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Background: The ING family of type II tumour suppressors serve as both epigenetic ‘readers’ and target histone acetyl
transferase (HAT) and histone deacetylase (HDAC) ‘writers’ of the epigenetic histone code. The ING1 protein has also
been implicated in regulating microRNA (miRNA) levels. In this study, we identify a link between ING1b and the miRNA epigenetic
network.

Methods: Primary fibroblasts infected with adenoviruses expressing GFP control or GFP plus ING1b were examined for alterations
in miRNA profiles using a miRNA PCR array. Additional experiments confirmed specificity and consequences of altered miRNA
expression.

Results: MicroRNAs miR-203, miR-375, miR-449b and miR-200c were increased by ING1b overexpression. Ectopic expression of
miR-203 inhibited U2OS and MDA-MB-231 cancer cell growth, and induced G1 cell cycle arrest in U2OS cells as estimated by flow
cytometry. Transfection with miR-203 inhibitor reversed the proliferation inhibition induced by ING1b in U2OS cells. CHIP assays
showed that ING1b bound to the promoter of miR-203. Western blot analyses showed that CDK6, c-Abl and Src were
downregulated by the transfection of miR-203.

Conclusion: These results indicate that ING1b epigenetically regulates several miRNAs including miR-203. The several-fold
increase in miR-203 by ING1b might inhibit cancer cell proliferation through coordinate downregulation of CDK6, c-Abl and Src.

The inhibitor of growth (ING) family of type II tumour
suppressors contributes to the neoplastic growth of various
tumours. This family is well conserved and includes five genes.
Among them, ing1 is the founding member and encodes four
protein isoforms. P33ING1b (ING1b) is the most highly expressed
isoform in human cells and contributes to most recognised
functions of ing1. Overexpression of ING1b caused cell cycle
arrest at G1 phase with ensuing apoptosis, whereas suppression of
its expression increased colony focus formation and growth
in vitro and tumour formation in vivo (Garkavtsev et al, 1996).
Deletion of ing1 in mice, and in particular, the orthologue
of the human exon encoding ING1b, resulted in an earlier
onset and higher incidence of B-cell lymphomas (Coles et al, 2007).
However, the detailed molecular mechanisms by which ING1b acts
as a tumour suppressor remain incompletely defined.

One mechanism by which INGs exert their effects appears to be
by regulating the expression of a broad variety of genes (Feng et al,
2006). ING1b regulates gene expression through regulating histone
acetylation (Loewith et al, 2000), acting as a stoichiometric
component of histone deacetylase-1 and -2 complexes (Doyon
et al, 2006). ING2, which is closely related to ING1b evolutionarily
(He et al, 2005) is the major target of the HDAC inhibitor SAHA
and thus ING1b and ING2 appear to regulate chromatin
compaction and subsequently, the expression of subsets of genes
through, primarily, epigenetic mechanisms (Russell et al, 2006;
Soliman and Riabowol, 2007). The plant homeodomain (PHD)
form of zinc finger is highly conserved amongst ING family
members (He et al, 2005). It enables ING family members to
specifically recognise the trimethylated form of lysine 4 on histone
H3 (H3K4Me3) epigenetic mark that is associated with active gene
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transcription (Martin et al, 2006; Peña et al, 2006; Shi et al, 2006),
allowing INGs to subsequently target histone HDAC (for ING1
and ING2) or HAT complexes (for ING3-5) to this mark, thus
serving as agents to target ‘writers’ of the histone code (Vieyra,
et al, 2002; Doyon et al, 2006; Soliman and Riabowol, 2007).

MicroRNAs (miRNAs) are small, endogenous and non-coding
RNA molecules, which regulate gene expression by directly
inhibiting translation or by decreasing target mRNA levels. The
discovery of miRNAs has shed new insights regarding the
regulation of cell proliferation, apoptosis and senescence and has
also contributed to clinical medicine in the areas of diagnosis and
therapy. For example, antagonizing miR-122 by locked-nucleic-
acid-modified oligonucleotides in primates showed a dose-depen-
dent and long-lasting decrease in plasma cholesterol without any
acute or subchronic toxicity (Elmén, et al, 2008). Many miRNAs
have been reported to be regulated by epigenetic mechanisms, such
as histone acetylation (Sato. et al, 2011). Therefore, we asked
whether miRNAs, which are regulated by ING1b, might have
critical roles in the regulation of cell proliferation. In the current
study, we show that the expression of miR-203 is epigenetically
regulated by ING1b and that miR-203 mediates a significant
proportion of the inhibitory effects of ING1b on cell proliferation.
This study has identified a novel mechanism underlying ING1b-
induced inhibition of cell proliferation, further establishing links
between miRNAs and the ING1b tumour suppressor.

MATERIALS AND METHODS

Cell culture and microarray materials. U2OS (osteosarcoma)
and MDA-MB-231 (breast cancer) cell lines were obtained from
ATCC and were grown in high-glucose DMEM media supple-
mented with 10% foetal bovine serum, and 1% penicillin and
streptomycin. Alamar Blue reagent, Lipofectamine 2000, the
mirVana miRNA Isolation Kit, and Propidium iodide (PI) were
purchased from Invitrogen Canada (Burlington, ON, Canada). The
TaqMan Array Human MicroRNA Card Set v3.0, TaqMan
MicroRNA Reverse Transcription Kit, the primers for miRNAs
and U6B and universal PCR Master Mix were purchased from
Applied Biosystems (Foster City, CA, USA). MicroRNA mimics
and MicroRNA mimic controls were purchased from Dharmacon
(Lafayette, CO, USA). AKT-2, CDK6, c-Abl, Src and b-actin
antibodies were obtained from Cell Signaling Technology, Inc.
(Danvers, MA, USA).

MiRNA and mRNA profiling and miRNA target prediction. It
was previously established that overexpression of ING1b inhibits
cell proliferation (Garkavtsev et al, 1996) and promotes apoptosis
in established cancer cell lines (Helbing et al, 1997) and in Hs68
human primary fibroblasts (Feng et al, 2006). To ask whether
miRNAs might be involved with these phenotypes, Hs68 cells were
infected with GFP alone or with GFP-ING1b adenovirus at titres
known to arrest cell growth (Feng et al, 2006; Thalappilly et al,
2011) for 48 h, followed by isolation of total RNA. The isolated
total RNA was used to probe a TaqMan Array Human MicroRNA
Card Set (v3.0), and hits were confirmed using an Applied
Biosystems 7900HT Fast Real-Time PCR System, following the
manufacturer’s manual (n¼ 1). For mRNA profiling, three
biological replicates were used in different groups (n¼ 3). For
miRNA target prediction, the miRecords programme was used for
identifying the target gene. This programme includes 11 miRNA
target prediction algorithms. Target genes that have been selected
by more than one algorithm were regarded as potential true targets
for further analysis.

Quantification of PCR analyses. Quantification of miRNAs level
was performed as described previously (Chen et al, 2011). Briefly,
miRNAs from Hs68 cells and U2OS were isolated with mirVana

miRNA Isolation Kits and miRNAs were measured following the
Applied Biosystems TaqMan MicroRNA assay protocol. Real-time
PCR was performed using universal PCR Master Mix in the
Applied Biosystems 7900HT Fast Real-Time PCR System. U6B
expression was used to normalise the expression of miRNAs.
The delta-Ct method was used to evaluate the analyses of real-time
PCR data.

Transfection of MiR-203 and cell proliferation assays. For cell-
proliferation assays, U2OS cells (4000 per well) were plated in 96-
well plates. After overnight incubation, U2OS cells were transfected
with 10 nM, 100 nM and 1000 nM of miR-203 mimic or miRNA
mimic control using Lipofectamine 2000. After 48 h, Alamar Blue
(10% v/v) was added and fluorescence was measured 3 h later with
a fluorescence plate reader with excitation and emission at 560 and
590 nm, respectively.

For assessing the effect of miR-203 inhibitor on the ability of
ING1b to inhibit cell proliferation, U2OS cells were simultaneously
transfected with either miR-203 inhibitor or miRNA inhibitor
negative control and empty vector or ING1b plasmids. Cell
proliferation was then evaluated 48 h later using the Alamar Blue
method. A similar experiment was repeated in Hs68 cells. Hs68
cells were transfected with miR-203 inhibitor or miRNA inhibitor
negative control for 6 h, followed by infecting with GFP alone or
with GFP-ING1b adenovirus. Cell proliferation was evaluated by
the Alamar Blue method 48 h later. Lysates were harvested for
western blot analysis.

Chromatin immunoprecipitation assay (ChIP). ING1b binding
to the promoter of miRNA203 was tested using ChIP analysis as
described previously (Yan et al, 2004). Briefly, about 3� 106 Hs68
fibroblasts, infected with either Ad-GFP or Ad-GFP-ING1b
adenoviruses were crosslinked using 1% formaldehyde (Sigma,
St Louis, MO, USA) for 15min at 37 1C. Cells were harvested after
quenching with 0.125M glycine and lysed in ChIP lysis buffer
(150mM NaCl, 50mM Tris (pH 8.0), 1% Triton X-100, 0.1%
deoxycholate, 1mM EDTA, 1mM PMSF, 1 mg/ml aprotinin, 1mg/ml
pepstatin and 1mg/ml leupeptin). Extracts were sonicated eight
times for 10 s each and lysates were clarified by centrifugation at
13 000 rpm for 15min at 4 1C. Of this sample, 100 ml was used as
input. The clarified supernatants were immunoprecipiated with
either a-ING1 or with mouse IgG (negative control) at 4 1C for 3 h,
followed by protein G Sepharose (GE healthcare, New Haven, CT,
USA) for 1 h at 4 1C. The immunoprecipitates were sequentially
washed with 1ml of ChIP lysis buffer twice, ChIP lysis buffer with
500mM NaCl twice and with LiCl/detergent solution (10mM Tris-
HCl, pH 8.0, 250mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate,
1mM EDTA) twice and finally with TE buffer (10mM Tris and
1mM EDTA, pH 8.0). The beads were eluted using 1% SDS and
0.1 M sodium bicarbonate solution. The eluent and the input
samples were reverse-crosslinked using NaCl for 6 h at 65 1C. The
DNA from the samples was isolated by phenol–chloroform,
followed by ethanol precipitation. Promoter binding was tested
by PCRpolymerase chain reaction using primers spanning the
upstream regions of miRNA203 and miRNA34a start sites,
sequences retrieved from UCSC genome browser (primer
sequences available upon request).

Western blot analysis. U2OS cells were harvested 48 h after
transfection with expression constructs or miRNAs using Lipo-
fectamine 2000, followed by protein sample preparation by boiling
in Laemmli sample buffer. Equal amounts of protein from each
sample (20 mg) were separated by 10% SDS–PAGE and transferred
to nitrocellulose membranes. Different primary antibodies were
used to detect their respective proteins. The signals were developed
using an ECL detection kit (Amersham Canada, Oakville, ON,
Canada) after incubation with appropriate horseradish peroxidase-
coupled secondary antibodies.
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Data analysis. The mean±standard error of mean (s.e.m.) were
used for data presentation. Differences were evaluated by Student’s
t-test to estimate statistical significance when two groups were
compared, and by ANOVA when three or more groups were
compared. A value of Po0.05 was considered to be significant.

RESULTS

ING1b affects the levels of a subset of miRNAs. To identify
miRNAs regulated by ING1b, Hs68 fibroblasts were infected with
adenovirus expressing GFP alone or with adenovirus expressing
both GFP and ING1b under separate promoters. The expression
level of ING1b is shown in Supplementary Figure 1A. MicroRNAs
were isolated after 48 h of virus treatment and used to probe a
TaqMan Array Human MicroRNA Card Set v3.0, enabling
quantitation of 754 human mature microRNAs. We found that
65 miRNAs reproducibly increased more than two-fold and 43
miRNAs decreased more than two-fold compared with Hs68 cells
infected with GFP control (Supplementary Table 1). Several
miRNAs chosen on the basis of previously determined functions
related to cell proliferation were further examined by real-time
PCR. Of these, miR-203, miR-375, miR-449b and miR-200c were
confirmed to increase significantly and reproducibly in response to
ING1b (Figure 1).

ING1b regulates miR-203 expression. MiR-203 was chosen for
further study based upon several criteria. The mRNAs regulated by
ING1b were determined using microarray after overexpression of
ING1b (Tran et al, manuscript in preparation). When comparing
this list with the list of miRNAs predicted to be targets of miR-203
using several miRNA target prediction software packages, we
found that B25% of the mRNAs downregulated by ING1b were
predicted to be target genes of miR-203 (301 of 1199 genes;
Figure 2A). As miRNAs have repressive effects on gene expression,
only the mRNAs downregulated by ING1b were used for the
comparison. The identities of these 301 genes are shown in
Supplementary Table 2 and they are described in more detail in the
functional annotations shown in Supplementary Table 3. In
addition, as shown in Figure 2B, suberoylanilide hydroxamic acid
(SAHA), a histone deacetylase (HDAC) inhibitor, also increased
miR-203 expression significantly in normal primary Hs68
fibroblasts, which is consistent with epigenetic regulation by
ING1b as part of HDAC1 and HDAC2 complexes. ChIP
analysis of ING1b showed that ING1b bound to the promoter
area of miR203 (Figure 2C), indicating that ING1b directly
regulated miR203. Thus, we focused on miR-203 in subsequent
investigations.

MicroRNA 203 inhibits the proliferation of different cancer cell
lines. Overexpression of ING1b inhibits cell proliferation and
causes G1/S arrest (Garkavtsev et al, 1996), but the molecular
mechanism(s) responsible has not yet been fully elucidated. To
investigate whether miR-203 might contribute to the growth
inhibition by ING1b, the effect of miR-203 on U2OS and MDA-
MB-231 cell proliferation was evaluated. Compared with cells
treated with control miRNA, cells treated with miR-203 showed
significantly reduced cell growth (Figure 3A and B). Expression
levels of miR-203 are shown in Supplementary Figure 1B. To
further investigate the mechanism by which miR-203 inhibited cell
proliferation, we performed cell cycle analysis using flow
cytometry. As shown in Figure 3C, a larger proportion of U2OS
cells transfected with mir-203 were arrested in G1 phase, compared
with cells transfected with control miRNA. Graphs representative
of each condition are shown in Supplementary Figures 2A and 2B.
Transfection with miR-203 inhibitor, but not with the miR
inhibitor control, significantly reversed the inhibition of prolifera-
tion induced by ING1b (Figure 3D), suggesting that miR-203

functions downstream of ING1b to regulate cell proliferation in
U2OS cells. A similar result was found in HS68 cells (Supple-
mentary Figure 3A). In addition, ING1b overexpression reduced
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Figure 1. Real-time PCR confirmation of miRNA expression in response
to ING1b. The expression of miR-203, miR-375, miR-449b and
miR-200c in Hs68 cells in response to ING1b overexpression for
48 h, was determined by quantitative real-time PCR assays. Bars
represent the mean±s.e.m (**Po0.01, n¼ 4).
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Figure 2. ING1b and miR-203 gene targets. (A) Combining
transcriptional repression targets of ING1b from microarray data with
predicted mRNA targets of miR-203 showed that B25% of ING1b
target genes were also predicted to be targets of miR-203. (B) miR-203
level was determined using real-time RT-PCR in Hs68 cells in response
to treatment with the HDAC inhibitor suberoylanilide hydroxamic acid
(SAHA). Bars represent the mean±s.e.m (*Po0.05, n¼4). (C) Cells
infected with control GFP adenovirus or with the same virus also
encoding ING1b were harvested 24h later and prepared for ChIP
analysis using control or ING1 antibodies. PCR of immunoprecipitation
products showed that ING1 bound to the upstream region of mir-203,
but not to miR-34a.
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c-Abl protein level, whereas miR-203 inhibitor could partially
reverse the reduction in c-Abl protein level (Supple-
mentary Figure 3B).

Cell cycle regulators are target genes of miR-203 in U2OS
cells. To investigate the molecular mechanism by which miR-203
inhibited cell proliferation, target genes of miR-203 were further
examined. Among validated target genes of miR-203 that had the
potential to affect cell proliferation, we examined CDK6, c-Abl, Src
and AKT2 protein levels. Western blot analysis showed that

endogenous levels of CDK6, c-Abl and Src were decreased
significantly and reproducibly by miR-203 in U2OS cells
(Figure 4A–C), whereas the expression of AKT2 was largely
unaffected (Figure 4D). These results suggested that the inhibitory
effects of miR-203 on cell proliferation might be through regulating
the expression of CDK6, c-Abl and Src, which can act to inhibit
growth at the G1/S phase of the cell cycle.

DISCUSSION

In this study, we have shown that ING1b affects the expression of a
significant number of miRNAs. Approximately 25% of the mRNAs
downregulated by ING1b are also predicted to be target genes of
miR-203 using several prediction programs. This microRNA has
been recently reported to repress the proliferation of several
different cancer cell lines in independent studies (Li et al, 2011;
Saini et al, 2011).

Previous studies have shown that overexpression of ING1b can
result in increased global levels of acetylated histones H3 and H4
(Vieyra et al, 2002), which are chromatin marks associated with
active gene transcription. This study showed that consistent with
an increase in acetylated histone marks, ING1b overexpression led
to miR-203 induction. Furthermore, we demonstrated that the
inhibition of histone deacetylases using SAHA also significantly
increased miR-203 expression (Figure 2B), whereas ChIP assays
showed that ING1b bound to the promoter of miR-203
(Figure 2C). Recently, several reports have indicated that the
expression of many miRNAs can be regulated by histone
acetylation and DNA methylation (Sato. et al, 2011). Therefore,
miRNAs might be epigenetic targets of ING1b, and thus, they
could be mediating ING1b’s downstream functions. In our miRNA
PCR array, we found that overexpression of ING1b caused 65
miRNAs to increase and 43 miRNAs to decrease when compared
with control cells. The expression of a subset of these miRNAs was
validated using quantitative real-time RT-PCR. Previously, an
independent study looking at ING1b-regulated miRNAs using a
miRNA microarray approach found that only seven miRNAs were
differentially regulated in mouse embryonic fibroblasts (Gómez-
Cabello et al, 2010). In this study, ING1 knockout cells were
compared with those expressing physiological levels of ING1. In
contrast, we have chosen to amplify the signals regulated by ING1
and to use a more sensitive miRNA PCR array approach to
determine what miRNAs might be able to transduce the apoptotic
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signal initiated upon ING1 overexpression (Helbing et al, 1997).
Thus, the discrepancy between their result and ours could be
attributed to a variety of factors, including the differences in our
chosen methods and experimental conditions. For example,
compared with the common miRNA microarray, miRNA PCR
array provides a larger dynamic range of microRNA gene
expression, typically from three to seven logs. Perhaps more
importantly, miRNA PCR array detects only mature miRNAs that
directly perform the functions of miRNAs, instead of both
precursors and mature miRNAs as in the miRNA microarray
method (Chen et al, 2009). It is also possible that although ING1b
directly binds upstream of miR-203, the effects upon miRNA
expression may be partially mediated through p53. As ING1b can
stabilise p53 through prevention of its proteosomal-mediated
degradation (Thalappilly et al, 2011), overexpression of ING1b
would be expected to stabilise p53, resulting in a possible synergistic
effect of these tumour suppressors upon miRNA expression.

Both miR-203 and ING1b are evolutionally conserved across
several species and can have essential functions in various cancer
types (Soliman Riabowol, 2007; Craig et al, 2011; and Li et al,
2011). We found that there was a significant overlap in the number
of mRNAs regulated by ING1b and those that are predicted to be
targets of miR-203. This finding suggests that certain biological
functions of ING1b may be mediated by miR-203. We and others
(Li et al, 2011; Saini et al, 2011) have found that miR-203 inhibits
the proliferation of various cancer cell lines including U2OS,
MDA-MB-231 and bladder cancer cell lines (Saini et al, 2011). In
bladder cancer cell lines, miR-203 decreased proliferation and
increased apoptosis by targeting Akt2 and Src (Saini et al, 2011). In
addition, miR-203 was reported to inhibit growth in human colon
(Li et al, 2011) and lymphoma (Craig et al, 2011) cell lines. These
observations are consistent with ING1b being downregulated in
several types of cancer cells (Soliman and Riabowol, 2007). Finally,
as shown in Supplementary Table 3, among the 301 genes which
were downregulated by ING1b and also predicted to be targets
genes of miR-203, the most relevant gene pathway was cancer,
which further strengthens links between ING1b and miR-203.

Our understanding of the biological functions of microRNA
relies on the identification of relevant miRNA target genes.
However, the prediction of mammalian miRNA targets is still a
challenging research area. In mammalian cells, the majority of the
miRNA-target sequence matching is based on imperfect comple-
mentarity of the miRNA with the 30-UTRs of target mRNAs. The
selection of mRNA targets is largely determined by the seed
sequence of the miRNA, which consists of nucleotides two to eight
at the 50-end of the microRNA. However, the requirement for
complementarity of only seven or eight nucleotides could result in
hundreds of possible targets (Lim et al, 2005). Thus, further
experimentation is required to validate the individual microRNA
targets. To date, only a few target genes of miR-203 have been
confirmed in different biological systems. In this study, we
examined four proliferation-related genes previously reported to
be direct targets of miR-203 including AKT-2, c-Abl, CDK6 and
Src (Bueno et al, 2008; Furuta et al, 2010; Saini et al, 2011). CDK6,
c-Abl and Src were found to be downregulated by miR-203 in
U2OS cells, an osteosarcoma cell line. This is consistent with the
concept that target genes of miRNAs might have tissue specificity
(Chen et al, 2011). CDK6 and Src have key roles in the G1/S phase
of the cell cycle. As expected, overexpression of miR-203, which
can inhibit CDK6 and Src gene expression, caused G1 arrest.
Thus, a potential mechanism for ING1b-mediated G1 cell cycle
arrest could involve the induction of miR-203 and subsequent
silencing of CDK6 and Src.

In summary, we report the novel observation that miR-203 is
epigenetically regulated by ING1b. Our data shows that miR-203
contributes to the inhibition of cell proliferation through down-
regulation of CDK6, c-Abl and Src. MiR-203 might also mediate

the tumour-suppressive functions of ING1b, and thus have
potential therapeutic value in the future treatment of osteo-
sarcomas and other cancers.
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