OncoTargets and Therapy

3

Dove

REVIEW

B-cell-specific Moloney murine leukemia virus
integration site |: potential stratification factor and
therapeutic target for epithelial ovarian cancer

Qianying Zhao"*
Ting Gui'*
Qiuhong Qian'?
Lei Li'

Keng Shen'

'Department of Obstetrics and
Gynecology, Peking Union Medical
College Hospital, Chinese Academy
of Medical Sciences & Peking Union
Medical College, Beijing, 2Department
of Obstetrics and Gynecology, Qilu
Hospital of Shandong University,
Shandong, People’s Republic of China

*These authors contributed equally
to this work

Correspondence: Keng Shen
Department of Obstetrics and
Gynecology, Peking Union Medical
College Hospital, Chinese Academy of
Medical Sciences & Peking Union Medical
College, No | Shuaifuyuan, Dongcheng
District, Beijing, 100730, People’s
Republic of China

Tel +86 10 6915 6202

Fax +86 10 6915 5653

Email shenkeng@pumch.cn

This article was published in the following Dove Press journal:
OncoTargets and Therapy

22 August 2016
Number of times this article has been viewed

Abstract: Epithelial ovarian cancer, a vexing challenge for clinical management, still lacks
biomarkers for early diagnosis, precise stratification, and prognostic evaluation of patients.
B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1), a member of the
polycomb group of proteins, engages in diverse cellular processes, including proliferation,
differentiation, senescence, and stem cell renewal. In addition, BMI1, as a cancer stem-cell
marker, participates in tumorigenesis through various pathways. Rewardingly, recent studies
have also revealed a relationship between BMI1 expression and the clinical grade/stage, therapy
response, and survival outcome in a majority of human malignancies, including epithelial ovar-
ian cancer. Therefore, BMI1 might serve as a potential stratification factor and treatment target
for epithelial ovarian cancer, pending evidence from further investigations.

Keywords: B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1), epi-
thelial ovarian cancer (EOC), molecular marker, treatment target, cancer stem-cell, tumor
heterogeneity

Introduction

Epithelial ovarian cancer (EOC) is a major lethal malignancy in the female genital
system. The standard treatment consists of cytoreductive surgery, followed by front-
line platinum/taxol chemotherapy. Although, ~80% of patients initially respond to
the treatment, a majority of them subsequently develop drug-resistant relapse and
eventually succumb to the fatal disease.! Given this scenario, there is an urgent need
to understand better the etiology of this devastating disease, to develop more sensi-
tive diagnostic methods and more precise stratification models for individualized
treatment modalities.

B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1), initially
identified as a Myc-cooperating oncogene, has a ring finger at the amino-terminus,
which is required for the generation of murine lymphoma.? Human BMI1 gene localizes
on the short arm of chromosome 10 (10p11.23), and the encoded protein is ubiquitously
expressed in almost all tissues, with high expression levels in the brain, esophagus,
salivary gland, thymus, kidney, lungs, gonads, placenta, blood, and bone marrow.?
BMI1 is reported to play an important role in cell proliferation, immortalization, and
senescence. An increasing number of studies demonstrate that BMI1 is upregulated
in a variety of human malignancies, including nasopharyngeal, head and neck, liver,
prostate, colorectal, breast, endometrial, cervical, and ovarian cancers. Moreover, the
abnormal expression of BMI1 has also been proven to be significantly correlated with
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the clinical grade/stage of the disease, indicating the poten-
tial for BMI 1 to serve as a therapeutic target and prognostic
predictor of numerous cancers.* 4

Herein, we summarize the recent progress in understanding
the biological functions and oncogenic role of BMI1. In
particular, we focus on how BMII1 promotes the malig-
nant phenotypes of EOC, and the associated advances in
clinical application.

Biological function of BMI |

BMI1 protein, a polycomb group (PcG) family member, is
one component of the polycomb repressive complex 1, which
catalyzes lysine 119 (K119) mono-ubiquitination of histone
H2A (H2AK119Ub1). H2AK119Ubl, a repressive histone
mark, is thought to contribute to gene silencing through the
induction of chromatin compaction and inhibition of tran-
scriptional elongation.'s!

BMII1 has a broad impact on diverse cellular processes,
such as proliferation, differentiation, senescence, and con-
tributes to embryonic and stem cell self-renewal programs.'®
To date, many polycomb repressive complex 1 target genes
have been identified including homeobox (HOX) genes
and p16™%* whose promoters contain interactive elements
binding directly to BMI1."* BMI1 controls the cell cycle by
regulating the tumor suppressor proteins p16™<4 and p14ARF,
and promotes cell proliferation by suppressing the p16™K4/
retinoblastoma and/or the p144R/MDM2/p53 pathways."
BMI1 was initially shown to regulate hematopoiesis and
differentiation of lymphocytes and to be involved in cerebral
development.?22 BMI1 plays a crucial role in tissue homeo-
stasis by maintaining self-renewal of hematopoietic, neural,
prostate, intestinal, lung epithelial, and bronchioalveolar stem
cells.*?12 BMI1 has also been reported to bypass senescence
and immortalize cells by inducing the telomerase activity in
adult stem cells.'® However, BMI1 fails to induce telomerase
in human fibroblasts.* Moreover, BMI1 is involved in induc-
ing epithelial mesenchymal transition and is necessary for
the optimal proliferation of CD8-positive T-cells.?*? BMI1
is also pivotal for normal embryogenesis and cell identity:
Pethe et al observed that BMI1 was upregulated when human
embryonic stem cells differentiated into endoderm and ecto-
derm, while mesoderm differentiation was characterized by
downregulation of all PcG transcripts including BMI1.%

BMII in tumorigenesis: cancer stem cell
and tumor heterogeneity

At the germinal center of tumor evolution are cancer stem
cells (CSCs), a stem cell-resembling population of cancer cells
among the heterogeneous mix of cells constituting a tumor,

which possesses the capacity of self-renewal and differen-
tiation potential.”’ The CSCs are posited to be responsible
not only for tumor initiation but also for the generation of
distant metastases.?® In addition, there is evidence indicating
that CSCs, present within many tumor types, are spared by
traditional cancer therapies, which typically target the rapidly
dividing tumor cells, leading to relapse after therapy.>*%
A long-standing goal of researchers is to establish a frame-
work for understanding how many and which tumor cells
must be eliminated for successful treatment.

Delightedly, a growing number of genetic and epigenetic
expression profiling studies have revealed that the molecular
traits, underlying human solid tumors in patients diagnosed
with early-stage carcinomas of various origins, could predict
amarked propensity toward metastatic dissemination, highly
aggressive clinical behavior, and high probability of poor
survival outcome.* The ability of CSCs to induce cancer
recurrence has been attributed to the activation of different
molecules including BMI1.43" And emerging studies have
conferred the important function of BMI1 as a biomarker of
CSCs.*? Accumulating evidence has confirmed the oncogenic
activation of BMII in diverse human malignancies.* 43
In addition, numerous recent studies have explored the func-
tion of BMI|1 and the related pathways that serve as regulator
in both stem and cancer cells.

BMI1 is required for self-renewal and maintenance of
stem cells.** Disruption of BMI1 signaling has been linked
to the activation of the hedgehog pathway in some cancers,
for example, medulloblastoma.’> BMI1 regulates multiple
pathways, most prominent of which is the induction of telom-
erase, leading to cell immortalization, such as in mammary
epithelial cells.* In breast cancer, BMI1 causes neoplastic
transformation of lymphocytes and cooperates with H-Ras,
giving rise to metastatic neoplasms in mice. A recent study
has demonstrated that the activity of the estrogen receptor
o~coupled BMI1 signature impacts p16™%4 and cyclin D1
status, and correlates with the tumor molecular subtype
and biologic behavior in breast cancer.!! Song et al overex-
pressed BMI1 in nasopharyngeal epithelial cells and found
that the pRb pathway seemed to be specifically targeted
by downregulation of pl16™4 resulting in cell immortal-
ization.’ Although telomerase activity was induced in the
process, BMI1-immortalized nasopharyngeal epithelial
cells maintained a normal DNA damage response.® Wang
et al showed that downregulation of BMI1 could enhance
cisplatin-sensitization by exacerbating reactive oxygen spe-
cies production, leading to apoptosis through activation of
the DNA damage response pathway.>* In addition, BMI1 is
also highly expressed in CD133-positive liver CSCs, and
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BMI1 silencing completely abolishes the tumorigenicity.**’
BMI1 has been found to be capable of inducing the epithelial
mesenchymal transition, which is thought to promote inva-
sion and metastasis of tumor cells. Additionally, lung cancer
cellular models suggest that the epithelial mesenchymal
transition can trigger conversion to a CSC phenotype.?*

BMII and EOC patients’ stratification
Because of its insidious onset, ~70% of EOC patients are
diagnosed at an advanced stage (International Federation
of Gynecology and Obstetrics, [FIGO] III/IV stage) with a
very poor prognosis.* Lack of sensitive detection strategies
to distinguish certain patients for more aggressive treatment
remains a major obstacle in the management of EOC. The
development and progression of this vexing carcinoma is
presumed to be a multistep process involving multiple genetic
and epigenetic changes.* Thus, a substantial amount of
research has focused on the discovery of specific biomarkers
that are present in ovarian carcinoma cells, which could serve
as reliable diagnostic and prognostic factors.

Ovarian cancer tissues express high levels of BMI1, and
the expression intensity is significantly associated with the
clinical parameters such as histological grade and phase of the
disease by statistical analysis.>* Additionally, overexpression
of BMII causes neoplastic transformation of lymphocytes in
ovarian cancer.*' In accordance with this, our previous study
demonstrated elevated expression of BMII in first-onset
lymph node metastases, which was associated with shortened
progression-free survival.** Abd El hafez and El-Hadaad
tested BMI1 expression by immunohistochemistry method
in paraffin-embedded tissues from 40 cases with EOC." And
their results showed that BMI1 was detected in 72.5% of the
cases, of which 42.5% had high expression. Moreover, high
BMI1 expression was strongly associated with advanced FIGO

stages, a bilaterality pattern, higher Gynecologic Oncology
Group grades, and serous histology (P<<0.05)." Similarly, Yang
et al found intensive expression of BMII in 37% of ovarian
carcinomas, 10% of borderline tumors, 3% of cystadenomas,
and none of the normal ovaries, respectively.®* However, gene
amplification of BMI1 was detected in merely 8% of ovarian
carcinomas. Statistically significant associations were also
found by Yang between intensive expression of BMI1 and the
tumors ascending histological grade and FIGO stage. In addi-
tion, both studies demonstrated that BMI1 expression seemed
to characterize a subset of patients with poor survival.

Collectively, these findings provide evidences that
intensive expression of BMI1 might be important in the
acquisition of an invasive and/or aggressive phenotype by
ovarian carcinoma, and BMI1 could serve as an independent
molecular marker for the identification of patients with a poor
prognostic outcome (Table 1).

In addition, Glinsky et al applied a mouse/human com-
parative, translational genomics approach and identified a
BMII-driven 11-gene signature representing a stem cell-
resembling expression profile in prostate cancer.’® They
further examined and validated the prognostic power of the
11-gene signature in several independent therapy-outcome
sets in clinical samples obtained from 1,153 cancer patients
diagnosed with eleven different types of cancer, including
five epithelial malignancies (prostate, breast, lung, ovarian,
and bladder cancers) and five nonepithelial malignancies
(lymphoma, mesothelioma, medulloblastoma, glioma, and
acute myeloid leukemia). The results suggest the presence
of a conserved BMI1-driven pathway, which is engaged in
a highly malignant subset of human cancers in a wide range
of organs. The researchers assumed that instead of sole
statistical analysis of cancer microarray data, including a
relevant biological model in the signature discovery protocol

Table | Major studies performed about the clinical significance of BMI| in EOC

Study Sample Method Clinical significance

Abd El hafez 40 cancer tissues IHC High BMII expression strongly associated with advanced FIGO stages, bilaterality, and

and El-Hadaad'® higher Gynecologic Oncology Group grades and carcinomas of serous histology. BMI|
expression displayed a significant inverse association with OS.

Zhang et al®! 47 cancer tissues IHC BMII expression levels in ovarian carcinoma tissue differ depending on tissue grade
(higher for G3 cancer cases than for grade G2 cases) and the stage of the disease
(lower for Phase Il and Ill than for Phase IV cases).

Yang et al*’ 179 ovarian carcinomas IHC, FISH  Significant positive associations were found between intensive expression of BMI|
and the tumors ascending histological grade, later pT/pN/pM and FIGO stages. BMI|
expression was an independent prognostic factor for survival.

Gui et al®? 100 primary ovarian tumors; IHC, TMA BMI| was heterogeneously expressed in primary versus recurrent tumors. Intensive

50 LN and recurrent tumors

expression of BMII in the first-onset lymph node metastases and recurrent tumors was

associated with shortened PFS and shortened OS, respectively.

Abbreviations: BMII, B-cell-specific Moloney murine leukemia virus integration site |; EOC, epithelial ovarian cancer; FIGO, International Federation of Gynecologic
Oncology; FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; LN, lymph node; OS, overall survival; PFS, progression-free survival; TMA,

tissue microarray.
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was more likely to identify outcomes common to multiple
cancer types.*®

BMII| and EOC treatment

Although optimal cytoreductive surgery with platinum/taxol
chemotherapy has markedly improved the prognosis for EOC
patients, there are still patients who lack an initial response to
frontline chemotherapy. Additionally, ~70% of females with
advanced ovarian cancers ultimately relapse and succumb
to the devastating disease. Heterogeneity within individuals
and tumors might affect therapeutic effectiveness, and treat-
ment failure has often been attributed to chemoresistance.*
The frequently used clinicohistological parameters seem
not to be representative of these refractory tumor cells, and
accordingly are not suitable as indicators for the choice
of subsequent treatment. As a consequence, more precise
medicine is needed, and the underlying molecular events
that control this tumor heterogeneity might provide us with
potential targets for individualized treatment. Wang et al
demonstrated that silencing BMI1 reduced intracellular glu-
tathione levels and thereby sensitized chemoresistant ovarian
cancer cells to antineoplastic medicines such as cisplatin.**
Furthermore, they knocked-down BMI1 by nanoliposomal
delivery of small interfering RNA into an orthotopic mouse
model of chemo-resistant ovarian cancer, and discovered
that the combination of BMI1 silencing along with cisplatin
almost completely abrogated ovarian tumor growth. There-
fore, BMI1 might be an important new target for therapy in
chemoresistant ovarian cancer.

Unfortunately, a specific mechanism for overexpression
of BMI1 has not been determined. Yang et al found that
the expression level of BMI1 protein in ovarian carcinoma
did not always coincide with gene amplification, and our
previous investigation revealed similar results in EOC tis-
sue samples.?”*** Indeed, in bladder cancers, a significant
difference in BMI1 protein expression and messengerRNA
(mRNA) levels was obtained, but BMI1 protein was upregu-
lated to a much greater extent than BMI1 mRNA in cancerous
tissue compared to noncancerous tissues, implying that the
major source of BMI1 expression might be dysregulated
at the posttranscriptional level.*> However the transcrip-
tional and posttranscriptional regulation of BMI1 in human
malignancies remains largely elusive. Bhattacharyya et al
found that BMI1 expression was increased during disease
progression in patients with chronic myeloid leukemia, as
well as the discrepancy between the amount of protein and
mRNA. They intended to elucidate the underlying molecular
mechanism by transduction of BCR-ABL vector to chronic

myeloid leukemia cell lines. And their findings suggested the
possibility that an additional genetic alteration might exert a
positive effect on the stabilization of BMI1 protein, providing
an upstream signal to regulate BMI1 expression.*

Epigenetics is defined as heritable changes in gene
expression that do not alter the DNA sequence itself. The
mechanisms responsible for such changes include DNA
methylation, histone modification, and micro RNA (miRNA),
etc. Emerging evidence suggests that altered regulation of
miRNA is involved in the pathogenesis of many cancers
and miR-15a and miR-16 were identified as underexpressed
in ovarian cell lines and primary ovarian tissues.***’ Bhat-
tacharya et al showed that miRNAs directly target the BMI1
3’ untranslated region and significantly downregulates BMI1
protein levels, which led to significant reduction in ovarian
cancer cell proliferation and clonal growth.* These findings
suggest the potential of therapeutic strategies that restore
miRNAs (eg, miR-15a and miR-16) expression in ovar-
ian cancer and in other cancers that involve upregulation
of BMI1.

Future challenges

A large amount of research has demonstrated that intense
expression of BMI1 was a predictor of poor survival out-
comes in various human malignancies, including ovarian
cancer. Studies in literatures have conflicting results regard-
ing the prognostic value of the PcG proteins. In breast cancer,
overexpression of BMI1 was reported to have different influ-
ences on patient prognosis by Pietersen et al and BMI1 was
found to have no prognostic value in urothelial carcinoma
of the bladder.**® In contrast, survival data from Benard
et al also showed that high expression of BMI1 was associ-
ated with better patient survival and longer recurrence-free
periods, compared to prostate cancer patients with low BMI1
expression.'® Single-institution-based research with limited
sample sizes might account for these inconsistent findings,
while tissue/organ specificity of oncogenetic BMI1 activation
needs further investigation as a priority. Additionally, the
relationship between BMI1 and clinicopathological variables
in EOC should be validated at both the genetic and epigenetic
level by multiple centers and with large case volumes.

The BMI1-driven 11-gene signature protocol established
by Glinsky et al inspired us to think that the combined
measurement and analysis of relevant biomarkers might be
a more reliable strategy for risk assessment.'>* Similarly,
Benard et al showed that high expression of all four markers
(BMI1, EZH2, SUZ12, and H3K27me3) provided a more
pronounced hazard ratio and effect on survival outcomes,
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compared to evaluation with each individual marker.'® The
results of these combined marker analyses underline the
cooperation of these three enzymes in PcG complexes,
and thus provide a better risk stratification of patients.
In addition, the major functionality of PcG proteins itself,
histone modifications, could serve as valuable epigenetic
markers for clinical application. In ovarian cancer,
decreased expression of polycomb repressive complex-
mediated H3K27me3 is significantly associated with high
grade and advanced stage, and can predict resistance to
chemotherapy as well.* However, the relationship between
BMI1-participant H2AK119ubl and clinical outcome in
EOC is unclear. Modern and mature sequencing technology
makes multiple-molecular test pattern practical for genetic,
transcriptional, and post-transcriptional analyses. These
comprehensive results will further unravel the underlying
molecular image for each individual tumor and advance the
search for new biomarkers to be used in a clinical setting,
so as to achieve precision treatment eventually.

The development and progression of EOC may involve
the accumulation of multiple genetic alterations over a
long period of time. However, the molecular basis of this
carcinoma is far from being fully understood. Tumor het-
erogeneity and CSCs have characteristic molecular traits.
Definition of these subtypes will allow treatment to be tai-
lored directly for each type of EOC, and marked progress
can be expected in improving patient survival rate. However,
resistance to chemotherapy and varying responses to specific
drugs, which may be found de novo or may be acquired,
still present a therapeutic challenge. Although the role of
BMI1 and the related network has been studied extensively
in recent years, data regarding BMI1 in tumor biology is
far from complete. Especially, a specific mechanism for its
dysregulation in cancers has not been determined.*® There-
fore, much effort is still needed to characterize the complete
molecular details, in order to lay the foundation for transition
medicine from the experimental findings to potential clinical
applications in EOC.

Conclusion

The currently used clinical variables (eg, histological
type, FIGO stage) lack efficacy and accuracy to stratify
patients based on distinct therapeutic responses, leaving
refractory and recurrent diseases a vexing challenge in
the management of EOC. The molecular traits underlying
CSCs and tumor heterogeneity have provided us with a
new perspective. Aberrant expression of BMII, a stem-cell
marker and PcG member, has been validated to correlate with

clinical characteristics and survival outcomes in a diverse
set of human malignancies, including EOC. However, the
biological and oncogenetic events related to BMI1 still need
further comprehensive investigations to qualify BMI1 as a
reliable molecular marker for precise patients’ stratification
and therapeutic targeting of EOC.
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