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INTRODUCTION: 
In most cases, breast cancer is a carcinoma arising from the transformation of mammary epithelial cells. 
Transformation is a complex multistep process involving several molecular genetic changes [1, 2]. It is believed 
that the first molecular genetic change entails bypass of cellular senescence followed by the immortalization of 
cells [1, 2] . After completing a certain number of divisions, normal cells enter a state of irreversible growth 
arrest and altered function, known as cellular senescence [2]. Two important tumor suppressor pRb and p53 are 
required for the maintenance and genesis of senescent phenotype.  

The p53-p21 pathway is an important mediator of cellular senescence as well as senescence induced by 
non-telomeric signals such as oncogene-induced senescence (OIS) [2]. The p53 protein is a typical transcription 
factor and contains an N-terminus transactivation, a centrally located DNA binding and a C-terminus 
oligomerization domain [3, 4] . Transcriptionally active p53 binds to a consensus site 5' -RRRCA/TA/TYYY-3', 
often present in pairs in p53 regulated genes [5, 6] . Tumor derived mutants of p53 are always defective in 
sequence-specific transactivation, thus attesting the importance of transcription activation function of p53 [7]. 
Activation of these transcriptional targets of p53 results in apoptosis, G1 and G2 cell cycle arrest or senescence 
[8, 9]. Mutations in p53 and genes of p53 pathway are also of common occurrence in breast cancer [10].  

When mammary tissue is explanted in an appropriate tissue culture medium, a heterogeneous cell 
population emerges. This heterogeneous population proliferates for 3-5 population doublings before a majority of 
cells undergo senescence. Regular feeding of these cells give rise to a homogeneous population which is referred 
to post-selection HMECs, while the original heterogeneous mixture is referred to as pre-selection cells [1]. These 
post-selection cells are widely used to study senescence and model breast cancer in vitro. The post-selection cells 
are p16 negative but still undergo senescence and never spontaneously immortalize [1]. Because cells need to 
overcome senescence in order to become transformed, and p53 and p53 targets regulate senescence, it is 
important to study the role of p53 and identify p53 targets genes that are involved in senescence induction in 
HMECs.  
 
BODY: 
The broad objective of this career development award (CDA) was to study the role of p53 in HMEC 
senescence and gain expertise in the area of breast cancer research. The first aim was to examine p53 binding 
activity and study posttranslational modifications in senescent HMECs. The second aim was to study the role 
of known p53 target genes using chromatin IP and RT-PCR method, and the third aim was to identify novel 
targets of senescence-relevant targets p53 using ChIP and array analysis. In following sections, we describe 
our results with respect to these aims and additional related studies that we carried out during this CDA.  
Aim 1: The aim 1 of the grant was accomplished in year 1. The results are briefly described below. 
 In this aim, post-selection HMECs were serially passaged in culture and frozen at different passages. SA-β-
gal index and %LN of HMECs were determined at each passage as described [11, 12]. At passage 17, these 
HMECs appear to be senescent as determined by %LN (<15%) and SA-β-gal index (>70%). Similarly, cells 
at passage 11 were considered early passage by determining %LN (>80%) and SA-β-gal index (<5%). 
Nuclear extracts were prepared from cells at passage 11, passage 15 and passage 17, and p53 DNA binding 
assay was performed as described [9]. The results (Fig. 1A) suggest that p53-binding activity modestly 
increases in senescent HMECs compared to early passage cells. Binding specificity of p53 was confirmed 
using competition with wild type and mutant (containing mutant p53 binding site) oligos (Fig. 1A).  

Next, we studied posttranslational modifications of p53 during senescence in HMECs by western blot 
analysis using antibodies that detects total p53 or phosphorylated and acetylated forms of p53. Total cell 
extract was prepared from early passage and senescent pre-selection and post-selection HMECs. Equal 
amount of extract (40 µg) was run on 5-15% gradient polyacrylamide gel, transferred to PVDF membrane and 
probed with various antibodies as described [12]. The results (Fig. 1B) suggest that p53 is downregulated in 
senescent pre-selection cells but is upregulated in senescent post-selection cells. Furthermore, expression of 
p21, a p53 target gene, which is a CDK inhibitor, and known to be upregulated during senescence in 
fibroblasts correlates well with p53 level. Senescent post-selection but not pre-selection HMECs contained 
increased amount of p21 protein. As expected, post-selection cells contained undetectable p16; however, p16 
was upregulated in senescent pre-selection HMECs. When probed with antibodies specific for acetylated p53 
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(Lys 320, and Lys-373, Lys-382), results showed no significant difference in steady state level of acetylated 
p53 (Fig. 1B). Although, there appears to be modest increase in acetylated p53 in senescent post-selection 
HMECs compared to early post-selection HMECs when probed with antibody specific for Lys-320. Western 
blot analysis using antibody specific for Ser-15 and Ser-37 showed that p53 phosphorylated at Ser-37 is 
increased in post-selection HMECs, but its levels do not increase with senescence. On the other hand, Ser-15 
phosphorylation remained mostly unchanged in pre-and post-selection cells but senescent post-selection 
HMECs exhibited slight increase when compared to early passage cells (Fig.1B).  

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Analysis of p53 in senescent HMECs.  A. p53 DNA binding activity increases with senescence in 
post-selection HMECs.  Lane 1, 2 and 3 represent nuclear extract from HMECs at passage 11 (early passage), 
15 (mid passage) and 17 (senescent) respectively. Lane 4 is competition using 100-fold excess wild type 
oligo, while lane 5 is competition using 100-fold excess mutant oligo (containing mutant p53 binding site). In 
competition assays, nuclear extract from passage 11 was used. Arrows indicate p53 specific and non-specific 
band (as indicated). Free is the labeled probe that did not bind p53. B. Western-blot analysis using indicated 
antibodies to determine the expression of various proteins (p53, p16, p21 and QM), and posttranslational 
modifications of p53 (acetyl and phospho p53) was performed as described in the text. QM is a loading 
control.  
 
Aim 2: In this aim, we studied the role of known p53 targets in HMEC senescence using array, RT-PCR and 
ChIP,assays.  

1. To analyze p53 target genes in senescent HMECs, we obtained “Human TranSignal p53 Target Gene 
Array” from Panomics Inc., Redwood City, CA. The array contains 146 human p53 target genes chosen from 
published literature. Total RNA was isolated from early passage growing (76N Early) and senescent (76N 
Late) HMECs, labeled with biotin-UTP using reverse transcriptase, and hybridized to individual array  
membranes overnight. The hybridization pattern was detected by enhanced chemiluminescence, and 
autoradiogram developed. The intensity of signal corresponding to various target genes by densitometry, and 
normalized to control spots in arrays. Our array data suggest that in general, p53 target genes are upregulated 
during senescence in HMECs (Figure 2).  Results indicated p53 regulated genes falls into four categories of 
genes in HMECs (Figure 2). Category A- Genes that are showed the highest upregulation in senescent cells 
compared to early passage proliferating cells.  This category include are well-characterized p53 target genes 
such as TGFα, p63, WIG1 and TSP-1. Other gene that are also expressed at high level compared to early 
passage cells were- Jun, RB1, MAD1, TP53INP1, PRG1, HGFL1, Slac19A, 15-LO, P2RXL1, RGS14, THBS2, 
TOP2A, TYR AFP,AR and TST (Figure 1B). Category B- Genes in this category are moderately overexpressed 
in senescent HMECs. These genes include IL-6, IGF-BP3, and BCL-6. Category C- In the third category, 
genes showed similar level of expression in proliferating as well as senescent HMECs. These genes are 
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PTEN, CK8, PPM1D, MCG9 and Killer /DR5. Category C- Finally, genes that were downregulated in 
senescent HMECs are- Cyclin B and c-myc.  

Several p53 target genes that were also present in array were not detected; this could be due to cell 
type specific expression of these target genes or relatively low level of expression of genes that were not 
detected in array analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Quantitative analysis of various p53 target genes present in p53 array. Genes were divided into 4 
categories (A-D) as described in the text. 

2. Next, we analyzed several known p53 target genes and genes selected from array in senescent HMECs by 
RT-PCR analysis. Total RNA was prepared from early (growing) and late (senescent) HMECs and RT PCR 
analysis was done as described. The primer sequences and expected product sizes are given in table 1.   
      

Table 1 
 

Gene Forward Primer Reverse Primer Product 
size (bp) 

DDB2 TTACTCTGCTTCCCAGTG 
 

GCTCCAGATGAGAATGTG 
 

298 bp 

UBTD1 CCATCTACTGCCTGTCAC 
 

GATGATGACCTGGATGAC 
 

293 bp 

TMEM30A GGTACAACAAAGCCTGTG 
 

CAGCGATGTAAGCAATCC 
 

292 bp 

RPS27L TACATCCGTCCTTGGAAG 
 

TGAACACCCTTCTGTGAG 
 

194 bp 

TP53AP1 GCCTGACCCAGGATCTAG 
 

CACTGGTGTAAGTGTTCG 
 

183 bp 

MDM4 GGCTCCTGTCGTTAGAC 
 

CCCCAGCCTTCTTTAGTC 
 

296 bp 

ANKRD2 
 

GAGGGATAAGCTGCTGAG 
 

CAGCCCGTTATGCTCAG 
 

298 bp 
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GADD45A ATCACTGTCGGGGTGTAC 
 

CTTAAGGCAGGATCCTTC 
 

299 bp 

BTG2 CAAACACCACTGGTTTCC 
 

ACTGCCATCACGTAGTTC 
 

300 bp 

ANXA4 ACCGAAATCACCTGTTGC 
 

AGTCTCCAGATGTGTCAC 
 

294 bp 

IGF-BP3 TAAAGACAGCCAGCGCTA CTGCCCATACTTATCCACA 252 bp 
 

TGF-α TCAGTTCTGCTTCCATGG TTTCTGAGTGGCAGCAAG 299 bp 
 

Wig1 CGGAAGCTCAGAGTAACTC CTCCATCTCATTCCTGTACC 300 bp 
 

HGFL GAAGGAGCAGTGGATACTGAC GGACTGTGTCATTACCCGTAC 299 bp 
 

BCL6 CAGTGACAAACCCTACAAG GCTCTTCAGAGTCTGAAGG 300 bp 
 

RGS 14 GTGTGAAGATCTCCAAAGC CTGCTGATTTGGTCTGTG 297 bp 
 

PPM1D CTCGAGAGAATGTCCAAGG GCTGAGCACCACTACTTC 300 bp 
 

TSP-1 GGACAACTGTCCCTATGTG CCAGTTAGGGTCATTTTGG 300 bp 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: RT PCR analysis of selected p53 target genes in growing and senescent HMECs. ß-Actin was used 
as a loading control. 
3. Next, ChIP assay was done using chromatin Immunoprecipitation kit from Upstate  Cell Signaling 
Solutions (Charlottesville, Virgina) as described by manufacturer. The p53 immunoprecipitated DNA was 
PCR amplified for selected p53 target genes using primers flanking p53 binding sites. Immunoprecipitation 
using mouse IgG was used as a negative control. 10% of initial lysed and sonicated cell extract was used as 
input for PCR after phenol extraction and DNA precipitation. Initially, we compared ChIP assay pattern of 
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growing and senescent cells for p53 target genes p21 and PIG3 (Fig. 4A), and DDB2 and RPS27L using 
primers specific for these genes, which flank p53 binding sites in their promoter regions.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4: ChIP analysis of p53 targets in senescent HMECs. A. p53 targets p21 and PIG3 were analyzed 
by ChIP in growing (G) and senescent (Sen) cells. B. ChIP analysis of p53-IPed Chromatin using primers 
specific for p21, DDB2 and RPS27L. Lane 1 and 4 -76N senescent cells, lane 2, 3, 5 and 6- adriamycin 
treated (to induce p53) 76N hTERT cells. Lane 4 and 5 are IPed with p53 antibody.  GAPDH is a negative 
control for ChIP PCR. IP-IgG is a negative control for ChIP assay.  
 
Aim 3:  Identification of potential p53 targets in senescent HMECs using ChIP cloning approach- 
Next, the p53-IPed chromatin from senescent HMECs was cloned in pGEM-T easy vector and several clones 
were sequenced. Sequence of several clones confirmed the presence of p53 binding sites in insert present in 
these clones. The various genes and the putative p53 binding site that were identified are summarized in table 
2.  
                               Table 2 

 
S.
No 

Chrom. No. Location Description Putative P53 binding Site 
Sequence 

1 22q11.21 
 

5’ UTR armadillo repeat gene deletes in 
velocardiofacial syndrome (ARVCF) 
 

AGGCAGGTGA-1-
GGAGTGCCC 

2 15q25-q26 Internal membrane alanine aminopeptidase 
precursor 
 

AGCCATGGGC-5-
GGCACCCCC 

3 1p36.33 5’UTR similar to myosin XV GGCCATGGCT-38-
GGCAGGAGT 
 

4 8 Internal Homo sapiens chromosome 8, clone 
RP11-301G7 

AGACACTCCT-8-
AGACAGGGTC 

5 6 Internal Human DNA sequence from clone RP3-
322A24. 
fibronectin type III domain containing 1 

TTTCATGGCT-74-
TGGTTTGCCT 
 

6 12 Internal Homo sapiens 12 BAC RP11-513P18 TAACTTGTGT-x-
TGAAATGCTT 
 

7 5 Internal Homo sapiens chromosome 5 clone CTD-
2210P15 

AGGCAGGTTG-28-
AGGCATCCTA 
 

8 12 Internal Homo sapiens 12q BAC RP11-798P24 AGACATAACA-26-
AGCCATGTGT 
TGCCAGGCTT-12-

p21

GAPDH

G     Sen G    Sen G    Sen

Input IP- p53 IP- IgG

PIG3
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Input PCR IP PCR
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p21
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ATGCTGGCCT 
 

9 5 5”UTR Homo sapiens chromosome 5 clone CTC-
454D3, spermatogenesis associated 9 
isoform a 

AGGATTGTTC-3-
AGCCTTTTCC 
AGGCCTCTCT-5-
AGTTGTGCCT 

10 5 Internal Homo sapiens chromosome 5 clone CTB-
43D14,   collagen, type XXIII, alpha 1 
 

TTACATGTGC-7-
CGGCTCGTCA 
TGACTTCTCC-6-
TGTGATGTCT 
ATGTATGTCT-16-
AAACACGATT 

11 3 Internal Homo sapiens 3 BAC RP11-190F16 TGATTTGTTT-2-
TGACCTGGCT 

12 15 Internal Homo sapiens chromosome 15, clone 
RP11-114H24 

AGGCCAGGCA-10-
AAACACGGCA 
ATGCGTGACC-2-
GGGCAAGTGA 
 

13 1 Internal Human DNA sequence from clone RP11-
349E20 

AGGCATGTGC-9-
TGGCTTGACA 

14 3 Internal Homo sapiens 3 BAC RP11-139K4 GAGCAAGACC 
15 3 Internal Homo sapiens 3 BAC RP11-139K4 GGTCTTGCTC-11-

GGACCTTTCT 
16 Xq23 Internal Homo sapiens PAC clone RP1-170D19 

from 
TAACTTGCCA-x-
GTTCATGTCA 
 

17 7 Internal Homo sapiens BAC clone RP11-302C22 
from 7 

AAACTGGTCT 

18 Xp11 Internal Human DNA sequence from clone RP1-
169I5, the 3' end of the DDX3 gene for 
DEAD/H (Asp-Glu-Ala-Asp/His) box 
polypeptide 3, the NYX gene for 
nyctalopin, a gem (nuclear organelle) 
associated protein 7 (GEMIN7) 
pseudogene and two CpG islands 

GGGCAGGCCC-2-
GGACCTGACA 

19 19 Internal glucose phosphate isomerase (GPI) GGGTCTGCCT-x-
GGGCATGGCT 
AGGGATGGCC-0-
CGTCTAGCCC 

 
 
Aim 4:  During the no cost extension period of this CDA, we added aim 4 and studied the role of p53/p21 
pathway in oncogene-induced senescence (OIS) in HMECs and showed that BMI1 can overcome H-Ras 
induced OIS that partially depends on p53.  To understand the role of p53 in OIS in HMECs, we 
overexpressed H-Ras in MCF10A cells. We also overexpressed BMI1 in MCF10A cells and MCF10A-H-Ras 
cells. These MCF10A-derived and control cells were studied for OIS, p53 induction and other growth 
regulatory pathways (Fig. 5A and 5B). Results showed that H-Ras induces p53 in MCF10A cells similar to 
other primary cells and although MCF10A cells do not express p16INK4a, H-Ras overexpression in these cells 
still induced senescence (OIS) and inhibited cell proliferation (Fig. 6A and 6B). Bmi-1 co-overexpression 
with H-Ras resulted in bypass of H-Ras-mediated OIS (Fig. 6A and 6B) and p53 downregulation suggesting 
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that Bmi-1 cooperates with H-Ras to transform HMECs, by inhibiting H-Ras-mediated OIS and 
downregulating p53. Consistent with these data, we found that only Bmi-1+H-Ras expressing cells exhibited 
features of transformation such as growth in soft-agar and disorganized morphology of acini in Matrigel (Fig. 
7).  

We further analyzed expression of p53 targets in H-Ras, BMI1 and H-Ras+BMI1 overexpressing 
cells to determine the role of p53 pathway in transformation of HMECs and cooperation between H-Ras and 
BMI1 in transforming HMECs via downregulation of p53 and inhibition of OIS. For the detailed analysis of 
the p53 pathway, MCF10A control and MCF10A- derived cells were treated with the DNA damaging agent 
Camptothecin (CPT) (500 nM) for the indicated amount of time (Fig. 8). Next, the expression of p53, 
phospho-p53 and p53 target genes was studied by Western blot analysis. The results indicated that p53 
induction by CPT was compromised in H-Ras and BMI1+H-Ras expressing late passage MCF10A cells (Fig. 
8). Further analysis of phospho-p53 indicated that MCF10A-H-Ras (LP) and MCF10A-Bmi-1+H-Ras (LP) 
cells were defective in phosphorylation of p53 at Ser-15 and Ser-37 residues (Fig. 8). MCF10A-BMI1 cells 
also had a reduced phosphorylation of p53 at Ser-15 (Fig. 8).  

Next, we studied the induction of p21 and PUMA (p53 upregulated modulator of apoptosis), two well 
known transcriptional targets of p53, which are associated with p53 function such as apoptosis and 
senescence. Our results indicated that both p21 and PUMA induction by CPT is severally compromised in H-
Ras overexpressing MCF10A cells (Fig. 8). We also examined expression of Bax and PIG3 (p53 inducible 
gene 3), two other known targets of p53. Analysis of these two genes indicated that Bax is expressed at very 
low levels and is inducible in control MCF10A cells. However, H-Ras expressing MCF10A cells had higher 
levels of Bax, which were not inducible by DNA damage (Fig. 8). Among all four cell types, MCF10A-H-Ras 
(LP) cells also expressed high BCL2, which may be related to transformed properties of these cells. PIG3, 
which usually have a delayed kinetics of induction by p53, was not inducible within the time frame used in 
our experiments in any of the cell type. Interestingly, compared to MCF10A control cells, PIG3 was 
downregulated in MCF10A-H-Ras, MCF10A-Bmi-1 and MCF10A-Bmi-1+H-Ras cells, with the later cells 
showing the most dramatic downregulation of PIG3 (Fig. 8). These findings are published in Datta et al. [13].  
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Figure 6: H-Ras overexpression in MCF10A leads to partial OIS ( Oncogene Induced Senescence), 
which is compromised by Bmi -1 overexpression . (A) vector control or MCF10A cells expressing H -Ras alone 
or co-overexpressing Bmi-1 and H-Ras at passage 2 after selection were plated in multiwell plates, grown for 
24-48 hrs, fixed, and stained for SA -β-Gal marker as described in Methods. (B). MCF10A cells with vector, 
and MCF10A -H-Ras, and MCF10A -Bmi-1+H-Ras cells were plated (5X105 cells/P100) at day 0 in 3 sets, 
harvested using trypsin-EDTA at day 1, day 3 and day 5, and counted using a Coulter -counter. The cell number 
at different days was plotted to measure the short -term growth potential of MCF10A -derived cells.  
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Figure 7:Transformed phenotype of MCF10A cells expressing Bmi- 1+H- Ras. (A) MCF10A and MCF10A cells 
expressing H-Ras alone, Bmi-1 alone or Bmi-1 together with H-Ras (as indicated), at passage two (after Ras
selection) were analyzed under light microscope for anchorage-independent growth using soft-agar assays, 
and photographed (4X). (B).MCF10A and MCF10A-derived cells (as indicated) at passage 2 were analyzed for 
acini formation using Matrigelassays and photographed (6X). 
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KEY RESEARCH ACCOMPLISHMENTS: 
The Career Development Award “DAMD17-02-1-0509” from USAMRMC has been instrumental in 
advancing my academic career. The key research accomplishments and findings during the entire 
period of the CDA are as following- 
• p53 DNA binding activity increases with senescence in post-selection HMECs. 
• p53 levels and its transcription activity as determined by examining the level of its target gene 

p21 increases with senescence in post- but not pre-selection HMECs.  
• There are no significant posttranslational changes in p53 during senescence in HMECs as 

determined by a limited set of antibodies. 
• Stable downregulation of p53 and/or p21 using RNAi approach significantly  extends replicative 

life span of HMECs. 
• Stable downregulation of p53 is more effective than p21 downregulation in extending the 

replicative life span of HMECs. 
• Several p53 target genes are differentially expressed in senescent verses proliferating HMECs. In 

general, p53 targets are overexpressed in senescent HMECs. 
• p53 mediates H-Ras induced premature senescence (OIS) in HMECs.  
• Bmi-1 overexpression overcomes p53-medaited OIS induced by H-Ras. 
• Bmi-1 cooperates with H-Ras to transform HMECs by inhibiting H-Ras induced OIS and 

downregulating p53. 
• We have identified several new putative genes that contain putative p53 binding sites in 5’ 

untranslated region and in internal non-coding regions.  
 
 
REPORTABLE OUTCOMES:     
Following publications resulted during the course of this CDA, which were partially supported by 
DAMD17-02-1-0509 award- 
 
Peer Reviewed Publications:       
1. Itahana, K., Campisi, J. and G. P. Dimri (2004) Mechanisms of cellular senescence in human and 
mouse cells. Biogeron. 5: 1-10. 
2. Dimri, G.P. (2005) What has senescence got to do with cancer? Cancer Cell 7:  505-512. 
3. Dimri, G. P., Band, H and V. Band (2005) Mammary epithelial cell transformation:   insights 
from cell culture and mouse models. Breast Cancer Res.  7: 171-179. 
4. Guo, W-J., Datta, S., Band, V. and G. P. Dimri (2007). Mel-18, a polycomb group protein 
regulates cell proliferation and senescence via transcriptional repression of Bmi-1 and c-Myc 
oncoproteins. Mol. Biol. Cell 18: 536-546. 
5.Guo, W-J., Zeng, M. -S., Yadav, A., Song, L-B., Guo, B.-H, Band, V and G. P. Dimri (2007) 
Mel-18 acts as a tumor suppressor by repressing Bmi-1 expression and downregulating  Akt activity 
in breast cancer cells. Cancer Res. 67(11):5083-5089. 
6. Datta, S., Hoenerhoff, M. J., Bommi, P., Sainger, R., Guo, W.-J., Dimri, M., Band, H.  Band, V., 
Green, J. E. and G. P. Dimri.  Bmi-1 cooperates with H-Ras to transform human mammary 
epithelial cells via dysregulation of multiple growth regulatory pathways. Cancer Res. 67:10286-
10295. 
7. Hoenerhoff, M.J., Chu, I., Datta, S., Dimri, G.P. and J.E. Green (2009) BMI1 Cooperates with H- 
RAS to Induce an Aggressive and Metastatic Phenotype with Spontaneous Brain Metastases. 
Oncogene 28: 3022-3032. 
 



 13

Book Chapters: 
1. Itahana, K., Campisi, J. and G. P. Dimri. (2007) Methods to detect biomarkers of cellular 
senescence: the senescence-associated β-galactosidase.  Methods in Molecular  Biology volume on 
“Biological Aging: Methods and Protocol”, The Humana Press Inc., Totowa, NJ, pp 21-31. 
2.  Itahana, K. and G. P. Dimri. Senescence and Cancer. In Encyclopedia of Public Health.  
Elsevier Ltd, Oxford, UK.  
3. Dellambra, E. and G.P. Dimri. Cellular Senescence and Skin Aging. In Skin Aging Handbook: 
Market Perspectives, Pharmacology, Formulation, and Evaluation Techniques, ed., N. Dayan, 
William Andrew Publishers NY.  
 
Editorial: 
Dimri, G.P. (2008) In Search of Breast Cancer Culprits: Suspecting the Suspected and the 
Unsuspected. Breast Cancer: Basic and Clinical Research. 2008:1 1-5.  
 
Abstract: 
Yadav, A., Datta, S., Band, V. and Dimri, G. P. (2005) Role of p53 in Mammary Epithelial Cell 
Senescence.  Era of Hope, Dept. of Defense, Breast Cancer Research Program Meeting. Abst # P27-
8. 
 
CONCLUSIONS: 
p53 an important mediator of cellular senescence, which plays a role in telomere length dependent 
senescence in post-selection HMECs. DNA binding and transcription activation activity og p53 
increases with passage number in post-selection HMECs. Several of p53 target genes are 
upregulated in post-selection senescent HMECs. Accordingly, p53 knockdown bypasses senescence 
and extends replicative life span of post-selection HMECs. p53 is also induced during oncogene 
induced senescence (OIS) as an anti-onoogenic response. In order to become transformed, HMECs 
need to overcome p53-mediated OIS. Thus p53 plays a role in telomere-dependent senescence as 
well as telomere-independent senescence such as OIS. In both cases, it acts as potent tumor-
suppressor, and its abrogation is required for full transformation of HMECs and development of 
breast cancer.  

 
REFRENCES: 
 
1. Dimri, G., H. Band, and V. Band, Mammary epithelial cell transformation: insights from cell 

culture and mouse models. Breast Cancer Res, 2005. 7(4): p. 171-9. 
2. Dimri, G.P., What has senescence got to do with cancer? Cancer Cell, 2005. 7(6): p. 505-12. 
3. Hofseth, L.J., S.P. Hussain, and C.C. Harris, p53: 25 years after its discovery. Trends 

Pharmacol Sci, 2004. 25(4): p. 177-81. 
4. Levine, A.J., W. Hu, and Z. Feng, The P53 pathway: what questions remain to be explored? 

Cell Death Differ, 2006. 13(6): p. 1027-36. 
5. el-Deiry, W.S., Regulation of p53 downstream genes. Semin Cancer Biol, 1998. 8(5): p. 345-

57. 
6. Rozan, L.M. and W.S. El-Deiry, p53 downstream target genes and tumor suppression: a 

classical view in evolution. Cell Death Differ, 2007. 14(1): p. 3-9. 
7. Lim, Y.P., et al., The p53 knowledgebase: an integrated information resource for p53 

research. Oncogene, 2007. 26(11): p. 1517-21. 
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8. Itahana, K., G. Dimri, and J. Campisi, Regulation of cellular senescence by p53. Eur J 
Biochem, 2001. 268(10): p. 2784-91. 

9. Itahana, K., et al., A role for p53 in maintaining and establishing the quiescence growth 
arrest in human cells. J Biol Chem, 2002. 277(20): p. 18206-14. 

10. Lacroix, M., R.A. Toillon, and G. Leclercq, p53 and breast cancer, an update. Endocr Relat 
Cancer, 2006. 13(2): p. 293-325. 

11. Dimri, G.P., et al., A biomarker that identifies senescent human cells in culture and in aging 
skin in vivo. Proc Natl Acad Sci U S A, 1995. 92(20): p. 9363-7. 

12. Dimri, G.P., et al., The Bmi-1 oncogene induces telomerase activity and immortalizes human 
mammary epithelial cells. Cancer Res, 2002. 62(16): p. 4736-45. 

13. Datta, S., et al., Bmi-1 cooperates with H-Ras to transform human mammary epithelial cells 
via dysregulation of multiple growth-regulatory pathways. Cancer Res, 2007. 67(21): p. 
10286-95. 
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Abstract
Normal human mammary epithelial cells (HMECs) have a finite life
span and do not undergo spontaneous immortalization in culture.
Critical to oncogenic transformation is the ability of cells to overcome
the senescence checkpoints that define their replicative life span and
to multiply indefinitely – a phenomenon referred to as immortalization.
HMECs can be immortalized by exposing them to chemicals or
radiation, or by causing them to overexpress certain cellular genes or
viral oncogenes. However, the most efficient and reproducible model
of HMEC immortalization remains expression of high-risk human
papillomavirus (HPV) oncogenes E6 and E7. Cell culture models
have defined the role of tumor suppressor proteins (pRb and p53),
inhibitors of cyclin-dependent kinases (p16INK4a, p21, p27 and p57),
p14ARF, telomerase, and small G proteins Rap, Rho and Ras in
immortalization and transformation of HMECs. These cell culture
models have also provided evidence that multiple epithelial cell
subtypes with distinct patterns of susceptibility to oncogenesis exist
in the normal mammary tissue. Coupled with information from distinct
molecular portraits of primary breast cancers, these findings suggest
that various subtypes of mammary cells may be precursors of
different subtypes of breast cancers. Full oncogenic transformation
of HMECs in culture requires the expression of multiple gene
products, such as SV40 large T and small t, hTERT (catalytic subunit
of human telomerase), Raf, phosphatidylinositol 3-kinase, and Ral-
GEFs (Ral guanine nucleotide exchange factors). However, when
implanted into nude mice these transformed cells typically produce
poorly differentiated carcinomas and not adenocarcinomas. On the
other hand, transgenic mouse models using ErbB2/neu, Ras, Myc,
SV40 T or polyomavirus T develop adenocarcinomas, raising the
possibility that the parental normal cell subtype may determine the
pathological type of breast tumors. Availability of three-dimensional
and mammosphere models has led to the identification of putative
stem cells, but more studies are needed to define their biologic role
and potential as precursor cells for distinct breast cancers. The
combined use of transformation strategies in cell culture and mouse
models together with molecular definition of human breast cancer
subtypes should help to elucidate the nature of breast cancer
diversity and to develop individualized therapies.

Introduction
More than 80% of adult human cancers are carcinomas,
tumors originating from malignant transformation of epithelial
cells. However, much of our understanding of oncogenic
transformation comes from fibroblast transformation systems.
Breast cancer is the second leading cause of cancer-related
deaths among women in the USA [1]. The vast majority of
breast cancers are carcinomas that originate from cells lining
the milk-forming ducts of the mammary gland (for review [2]).
Deliberate transformation of these cells provides a practical
window into human epithelial oncogenesis. Malignant
transformation represents a complex multistep process in
which genetic, environmental, and dietary factors together are
thought to alter critical cell growth regulatory pathways
resulting in uncontrolled proliferation, which is a hallmark of
tumorigenesis [3,4]. Understanding the nature of these
cellular pathways is of central importance in cancer biology.

The growth of normal human mammary epithelial cells
(HMECs), which include luminal, myoepithelial and/or basal
cells (described below), is tightly controlled. These cells grow
for a finite life span and eventually senesce (for review [5-7]).
Both cell culture and mouse models have provided evidence
that essential initial steps in tumorigenesis involve the loss of
senescence checkpoints and immortalization, which allow a
cell to grow indefinitely and to go through further oncogenic
steps, resulting in fully malignant behavior. In addition, cell
culture model systems have identified a number of genes
whose alterations are involved in HMEC immortalization and
thereby have provided significant insights into the biology of
early breast cancer [5,7,8]. Use of oncogene combinations
has allowed researchers to create cell culture models of full
HMEC transformation, thereby illuminating the process of
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breast cancer progression [9-11]. Additional insights have
come from mouse models, using transgenic overexpression of
oncogenesis-promoting genes and deletion of tumor
suppressor genes, which often produce breast adeno-
carcinomas that closely resemble human breast cancers.

Studies using cell culture transformation models have pointed
to the existence of HMEC subtypes with distinct suscepti-
bilities to oncogenesis by different oncogenes [5,8].
Remarkably, direct cDNA microarray profiling of human
breast cancers has led to similar insights, identifying multiple
subtypes of human breast cancer with distinct outcomes;
phenotypic and genotypic characteristics of these breast
cancer subtypes point to their possible origin from specific
subtypes of HMECs, such as basal or luminal cells [12].
Finally, cell culture and mouse model systems have begun to
identify mammary stem cells that may provide progenitors for
oncogenic transformation [13] and have led to an appreciation
of the microenvironment for oncogenesis [14,15].

Thus, studies conducted over the past several years have
established the importance of HMEC transformation models
to our understanding of the pathways that control normal
mammary cell growth, development, and oncogenesis.
However, many challenges remain, including the identification
of mammary cell subtypes or oncogenic strategies that result
in cancers that resemble naturally occurring human breast
cancers, and translation of new research to devise more
specific diagnostic and treatment strategies for different
subtypes of breast cancer.

Mammary gland and various epithelial cell
subtypes
The mammary gland consists of a branching ductal system
that ends in terminal ducts with their associated acinar
structures, termed the terminal ductal–lobular units (TDLUs),
together with interlobular fat and fibrous tissue [16,17]. Most
breast cancers arise in the TDLU (Fig. 1). Unlike other
epithelial cancers, such as that of colon, different stages of
breast cancer are not clearly defined. However, it is clear that
benign stages (such as typical and atypical hyperplasia),
noninvasive cancers (such as carcinoma in situ – ductal or
lobular), and invasive cancers (such as invasive ductal or
lobular carcinomas) do exist. Additionally, multiple types of in
situ carcinomas, such as solid, cribiform, papillary and
comedo types, have been reported and it is possible that
these represent tumors originating from different epithelial
subtype [16,17].

Histological examination of TDLU reveals two major types of
cells: inner secretory luminal cells and outer contractile
myoepithelial cells (Fig. 1). In addition to luminal and
myoepithelial cells, there is emerging evidence that basal
cells (presumed to be the progenitor for myoepithelial cells)
and stem cells exist in the TDLU [17,18]. Until recently it was
believed that the vast majority of breast carcinomas arise from

luminal epithelial cells [2]. This was based on the keratin
expression and other phenotypic markers of cultured tumor
cell lines, mostly derived from metastatic lesions [2].
Unfortunately, the great majority of primary breast tumors
have proved difficult to establish in cultures, either on plastic
or as three-dimensional cultures [5-7,19-21]. However,
recent molecular profiling studies clearly show the existence
of multiple subtypes of breast cancers probably originating
from luminal, basal, and possibly stem cell compartments
[12] (described below in detail).

Culturing of various epithelial cell subtypes
For more than two decades, various investigators have
attempted to develop cell culture models that lead to isolation
of breast cancer cells resembling those found in human
breast cancers. In order to establish such models, it was
essential to culture normal HMECs. In 1980s, work from
several laboratories showed that normal HMECs could be
cultured in cell culture [22,23] (for review [2,5,7]).

In our laboratory we defined a medium, termed DFCI-1, that
helped us to establish and culture normal and some primary
breast cancers under identical conditions [20]. However, in
general the difficulty in establishing primary tumor cells in cell
culture has persisted. Notably, early cultures derived from
reduction mammoplasty or mastectomy specimens exhibit
considerable heterogeneity (with multiple cell types – luminal,
stem cells, basal and myoepithelial cells) and grow for three
to four passages or about 15–20 population doublings
(PDs), and then senesce (Figs 2 and 3) [5-7]. The senes-
cence in these cells is also termed as M0 stage [24].

Figure 1

Structure of the mammary gland. Terminal ductal–lobular unit (TDLU),
composed of ductal cells, is the unit thought to be the origin of most
breast cancer. The stroma is composed of fatty tissue (adipocytes) and
fibroblasts. Also shown are the two primary types of cells in normal
ducts: outer contractile myoepithelial and inner columnar luminal cells.
A putative progenitor/stem cell is also indicated.
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However, in some cases (not always) an occasional
homogenous cell population emerges that continue to grow
further for 30-60 PDs (Figs 2 and 3) [5-7] before senescence
occurs (also called agonescence, described below) [25].
This process of emergence of cells that are able to proliferate
for extended periods is also known as self-selection; before
selection the cells are termed preselection cells, whereas
those that emerge after selection are called postselection
cells. The keratin profile of preselection cells (K-5, K-6, K-7,
K-14, K-17, K-18 and K-19 positive) [8,19,26] suggests the
existence of both luminal and basal (myoepithelial) cells.
However, postselection cells generally exhibit a loss of
expression of K-19 but retain the expression of all other keratins
[8,18,25]. These cells also express α-smooth muscle actin
(ASMA), suggesting that these may be of myoepithelial origin.
Further development of cell sorting techniques and chemically
defined media have helped in culturing of luminal and progenitor
epithelial cells [14,27] (described below in detail).

It has also been reported that postselection cells lose the
expression of p16INK4a, a cyclin-dependent kinase (CDK)

inhibitor [24,25], and gain expression of cyclo-oxygenase
(COX)-2, a gene that is thought to be involved in
tumorigenesis [28]. As both of these genes are implicated in
oncogenesis, it is conceivable that loss of p16 or gain of
COX-2 expression may make these cells more susceptible to
transformation, although it is unclear whether the loss of p16
and gain of COX-2 occur de novo during self-selection or
represent selection of a minor population of cells with pre-
existing high COX-2 and low p16 expression. Notably, p16-
negative and COX-2-positive cells could be detected using
immunohistochemistry in normal mammary tissue [28,29].

Immortalization of various HMEC subtypes in
culture
As alluded to above, normal mammoplasty-derived HMECs
exhibit a limited life span, which is followed by replicative
senescence. Replicative senescence acts as a strong tumor
suppressor mechanism and prevents spontaneous
immortalization of human cells [30-33]. A major determinant
of replicative senescence is the enzyme telomerase, which
maintains the length of telomere ends [30,31]. Most somatic
cells express little or no telomerase, resulting in telomere
shortening with successive cell divisions, which eventually
elicits a senescence checkpoint [30-32]. A senescence-like
phenotype can also be induced by a variety of nontelomeric
signals such as DNA-damaging agents, adverse cell culture
conditions, and overexpression of certain oncogenes [30,32].
The tumor suppressor protein p53 and its target gene
product p21, and p16INK4a play a crucial role in senescence
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Figure 2

Establishment of mammary epithelial cells from reduction
mammoplasty/mastectomy specimens. The tissue is chopped, digested
with collagenase and hyaluronidase, and plated in medium as organoids.
Over a week or so, multiple types of epithelial cells and fibroblasts
emerge; fibroblasts are removed by differential trypsinization (fibroblasts
are loosely attached), remaining epithelial cells grow for 10–15
population doublings (PDs) followed by senescence of the majority of
cells. Occasionally, an homogenous population of cells emerges that
continue to proliferate for an additional 30–60 PDs, and eventually these
cells also senesce (this step is referred to as agonescence).

Breast Tissue
(Reduction mammoplasty or mastectomy)

Chop and digest
(collagenase/hyaluronidase)

Culture organoids

Differential trypsinization

Heterogeneous epithelial
cells and fibroblasts

10–15 P.Ds

Selection

1 month

Homogeneous epithelial cells
 30–60 P.Ds

Cells senesce

Epithelial cells

Figure 3

Morphological heterogeneity of cells before and after selection.
(a–d) Two views of mammary epithelial preselection cells (original
magnifications: panels a and c, 40×; panels b and d, 100×). Cells
shown in panel a grow as compact clusters and are relatively uniform,
whereas cells in panel b grow more dispersed and exhibit different
types of cells (small and large). (e,f) Views of postselection human
mammary epithelial cells with relatively uniform morphology (original
magnifications: panel e, 40×; panel f, 100×).

(a)                             (c)                             (e)

(b)                             (d)                             (f)
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induced by telomeric as well as nontelomeric signals [30-33].
Much of our knowledge about senescence comes from
studies conducted in human fibroblasts [30-34]. Only
recently have we begun to elucidate the mechanisms of
senescence in epithelial cells, in particular in HMECs [25].

The senescence associated with the ‘selection’ phase in
HMEC cultures is accompanied by classic features of senes-
cence, such as flat morphology, presence of vacuoles, and
positive staining for senescence-associated β-galactosidase
(SA-β-gal), a marker of senescence [34]. The block in cell
proliferation at this stage is dependent on the pRb/p16
pathway [24,35], because the human papillomavirus (HPV)
oncogene E7, which binds and inactivates pRb, can over-
come the M0/selection stage [36]. Similarly, a constitutively
active p16-insensitive CDK4 mutant can overcome the M0
stage [37]. Thus, senescence of preselection cells appears
to be telomere independent. At the end of their replicative life
span, postselection HMECs exhibit senescence as well as
cell death with a high level of genomic instability. This
phenomenon is termed as agonescence, as opposed to
replicative senescence [25]. Most importantly, unlike rodent
cells, human HMECs derived from reduction mammoplasties
or from milk do not exhibit spontaneous immortalization and
thus provide suitable models of human cell transformation.
Immortalization of HMECs in culture is characterized by their
continuous growth beyond the agonescence checkpoint. It is
thought that immortalization is an early step in human cancer,
and continued proliferation of immortal cells allows the
accumulation of additional genetic changes that promote
malignant and metastatic behavior.

Stampfer and Bartley [38] presented initial evidence that
HMECs could be immortalized in cell culture using benzo(a)-
pyrene; however, the immortalization was a rare event in this
case. Similar to carcinogen-induced immortalization, we found
that γ-radiation induced the transformation of HMECs relatively
infrequently [5,8,39]. In general, most viral oncogenes
(including SV40 T antigen, adenovirus E1A and E1B, polyoma
T antigen) have not proven very efficient as immortalizing
genes for human cells [40]. While the introduction of the
SV40 T antigen into breast tumor tissue-derived epithelial
cells gave rise to immortal cell lines, SV40-transfected cells go
through a long crisis period, and emergence of immortal cells
is rare [19]. Over the past several years, our studies have
defined a system to immortalize human HMECs efficiently and
reproducibly, using the urogenital carcinoma-associated HPV
oncogenes E6 and E7 [5,8,36].

Comparison of early (preselection) and late-passage (post-
selection) cultures revealed that different HMEC subtypes
exhibit a remarkably distinct susceptibility to E6 or E7, or their
combination [8]. One HMEC subtype was exclusively
immortalized by E6 but not by E7; such cells predominated
the late-passage cultures but were rare at early passages.
Surprisingly, a second cell type, present only in early

passages of tissue-derived cultures, showed extension of life
span and infrequent immortalization by E7 alone. Finally, E6
and E7 together were required to immortalize fully a large
proportion of preselection HMECs [8].

Human milk is an easily available source of relatively pure
HMECs that are thought to be differentiated luminal cells
[2,19]. However, these cells can be cultured for only a limited
number of passages (typically two to three passages, or five
to nine PDs), which has precluded their detailed biochemical
study [2,18]. Most of the work on milk cells has been carried
out in Taylor-Papadimitriou’s laboratory and has demon-
strated that these cells can be immortalized by SV40 T
antigen [41]. Interestingly, neither E6 nor E7 alone could
induce the immortalization of milk-derived HMECs, whereas a
combination of E6 and E7 was effective [8].

The reproducibility and relatively high efficiency with which E6
(in postselection HMECs) or E6 and E7 combined can induce
immortalization of human HMECs have therefore yielded a
practical approach to elucidate the biochemical mechanisms of
HMEC immortalization. In recent years, using Yeast Two-hybrid
analysis, we identified several novel targets of the E6 oncogene
in HMECs. These targets represent novel mediator of HMEC
immortalization [5]. These include ADA3 (alteration/deficiency
in activation 3), a novel coactivator of p53 and steroid
receptors (estrogen receptor [ER] and retinoic acid receptor)
[42-44]; E6 targeted protein 1 (E6TP1), a novel GTPase
activating Rap small G protein; and protein kinase N (PKN), an
effector for Rho small G protein [5]. We recently found that
MamL1, a human homolog of the Drosophila mastermind gene
and a known coactivator for Notch [45], also interacts with E6
(I Bhat, V Band, unpublished data). These studies have
implicated the p53, Notch, ER, Rho, and Rap signaling
pathways in early transformation of human HMECs. Consistent
with these analyses, we have shown that expression of mutant
p53 [46] or activated Rho (X Zhao, V Band, unpublished data)
induces immortalization of HMECs. Furthermore, several
studies support a role for p53 mutations as an early event in
breast cancer [47]. Taken together, these studies demonstrate
that E6 is the most efficient immortalizing gene for
postselection HMECs and that E6 immortalizes the HMECs by
concurrently altering multiple biochemical pathways. Future
studies will need to address the precise role played by these
novel oncogene targets in early breast cancer.

In addition to viral oncogenes, alterations in the expression of
cellular genes can also help to overcome senescence and
promote HMEC immortalization. Among the cellular genes,
we recently reported that Bmi-1, a member of the polycomb
group of transcriptional repressors, could immortalize
postselection HMECs [48]. Although the detailed mechanism
of immortalization induced by Bmi-1 remains to be explored,
Bmi-1 does not appear to immortalize these cells by down-
regulating the INK4a/ARF locus. Interestingly, recent studies
have implicated Bmi-1 in stem cell function and renewal
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[49,50], suggesting that Bmi-1 could function as a potential
breast cancer stem cell marker [50]. Another study showed
that ZNF217, a zinc finger protein that is overexpressed in
breast cancers, can promote immortalization of postselection
HMECs [51]. Furthermore, introduction of hTERT also
induces immortalization of postselection cells [5].
Interestingly, induction of telomerase has been documented
early after E6 was introduced into HMECs [52], although the
cause and effect relationship between telomerase induction
and E6-induced immortalization continues to be debated.
Recently, the E6 and E6–AP binding protein NFX-91 was
implicated in E6-mediated induction of telomerase [53].

Cell culture models of full transformation of
HMECs
The ability of researchers to establish normal HMECs and to
induce their reproducible immortalization has provided
momentum for further efforts to define the nature of
biochemical alterations that can lead to full oncogenic
transformation. As we and others have demonstrated,
HMECs immortalized by most currently known procedures
(such as E6 or E6 plus E7, mutant p53, Bmi-1 and hTERT)
are preneoplastic and do not grow in an anchorage-
independent manner or produce tumors when implanted in
immune-deficient mice [5,8]. Weinberg and colleagues [9]
recently established a multistep model of full HMEC
transformation in cell culture by serial introduction of SV40
large T and small t, hTERT, and activated Ras (Fig. 4). It was
shown that introduction of the SV40 large T, which binds and
inactivates p53 and pRb, abolished senescence, whereas
hTERT was needed to promote immortalization [9]. Notably,
these studies showed an essential role for the SV40 small t,
which inhibits protein phosphate 2A [54]. HMECs
transformed by this method exhibited anchorage
independence and produced poorly differentiated carcinoma
(but not adenocarcinoma) when implanted in nude mice [9].
Further dissection of the role of small t revealed the
importance of the downstream targets of phosphatidylinositol
3-kinase, Akt1 and Rac1, and direct activation of these
pathways could fully substitute for small t in the transfor-
mation assays [10]. A recent refinement of the transformation
in cell culture scheme suggests that perturbation of p53,
pRb, protein phosphate 2A, telomerase, Raf, and Ral guanine
nucleotide exchange factor (Ral-GEF) pathways are required
for the full tumorigenic conversion of normal human cells [11].
The requirement in terms of modulating Raf and Ral-GEF
pathways is cell type specific; HMECs require activation of
Raf, phosphatidylinositol 3-kinase and Ral-GEFs, whereas
human fibroblasts require the activation of Raf and Ral-GEFs
[11]. Thus, serial use of viral and/or cellular genes is
beginning to unravel the various combinations of genetic
lesions that can convert a completely normal mammary
epithelial cell into a fully tumorigenic one.

Although these studies have thus far relied on the use of
known oncogenes, future studies using the cell culture

transformation models with gene libraries should help identify
novel cellular genes that participate at various steps of breast
cancer progression. Vast majority of human breast cancers
are adenocarcinomas, and only a small portion of breast
cancers are poorly differentiated carcinomas. Hence, it
appears that HMEC transformation in culture system is not
optimal because the tumors produced by these transformed
HMECs have usually been poorly differentiated carcinomas
rather than adenocarcinomas. Breast cancer is associated
with overexpression of various cellular proto-oncogenes such
as ErbB2, epidermal growth factor receptor, Src family
kinases, Bmi-1, cyclin D1, cyclin E, CDK4, and other potential
growth regulators. Use of these oncogenes in the multistep
model described above and the use of other HMEC subtypes
(such as luminal cells, potential stem cells, or those derived
from milk) as a starting population may help to achieve full
transformation of HMECs that develop into adenocarcinomas
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Figure 4

Current consensus: normal HMECs can be fully transformed in
definable serial steps. The first step, bypass of senescence, is
achieved by inactivation of p53 and pRb by SV40 large T, human
papillomavirus (HPV) E6 and E7, or by inhibition of p53 and pRb
expression by the RNAi approach (or expression of dominant-negative
mutants in the case of p53). The second step, immortalization, is
achieved through the expression of hTERT. Alternatively, expression of
HPV E6 or overexpression of Bmi-1, mutant p53, or ZNF217 can be
used to induce immortalization of HMECs. The third step, anchorage-
independent growth, can be achieved by SV40 small t mediated
modulation of PI3K and/or other signaling pathways or by
overexpression of activated Rac1 and AKT. The fourth step, full
transformation, requires the introduction of activated H-ras, which can
be substituted by Raf and Ral-GEFs. Although the current model
systems have utilized the serial schemes depicted, other combinations
and/or schemes of oncogene introduction are likely also to be
effective. Adapted from Elenbaas [9], Zhao [10], and Rangarajan [11]
and coworkers. HMEC, human mammary epithelial cell; HPV, human
papillomavirus; hTERT, catalytic subunit of human telomerase; PI3K,
phosphatidylinositol 3-kinase; Ral-GEF, Ral guanine nucleotide
exchange factor; RNAi, RNA interference.
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in a nude mouse model. Thus, future studies must focus on
developing models that will lead to breast tumors that
faithfully reproduce the pathological characteristics of human
breast cancers.

Transgenic mouse models of breast cancers
Mouse models of breast cancers have provided a wealth of
knowledge about the molecular pathways involved in breast
cancers. Initial studies in these models used carcinogens to
induce breast carcinomas [55]. Later studies targeted a wide
variety of genes expressed under either the MMTV (mouse
mammary tumor virus) or the WAP (whey acidic protein)
promoter to target genes to the mammary gland. Importantly,
such studies invariably produced breast adenocarcinomas in
mice that resembled human breast cancers. These include
viral proteins, such as SV40 large T, polyoma virus T antigen
[56-58], or cellular proteins such as c-Myc, ErbB2/neu, cyclin
D1, cyclin E, ERs, mutant p53, c-Ha-ras, and Wnt-1 [59-63].
Recent studies have focused on mouse models with either a
global or a mammary-specific knockout of specific genes to
examine the function of obvious players, such as cell cycle
related proteins and tumor suppressors, either by themselves
or after these deficiencies were combined with transgenic
neu or other oncogenes. For example, cyclin D1-deficient
mice are resistant to mammary carcinomas induced by c-neu/
ErbB2 and Ha-ras but not to those induced by c-Myc or
Wnt-1 [63]. These findings define a pivotal role for cyclin D1
in selective mammary cancers in a mouse model and imply a
functional role for cyclin D1 overexpression in a subset of
human breast cancers. In another study, Cre-mediated
deletion of exons 3 and 4 of the mouse Brca2 gene in mice
with a loxP-modified and null Brca2 allele resulted in high
incidence of breast adenocarcinomas [64]. Similarly, the
telomere attrition in aging telomerase-deficient and p53-
mutant mice promoted the development of breast adeno-
carcinomas [65]. Another study showed that loss of Stat5a
delays mammary cancer progression in a WAP-TAg trans-
genic mouse model [66].

Collectively, these models have defined a role for p53,
pRb, BRCA1/2, cyclins, CDKs, ErbB2, c-Myc, Wnt-1, ER,
and progesterone receptor in mammary cell growth and
development of breast cancers. Finally, these different
oncogenes and the pathways in which they work seem to
target different progenitors or cell types in mammary gland
to develop mammary tumors [67]. For example, the Wnt
signaling pathway targets both luminal and myoepithelial
cells, whereas Neu, H-Ras, and polyoma T antigen target
only luminal epithelial cells [67]. The take-home lesson
here is that the majority of these mouse models result in
tumors that resemble human breast adenocarcinomas
pathologically. The lack of development of adeno-
carcinomas from cells transformed in culture models may
thus reflect the cell type that was used as the starting
normal cell, rather than any peculiarity associated with the
use of mouse as a host.

Molecular classification of breast cancers:
cues from cell culture studies
A vast body of clinical literature indicates that breast tumors
exhibit diverse phenotypes as judged by their distinct clinical
course, pathological features, and responsiveness to various
therapies. However, it has not been clear whether this
diversity reflects cancers arising from distinct subtypes of
HMECs. Consistent with such a possibility, several years ago
we reported the presence of different subtypes of cells in
reduction mammoplasty specimens and in milk that exhibited
differential susceptibility to viral oncogenes [5,8]. Direct
evidence for the conclusions derived from these cell culture
studies was provided by recent work utilizing gene
expression patterns in primary human breast cancers, using
cDNA microarrays. These studies identified distinct gene
expression profiles or molecular portraits based on which
breast tumors could be subclassified into groups that appear
to reflect the original cellular subtypes found in the mammary
gland [12]. Five categories of breast cancers were described
[12]: a basal epithelial-like group, an ErbB2-overexpressing
group, a normal breast epithelial-like group, luminal epithelial
cell type A, and luminal epithelial cell type B. A slightly
different classification was proposed by Sotiriou and
coworkers [68]. The breast tumors were first divided into ER-
positive and ER-negative categories. The ER-negative tumors
were further subgrouped into basal-like 1, basal-like 2, and
ErbB2/neu tumors, whereas ER-positive tumors were
subdivided into luminal-like 1, luminal-like 2, and luminal-like 3
subtypes. Sotiriou and coworkers also re-examined data from
the study by Sorlie and coworkers [12] and suggested that
luminal-like breast cancer could be classified as luminal A, B,
and C subtypes corresponding to luminal-like 1, luminal-like
2, and luminal-like 3 subtypes.

Interestingly, survival analyses conducted in a subcohort of
patients with locally advanced breast cancer uniformly treated
in a prospective study showed significantly different
outcomes for the patients belonging to the various groups,
with the basal-like subtype correlating with worst outcome,
followed by ErbB2 overexpressing, normal cell type and
luminal cell type groups [12,68]. Interestingly, a significant
difference in outcome for the two ER-positive groups was
also noticed [68]. These studies strongly support the idea
that many of the breast tumor subtypes may represent
malignancies of biologically distinct cell types producing
distinct disease entities that may require different treatment
strategies. Importantly, these analyses provide a strong
rationale for further definition of various mammary epithelial
subtypes and expansion of immortalization and full trans-
formation strategies to derive models that may faithfully
reproduce the histological and molecular diversity
encountered in human breast cancers.

Do breast cancers arise from stem cells?
Stem cells have enormous replicative potential and capacity
for self-renewal, and give rise to different lineages of cells.
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Although still a controversial notion, many cancers are
thought to originate from cancer stem cells [69]. This idea
has also attracted a great interest in the field of breast cancer
research, and investigators have begun to examine whether
there are mammary stem cells [13,17,27,70-73]. The cellular
milieu of the mammary gland undergoes significant changes
during pregnancy, lactation, and involution. These include
bursts of proliferation of existing cells during pregnancy,
continued differentiation during lactation, and apoptosis
during involution at the end of the cycle. This cyclical
behavior predicts the presence of a stem cell-like population
in the mammary gland, which would meet the demand of a
pregnancy cycle. The existence of adult mammary epithelial
stem cells has therefore been proposed. Direct evidence for
the existence of such cells has come from clear fat-pad
transplantation, retroviral tagging, and X-chromosome
inactivation studies in rodent model [13,16,17,70-73].

Recently, using various putative stem cell and cell surface
markers, such as sialomucin (Muc), epithelial-specific antigen
(ESA), various cytokeratins, ASMA, and CALLA or CD10,
attempts have been made to identify the mouse and human
mammary epithelial stem cells [13,27,70-73]. Using immuno-
magnetic cell sorting based on surface antigen markers (Muc
and ESA) and subsequent immortalization with E6 and E7,
Gudjonsson and coworkers [27] separated Muc–/ESA+/
K-19+ cells that were able both to self-renew and to give rise
to Muc–/ESA+ epithelial cells and ASMA+ myoepithelial cells,
thus exhibiting characteristic of breast stem cells. Dontu and
coworkers [13] isolated undifferentiated mammospheres
from single cell suspensions of HMECs obtained by
mechanical and enzymatic dissociations. Primary mammo-
spheres can be further passaged to generate secondary
mammospheres. Primary as well as secondary mammo-
spheres were highly enriched in early progenitor or stem cells
capable of differentiating along multiple lineages and of self-
renewal. Immunostaining of these mammospheres showed
the presence of CD10, α6 integrin and K-5 on early
progenitors, and ESA and K-14 on late progenitor cells [13].
However, MUC1, K-18, and ASMA were not expressed in
cells present in mammospheres [13]. Detailed expression
profiling of mammospheres suggests the presence of
additional markers that are upregulated in mammospheres
such as stem cell growth factor, hepatocyte growth factor
antagonist, stem cell growth factor B and apolipoprotein E.
Some markers are exclusively expressed in mammospheres
such as FZD2 (frizzled homolog 2), glypican 4, interleukin-6,
CXCR4 (CXC chemokine receptor), and FGFR1 (fibroblast
growth factor receptor 1). Several genes that are expressed
in mammospheres are also expressed in similar structures
derived from other cell types (such as neurospheres formed
by neural stem cells) [13].

Thus, culture of human HMECs in mammospheres may
provide a tool with which to isolate and study mammary
epithelial stem cells and their oncogenic susceptibilities.

Based on the above and other related studies [13,17,27], the
candidate mammary stem cells appear to be ESA+, MUC1–,
α6 integrin+, and CD10+, and the mammary stem cell niche
appears to be at the suprabasal location within the luminal
cell layer. Further work by other laboratories and adoption of
the schemes employed by Gudjonsson [27] and Dontu [13]
and their groups should help in determining the general
feasibility of these novel approaches.

Apart from normal mammary stem cells, the possible
existence of a breast cancer stem cell has been reported in
the literature [74,75]. In a NOD/SCID xenotransplants model,
Al-Hajj and coworkers [75] used four cell surface markers,
CD44, CD24, ESA and B38.1 (a Breast/ovarian cancer
specific marker), and lineage markers to sort different
populations of breast cells from breast tumor tissues. All mice
injected with Lin–/CD44+/B38.1+/CD24–/low generated
tumors, whereas none of the mice injected with CD44–/
B38.1– cells developed tumors. Lin–/CD44+/B38.1+ fractions
were further subdivided based on ESA expression. When
used in numbers as low as 200, Lin–/ESA+/CD44+/
CD24–/low cells in xenotransplants generated tumors that
were similar to initial tumors in term of phenotypic hetero-
geneity [75]. The presence of such a population in breast
tumor tissue, which is able to self-renew and differentiate,
supports the stem-cell model of breast tumorigenesis.

Conclusion
Our ability to culture and immortalize normal HMECs has
provided a wealth of knowledge about the behavior of
mammary cells and the genes involved in normal cell growth
and oncogenesis. Characterization of these cells has provided
novel markers that may permit early diagnosis and prognosis of
breast cancers, and has yielded knowledge about potential
precursor cells for breast cancers. Transformation analyses in
cell culture models have also proven important to our
understanding of the multistep nature of breast cancer.
Transgenic mouse models have identified the roles played by
various tumor suppressors, cell cycle proteins, and other proto-
oncogenes in breast cancers. Recent studies using three-
dimensional models have proven useful to our understanding of
the normal and tumor mammary stem cells and the relationship
of microenvironment to epithelial cell growth. Finally, using
gene profiling, we have begun to appreciate that breast
cancers do not originate only from luminal cells but also from
basal and myoepithelial cells, and that there are subtypes of
breast cancers that possibly originate from distinct normal
precursors that have distinct clinical outcomes and may require
different treatment strategies.

However, a number of critical questions remain. What are
breast stem cells and what is their role in breast cancer? Are
myoepithelial cells and basal cells similar or distinct? Why
can we not culture most of the primary breast cancers? How
can we develop transformed breast cells in culture that would
give rise to breast tumors that resemble human breast cancer –
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adenocarcinomas as opposed to poorly differentiated
carcinomas? How do different subtypes of breast cancer
originate?

In conclusion, experimental immortalization and trans-
formation models have led to substantial progress in our
understanding of the biology of breast cancer. Future studies
in these model systems should go a long way toward
elucidating the nature of breast cancer heterogeneity and
thus facilitate the development of more individualized
therapies for breast cancer patients.
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Polycomb group (PcG) protein Bmi-1 is an important regulator of cell proliferation. It regulates cellular senescence and
proliferation of cells via the transcriptional repression of INK4a/ARF locus and other target genes. Here, we report that
Mel-18, a PcG ring finger protein (PCGF) transcriptionally down-regulates Bmi-1. Furthermore, the expression of Bmi-1
and Mel-18 inversely correlates in proliferating and senescent human fibroblasts. Bmi-1 down-regulation by Mel-18
results in accelerated senescence and shortening of the replicative life span in normal human cells. Importantly, using
promoter-reporter, chromatin immunoprecipitation, and quantitative real-time primary transcript RT-PCR assays, and an
RNA interference approach, we demonstrate that Bmi-1 is a bona fide target of c-Myc oncoprotein. Finally, our data
suggest that Mel-18 regulates Bmi-1 expression during senescence via down-regulation of c-Myc. These studies link c-Myc
and polycomb function in cell proliferation and senescence.

INTRODUCTION

After a finite number of cell divisions, most normal human
cells undergo cellular senescence, whereby cells cease to
divide (reviewed in Campisi, 2005; Dimri, 2005). Cellular
senescence constitutes a tumor suppressor mechanism
(Campisi, 2005; Dimri, 2005), and bypass of senescence is
required for tumorigenesis (Dimri, 2005). It is regulated by
an array of growth regulators including polycomb group
(PcG) proteins (reviewed in Itahana et al., 2004). PcG pro-
teins are chromatin-modifying proteins, which play an im-
portant role in development (reviewed in Ringrose and
Paro, 2004). Besides their role in development, these proteins
also regulate cell proliferation, senescence, and tumorigen-
esis (reviewed in Valk-Lingbeek et al., 2004; Gil et al., 2005).
In particular, EZH2 and Bmi-1 overexpression has been
linked to invasive breast and prostate cancers (Varambally et
al., 2002; Kleer et al., 2003; Kim et al., 2004; Glinsky et al.,
2005). In addition to its role in oncogenesis, recent work
from several laboratories indicates that Bmi-1 is required for
self-renewal of hematopoietic stem cells (HSCs) and neural
stem cells in murine models (Lessard and Sauvageau, 2003;
Molofsky et al., 2003; Park et al., 2003; Iwama et al., 2004).
Bmi-1 is also involved in the maintenance and proliferation
of breast stem cells (Liu et al., 2006).

The exact role of PcG proteins in tumorigenesis is still
unclear. However, some of the polycomb proteins, such as
Bmi-1 and EZH2, are known to regulate senescence and
proliferation via well-known growth regulatory pathways
(Jacobs et al., 1999; Bracken et al., 2003; Itahana et al., 2003).
For example, Bmi-1 negatively regulates INK4a/ARF locus
(Jacobs et al., 1999), which may impact both p16-pRb and
ARF-p53-p21 pathways of cellular senescence (Dimri, 2005).
Indeed, Bmi-1 has been shown to regulate cellular senes-
cence in murine and human cells (Jacobs et al., 1999; Itahana
et al., 2003). Bmi-1 is also thought to prevent premature
senescence of neural stem cells by repressing INK4a/ARF
locus (Bruggeman et al., 2005; Molofsky et al., 2005). Prema-
ture senescence of cells may contribute to organismic aging
(Campisi, 2005). If so, the regulators of senescence are likely
to play a role in aging. Indeed, down-regulation of Bmi-1 by
the disruption of the SNF2-like gene PASG was shown to
result in growth retardation and premature aging in a mu-
rine model (Sun et al., 2004).

Bmi-1 is a particularly interesting oncoprotein; it not only
regulates the INK4a/ARF locus, but can also immortalize
human mammary epithelial cells (HMECs) (Dimri et al.,
2002). We recently reported that Bmi-1 expression is down-
regulated during cellular senescence (Itahana et al., 2003).
Molecular pathways that regulate Bmi-1 expression during
cellular senescence are unknown. Identification of such reg-
ulatory pathways is important for our understanding of the
role of Bmi-1 and other PcG proteins in cell proliferation,
oncogenesis, stem cell biology, and aging.

In addition to Bmi-1, mammalian cells also express Mel-18
(also known as polycomb group ring finger 2 or PCGF2), a
closely related PcG protein (Ishida et al., 1993). The Mel-18
gene product is structurally highly similar to Bmi-1. Its
N-terminal region, which contains a RING finger domain, is
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93% homologous to the similar region of Bmi-1 (Ishida et al.,
1993). The homology toward the C-terminal region, which
contains a nuclear localization signal (NLS) and a proline-
serine–rich (PS) domain, is less conspicuous than the N-
terminal region (Ishida et al., 1993). Bmi-1 and Mel-18 are
known to interact and are thought to be the constituents of
PRC1 (polycomb repressive complex 1; Alkema et al., 1997;
Ringrose and Paro, 2004). However, a recent study suggests
that Mel-18 may not be part of PRC1, although it could
structurally but not functionally replace Bmi-1 in the PRC1
complex (Cao et al., 2005).

It is thought that Bmi-1 and Mel-18 regulate overlapping
and unique sets of genes (Kanno et al., 1995; Tetsu et al., 1998,
Akasaka et al., 2001). However, unlike Bmi-1, it has been
reported that Mel-18 can bind to a well-defined nucleotide
sequence 5�-GACTNGACT-3� present in the promoter re-
gion of certain genes (Kanno et al., 1995). One of the unique
target genes of Mel-18 is c-Myc, which is transcriptionally
repressed by Mel-18 (Kanno et al., 1995; Tetsu et al., 1998).
The exact role of Mel-18 in senescence, proliferation, and
oncogenesis is unclear. Although its structural similarities to
Bmi-1 suggest it to be an oncoprotein, a few studies have
indicated that Mel-18 may in fact function as a tumor sup-
pressor (Kanno et al., 1995; Tetsu et al., 1998) and that it
might negatively regulate self-renewal of HSCs (Kajiume et
al., 2004).

Despite the high similarity between Bmi-1 and Mel-18, we
found that Mel-18 overexpression leads to accelerated or
premature senescence in proliferating fibroblasts and that it
is overexpressed in senescent fibroblasts. We also report that
Mel-18 functions as a transcriptional repressor of Bmi-1
expression in human cells. Importantly, we found that the
Bmi-1 promoter region contains a functional E-box through
which c-Myc and Mel-18 regulate expression of Bmi-1. Be-
cause Mel-18 down-regulates c-Myc expression and Bmi-1 is
a c-Myc target, our data suggest that Mel-18 regulates ex-
pression of Bmi-1 via repression of c-Myc during cellular
senescence.

MATERIALS AND METHODS

Cellular Reagents and Methods
WI-38 and BJ fibroblasts were obtained from J. Campisi (Lawrence Berkeley
National Laboratory, Berkeley, CA). The MRC-5 fibroblast strain was ob-
tained from the NIA Aging Cell Repository (Coriell Institute for Medical
Research, Camden, NJ). The fibroblasts strains were grown and serially
passaged in DMEM supplemented with 10% fetal calf serum, and the onset of
senescence in fibroblasts was determined using Senescence-associated beta
galactosidase (SA-�-gal) assay as described (Dimri et al., 1995; Itahana et al.,
2003). MCF10A and MCF7 cells were cultured as described in Dimri et al.
(2002). Stable cell lines expressing Mel-18 or other genes of interest were
generated by infection of the retroviral vectors expressing the particular gene
as described (Dimri et al., 2000). The retroviruses were produced by transient
transfection of the retroviral vector together with pIK packaging plasmid into
tsa 54 packaging cell line as described (Dimri et al., 2000).

Molecular Reagents and Methods: Retroviral Expression
and Short-Hairpin RNA Vectors
The vector containing cDNAs of Mel-18 and c-Myc were obtained from ATCC
(American Type Culture Collection, Manassas, VA). Mel-18 cDNA was am-
plified and cloned either in pLPC retroviral vector obtained from Dr. J.
Campisi (originally from Dr. T. deLange, Rockefeller University, New York)
or in pBabe-puro vector (Dimri et al., 2000). Bmi-1 and Mel-18 short-hairpin
RNAs (shRNAs) were designed and cloned in the retroviral vector pRS
(retro-super) obtained from Oligoengine (Seattle, WA). The sequences of
shRNA were as follows: Mel-18 no. 1: CGACGCCACCACUAUCGUG; no. 2:
AGACCAACAAAUACUGCCC; and Bmi-1 shRNA no. 1 GUUCACAAGAC-
CAGACCAC and no. 2 GACCAGACCACUACUGAAU. A retroviral vector
expressing c-Myc shRNA (clone no. SH2236-B-10) was obtained from Open
Biosystems (Huntsville, AL).

Promoter-Reporter Vectors and Luciferase Assays
The promoter region of Bmi-1 was identified by BLAST comparison of the
untranslated region of Bmi-1 cDNA with human genomic clones and analyz-
ing the region further upstream of it. The putative promoter region was
amplified using a BAC clone RP11-573G6 obtained from the Children’s Hos-
pital Oakland Research Institute, Oakland, CA. The promoter regions of
different sizes were amplified by PCR and cloned in the pGL3 luciferase
reporter vector (Promega, Madison, WI). The reporter assays were performed
using a luciferase assay kit (Promega) as described (Dimri et al., 2002).

Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) assays were performed using a kit
from Upstate Cell Signaling Solutions (Charlottesville, VA). Briefly, chroma-
tin that was cross-linked to transcription factors was immunoprecipitated
using antibodies against c-Myc or Mel-18 (obtained from Santa Cruz Biotech-
nology, Santa Cruz, CA). The immunoprecipitated chromatin was amplified
using 5�ACGGGCCTGACTACACCGACACT3� and 5�CTGAAGGCAGAGT-
GGAAACTGACAC3� primers, which flank the c-Myc binding site of the Bmi-1
promoter. The primers- 5�TTCAAAGGCATCTTCTGCAG3� and 5�CTTAAC-
CGCCCAGATACATC3�, which amplify a non-Myc binding region of the
Bmi-1 promoter were used as a negative control.

Quantitative Real-Time RT-PCR Assays
The real-time RT-PCR (QRT-PCR) was carried out using Brilliant SYBR Green
QRT-PCR Master Mix, 2-Step kit (Stratagene, La Jolla, CA). Briefly, total RNA
was isolated using TRIzol reagent as described by manufacturer (Invitrogen,
Carlsbad, CA), and treated with DNase (Promega) to remove any contami-
nating genomic DNA. The cDNA was generated using oligo dT primer mix
and 2.0 �g of DNase treated total RNA. The cDNA was PCR-amplified using
primers specific for GAPDH, c-Myc, and Bmi-1. The PCR amplification was
carried out using Mx 3000P QPCR system (Stratagene). The PCR conditions
consisted of an initial activation of SureStart Taq DNA polymerase at 95°C for
10 min, followed by 40 cycles of 95°C for 30 s, 58°C for 1 min, and 72°C for 1
min. The Ct (threshold cycle) value of Bmi-1 or c-Myc amplification was
normalized to that of GAPDH control. The primers for QRT-PCR were as
follows: GAPDH forward (F), 5� GCTGAACGGGAAGCTCACTG 3�; GAPDH
reverse (R), 5�GTGCTCAGTGTAGCCCAGGA 3�; Bmi-1 F, 5� TGGAGAAG-
GAATGGTCCACTTC 3�; Bmi-1 R, 5� GTGAGGAAACTGTGGATGAGGA 3�;
and c-Myc F, 5� TACATCCTGTCCGTCCAAGCA 3�; and c-Myc R, 5�
TCAGCCAAGGTTGTGAGGTTG 3�.

Quantitative real-time PCR to detect primary transcription, referred to as
PT RT-PCR (primary transcript real-time RT-PCR) was carried out as de-
scribed (Murray, 2005). Briefly, DNase-treated RNA was reverse-transcribed
using random primer mix and amplified using primers that amplify a region
of �200 base pairs of reverse-transcribed unspliced RNAs. The primers for PT
RT-PCR were as follows: Bmi-1 F, 5� CGTGTATTGTTCGTTACCTGGA3�
(present in Exon 2); Bmi-1 R, 5� GGCAAGAAATTAAACGGCTACC3� (present
in Intron 3); c-Myc F, 5�GTCCAGAGACCTTTCTAACGTA3� (present in Intron
2); and c-Myc R, 5�AGAAGGTGATCCAGACTCTGAC3� (present in Exon 3).

Immunological Reagents, Western Blot Analysis, and
Determination of Protein Half-Life
Bmi-1 was detected using either F6 mouse mAb from Upstate Cell Signaling
Solutions or 1H6B10G7 mAb from Zymed (South San Francisco, CA). Mel-18
was detected by a rabbit polyclonal H-115 (Santa Cruz Biotechnology). The
9E10 mAb (Santa Cruz Biotechnology) against c-Myc was used to detect the
expression of c-Myc tag in exogenously expressed proteins. p14ARF was
detected using a rabbit polyclonal H-132 Ab (Santa Cruz Biotechnology).
Western blot analyses to detect the expression of various proteins were
performed as described (Dimri et al., 2000; Itahana et al., 2003). Protein half-life
was determined using cyclohexamide (CHX) treatment to block the synthesis
of new protein or by pulse-chase immunoprecipitation (IP) experiment using
in vivo labeling of proteins with 35S-Express labeling mix (cat. no. NE-072,
PerkinElmer Life and Analytical Sciences, Wellesley, MA) followed by chase
with cold methionine/cysteine mix for different time points and IP using a
specific antibody as described (Boyer et al., 1996).

RESULTS

Mel-18 Induces Premature Senescence in Normal Human
Diploid Fibroblasts
To understand the role of Bmi-1–related PcG proteins in
cellular senescence and proliferation, we cloned the cDNA
of Mel-18 into a retroviral expression vector pLPC. Using
this vector, we overexpressed Mel-18 in MRC-5, a normal
strain of human diploid fibroblasts (HDFs; Figure 1). In
contrast to Bmi-1, which enhances proliferation and extends
replicative life span (Itahana et al., 2003), Mel-18 overexpres-
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sion led to inhibition of cellular proliferation (Figure 1A) and
induction of premature senescence in MRC-5 fibroblasts as
determined by SA-�-gal staining (Figure 1A, bottom panel,
and Supplementary Figure 1). To further explore the mech-
anism of induction of premature senescence by Mel-18, we
examined the expression of various senescence-associated
genes in control and Mel-18– and Bmi-1–overexpressing
MRC-5 fibroblasts (Figure 1A, right panel). Because, c-Myc
has been reported to be down-regulated by Mel-18 (Tetsu et
al., 1998), we also examined c-Myc expression in Mel-18–
overexpressing cells. Consistent with published findings,
significant down-regulation of c-Myc was noticed in Mel-
18–overexpressing cells.

Interestingly, however, we found that Mel-18 overexpres-
sion leads to down-regulation of endogenous Bmi-1 and
up-regulation of p16 in MRC-5 fibroblasts (Figure 1A). This
finding suggests that Mel-18 may induce premature senes-
cence via down-regulation of Bmi-1, leading to up-regula-
tion of p16 and reduction in pRb phosphorylation. We also
examined the expression of p14ARF in Mel-18– and Bmi-1–
overexpressing cells. Consistent with published data, Bmi-1
modestly down-regulated p14ARF, whereas Mel-18–ex-

pressing cells showed a modest up-regulation of p14ARF.
However, no induction of p53 or its target p21 was evident
in Mel-18–overexpressing cells, suggesting that a modest
up-regulation of p14ARF does not impact p53 and p21 ex-
pression in these cells. These data are consistent with our
earlier finding that Bmi-1 does not significantly alter p53 and
p21 expression in human fibroblasts (Itahana et al., 2003).
Nonetheless, a modest up-regulation of p14ARF in Mel-18–
overexpressing cells may still contribute to growth inhibi-
tion by p53-independent mechanisms (reviewed in Sherr et
al., 2005).

To confirm the results of overexpression studies, we fur-
ther determined if knockdown of Mel-18 expression by RNA
interference (RNAi) approach up-regulates Bmi-1 and ex-
tends the replicative life span. Indeed, stable overexpression
of two different Mel-18 shRNAs extended the replicative life
span in MRC-5 fibroblasts (Figure 1B). Mel-18 shRNA-ex-
pressing cells also exhibited considerably less numbers of
senescent cells (Figure 1B). Consistent with overexpression
studies, Western blot analysis of Mel-18 knockdown cells
showed up-regulation of Bmi-1, down-regulation of p16,
and a consequent increase in pRb phosphorylation (Figure

Figure 1. Mel-18 regulates cellular senes-
cence in human fibroblasts. (A) Overexpres-
sion of Mel-18 induces premature senescence
in proliferating fibroblasts. MRC-5 fibroblasts
overexpressing Mel-18 or Bmi-1 and vector-
infected control cells were serially passaged in
culture to determine the replicative life span
(top left panel). Premature induction of senes-
cence was determined using SA-�-gal staining
(Dimri et al., 1995) of Mel-18– or Bmi-1–over-
expressing and control cells (bottom left panel).
% senescent cells, the percentage of SA-�-gal
positive cells as determined by counting 200
cells in four different fields. Western blot anal-
ysis of various regulators of senescence (right
panel) was done as described (Dimri et al.,
2002; Itahana et al., 2003). CPD denotes cumu-
lative population doublings. (B) Knockdown
of Mel-18 expression leads to the extension of
replicative life span in MRC-5 fibroblasts. Mel-
18–expressing shRNAs (RNAi Mel-18 no. 1,
RNAi Mel-18 no. 2) and control cells (Ctrl i)
were passaged in culture to determine repli-
cative life span, and SA-�-gal staining was
done to determine the onset of senescence as
described above. Western blot analyses (right
panel) of Bmi-1, p16, pRb, and Mel-18 were
done as described in Materials and Methods.
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1B). We also used stable expression of two different shRNAs
(Bmi-1 RNAi no. 1 and Bmi-1 RNAi no. 2) against Bmi-1 and
determined the replicative life span of MRC-5 fibroblasts.
Western blot analysis indicated that only Bmi-1 RNAi no. 2
was effective in down-regulating Bmi-1 expression (Supple-
mentary Figure 2). Furthermore, our results indicated that
similar to Mel-18 overexpression, Bmi-1 knockdown by
RNAi no. 2 accelerates the entry of cells into senescence by
up-regulating p16 and increasing the growth inhibitory
form of pRb (Supplementary Figure 2).

Mel-18 Expression Is Up-regulated during Cellular
Senescence in HDFs
We have previously reported that Bmi-1 expression is down-
regulated during cellular or replicative senescence in HDFs
(Itahana et al., 2003). The molecular basis of Bmi-1 down-
regulation during cellular senescence is not known. On the
basis of our data, we surmised that Mel-18 expression might
be up-regulated during senescence, which would result in
down-regulation of Bmi-1 expression. Conversely, low lev-
els of Mel-18 or absence of its expression in presenescent
cells may permit high Bmi-1 expression in these cells. To
address these hypotheses, we prepared total cell extract
from presenescent (Presen), and senescent (Sen) cells of
MRC5, BJ, and WI-38 fibroblast strains and examined Mel-
18, Bmi-1, c-Myc, pRb, and p16 expression by Western blot
analysis. The onset of senescence in these fibroblast strains
was determined using SA-�-gal marker (Dimri et al., 1995).
Consistent with our previous results (Itahana et al., 2003),
Bmi-1 was down-regulated during cellular senescence (Fig-
ure 2A). Importantly, down-regulation of Bmi-1 also corre-
lated with reduced c-Myc expression and a marked increase
in Mel-18 expression in senescent cells (Figure 2A).

Our data indicate that Mel-18 expression is virtually un-
detectable in presenescent (Presen) cells and is up-regulated
in senescent (Sen) fibroblasts (Figure 2A). Consistent with
previously published literature, senescent cells contained
high levels of hypophosphorylated pRb (Figure 2A). Our
results also indicated that p16 was conspicuously up-regu-
lated in senescent MRC-5 fibroblasts, but not in senescent BJ
fibroblasts, which expresses much lower levels of p16 even
during senescence (Itahana et al., 2003). Up-regulation of
Mel-18 in senescent cells could result because of the growth-
arrested stage of these cells and not necessarily because of
senescence. To rule out this possibility, we also examined
Mel-18 expression in quiescent cells, which were growth
arrested by serum starvation as described (Dimri et al., 1995).
The results indicated that growth arrest due to quiescence
does not increase Mel-18 expression, suggesting that up-
regulation of Mel-18 is senescence-specific and is not due to

growth arrest per se (Figure 2B). We also examined c-Myc
and Bmi-1 expression under quiescence condition. Consis-
tent with published literature (Waters et al., 1991), c-Myc
expression was significantly reduced in quiescent fibro-
blasts. Our data also suggested a correlation between c-Myc
and Bmi-1 expression in growing and senescent but not in
quiescent fibroblasts. Importantly, Bmi-1 expression in-
versely correlated with Mel-18 expression during all three
growth conditions: senescence (Sen), quiescence (Q), and
proliferation (Pr; Figure 2, A and B).

Mel-18 Regulates Bmi-1 and c-Myc Expression
To further confirm that Mel-18 regulates Bmi-1 expression
and to gain insight into its mechanisms, we carried out
Mel-18 overexpression and Mel-18 knockdown studies in
multiple cell types. Our results indicated that similar to
MRC-5 fibroblasts, stable overexpression of Mel-18 results
in Bmi-1 down-regulation in MCF10A and MCF7 cells
(Figure 3A). We also examined the expression of c-Myc in
Mel-18 – overexpressing cells. Consistent with the pub-
lished report (Tetsu et al., 1998), Mel-18 overexpression
led to down-regulation of c-Myc in multiple cell types
(Figures 1A and 3A).

To rule out the possibility of unknown genetic changes
contributing to Bmi-1 down-regulation during selection of
the stable expression of Mel-18, we also performed transient
transfection assays in 293T cells. Increasing concentrations
of transiently transfected Mel-18 resulted in a corresponding
down-regulation of endogenous Bmi-1 and c-Myc in these
cells (Figure 3B). The regulation of Bmi-1 by Mel-18 was
further confirmed by the RNAi approach in multiple types
of normal cells. MCF10A, MRC-5, WI-38, and BJ cells ex-
pressing two different Mel-18 shRNAs were generated.
Western blot analysis of cells expressing Mel-18 shRNAs
showed significant down-regulation of Mel-18 and up-reg-
ulation of Bmi-1 in these multiple cell types (Figures 1B and
3C). However, we notice that the knockdown effect of
Mel-18 are more pronounced in MCF10A cells than in
MRC-5 and WI-38 fibroblasts, suggesting that Mel-18 may
more tightly regulate Bmi-1 in epithelial cell types. As ex-
pected, knockdown of Mel-18 also up-regulated c-Myc ex-
pression (Figure 3C). These results strongly suggest that
Bmi-1 and c-Myc are physiological targets of Mel-18.

RING Finger of Mel-18 Is Required for the Down-
Regulation of Bmi-1
To identify the structural domain(s) of Mel-18 required for
Bmi-1 down-regulation, we generated �RF (lacks RING fin-
ger domain), �RFNLS (lacks RING finger and nuclear local-
ization signal), and �PS (lacks a PS region) mutants (Figure

Figure 2. Mel-18 is overexpressed in senescent hu-
man fibroblasts. (A) MRC-5, BJ, and WI-38 strains of
human fibroblast were serially passaged in culture
until senescence as determined by measuring the
SA-�-gal index. Mel-18, Bmi-1, pRb, p16, and �-tu-
bulin in total cell lysates from proliferating prese-
nescent (Presen) and senescent (Sen) cultures were
detected by Western blot analysis. (B) Mel-18 is not
up-regulated during quiescence in WI-38 fibroblasts.
Proliferating presenescent (Pr) cells were made qui-
escent (Q) by incubating cells in 0.1% serum for 5 d.
Total cell lysates were prepared from proliferating
(Pr) and quiescent (Q) cells, and the expression of
Mel-18, c-Myc, Bmi-1, pRb, p16, and �-tubulin was
determined by Western blot analysis.
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4A). These mutants were stably overexpressed in MCF10A
cells (Figure 4B). Next, we examined the expression of c-Myc
and Bmi-1 in cells stably overexpressing wild type or differ-
ent mutants of Mel-18. The results (Figure 4B) indicated that
wild-type Mel-18 and the �PS mutant, both of which contained
intact RING finger domain down-regulated Bmi-1 expression,
suggesting that the RING finger domain of Mel-18 is required
for down-regulation of Bmi-1. As expected, overexpression of
wild type and the �PS mutant also led to c-Myc down-regu-
lation. Interestingly, �RF and �RFNLS mutants of Mel-18 up-
regulated Bmi-1 and c-Myc expression (Figure 4B).

Mel-18 Transcriptionally Down-Regulates Bmi-1 Gene
Expression
Next, we determined the mechanism of down-regulation of
Bmi-1 by Mel-18. Because Mel-18 contains a RING finger
domain, and RING finger proteins can function as an E3
ubiquitin ligase and promote protein degradation via pro-
teosome pathway (Pickart, 2001), we hypothesized that
Mel-18 may down-regulate Bmi-1 at the protein level. To
examine this possibility, we subjected Mel-18–overexpress-
ing and control cells to treatment with proteosome inhibitor
MG-132 and determined Bmi-1 protein levels by Western
blot analysis. The results indicated that MG-132 treatment
did not significantly increase Bmi-1 protein levels, suggest-
ing that Mel-18 does not regulate Bmi-1 by promoting its
degradation via proteosomal pathway (Figure 5A).

To further confirm the above result, we determined the
half-life of Bmi-1 and p53 proteins in control and Mel-18–
overexpressing cells using CHX treatment (Figure 5B). The
p53 protein was used as a control, which is known to have

Figure 3. Mel-18 regulates Bmi-1 in human cells. (A) Stable expression of Mel-18 in MCF10A and MCF7 cells leads to down-regulation of
Bmi-1 and c-Myc oncoprotein. Total cell lysate from indicated cells was analyzed by Western blot analysis using antibody against Bmi-1,
Mel-18, c-Myc, and �-tubulin (loading control). (B) Transient overexpression of Mel-18 in 293T cells leads to the down-regulation of c-Myc
and Bmi-1 in a dose-dependent manner. 293T cells were transiently transfected with increasing amounts pLPC-Mel-18, and 48 h after
transfection total cell lysate was analyzed by Western blot analysis using antibody against Mel-18, Bmi-1, GFP (transfection control), and
�-tubulin (loading control). (C) Stable knockdown of Mel-18 expression using the RNAi approach in MCF10A, WI-38, and BJ cells leads to
up-regulation of c-Myc and Bmi-1 expression. MCF10A (left panel), WI-38 (middle panel), and BJ (right panel) cells were infected with pRS
vector expressing either Mel-18 shRNA no. 1 (#1i), Mel-18 shRNA no. 2 (#2i), or an irrelevant control shRNA (Ctrl i), selected in puromycin
and analyzed for the expression of Mel-18, c-Myc, and Bmi-1 by Western blot analysis.

Figure 4. Structural analysis of Mel-18. (A) Schematic representa-
tion of mutants of Mel-18 depicting various domains. These mutants
were generated by PCR and cloned in the pLPC retroviral vector. (B)
Stable overexpression of wild type (WT) and the mutants of Mel-18
in MCF10A cells; WT and the PS mutant down-regulated Bmi-1 and
c-Myc expression, whereas overexpression of �RF and �RFNLS
mutants led to up-regulation of Bmi-1 and c-Myc. WT or mutants of
Mel-18 were stably expressed using retroviral expression, and
Bmi-1, c-Myc, Mel-18, and �-tubulin were detected by Western blot
analysis as described in Materials and Methods.
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a short half-life of 20–25 min in these cells. We did not find
any significant difference in the half-life of Bmi-1 in control
and Mel-18–overexpressing cells, further indicating that
Bmi-1 is not regulated at the protein level by Mel-18 (Figure
5B). As expected, p53 half-life in vector and Mel-18–over-
expressing cells was �20 min (Figure 5B). Because CHX
treatment leads to the generation of multiple bands of Bmi-1,
which appear to have different half-lives, we confirmed the
half-life of newly synthesized Bmi-1 by a pulse-chase IP
experiment (Supplementary Figure 3). The results indicated

that Bmi-1 has a half-life of �30 min in both vector control
and Mel-18–overexpressing cells. Collectively, these data
indicate that Mel-18 does not significantly alter Bmi-1 pro-
tein stability.

Because Mel-18 did not appear to regulate Bmi-1 expres-
sion via protein stability, we determined whether Mel-18
could regulate the transcription of the Bmi-1 gene. To exam-
ine this possibility, we first performed a QRT-PCR to deter-
mine the mRNA levels of Bmi-1 and c-Myc in control and
Mel-18–overexpressing MCF 10A and MCF7 cells. Our data

Figure 5. Mel-18 does not regulate Bmi-1 protein level. (A) Treatment with MG132, a proteosome inhibitor does not restore Bmi-1 expression
in Mel-18–overexpressing cells. Control, Mel-18– and Bmi-1–overexpressing cells were treated with 10 �M MG132 for the indicted time
period and analyzed by Western blot analysis for the expression of Bmi-1, Mel-18, and �-tubulin as described in Figure 1. (B) Bmi-1 half-life
is similar in control and Mel-18–overexpressing cells. Vector control and Mel-18–overexpressing cells were treated with 100 �g/ml
cyclohexamide (CHX) for the indicated amounts of time and analyzed for the expression of Bmi-1, Mel-18, p53, and �-actin. The percent
remaining Bmi-1 (bottom left panel) or p53 (bottom right panel) protein was calculated by densitometry of the Bmi-1 signal present in
different lanes and by normalizing it with the �-actin control signal present in the corresponding lanes. Only the lower band of Bmi-1 Western
analysis, which clearly showed time-dependent degradation, was used to calculate half-life of Bmi-1.
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indicated that Mel-18 down-regulates both Bmi-1 and c-Myc
at the mRNA level (Figure 6A). Using QRT-PCR, we also
determined whether knockdown of Mel-18 up-regulates
mRNA levels of Bmi-1 and c-Myc in MCF10A cells. Our data
indicated that knockdown of Mel-18 expression indeed
leads to up-regulation of c-Myc and Bmi-1 at the mRNA
level (Figure 6B). Thus, our results suggest that Mel-18 pos-
sibly regulates transcription of Bmi-1, perhaps via down-
regulation of c-Myc at the mRNA level.

Mel-18 and c-Myc Regulate Bmi-1 Transcription via the
c-Myc Binding Site Present in Its Promoter
To examine the possibility of Mel-18 regulating Bmi-1 tran-
scription, we analyzed 400 base pairs of 5� untranslated
region (UTR) containing the Bmi-1 promoter. The analysis of
binding sites for various transcription factors was done us-
ing TFSEARCH, version 1.3 (www.cbrc.jp/research/db/
TFSEARCH.html). This analysis showed that the Bmi-1 pro-
moter is a GC-rich promoter without a well-defined TATA
sequence and that it contains numerous potential SP-1 bind-
ing sites (Supplementary Figure 4). We did not find any
potential binding sites (GACTNGACT) for Mel-18. How-
ever, the sequence analysis showed the presence of a perfect
E-box sequence (CACGTG), which is a potential binding site
for the Myc family of transcription factors (Adhikary and
Eilers, 2005). The importance of Myc binding sites in the
Bmi-1 promoter was further underscored by the fact that this
site is also present in the mouse Bmi-1 promoter (data not
shown).

To determine if Bmi-1 is regulated by c-Myc via the E-box
present in the Bmi-1 promoter, we first performed ChIP
assay using vector control and Mel-18–overexpressing
MCF7 and MCF10A cells. The cross-linked chromatin was
immunoprecipitated (IPed) using a rabbit polyclonal Ab
against c-Myc and the control rabbit IgG, and the PCR was
performed using primers (c-Myc primer set) that flank c-
Myc binding sites in the Bmi-1 promoter. A primer set
derived from further upstream sequences that does not flank
the c-Myc binding site was used as a control primer set. The
results indicated that c-Myc primer set was specifically able
to amplify the PCR product of an expected size (200 base
pairs) from the vector control cells (Figure 7A). The yield of
the PCR product was much less in Mel-18–overexpressing
cells, indicating the down-regulation of c-Myc in Mel-18–
overexpressing cells (Figure 7A). The control primer set
using c-Myc and IgG IPed extracts did not yield any PCR

product indicating the specificity of binding of c-Myc to the
E-box present in the Bmi-1 promoter (Figure 7A).

We further cloned the E-box region (150 base pairs) of the
Bmi-1 promoter in the pLuc vector (Stratagene), which con-
tains a minimal promoter and studied c-Myc regulation of
the reconstituted promoter (pLuc-Myc). The results strongly
indicated that the E-box present in the Bmi-1 promoter is
functional. Transient cotransfection of c-Myc increased the
activity of the reconstituted promoter, whereas knockdown

Figure 6. Mel-18 regulates mRNA levels of c-Myc and Bmi-1 as determined by QRT-PCR analysis. (A) The mRNA levels of Bmi-1 and c-Myc
in Mel-18–overexpressing and control MCF10A and MCF7 cells were quantified by QRT-PCR and normalized to GAPDH mRNA levels as
described in Materials and Methods. (B) Using QRT-PCR assay, the mRNA levels of c-Myc and Bmi-1 were quantified and normalized to
GAPDH mRNA levels in control (Ctrl RNAi) and Mel-18 knockdown cells (Mel-18 i no. 1 and Mel-18 i no. 2). The QRT-PCR assays were
performed in triplicates.

Figure 7. c-Myc binds to the Bmi-1 promoter and regulates its
activity. (A) c-Myc binds to the E-box sequences in the Bmi-1 pro-
moter as shown by the ChIP analysis. The ChIP analysis was per-
formed using vector control or Mel-18–overexpressing MCF10A
and MCF7 cells as indicated. The cell lysates were IPed using c-Myc
antibody or control IgG and a primer set that either amplifies the
c-Myc binding flanking region in the Bmi-1 promoter (c-Myc site) or
a region further upstream that does not contain a c-Myc binding site
(Non-Myc site). (B) Detailed analysis of Bmi-1 promoter activity.
The pGL-Bmi PrWT, pGL-Bmi PrMut, and pGL-Bmi Pr�Myc re-
porters (described in the text) were analyzed for the luciferase
activity in 293T cells by transient transfection as described in Mate-
rials and Methods.
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of c-Myc using a c-Myc shRNA resulted in inhibition of
pLuc-Myc promoter activity (Supplementary Figure 5).

Next, three different Bmi-1 promoter-reporter constructs
based on the pGL3 vector were generated (Figure 7B). pGL3-
Bmi PrWT contained the �45 to �233 region of the Bmi-1
promoter and untranslated region of Bmi-1 mRNA. The
second construct pGL3-Bmi PrMut contained a mutation in
the Myc binding sequences (CACGTG changed to CGCGTG).
The third construct pGL3-Bmi Pr�Myc contained a complete
deletion of the c-Myc binding site. We determined the lucif-
erase activity driven by wild-type or mutant promoters. The
results indicated that wild-type promoter displays robust
promoter activity, whereas the mutant promoters exhibited
50% less activity than the wild-type promoter (Figure 7B).

We further studied the regulation of the Bmi-1 promoter
by c-Myc and Mel-18 (Figure 8, A–C). The promoter-reporter
constructs were cotransfected with increasing amounts of
Mel-18–overexpressing plasmid (Figure 8A), c-Myc overex-
pressing plasmid (Figure 8B), or a plasmid expressing c-Myc
shRNA (Figure 8C). Analysis of the luciferase activity of
these promoter-reporter constructs suggested that Mel-18
negatively regulates the Bmi-1 promoter through the c-Myc
binding site, because the promoter that lacked the E-box or
contained mutant c-Myc binding site did not respond to
increasing concentrations of the Mel-18 expressing plasmid
(Figure 8A). Furthermore, the transient cotransfection of
c-Myc–overexpressing plasmid led to the up-regulation of
activity of wild-type but not mutant promoters (Figure 8B).
Similarly, knockdown of c-Myc expression by transfection of
a plasmid expressing c-Myc shRNA down-regulated Bmi-1
promoter activity of the promoter that contained the wild-
type c-Myc binding site (Figure 8C).

Our promoter-reporter analysis suggested that c-Myc pos-
itively regulates the expression of Bmi-1 and that Mel-18
negatively regulates Bmi-1 expression via repression of c-
Myc. To further confirm these results, we performed a real-
time PT RT-PCR assay, which accurately determines the
regulation of a particular gene in its native state at the level
of primary transcription (Murray, 2005). Our data indicated
that Mel-18 indeed down-regulates Bmi-1 and c-Myc at the
level of primary transcription (Figure 9).

Although our data indicate that Mel-18 and c-Myc regu-
late the expression of the Bmi-1 promoter via the E-box and
Mel-18 acts via c-Myc repression, it is possible that Mel-18
directly binds to the E-box binding site and represses Bmi-1
promoter activity independent of c-Myc. To exclude this
possibility, we performed ChIP assay using Mel-18 anti-
body. Because the E-box region is sufficient for Mel-18–
mediated regulation of the Bmi-1 promoter, PCR primers in
this region were chosen for the ChIP assay. Our results
(Supplementary Figure 7) indicate that Mel-18 does not bind
to the E-box present in the promoter region of Bmi-1; hence,
Mel-18 does not directly regulate Bmi-1 expression. On the
other hand, c-Myc was clearly able to bind the E-box as
determined by ChIP assay (Figure 7A and Supplementary
Figure 6).

Bmi-1 Is a Bona Fide Target of c-Myc, and c-Myc
Overexpression Rescues Mel-18–mediated Repression of
Bmi-1 Expression
To further confirm that the endogenous promoter of Bmi-1 is
regulated by c-Myc, we studied the expression of Bmi-1 in
MCF10A cells, which stably overexpress c-Myc under a
retroviral promoter (Figure 10A), and in MCF10A cells
where the expression of c-Myc was stably knockdown by the
RNAi approach (Figure 10B). Our data suggest that the
stable overexpression of c-Myc results in up-regulation of

Bmi-1 expression (Figure 10B). Accordingly, we also found
that knockdown of c-Myc expression using the RNAi ap-

Figure 8. Mel-18 and c-Myc regulate Bmi-1 promoter activity. (A)
Overexpression of Mel-18 down-regulates only the wild-type Bmi-1
promoter. pGL3-Bmi-1 PrWT, pGL3-Bmi-1PrMut, and pGL3- Bmi-
1Pr�Myc plasmids were transiently transfected into 293T cells to-
gether with an increasing amount of Mel-18–overexpressing plas-
mid (pLPC-Mel-18) and a plasmid expressing renilla luciferase.
Forty-eight hours after transfection luciferase activity was deter-
mined as described in Materials and Methods. (B) Transient overex-
pression of c-Myc up-regulates wild-type Bmi-1 promoter activity
through the c-Myc binding site. Different promoter-reporter con-
structs (as indicated) were transiently transfected into 293T cells
with an increasing amount of pCMV-Myc expression plasmid to-
gether with a plasmid expressing renilla luciferase, and luciferase
activity was determined as described in Materials and Methods. (C)
c-Myc knockdown using transient transfection of a plasmid contain-
ing c-Myc shRNA down-regulates activity of the Bmi-1 promoter,
which contains an intact c-Myc binding site. The promoter activity
of various promoter-reporter constructs with the increasing amount
of a plasmid expressing c-Myc shRNA was analyzed in 293T cells as
described in Materials and Methods.
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proach results in a substantial down-regulation of endoge-
nous Bmi-1 expression (Figure 10B).

Next, we carried out a c-Myc rescue experiment. Because
Mel-18 represses c-Myc expression by binding to its native
promoter, we reasoned that c-Myc overexpression using a
heterologous promoter should rescue Bmi-1 repression
caused by Mel-18 overexpression. To test this hypothesis, we
transiently transfected pLPC-Mel-18 together with pCMV-
Myc. Our results indicated that indeed c-Myc overexpres-
sion using the CMV promoter rescues Mel-18–mediated
repression of endogenous Bmi-1 (Figure 10C). Thus, our
data strongly suggest that Mel-18 down-regulates Bmi-1
expression at the transcriptional level via c-Myc repression
and that c-Myc acts as a positive regulator of Bmi-1 expres-
sion.

DISCUSSION

Various PcG proteins form higher order complexes such as
PRC1 and PRC2 in cells (Ringrose and Paro, 2004). These
complexes are thought to regulate expression of target genes
such as members of the Hox family (Ringrose and Paro,

2004). When over- or underexpressed, individual polycomb
proteins such as Bmi-1 can also regulate expression of spe-
cific target genes that are involved in proliferation and se-
nescence. Virtually nothing is known about the regulation of
the expression of various PcG proteins. Here, we report a
novel observation that Bmi-1 is specifically regulated by
another PcG protein Mel-18.

Our novel observation suggests that Mel-18 is an up-
stream negative regulator of Bmi-1 function, which pro-
motes proliferation, oncogenesis, and stem “cell-ness.” Con-
sistent with such an observation, Bmi-1 knockdown by
RNAi as well as its down-regulation by Mel-18 overexpres-
sion in cells resulted in accelerated senescence. As senes-
cence constitutes a tumor suppressor mechanism and is
regulated by various tumor suppressors (Dimri, 2005), our
results clearly place Mel-18 in the tumor suppressor cate-
gory. It is known that various tumor suppressors are either
up-regulated (for example, p16) or the physiological activity
of tumor suppressors is up-regulated during senescence
(Dimri, 2005). For example, DNA binding activity of p53 is
up-regulated, and there is a relative increase in hypophos-
phorylated pRb compared with hyperphosphorylated pRb
during senescence (Dimri, 2005). Forced expression of p16,
p14ARF, and other tumor suppressors has been shown to
accelerate senescence in human cells (Dimri, 2005). Consis-
tent with these properties of tumor suppressors, we found
that Mel-18 is up-regulated during senescence in human
fibroblasts, which contributes to down-regulation of c-Myc
and Bmi-1 oncoproteins. Accelerated senescence in Mel-18–
overexpressing fibroblasts is accompanied by down-regula-
tion of Bmi-1, robust p16 up-regulation, and an increase in
hypophosphorylated pRb.

In contrast to wild-type Mel-18, RING finger mutants
up-regulate Bmi-1, suggesting potential dominant negative
activity (DN) of these mutants. RING finger mutants may
bind to the promoter of presumptive target(s), which may be
Bmi-1 itself or the other target(s) that regulate Bmi-1, and
inhibit the function of nuclear Mel-18. However, if this was
the case, �RFNLS should not have exhibited a DN activity
because it lacks the nuclear localization signal. We spec-
ulate that RING finger mutants may simply up-regulate
Bmi-1 by inhibiting the function of endogenous Mel-18,
by binding it and sequestering it in the cytoplasm. De-
tailed mechanism of Bmi-1 up-regulation by RING mu-
tants remains to be studied.

Although, Mel-18 can regulate its target genes by binding
to the promoter regions, the Bmi-1 promoter does not con-
tain presumptive Mel-18 binding sequences. However, it
remains possible that Mel-18 regulates Bmi-1 expression by
repressing a positive regulator of Bmi-1. Indeed, we found
that the Bmi-1 promoter contains an E-box to which a pos-
itive or negative regulator of Bmi-1 can bind. Identification

Figure 9. Mel-18 regulates c-Myc and Bmi-1
transcription. Quantitative PT RT-PCR analy-
sis of primary transcripts of c-Myc and Bmi-1
in control and Mel-18–overexpressing MCF7
(left panel) and MCF10A cells (right panel).
PT RT-PCR analysis was performed in tripli-
cate as described in Materials and Methods.

Figure 10. c-Myc regulates endogenous Bmi-1 expression and
transient expression of c-Myc in Mel-18–overexpressing cells re-
stores Bmi-1 expression. (A) Stable overexpression of c-Myc leads to
Bmi-1 up-regulation. MCF10A cells were infected with a c-Myc
expressing retrovirus (pLNCX2-Myc), selected in G418, and the
expression of c-Myc, Bmi-1, and �-tubulin was determined by West-
ern blot analysis. (B) Knockdown of c-Myc expression by RNAi
approach leads to down-regulation of endogenous Bmi-1. MCF10A
cells expressing c-Myc shRNA (Myc RNAi) or a control shRNA
(Ctrl. RNAi) were generated and analyzed for the expression of
c-Myc, Bmi-1, and �-tubulin by Western blot analysis. (C) Restora-
tion of c-Myc in Mel-18–overexpressing cells by its transient over-
expression leads to the reversal of Bmi-1 repression by Mel-18. 293T
cells were transfected with either Mel-18, c-Myc, or both and a GFP
expressing plasmid. The total cell lysate from each set was analyzed
for the expression of Mel-18, c-Myc, Bmi-1, GFP, and �-tubulin by
Western blot analysis.
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of an E-box in the Bmi-1 promoter is very intriguing from an
oncogenesis point of view. A number of E-box binding
proteins are known, some of which act as repressors,
whereas others act as activators of transcription. The c-Myc
family of transcription factors, which bind to the E-box, are
clearly implicated in oncogenesis. The c-Myc oncogene is
amplified and/or overexpressed in a variety of malignancies
(see Myc Cancer Gene web site: http://www.myccancergene.
org). It acts as a transcription factor and regulates the ex-
pression of a number of genes (Zeller et al., 2003; Adhikary
and Eilers, 2005). However, it is still unclear what the cancer-
relevant bona fide targets of c-Myc are. Here, we identified
Bmi-1 oncogene as an important target of c-Myc oncopro-
tein. Similar to our results, a very recent report has also
implicated c-Myc in regulation of Bmi-1 expression and
induction of telomere-independent senescence by reduced
c-Myc levels and a consequent increase in p16 (Guney et al.,
2006).

c-Myc oncoprotein dimerizes with Max, which is usually
in excess. Myc-Max complexes positively regulate expres-
sion of Myc target genes. Myc and Max also dimerizes with
Mad1, Mxi-1, Mad3, Mad4, and Mnt (Adhikary and Eilers,
2005). Heterodimers of these proteins also bind to the E-box
and often negatively regulate the expression of the target
genes. It is very likely that Bmi-1 is negatively regulated by
Max-Mad and Mnt-Max complexes. Thus, our studies sug-
gest that c-Myc and other E-box binding proteins may pos-
itively or negatively regulate Bmi-1, which in turn regulates
proliferation, senescence, oncogenesis, and stem cell-ness.
Besides E-box binding proteins, other transcription factors
may also regulate the expression of Bmi-1. Indeed, a recent
report suggests that E2F 1 also regulates Bmi-1 expression
(Nowak et al., 2006). Moreover, we did not find any positive
correlation between Bmi-1 and c-Myc expression during
quiescence, suggesting that under quiescence condition,
transcription factors other than c-Myc regulate the expres-
sion of Bmi-1. Such regulators of Bmi-1 remain to be iden-
tified.

Our studies suggest that Mel-18 is a physiological regula-
tor of Bmi-1 expression in human fibroblasts and mammary
epithelial cells. On the basis of our data, we suspect that this
inverse correlation between Bmi-1 and Mel-18 expression
may persist with other cell types and various cancers. In-
deed, our preliminary data suggest a strong negative corre-
lation between Bmi-1 and Mel-18 expression in a significant
number of breast tumors. It has been suggested that Bmi-1
may be a cancer stem cell marker (Lessard and Sauvageau,
2003; Glinsky et al., 2005); it will be interesting to explore
whether Mel-18 down-regulation in certain specific cell
types makes them susceptible to cancer stem cell conversion.

In summary, our studies suggest that the Mel-18-c-Myc-
Bmi-1-p16-pRb pathway regulates cellular senescence and
proliferation in human cells. Additionally, Mel-18 and Bmi-1
can also regulate p14ARF expression, which may contribute
to the regulation of proliferation and senescence via p53-
independent mechanisms. Although there has already been
considerable interest in c-Myc, p16, p14ARF, and pRb, our
data suggest that PcG protein Mel-18 and Bmi-1 are also
valid targets for cancer therapy. For example, restoration of
Mel-18 expression or ablation of Bmi-1 expression in tumors
by various therapeutic approaches might help in cancer
treatment. Lastly, because stem cell defect has been linked to
various age-related pathologies (reviewed in Ho et al., 2005;
Rosenthal, 2005), we speculate that Mel-18 may play an
important role in the development of age-related ailments
by virtue of down-regulating Bmi-1, a known regulator of
stem cell-ness.
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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 accompa-
nied 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 constitu-
tively 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. [Cancer Res
2007;67(11):5083–9]

Introduction

Polycomb group (PcG) proteins are chromatin-modifying pro-
teins 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-1 is
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 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 oncogen-
esis (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, pSRa-mAkt expressing constitutively active (myristy-
lated) 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; Ser473; 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-3h (GSK3h; sc-53931), and cyclin D1 (A-12;

sc-8396) antibodies were obtained from Santa Cruz Biotechnology. Rabbit

polyclonal against total Akt (#9272) and pGSK3h (#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

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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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 (PI3K) pathway, cells were pretreated with LY294002 (20 Amol/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).
Clinical samples and immunohistochemical and statistical analyses.

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 z4, 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.

Results

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

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
Ser473 and anti–phosphorylated Thr308 Akt antibodies. Reduction in Akt activity results in corresponding decrease in pGSK3h and cyclin D1 protein levels.
Mel-18, Bmi-1, total Akt, pAkt, pGSK3h, total GSK3h, cyclin D1, and h-Actin (loading control) were detected by Western blot analysis as described in Materials
and Methods. *, nonspecific band reacting to pAkt (Thr308) 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/GSK3h/
cyclin D1 pathway by Western blot analysis as described in Materials and Methods. D, quantification of Akt and GSK3h activity. The pAkt and pGSK3h signal in
each lane was quantified by densitometric analysis using ImageJ 1.37 software (NIH, Bethesda, MD) and normalized to total Akt and total GSK3h 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 h-actin signal of
each lane, and plotted.
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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 z4) for Bmi-1, whereas 15 of 61
(24.5%) of the biopsies showed a positive staining (score of z4) 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 expres-
sion 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).

We also determined the anchorage-independent growth poten-
tial of MCF7 cells, which stably express Bmi-1 shRNAs. We used
two Bmi-1 shRNAs (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).

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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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 over-
expression 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 constitu-
tively high in many cancer cells, including breast cancer cells,
we hypothesized that Mel-18 overexpression or Bmi-1 knock-
down 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 (Ser473 and
Thr308) in MCF7 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. GSK3h is

known to be phosphorylated at Ser9 and inactivated by activated
Akt (16). Inactivation of GSK3h by Akt mediated phosphorylation
at Ser9 also results in cyclin D1 up-regulation (16). Hence, we
determined GSK3h 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 pGSK3h and down-
regulation of cyclin D1 (Fig. 2C, left and 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 pGSK3h antibodies (Fig. 2C, right and Fig. 2D). To
determine the mechanism of Akt regulation by Bmi-1, we used

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 mAkt 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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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. 3A and B) indicated that exogenous Bmi-1 could indeed
restore anchorage-independent growth 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 mAkt 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 (mAkt)
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 MCF7 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-1 is 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
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.
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Abstract

Elevated expression of Bmi-1 is associated with many cancers,
including breast cancer. Here, we examined the oncogenic
potential of Bmi-1 in MCF10A cells, a spontaneously immor-
talized, nontransformed strain of human mammary epithelial
cells (HMEC). Bmi-1 overexpression alone in MCF10A cells did
not result in oncogenic transformation. However, Bmi-1
co-overexpression with activated H-Ras (RasG12V) resulted
in efficient transformation of MCF10A cells in vitro . Although
early-passage H-Ras–expressing MCF10A cells were not trans-
formed, late-passage H-Ras–expressing cells exhibited fea-
tures of transformation in vitro . Early- and late-passage
H-Ras–expressing cells also differed in levels of expression of
H-Ras and Ki-67, a marker of proliferation. Subsets of early-
passage H-Ras–expressing cells exhibited high Ras expression
and were negative for Ki-67, whereas most late-passage
H-Ras–expressing cells expressed low levels of Ras and were
Ki-67 positive. Injection of late-passage H-Ras–expressing cells
in severe combined immunodeficient mice formed carcinomas
with leiomatous, hemangiomatous, and mast cell components;
these tumors were quite distinct from those induced by late-
passage cells co-overexpressing Bmi-1 and H-Ras, which
formed poorly differentiated carcinomas with spindle cell
features. Bmi-1 and H-Ras co-overexpression in MCF10A cells
also induced features of epithelial-to-mesenchymal transition.
Importantly, Bmi-1 inhibited senescence and permitted
proliferation of cells expressing high levels of Ras. Examina-
tion of various growth-regulatory pathways suggested that
Bmi-1 overexpression together with H-Ras promotes HMEC
transformation and breast oncogenesis by deregulation of
multiple growth-regulatory pathways by p16INK4a-independent
mechanisms. [Cancer Res 2007;67(21):10286–95]

Introduction

Proteins of the polycomb group (PcG) play an important role as
epigenetic gene silencers during development (1). In addition to
their role in development, these proteins were recently reported to

be overexpressed in various human cancers such as malignant
lymphomas and various solid tumors (2). In particular, Bmi-1
oncogene is overexpressed in a number of malignancies such as
mantle cell lymphoma (3), B-cell non–Hodgkin’s lymphoma (4),
myeloid leukemia (5), non–small cell lung cancer (6), colorectal
cancer (7), breast cancer (8), prostate cancer (9), and head and
neck cancers (10, 11). Apart from its role in oncogenesis, Bmi-1 has
been shown to be required for self-renewal of hematopoietic stem
cells and neuronal stem cells (12–15). In addition, it was recently
shown that Bmi-1 regulates self-renewal of normal and cancer stem
cells in breast, and that modulation of Bmi-1 expression in
mammosphere-initiating cells alters mammary development in a
humanized nonobese diabetic–severe combined immunodeficient
(SCID) mouse model (16, 17).
Recent studies using in vivo mouse and in vitro cell culture

models have shown that Bmi-1 regulates the expression of INK4A/
ARF locus, which encodes two important tumor suppressors
p16INK4A and p19ARF (p14ARF in human; refs. 18, 19). By down-
regulating p16INK4A and ARF, Bmi-1 can potentially regulate
p16-pRb and p53-p21 pathways of senescence (20). Indeed,
overexpression of Bmi-1 bypasses senescence in human and rodent
fibroblasts, human mammary epithelial cells (HMEC), nasopha-
ryngeal epithelial cells, and normal oral keratinocytes (11, 18, 19,
21, 22). Along these lines, we have recently reported that Bmi-1
down-regulation by another PcG protein Mel-18, and Bmi-1
knockdown using an RNA interference approach induces prema-
ture senescence via up-regulation of p16INK4A (23). Apart from
regulating INK4a/ARF locus, Bmi-1 can also regulate cell prolifer-
ation and oncogenesis via INK4a/ARF–independent pathways. For
example, Bmi-1 overexpression leads to immortalization of the 76N
strain of HMECs via activation of telomerase (21). In addition, we
recently reported that in normal human oral keratinocytes, and
skin keratinocytes, Bmi-1 does not down-regulate p16INK4A,
suggesting the possible role of other unidentified targets of Bmi-1
that are involved in cell proliferation (10, 24).
Our recent data suggests that independent of its effect on

p16INK4A, Bmi-1 regulates AKT activity in MCF10A and MCF7 cells
(25). It is thought that the precursor cells for breast cancer are
p16INK4A-negative due to promoter methylation and silencing (26),
suggesting that overexpression of Bmi-1 in p16INK4A-negative
tumors may contribute to oncogenesis via 16INK4A-independent
mechanisms. Here, we examined the oncogenic potential of Bmi-1
in an immortal but untransformed HMEC line MCF10A, which
does not express p16INK4A, p14ARF, and p15INK4B (27, 28). Using
in vitro cell culture and in vivo mouse model, we show that
overexpression of Bmi-1 alone is not sufficient for oncogenic
transformation of immortal HMECs. However, the combined
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overexpression of the G12Vmutant of H-Ras and Bmi-1 was able to
transform HMECs in culture as determined by transformation
assays. Furthermore, orthotopic injection of cells co-overexpressing
Bmi-1 and activated H-Ras resulted in the formation of poorly
differentiated and invasive tumors in SCID mice.

Materials and Methods

Cells, cell culture, expression vectors, retrovirus production, and
infection of HMECs.MCF10A and MCF10A-derived cell lines were cultured
as described (21). A retroviral vector overexpressing Bmi-1 has been

described earlier (21, 23). A retroviral vector pMSCV-Ras expressing H-Ras

G12V mutant was constructed by subcloning cDNA of H-Ras from
pcDNA3.1 obtained from UMR cDNA Resource Center (University of

Missouri, Rolla, MO). Stable cell lines expressing gene(s) of interest were

generated by infection of the retroviral vector(s) expressing a particular

gene and selecting cells in either puromycin, G418, or hygromycin as
described (21, 23).

Antibodies, Western blot analysis, immunostaining, Matrigel, soft
agar, and wound-healing assays. Bmi-1 was detected using either F6

mouse monoclonal antibody (mAb) from Upstate Cell Signaling Solutions,
or 1H6B10G7 mAb from Zymed. Among other antibodies, phosphorylated

AKT 1/2/3 (Ser-473), AKT-1 (B-1) and AKT-2 (F-7), CDK4 (C-22), cyclin D1

(A-12), H-Ras (F-235), p21 (F-5), p53 (DO-1), p53-Ser-15, PUMA (FL-193), Bax
(6A7), extracellular signal-regulated kinase (ERK; C-16), phosphorylated

ERK (E-4), p38-regulated/activated protein kinase (PRAK; A-7), and QM

(C-17) antibodies were obtained from Santa Cruz Biotechnology. p53-Ser-37

rabbit polyclonal antibody was obtained from Cell Signaling Technology.
Vimentin, fibronectin, and E-cadherin mAbs were obtained from BD

Transduction Laboratories. h-Actin and a-smooth muscle actin (a-SMA)
mAbs were obtained from Sigma-Aldrich. a-Tubulin mAb was obtained

from Developmental Studies Hybridoma Bank (University of Iowa,
Iowa City, IA). For Ki-67 and H-Ras co-immunostaining, Alexa Fluor

488–conjugated Ki-67 (BD Biosciences) and a Ras mAb (BD Biosciences)

were used.
Oncogene-induced senescence (OIS) was determined using staining for

senescence-associated h-galactosidase marker as described (29). To

determine the AKT and ERK activity in synchronized cells, MCF10A cells

were growth factor deprived using D3 medium (30) for 48 h and stimulated
for 40 min by addition of D medium, which contains 12.5 ng/mL epidermal

growth factor (EGF; ref. 30). Western blot analyses of total cell extracts using

antibodies that detect various proteins were done as described (21, 23).

Immunostaining for epithelial-to-mesenchymal transition (EMT) markers,
such as E-cadherin, fibronectin, and vimentin, and soft agar, Matrigel, and

wound-healing assays were done as described (25, 31).

Mice injections, necropsy, histopathology, histochemistry, and
immunohistochemistry. For mammary fat pad injection experiments,
four cohorts of 10 SCID mice each were used. Each cohort was injected in

the right axillary mammary fat pad with 1 � 106 cells from each cell line.

Tumor growth was measured weekly by caliper, and mice were euthanized

by CO2 asphyxiation once tumors reached 2 cm in diameter, or until mice
became clinically ill. All animal work was done following NIH guidelines

under an approved animal protocol. At necropsy examination, tumor tissue,

brain, lung, heart, liver, spleen, and kidney were collected and fixed in 4%
paraformaldehyde and routinely processed into paraffin blocks from which

4-Am sections were cut and stained with H&E, Masson’s trichrome, and

Giemsa. For immunohistochemical analysis, after deparaffinization, rehy-

dration, antigen retrieval, and quenching of endogenous peroxidase activity,
polyclonal and monoclonal primary antibodies were applied. Negative

controls were obtained by substitution of the primary antibody with buffer

solution.

Results

Bmi-1 overexpression does not lead to transformation of
HMECs. To define the role of Bmi-1 in breast cancer progression,
we overexpressed Bmi-1 in MCF10A, a nontumorigenic but
immortal HMEC cell line (Fig. 1A). Next, we examined the
oncogenic potential of MCF10A cells overexpressing Bmi-1.
Consistent with recent observation that four or more oncogenic
events are required for the in vitro transformation of HMECs (32),
Bmi-1–overexpressing MCF10A cells did not form colonies in soft
agar, indicating that Bmi-1 is insufficient to cause transformation
of immortal p16INK4A-negative HMECs. Similar results were
obtained using Bmi-1–immortalized 76N HMECs (Supplementary
Fig. S1), which also do not express p16INK4A (21).

Figure 1. Bmi-1 and H-Ras co-overexpression
transforms HMECs. A, Bmi-1–overexpressing
MCF10A cells were generated by stable
overexpression of Bmi-1, and cells (as indicated)
were analyzed for Bmi-1 overexpression by
Western blot analysis. B, H-Ras was
introduced in control MCF10A and MCF10A–
Bmi-1 cells, and cells were analyzed for H-Ras
expression by Western blot analysis. Cells
after Ras selection were considered at passage
1. C, MCF10A and MCF10A cells expressing
H-Ras alone, Bmi-1 alone, or Bmi-1 together
with H-Ras (as indicated) at passage 2 (after
Ras selection) were analyzed under light
microscope for anchorage-independent growth
using soft agar assays, and photographed
(�4). D, MCF10A and MCF10A-derived cells
(as indicated) at passage 2 were analyzed for
acini formation using Matrigel assays and
photographed (�6).
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Overexpression of H-Ras together with Bmi-1 transforms
MCF10A cells via deregulation of multiple growth-regulatory
pathways. Next, we overexpressed a constitutively active mutant
G12V of H-Ras (33) in control MCF10A and Bmi-1–overexpressing
MCF10A cells (Fig. 1B). The pool populations of cells expressing
H-Ras (MCF10A–H-Ras), Bmi-1 (MCF10A–Bmi-1), or both Bmi-1
and H-Ras (MCF10A–Bmi-1+H-Ras) were studied for transformed
phenotype using soft agar and Matrigel assays (Fig. 1C and D). The
soft agar assay indicated that cells expressing either Bmi-1 or H-Ras
alone did not exhibit anchorage-independent growth. However, cells
co-overexpressing both Bmi-1 and H-Ras readily formed colonies in
soft agar (Fig. 1C). Bmi-1 and H-Ras co-overexpression in 76N cells
also led to colony formation in soft agar (Supplementary Fig. S1). To
further confirm the in vitro transformation potential of MCF10A-
derived cells, Bmi-1, H-Ras, and Bmi-1+H-Ras–expressing cells were
seeded in Matrigel. The results indicated that control MCF10A,
MCF10A–Bmi-1, and MCF10A–H-Ras cells formed normal spherical
acini, whereas MCF10A–Bmi-1+H-Ras cells formed large irregular
branched structures indicative of transformed phenotype of seeded
cells (Fig. 1D).
To determine the mechanism of Bmi-1– and H-Ras–induced

transformation of HMECS, we analyzed MCF10A and MCF10A-
derived cells for the expression of Ras effectors such as AKT and
ERK kinases. The results indicated that control MCF10A and
MCF10A-Ras cells had very little or no basal phosphorylated AKT
(pAKT) expression, whereas MCF10A–Bmi-1 and MCF10A–Bmi-
1+H-Ras cells expressed significant amount of activated AKT
(pAKT) even under EGF-starved conditions (Fig. 2A). AKT activity
was induced in all cells after EGF addition; however, the induction
of AKT activity was more noticeable in Bmi-1+H-Ras–expressing
cells. On the other hand, ERK activity was constitutively high in
H-Ras and Bmi-1+H-Ras–expressing cells regardless of EGF
(Fig. 2A). These results suggest that Bmi-1 and H-Ras could
transform HMECs by activating AKT and ERK kinases.
Next, we determined the expression of cyclin D1 and CDK4, as

the overexpression of these two cell cycle–regulatory proteins has
been linked to breast cancer progression (34, 35). Our results
indicated that compared with control cells, Bmi-1 or H-Ras
overexpression up-regulated cyclin D1, whereas Bmi-1 and H-Ras

co-overexpression up-regulated CDK4 as well as cyclin D1
expression in MCF10A cells (Fig. 2B). We also determined the
expression of pRb and p53 tumor suppressors in control and
MCF10A-derived cells. Because MCF10A cells are p16INK4A negative
and contained high hyperphosphorylated pRb, no significant
differences were found between different forms of pRb in control
and MCF10A-derived cells (Fig. 2B). On examining p53 expression,
we found that MCF10A–H-Ras cells contained slightly higher p53
protein levels, whereas MCF10A–Bmi-1 and MCF10A–Bmi-1+H-Ras
cells showed down-regulation of p53 (Fig. 2B). Collectively, our data
indicate that Bmi-1 together with H-Ras overexpression leads to
activation of ERK and AKT, up-regulation of cyclin D1 and CDK4
expression, and down-regulation of p53.
H-Ras–expressing late-passage HMECs exhibit a trans-

formed phenotype. It has been reported in the literature that in
some instances, H-Ras overexpression alone can lead to transfor-
mation of MCF10A cells, whereas other reports suggest the
opposite (36–40). In our case, the H-Ras–expressing early-passage
(EP) cells were clearly not transformed. These early-passage
cultures of cells were also heterogeneous and exhibited mixed
morphologies with some enlarged senescent cells and some small
normal proliferating cells. The late-passage (LP; more than five
passages) culture of H-Ras expressing cells, on the other hand,
exhibited more uniform morphology with most cells proliferating.
We considered whether these late-passage cells have undergone
selection for rapidly proliferating cells and that during this
selection may have acquired transformed properties.
To probe this hypothesis, MCF10A–Bmi-1+H-Ras (LP) and

MCF10A–H-Ras (LP) cells were plated on soft agar and allowed to
form colonies for 10 to 14 days. The results indicated that similar to
Bmi-1 and H-Ras co-overexpressing cells, MCF10A–H-Ras (LP) cells
formed colonies in soft agar, indicating that H-Ras (LP) cells have
also undergone transformation (Fig. 3A). However, MCF10A–Bmi-1
(LP) cells still did not make colonies in soft agar, indicating that
Bmi-1 expression alone is not sufficient to cause transformation
even after extensive passaging of cells in culture. The transformed
phenotype of H-Ras (LP) cells was also confirmed by Matrigel assay,
which indicated that H-Ras (LP) and H-Ras+Bmi-1 (LP) cells form
highly disorganized, branched, and sieve-like structures (Fig. 3B).

Figure 2. Various growth-regulatory pathways are
dysregulated in cells co-overexpressing Bmi-1 and
H-Ras. All cells were analyzed at passage 2 after Ras
selection and/or mock infection. A, Western blot
analysis of phosphorylated AKT, total AKT (AKT1 and
AKT2), phosphorylated ERK, and total ERK in control
MCF10A and MCF10A-derived cells (as indicated).
Western blot analysis using h-actin served as a loading
control. B, Western blot analysis of p53, pRb, CDK4,
and cyclin D1 in asynchronously growing MCF10A and
MCF10A-derived cells (as indicated). h-Actin and QM
are loading controls.
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Bmi-1 expression together with H-Ras induces EMT in
HMECs. When examining the morphology of MCF10A-derived
cells, we noticed that cells expressing both H-Ras and Bmi-1
exhibited fibroblastic morphology suggestive of EMT phenotype. To
confirm this, we examined these cells for the presence of EMT
markers by immunostaining (Fig. 3D). The results indicated that
control MCF10A and MCF10A–Bmi-1 (LP) cells expressed
E-cadherin, a cell junction protein characteristic of epithelial cells,
whereas MCF10A–H-Ras (LP) and MCF10A–Bmi-1+H-Ras (LP) lost
the expression of E-cadherin. On the other hand, MCF10A–H-Ras
(LP) and MCF10A–Bmi-1+H-Ras (LP) cells expressed fibroblastic
markers such as vimentin and fibronectin (Fig. 3C). Similar results
were obtained using Western blot analysis (Supplementary Fig. S2).
These data indicate that Bmi-1 and H-Ras co-overexpression
induces a strong EMT phenotype.
As Bmi-1+H-Ras–expressing cells exhibited EMT phenotype,

which is closely linked to migration and invasion, we did a wound-
healing assay to determine the migratory potential of these cells.

The results indicated that MCF10A–Bmi-1+H-Ras cells have the
highest migration potential and that these cells filled the wound
quickly compared with other cells (Fig. 3D). H-Ras–expressing
MCF10A cells also showed a moderate migratory potential
(Fig. 3D). These cells tend to undergo cell death during migration.
Control MCF10A cells showed no migration, whereas Bmi-1–
expressing cells only exhibited a minimal migration (Fig. 3D). Thus,
our data suggest that Bmi-1 and H-Ras co-overexpressing cells have
acquired migration and invasion potential typical of highly
transformed HMECs.
Expression level of H-Ras determines proliferation in

H-Ras–expressing MCF10A cells. The differential ability of
MCF10A–H-Ras (EP) and MCF10A–H-Ras (LP) cells to undergo
transformation could be related to the different levels of Ras, which
in turn may determine the proliferation in these cells. To examine
this possibility, we determined expression of H-Ras by Western blot
analysis in control MCF10A, and MCF10A-derived early- and late-
passage cells, and did Ras and Ki-67 coimmunostaining in these

Figure 3. Late-passage H-Ras–expressing
MCF10A cells exhibit transformed features.
All MCF10A-derived cells were analyzed
at passage 8. A, control MCF10A and
MCF10A-derived late-passage cells (as indicated)
were grown in soft agar to determine
anchorage-independent growth potential of
these cells. Cells were photographed (�4)
at day 14. B, three-dimensional growth of
MCF10A–H-Ras (LP) and MCF10A–Bmi-
1+H-Ras (LP) was analyzed using Matrigel
assays as described in Materials and
Methods. Cells in Matrigel were photographed
(�10) at day 7. C, EMT phenotype of
MCF10A and MCF10A-derived late-passage
cells was analyzed by immunostaining
using antibodies specific for E-cadherin,
vimentin, and fibronectin (as indicated).
To visualize nuclei, cells were stained
with 4¶,6-diamidino-2-phenylindole, and
immunostained cells were visualized and
photographed using Zeiss LSM510 UV META
confocal microscope (�60). D, the migration
potential of MCF10A and MCF10A-derived
cells was determined by wound-healing
assay. The control MCF10A, and Bmi-1–,
H-Ras–, and Bmi-1+H-Ras–overexpressing
MCF10A cells were grown to 80% confluence,
starved in D3 medium for 48 h. A wound
was made in the middle of culture dish
containing near-confluent cells and the cells
were stimulated with EGF-containing D
medium for 15 h. Cells were photographed
at 0 h, before adding D medium and at 15 h,
after stimulating with D medium. Cells were
photographed using a light microscope (�4).
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cells (Fig. 4). The Western blot analysis of control, early-, and late-
passage cells indicated that H-Ras (EP) cells expressed a high level
of Ras, whereas H-Ras (LP) cells expressed a low level of Ras
(Fig. 4A). On the other hand, Bmi-1+H-Ras (LP) cells expressed a
high level of Ras (Fig. 4A and B). Bmi-1+H-Ras (EP) cells and H-Ras
(EP) cells expressed similar levels of Ras (Fig. 4A and B). Because
early-passage cultures are heterogeneous with cells expressing
variable levels of Ras, it is possible that cells expressing Ras above a
certain threshold level are not proliferating. At increasing number
of population doublings, there may be selection for cells expressing
a lower level of Ras, which permits continued proliferation.
Accordingly, H-Ras (LP) cells will have low expression of Ras.
Consistent with this hypothesis, on a single-cell basis, we observed
that in H-Ras (EP) cultures, most cells with high Ras stained
negative for Ki-67, a proliferation marker, whereas cells with low
Ras stained positive for Ki-67 (Fig. 4C and D). On the other hand,
H-Ras (LP) culture mostly contained cells with low Ras, which
stained positive with Ki-67 (Fig. 4C and D). The percentage of low
Ras–expressing cells, which were Ki-67 positive, was also high in
MCF10A–Bmi-1+H-Ras (EP) culture, although some cells in this

culture also expressed high Ras, which were positive for Ki-67
(Fig. 4C and D). Importantly, most Bmi-1+H-Ras (LP) cells
expressed high Ras and stained positive for Ki-67, indicating that
Bmi-1 permits proliferation of these cells despite high Ras (Fig. 4C
and D). In all cultures, variable percentages of low Ras–expressing
cells were Ki-67 negative. Because of growth asynchrony in culture,
such cells may not be proliferating at the time of staining.
MCF10A cells expressing H-Ras, and Bmi-1+H-Ras form

histologically distinct tumors in vivo . To address the contrib-
utory role of Bmi-1 on tumor progression, MCF10A, MCF10A–Bmi-
1 (LP), MCF10A–H-Ras (LP), and MCF10A–Bmi-1+H-Ras (LP) cells
were injected into the mammary fat pad. As expected, MCF10A
control cells did not produce tumors in vivo . Injection of
MCF10A+Bmi-1 cells also did not result in tumor formation even
after 60 days, indicating that overexpression of Bmi-1 alone is not
sufficient for neoplastic transformation of HMECs in vivo . In
contrast, MCF10A–H-Ras (LP) and MCF10A–Bmi-1+H-Ras (LP) cells
produced progressively enlarging tumors in the mammary fat pad.
Grossly, these tumors were strikingly different (Fig. 5A); MCF10A–
Bmi-1+H-Ras (LP) cells formed tumors that were solid, firm, and

Figure 4. Expression level of H-Ras
determines proliferation in MCF10A
cells overexpressing H-Ras. A, H-Ras
expression in MCF10A control and
MCF10A-derived early-passage
(passage 2 after Ras selection) and
late-passage cells (passage 8) was
determined by Western blot analysis as
described in Materials and Methods.
B, to determine the relative expression of
H-Ras in MCF10A and MCF10A-derived
cells, its signal in each lane was quantified
by densitometric analysis using ImageJ1.3
software (NIH) and normalized to a-tubulin
signal. C, H-Ras and Ki-67 coimmunostaining
was done to determine proliferation in
MCF10A-derived early-passage (passage
2) and late-passage (passage 8) cells.
MCF10A cells were used as control, which
do not express detectable Ras but are
Ki-67 positive under our experimental
conditions. Representative photos
(�60) of costaining in each cell line
(as indicated). D, quantification of Ras- and
Ki-67–expressing cells in MCF10A-derived
early-passage (passage 2) and late-
passage (passage 8) culture of H-Ras and
Bmi-1+H-Ras cells. Costaining was done
in triplicates and a total of 100 to
200 stained cells were counted in
multiple fields.
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irregular, whitish-tan on cut surface with well-differentiated
vasculature. In contrast, tumors formed by MCF10A–H-Ras (LP)
cells were variably hemorrhagic and often cystic, composed pre-
dominantly of large thin cysts filled with clotted and/or unclotted
blood (Fig. 5A).
Histologically, MCF10A–H-Ras tumors consisted of variable

populations of poorly to fairly well-differentiated smooth muscle,
variably cystic irregular vascular spaces lined by poorly to fairly
well-differentiated endothelial cells, and multifocal clusters and
nests of poorly to well-differentiated mast cells (Fig. 5B). In

contrast, MCF10A–Bmi-1+H-Ras tumors were composed of
streams and bundles of poorly differentiated spindle-shaped cells
with scant, faintly eosinophilic fibrillar cytoplasm embedded in
scant eosinophilic stroma, large round to oval hyperchromatic
nuclei with multiple prominent nucleoli, and numerous mitotic
figures (f2–3/hpf; Fig. 5B). These cells often infiltrated into the
surrounding fat pad, effacing normal ducts and adipose tissue,
and in one case infiltrating and destroying the cortical bone of
a subjacent rib and invading and effacing the bone marrow
(Fig. 5B).

Figure 5. Gross morphology, histopathology, and immunohistochemistry of tumors originating from xenografts. A, gross morphology of tumors resulting from injection of
MCF10A–H-Ras (LP) and MCF10A–Bmi-1+H-Ras cells (LP; as indicated). Left, tumors induced by MCF10A–H-Ras. Right, tumors induced by MCF10A–Bmi-1+H-ras
cells. B, histopathology of tumors resulting from injection of MCF10A–H-Ras (left ) and MCF10A–Bmi-1+H-Ras (right ) cells. Left, tumors induced by MCF10A–H-Ras
cells were composed of variable populations of poorly differentiated to well-differentiated endothelial cells forming haphazard vascular channels, spindle-shaped cells
resembling smooth muscle (middle), and multiple variable-sized clusters of poorly differentiated to well-differentiated mast cells (bottom ). Right, tumors induced by
MCF10A–Bmi-1+H-Ras cells were composed of a homogeneous population of sheets and intersecting bundles of poorly differentiated spindle cells (top ) that infiltrated
adjacent adipose tissue and bone (middle ). Cells were poorly differentiated with large pleomorphic nuclei and frequent mitoses (bottom ). C, histochemical and
immunohistochemical staining of tumors induced by MCF10A–H-Ras (left ) and MCF10A–Bmi-1+H-Ras (right ) cells. Left, tumors induced by MCF10A–H-Ras were
multifocally immunoreactive for antibodies against a-SMA and CD31; mast cell clusters were diffusely positive with Giemsa staining for mast cell granules, and tumors
were diffusely negative for collagen by Masson’s trichrome staining. Right, tumors induced by MCF10A–H-Ras+Bmi-1 cells were diffusely negative for a-SMA and CD31
except for the presence of intratumoral capillaries (arrowheads ), diffusely negative with Giemsa staining except for occasional resident mast cells (arrowhead), and
showed very little collagen production with Masson’s trichrome stain. D, Kaplan-Meier survival curve. Whereas MCF10A and MCF10A–Bmi-1 xenografted mice did not
develop tumors and survived throughout the course of the study, mice xenografted with MCF10A–H-Ras and MCF10A–Bmi-1+H-Ras had decreased survival after
the development of palpable tumors. MCF10A–H-Ras xenografted mice had significantly decreased survival compared with MCF10A–Bmi-1+H-Ras mice (P < 0.002).

Bmi-1 and H-Ras Cooperate during Breast Oncogenesis

www.aacrjournals.org 10291 Cancer Res 2007; 67: (21). November 1, 2007



MCF10A–H-Ras tumors were multifocally immunoreactive to
antibodies to a-SMA and CD31 (PECAM), illustrating the smooth
muscle and hemangiomatous components of these tumors (Fig. 5C).
Giemsa staining for mast cell granules confirmed the multifocal
mast cell clusters of varying differentiation in the MCF10A–H-Ras
tumors, whereas Masson’s trichrome staining showed no collagen
production in these tumors (Fig. 5C). MCF10A–Bmi-1+H-Ras
tumors were diffusely negative for a-SMA and CD31 except for
preexisting intratumoral capillaries, supplying the tumors that were
immunoreactive to CD31 (Fig. 5C). Giemsa staining confirmed the
absence of mast cells in these tumors except for a rare mature
resident mast cell, and Masson’s trichrome staining confirmed that
these tumors are composed of spindle cells with scant collagen
production, more suggestive of a myogenic phenotype than a
fibrosarcomatous one (Fig. 5C ). Both MCF10A–H-Ras and
MCF10A–Bmi-1+H-Ras tumors were diffusely immunoreactive to
antibodies to cytokeratin and vimentin (Supplementary Fig. S3).
Animals with tumors formed by MCF10A–H-Ras cells were often
very hemorrhagic, resulting in early morbidity due to anemia rather
than tumor burden in contrast to mice bearing tumors formed by
MCF10A–H-Ras+Bmi-1 cells, which as a group lived longer with
tumors than MCF10A–H-Ras tumor-bearing mice (Fig. 5D).
MCF10A–H-Ras (LP) and MCF10A–Bmi-1+H-Ras (LP) cells

display a partially defective p53 phosphorylation and atten-
uated induction of p53 target genes in response to DNA
damage. H-Ras is known to cause OIS in primary cells, which is
mediated by p16INK4A and p53 (41–43). Using senescence-
associated h-galactosidase marker, we noticed senescence induc-

tion in a significant number (40–50%) of MCF10A cells by H-Ras
overexpression at early passages (Supplementary Fig. S4A). Because
MCF10A cells are p16IKN4A-negative, the partial OIS in these
cells may depend on p53 and its target genes. Consistent with
partial OIS, early-passage MCF10A-Ras cells also showed slower
growth compared with vector control MCF10A and MCF10A cells
co-overexpressing H-Ras and Bmi-1 (Supplementary Fig. S2B).
The senescent cells in MCF10A–H-Ras and MCF10A–Bmi-1+H-

Ras cells were progressively lost, and rapidly proliferating cells were
selected in later passages. We hypothesized that the selection of
rapidly proliferating cells in late-passage cultures of MCF10A–
H-Ras and MCF10A–Bmi-1+H-Ras cells may depend on a defect
in p53 pathway in these cells. To examine this hypothesis,
we determined p53 expression in control MCF10A, MCF10A–
Bmi-1 (LP), MCF10A–H-Ras (LP), and MCF10A–Bmi-1+H-Ras (LP)
cells. The results indicated that unlike in MCF10A–H-Ras (EP) cells
(Fig. 2B), p53 was down-regulated in MCF10A–H-Ras (LP)
cells (Fig. 6A). To determine the mechanism of p53 down-
regulation and its possible significance with respect to transformed
phenotype of MCF10A–H-Ras (LP) and MCF10A–Bmi-1+H-Ras (LP)
cells, we further studied p53 pathway in these cells.
MCF10A control and MCF10A-derived late-passage cells were

treated with the DNA-damaging agent camptothecin (500 nmol/L)
for the indicated amount of time, and expression of p53,
phosphorylated p53, and p53 target genes was studied by Western
blot analysis (Fig. 6B). The results indicated that although
MCF10A–H-Ras (LP) and MCF10A–Bmi-1+H-Ras (LP) cells
had overall low p53 compared with control MCF10A and

Figure 6. Analysis of p53 pathway in
control MCF10A and MCF10A-derived
late-passage cells. All cells except parental
MCF10A cells, passage 9 cells, were used
for the analysis. A, top, Western blot
analysis of Bmi-1, H-Ras, and p53 in
control MCF10A and MCF10A-derived (LP)
cells (as indicated) was done as described
in Fig. 2. Bottom, densitometric analysis
of signals (of p53 and H-Ras) present
in each lane was done, normalized to
corresponding a-tubulin signal, and plotted
to determine the expression levels of p53
and H-Ras as indicated. B, analysis of
DNA damage response in MCF10A and
MCF10A-derived late-passage cells. The
cells were treated with camptothecin (CPT)
for indicated amount of time, harvested,
and analyzed by Western blot analysis for
total p53, phosphorylated p53 (Ser-15 and
Ser-37), p53 target genes (p21, PUMA,
Bax , and PIG3 ), PRAK, and BCL2. h-Actin
was used as a loading control.
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MCF10A–Bmi-1 cells, p53 remained inducible by camptothecin in
all four set of cells, although the induced levels of p53 was still low
in MCF10A–H-Ras (LP) and MCF10A–Bmi-1+H-Ras (LP) cells
(Fig. 6B ; Supplementary Fig. S5). Further analysis of phosphorylat-
ed p53 indicated that MCF10A–H-Ras (LP) and MCF10A–Bmi-1+H-
Ras (LP) cells were partially defective in phosphorylation of p53 at
Ser-15 and Ser-37 residues (Fig. 6B ; Supplementary Fig. S5).
Quantification of Western blot data showed reduced phosphory-
lation of p53 at Ser-15 in both MCF10A–H-Ras (LP) and MCF10A–
Bmi-1+H-Ras (LP) cells at 4 and 8 h time points, whereas the basal
levels of p53 Ser-15 were similar in all MCF10A-derived cells
(Supplementary Fig. S5). Ser-37 phosphorylation was also compro-
mised in MCF10A–H-Ras (LP) and MCF10A–Bmi-1+H-Ras (LP)
cells. Neither of these cell lines showed any induction of Ser-37
phosphorylation of p53 by camptothecin treatment (Supplemen-
tary Fig. S5).
Because it has been reported that PRAK mediates Ser-37

phosphorylation of p53 induced by H-Ras and that PRAK mediates
Ras-induced OIS (42), we hypothesized that PRAK may be lost
during selection of rapidly proliferating cells in H-Ras (LP) cells in
culture. To examine this possibility, we determined PRAK
expression in these cells by Western blot analysis. The results
indicated that regardless of DNA damage, PRAK expression is not
lost in control or H-Ras (LP) cells (Fig. 6B). Interestingly, PRAK
expression was up-regulated in H-Ras (LP) cells (Fig. 6B). The up-
regulation of PRAK is consistent with the notion that PRAK is an
H-Ras target, which acts negatively to suppress H-Ras–induced
proliferation (44). Nonetheless, it seems that this PRAK-mediated
negative feedback regulation of H-Ras–mediated proliferation is
lost in MCF10A–H-Ras (LP) cells, which may have allowed these
cells to undergo transformation in culture.
Next, we studied the induction of p21 and PUMA (p53 up-

regulated modulator of apoptosis), two well-known transcriptional
targets of p53 (45, 46). Our results indicated that both p21 and
PUMA induction by camptothecin is partially compromised in
MCF10A–H-Ras (LP) cells (Fig. 6B ; Supplementary Fig. S5), and p21
induction was more compromised in MCF10A–Bmi-1+H-Ras (LP)
cells. Attenuated response of these targets of p53 is consistent with
defective phosphorylation at Ser-15 and Ser-37 residues. We also
examined expression of Bax and PIG3 (p53-inducible gene 3), two
other known targets of p53 (45). Analysis of these two genes
indicated that Bax is expressed at very low levels and is inducible
in control MCF10A cells. However, MCF10A–H-Ras (LP) cells had
higher levels of Bax, which were not inducible by DNA damage
(Fig. 6B ; Supplementary Fig. S5). Interestingly, among all four cell
types, MCF10A–H-Ras (LP) cells expressed high BCL2, which may
be related to transformed properties of these cells. PIG3 , which
usually has a delayed kinetics of induction by p53 (47), was not
inducible in any of the cell types within the time frame used in
our experiment (Fig. 6B). Interestingly, compared with control
MCF10A cells, MCF10A-derived (LP) cells showed significant down-
regulation of PIG3 (Fig. 6B).

Discussion

Several recent studies have suggested that PcG proteins, in
particular EZH2 and Bmi-1, are overexpressed in human cancers.
Recent elegant studies have clearly shown that oncogenic
transformation of human cells is a multistep process (48). It is
very likely that overexpression of a single PcG protein alone is not
sufficient to cause transformation of human cells. To gain an

insight into breast cancer progression, here we examined the
transformation potential of Bmi-1 oncoprotein in immortalized
HMECs. Although immortalized HMECs that we studied lack
p16INK4A, Bmi-1 expression still provides an oncogenic signal in
these cells by the activation of phosphoinositide 3-kinase (PI3K)-
AKT pathway (25). However, the oncogenic signal provided by Bmi-
1 alone does not seem to be sufficient to cause transformation of
HMECs, despite these cells being immortal and lacking p16INK4A,
p14ARF, and p15INK4B (27). This observation underscores the
stringency of transformation in HMECs. Nonetheless, Bmi-1
overexpression is frequently observed in invasive breast tumors
(8, 9, 25), suggesting the involvement of additional oncogenic
events during breast cancer progression in such tumors.
To understand the genetic basis of these presumptive additional

oncogenic events, we overexpressed a constitutively active mutant
G12V of H-Ras (33) in Bmi-1–overexpressing MCF10A cells. G12V
mutant of H-Ras promotes proliferation and oncogenesis via
activation of mitogen-activated protein kinase (MAPK) kinase
(MEK)/MAPK and the PI3K/AKT pathways. However, the activa-
tion of these pathways and their outcome is cell-type specific. For
example, in primary cells, activation of these pathways lead to
induction of OIS, whereas in immortalized cells with compromised
p53-p21 and/or p16INK4A pathways, H-Ras G12V promotes
proliferation. Our reasoning behind using H-Ras G12V in these
assays was based on its relevance to breast cancer and its reported
use in oncogenic assays (32). Although the direct mutational
activation of H-Ras is rare in breast cancer, its hyperactivation by
persistent growth factor signaling caused by EGF receptor and
HER2/neu overexpression occurs in a proportion of breast cancers
(49, 50).
OIS caused by G12V mutant of H-Ras may require both

functional p16INK4A and p53. In MCF10A cells, which have
functional p53, we initially noticed the appearance of a heteroge-
neous culture with f40% to 50% cells exhibiting senescent
morphology upon H-Ras overexpression. Consistent with partial
OIS, our Western blot data also indicated up-regulation of p53
protein in these cells. Senescence acts as a strong barrier to
oncogenesis (20); hence, the initial OIS in a proportion of MCF10A
cells by H-Ras indicates an antioncogenic response. As expected,
these early-passage cells were not transformed by soft agar and
Matrigel assays. However, late-passage culture, which were much
more homogenous and did not contain cells with senescent
morphology, displayed transformed phenotype in Matrigel and soft
agar assays. Ras and Ki-67 costaining data also suggest that early-
passage culture of MCF10A–H-Ras are more heterogeneous in
terms of Ras expression, whereas the late-passage culture of these
cells are homogenous in terms of Ras expression. Importantly, only
low Ras–expressing cells tend to be Ki-67 positive, suggesting that
low Ras permits proliferation, whereas high Ras blocks prolifera-
tion, possibly via OIS. This differential effect of Ras on proliferation
explains the emergence of low Ras–expressing culture at late
passages.
The H-Ras overexpression in Bmi-1–overexpressing MCF10A

cells caused senescence only in a minority of cells and homogenous
culture with proliferating cells appeared much more rapidly from
MCF10A–Bmi-1+H-Ras cultures. These data indicate that to some
extent, Bmi-1 can overcome H-Ras–induced OIS, even in p16INK4A-
negative cells, presumably via p16INK4a/ARF–independent targets
of Bmi-1. The homogenous culture that rapidly emerged from Bmi-
1+H-Ras–expressing cells continued to express high Ras. Most cells
in this culture were Ki-67 positive despite expressing high Ras,
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suggesting that Bmi-1 permits proliferation of cells despite high
Ras, and thus there is no selection for cells expressing low Ras. The
biochemical basis for proliferation of MCF10A–Bmi-1+H-Ras (LP)
cells despite high Ras remains to be elucidated.
On examination of Ser-37 and Ser-15 phosphorylation of p53 in

response to DNA damage, we found that Ser-37 phosphorylation of
p53 is significantly low and not inducible in both late-passage
H-Ras and Bmi-1+H-Ras–expressing cells. In addition, these cells
also had much lower induction of Ser-15 phosphoryated p53, sug-
gesting a possible defect in other p53-activating kinases such as
ATM. A detailed analysis of various p53 phosphorylating kinases
in late-passage MCF10A–H-Ras and MCF10A–Bmi-1+H-Ras
remains to be elucidated. Nevertheless, our data clearly indicate
that these late-passage H-Ras– and Bmi-1+H-Ras–expressing cells
have defects in p53 phosphorylating pathways, which results in
attenuation of induction of p53 targets such as p21 and PUMA. This
compromised induction of p53 targets may contribute to a trans-
formed phenotype of MCF10A cells expressing Bmi-1 and H-Ras.
The differential behavior of early- and late-passage H-Ras–

overexpressing MCF10A cells with respect to the transformed
phenotype explains the different results that are reported in the
literature (36–40). Our data suggest that in cases where H-Ras–
expressing MCF10A cells showed a transformed phenotype and
gave rise to tumors in nude mice assays, late-passage H-Ras–
expressing cells with defective p53 regulation may have been used.
In other studies, where transformation of H-Ras–expressing
MCF10A cells was not reported, early-passage H-Ras–expressing
MCF10A cells may have been used. Alternatively, the transforming
potential of H-Ras cells could be correlated with the level of
expression of H-Ras. In studies where H-Ras alone was reported to
be transforming, the expression of H-Ras may be low, which
permits proliferation. On the other hand, in cases where Ras was
reported to be insufficient for transformation, the expression of
Ras may be very high, which causes proliferation arrest and OIS.
Neither of these possibilities is mutually exclusive and both
possibilities are likely to contribute to transformation of HMECs
by H-Ras. Recently, it was shown that low levels of K-Ras induce
proliferation and mammary epithelial cell hyperplasias, whereas
high expression of K-Ras induces proliferation arrest and OIS in
doxycycline-inducible K-Ras transgenic mice (51). In this report, it
was also shown that inactivation of p53 permits transformation of

mammary epithelial cells and tumor formation by high expression
of Ras (51). Our in vitro data are consistent with this report.
The results of histopathology, including special stains and

immunohistochemistry, confirm that the MCF10A+H-Ras tumors
are composed of multiple different populations of varying
phenotypes (smooth muscle, hemangiomatous, and mast cells),
suggesting that these populations may be in part an in vivo
response to the xenografted tumor population rather than original
components of the neoplastic population that have undergone
dedifferentiation and redifferentiation along multiple lines. The
MCF10A–Bmi-1+H-Ras tumors, on the other hand, represent a
pure population of highly atypical, poorly differentiated, and
infiltrative spindle cells consistent with a mesenchymal phenotype.
Although the a-SMA immunohistochemistry was negative in these
tumors, Masson’s trichrome stain along with positive immunohis-
tochemistry for vimentin would suggest that these cells may
represent a myoepithelial phenotype consistent with EMT.
Although MCF10A–Bmi-1+H-Ras (LP) and MCF10A–H-Ras (LP)

cells give rise to histologically distinct type of tumors, biochem-
ically these cells show only minor differences in regulation of
growth-regulatory pathways. The only significant difference
between these two cell lines is that H-Ras (LP) cells expressed
higher levels of BCL2, which may contribute to the oncogenicity of
these cells. In any case, we did not observe tumor formation by
MCF10A–Bmi-1 cells, suggesting the involvement of additional
oncogenic events such as down-regulation of p53, overexpression
of CDK4 and cyclin D1, and up-regulation of AKT and ERK
activities in the transformation of HMECs and breast cancer
progression. Our data also indicate that Bmi-1 may cooperate with
Ras in transformation by simply allowing high Ras–expressing cells
to proliferate. The additional oncogenic events then may be largely
contributed by H-Ras in the experiments described here. It remains
to be determined which of these oncogenic lesions, together with
Bmi-1, are sufficient to transform HMECs and form tumors in vivo .
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Abstract: I would like to welcome breast cancer research community to the fi rst editorial of our newest journal “Breast 
Cancer: Basic and Clinical Research”. In pursuit of breast cancer culprits, we have come a long way since the early 90’s 
when the fi rst breast cancer susceptibility gene BRCA1 was mapped and cloned. In the past few years, several new loci 
associated with the various degree of breast cancer risk have been identifi ed using “Candidate Gene Association Study 
(CGAS) and Genome-Wide Association Study (GWAS)” approaches. This editorial is meant to quickly glance over recent 
fi ndings of these population-based association studies.

Introduction
Breast cancer is one of the most terrifying diseases that human civilization has ever known. Legend 
has it that powerful queen Atossa of the ancient Babylon had breast cancer, and the specifi c mention of 
breast cancer can be found in “Hippocratic Corpus” written by Hippocrates and his peers dating back 
to fourth and fi fth centuries B.C. (Karpozilos and Pavlidis, 2004). Throughout our past and present 
civilization, we are reminded that several notable fi gures and ordinary citizens have suffered or are 
suffering from this dreadful disease. Although the life-time risk of developing breast cancer may vary 
in different geographic regions of the world, nobody is immune to developing breast cancer. In the 
United States of America and most western countries, the life-time risk of developing breast cancer in 
women is close to 1 in 8. The most intriguing question is- what determines this risk?

It is well known that early onset breast cancer tends to cluster in families and usually fi rst degree 
relatives of affected individuals have twofold higher risk of developing breast cancer (2001). This 
increased risk is independent of lifestyle and environmental factors, and thought to be due to genetic 
susceptibility of individuals to develop breast cancer (Lichtenstein et al. 2000). The early onset breast 
cancer, which tends to cluster in families, is also known as familial breast cancer. Overall, 20%–25% 
of familial breast cancer is attributed to high penetrance genes BRCA1, BRCA2, TP53, and PTEN 
(Easton, 1999).

The high penetrance genes were identifi ed using family-based linkage studies. These studies also 
identifi ed additional breast cancer susceptibility genes. In all, these family-based linkage studies were 
instrumental in identifying ten important genes- BRCA1, BRCA2, TP53, PTEN, CHEK2, ATM, NBS1, 
RAD50, BRIP1, and PALB2 for inherited breast cancer (Walsh and King, 2007). These ten genes, which 
are critical for genome integrity account for roughly 50% of familial breast cancer (Walsh and King, 
2007). Despite intense efforts, linkage studies have failed to identify additional breast cancer suscepti-
bility genes for familial breast cancer.

The late onset breast cancer, which is primarily sporadic in nature, is by far the most prevalent. 
In sporadic breast cancer, “the 10 genes for inherited breast cancer” have very minimal role. Hence, 
the 50% of the familial or early onset cases and majority of late onset cases of breast cancer must 
involve low to medium penetrance genes. The linkage studies lack the power to detect alleles respon-
sible for low to moderate risk of developing breast cancer. Such alleles are now being identifi ed using 
population-based gene-association studies. These studies take advantage of thousands of known 
single-nucleotide polymorphisms (SNPs) present in the human genome. The earlier studies focused 
on candidate gene approach and looked for SNPs in limited number of genes and their possible 
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association with breast cancer. More recent 
studies known as Genome-Wide Association 
Studies (GWASs) are taking advantage of unbi-
ased scan of the whole genome for SNPs associ-
ated with breast cancer risk.

The Usual Suspects: Candidate 
Gene Association Studies
Several breast cancer research groups have studied 
the association of breast cancer risk with common 
variants (SNPs) of candidate genes. More compre-
hensive CGASs have been carried out by SEARCH 
breast cancer study group and the “Breast Cancer 
Association Consortium” (BCAC). Results of 
CGASs have been mixed and very confusing. 
Some of the association studies may not be directly 
comparable because they used different population 
groups, while in other studies, the sample size may 
not be suffi ciently large enough.

Starting with HER-2, in some studies a com-
mon variant HER-2 V655I was reported to be 
associated with breast cancer (Xie et al. 2000), 
however other studies found no such association 
(Benusiglio et al. 2006; Einarsdottir et al. 2006). 
Human CYP19 gene, which encodes aromatase 
cytochrome P450 is another plausible candidate 
gene where some studies have suggested asso-
ciation of common variants with signifi cant breast 
cancer risk (Haiman et al. 2003; Ralph et al. 
2007), while other studies suggested no associa-
tion of any SNPs in CYP19 with breast cancer 
risk (Healey et al. 2000). Recently, Ralph et al. 
suggested possible age-specifi c association of 
certain SNPs present in genes encoding steroid 
hormone pathway (Ralph et al. 2007). Specifi cally, 
it was reported that cytosine/cytosine homozy-
gous genotype of cytochrome P450 XIB2 
(CYP11B2) was associated with reduced breast 
cancer risk at younger age, but increased risk at 
older age (Ralph et al. 2007), and homozygous 
cytosine-guanine (CG/CG) genotype of uridine 
phosphorylase glycosyltransferase 1A7 (UGT1A7) 
was associated with increased breast cancer risk 
at younger ages but decreased risk at older ages 
(Ralph et al. 2007).

By analyzing 4,474 breast cancer cases and 
4,560 controls from SEARCH collection (United 
Kingdom), Baynes et al. reported that in contrast 
to rare variants, the common variants in the ATM, 
BRCA1, BRCA2, CHEK2 and TP53 are unlikely to 
increase the breast cancer risk (Baynes et al. 2007). 

A study be Onay et al. also concluded that 19 
individual commonly occurring SNPs associated 
with 18 key cancer genes XPD, PTEN, GADD45, 
p27, ESR1, CYP17, GSTM3, MTHFR, IL1a, IL10, 
IL13, TNFa, G-CSF, CCND1, COMT, BARD1, 
GSTP1 and MMP1 did not contribute to breast 
cancer risk (Onay et al. 2006). A very recent BCAC 
study also did not fi nd an association of MDM2 
SNP309 and TP53 R72P SNP with breast cancer 
risk (Schmidt et al. 2007).

On the other hand, common variants of few 
genes, which were suspected to play a role in breast 
cancer did turned out to have weak association with 
breast cancer risk. For example, BCAC reported 
that common coding variants CASP8 D302H in 
the gene encoding Caspase 8, and TGFB1 L10P in 
the gene encoding transforming growth factor-β 
(TGFβ), in one allele (heterozygote) were associ-
ated with signifi cant risk to invasive breast cancer 
(Cox et al. 2007). In an earlier study, CASP8 
D302H variant was reported to be associated with 
reduced breast cancer risk in a dose-dependent 
manner; it provided better protection against breast 
cancer in the homozygous condition (MacPherson 
et al. 2004).

BCAC also analyzed data from 12 studies for 
16 SNPs in various candidate genes and concluded 
that only 5 SNPS (CASP8 D302H, IGFBP3-202 
c � a, PGRV660L, SOD2 V16A, and TGFB1 
L10P) were associated with breast cancer, but the 
statistical signifi cance of the association was only 
borderline (Breast Cancer Association, 2006). The 
remaining 11 SNPs in other candidate genes 
showed no signifi cant association with breast 
cancer risk (Breast Cancer Association, 2006). 
Another recent study (SEARCH investigators), 
which analyzed association between common 
variants found in 120 candidate genes and breast 
cancer concluded that a proportion of SNPs in 
candidate genes in the cell-cycle control pathway, 
genes involved in steroid hormone metabolism 
and signaling were weakly associated with breast 
cancer risk but large sample-sizes from multicen-
tre collaboration is needed to identify SNPs that 
are associated with defi nitive breast cancer risk 
(Pharoah et al. 2007). Some borderline signifi -
cance of SNPs in few selected antioxidant defense 
genes (for example CAT g27168a, TXN t2715c, 
TXNRD2 A66S and TXNRD2 g23524a) and epi-
genetic genes (for example DNMT3b-c31721t) 
with breast cancer risk has been reported but these 
observations need to be confirmed in larger 
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epidemiological studies (Cebrian et al. 2006a; 
Cebrian et al. 2006b).

Not so Usual Suspects: Genome-
Wide Association Studies
As discussed above, the candidate gene approach 
studies to identify breast cancer risk has not been 
very successful. With the advent of rapid SNP 
screening technologies and completion of “Hap 
Map”, it is now possible to rapidly scan the genome 
of several thousand individuals to fi nd association 
of SNPs with a particular disease. Recently, four 
such GWASs have been conducted to identify 
novel breast cancer susceptibility loci (Easton et al. 
2007; Hunter et al. 2007; Murabito et al. 2007; 
Stacey et al. 2007).

Stacey et al. genotyped 4,554 breast cancer 
patients and 17,577 controls using the Illumina 
Hap300 platform and reported that individuals of 
European descent with homozygous allele A of 
rs13387042 SNP on chromosome 2q35 have an 
estimated 1.44 fold higher risk of estrogen receptor-
positive (ER-positive) breast cancer compared to 
noncarriers, while homozygous allele T of 
rs3803662 on chromosome 16q12 was associated 
with 1.64 fold risk of ER-positive breast cancer 
(Stacey et al. 2007). Among other ethnicities, both 
variants were only marginally signifi cant; in fact 
T-rs3803662 allele was protective in African 
Americans (Stacey et al. 2007). Functional sig-
nifi cance of both these SNPs is not clear, although 
rs3803662 is near the 5’ end of TNRC9, a gene 
implicated in bone metastasis of breast cancer cells. 
Remarkably, signifi cant breast cancer association 
of rs3803662 SNP near the 5’ end of TNRC9 was 
also reported in an independent study (Easton et al. 
2007).

The discovery of association of SNPs in intron 
2 of FGFR2, which encode fi broblast growth fac-
tor receptor 2, with breast cancer risk was also 
reported in two independent GWASs (Easton et al. 
2007; Hunter et al. 2007). In the fi rst study, which 
also tagged rs3803662, GWAS was carried out 
using a two-stage analysis of 4,398 breast cancer 
cases and 4,316 controls. At second stage, authors 
found signifi cant association of 1,792 SNPs with 
breast cancer risk, but chose to study 30 SNPs with 
highest level of signifi cance for subsequent con-
fi rmation in 21,860 cases and 22,578 controls 
chosen from 22 studies (Easton et al. 2007). The 
following SNPs showed the most signifi cant and 

consistent evidence of association- rs2981582 
(FGFR2), and rs12443621, rs8051542 and 
rs3803662 (TNRC9), rs889312 (MAP3K1), 
rs13281615 (8q) and rs3817198 (LSP1) (Easton 
et al. 2007). Although FGFR, TNRC9, MAP3K1 
and LSP1 are plausible breast cancer culprits, the 
functional signifi cance of SNPs in these genes 
remain unclear at this point (Easton et al. 2007).

In the second GWAS, Hunter et al. genotyped 
528,173 SNPs in 1,145 postmenopausal women of 
European descent with invasive breast cancer and 
1,142 controls (Hunter et al. 2007). The GWAS 
identified four SNPs (rs1219648, rs2420946, 
rs11200014 and rs2981579) in intron 2 of FGFR2, 
which showed signifi cant association with breast 
cancer (Hunter et al. 2007). The association was 
confi rmed using three additional studies using 
1,776 cases and 2,072 controls (Hunter et al. 2007). 
Again, although FGFR2 is a plausible breast cancer 
gene, the functional signifi cance of these common 
variants in FGFR2 loci is not clear.

Another GWAS was conducted by Murabito et al. 
using study subjects from NHLBI’s Framingham 
Heart Study (Murabito et al. 2007). The study 
involved 1,335 participants, including 58 women 
with breast cancer and 59 men with prostate cancer 
(Murabito et al. 2007). Possibly, because of limited 
size of the population, authors did not fi nd sig-
nifi cant association of any SNP with breast or 
prostate cancer risk. Although in the same study, 
using candidate gene approach, authors reported 
signifi cant association of two SNPs (rs9325782 
and rs2410373) in MSRI gene with prostate cancer, 
and three SNPs (rs905883, rs7564590 and 
rs7558615) in ERBB4 with breast cancer (Murabito 
et al. 2007).

Conclusion: Devil is Hiding 
in the Genome
With the rapid advent of genotyping technologies, 
we have entered an exciting era of genome-based 
discoveries for human diseases. CGAS and GWAS 
clearly have the power to identify common variants 
that are associated with low susceptibility loci for 
a particular disease. At present, due to continued 
drop in genotyping costs, GWAS appears to be a 
better approach than CGAS. However, a great 
degree of caution is needed in the correct interpre-
tation of such studies. There are several issues 
which need to be addressed in each GWAS; the 
caveats range from sample size to genotyping 
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quality controls to successful replication of results. 
Several of these points are discussed in NCI-
NHGRI (National Cancer Institute-National 
Human Genome Research Institute) working group 
recommendations on replicating GWAS results 
(Chanock et al. 2007).

The next legitimate question is- what is the 
overall risk of a particular disease associated with 
these so called common variants? Although statis-
tically signifi cant, the effect of individual SNP is 
generally very small in terms of increasing breast 
cancer risk. Such risk is usually close to 1.2 to 1.5. 
However, the overall effect of combinations of 
SNPs on breast cancer risk may be substantial. This 
overall effect, which is also termed as polygenic 
effect (of SNPs) may be additive or synergistic and 
may account for most of the genetic risk associated 
with developing breast cancer. Although, only a 
handful of these common variants have been iden-
tifi ed so far, the presumption is that there are many 
more of these, and they may genetically interact.

For now, the breast cancer community will wait 
for the identifi cation of all of the common variants 
in the genome, which would be associated with 
breast cancer, and then all of us- clinical and basic 
scientists, and other stake holders will debate what 
is in the best interest of naïve general public. 
Should we prepare for the genetic counseling of 
would be breast cancer patients even though the 
overall risk factor may still be below 1.5 to 2.0? 
In summary, each GWAS starts with an assumption 
that the evildoers are in the genome and that they 
most probably conspire together to increase the 
risk of developing a particular disease such as 
breast cancer. On an optimistic note, the gene hunt-
ers or SNP hunters to be more accurate, are busy 
hunting these evildoers, wherever they may be- in 
the introns, exons or the regulatory regions in the 
genome.
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