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Introduction
The high mobility group A (HMGA) family of proteins is 
encoded by 2 distinct genes: HMGA1 and HMGA2. The 
HMGA1 gene, located at chromosomal locus 6p21, codes 
for 3 proteins, HMGA1a, HMGA1b, and HMGA1c, which 
are produced by translation of alternatively spliced 
mRNA.1,2 The HMGA2 gene, located on chromosome 
12q14-15, codes for a protein that shares a high sequence 
homology (~55% overall, including 3 conserved DNA-
binding domains) with the HMGA1 proteins.3,4 HMGA 
proteins are able to bind DNA in AT-rich regions and inter-
act with various transcription factors to enhance or inhibit 
gene transcription by acting as architectural proteins.5,6 
HMGA protein expression is abundant during embryogen-
esis, whereas it is absent or detected at very low levels in 
normal adult tissues.7 Conversely, HMGA proteins are 
highly expressed in all malignant neoplasias analyzed so 
far, namely, pancreas, thyroid, colon, breast, lung, ovary, 
uterine cervix, prostate, gastric carcinomas, squamous car-
cinomas of the oral cavity, and head and neck tumors.8 
HMGA overexpression is mainly associated with a highly 
malignant phenotype and is an index of poor prognosis 
because its overexpression often correlates with metastases 
and reduced survival.8

HMGA proteins play a key role in neoplastic transfor-
mation. In fact, blockage of hmga1 synthesis prevents rat 
thyroid cell transformation by murine transforming retrovi-
ruses,9,10 whereas an adenovirus carrying the HMGA1 gene 
in the antisense orientation induces apoptotic cell death in 
anaplastic human thyroid carcinoma cell lines but not in 
normal thyroid cells.11 The oncogenic role of HMGA has been 
demonstrated in both in vivo and in vitro studies. In vitro, 
transgenic mice overexpressing the hmga genes develop 
several types of neoplasias,12-14 whereas in vivo, human 
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breast epithelial cells harboring a tetracycline-regulated 
HMGA1 transgene acquire the ability to form primary and 
metastatic tumors in nude mice only when the transgenes 
are actively expressed.15 Moreover, it has been demon-
strated that hmga1 and 2 overexpression can induce trans-
formation of rat and mouse cells.16

Recently, microRNAs (miRNAs or miRs) have emerged 
as an important class of short endogenous RNAs that act 
as posttranscriptional regulators of gene expression. MiR-
NAs are small RNA molecules 19-22-nt long that derive 
from double-stranded RNAs (dsRNAs). These tiny frag-
ments of RNA regulate gene expression by hybridizing to 
complementary sequences in the 3′ untranslated region (3′ 
UTR) of target mRNA. The majority of miRNAs identi-
fied are highly evolutionarily conserved among many dis-
tantly related species, which suggests that miRNAs play a 
very important role in essential biological processes 
including developmental timing, stem cell differentiation, 
signaling transduction, and cancer. Currently, miRNAs are 
one of the most important regulatory molecules that modu-
late gene expression at the posttranscriptional level by tar-
geting mRNAs for direct cleavage or translation 
repression.17 Each miRNA is thought to regulate multiple 
genes, and because hundreds of miRNA genes are pre-
dicted to be present in higher eukaryotes,18-20 the potential 
regulatory circuitry afforded by miRNAs is enormous. A 
large body of evidence suggests that miRNAs, by targeting 
oncogenes or tumor suppressor genes, play a role in the 
etiology and pathogenesis of cancer.21 In fact, miR-15a 
and miR-16 target the antiapoptotic gene BCl-2,22 whereas 
miR-372 and miR-373 target the LATS32 tumor suppres-
sor.23 Moreover, miR-21 was shown to directly target the 
tumor suppressor PTEN in cholangiocarcinoma cells,24 
and miR-221/222, which are up-regulated in thyroid and 
prostate cancer,25 were demonstrated to target the p27 
protein.26,27

Therefore, it is feasible that HMGA1 proteins affect 
cancer pathogenesis by regulating the miRNA expression 
pattern in a way that promotes cell transformation. To 
address this hypothesis, we have analyzed the microRNA 
expression profile of the MCF7 cell line that harbors the 
HMGA1b transgene.28 In a previous study conducted with 
HMGA1b-transfected MCF7 cells, we found compelling 
evidence of the epithelial-mesenchymal transition, that is, 
a change in morphology characterized by the acquisition of 
a round shape, an increased growth rate compared to con-
trol cells, and an increase of the cell population in S phase 
with a corresponding reduction of the G0/G1 population.28 
Here, we report that HMGA1 is able to regulate the expres-
sion of a set of microRNAs, and in particular, it is able to 
directly up-regulate the expression of miR-181b, which is 
frequently activated in several malignant neoplasias 
including breast carcinomas.21 We also show that 

miR-181b targets CBX7 (chromobox homolog 7), a gene 
down-regulated during cancer progression and able to neg-
atively regulate the cell cycle at G1 phase.29 Interestingly, 
experiments using mouse embryonic fibroblasts (MEFs) 
null for CBX7 indicate the presence of a CBX7/miR-181b 
loop that may lead to reduced synthesis of the CBX7 pro-
tein. Furthermore, we show that HMGA1 is able to nega-
tively regulate CBX7 gene expression. Finally, analysis of 
human breast carcinomas revealed a direct correlation 
between HMGA1 and miR-181b expression and an inverse 
correlation between miR-181b and CBX7 protein levels 
and between HMGA1 and CBX7 gene expression, which 
suggests the presence of a novel pathway constituted by 
HMGA1, CBX7, and miR-181b that may have a critical 
role in cancer progression.

Results
MiRNA Expression Profile of MCF7 Cells 
Overexpressing the HMGA1b Protein

Using an LNA-based mirCHIP platform, we analyzed the 
microRNA expression profile of 3 independent HMGA1b-
transfected MCF7 clones and backbone vector-transfected 
MCF7 clones (Supp. Fig. S1). Statistical and bioinformatic 
analysis (ANOVA) of microarray data generated a list of 
microRNAs that were significantly deregulated in MCF7 
cells expressing high HMGA1b protein levels. In particular, 
31 microRNAs were differentially expressed with a signifi-
cant fold change (higher than 2) in HMGA1b-transfected 
cells versus the backbone vector-transfected cells. Among 
these miRNAs, 13 were up-regulated, and 18 were down-
regulated in MCF7/HMGA1b cells in comparison to the 
backbone vector-transfected cells (Table 1). To verify the 
microarray results, we evaluated the expression of 5 differ-
entially expressed miRNAs (miR-181b, miR-148b, miR-
326, miR-195, and miR-096) by quantitative RT-PCR 
(qRT-PCR) in different cell clones overexpressing the 
HMGA1b protein (Supp. Fig. S2). In the case of miR-181b, 
miR-096, and miR-326, the differences in the expression 
between MCF7/backbone vector and MCF7/HMGA1b cells 
were even greater than appeared from microarray studies 
(Supp. Fig. S2 and Table 1). Subsequently, we focused on 
miR-181b because it is significantly up-regulated in differ-
ent neoplasias, that is, acute lymphocytic leukemia30 and 
thyroid,25 prostate, breast,21 and colorectal carcinomas.31 
Moreover, increased miR-181b has been recently associated 
(as already shown also for the HMGA proteins) with cancer 
progression in oral squamous cell carcinoma.32 Moreover, it 
has been demonstrated that miR-181b enhances matrix 
metallopeptidases (MMP)2 and MMP9 activity and pro-
motes growth, clonogenic survival, migration, and invasion 
of hepatocellular carcinoma cells.33
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miR-181b and miR-181a are part of the same cluster and 
are transcribed as a single primary transcript. Therefore, we 
also evaluated the expression of miR-181a in the same cells. 
As shown in Figure 1A, miR-181a was overexpressed (even 
more than miR-181b) in HMGA1b-transfected MCF7 cells 
(Fig. 1A). The same results were obtained in T47D cells, 
which is another human breast cancer cell line (Fig. 1B). 
Interestingly, miR-181b and miR-181a were not induced 
when MCF7 cells were transfected with HMGA2, the other 
member of the HMGA protein family (data not shown).

MiR-181b Expression Correlates with hmga1 
Expression in Mouse and Rat Cells
To look for more evidence that miR-181b expression is 
positively regulated by HMGA1, we evaluated the expres-
sion of miR-181b in retrovirally transformed rat thyroid 
cells expressing or not expressing the hmga1 proteins. 

MiR-181b expression was higher (Fig. 2A) in rat thyroid 
cells transformed by the Kirsten murine sarcoma virus 
(FRTL5-KiMSV) expressing the hmga1 proteins (Fig. 2B) 
than in normal thyroid cells not expressing the hmga1 pro-
teins (FRTL5) (Fig. 2B). Conversely, miR-181b expression 
levels were similar in FRTL5 cells and in FRTL5/KIMSV 
cells previously transfected with a vector carrying the 
HMGA1 gene in an antisense orientation (FRTL5-KiMSV-
HMGA1as) (Fig. 2A) and therefore not expressing the 
hmga1 proteins (Fig. 2B).9,10 Subsequently, we looked for a 
correlation between HMGA1 and miR-181b expression in 
MEFs null for hmga2 or hmga1. While miR-181b expres-
sion did not significantly differ between wild-type and 
hmga2-null MEFs (Fig. 2C), miR-181b expression was sig-
nificantly reduced in MEFs null for hmga1 (Fig. 2C). These 
results demonstrate a correlation between miR-181b and 
HMGA1 expression, which suggests that HMGA1 induces 
miR-181b expression.

HMGA1 Protein Binds to a Region Upstream  
of the miR-181b Locus
We next investigated whether HMGA1 directly binds to reg-
ulatory regions of miR-181b. Because HMGA proteins bind 
DNA in AT-rich regions through 3 basic domains called “AT-
hooks,”5 we looked for putative HMGA1-binding sites in a 
10-kb region surrounding the miR-181b cluster on chromo-
some 1. Four putative binding sites, containing several AT-
rich DNA stretches, located in a region within 10 kb upstream 
of miR-181b, were identified (Fig. 3A). Sequence alignment 
showed that these predicted HMGA1-binding sequences 
overlap with the most highly conserved genome regions (Fig. 
3A). Subsequently, we performed chromatin immunoprecip-
itation (ChIP) assays to determine whether the HMGA1 pro-
teins could bind to these sequences. To this aim, the chromatin 
of MCF7/backbone vector and MCF7/HMGA1b cells was 
cross-linked and immunoprecipitated with anti-HMGA1 or 
anti-IgG antibodies. Immunoprecipitated DNA was then ana-
lyzed by semiquantitative PCR using primers covering the 4 
putative binding sites. Amplification of a region correspond-
ing to genomic position Chr1:197094905-197095305 (region 
A) (Fig. 3A) was observed in MCF7/HMGA1b cells but not 
in the backbone vector-transfected MCF7 cells (Fig. 3B). No 
amplification was observed with anti-IgG precipitates (Fig. 
3B) or when primers for the control promoter GAPDH were 
used (data not shown), which shows that the binding is spe-
cific for the region upstream of the miR-181b cluster. These 
results indicate that the HMGA1b protein is able to bind in 
vivo a region located upstream of the miR-181 locus that 
probably has regulatory functions because it is highly evolu-
tionarily conserved.

To identify the AT-stretch, located within the window 
sequence identified by ChIP, which binds the HMGA1b 

Table 1.  miRs Differentially Expressed between MCF7 Cells 
and MCF7 Expressing High Levels of HMGA1b Protein

microRNA  
Name

Chromosome  
Map   Fold Change P Value

miR-345 14q32.2 −6.84 0.03442
miR-326 11q13.4 −4.57 0.00022
miR-323 14q32.31 −4.11 0.00447
miR-194-2 11q13.1 −3.96 0.00897
miR-198 3q13.33 −3.74 0.02766
miR-210 11q15.5 −3.31 0.02354
miR-133b 6p12.2 −3.20 0.00897
miR-342 14q32.2 −3.02 0.00076
miR-338 17q25.3 −3.00 0.04556
miR-339 7q.22.3 −2.91 0.00059
miR-328 16q22.1 −2.90 0.00089
miR-096 7q32.2 −2.65 0.00004
miR-145 5q32 −2.65 0.00676
miR-218 4p15.31 −2.62 0.00989
miR-320 8p21.3 −2.44 0.00036
miR-197 1p13.3 −2.30 0.00504
miR-93 7q22.1 −2.17 0.00076
miR-184 15q25.1 −2.06 0.00556
miR-26b 2q35 2.09 0.00267
miR-192 11q13.1 2.17 0.00090
miR-335 7q32.2 2.29 0.00765
miR-203 14q32.2 2.31 0.00003
miR-30c-2 6q13 2.34 0.00078
miR-196b 7p15.2 2.60 0.00065
miR-025 7q22.1 2.93 0.02330
miR-148b 12q13.13 3.90 0.00006
miR-206 6p12.2 4.14 0.00067
miR-026a-2 12q14.2 4.51 0.00216
miR-181b-2 9q33.3 5.20 0.00056
miR-181b-1 1q31.1 6.95 0.00004
miR-195 17p13.1 8.41 0.00012
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protein, we examined proteins extracted from MCF7/
HMGA1b cells in a DNA pull-down assay with double-
stranded oligonucleotides corresponding to each putative 
binding site (Materials & Methods). The DNA-protein com-
plexes were recovered using streptavidin-agarose beads, and 
the bound proteins were subjected to Western blot analysis. 
As shown in Figure 3C, the HMGA1b protein associates 
only with oligonucleotide 5, which corresponds to genomic 
position chr1:197095215-197095253. Consistently, when 
identical experiments were performed in the presence of non-
biotiotinylated competitor oligonucleotides, no HMGA1b 
binding was observed (Fig. 3D). These results, together with 
the ChIP data, demonstrate that HMGA1b directly binds a 
specific AT-stretch element between nucleotides −381 and 
−421 upstream of the miR-181b locus.

MiR-181b and HMGA1 Are Overexpressed in 
Human Breast Carcinomas, and Their Expression  
Is Positively Correlated

Because protein HMGA1b is overexpressed in human 
breast carcinomas,34 we measured miR-181b expression in 
this neoplasia to determine whether miR-181b expression 

correlated with HMGA1b expression in vivo. As shown 
in Figure 4A and B, HMGA1 and miR-181b expression 
was higher in almost all breast carcinoma samples than in 
normal breast tissue. Moreover, there was a significant 
positive correlation between HMGA1b and miR-181b 
expression levels (Fig. 4C). These results suggest that 
HMGA1b overexpression could induce miR-181b expres-
sion also in vivo.

CBX7 Is a Target of miR-181b
Because microRNAs modulate the expression of mRNA 
targets, we used bioinformatic tools (mirGen, Target  
Scan, Pictar, and miRanda) to search for potential mRNA 
targets of miR-181b. We identified several genes involved 
in DNA replication, cell cycle control, and cell death regu-
lation that were potentially targeted by miR-181b. Among 
them, we selected the CBX7 gene, which encodes a chro-
mobox family protein involved in the compaction of het-
erochromatin. We selected this gene also because we 
previously found a strong correlation between down-regu-
lation of CBX7 gene expression and onset of a highly malig-
nant phenotype of thyroid carcinomas.29 Moreover, more 
recently, we demonstrated that loss of CBX7 expression 
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Figure 1.  HMGA1 regulates miR-181b and miR-181a expression in breast cancer cell lines. (A) MirVana qRT-PCR analysis of miR-181b and miR-181a 
expression in MCF7 cells transfected with ha-HMGA1b (bars 2 and 3, 5, and 6) or with empty vector pRc-CMV (bars 1 and 4). (B) MirVana qRT-PCR 
analysis of miR-181b and miR-181a expression in T47D breast carcinoma cells transfected with HMGA1b (bars 2 and 3, 5, and 6) or pRc-CMV (bars 1 
and 4). Relative miR-181b and miR-181a levels were normalized to the U6 RNA using the 2−DCt method,25 and the fold-change values indicate the relative 
change in expression levels between the HMGA1b-transfected cells and the pRc-CMV-transfected cells, assuming that the value of cells transfected with the 
vector alone is equal to 1. The results are reported as the mean of the expression values with error bars indicating standard deviation (mean ± SD); n = 3.
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correlates with reduced E-cadherin expression35 and poor 
survival in colon and pancreatic carcinomas (Pallante et al., 
submitted manuscript). Two sites that match the miR-181b 
seed sequences were predicted in the 3′UTR of the CBX7 
gene (Fig. 5A). To validate the influence of miR-181b on 
the CBX7 target, we transfected the Pre-miR-181b oligo-
nucleotide and searched for changes in CBX7 protein levels 
by Western blot analysis (Fig. 5B). The introduction of 
miR-181b significantly decreased (about 50%) CBX7 pro-
tein levels in a dose-dependent manner (Fig. 5C). Con-
versely, CBX7 expression was unchanged when the same 

cells were transfected with the scrambled oligonucleotides 
(Fig. 5C). Interestingly, there were no significant changes 
in CBX7 mRNA levels in cells transfected with the Pre-
miR-181b or with the scrambled oligonucleotides (Fig. 
5D). These results are consistent with posttranscriptional 
regulation of the CBX7 protein by miR-181b and exclude 
its role in CBX7 mRNA degradation.

To determine whether direct interaction between miR-
181b and CBX7 mRNA caused the decrease in CBX7 pro-
tein expression, we inserted downstream of the luciferase 
ORF the 836-bp fragment (position 2234-3070) of the 
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3′UTR of the CBX7 mRNA and cloned it into the pGL3-
control vector. This reporter vector was transfected into the 
MDA-MB435s cells with the Pre-miR-181b and scrambled 
oligonucleotide, and luciferase activity was measured 48 
hours later. As shown in Figure 5E, miR-181b significantly 
reduced, in a dose-dependent manner, luciferase activity as 
compared with untreated cells. Conversely, no effect was 
observed after treatment with the scrambled oligonucle-
otide. These results indicate that miR-181b interferes with 
CBX7 mRNA translation by directly interacting with the 
3′UTR. This conclusion is supported by similar experi-
ments in which we used a reporter construct carrying target 
sites modified by introducing a point deletion in one or in 
both sites (deletion of 8 nucleotides). Only the reporter 
vector carrying the deletion in both target sites (pLuc 
CBX7-3′UTR DEL2) was insensitive to the effect of miR-
181b (Fig. 4E), which demonstrates that deletion in only 

one target site of the CBX7-3′ UTR is not sufficient to 
block miR-181b function.

MiR-181b Expression Promotes the G1-S Transition
We previously showed that HMGA1 increases the growth 
rate of MCF7/HMGA1b cells, with an increase of the cell 
population in S phase, and exerts an antiapoptotic effect on 
these cells.28 We also showed that CBX7 reduces prolifera-
tion of human thyroid carcinoma cells by retaining them in 
the G1 phase of the cell cycle.29 Therefore, we investigated 
whether miR-181b could be, at least partially, responsible 
for these effects. To this aim, we used flow cytometric  
analysis (FACS) to measure the DNA content of MDA-
MB435s cells treated with the Pre-miR-181b or a scram-
bled oligonucleotide. Transition from G1 to S phase  
was significantly higher in Pre-miR-181b-treated cells  

Figure 3.  HMGA1 binds a region upstream of the miR-181b gene. (A) Schematic representation of the genomic locus of miR-181b and of all putative 
conserved HMGA1b binding sites (indicated as A, B, C, and D) and analyzed in ChIP experiments. (B) ChIP of a miR-181b upstream genomic region. 
Semiquantitative PCR of the region flanking the putative HMGA1b binding sites (indicated as A in panel A) in the miR-181b upstream genomic region 
was performed to evaluate the amount of chromatin obtained by immunoprecipitation relative to the amount in the input samples. (C) Oligonucleotide 
pull-down assay. Proteins were extracted from MCF7 cells stably transformed with a pRcCMV/HMGA1b vector. The pull-down assay was performed as 
described in the Materials & Methods section. The samples were denatured and resolved on SDS-PAGE, and blots were probed with HMGA1-specific 
antibodies. (D) The same oligonucleotide pull-down experiment was performed with nonbiotinylated competitor oligonucleotides. We used a 10-fold 
excess of oligo 1 nonbiotinylated for nonspecific competition with respect to oligo 5-biotinylated (lane 4) and 10-fold excess of oligo 5-nonbiotinylated 
for specific competition with respect to oligo 5-biotinylated (lane 3).
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han in scrambled-treated cells (Fig. 6A). In fact, 30% of 
scrambled-treated MDA-MB435s cells were in S phase and 
60% in G0/G1 phase, whereas 40% of miR-181b-treated 
cells were in S phase and 50% in G0/G1 phase (Fig. 6B). 
FACS analysis also showed fewer cells, including apoptotic 
cells, in the sub-G1 phase when cells were transfected  
with Pre-miR-181b than in MDA-MB435s cells transfected 
with the scrambled oligonucleotide (Fig. 6B). These results 
indicate that miR-181b overexpression increases the cell 
proliferation rate, whereas it reduces the number of apop-
totic cells.

CBX7 Negatively Regulates miR-181a and miR-
181b Expression
Having recently generated CBX7-null mice in our labora-
tory, we evaluated miR-181a and miR-181b expression in 
mouse embryonic fibroblasts from wild-type, CBX7+/−, or 
CBX7−/− mice. As shown in Figure 7, miR-181a and 

miR-181b expression was higher in CBX7-minus MEFs 
than in wild-type MEFs, whereas the level of miR-181a/b 
expression in CBX7+/− MEFs was intermediate. These 
results indicate that both miR-181a and miR-181b are neg-
atively regulated by CBX7 in a dose-dependent manner.

miR-181b and CBX7 Protein Expression in Human 
Breast Neoplasias
To determine whether miR-181b regulates CBX7 protein 
levels also in vivo, we analyzed CBX7 and miR-181b levels 
in a set of human breast carcinomas constituted by benign 
fibroadenomas and ductal and lobular carcinomas. As 
shown in Table 2 and Figure 8A, CBX7 expression was 
lower in all breast carcinomas versus control tissue, and the 
protein levels were inversely correlated with the degree of 
malignancy. Conversely, CBX7 expression was similar in 
fibroadenomas and in normal breast tissues. Equally, miR-
181b was not overexpressed in fibroadenomas, whereas it 
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was increased in all breast carcinoma samples (Fig. 8B), 
particularly in breast carcinomas of the lobular histotype in 
which CBX7 protein levels were very low or absent. These 
results could indicate that miR-181b may regulate CBX7 
protein levels also in vivo. In Supplementary Table S1, 

we show the immunohistochemical analysis of CBX7  
and HMGA1 proteins in the same neoplastic breast tissues 
shown in Figure 8B. An inverse significant correlation  
was observed between HMGA1 and CBX7 protein 
expression.
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HMGA1 Proteins Modulate CBX7 Expression

Because CBX7 is down-regulated in cancer progression, 
whereas HMGA expression is induced at the same step of car-
cinogenesis (Fig. 8A), we evaluated whether HMGA1 can 
directly down-regulate CBX7. To this aim, we evaluated the 
expression of CBX7 in FRTL5, FRTL5-Ki-MSV, and 

FRTL5-KiMSV-HMGA1as cells using RT-PCR. Interestingly, 
CBX7, which was normally expressed in FRTL5 cells, was lost 
in FRTL5-KiMSV cells but not in FRTL5-KiMSV-HMGA1as 
cells not expressing the HMGA1 proteins (Fig. 9A). The same 
results were obtained in PC MPSV-HMGA1as cells compared 
with the PC MPSV cells and in MEFs obtained from hmga1 
knockout mice (data not shown).

Because these results suggest that HMGA1 proteins  
are able to regulate the expression of CBX7, we investi-
gated whether HMGA1 proteins are directly involved in  
the regulation of CBX7 transcription. We therefore evalu-
ated whether HMGA1 protein could bind the CBX7 pro-
moter in vivo by performing ChIP assays in FRTL5 and 
FRTL5-Ki-MSV cells. Immunoprecipitated chromatin 
with anti-HMGA1-specific antibodies was analyzed by 

Figure 6.  miR-181b expression increases the cell population in S phase 
of the cell cycle in MDA-MB435s cells. (A and B) Cell-cycle distribution 
of MDA-MB435s cells, in the exponential phase of growth, transfected 
with Pre-miR-181b precursor molecules or scrambled control. Forty-
eight hours after transfection, the cells were fixed in ethanol and stained 
with propidium iodide. (A) Primary flow cytometry histograms. (B) 
Quantification of the cell population in different cell cycle phases with the 
CELL-FIT program. The error bars represent the standard deviation of 
the mean of 3 independent experiments. (C) MirVana qRT-PCR analysis of 
miR-181b expression. The relative amount of miR-181b was normalized to 
the U6 RNA using the 2−DCt method,25 and the fold-change values indicate 
the relative change in expression levels between the cells transfected 
with Pre-miR-181b or scrambled oligonucleotide versus untransfected 
cells (NT), assuming that the value of the NT sample is equal to 1.

Figure 7.  CBX7 modulates the miR-181b expression. MirVana qRT-PCR 
analysis of miR-181a and miR-181b expression in MEFs−/− or +/− for CBX7 
gene. The relative amount of the RNA was normalized to the U6 RNA 
using the 2−DCt method,25 and the fold-change values indicated the relative 
change in expression levels between the CBX7−/− or CBX7+/− versus wild-
type cells, assuming that the value of wild-type MEFs was equal to 1. The 
results are reported as the mean of the expression values, with error bars 
indicating standard deviation (mean ± SD); n = 3. In the bottom, we show 
the Western blot analysis of CBX7 expression in MEFs wild type, MEFs−/−, 
or +/− for CBX7.

Table 2.  CBX7 Protein Expression in Normal and Neoplastic 
Breast Tissues by Immunohistochemistry

Histotype Cases High Expressorsa

Normal breast tissue   5 100%
Fibroadenomas   8 100%
Ductal carcinomas grade 1 (G1) 10   50%
Ductal carcinomas grade 2 (G2) 16   40%
Ductal carcinomas grade 3 (G3) 17   19%
Lobular carcinomas 15   21%

aHigh expressors: cases with more than 50% of cells showing CBX7 staining.
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semiquantitative PCR using primers spanning the region  
of the CBX7 promoter from 530 bp to 346 bp upstream of 
the transcription start site. Anti-HMGA1 antibodies  
precipitated this CBX7 promoter region from FRTL5-
KiMSV cells, whereas no immunoprecipitation was 
observed from FRTL5 cells not expressing the HMGA1 
proteins (Fig. 9B) or with IgG precipitates (Fig. 9B), which 
shows that the binding is specific for the CBX7 promoter. 
These results indicate that HMGA1b protein binds the 
CBX7 promoter.

To address further the hypothesis that CBX7 expression 
could be under the control of HMGA1 activity, we sup-
pressed HMGA1 protein synthesis by interference method-
ology in ARO cells and analyzed CBX7 expression. 
Transfection of siRNA oligonucleotides targeting HMGA1 
drastically reduced HMGA1 protein levels in the ARO cell 
line, and consistent with our hypothesis, CBX7 expression 
was restored (Supp. Fig. S3). Subsequently, we analyzed 
HMGA1 and CBX7 mRNA expression in a panel of breast 
neoplastic samples. The data reported in Figure 9C and D 
demonstrate an inverse correlation between HMGA1b and 
CBX7 gene expression (Fig. 9E). Conversely, as expected 
from our previous data,34 HMGA1 was not overexpressed 
in fibroadenomas in which CBX7 expression was normal 
(data not shown).

Discussion
Through recognition and modulation of DNA and chroma-
tin structure,36,37 HMGA proteins participate in the tran-
scriptional regulation of a number of genes that have critical 
roles in the process of carcinogenesis.38,39 Therefore, altered 
expression of HMGA genes could lead to drastic changes in 
the expression of these genes, thereby contributing signifi-
cantly to the transformed and/or metastatic phenotype. 
Indeed, HMGA proteins play a decisive role in the process 
of carcinogenesis, their overexpression being a feature of 
malignant neoplasias, and they play a causal role in cell 
transformation.12,16,40 We previously showed that HMGA1 
was overexpressed in 60% of breast ductal carcinomas, and 
its protein levels were significantly correlated with c-Erb-
B2 expression.34 Moreover, HMGA1 protein levels are 
reported to be directly correlated with the metastatic pheno-
type of human breast cancer cell lines.41 Lastly, overexpres-
sion of HMGA1b protein in MCF7 cells leads to a more 
aggressive phenotype.28

Given the importance of microRNAs in gene regulation 
and carcinogenesis, we investigated whether HMGA1 
overexpression could contribute to cell transformation by 
regulating microRNA expression. Therefore, we analyzed 
the miRNA expression profile of HMGA1b-transfected 
MCF7 versus the same cells transfected with the backbone 
vector. We identified 31 miRNAs whose expression was 
significantly deregulated by HMGA1 protein overexpres-
sion. Among the microRNAs induced by HMGA1b, we 

Figure 8. The miR-181b, HMGA1, and CBX7 protein expression in 
human breast neoplasias. (A) Immunohistochemical analysis of HMGA1 
and CBX7 expression in malignant breast neoplasias. Paraffin sections 
from neoplastic breast tissues were analyzed by immunohistochemistry 
with antibodies raised against specific antibodies against a specific 
HMGA1 and CBX7 peptide. No immunoreactivity with HMGA1 antibody 
appeared in normal tissue (a), while nuclear staining is evident in G1 
ductal carcinoma (b), and more intense staining is present in G3 ductal (c) 
and lobular breast carcinomas (d). CBX7 nuclear staining was intense in 
normal breast tissue (e), while the decrease of CBX7 in neoplastic lesions 
was progressive going from well-differentiated cancer, such as from G1 (f) 
to G3 ductal carcinoma (g), but in particular, no immuoreactivity appeared 
in lobular breast carcinoma (h). (B) MirVana qRT-PCR analysis of miR-
181b expression. The fold-change values indicate the relative change in the 
expression levels between normal and carcinoma samples, assuming that 
the value of each matched normal breast tissue is equal to 1.
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concentrated on miR-181b because its induction is a con-
stant feature of several malignant neoplasias, namely, 
human thyroid,25 pancreatic, prostatic, and breast carcino-
mas.42 Interestingly, among the microRNAs induced by 
HMGA1, we have found the miR-195: it is up-regulated in 
breast carcinomas43 and has a critical role in the regulation 
of human embryonic stem cell division,44 consistent with 
positive regulation by the HMGA1 proteins, which are 
known to be particularly abundant during embryogenesis.7

Here, we report evidence that miR-181b expression is 
dependent on HMGA1b. In fact, miR-181b was induced 
also in T47D cells carrying the HMGA1b transgene, 
whereas miR-181b expression was lower in MEFs null for 
hmga1 than in wild-type MEFs. Moreover, miR-181b was 
not expressed in rat thyroid cells carrying the v-ras-Ki 
oncogene in which hmga1 expression was suppressed  
by antisense methodology, whereas it was abundantly 
expressed in v-ras-Ki-transformed cells expressing hmga1. 
Regulation of miR-181b by HMGA1b seems to be direct. 
In fact, upstream of the miR-181 gene, ChiP revealed a 
highly interspecies conserved AT-rich region that binds 
HMGA1b. It is noteworthy that miR-181b expression is not 
up-regulated by other members of the HMGA family. This 
result seems to confirm that members of the HMGA family 
have different transcriptional activities. Interestingly, 
HMGA1 but not HMGA2 was overexpressed in most of the 
breast carcinomas analyzed by our group (Chiappetta, 
unpublished data).

Another aim of our study was to identify the miR-181b 
target to understand whether its induction might be involved 
in the epithelial-mesenchymal transition of MCF7 cells and 
perhaps in the development of human breast carcinomas. 
We demonstrate that the polycomb CBX7 gene, whose loss 
of expression correlates with a poor outcome in colon can-
cer patients (Pallante et al., submitted manuscript) and with 
the onset of a highly malignant phenotype of thyroid carci-
noma,29 is a target of miR-181b. In fact, enforced expres-
sion of miR-181b significantly decreased CBX7 protein 
levels. This effect seems to be due to inhibition of the CBX7 
mRNA translation process because no significant changes 
were observed in mRNA levels after miR-181b treatment. 
Consistent with this result, we also demonstrate that miR-
181b directly regulates CBX7 mRNA translation because it 
negatively regulated the expression of a CBX7-3′UTR-
based reporter construct, and this regulation was dependent 
on 2 target sites located in the 3′UTR of the CBX7 gene. In 
fact, mutations in both these sites render the reporter con-
struct insensitive to miR-181b expression.

The decrease in CBX7 protein level may account for an 
increased proliferation rate and, in particular, for the sig-
nificant increase in the transition from G1 to S phase 
observed in miR-181b-treated cells. In fact, we previously 
demonstrated that the CBX7 protein is able to negatively 
regulate cell cycle progression, thereby leading to an 

increased number of cells in the G1 phase.29 However, it 
cannot be excluded that miR-181b is involved in the regula-
tion of other genes that play a critical role in the control of 
cellular proliferation and neoplastic transformation. In fact, 
using prediction bioinformatic programs to identify poten-
tial miR-181b targets, we found 3 genes that are involved in 
the control of cell death, namely, PCDC4 (programmed cell 
death 4), BCL2L11 (BCL2-like 11), and BCLAF1 (BCL2-
associated transcription factor 1). Experiments are under-
way in our laboratory to validate these targets.

Our finding that miR-181b expression was higher in 
CBX7-null MEFs than in wild-type MEFs suggests that 
CBX7 negatively controls miR-181b expression. This  
indicates a CBX7/miR-181b synergistic loop that leads to 
decreased CBX7 protein levels. Moreover, because 
HMGA1 negatively regulates CBX7 expression, we envis-
age a pathway in which HMGA1 overexpression directly 
down-regulates CBX7 and up-regulates miR-181b  
(Fig. 9F). This model is consistent with our finding of a 
direct correlation between HMGA1 and miR-181b expres-
sion, which results in a drastic reduction of CBX7 gene 
expression in human breast carcinomas probably due to 
HMGA1 overexpression, associated with impaired protein 
synthesis, which, in turn, depends on miR-181b induction 
that further increases miR-181b expression. In conclusion, 
taken together, our findings indicate that miR-181b is a 
critical effector of the HMGA1 oncogene in breast 
carcinogenesis.

Materials & Methods
Plasmids

pRcCMV/HMGA1b, pRcCMV/ha-HMGA1b, and pRc-
CMV/HMGA2 expression plasmids are described else-
where.45,46 The PCDNA3.1/CBX7 expression plasmid is 
also described elsewhere.29

Cell Culture and Transfection Experiments
Breast carcinoma cell lines MDA-MB435s, MCF7, and 
T47D were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA). Cells were maintained 
according to the manufacturer’s instructions. FRTL5, 
FRTL5-kiMSV, and FRTL5- KiMSV-HMGA1as cells and 
their culture conditions are reported elsewhere.10 MEFs 
were obtained from 12.5-day-old embryos. Cells were cul-
tured at 37°C (5% CO

2
) in Dulbecco’s modified Eagle’s 

medium containing 10% (v/v) fetal bovine serum (FBS) 
supplemented with penicillin and streptomycin. For stable 
transfection experiments, MCF7 cells were transfected 
using FuGENE 6 (Roche Diagnostic Corporation, India-
napolis, IN), transfections were optimized for 6-well plates, 
and the cells were selected for neomycin resistance in 
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medium containing G418 (800 µg/mL) and maintained in 
medium containing G418 (100 µg/mL). For transfection of 
Pre-miR miRNA molecules, the cells seeded in 6-well 
plates were transfected with 30 or 50 nmol/mL Pre-miR 
miRNA precursor molecules (Ambion, Austin, TX) using 
siPORT neoFX transfection agent (Ambion).

Protein Extraction, Western Blot Analysis,  
and Antibodies

Protein extraction and Western blotting procedures were 
carried out as reported previously.45 The antibodies used 
for Western blotting were as follows: anti-HMGA1 

HMGA1b expression level 
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polyclonal antibodies raised against a synthetic peptide 
located in the NH2-terminal region of the HMGA1  
proteins; antibody against CBX7 was from AbCAM 
(ab31765). Anti-α-tubulin (Santa Cruz Biotechnology, 
Santa Cruz, CA) was used to equalize the amount of  
proteins loaded. Bound antibodies were detected by appro-
priate secondary antibodies and revealed with the Amer-
sham Biosciences Enhanced Chemiluminescence System 
(Piscataway, NJ).

miRNACHIP Microarray
Microarray experimental procedures were performed as 
previously described.47

RNA Isolation and Quantitative Reverse 
Transcription-PCR
Total RNA isolation and reverse transcription-PCR from 
cancer cell lines and human tissues were performed as pre-
viously described.29,48 Stem-loop quantitative reverse tran-
scription-PCR (RT-PCR) for mature microRNA was carried 
out as instructed in the mirVANA qRT-PCR miRNA detec-
tion kit (Ambion). All PCR reactions were run in duplicate, 
and gene expression was calculated using the 2−ΔCt method.49 
The primers used to analyze CBX7 expression by RT-PCR 
are reported elsewhere29; the primers used to analyze 
HMGA1b expression were as follows: forward HMGA1: 
5′-CAACTCCAGGAAGGAAACCA-3′; reverse HMGA1: 
5′-AGGACTCCTGCGAGATGC-3′.

Chromatin Immunoprecipitation Assay
After transfection, chromatin samples were processed for ChIP 
experiments as reported elsewhere.50 Samples were sub-
jected to immunoprecipitation with the specific α-HMGA1 
antibody. The sequences of the primers we used are reported 
in the Supplementary Materials and Methods, available 
online (http://ganc.sagepub.com/supplemental).

Biotin-Streptavidin Pull-Down Assay
Six oligonucleotides, containing biotin on the nucleotide at 
the 5′ position, were used in the pull-down assays. The 
sequences of these oligonucleotides and the experimental 
details are reported online in the Supplementary Materials 
and Methods.

Luciferase Reporter Assay
For luciferase reporter experiments, a CBX7-3′UTR  
segment of 836 bp was amplified by PCR from human 
genomic DNA and inserted into the PGL3-control vector 
(pLuc CBX7-3′UTR) with the simian virus 40 promoter 

(Promega, Madison, WI) by using the XbaI site immedi-
ately downstream from the luciferase stop codon. The prim-
ers used to generate the specific fragment and the 
experimental details to generate the pLuc CBX7-3′UTR 
DEL1 and pLuc CBX7-3′UTR DEL2 mutants are reported 
online in the Supplementary Materials and Methods.

Flow Cytometry
After trypsinization, cells were washed once in phosphate-
buffered saline and fixed in 70% ethanol overnight. Stain-
ing for DNA content was performed with 2 µg/mL 
propidium iodide and 20 µg/mL RNase A for 30 minutes. 
We used a FACScan flow cytometer (Becton Dickinson, 
San Jose, CA) that was interfaced with a Hewlett-Packard 
computer (Palo Alto, CA). Cell cycle data were analyzed 
with the CELL-FIT program (Becton Dickinson).

Immunohistochemistry
Immunohistochemical analyses were performed as previ-
ously described.29
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