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Abstract

Background: The Bmil polycomb ring finger oncogene, a transcriptional repressor belonging to the Polycomb
group of proteins plays an important role in the regulation of stem cell self-renewal and is elevated in several
cancers. In the current study, we have explored the role of Bmi1 in regulating the stemness and drug resistance of
breast cancer cells.

Methods: Using real time PCR and immunohistochemistry primary breast tissues were analyzed. Retro- and
lentiviruses were utilized to overexpress and knockdown Bmi1, RT-PCR and Western blot was performed to evaluate
mMRNA and protein expression. Stemness properties were analyzed by flow cytometry and sphere-formation and
tumor formation was determined by mouse xenograft experiments. Dual luciferase assay was employed to assess
promoter activity and MTT assay was used to analyze drug response.

Results: We found Bmil overexpression in 64% of grade Ill invasive ductal breast adenocarcinomas compared to
normal breast tissues. Bmil overexpression in immortalized and transformed breast epithelial cells increased their
sphere-forming efficiency, induced epithelial to mesenchymal transition (EMT) with an increase in the expression
of stemness-related genes. Knockdown of Bmil in tumorigenic breast cells induced epithelial morphology, reduced
expression of stemness-related genes, decreased the ICsqy values of doxorubicin and abrogated tumor-formation.
Bmi1-high tumors showed elevated Nanog expression whereas the tumors with lower Bmil showed reduced
Nanog levels. Overexpression of Bmil increased Nanog levels whereas knockdown of Bmil reduced its expression.
Dual luciferase promoter-reporter assay revealed Bmil positively regulated the Nanog and NFkB promoter activity.
RT-PCR analysis showed that Bmil overexpression activated the NFkB pathway whereas Bmil knockdown reduced
the expression of NFkB target genes, suggesting that Bmi1 might regulate Nanog expression through the NFkB
pathway.

Conclusions: Our study showed that Bmil is overexpressed in several high-grade, invasive ductal breast
adenocarcinomas, thus supporting its role as a prognostic marker. While Bmi1 overexpression increased self-renewal
and promoted EMT, its knockdown reversed EMT, reduced stemness, and rendered cells drug sensitive, thus
highlighting a crucial role for Bmi1l in regulating the stemness and drug response of breast cancer cells. Bmi1
may control self-renewal through the regulation of Nanog expression via the NFkB pathway.
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Background

A growing body of evidence suggests that cancer is orga-
nized in a hierarchical fashion exhibiting functional het-
erogeneity wherein few ‘cancer stem cells’ (CSCs) with
stem-like properties drive tumor proliferation and pro-
gression [1]. First identified in leukemia [2,3], such tumor-
initiating cells with extensive proliferative potential have
now been identified in several solid tumors [4], such as
gliomas [5], pancreatic cancers [6], colon cancers [7], and
breast carcinomas [8]. CSCs have also been found to be
inherently drug-resistant [9], thus making it difficult to
target them, and thereby thought to contribute to cancer
relapse. Interestingly, cancer cells undergoing epithelial to
mesenchymal transition, considered to be a pre-requisite
for solid tumor metastasis, have been shown to acquire
stem-like properties [10]. Further, we have recently shown
that the very transcription factors that bring about an
EMT also lead to an increased expression of ABC family
of transporters, thereby increasing drug resistance [11].
Thus, these data suggest that the properties of self-
renewal, EMT, and drug resistance may all be linked [12].
Therefore, understanding the pathways and mechanisms
that regulate the stem-like properties of cancer cells is
fundamental for their effective therapeutic targeting.

Bmil belongs to the Polycomb Group (PcG) gene
family of proteins that function as chromatin modifiers
and play important roles in stem cell maintenance as
well as cancer development [13]. Bmil was first identi-
fied as a c-Myc co-operating oncoprotein inducing B or
T cell leukemia [14]. Since then, aberrant overexpression
of Bmil has been detected in several human cancers
including lymphoma, acute myeloid leukemia, colorectal
carcinoma, liver carcinoma, non-small cell lung cancer,
breast carcinoma, prostate cancer, head and neck squa-
mous cell carcinoma, medulloblastoma, and glioblast-
oma [14-23]. Significantly, elevated Bmil expression has
been associated with poor prognosis in several cancers
including breast carcinomas [24], highlighting the prog-
nostic relevance of Bmil expression.

Bmil serves as the key regulatory component of the
PRC1 complex (Polycomb repressive complex 1) which
modulates chromatin structure, thereby regulating gene
transcription [25]. It has been shown to regulate the ex-
pression of the Ink4a locus which encodes for two tumor
suppressor proteins pl6Ink4a and p14Arf, thereby regulat-
ing cell proliferation and senescence [21]. However, Bmil
has been shown to play a role in tumorigenesis in Ink4A-
deficient models [25], suggesting that it may regulate other
genes important in cancer. Consistent with this, Bmil
has been shown to repress tumor suppressor PTEN [26],
induce telomerase [17], activate Akt/GSK3[/Snail pathway
[16], and cooperate with Twist to repress E-cadherin [15].
In the current study we have investigated the effects
of Bmil overexpression and down-modulation on the
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expression of genes that regulate EMT and stemness, and
further explored the molecular mechanisms downstream
of Bmil that regulate EMT and stem cell properties in
breast cancer cells.

Recent studies have revealed a role for Bmil in the
regulation of self-renewal in both normal and cancer
stem cells. For example, Bmil was found to be necessary
for the self-renewal of normal hematopoietic stem cells
as well as leukemic stem and progenitor cells [27,28].
It has also been implicated in the regulation of self-
renewal of neural stem cells [29] as well as glioma stem
cells [30]. Bmil has also been shown to regulate self-
renewal and proliferation of cancer stem cells from other
tumor types such as hepatocellular carcinoma, prostate
cancer, and pancreatic cancer [31-33]. In the context of
breast tissue, it was found that in both normal and ma-
lignant mammary stem cells, Hedgehog signaling regu-
lates self-renewal through Bmil [34]. Yet, the stemness
genes regulated by Bmil remain unknown. Thus, under-
standing the molecular mechanisms by which Bmil reg-
ulates the stem cell properties of cancer cells is likely to
pave the way for newer therapeutic modules.

In the present study we have analyzed the status of Bmil
expression at mRNA and protein levels in Indian patients
with grade III invasive ductal breast adenocarcinomas. Fur-
ther, we assessed the effects of Bmil overexpression and
shRNA-mediated knockdown on stemness, self-renewal,
EMT and drug-resistance of breast cancer cells. Our study
supports the observations that Bmil could be a potential
prognostic marker in breast cancer. Further, we show that
mechanistically, Bmil may regulate stemness by positively
regulating Nanog expression through the NF«B pathway.

Methods

Collection of normal and cancerous breast tissue

Normal and cancerous breast tissues were procured
from Kidwai Memorial Institute of Oncology (KMIO)
Bangalore, in accordance with the Institutional Review
Board and in compliance with the ethical guidelines of
KMIO and the Indian Institute of Science. Patient con-
sent was acquired in a written form before the surgery.
The normal tissue was excised ~6 cm away from the
tumor and was confirmed by pathologists for absence of
tumor cells. For RNA isolation, normal and tumor tissue
chunks were collected in RNAlater (Qiagen, Hilden,
Germany). The paraffin blocks for normal and tumor
tissues were also obtained from KMIO. The tissues were
sectioned using microtome and were fixed on glass
slides for further staining and analysis.

Immunohistochemistry

Immunohistochemical staining was carried out as de-
scribed previously [35]. Briefly, the paraffin embedded
tissue sections were deparaffinized with xylene and were
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rehydrated. 5% hydrogen peroxide was used to quench
the peroxidase activity. For antigen retrieval the sections
were cooked under high pressure by placing the sections
in 10 mM sodium citrate buffer (pH 6) in a pressure
cooker. Sections were blocked with 4% non-fat dry milk,
incubated overnight with primary antibodies [Bmil,
Nanog, (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), CD44 (Cell Signaling Technology, Beverly, MA,
USA)] at 4°C. The sections were washed and stained
with secondary anti-mouse and anti-goat antibodies
(Vector labs, Burlingame, CA, USA) on the following
day and detected using ABC color development kit
(Vector labs). The immunohistochemical intensity was
semi-quantitatively scored by an experienced pathologist
based on the intensity of the Bmil staining as described
previously [35]. Highest intensity was graded ‘high’ (+++),
moderate intensity was graded ‘medium’ (++), and lowest
intensity was graded as ‘low’ (+).

RNA isolation, RT-PCR, and real time PCR

Using motorized homogenizer, the snap frozen tissue
(~100 mg) was ground and total RNA was isolated using
Tri-reagent (Sigma Aldrich, St Louis, MO, USA) accord-
ing to manufacturer’s protocol. cDNA was synthesized
from 1 pg of total RNA using Gene-Amp RNA PCR
c¢DNA synthesis kit (Applied Biosystems, Carlsbad, CA,
USA). Primers were designed using Primer3 online tool.
HPRT, p2-microglobulin, or RPL were used as normaliz-
ing controls. Sequence of primers used is provided in
Additional file 1: Figure S1. Real Time PCR was per-
formed according to manufacturer’s protocol using Dy-
NAmo SYBR Green qPCR Kit (Finnzymes, Vantaa,
Finland) with ROX passive reference dye using Applied
Biosystem’s 7900 HT Real Time PCR system.

Cell culture, virus production, and infection

HEK293T cells, breast cancer epithelial cells MCF7 and
MDAMB231 (ATCC), and derived cells were cultured in
DMEM with 10% fetal bovine serum. NBLE and NBLE-
derived cells were cultured as described previously [36]
in DMEM-F12 with growth factors (10 ng/ml hEGE, 1
mg/ml hydrocortisone, 10 mg/ml insulin, 4 ng/ml hep-
arin) (Sigma Aldrich) and B27 (Invitrogen, Carlsbad,
CA, USA). HMLE and HMLE-Bmil cells were cultured
in DMEM-F12 media with 10 ng/ml hEGF, 0.5 pg/ml
hydrocortisone, and 10 pg/ml insulin (Sigma Aldrich).
All media also included penicillin (1 kU/ml) and strepto-
mycin (0.1 mg/ml). Using WI siRNA selection program
the siRNA against Bmil was designed [37] (Additional
file 1: Figure S2). These custom shRNA oligos were pur-
chased from Sigma Aldrich and were cloned into pLKO1
vector as described previously [38]. The control vectors,
pBABEpuro-Bmil, and pLKO1-shBmil were transfected
along with packaging plasmids (pUMVC3 or pHR'DS8.2
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and pCMV-VSVG) into HEK293T cells using Fugene-6
(Roche, Mannheim, Germany) according to manufac-
turer’s protocol. After 48 hrs viral supernatant was har-
vested and filtered through 0.45 pm filters. Target cells
were infected along with 4 pg/ml protamine sulfate and
0.1 M HEPES buffer (Sigma Aldrich) for 6 hrs in 37°C
incubator. After 48 hrs of infection the cells were drug
selected with 1 pg/ml puromycin.

Flow cytometry analysis

The cells were trypsinized and were incubated in 37°C
incubator for 60 min for surface antigen recovery, and
stained with CD44-PE and CD24-FITC, or CD44-PE-
Cy7 and CD24-AF610 (BD Biosciences) for 45 min at 4°C
in dark. Stained cells were washed twice with PBS and
were analyzed in BD FACS-ARIA II (BD Biosciences,
San Jose, CA, USA). Unstained cells, CD44-alone and
CD24-alone stained cells served as controls.

Self-renewal assay

For assessing the sphere-forming efficiency, trypsinized cells
(5x10% were seeded in 6 well ultra-low attachment plates
(Corning) in DMEM-F12 media containing 1% methyl cel-
lulose along with above mentioned growth factors. Sphere
size and number was measured after 7 days of seeding.

Dual luciferase assay

1x10* HEK293T cells were seeded in a 24-well plate
and transfected with 800 ng pGL3-Nanog promoter-
luciferase plasmid or NFkB promoter-luciferase plasmid,
along with 800 ng pLKO1 control vector, or 800 ng of
pBABEpuro-Bmil, or 800 ng pLKO1-shBmil plasmids
on the following day. The cells were co-transfected with
50 ng of pRLTK plasmid for normalizing. After 48 hrs,
luciferase activity was measured using dual-luciferase
assay kit (Promega, Madison, W1, USA) using a scintilla-
tion counter for 10 sec. Firefly luciferase activity was
expressed as relative light units (RLUs) compared to
Renilla luciferase activity. pGL3 basic vector was used as
negative control and pGL3 control vector was used as
positive control in the experiment.

MTT-based cytotoxicity assay

MTT assay was performed in triplicates in 96-well plates
(Greiner Bio-One, Frickenhausen, Germany). After 12
hrs of seeding, various concentrations of doxorubicin
were added and the cells were incubated for another 48
hrs. MTT (5 mg/ml) reagent (Sigma Aldrich) was added
to each well and the plate was incubated for 4 hrs until
the formazan crystals were formed. Crystals were dis-
solved in DMSO and the plate was read using ELISA
reader at 570 nm. Cell viability was expressed as per-
centage of the absorbance of drug-treated cells, relative
to that of the untreated controls.
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Figure 1 Bmi1 is overexpressed in breast tumor tissues. A. Scatter plot shows gene expression of Bmil in normal (n =24) and tumorigenic
(n =40) breast tissues assessed by qPCR. Log2- ratios for each dot represents data for one sample. Overexpression of BmiT mRNA in breast cancer,
as compared to normal breast tissue, showed a median change (log2) of 2.75 folds. Statistical significance was calculated using unpaired t-test
(p =0.0481). B. The images show immunohistochemical analysis for Bmi1 in normal and tumor breast tissues. Lower panel shows negative

control where primary antibody was excluded.
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In vivo tumor formation assay

Animal experiments were performed with approval from
Institutional Animal Ethics Committee, IISc. Cells were
injected subcutaneously into the flanks of 4—6 week old
female nude mice. Tumor size and weight were moni-
tored regularly.

Immunoblot analysis

Cell lysates were prepared using lysis buffer with 1%
NP40 detergent, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM sodium fluoride, 1 mM sodium orthovandate,
10 mM sodium pyrophosphate (Sigma Aldrich) and
protease inhibitors (Roche). Protein was quantified with
Bradford reagent and equal amount of protein was
resolved by SDS-PAGE using Bio-Rad apparatus, trans-
ferred to PVDF membrane (Millipore, Billerica, MA,
USA) and probed with appropriate antibodies. HRP-
coupled secondary antibodies were obtained from
Jackson ImmunoResearch (West Grove, PA, USA), and
immunoblots were visualized using Pico reagent (Pierce,
IL, USA). Following primary antibodies were used:
Nanog, ABCC1 (Santa Cruz Biotechnology), N-cadherin
(Epitomics, Burlingame, CA, USA), Bmil (Cell Signal-
ing Technologies). Anti-a-tubulin antibody (Calbio-
chem, Darmstadt, Germany) was used as the loading
control in all Western blots.

Results

Bmi1 is overexpressed in breast cancer tissues

Previous studies indicated that Bmil is overexpressed
in various cancers including breast cancer [39]. To in-
vestigate Bmil expression in Indian breast cancer patient
samples, we undertook quantitative real time PCR
(qPCR) and immunohistochemistry (IHC) based analyses
in primary breast cancer samples that were predomin-
antly grade III invasive ductal breast adenocarcinomas.
Analysis by qPCR revealed significant overexpression
of Bmil in tumor samples, compared to normal tissue
(p =0.0481), with a median change (log2) of 2.75 folds
(Figure 1A).

Immunohistochemical analysis was performed on 25
breast tumor tissue sections to determine the expres-
sion of Bmil at protein level. We observed that 64% of
the tumors showed presence of Bmil protein which
varied from low, moderate to high expression (Figure 1B
and Additional file 1: Figure S3). Normal breast tissues
either lacked Bmil or showed lower cytoplasmic expres-
sion (Figure 1B). These results indicated that compared
to normal breast tissue, Bmil expression is higher in
breast tumor tissues both at mRNA and protein levels.
Our data thus supports the observation [24] that Bmil
expression could serve as a prognostic marker in breast
cancer.
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Overexpression of Bmil in immortalized and transformed
breast cells increases expression of stemness regulating
genes and mesenchymal properties

Bmil has been shown to be necessary for the self-renewal
of normal and malignant breast epithelial cells [34].
However, the effect of Bmil on expression of various
stemness-related genes has not been studied adequately.
Therefore, we overexpressed Bmil using retroviral vector
(pBABEpuro-Bmil) in in vitro immortalized HMLE [40]
and in vitro transformed NBLE cells [36] (Figure 2E)
and assessed the effect on various aspects of stemness.
Mammosphere formation has been used as a measure of
in vitro stem-like properties [41]. We observed that in
HMLE cells that exhibit very low stem cell properties [10]
Bmil overexpression led to an increase in the number of
mammospheres (Figure 2A). In NBLE cells that already
exhibited stem cell properties, Bmil overexpression fur-
ther enhanced sphere-formation (Figure 2A). Together
these data revealed that Bmil enhances the self-renewal
potential of mammary epithelial cells.

Since acquisition of stemness has been linked to EMT
properties [10], we next gauged the EMT properties of
Bmil overexpressing cells. Phenotypically, compared to
the control empty vector carrying HMLE cells which were
largely clusters of epithelial-like cells, the cells overex-
pressing Bmil were more scattered and mesenchymal in
appearance (Figure 2B-left panel). NBLE cells that were
moderately mesenchymal further acquired long and slen-
der mesenchymal morphology upon Bmil overexpression
(Figure 2B-right panel). We assessed the status of stem-
ness and EMT-related genes in Bmil overexpressing cells
by semi-quantitative RT-PCR analysis. We observed that
Bmil overexpression in HMLE and NBLE cells led to an
increase in the expression of stemness related genes such
as Nanog, CD44, ABCC1 and ABCG2, downstream ef-
fector genes of pathways regulating self-renewal such as
Lefl, Axin2, Hes5, Glil and Gli2, and EMT-related genes
such as Twist and N-cadherin (Figure 2C and D). Further,
immunoblot analysis confirmed increased expression of
Nanog, N-cadherin, and ABCCI in these cells upon Bmil
overexpression (Figure 2E). Taken together, these data re-
vealed that Bmil regulates expression of stemness, self-
renewal and EMT-related genes, suggesting that Bmil
may play an important role in inducing stemness proper-
ties in mammary epithelial cells. These data are consistent
with a previous report showing Hedgehog signaling and
Bmil playing a crucial role in regulating self-renewal of
human mammary stem cells [34].

Knockdown of Bmi1 in breast cancer cells reduces
stemness and induces epithelial morphology

We observed that Bmil overexpression led to increased
expression of stemness, self-renewal, and EMT related
genes. To corroborate the specificity of our observations,
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Figure 2 Overexpression of Bmi1 in breast cells increases stemness and induces EMT. A. The graph shows number of mammospheres
formed in methylcellulose by HMLE and NBLE cells with vector alone control or with Bmi1 overexpression (n =3; error bars indicate s.d, statistical
significance was calculated using unpaired t-test between number of mammospheres formed by vector control and Bmil over expression,
**=p <001, ** =p <0.001). B. The pictographs show morphology of HMLE and NBLE cells with vector alone control and with Bmi1 overexpression.
Graphs showing fold changes (normalized to 32M mRNA levels) of stemness and EMT-related genes in HMLE cells (C) and NBLE cells (D) with vector
alone control (white bars) and with Bmil overexpression (black bars), n =3; error bars indicate s.d. E. Immunoblot analysis for expression of stemness
and EMT related markers in HMLE and NBLE cells with vector alone control and Bmil overexpression.

we undertook shRNA-mediated knockdown of Bmil in
breast cancer cell lines with higher Bmil expression and
investigated the effects on stemness properties. We had
previously reported that repeated sub-culturing of the
in vitro transformed NBLE cells led to the generation of
late passage cells (NBLE-LP) which show higher expres-
sion of Bmil compared to the parental cells [36]. Thus,
we chose NBLE-LP cells and the invasive MDAMB231
cells for studying the effects of Bmil knockdown. For
this, we generated a suitable shBmil construct in pLKO1
vector. Western blot analysis confirmed effective knock-
down of Bmil (as shown in Figure 3E). Further, Bmil
knockdown impaired sphere-formation in both NBLE-
LP and MDAMB231 cells (Figure 3A). The CD44
"/CD24~ marker status has been associated with breast
cancer stem cell-phenotype [8]. We observed that Bmil
knockdown reduced the CD44"/CD24~ fraction com-
pared to control cells (Figure 3B). We also observed that
knockdown of Bmil in NBLE-LP and MDAMB231 cells
resulted in the acquisition of epithelial cobblestone
morphology (Additional file 1: Figure S4). Additionally,
in NBLE-LP and MDAMB231 cells, we observed that
upon Bmil knockdown, stemness, self-renewal, and
EMT related genes showed reduced expression (Figure 3C
and D). Immunoblot analysis further confirmed reduction
of Nanog and N-cadherin levels upon Bmil knockdown
(Figure 3E). These results clearly indicated that Bmil plays
a crucial role in regulating the stemness properties of
breast cancer cells.

Knockdown of Bmi1 increases sensitivity of breast cells to
doxorubicin and reduced tumorigenicity

RT-PCR analysis indicated that overexpression of Bmil
resulted in increased expression of ABC transporters such
as ABCG2 and ABCC]1 expression (Figure 2C and D) that
mediate drug-resistance through membrane bound efflux
pumps [42]. Few studies have associated Bmil with
radio-resistance and drug-resistance in breast cancer
cells [43,44]. To study the effect of Bmil knockdown on
drug response of NBLE-LP and MDAMB231 cells we
treated vector control and shBmil cells with anti-cancer
drug doxorubicin for 48 hrs. As shown in the dose—
response curves, knockdown of Bmil increased their
chemosensitivity by 55% in NBLE-LP cells and by 57%
in MDAMB231 cells, as evident by decreased ICsq

values (Figure 4A, B, and Additional file 1: Figure S5)
[IC50 (uM): NBLE-LP-Vector: 0.8534, NBLE-LP-shBmil:
0.4674, MDAMB231-Vector: 0.8084, and MDAMB231-
shBmil: 0.3955]. This observation was similar to an earlier
study in which knockdown of Bmil in MCF7 reduced the
ICs from 0.87 to 0.15 (ug/ml) [43]. Thus, these data indi-
cated that reduction of Bmil expression leads to consider-
able increase in sensitivity of cancer cells to drugs, and
might thus help in cancer chemotherapy.

Our results thus far implied that Bmil plays a crucial
role in self-renewal, EMT and drug-resistance of breast
cancer cells - the properties attributed to tumor-
initiating cells [45]. Thus, we investigated if knockdown
of Bmil had any effect on tumor initiation in xenograft
models. We injected 1x10° MDAMB231-Vector and
shBmil cells in either flanks of nude mice. We observed
that Bmil knockdown abrogated tumor formation
(Figure 4C). Our results thus confirmed that knockdown
of Bmil rendered the cells sensitive to chemotherapeutic
drugs and revealed that Bmil is necessary for tumorigen-
icity of breast cancer cells.

Bmi1 positively regulates Nanog expression in mammary
epithelial cells

In various primary breast tumors analyzed by RT-PCR,
we found that the tumors with higher Bmil also showed
elevated Nanog and the tumors with lower Bmil showed
reduced Nanog expression (Figure 5A). Immunohisto-
chemical analysis also revealed similar results. Interest-
ingly, CD44 expression also varied similarly (Figure 5B).
Furthermore, overexpression of Bmil in primary HMECs
and NBLE cells led to an increased expression of Nanog
(Figure 5C), while knockdown of Bmil in NBLE-LP and
MDAMB231 cells led to a reduction in Nanog expression
(Figure 5C, also refer to Figures 2E and 3E). Together,
these data suggested that Bmil might regulate Nanog ex-
pression in mammary epithelial cells.

To further investigate if Bmil regulated Nanog expres-
sion, we made use of a promoter reporter assay using dual
luciferase assay. We used a luciferase construct down-
stream of Nanog promoter (a kind gift from Dr. Jyotsna
Dhawan, InStem, Bangalore and Dr. Takashi Tada, Kyoto
University, Kyoto, Japan) to assess the effect of Bmil on
Nanog promoter activity in HEK293T cells expressing
Bmil or shBmil. Compared to parental cells, those
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Figure 3 Knockdown of Bmi1 in breast cancer cells reduces stemness and induces epithelial morphology. A. The graph shows number
of mammospheres formed in methylcellulose by NBLE-LP and MDAMB231 cells with vector alone control or with shBmil (n =3; error bars indicate
s.d, statistical significance was calculated using unpaired t-test between number of mammospheres formed by vector control and Bmi1 knockdown,
*=p <001, *=p <0001). B. The graph shows percentage of CD44"/CD24™ fraction in NBLE-LP and MDAMB231 cells with vector alone control or
with shBmi1 (n =3; error bars indicate s.d, statistical significance was calculated using unpaired t-test between percentage of CD44"/CD24™ in vector
control and cells with Bmi1 knockdown, ** =p <0.01, *** = p <0.001). The graphs show fold change normalized to 32M mRNA levels in NBLE-LP

(C) and MDAMB231 cells (D) with vector alone control or with shBmiT, (n =3; error bars indicate s.d). E. Immunoblot analysis for stemness and EMT
related markers in NBLE-LP and MDAMB231 cells with vector alone control and shBmi1 (MDAMB231 samples were run on the same gel).
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Figure 5 Bmi1 positively regulates Nanog expression in mammary epithelial cells. A. Graph showing normalized mRNA levels (in arbitrary
units) of Bmil and Nanog in primary breast tissues. X-axis shows tumors categorized into Bmil-high, moderate, and low groups. B. The images
show immunohistochemical staining for Nanog and CD44 on tumor tissues that showed high, medium and low Bmi1 levels (also refer to
Figure 1C). C. The pictographs show Nanog levels assessed by RT-PCR in indicated cell types (HMEC-primary normal human mammary epithelial
cells). D. Graph represents luciferase assay in HEK293T cells to assess the Nanog promoter activity (pGL3-Nanog-Luc) on co-transfection with
PRL-TK (Renilla luciferase), pLKO1, pBABEpuro-Bmi1 and pLKO1-shBmi1 vectors. After 48 hrs of culturing Firefly luciferase activity was measured
and normalized to Renilla luciferase activity and represented as relative luciferase units (RLU), n =3; error bars indicate s.d, (statistical significance
was calculated using unpaired t-test between relative luciferase activity between vector control and Bmil overexpression; and between vector
control and Bmi1 knockdown, * = p <0.05). E. Graph represents luciferase assay to assess the NFkB promoter activity in HEK293T cells upon Bmi1
overexpression and Bmi1 knockdown compared to the vector (pLKO1) alone cells. After 48 hrs of culturing Firefly luciferase activity was measured
and normalized to Renilla luciferase activity and represented as relative luciferase units (RLU), n =3; error bars indicate s.d, (statistical significance
was calculated using unpaired t-test between relative luciferase activity between vector control and Bmil overexpression; and between vector
control and Bmi1 knockdown, * =p <0.05, ** =p <0.01). F. Graphs show fold change of NFkB pathway genes (normalized to 32M mRNA levels)
with control vector or Bmil overexpression or down-modulation in HMLE, NBLE, and MDAMB231 cells, n =3; error bars indicate s.d).

overexpressing Bmil showed increased Nanog promoter
activity while those with shBmil showed reduced Nanog
promoter activity (Figure 5D). These results indicated that
Bmil might positively regulate Nanog expression.

Bmil has been shown to increase angiogenesis, tumor
aggressiveness, and resistance to apoptosis in glioma
cells by activating the NF«B pathway [18,46,47]. Recent
studies have suggested a major role for NFkB pathway in
mammary stem cell self-renewal [48]. Another study
showed that in mammary epithelial cells, NFkB regu-
lated Nanog expression [49]. In that study, activation of
NF«B through p65/p50 increased Nanog promoter activ-
ity and inhibition of NF«B through IkBa super repressor
(IkBaSR) reduced the Nanog promoter activity signifi-
cantly. Since in our study we observed that Bmil overex-
pression led to an increase, while its knockdown led to
reduced Nanog promoter activity, we asked if Bmil me-
diates its effects through regulating the NFkB pathway.
As assessed by NF«B promoter reporter assay we ob-
served that HEK293T cells overexpressing Bmil showed
increased NFkB promoter activity, whereas upon Bmil
knockdown the NFkB promoter activity was reduced
compared to the control cells (Figure 5E). By RT-PCR
we analyzed mRNA levels of various NF«B pathway
targets including TNF«, IL6, MMP9, and cMyc. We ob-
served that overexpression of Bmil increased the mRNA
levels of NFkB targets whereas Bmil knockdown re-
duced their expression (Figure 5F). Taken together, our
data suggested that Bmil regulates the stemness proper-
ties of breast cancer cells, at least in part, via regulating
the expression of Nanog through the NFxB pathway.

Discussion

Bmil was first identified as a c-Myc cooperating onco-
gene in lymphomagenesis [14,20]. Since then, Bmil has
been associated with several cancers including non-small
cell lung cancer [22], ovarian cancer [23], acute myeloid
leukemia [50], nasopharyngeal carcinoma [51], neuro-
blastoma [52], glioblastoma [53], and breast cancer [24].

Bmil mRNA was found to be higher in the plasma of
breast cancer patients compared to normal sample [24].
This suggested Bmil could be used as a prognostic
marker in breast cancer patients. More recently, Bmil
has been shown to be involved with the regulation of
stem cell self-renewal. In this study we show that Bmil
upregulation is associated with grade III invasive ductal
adenocarcinomas of Indian patients, further supporting
its role as a prognostic marker. We further show that
Bmil expression is involved with the regulation of stemness
associated genes, and show that one possible mechanism
by which Bmil may regulate stemness and self-renewal is
by the upregulation of Nanog, a stemness regulating gene,
through the NF«B pathway.

Few studies also found a correlation between Bmil
expression and lymph node metastasis in breast cancer
[54,55] suggesting a role for Bmil in cancer metastasis.
This observation was further corroborated with a report
that showed Bmil promoted invasion and metastasis in
breast cancer and predicted poor survival [16]. Consist-
ent with this, we show here that Bmil overexpression
induced EMT, a process closely associated with breast
cancer metastasis [56], while its down-modulation re-
versed EMT. These observations suggest that targeting
Bmil could be employed in treating breast cancer me-
tastasis. Preclinical and clinical evidences suggested that
Bmil mediates chemoresistance in various cancers [57].
We observed that knockdown of Bmil rendered NBLE
and MDAMB231 cells more sensitive to doxorubicin,
a commonly used chemotherapeutic agent. Bmil might
be aiding in drug-resistance partly through ABC trans-
porters, as Bmil knockdown reduced expression of
ABCC1 and ABCG2 expression. Hence, Bmil might be
an ideal target to overcome chemoresistance and tumor
relapse.

Recent developments that attribute key role to ‘cancer
stem cells’ in tumor initiation and progression demand a
greater probe into understanding molecular pathways
regulating self-renewal in these cells. Many studies have
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now conclusively shown that Polycomb proteins and
in particular Bmil play critical role in regulating self-
renewal and proliferation of both normal and cancer
stem cells of various tissues [13]. In mice, loss of Bmil
resulted in acute mammary epithelial growth defects and
Bmil was necessary for proliferation of epithelial cells
and to prevent premature differentiation [58]. Another
study reported that Hedgehog signaling regulates self-
renewal of both normal and tumorigenic human mam-
mary stem/progenitor cells through Bmil [34]. It has
been speculated that Bmil might be regulated also by
other self-renewal pathways such as Notch and Wnt
[13]. If Bmil is a key player responsible for the crosstalk
between these self-renewal pathways, targeting Bmil
could be an ideal way of targeting these pathways that
are activated in breast cancer stem cells [59]. In support
of this we observed that overexpression of Bmil resulted
in increased expression of Notch, Wnt, and Hh pathway
players such as Hesl, Hes5, Axin2, Lefl, Glil and Gli2
whereas Bmil knockdown reduced the expression of
these genes. It would be interesting to further under-
stand how the complex interplay between these self-
renewal pathways are orchestrated with Bmil being the
conductor.

Even though Bmil’s role has been clearly established
in stem cells, no studies have yet conclusively shown the
mechanism by which Bmil regulates stem cell self-
renewal. Our novel finding that Bmil might upregulate
the expression of Nanog, a known embryonic stem cell
marker, through activating the NFkB pathway might
shed light on understanding the mechanisms down-
stream of Bmil in the regulation of stem cell self-
renewal. NFkB pathway has been shown to be involved
in proliferation and branching of mammary epithelial
cells during post-natal development [60]. It was also re-
ported that activation of NFkB pathway helps in in-
creased proliferation and resistance to apoptosis in
distinct subclass of ER-negative breast cancers [61]. Fur-
ther, NFkB was shown to govern tumor stem cell expan-
sion in a transgenic mouse model [49], and IkB kinase
was shown to be necessary for self-renewal of Her2-
transformed mammary tumor initiating cells [62], thus
highlighting the significance of NF«B pathway in breast
cancer stem cell self-renewal [48]. Although Nanog is
not expressed in most adult tissues, it was reported that
Nanog is expressed in various cancers including breast
cancer [63-67]. A recent study showed that expression
of stemness transcription factors including Nanog corre-
lated with the stage of the breast cancer [68]. Nanog
overexpression along with Wntl in mouse mammary
gland resulted in mammary tumorigenesis and metasta-
sis and promoted the migration and invasion of breast
cancer cells [67]. Our observation that Bmil and Nanog
are co-expressed in breast tumors, and importantly that

Page 12 of 14

Bmil positively regulated Nanog expression, at least in
part, by activating NFkB pathway helps in connecting
the missing link. Further studies on Bmil mediated
regulation of NF«B pathway and Nanog expression in
cancer and cancer stem cells would immensely help in
understanding the molecular pathways that initiate,
drive, and maintain these tumors.

Conclusions

To conclude, our study showed that Bmil is upregulated
in primary breast tumors. Overexpression of Bmil in
mammary epithelial cells increased self-renewal and
stemness, and induced mesenchymal morphology with
increase in the expression of EMT-related genes. These
observations were reversed on Bmil knockdown. Fur-
ther, reduced Bmil rendered breast cancer cells increas-
ingly susceptible to chemotherapeutic drug doxorubicin
and abrogated tumor formation in nude mice. Dual-
luciferase assay showed that Bmil positively regulates a
known stem cell marker Nanog via NFxB pathway. This
study provides novel insights into various roles of Bmil
in breast cancer and indicates that targeting Bmil could
inhibit cancer stem cells and revert EMT. Further stud-
ies on these novel observations would help in identifying
proteins that can be targeted in cancer stem cell-specific
therapy and hold a great promise in breast cancer
therapeutics.
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