Lorenz et al. [28]. The fluorescence was measured in
Fluoroskan Ascent (Labsystems, Helsinki, Finland) at ex-
citation wavelength 485 nm and emission filter 538 nm.
The values were normalized to the protein concentrations.
The normalized values were depicted as fold ROS level
after setting the values obtained for the control cells arbi-
trarily to 1.

Reporter gene assay

The reporter gene assays were performed as described earlier
[22].

Quantitative reverse transcription PCR

RNA was isolated from the cells and mice organs using
peqGOLD TriFast (Peqlab, Erlangen, Germany) accord-
ing to the manufacturer’s protocol. Two-step quantitative
reverse transcription PCR (qRT-PCR) was conducted
using High-Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, Foster City, CA, USA) and the
SsoFast™ EvaGreen® Supermix (Bio‐Rad, München,
Germany), gene-specif ic pr imers , and Bio-Rad
CFX96™ Real-Time PCR detection system. qRT-PCR
results were analyzed via ΔΔCt method [29] using
CFX manager software from Bio-Rad. The primer
sequences are listed in Supplementary Tables S1 and
S2.

Antibodies and Western blot analyses

Preparation of whole-cell lysates and Western blotting
were performed as described elsewhere [22]. Protein
extraction from mice organs was performed on the
organic phase remaining after RNA isolation with
TriFast according to the manufacturer’s protocol.
Protein pellet was dissolved in 1 % SDS by incubating
it at 50 °C. Insoluble material was then removed by
centrifugation (12,000 rpm, 10 min, 4 °C). The protein
supernatant was transferred to a fresh tube for further
analysis. The primary antibodies used for immuno-
detection were AR (Biogenex, 256M), ING1b (BD
Biosciences, 550455), ING1 all isoforms (Upstate,
05 - 720 and San t a C ru z , s c - 374295 ) , ING2a
(Proteintech, 11560-1-AP), ING3 (ABclonal, A5832),
ING4 (ABclonal, A5833), ING5 (ABclonal, A7288),
p21 (Cell Signaling, 2946), p27 (Santa Cruz, sc-1641),
PARP (Cell Signaling, 9546), and α-tubulin (Abcam,
ab15246) . As secondary ant ibody, horseradish
peroxidase-conjugated anti-mouse IgG (Santa Cruz,
sc‐2005) or anti-rabbit IgG (Santa Cruz, sc‐2370) were
used. LabImage 1D software (Kapelan Bio Imaging
Solutions, Leipzig, Germany) was applied for quantifica-
tion of protein of interest relative to the loading control
(α-tubulin). In order to dephosphorylate the whole-cell
lysate, 50 μg of protein extract was incubated with 2 U
of the FastAP alkaline phosphatase (Thermo Fisher
Scientific, MA, USA) at 37 °C for 3 h.

Co-immunoprecipitation

The co-immunoprecipitation (Co-IP) experiments were
carried out as described previously [22]. Briefly, a specif-
ic antibody against ING2a (Santa Cruz, sc-67646) or nor-
mal goat IgG (negative control) was bound on protein G
magnetic beads. Whole-cell extract from LNCaP-ING2a
cells was incubated with the antibody-loaded beads for
2 h at 4 °C. After washing, the beads were resuspended
in SDS buffer, boiled at 99 °C. Then, SDS buffer contain-
ing precipitated protein complex was subjected to 10 %
SDS-PAGE for detection by Western blotting.
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Statistical analysis

Two-tailed unpaired Student’s t test was performed for differ-
ential comparison between two groups using GraphPad Prism
software. A value of p < 0.05 was considered as statistically
significant.

Results

Ing1 KO and ING1b KD downregulate endogenous AR
target genes in vivo and in cell culture

Our previous findings have revealed that ING1b acts as a
novel corepressor for AR and represses the AR-mediated tran-
scription [22]. To investigate how ING1 affect the AR activity
in vivo, male Ing1 KO mice were used [14]. This mouse
strain, which shares quite similar phenotype with the
isoform-specific ING1b KO mice [13], is characterized by
reduced size, hypersensitivity to radiation, and elevated inci-
dence of lymphomas. However, there are no other obvious
morphological, physiological, or behavioral abnormalities in
Ing1 KO mouse, indicating that Ing1 function is dispensable
for the viability of mice under normal physiological condi-
tions [14].

qRT-PCR analysis of various organ-specific AR target
genes [30–37] indicates unexpectedly that mRNA expression
of Pbsn, Nkx3.1, and Fkbp5 are downregulated in the prostate
and seminal vesicles of male Ing1 KO mice (Fig. 1a).
Interestingly, this downregulation has not been detected for
key AR target gene expression in testis, liver, or kidney
(Fig. 1b–d). In line with the data of prostate, Ing1 KO MEFs
show also downregulation of key AR target genes in response
to androgens (Fig. 1e).

Since our previous data have indicated that the ING1b
isoform-specific KO MEFs exhibit enhanced expression of AR
target genes compared to wild-type MEFs, we knocked down
ING1b in AR-expressing prostate cancer cell line LNCaP using
retroviral transduction with the vectors expressing short hairpin
RNA against ING1b (sh-ING1b). Functional ING1b KD was
confirmed by Western blotting and also by downregulation of
the ING1b target gene BCL2 [22] (Fig. 2a, b). In agreement with
the data obtained for prostate and seminal vesicles of Ing1 KO
mice, ING1b KD reduces androgen-induced gene expression of
endogenous AR target genes in LNCaP cells (Fig. 2c). This
inhibitory effect was confirmed by mRNA expression analysis
of prostate-specific antigen (PSA) gene in response to different
concentration of androgens (Fig. 2d). Similar results were obtain-
ed for PC3-AR cells (Fig. 2e, f).

Taken together, these findings indicate that ING1 defi-
ciency downregulates AR target genes in vivo and
in vitro. The data further suggest that ING1 has a role in

regulating AR transcriptional activity in prostate and sem-
inal vesicles in mice.

ING1b KD inhibits growth and migration and induces
cellular senescence in LNCaP cells

Given the fact that the suppression of ING1b promotes neo-
plastic transformation [38] and ING1b-deficient mice develop
B cell lymphoma [13], it was asked whether ING1b KD pro-
motes growth in LNCaP cells. Unexpectedly, the results from
growth assays of LNCaP cells under treatment of different AR
ligands suggest that ING1b KD inhibits growth in these cells,
although no synergistic effect was seen between ING1b KD
and AR ligands (Fig. 3a, b).

To investigate the effect of ING1b KD onmigratory behav-
ior of LNCaP cells, scratch assays were conducted by using
the stably transduced cells. Compared to the results seen with
the control cells, ING1b KD reduces migration rate of LNCaP
cells to heal the wounds created in the cell monolayers
(Fig. 3c, d).

ING1b is involved in apoptosis through mitochondria [39]
which are an important source of ROS within most mamma-
lian cells [40]. Therefore, to disclose the underlying mecha-
nisms for growth reduction upon ING1b KD, we initially an-
alyzed the ROS production and apoptosis. The data exhibited
neither an increase of ROS level nor the induction of apoptosis
marker cleaved PARP in the ING1b KD LNCaP cells
(Supplementary Fig. S1A, B). In line with this, the microscop-
ic observations do not show any signs of increased apoptotic
cells or cell detachment (data not shown).

Excluding ROS induction and apoptosis, ING1b KD
cells were examined for induction of cellular senescence
by conducting senescence-associated beta-galactosidase
(SA-β-Gal) staining. Intriguingly, the data indicate the in-
duction of cellular senescence in ING1b KD cells com-
pared to the control ones (Fig. 3e). To get insights into
the molecular pathway by which ING1b KD induces
growth arrest and cellular senescence in LNCaP cells, the
expression of cell cycle inhibitors p14ARF, p16INK4a,
p21CIP1/WAF1, and p27KIP1 along with cell cycle mediator
E2F1 was examined. qRT-PCR results indicated that
ING1b KD upregulates p16 mRNA expression level in
LNCaP cells, while no change for p14 mRNA level was
detected (Fig. 3f). In line with this, E2F1 mRNA expres-
sion is downregulated in ING1b KD cells (Fig. 3f).
However, the p21 expression was not influenced by
ING1b KD in LNCaP cells (Supplementary Fig. S2A, B).
Although ING1b KD does not affect the expression of p27,
it abrogates androgen-induced stabilization of p27 protein
in LNCaP cells (Supplementary Fig. S2C, D). This result
underlines the role of ING1b as a mediator of androgen-
induced p27 stabilization in LNCaP cells.
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Taken together, these results suggest that ING1b KD in-
hibits LNCaP cell proliferation and migration. The data fur-
ther suggest that ING1b KD induces cellular senescence and
p16 and reduces the E2F1 mRNA level.

ING1b regulates the stability of ING2a protein

Contrary to our expectation, ING1b KD reduces the expres-
sion of key AR target genes and induces growth arrest and p16
expression. Since the AR protein level is not affected by
ING1b KD in LNCaP cells (data not shown), one hypothesis
could be that knockdown of ING1b leads to enhanced expres-
sion of a putative protein, which is responsible for suppressing
AR target genes in ING1b KD cells. To examine this hypoth-
esis, inhibition of the protein synthesis was employed.
Intriguingly, the protein synthesis inhibitor cycloheximide re-
duced the ING1b KD repressive effect on TMPRSS2 mRNA
level in response to androgens (data not shown) indicating that
a putative factor is synthesized upon ING1 KD.

Since ING1 isoforms are differentially expressed during
cellular senescence [41] and the ING1b KO mouse has

displayed upregulation of ING1a and/or ING1c isoforms
[13], it was asked whether ING1b deficiency in LNCaP cells
is compensated by upregulation of other ING1 variants.
Nevertheless, the results of Western blot analysis and protein
quantification suggest no upregulation of other ING1 isoforms
in LNCaP-ING1b KD cells (Fig. 4a).

Since there are structural and functional overlaps
among ING family members [42], it was reasoned to an-
alyze the expression of ING2 with the highest amino acid
sequence similarity to ING1 in ING1 KD cells to find
compensatory feedback loop. Human ING2 has two
known mRNA isoforms; however, only ING2a protein
isoform with a molecular weight of 33 kDa has been ex-
perimentally detected at protein level. The amino acid
sequence of human ING2a displays more than 70 % ho-
mology with ING1b, and it shares many of the functional
characteristics of ING1b [10]. For analyzing ING2 protein
and mRNA expression levels, both Western blot and qRT-
PCR were performed in ING1b KD expressing LNCaP
cells and compared with those of the corresponding con-
trol cells. Interestingly, ING1b KD in LNCaP cells
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upregulates ING2a protein level in a ligand-dependent
manner (Fig. 4b).

To validate this result in vivo, ING2a protein expression
was investigated in prostate and seminal vesicles of Ing1 KO
mice as these organs showed the downregulation of AR target
genes (Fig. 1a). The results display the upregulation of ING2a
protein level in Ing1 KO mice (Fig. 4c). In line with this,
ectopic expression of ING1b downregulates strongly ING2a
protein in LNCaP cells (Fig. 4d). Very similarly, ING1b reg-
ulates ING2a protein level in PC3-AR cells (Fig. 4e).
Moreover, an increased protein expression of ING2a was de-
tected in CRPCa C4-2 and PC3 cells compared to androgen-
dependent LNCaP cells (Supplementary Fig. S3), while
ING1b protein expression is decreased in these CRPCa cells
[22]. Accordingly, elevated mRNA level of ING2a in PC3
cells compared to LNCaP cells has been reported [43].

Notably, the protein levels of ING3, ING4, and ING5 are
not altered by ING1b in LNCaP and PC3-AR cells
(Supplementary Fig. S4A, B).

Thus, ING1b negatively regulates ING2a protein level sug-
gesting a novel crosstalk between ING1 and ING2.

ING2a represses the AR-mediated transactivation
and proliferation, and it induces cellular senescence
and p16

To confirm whether the upregulation of ING2a is respon-
sible for the reduced AR target gene expression in ING1
KD cells, the role of ING2a was investigated in LNCaP
cells. To this end, LNCaP cells were stably transduced
with ING2a or empty vector (Fig. 5a), and then, the
mRNA expression of PSA, TEMPRSS2, and NKX3.1 was
analyzed. qRT-PCR results suggest that ING2a represses
the androgen-induced expression of endogenous AR-
regulated genes (Fig. 5b).

To explain the second upper band detected by Western
blot analysis of ING2a protein, the phosphorylation of
ING2a has been reported [44]. To test this post-
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translational modification of ING2a protein, the protein
extracts from control and ING2a-overexpressed cells were
incubated with or without the phosphatase. The results
indicate that not only the overexpressed ING2a but also
the endogenous ING2a proteins were phosphorylated in
LNCaP cells (Supplementary Fig. S5).

To explain the inhibitory role of ING1bKD on the growth of
LNCaP cells, proliferation assays were performed upon ectopic
expression of ING2a. The results suggest that ING2a prevents
the growth of LNCaP cells, although the fold reduction in
growth is rather independent of the AR ligands (Fig. 5c–e).
Interestingly, this growth arrest could be explained by induction
of cellular senescence in LNCaP-ING2a cells (Fig. 5f, g), as it is
observed for the ING1b KD cells (Fig. 3e). In line with this,
apoptosis marker cleaved PARP is not induced by ING2a in
LNCaP cells (Supplementary Fig. S6).

It has been previously reported that ING2a is able to
induce p21 [45]. However, it seems that the p21 induc-
tion by ING2a is dependent on the cellular context be-
cause LNCaP-ING1 KD cells showed no detectable
change for p21 expression, but for p16 (Fig. 3f and
Supplementary Fig. S2A, B). Therefore, it was concluded
that ING2a can induce p16 in LNCaP cells. Expectedly,
qRT-PCR result of increased p16 levels in LNCaP-ING2a
cells confirmed this hypothesis, and accordingly, the

expression of the p16 downstream target E2F1 was
downregulated (Fig. 5h).

To further investigate the crosstalk between ING1
and ING2, Western blot results suggest that ING2a over-
expression indeed results in remarkable downregulation
of ING1b protein level as expected (Fig. 6). These re-
sults further indicate that AR enhances ING2a protein
level in response to androgen when compared to the
solvent control treatment (Fig. 6).

Thus, the data indicate that ING2a represses AR-
mediated transactivation and it inhibits growth in
LNCaP cells. Furthermore, the data suggest that ING2a
induces cellular senescence and p16 in the same cellular
context.

ING2a interacts with AR and inhibits AR-responsive
promoters

Given the fact that ING2a represses the AR transcription-
al activity (Fig. 5b), it was asked whether ING2a inter-
acts with the AR and plays a corepressor role for AR. To
answer this question, Co-IP assays were performed using
the whole-cell lysate of LNCaP-ING2a cells (Fig. 7a).
Intriguingly, AR protein was detected in the immunopre-
cipitates with anti-ING2 antibody. Of note, this
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interaction was induced in the presence of androgen. In
the negative control, no AR was detected using a non-
specific antibody (Fig. 7a). To analyze functional role of
ING2 on AR-responsive promoters, PC3-AR cells were
transiently cotransfected with either empty vector or a
vector expressing ING2a along with AR-responsive re-
porter constructs MMTV-luc or PSA-luc. The data

suggest that ectopic expression of ING2a inhibits AR-
mediated transactivation of both reporters in response to
androgen treatment (Fig. 7b, c).

Thus, the results suggest ING2 as an interacting partner of
AR and an inhibitor of AR-responsive promoters.

In sum, ING1b KD inhibits growth, migration, and AR-
mediated transcriptional activation on key target genes, which
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is in accordance with the in vivo results from Ing1 KO mice.
Since ING1b is known as a tumor suppressor and AR core-
pressor [10, 22], the obtained results were unexpected.
Analyzing potential mechanisms suggests that these unex-
pected findings might be due to a compensatory mechanism
through upregulation of ING2a protein. The data indicate that
ING2a can also inhibit growth and key target genes of AR and
induces cellular senescence and p16. This compensatory
mechanism indicates that ING1 expression regulates ING2
expression suggesting a novel crosstalk among ING1 and
ING2 in regulating various AR functions. Thus, the obtained
findings provide evidence for functional interactions among
AR, ING1, and ING2.

Discussion

Since AR is the main drug target for PCa therapy, understand-
ing AR signaling will shed light into PCa carcinogenesis. So
far known, the AR exerts its biological functions mainly by
regulating the transcription of its target genes through interac-
tion with and recruitment of various factors including
coactivators or corepressors [4, 46]. Our previous findings
indicate that the tumor suppressor ING1b is a novel
androgen-activated AR corepressor [22]. As ING1b
downregulates the AR-mediated transcription in response to
androgens, our prediction was that the inhibition of endoge-
nous ING1b should upregulate the AR transactivation. In
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contrast, the data suggest unexpectedly that agonist-
stimulated gene expression was repressed upon knockdown
of ING1b in LNCaP cells. In line with this, the prostate-
specific AR target genes have been also revealed to be down-
regulated in Ing1KOmice.Moreover, LNCaP-ING1KD cells
grow and migrate less than control LNCaP cells. Interestingly,
Ing1 KO mice have reduced size in comparison to the wild-
type one [14]. Of note, this reduction in body weight is two
times more in males than females. Although analyzing young
(6 weeks old) Ing1 KO mice has revealed no abnormalities
with fertility and prostate phenotype [14], based on the obtain-
ed results at 6-month-old Ing1KOmice, the fertility and pros-
tate phenotype need to be rechecked in detail with older Ing1
KO mice. Induction of cellular senescence and p16 could
explain the growth reduction in LNCaP-ING1b KD cells.

By analyzing possible underlying mechanisms for these un-
expected results, the data suggest that ING2 is negatively reg-
ulated by ING1 in vitro and in vivo. Very interestingly, PCa
specimens with reduced ING1 expression indicate higher level
of ING2 [18]. Our data might explain this phenomenon by that
ING1 regulates the expression of ING2. A downregulation of
ING1 can lead to an upregulation of ING2. ING2, like ING1b,
is a tumor suppressor and shares high amino acid sequence
homology with ING1b. Further, we show that ING2 has tumor
suppressive and AR corepressor function in PCa cells, which
compensates for the deficiency of ING1. Nevertheless, they are
exclusive components of the SIN3A/HDAC1-2/SAP30 com-
plex in repressing the gene transcription [10]. Our findings
indicate that ING2 is the possible mediator by which AR-
induced transactivation is inhibited in ING1b KD or Ing1 KO
contexts. ING2, like ING1b, has been found to associate with
corepressor alien and enhance alien-induced gene silencingme-
diated by selected members of nuclear hormone receptors and
E2F1 [47].

In addition, ING2 induces p16 in LNCaP cells, which
explain the enhanced level of p16 in LNCaP-ING1 KD
cells with elevated ING2 expression. This finding along
with the indicated ING2-mediated cellular senescence in
human PCa cells might be the molecular reasons for the
increase of SA-β-Gal activity in LNCaP-ING1b KD cells.
The regulatory function of ING2 to induce cellular
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senescence has been described in human primary cells
[48]. Our finding is the first report regarding the induction
of cellular senescence by ING2 in PCa cells. It is of very
interest that recently the relevance of cellular senescence
as a physiological barrier against tumor initiation and pro-
gression is well established [49–51]. However, the mech-
anism by which ING2 causes cell growth inhibition by
either cellular senescence or apoptosis seems dependent
on the cellular context as discussed for ING1 [22, 52, 53].

Apart from reduced size and higher incidence of lympho-
mas, Ing1 KO mice exhibit no other obvious morphological,
physiological, or behavioral abnormalities, indicating that
Ing1 function is dispensable for the viability under normal
physiological conditions [14] and Ing2 might play a compen-
satory role in Ing1-depleted condition. In spite of high homol-
ogy between ING1 and ING2, a different phenotype has been
observed in their corresponding KO mice models [13–15].
Ing2KOmice are characterized by defective spermatogenesis
in males and higher incidence of soft tissue sarcomas [15].
Interestingly, the major tumor type observed in Ing2KOmice
was histiocytic sarcoma which showed increased incidence
preferentially in males. Moreover, Ing2 KO mice have
displayed a decrease in acinar dilation in prostate. Also, anal-
ysis of the publicly available dataset (GSE18610 at
http://www.ncbi.nlm.nih.gov/geo/) from Ing2 KO mice (2–
3 months old) [15] has shown the significantly increased
expression of testis-specific AR target genes Rhox5 and
Sox9 in testes of Ing2 KO mice compared to wild-type ones.
All these evidences support a putative role for ING2 in
crosstalk with AR in male mice.

Homologs of ING1 and ING2 are found also in insects,
nematodes, and plants suggesting a very important biological
role. Therefore, the relatively mild phenotype in Ing1 KO
mice was surprising. One possibility of the mild phenotype
might be that the reduction of ING1 is compensated by an
increased expression of the ING2 tumor suppressor family
member.

Interestingly, overexpression of ING1b strongly
downregulates ING2a protein level; however, ING2a mRNA
level remains unchanged (data not shown) suggesting that
ING1 does not affect the ING2 promoter activity. In addition,
the administration of the proteasome inhibitor MG132 does not
lead to an increase of ING2a protein level in ING1b-
overexpressed cells (data not shown) suggesting that
proteasomal degradation is not involved to reduce ING2 protein
levels. Therefore, we hypothesize that ING1-ING2 crosstalk is
mediated at post-transcriptional level. Several possibilities
might exist, e.g., directly through inhibiting ING2 translation
by ING1 or alternatively indirectly through induction of
miRNAs by ING1 that inhibit ING2 translation. Although over-
expression of ING2a strongly downregulates the ING1b protein
level, ING2a KD decreases unexpectedly ING1b protein as
well, but interestingly not the ING1b mRNA level (data not

shown) suggesting that ING1-ING2 crosstalk is not a simple
vice versa mechanism rather involving other factors. Thus, we
speculate that an optimum level of ING2a is required to main-
tain the levels of ING1b and vice versa. In case of an imbalance,
the translation machinery but not the transcriptional machinery
might be used to regulate the levels of the other ING factor.

Analyzing the expression of ING1 or ING2 in human
PCa samples for use as possible tumor or prognostic
markers indicated contrary results showing either upreg-
ulation or downregulation of their expression levels
[17–21]. Considering the here identified crosstalk be-
tween ING1 and ING2, we suggest that it might be use-
ful to detect the expression levels of both ING factors
within the same PCa specimen to obtain a better corre-
lation with PCa.

Taken together, our findings provide evidence for a
novel crosstalk and a crossregulation between ING1
and ING2 in regulating AR-mediated transactivation
and suggest that ING2 acts as a novel corepressor that
inhibits AR signaling, PCa cell growth, and migration.
The data suggest that cellular senescence is the possible
underlying mechanism for ING2-mediated growth repres-
sion in PCa cells.
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