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Abstract

The Bmi-1 oncogene is overexpressed in a number of malignancies including breast cancer. In
addition to Bmi-1, mammalian cells also express four other polycomb group (PcG) proteins that are
closely related to Bmi-1. Virtually nothing is known about the role of these PcG proteins in
oncogenesis. We have recently reported that Mel-18, a Bmi-1-related PcG protein, negatively
regulates Bmi-1 expression, and that its expression negatively correlates with Bmi-1 in proliferating
and senescing human fibroblasts. Here, we report that the expression of Bmi-1 and Mel-18 inversely
correlates in a number of breast cancer cell lines and in a significant number of breast tumor samples.
Overexpression of Mel-18 results in repression of Bmi-1 and reduction of the transformed phenotype
in malignant breast cancer cells. Furthermore, the repression of Bmi-1 by Mel-18 is accompanied by
the reduction of Akt/protein kinase B (PKB) activity in breast cancer cells. Similarly, Bmi-1
knockdown using RNA interference approach results in down-regulation of Akt/PKB activity and
reduction in transformed phenotype of MCF7 cells. Importantly, we show that overexpression of
constitutively active Akt overrides tumor-suppressive effect of Mel-18 overexpression and the
knockdown of Bmi-1 expression. Thus, our studies suggest that Mel-18 and Bmi-1 may regulate the
Akt pathway in breast cancer cells, and that Mel-18 functions as a tumor suppressor by repressing
the expression of Bmi-1 and consequently down-regulating Akt activity.

Introduction

Polycomb group (PcG) proteins are chromatin-modifying proteins that play an important role
in the development and cancer (1). Overexpression of certain PcG proteins, such as Bmi-1 and
EZH2, has been linked to invasive breast and prostate cancer (2—4). Bmi-1is also overexpressed
in several other malignancies such as non-small-cell lung cancer (5), colorectal cancer (6),
nasopharyngeal carcinoma (7), and oral cancer (8). Bmi-1 is known to be a key regulator of
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self-renewal of stem cells (1). In addition, recently, it was shown that Hedgehog signaling via
Bmi-1 regulates self-renewal of normal and malignant human mammary stem cells (9).

After a finite number of cell divisions, most normal human cells undergo cellular senescence,
whereby cells irreversibly cease to divide (10). Senescence constitutes a powerful barrier to
oncogenesis (10). Bmi-1 has been shown to regulate cellular senescence and proliferation in
rodent and human fibroblasts (11,12). In addition, Bmi-1 can also bypass senescence and
immortalize human mammary epithelial cells (HMEC; ref. 13). We have recently reported that
Bmi-1 is negatively regulated by Mel-18 via repression of c-Myc, and that Mel-18 is
overexpressed in senescent fibroblasts (14).

Here, we show that similar to human fibroblasts, expression of Mel-18 negatively correlates
with Bmi-1 in a number of breast cancer cell lines and in a significant number of breast tumors.
We also report that overexpression of Mel-18 in a commonly used breast cancer cell line MCF7
results in down-regulation of Bmi-1 and reduction of transformed phenotype. Furthermore,
down-regulation of Bmi-1 by Mel-18 overexpression and knockdown of Bmi-1 expression by
RNA interference (RNAI) approach is accompanied by down-regulation of Akt/protein kinase
B (PKB) activity. We also show that overexpression of constitutively active Akt restores
malignancy in MCF7 cells, in which Bmi-1 expression is reduced due to Mel-18 overexpression
or Bmi-1 knockdown.

Materials and Methods

Cellular reagents, retroviral and short hairpin RNA vectors, virus production, and infection

MCF10A, MCF7, and other breast cancer cells were cultured as described (13). Retroviral
vectors overexpressing Bmi-1 and Mel-18 and Bmi-1 short hairpin RNA (shRNA) are
described earlier (14). A retroviral vector, pPSRa-mAKkt expressing constitutively active
(myristylated) Akt (mAkt), was obtained from Dr. N. Hay (University of Illinois, Chicago, IL).
Stable cell lines expressing Mel-18 or other gene of interest were generated by infection of the
retroviral vectors expressing the particular gene as described (13,14). The retroviruses were
produced by transient transfection of the retroviral vector together with pIK packaging plasmid
into tsa 54 packaging cell line as described (14). Soft-agar growth assay to determine the
anchorage independence of cells was done as described (4).

Immunologic reagents and methods

Bmi-1 was detected using either F6 mouse monoclonal antibody (mAb) from Upstate Cell
Signaling Solutions or 1H6B10G7 mAb from Zymed. Mel-18 was detected by a rabbit
polyclonal H-115 (Santa Cruz Biotechnology). For the analysis of the Akt pathway,
phosphorylated Akt 1/2/3 (pAkt 1/2/3; Ser’3; sc-7985-R), pAkt 1/2/3 (Thr308; sc-16646-R),
Akt-1 (B-1; sc-5298), Akt-2 (F-7; sc-5270), glycogen synthase kinase-3B(GSK3p; sc-53931),
and cyclin D1 (A-12; sc-8396) antibodies were obtained from Santa Cruz Biotechnology.
Rabbit polyclonal against total Akt (#9272) and pGSK3B(#9336) were obtained from Cell
Signaling Technology.

To determine Akt activity in synchronized cells, MCF7 cells were serum starved for 48 h and
stimulated for 30 min by addition of 10% FCS. MCF10A cells were growth factor deprived
using D3 medium (15) for 48 h and stimulated for 30 min by addition of D medium, which
contains 12.5 ng/mL epidermal growth factor (15). For the inhibition of the phosphoinositide
3-kinase (PI13K) pathway, cells were pretreated with LY294002 (20 pmol/L) or Wortmannin
(100 nmol/L; Calbiochem) for 1 h before the addition of complete medium. Western blot
analyses of total cell extracts were done using antibodies that detect total Akt, pAkt, and various
other proteins as described (13,14).
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Clinical samples and immunohistochemical and statistical analyses

Results

A total of 61 invasive breast cancer tissue samples were collected from the archives of the
Department of Pathology, Cancer Center, Sun Yat-sen University (Guangzhou, China). For
the use of these clinical materials for research purposes, prior patients’ consent and approval
from the Institute Research Ethics Committee were obtained. Bmi-1 and Mel-18 were detected
in paraffin sections of breast cancer tissue as described (7). All slides were interpreted by two
independent observers in a blinded fashion. For each sample, one score was given according
to the percentage of positive cells as <5% of the cells (1 point), 6% to 35% of the cells (2
points), 36% to 70% of the cells (3 points), >71% of the cells (4 points). Another score was
given according to the intensity of staining as negative staining (1 point), weak staining (2
points), moderate staining (3 points), and strong staining (4 points). A final score was then
calculated by multiplying the above two scores. If the final score was >4, the tumor was
considered positive; otherwise, the tumor was considered negative. All statistical analyses were
done by using the SPSS 10.0 software package. The Spearman’s rank correlation was used to
estimate the correlation between Bmi-1 and Mel-18 expression.

Bmi-1 and Mel-18 expression inversely correlates in breast cancer cell lines and breast

tumors

Our previous data in cultured human fibroblasts suggest an inverse correlation between Bmi-1
and Mel-18 expression; senescent cells show high expression of Mel-18, whereas proliferating
cells show high expression of Bmi-1. These results suggested that breast cancer cell lines might
express high Bmi-1 and low Mel-18. To probe this hypothesis, we analyzed expression of
Bmi-1 and Mel-18 in several breast cancer cell lines (Fig. 1A). Our results suggested that
compared with MCF10A, a normal immortal HMEC cell line, the majority of breast cancer
cell lines (7 of 10) express high Bmi-1 and low Mel-18 (Fig. 1A).

Because Bmi-1 is overexpressed in a large number of breast tumors (2,3), and because its
expression inversely correlates with Mel-18 expression in breast cancer cell lines, we
hypothesized that Mel-18 down-regulation may lead to Bmi-1 up-regulation in breast tumors.
To examine this possibility, we studied the expression of Mel-18 and Bmi-1 in 61 breast tumors
by immunohistochemistry (Fig. 1B; Supplementary Fig. S1). By immunohistochemical
analysis, 51 of 61 (83.6%) paraffin-embedded archival breast tumor biopsies showed a positive
staining (score of >4) for Bmi-1, whereas 15 of 61 (24.5%) of the biopsies showed a positive
staining (score of >4) of Mel 18. Of 15 Mel-18—positive and 51 Bmi-1-positive biopsies, only
six were positive for both Bmi-1 and Mel-18 (Supplementary Table S1). The correlation
between Bmi-1 and Mel 18 expression was further analyzed by Spearman correlation analysis,
which showed a strong negative correlation (r = —0.673, P < 0.0001).

Overexpression of Mel-18 and knockdown of Bmi-1 expression reduce malignancy of breast

cancer cells

To examine the possibility that Mel-18 overexpression may reduce or revert the transformed
phenotype of malignant cells, we determined the transformation potential of control and
Mel-18-overexpressing MCF7 cells using anchorage independence growth assay. The results
indicated that Mel-18 overexpression in MCF7 cells led to a decrease in colony formation in
soft agar (Fig. 2A and B). The colonies in Mel-18—overexpressing MCF7 cells were less in
frequency and also smaller in size (Fig. 2A, top). A RING finger mutant of Mel-18, which does
not down-regulate Bmi-1 (14), did not inhibit soft agar colony formation when overexpressed
in MCF7 cells (Fig. 2A, top).
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We also determined the anchorage-independent growth potential of MCF?7 cells, which stably
express Bmi-1 shRNAs. We used two Bmi-1 sShRNAs (Bmi-1 i#1 and Bmi-1 i#2). Western
blot analysis of Bmi-1 indicted that Bmi-1 i#2 efficiently knocked down Bmi-1 expression
(Fig. 2C). Accordingly, we found that stable expression of Bmi-1 i#2 in MCF7 cells led to
significant decrease in number of colonies in soft agar, indicating a decrease in transformed
phenotype of these cells (Fig. 2A, bottom and Fig. 2B).

Mel-18 and Bmi-1 regulate Akt activity in breast cancer cells

To determine the mechanism of inhibition of colony formation in soft agar and growth
inhibition by Mel-18 overexpression or knockdown of Bmi-1 expression, we examined various
growth regulators in these cells. Our results showed that Mel-18 overexpression did not affect
p53 or its target p21 and pRb (Supplementary Fig. S2). Because Akt activity is constitutively
high in many cancer cells, including breast cancer cells, we hypothesized that Mel-18
overexpression or Bmi-1 knockdown may reduce transforming phenotype via down-regulation
of Akt pathway. To examine this possibility, we determined total Akt and pAkt by Western
blot analysis. Our results showed that Bmi-1 down-regulation by Mel-18 overexpression or
RNAI approach leads to substantial reduction in pAkt (Ser*’3 and Thr3%8) in MCF?7 cells,
suggesting that Bmi-1 regulates Akt activity (Fig. 2C; Supplementary Fig. S2). Our results also
showed that total Akt levels remained unaffected by inhibition of Bmi-1 expression.

To further confirm the down-regulation of Akt activity by Bmi-1 knockdown or Mel-18
overexpression, we determined the expression of downstream targets of Akt pathway.
GSK3p is known to be phosphorylated at Ser® and inactivated by activated Akt (16).
Inactivation of GSK3pB by Akt mediated phosphorylation at Ser? also results in cyclin D1 up-
regulation (16). Hence, we determined GSK3p and cyclin D1 expression in control, Mel-18-
overexpressing cells, and Bmi-1 knockdown cells. Consistent with reduction of Akt activity,
Western blot analysis of cells with reduced expression of Bmi-1 due to Mel-18 overexpression
or Bmi-1 knockdown showed decreased levels of pGSK3p and down-regulation of cyclin D1
(Fig. 2C, leftand Fig. 2D). In MCF7 cells, activation of Akt depends on the presence of estradiol
(E2) in the serum, which can be removed by charcoal stripping. Using regular serum (contains
E2) and charcoal-stripped serum (no E2), we confirmed that Mel-18 overexpression or Bmi-1
knockdown inhibits activation of Akt (Supplementary Fig. S3), which depends on the presence
of E2 in serum.

We also confirmed regulation of Akt activity by Bmi-1 using overexpression studies (Fig.
2C, right and Fig. 2D). Consistent with Bmi-1 knockdown studies, Bmi-1 overexpression led
to up-regulation of Akt activity as determined by Western blot analysis using pAkt and
pGSK3p antibodies (Fig. 2C, rightand Fig. 2D). To determine the mechanism of Akt regulation
by Bmi-1, we used PI3K inhibitors LY294002 and Wortmannin. Pretreatment of cells with
these inhibitors strongly attenuated Akt activity in both control and Bmi-1-overexpressing
cells (Supplementary Fig. S4), indicating that Bmi-1 regulates Akt activity via the PI3K
pathway.

Exogenous Bmi-1 expression restores Akt activity and anchorage-independent growth in
Mel-18—overexpressing MCF7 cells

Next, we examined whether exogenous expression of Bmi-1 using a retroviral promoter, which
is not repressed by Mel-18, can restore Akt activity and full anchorage-independent growth in
Mel-18-overexpressing MCF7 cells. The anchorage-independent growth of vector-infected
control, Mel-18—overexpressing and Bmi-1-overexpressing MCF7 cells, and MCF7 cells
expressing both Bmi-1 and Mel-18 was determined using soft-agar assays. The results (Fig.
3Aand B) indicated that exogenous Bmi-1 could indeed restore anchorage-independent growth
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in Mel-18—overexpressing MCF7 cells. Western blot analysis of cells expressing both Mel-18
and Bmi-1 suggested that Bmi-1 could restore Akt activity in MCF7 cells (Fig. 3C and D).

Exogenously expressed mAKkt restores full transformed phenotype in Mel-18 overexpressing

MCF7 cells

To test the hypothesis that Mel-18 overexpression or Bmi-1 knockdown reduces the
transformed phenotype of MCF7 cells by down-regulating Akt activity, we co-overexpressed
activated Akt (mAKkt) in MCF7 cells with Mel-18 or Bmi-1 shRNA. MCF7 cells were selected
for co-overexpression using different antibiotic resistance markers and analyzed for the
overexpression of mAkt. Western blot analysis indicated that overexpression of mAkt resulted
in high pAkt proteins indicative of activated Akt (Fig. 4A; Supplementary Fig. S5A). Consistent
with Akt acting downstream of Bmi-1, mAkt overexpression did not result in Bmi-1 up-
regulation. Next, using soft agar assay, anchorage-independent growth potential of control cells
and cells expressing Mel-18, mAkt, or both was examined. Results indicated that mAkt fully
restores anchorage-independent growth of MCF7 cells expressing Mel-18 (Fig. 4B and C) or
Bmi-1 shRNA (Supplementary Fig. S5A-C), without perturbing Bmi-1 expression
Collectively, these data indicate that Mel-18 and Bmi-1 shRNA inhibit colony formation in
MCFT7 cells via down-regulation of Akt activity.

Discussion

Our cell culture data showing an inverse correlation between Bmi-1 and Mel-18 expression
prompted us to examine if indeed this inverse correlation exists in vivo in breast tumors. Bmi-1
is overexpressed in invasive breast cancer; hence, we reasoned that in such breast tumors where
Bmi-1is highly expressed, Mel-18 expression might be low. Indeed, we found a strong negative
correlation between Mel-18 and Bmi-1 expression in invasive breast cancer, which favored
high Bmi-1 and low Mel-18 expression. A recent report did not find a negative correlation
between Bmi-1 and Mel-18 expression in primary breast cancer samples (17). These authors
also did not find negative correlation between Bmi-1 and p16/ARF expression, which has been
shown in other cancers such as non-small-cell lung cancer (5) and colorectal cancer (6), and
several in vivo and culture studies. At present, the reasons of discrepancy between the work
published by Silva et al (17) and other studies (5,6) and our data presented here is unclear. It
may reflect tumor heterogeneity in the samples, different stages of tumor progression, and
methods of detection and data analysis. All breast cancer samples used in our study were from
late-stage invasive breast tumors, most of which had relatively undetectable to low Mel-18
expression compared with Bmi-1 expression as determined by immunohistochemistry. Based
on these results, we suspect that this inverse correlation may persist with other cancer types.
Analysis of Mel-18 and Bmi-1 coexpression in a large cohort of breast tumors and other cancers
remains to be explored. Nonetheless, our studies suggest that Mel-18 is a physiologic regulator
of Bmi-1 expression in breast epithelial cells.

It is interesting to note that Akt activity is up-regulated in a number of cancers including breast
cancer (18,19). Bmi-1 is thought to promote oncogenesis primarily by down-regulating the
expression of the p16Ink4a/ARF locus (20). However, most breast cancer cells, including
MCF7 cells that were used in this study, express very little, if any, p16, owing to p16 promoter
methylation and/or deletion of the Ink4a/ARF locus. Our previous studies (13) and data
presented here suggest that Bmi-1 can also promote oncogenesis via p16-independent
mechanisms. In particular, Bmi-1 seems to regulate Akt activity in breast cancer cells and
breast epithelial cells. Although the detailed mechanism of regulation of Akt activity by Bmi-1
remained to be elucidated, our PI3K inhibitor data and Akt phosphorylation studies suggest
that Bmi-1 regulates Akt activity by up-regulating PI3K/3-phosphoinoisitide-dependent
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kinase-1 pathway. In conclusion, our studies suggest that polycomb proteins, in particular
Bmi-1 and Mel-18, can regulate Akt activity in normal breast epithelial and breast cancer cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Mel-18 and Bmi-1 expression inversely correlates in breast cancer cell lines and breast tumors.
A, Bmi-1 and Mel-18 expression in various breast cancer cell lines as detected by Western blot
analysis. B, representative of two tumor samples: sample 1 expresses high Bmi-1 and low
Mel-18, whereas sample 2 expresses high Mel-18 and low Bmi-1 expression. Tumor adjacent
(TA) normal tissue of a biopsy sample with high Mel-18 and low Bmi-1. Tissues were stained
with Bmi-1- or Mel-18- specific antibodies and counterstained with hematoxylin as described
in Materials and Methods.
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Figure 2.

Reduction of transformed phenotype of MCF7 cells by Mel-18 overexpression and knockdown
of Bmi-1 expression. A, overexpression of Mel-18 and knockdown of Bmi-1 expression in
MCF7 decreases colony formation in soft agar. Control or Mel-18—overexpressing MCF7 cells
(top), and control (Ctrl RNAi) or Bmi-1 shRNAs (Bmi-1 i #1 and Bmi-1 i #2) cells (bottom)
were plated in soft agar to determine the anchorage-independent growth as described in
Materials and Methods. B, colonies from three different experiments were counted and plotted.
C, left, Mel-18 and Bmi-1 regulate Akt activity. Bmi-1 knockdown by RNAI approach or its
down-regulation by Mel-18 overexpression leads to reduction in pAkt as determined by
Western blot (WB) analysis using both anti—phosphorylated Ser*’3 and anti-phosphorylated
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Thr3%8 Akt antibodies. Reduction in Akt activity results in corresponding decrease in
pGSK3pand cyclin D1 protein levels. Mel-18, Bmi-1, total Akt, pAkt, pGSK3p, total
GSK3B, cyclin D1, and B-Actin (loading control) were detected by Western blot analysis as
described in Materials and Methods. *, nonspecific band reacting to pAkt (Thr3%) antibody.
Right, Bmi-1 overexpression up-regulates Akt activity in MCF10A cells. Bmi-1 was
overexpressed in MCF10A cells using pBabe-Bmi-1 retrovirus, and vector control and Bmi-1-
overexpressing cells were analyzed for the activation of the Akt/GSK3p/cyclin D1 pathway
by Western blot analysis as described in Materials and Methods. D, quantification of Akt and
GSK3p activity. The pAkt and pGSK3p signal in each lane was quantified by densitometric
analysis using ImageJ 1.37 software (NIH, Bethesda, MD) and normalized to total Akt and
total GSK3p signal of each lane, respectively, and plotted. Similarly, levels of cyclin D1 were
quantified using densitometric analysis of signal present in each lane, normalized to B-actin
signal of each lane, and plotted.
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Figure 3.

Exogenous Bmi-1 restores Akt activity and anchorage-independent growth potential of
Mel-18-overexpressing cells. A, MCF7 cells were infected with a control retrovirus or Bmi-1—
overexpressing retrovirus. Cells were selected in hygromycin and super-infected with Mel-18-
expressing retrovirus. After selection, vector, Mel-18, Bmi-1, and Mel-18 and Bmi-1
coexpressing cells were analyzed for colony formation in soft agar. B, numbers of colonies
growing in soft agar were quantified per field, and data were plotted. C, Western blot analysis
of cells expressing Mel-18, Bmi-1, or Bmi-1 and Mel-18 and control cells was done to confirm
overexpression as well as restoration of Akt activity as described in Materials and Methods.
D, quantification of Akt activity in control vector and Mel-18, Mel-18 + Bmi-1, and Bmi-1-
overexpressing cells (as indicated). Akt activity was quantified as described in Fig. 2D.
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Figure 4.

Exogenous overexpression of activated Akt (mAkt) restores anchorage-independent growth
potential of Mel-18—overexpressing MCF7 cells. A, mAkt was stably expressed in Mel-18—
overexpressing cells using a retroviral expression vector as described in Materials and
Methods. Cell expressing Mel-18, mAkt, and Mel-18 together with mAKkt were analyzed for
expression of activated (phosphorylated) Akt by Western blot analysis. B, soft agar assay was
done to determine anchorage-independent growth potential of MCF7-derived cells done as
described in Materials and Methods. Representative photograph of colonies of control MCF7
(vector) and MCF7 derivatives (as indicated) growing in soft agar. C, colonies of control MCF7
and MCF7 expressing Mel-18, mAkt, or Mel-18 and mAkt (as indicated) growing in soft agar
were counted and plotted from three different experiments.
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