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INTRODUCTION:
A. Statement of the problem, Hypothesis, Specific Aims, and overall
Significance of the project
Though the incidence of breast cancer declined by about 2% in the last
decade still it is the second leading cause of cancer death among women in the
United States. Despite enormous achievements accomplished in breast cancer
treatment in recent years, still there are no current therapies that eliminate this
dreadful disease permanently. Thus,

a

clear

understanding

of

the

mechanisms that drive breast cancer development and also development
of novel methods for the treatment and prevention of the disease
progression are sorely needed.
Isolation and characterization of stem cells and cancer stem cells lights
the hope of finding the cure for several human cancers, including breast cancer.
Moreover, these cells have become the holy grail of biomedical research
because the biology of these cells is critical for our understanding of the
molecular basis of several human diseases, including breast cancer, as well as
for the design and development of new strategies for the treatment. Further, stem
cells can be used as a vector for gene therapy to treat diseases like cancer,
because stem cells can migrate relatively long distances, not only to the site of
an injury and infected area, but also to initial site of tumors

1, 2

. Thus, stem cells

could be potentially used as a vector to concentrate the chemotherapeutic agents









in tumors. Further, stem cells play an important role in several human
carcinogenesis; thus, understanding the role of stem cells in malignant
transformation will have far-reaching implications in our understanding of the
molecular mechanisms of cancer incidence as well as for the discovery of new
treatment modalities to completely obliterate several human malignancies.
Cancer is a genetic disease, which consists of hierarchical entity
comprising heterogeneous populations of cells with genetic or epigenetic
alterations that allow them to get through physical boundaries, spread and
colonize to distant organs like lung, bone and brain

3, 4

. Similar to resident adult

stem cells in tissues, tumors have rare cell subpopulations with stem-like
properties called cancer stem cells (CSC). The unique characteristic features of
CSC, like self-renewal, clonogenic and tumorigenic potential, and transient
quiescence, are believed to contribute to resistance to conventional tumor
therapies as well as to asymmetrical division, in which the resulting daughter
cells retain the CSC phenotype and the second daughter cell proliferates and reconstitutes the bulk of the tumor mass.

Further, it has been shown that

conventional tumor therapies target only proliferating cells in the solid tumors and
they have little or no impact on the self-renewal or cancer initiating stem cells

5, 6

.

Self-renewal is the characteristic feature of both stem/progenitor and cancer
stem cells; progenitor cells maintain self-renewing property by sustaining the
capacity for proliferation while suppressing cell cycle exit and terminal
differentiation

7-10

. Several genetic and epigenetic molecules are involved in the

self-renewal process and, however, DNA methylation provides a potential







epigenetic mechanism for the cellular memory, which is needed to preserve the
somatic progenitor state through repeated cell divisions.
DNA methyltransferases (DNMTs), especially DNMT1, maintains DNA
methylation patterns after cellular replication. Studies have shown that DNMT1 is
essential for epidermal progenitor cell function and that DNMT1 protein is
enriched in undifferentiated cells, where it is required to retain proliferative
stamina and suppress differentiation

11

. Thus, DNMTs play a crucial role in

maintaining the stem/progenitor function. However, the role of DNMTs in
maintaining the stem/progenitor and cancer stem cells status in constantly
replenished organ, like mammary glands, is not yet known. Further, even though
the role of DNMTs in several human malignancies, including breast cancer, has
been well established, the role of DNMTs in mammary stem/progenitor and CSC
is not well understood. Thus, the long-term goal of this study is to understand the
role of DNMTs in normal mammary stem/progenitor as well as in CSC. Further,
our preliminary studies have shown that the mammary stem cells (MaSC)enriched populations (CD49highCD24+) are dramatically increased in midpregnancy (gestational days 10-12), where the highest level of DNMT activity
and expression are observed. Similarly, the CSC-enriched populations
(CD49f+CD24+) are dramatically increased in tumor tissues harvested from two
different mouse models of mammary tumor, namely MMTV-Neu and MMTV-Hras,
compared to normal and premalignant mammary tissues. Thus, we hypothesize
that DNMTs play a vital role in maintaining the mammary stem/progenitor
function during mammary gland development as well as in maintaining the







cancer stem cells in mammary tumorigenesis. A clear understanding of the
role of DNMTs in regulation of mammary stem/progenitor and CSC could lead to
the development of novel and effective strategies for breast cancer treatment.

HYPOTHESIS:
Based on these preliminary observations, we hypothesize that DNMTs play
a vital role in maintaining the mammary stem/progenitor function during
mammary gland development as well as in maintaining the cancer stem
cells in mammary tumorigenesis.

SPECIFIC AIMS:
To test our hypothesis we proposed the following three specific aims:
Specific Aim 1: Isolation, purification and validation of stem/progenitor and
cancer stem cells from normal, premalignant and malignant tumor tissues.
Specific Aim 2: Investigate the role of DNMTs in the regulation of mammary
stem/progenitor and cancer stem cells.
Specific Aim 3: Examine the therapeutic potential of a combination of DNMT
and HDAC inhibitors in the treatment of breast cancer.

SIGNIFICANCE:
According to the most recent National Cancer Institute’s report, ~10 million
Americans are currently alive with a history of cancer; breast cancer is one of the
most leading causes of death among American women. Breast cancer affects







about one in seven women and current estimates place the average woman’s
lifetime risk of developing breast cancer at 14.3%

12

. Thus, a clear understanding

of the mechanisms involved in the pathogenesis of this dreadful disease and
development of more effective therapies than those currently available for the
control of the disease are truly needed. In recent years, stem cell biology has
become an important and exciting area of research, and has potential impact on
our understanding of the origin of the tumor and on the development of new and
promising therapeutic approaches. Further, stem cells have potential to repair
damaged tissues as well as to treat degenerative diseases; thus stem cell
research has caught the attention of both basic and clinical cancer researchers 13,
14

. Recently, mammary gland stem cells and cancer stem cells have been

isolated and characterized from humans and from mouse models, but the
research is still at the early stage of investigation. There is still a long way to go
for us to fully understand the signaling pathways that regulate the
stem/progenitor cells self-renewal, proliferation, survival and differentiation.
Further, there is increasing evidence that a variety of neoplasms, including breast
cancer, may result from transformation of normal stem and progenitor cells

15, 16

.

Cancer stem cells are believed to contribute to resistance to chemotherapy and
radiation therapy

17

. In addition, screening for specific drugs or small molecules

that specifically target cancer stem cells is very difficult because of the very small
number within tumor cell populations and their relative instability in culture

18

.

Increasing evidence demonstrates that stem cells, due to their longevity, may be
the major source of mutations that ultimately leads to cancer

16, 19

. Therefore,







clear understanding of the mechanism of self-renewal of stem cells and cancer
stem cells is sorely needed. The proposed studies are aimed to
understanding the basic molecular mechanisms involved in normal
mammary stem/progenitor and cancer stem cell formation as well as the is
molecular mechanism that involved in the transformation of normal
stem/progenitor cells into cancer initiating stem cells.

B.

Brief literature review and discussion of the proposed project.

1. Mammary gland development
Mammary gland is a dynamic organ whose development resembles the
physiological stage. It is a unique organ that secretes milk for the nourishment of
the newborn. Mammary gland development occur after birth and proceeds
through an ordered series of growth and differentiation

20

. The mammary gland

develops through different stages postnatally such as pubertal growth, pregnancy,
lactation and involution. Puberty started with terminal end bud proliferation and
ductal morphogenesis, which requires hormones to fill the fat pad. During
pregnancy the combined effect of estrogen and progesterone support the
epithelial cells proliferate faster. Later due to progesterone and prolactin effect,
luminal cells generate alveoli cells that secrete milk during lactation. At weaning
stage, mammary gland starts the involution process and remolded back to its
normal pre-pregnant stage 21 (Figure 1).







In the mouse embryo, mammary gland development begins around
embryonic day (E) 10 with the formation of bilateral stripes (Figure 2). By E11.5
mammary line resolves into five placodes. At E15.5, bud cells multiply to form a
sprout and develop a lumen. These sprouts turn into small mammary gland by
E18.5

21, 22

. In postnatal phase, mammary gland development remains relatively

dormant until 3 weeks. In the human embryo, the mammary lines give rise to a
single pair of placodes and form in the first trimester

21, 23

. Placodes histologically

consist of columnar ectodermal cells and it forms with the migration and
subsequent aggregation of ectodermal cells 21, 22, 24.

Figure 1. Mammary gland postnatal development stages. At birth, the
mammary epithelium is a rudimentary structure and expands during puberty by
growth hormone and estrogen. Around 12 weeks, short tertiary branches are
started form under the influence of progesterone and alveologenesis started
under the influence of progesterone and prolactin during lactation. During







involution, mammary gland remolded back to its original pre-pregnant stage.
Modified from 21.

Figure 2. Illustration depicts the embryonic mammary gland development.
In the mouse embryo, the mammary gland begins when the milk line split into
epithelium and mesenchyme. Mammary placodes give rise to mammary bud,
which grows into a small, simple duct tree-like structure. Modified from 21.
2. Breast Cancer:
Breast cancer is the most common cancer in women, and a recent World
Health Organization (WHO) report highlights a sharp rise in breast cancer
incidence worldwide. In 2012, 1.7 million women were diagnosed with breast
cancer worldwide and there were 6.3 million women alive who had been
diagnosed with breast cancer in the past five years. Since the 2008 estimates,
breast cancer incidence has increased by more than 20%, while mortality has
increased by 14%

25

. Breast cancer is also the most common cause of cancer

death among women (522,000 deaths in 2012) and the most frequently
diagnosed cancer among women in 140 of 184 countries worldwide. It represents
one in four of all cancers in women

25

. Despite enormous achievements

accomplished in breast cancer treatment in recent years, still, there are no
current therapies that eliminate this dreadful disease permanently. Breast cancer







is a heterogeneous disease and based on the histopathology, gene expression,
and molecular profiles it is subdivided into five different subtypes (Normal-like,
HER2 enriched, Luminal A, Luminal B, and Basal). In our study, we are focusing
on the two breast cancer subtypes, which originated from luminal and basal cell
types.

3. Mammary Stem/progenitor and Cancer Stem Cells (Published Book
Chapter “Translating Mammary Stem Cell and Cancer Stem Cell Biology to
the Clinics”)
Stem cells have tremendous therapeutic potential and, hence, it caught
great attention in both basic and clinical cancer research communities 13, 14. Stem
cells are undifferentiated, long-lived, quiescent, and have limited ability for both
self-renewal and differentiation

26-28

. The rate of their self-renewal varies during

their lifetime and is also dependent on their tissue of origin

5, 17, 29-32

. The self-

renewal of mammary gland stem cells increases dramatically during midpregnancy

32

. In recent years, impressive technical advancements have been

made in the isolation and characterization of the mammary gland stem cells and
cancer stem cells; however, the signaling pathways that regulate their selfrenewal, proliferation, survival and differentiation remain almost unknown
36

32-

Cancer stem cells are resistant to currently available chemotherapeutic agents,

radiation, and reactive oxygen species

4, 37

. Identification of specific drugs that

have the ability to kill cancer stem cells is a difficult process because of the
scarcity of these cells within tumors and their relative instability under culture




conditions

18



. Studies aimed at the assessment of the efficacy of specific agents

to kill cancer stem cells involve isolation of pure populations of these cells using
cell sorters, determination of their number, in vitro techniques to monitor their
ability to form tumorospheres, and in vivo approaches such as mouse xenograft
assays to monitor their growth in live animals

38

. There is increasing evidences

indicating that stem cells, due to their enhanced longevity, may place themselves
at increased risk for mutations, consequently transforming into cancer stem cells
5, 15-17, 19

. The field of stem cell biology might shed light on the mechanisms of the

pathogenesis of breast cancer and development of resistance to chemotherapy,
thereby aiding in the development of better and more effective therapeutic
strategies for the treatment of breast cancer 34.
Mammary tumors are composed of heterogeneous cells. Two models
have been proposed to explain this heterogeneity: stochastic model and cancer
stem cell model

39, 40

. The stochastic model is a non-hierarchical model that

postulates that all stem cells are biologically similar and that they have equal
potential to acquire mutations and initiate tumor

39-41

. In contrast, the hierarchical

model, upon which the cancer stem cell (CSC) hypothesis is based, postulates
that stem cells are heterogeneous with differing functional abilities and that only a
few cells possess the ability of self-renewal and tumor initiation and can give rise
to both tumorigenic and non-tumorigenic cell populations

39, 40, 42

. Recent studies

show that tumor-initiating cells can be identified and purified from tumor tissues
based on specific cell-surface markers and/or cell proliferation capabilities

39, 43, 44

.

When tumor-initiating cells are xenografted in limited serial dilutions in immuno-







compromised mice, these cells are able to produce tumors. In contrast, other
cells do not have this ability to form tumors in xenograft mouse models. It is
currently believed that the heterogeneous nature and dissimilar molecular
characteristics of different types of solid tumors, including breast cancer, arise
because of the differences in the cancer stem cell content of these tumors 39, 44.
Mammary tumors are heterogeneous (Luminal A, Luminal B, ERBB2,
Basal and Normal-like), in terms of histopathology, gene expression, and
molecular profiles; hence it is possible that tumors originate from different cell
types, either from long-term stem cells, short-term stem cell, progenitor cells or
differentiated cells

45

. Human breast tumors have been historically categorized

into 18 subtypes according to histological subtypes and five subtypes according
to microarray gene expression profiling 45-47.
3.1. Markers for stem/progenitor and cancer stem cells
A variety of cell surface markers, aldehyde dehydrogenase activity, and PKH dye
can be used to identify and purify stem/progenitor cells and cancer stem cells.
Cell-surface markers
Cancer stem cells or tumor-initiating cells were isolated from mammary
tumor tissues by Al-Hajj and colleagues

43

. These investigators identified a

subpopulation of cells in breast cancer that has tumor-initiating capacity. Their
studies showed that as few as 100 cells carrying the CD44+CD24/low Lineage
phenotype, isolated through flow cytometry, were able to form tumors in
NOD/SCID mice whereas cells with other phenotypes failed to form tumors. In






addition, the tumors formed by these cancer stem cells were heterogeneous and
possessed the capability of self-renewal 43. This technical feasibility to isolate and
purify tumorigenic and non-tumorigenic populations of cells based on specific
cell-surface markers allows characterization of cancer stem cells at the molecular
level and elucidation of the signaling pathways that are responsible for the
abnormal self-renewal of cancer stem cells 43.
After successful isolation of cancer stem cells from mammary tumors, the
central question was whether normal stem cells and progenitor cells exist in
normal mammary gland. This question was answered within three years of the
identification of cancer stem cells with successful isolation of normal stem
cells/progenitor cells. These cells were isolated by mechanical and enzymatic
dissociation of normal mouse mammary glands and subsequent removal of
lineage positive populations such as the cells that are positive for Ter119, CD45
and CD31 (markers for red blood cells and endothelial cells). Stem cells sorted
with the use of multi-parameter cell sorting, labeled with CD29hi CD24+ or CD49fhi
CD24+, were characterized with limiting dilution transplantation assay by two
different groups

33, 36

. It was amazing that a single stem cell, when transplanted

into mouse mammary fat pad, was able to regenerate the whole mammary gland
33, 36

. The identification of these normal stem cells is an important discovery

because of their purported role in breast tumorigenesis

36

. These stem cells

represent a rapidly cycling population of cells in the normal adult mammary gland.
They exist mainly in G0 and G1 phase, and give rise to mammary progenitor cells
(Lin- CD49f+ CD 24+) that produce adherent colonies in vitro. The mammary stem







cells and progenitor cells have molecular features indicative of a basal position
and luminal position in the mammary epithelium

33

. Subsequent studies have

shown that various cell-surface markers can be used for the isolation of these
stem cells. These markers include CD29hi, CD49fhi, EpCAM, CD44 and CD24
Studies by Meyer group

49

48

.

show that, in human breast cancer, CD44+CD24+,

CD44+CD24- cells have tumor-initiating capacity. In addition to these markers,
they have found that CD44+CD49fhiCD133/2hi subtypes have more tumorigenic
capability than CD44+CD24+, CD44+CD24- subtypes

49

. Interestingly, CD44v6

has also been reported to be involved in the genesis of mammary carcinomas

50

.

But, this cell-surface epitope is also expressed in myoepithelial cells, which first
appear during puberty and estrous cycle, decrease during lactation, and again
increase during involution. It is also expressed in mammary normal epithelial
cells. The expression of CD44v6 in normal mammary epithelial cells as well as
cancer provides evidence for the stem cell origin of breast cancer 50.
3.1.1. ALDH 1
Aldehyde dehydrogenases (ALDH), consisting of several isoforms and
mainly expressed in liver, are involved in detoxification of drugs and other
xenobiotics as well as in oxidation of endogenous aldehydes

51, 52

. They are also

involved in the conversion of retinol to retinoic acid, and function as a key
regulator of stem cell differentiation
increased

aldehyde

51, 52

dehydrogenase

. Ginestier and coworkers

activity

(ALDH1)

in

53

both

showed
normal

stem/progenitor cells and cancer stem cells in mammary gland. Their studies
also showed that ALDH activity was increased in cancer stem cells and that the






increased activity was associated with enhanced self-renewal and generation of
heterogeneous populations of cells in the tumor

53

. Cancer stem cells that exhibit

increased aldehyde dehydrogenase activity are referred to as Aldefluor+ cells
because of the particular fluorescent technique used to identify these cells, and
this Aldefluor+ population makes up approximately 15-20% percent of the
population of the cells with the CD44+/CD24- phenotype

43, 52, 53

. Further,

increased expression of ALDH1 in breast cancer tissues, detected by
immunostaining, correlates with poor prognosis

53

. It has been shown in another

study with African breast cancer patients that high prevalence of ALDH1
expression in cancer stem cells correlates with aggressiveness of cancer
Recently, Marcato group

55

54

.

characterized the expression of all 19 ALDH isoforms

in breast cancer patients as well as in breast cancer cell lines. Their studies have
revealed that ALDH1A3 expression in breast cancer patients correlates
significantly with tumor grade, metastasis, and cancer stage 55.
3.1.2. PKH dye
Recently, Pece and coworkers

44

have shown that PKH26, a fluorescent

dye that binds to cell membrane and segregates in daughter cells after each cell
division, labels stem cells as well as cancer stem cells because of their quiescent
nature. PKH26-positive cells possess all the characteristics of stem cells and
cancer stem cells. Their studies also showed that poorly differentiated cancers
displayed higher content of PKH26-positive cells than well-differentiated cancers
44

.







Another study showed that in ErbB2 transgenic mice, a mouse mammary
tumor model, the self-renewing divisions of cancer stem cells are more frequent
and unlimited than their normal stem cells

56

. Loss of the tumor suppressor p53

gene in stem cells in the p53-null premalignant mammary gland leads to
increased self-renewal. This study has also shown that p53 regulates polarity of
cell division in stem cells and suggested that loss of p53 favors symmetric
divisions of cancer stem cells, contributing to more self-renewal and tumor
growth 56.
3.1.3. Fluorescent dye efflux
Multiple drug resistance is one of the major causes of failure of
chemotherapy. ATP-binding cassette (ABC) transporters family is one of largest
family of proteins (e.g., ABCG2/BCRP and ABCB1/MDR1) that play a major role
in protecting stem cells and cancer stem cells from xenobiotics and anti-cancer
drugs by actively removing them from the cells through efflux. Over-expression of
these efflux transporters in cancer cells underlies the drug resistance

57-59

. These

transporters are also expressed at high levels in stem cells. This provides a
useful means to isolate stem cells. The DNA binding fluorescent dyes such as
Rhodamine and Hoecht 33342 are substrates for these efflux transporters. Since
the transporters are expressed at high levels in stem cells, the ability of the cells
to mediate active efflux of these fluorescent dyes can be used as a marker for
stem cells, aiding in their isolation/purification 60-62. Published reports have shown
that mice lacking ABC transporter such as ABCG2 have normal stem cells but
are more responsive to chemotherapy 63-66.






3.2. Self-renewal Pathway
Stem cells (SC) are defined by their ability to generate more SCs (by selfrenewal process) and also to produce cells that differentiate. These two tasks
can be achieved by a single self-renewing mitotic division called asymmetric selfrenewing division, in which one progeny retains SC identity and the other
(progenitor) undergoes multiple rounds of divisions before entering a post-mitotic
fully differentiated state. These two cells, generated by asymmetric divisions,
differ markedly in their proliferative potential. The SC remains quiescent or slowly
proliferative whereas the progenitor cell divides actively. This ensures the
production of large numbers of differentiated progeny while maintaining a
relatively small pool of long-lived SCs

67

. However, SCs possess the ability to

expand in number, as seen during development as well as in adult after tissue
injuries, by a process called symmetric self-renewing division. Recent studies
have demonstrated that asymmetric division functions as a mechanism of tumor
suppression while symmetric division leads to proliferation, tissue growth and
ultimately tumorigenesis

68

. In self-renewal, at least one of the daughter cells has

the developmental potential identical to the mother cell

69

. Aberration of a few

genes in the self-renewal pathway turns these cells into cancer stem cells

70

.

Moreover, imbalance between proto-oncogenes, tumor suppressor genes and
gatekeeper genes can enable the cells to increase the rate of self-renewal

69

.

Selective targeting of self-renewal pathways may provide better outcome for
breast cancer therapeutics

6

. The Notch, Hedgehog (HH), Her-2, and Wnt







pathways are of prime interest because these pathways are altered in many
types of cancers leading to more self-renewal of cancer stem cells 71.
3.2.1. Notch signaling
Notch is a local signaling mechanism that plays an important role during
self-renewal, proliferation, angiogenesis, epithelial-mesenchymal transition and
differentiation

72, 73

. Studies by Bouras group

74

showed that knockdown of the

Notch effector Cbf-1 leads to more self-renewal of mammary stem cells whereas
constitutive activation leads to tumorigenesis. These findings support the notion
that Notch pathway plays an essential role in the maintenance of the stem cell
pool by inhibiting excess proliferation

74

. This pathway is involved in the

transformation of normal cells into cancer cells and also in the protection of
cancer cells from drug-induced apoptosis. The Notch pathway has been
implicated in several human cancers, such as leukemia, cervical cancer, lung
carcinoma, and neuroblastoma

75

. Notch antibodies and a gamma secretase

inhibitor block the self-renewal of cancer stem cells

76

. Treatment with tamoxifen

in estrogen receptor positive breast cancer turns the Notch pathway on, leading
to resistance to the anti-estrogen therapy

77

. Delta-like 4 ligand (DLL-4) is a

component of the Notch pathway that plays an important role in self-renewal.
Studies have shown that human DLL-4 antibody inhibits tumor growth by
decreasing the expression of Notch target genes, and reduces the self-renewal
and proliferation of cancer stem cells

78

. Further, it has been noted that

modification of Notch signaling pathway converts the transformed phenotype into




normal cell phenotype

75



. Therefore, the Notch pathway represents a good target

for effective treatment of breast cancer.
3.2.2. Numb signaling
Numb plays a critical role in the maintenance of the normal stem cell
compartment and also serves as a tumor suppressor in the context of the cancer
stem cell hypothesis

79

. In a recent study, it has been shown that loss of Numb

expression correlates with aggressiveness of primary breast cancer and higher
risk of metastasis 80.
3.2.3. Hedgehog signaling
The Hedgehog signaling pathway also plays critical role in self-renewal of
the cancer stem cells

81

. High expression of Sonic HH and Gli2 has been

observed in breast cancer 82, 83.
3.2.4. Wnt signaling
Wnt signaling is one of major signal transduction pathways that is related
to self-renewal of stem cells and induction of epithelial-mesenchymal transition
Neth group

84

84

.

propose a model for induction of MT1MMPs (Membrane type1

matrix metalloproteinases) that involves a crosstalk between TGF- and Wnt,
leading to migration, invasion and metastasis of mesenchymal stem cells

84

. In

addition, WNT genes are over-expressed in human breast cancer and also play a
critical role in mouse mammary tumor formation 85. Furthermore, over-expression
of WNT 1 using the mammary specific promoter (MMTV) resulted in seven-fold




increase in mammary stem cell population in mice

36



. In addition, knockdown of

the WNT receptor LRP5 leads to reduction in proliferation rate as well
dramatically diminished cancer stem cell invasiveness, emphasizing the
importance of LRP5-mediated Wnt signaling 84.
3.2.5 Her-2/neu
Her2/neu is a potent oncogene and its expression at normal levels is
necessary for mammary gland development

86, 87

. Amplification and/or over-

expression of Her-2/neu is associated with increased aggressiveness of cancer,
metastasis, and decreased survival of the patients
through

RAS-MAPK

and

PI3K/AKT/mTOR

proliferation, survival and angiogenesis

87, 88

88

. HER2 activation signals

pathways

that

promote

cell

. In addition, Her-2 collaborates with

the Notch signaling pathway leading to filling of the lumen of ductal carcinoma in
situ with precursor cells, which evade apoptosis 89. HER2 gene is amplified in 2030% of breast cancer, and this amplification disrupts cell cycle regulation and
p53-MDM2-ARF signaling. Over-expression of HER2 also impacts on stem cells,
leading to mammary tumor formation and metastasis 86, 90.
Taken collectively, genetic and epigenetic alterations in proteins of the
self-renewal pathway such as Notch, Hedgehog, Numb, Her2 and Wnt may allow
stem cells to undergo uncontrolled self-renewal, resulting in the promotion of
cancer stem cell formation, tumor initiation and growth, and ultimately metastasis
69, 70, 91

.







3.3. Role of Cancer stem cells in tumor metastasis
Metastatic breast cancer is a complex multi-step process involving spread
of cancerous cells from the primary site of breast to distant organs and tissues,
and is responsible for majority of deaths in breast cancer patients

92, 93

. Cancer

stem cells have the capability to escape the primary tumor site and colonize to
distant organs such as lung and bone 3. Our current understanding of the
metastatic capability of cancer stem cells is still at its infancy. Metastasis is a
complex process involving multiple events

94

. Different models have been

proposed in which cancer stem cells are the originators of metastatic cancer 94-96.
Cancer stem cells are multi-potent; they can give rise to endothelial cells that line
the tumor vasculature and help in tumor growth and metastasis
study, Liu group

98

97

. In a recent

have shown that bone marrow derived mesenchymal stem

cells expand the breast cancer stem cell pool by positive feedback loop between
IL-6 and CXCL7. In their studies, mesenchymal stem cells introduced at tibia
traffic toward breast tumor and help in maintaining the bulk tumor and cancer
stem cells pool 98.
3.4. Breast cancer stem cells are resistant to chemotherapy
Breast cancer stem cells, like normal stem cells, are resistant to
conventional chemotherapy; the self-renewal of cancer stem cells actually
increases after chemotherapy

99

. In addition, most of the anti-cancer drugs

principally target proliferating cells; therefore, the self-renewing, long-lived,
unspecialized and relatively quiescent cancer stem cell population is more







resistant to such drugs. The current cancer stem cell hypothesis postulates that
recurrence of cancer after chemotherapy is due to the proliferation of the cancer
stem cells that survive after the treatment with anti-cancer drugs. This concept is
gaining attraction in the field of cancer research with several studies reporting the
aberrant increase in the number of cancer stem cells in tumors after conventional
treatments

4, 100

. The observed resistance of cancer stem cells to anti-cancer

drugs may be due to ABCG2, which is expressed at high levels in these cells.
This transporter also plays an important role in the promotion of stem cell
proliferation and the maintenance of the stem cell phenotype

101

. The epithelial-

mesenchymal transition transcription factors such as snail, snug and Twist are
associated with cell invasion, metastasis, increased expression of ABC
transporters, and multi-drug resistance

102

. Recent studies have shown that the

expression of ABCG2 is regulated by microRNAs mir-519c/mir-328 103.
Further, it has been shown that ALDH that is highly expressed in the stem
cells and cancer stem cells in normal mammary gland and breast cancers,
respectively, metabolizes anti-cancer drugs such as cyclophoshamide
Cancer stem cells are also resistant to radiation

105

53, 104

.

. The increased resistance to

radiation is a result of decreased reactive oxygen species production, followed by
decreased double-strand break formation and activation of Notch-1 gene leading
to more number of cancer stem cell self-renewal

106

. In addition, Pajonk group 107

suggest that failure of radiation therapy is due to capability of cancer stem cells
to repair DNA damage, redistribution, repopulation and reoxygenation of hypoxic
area. Recent studies show that X-ray treatment induces radio-resistance in




tumorospheres but not in adherent cells

108



. In conclusion, cancer stem cells are

radio-resistant and have ability to survive even under unfavorable conditions.
Recent studies by Ishimoto group

109

have shown that CD44v controls the

defense against reactive oxygen species by interacting with the plasma
membrane transporter xCT (glutamate/cystine exchanger) and consequently
stabilizing the transporter protein. This increases the entry of extracellular cystine
into tumor cells, which results in increased synthesis of the antioxidant
glutathione. Ablation of CD44v leads to reduction of proliferating cells, growth
arrest, cell differentiation and senescence; all of these events are associated with
decreased intracellular levels of glutathione, activation of p38/MAPK pathway,
and upregulation of p21CIP1/WAF1 109.
3.5. Breast cancer stem cell therapeutics
Cancer stem cells are resistant to radio- and chemo-therapy; therefore it is
important to design therapeutic strategies that selectively target these
populations

38

. Many chemotherapeutic agents have been screened for their

ability to target proliferating cancer cells. The primary end point assay in most of
the clinical trials is the reduction of tumor size. Unfortunately, the Response
Evaluation Criteria in Solid Tumors (RECIST), which is used to judge the
therapeutic efficacy on solid tumors, does not correlate with patient survival and
clinical outcome

38, 110

. In addition tumors that develop after chemotherapy are

resistant to multiple anti-cancer drugs resulting from alterations in enzymes and
transporters that are involved in the transport and metabolism of drugs 63.







Another emerging and promising approach is selective targeting and
elimination of cancer stem cells by inhibiting self-renewing pathway

111

. In

addition to targeting proliferating population of cells in breast cancer, there is also
a need to target the self-renewing population of cancer stem cells, which is the
real culprit responsible for the initiation and progression of the tumor

112

.

Identification and characterization of cancer stem cell antigens for antibody
therapeutics are still in its early stage. In a recent study in glioblastoma,
antibodies against integrin alpha 6 were effective in inhibiting the self-renewal of
cancer stem cells and the formation of tumorospheres

113

. The major limitations

of the therapeutic approach using antibodies for the treatment of cancer is that
the markers for cancer stem cells often overlap with those of normal stem cells,
thus seriously limiting the specificity of such antigens as selective targets for
antibody-mediated killing of cancer stem cells

114

. For breast cancer, useful

cancer stem cell markers are CD44, PKH dye and ALDH1, which are enriched in
the tumorigenic population

43, 44, 53

. CD44 is the cell-surface extracellular matrix

receptor and can participate in adhesion as well as signal transduction 115.
A recent study by Max Wicha group

116

has shown that HER-2 over-

expression has influence on stem cells and progenitor cells, leading to
tumorigenesis. Targeting of HER-2 using the monoclonal antibody trastuzumab
or lapatinib (epidermal growth factor inhibitor) led to an increase in the survival
rate of women with metastatic breast cancer

116-119

. Lapatinib, which is in phase

III trial, is a dual tyrosine kinase inhibitor of epidermal growth factor receptor
(EGFR) and human-epidermal growth factor receptor type 2 (HER-2). The clinical







trials involve women with HER-2-positive advanced or metastatic breast cancer
100, 120

. In trastuzumab-resistant or advanced metastatic breast cancer patients,

lapatinib and capecitabine are given in combination

120

. The observed decrease

in the number of breast cancer stem cells and tumorospheres formation following
treatment with lapatinib may be because of the selective toxicity of this drug for
breast cancer stem cells 100.
Parthenolide inhibits tumorospheres proliferation through inhibition of NFkB activity; in combination with docetaxel, it reduces metastasis and improves
survival rate

100, 121, 122

. A recent study shows that combination of Cisplatin and

TRAIL treatment enhances breast cancer stem cell death in vitro
Merchant and coworkers

124

123

. Recently,

have proposed that the self- renewal genes such as

Sonic Hedgehog may be required early in tumor formation or in the pre-malignant
stage, but once tumor growth reaches a certain stage, these may not be required.
Therefore, it may be better to simultaneously target the proliferating population
as well as the self-renewal population by blocking the SHH signaling pathway 125.
In another study, it has been shown that cyclopamine, a natural plant alkaloid,
reduces cancer stem cell population by reducing ABCG2 efflux 126.
Metformin, an oral hypoglycemic agent used clinically to treat diabetes,
has recently been shown to have anti-cancer effects through induction of
apoptosis and death in cancer stem cells

127, 128

. Clinical studies also suggest

that Metformin treatment is associated with a decreased risk of developing breast
cancer and with a better response to chemotherapy

127, 129, 130

. An oncolytic virus

has been shown to specifically target, infect and lyse cancer cells that harbor



activating mutations in H-ras leaving normal cells unaffected

100



. Oncolytic

viruses have several advantages as suitable agents for eradication of cancer
stem cells because the entry of such viruses into cancer stem cells is not a
problem as the process occurs via infection. Further, this approach would not be
undermined by development of drug resistance. Since the targeted cancer stem
cells lyse releasing the viral particles in to circulation, cancer stem cells at distant
metastatic sites can also be targeted. It has been shown that cancer stem cells
infected with Adeno virus fail to form tumors in an orthotopic breast tumor model
100, 131

. The studies by Kondratyev group

132

show that gamma-secretase

inhibitors, an antagonist of Notch signaling, target both tumor-initiating cells and
bulk tumor cells in Her2-Neu mouse mammary tumors.
With robotic high-throughput screening of different chemotherapeutic
compounds, it has been shown that Salinomycin has selective toxicity for the
cancer stem cells and reduces mammary tumor formation in vivo as well reduces
tumorospheres formation

18

. Salinomycin is a 751 Da monocarboxylic polyether

ionophore that mainly blocks the transmembrane potassium potential and
increases the efflux of K+ ions from cytoplasm and mitochondria

133

. Salinomycin

selectively kills malignant cells in comparison to normal mammary cells. The
ability of this compound to effectively kill both cancer stem cells and apoptosisresistant malignant cells may underscore the potential of this compound as a
novel and valuable anti-cancer agent

133

. In a recent study, treatment with

Salinomycin or Lapatinib reduced the cancer stem cells by ten-fold, and
increased the sensitivity of breast cancer cells to chemotherapy 134.







3.6. Clinical implications
Isolation and characterization of the normal mammary stem cells, transient
amplifying cells, progenitor cells, stromal cells and differentiated cells along with
their cell surface markers are essential for providing a framework for determining
the cellular targets of different oncogenic mutations and how these mutations
promote tumor formation

45

. Failure of conventional cancer therapies and the

emerging concept of cancer stem cells in solid tumors emphasize the need for
the design of new cancer therapies that selectively target cancer stem cell
populations. Because a small population of these cells remaining after therapy
can lead to tumor formation, we must assess the efficacy of current therapies in
terms of their ability to kill these cells. A better understanding of the self-renewal
pathways that are responsible for survival of cancer stem cells and development
of effective strategies to selectively target these pathways are absolutely
essential for complete eradication of breast cancer 62.
Our current understanding of tumor cell of origin and progression is poor
and incomplete because of the limited knowledge that we have on the selfrenewal of mammary stem cells and cancer stem cells. Exactly how and to what
extent aberrant self-renewal plays a role in tumor recurrence remains a critical
question. There is increasing evidence suggesting that self-renewal might be an
important factor in tumor cell survival after chemotherapy and radiation therapy.
Further, research must focus on targeting aberrant self-renewal of cancer stem
cell population along with proliferating cell population

135

. Most of the currently

available chemotherapeutic agents not only fail to eradicate cancer stem cells but






also help in the expansion of cancer stem cell pool. Selective and effective
targeting of cancer stem cells holds potential for successful eradication of breast
cancer. A better understanding of the biology of cancer stem cells and their selfrenewal pathways should make this goal achievable in near future.

4. DNA methylation and Cancer
Cancer is a multistep, complex disease driven by progressive genetic
abnormalities, which include mutations in tumor suppressor genes or oncogenes,
and epigenetic events such as DNA methylation and histone modification

136, 137

.

It has been believed that the mechanism for the loss of function of tumor
suppressors was solely due to mutations in their respective genes. But, it is
becoming increasingly apparent that epigenetic mechanisms play a major role in
the silencing of tumor suppressor genes. Inactivation of tumor suppressor genes
by genetic mutations accounts only for 20-30%, while the remaining 70-80% of
tumor suppressor gene inactivation are associated with epigenetic mechanism
138, 139

.
Epigenetic changes implies stable, reversible and heritable changes in cell

phenotypes without changes in DNA sequence

140

. DNA methylation is an

important epigenetic event that participates in cell specific gene expression in
mammals

141

. In 1948, Hotchkiss

142

discovered DNA methylation in calf thymus.

After two decades later, Gold and Hurtwitz
methyltransferase

(DNMT)

in

E.Coli

143

whereas

methyltransferase activity discovered by Razin

144

identified the first DNA
first

mammalian

DNA

. Methylation of DNA at 5-







position of cytosine is catalyzed by DNMTs. DNA methylation is considered as
the first step in epigenetic regulation and plays a major role in development and
cellular differentiation

145, 146

chromosomal integrity

147

. It has also been implicated in maintenance of

, imprinting

148

and development of brain

149, 150

and

immune system 151, 152. DNA methylation and histone acetylation represent two of
the most important epigenetic mechanisms involved in tumor suppressor
inactivation. In mammals, the DNA methylation patterns are established during
embryogenesis through the intricate interplay among at least three DNA
methyltransferases (DNMT1, DNMT3A, and DNMT3B) 153, 154.
The DNMT1 is the major enzyme responsible for genome integrity and
participates in preserving and maintaining the existing DNA methylation patterns
in normal cells. This is the most abundant DNMT involved in copying methylation
patterns after DNA replication

155

. Mammalian DNMTs composed of two regions:

N-terminal region and a C terminal catalytic region (Figure 3). The N- terminal
region size is variable around 621 amino acids and composed of several
functional domains such as a charge rich domain, a PBD domain, at least three
independent functional Nuclear localization signal sequences, a RFTS
(replication foci targeting sequence) domain, a zinc domain and a ploybromo
homology domain

141

. C-terminal domain of DNMT1 folded into small and large

domains. These two domains are separated by a huge cleft. The large domain is
involved in cofactor binding and substrate catalysis. This region shares a
common core structure known as S-adenosyl-L-methionine (Ado met), commonly
known as methyl donor

156

. The small domain comprises of TRD (target







recognition domain), which recognizes the site of methylation on the substrate
DNA 141.
DNMT1 is the most abundant DNMT that has significant preferences for
hemimethylated double stranded DNA relative to unmethylated double stranded
DNA

155 156

. This unique property explains why DNMT1 is often known as the

maintenance methyltransferase

141

. DNMT1 control gene expression and it is

important to understand the mechanism by which the expression and activity of
this enzyme is controlled. A number of intrinsic and extrinsic factors play major
roles in regulation of DNMT1 activity.
Figure 3. Schematic representation of structural domains of DNMT1 and

their functions. Modified from 141.
Transcription regulation of DNMT1 activity is regulated by a number of
signal transduction pathways such as RAS-AP1, PI3/PKB, Rb/E2F and
p53/SP1157. The N-terminal regulatory part of DNMT1 binds to multiple proteins
including

PCNA,

p21,

RB

(retinoblastoma),

HDACs,

the

H3K9

methyltransferase1 and DMAP1 (DNA methyltransferase associated protein-1).







These interactions point to a complicated regulatory functions and epigenetic
signaling during cell division and replication

155

. Among intrinsic activity of

allosteric regulation also plays a major role in regulation of DNMT1 activity by a
binary switch. DNMT1 performs methylation very quick in hemimethylated DNA,
whereas its activity slow on unmethylated DNA and depend upon the stimulation
of allosteric activation by nearby CpG sites. So, DNA methylation enriches at
earlier methylated marks but become unmethylated on unmethylated sites, thus
generate binary methylation model in the human genome 158.
DNA methylation is essential for mammalian development. It is
established and maintained by three independent DNA methyltransferase
(DNMTs): DNMT1, DNMT3A, and DNMT3B. Dnmt1 deletion in mouse causes
embryonic lethality around 9th day

159, 160

. So, the role of Dnmt1 in development

has been studied through a conditional deletion of this gene in mice.
DNMT3A and DNMT3B function as de novo methyltransferases, essential
for viability of embryonic stem cells and cannot separate between unmethylated
and hemi-methylated CpG sites

161

. Dnmt3a mice survive until 4 week after birth

whereas Dnmt3b knockout mice die around 9.5 day of embryonic stage 153 (T 4345). Overlapping functions of Dnmt3b and Dnmt3a have been reported but
Dnmt3b is essential for methylation of centromeric minor satellite repeats but
Dnmt3a function is not required for this function 153.
4.1. Role of DNMT1 in cancer progression
DNMT1 deregulation has been proposed to play a critical role in cellular
transformation; forced expression of DNMT1 in non-transformed cells leads to







cellular transformation whereas DNMT1-knockdown protects mice from cancer.
Further, DNMT1 over-express in various tumor types. DNMT1 activity is elevated
in neoplastic cells and associated with tumor initiation, proliferation and tumor
162-165

. Further elevation of DNMT1 is an essential for fos mediated

transformation

166

and over expression of Dnmt1 transforms NIH-3T3 mouse

fibroblast cells

167

maintenance

. DNA methylation occurs at the CpG Islands. These are the

regions, which are generally unmethylated in normal cells whereas methylated in
most cancers. Previous studies demonstrated that CpG Island hypermethylation
is associated with loss of gene expression in breast cancer. Alteration of gene
expression by DNA methylation lead to change in cell cycle regulation and tumor
susceptibility 165.
The evolution of cancer from normal cell requires six biological capabilities.
They include sustaining proliferative signaling, resisting cell death, evading
growth suppressors, immortality, enabling angiogenesis, and initiating the
invasion and metastasis

168

. Recent studies have shown that epigenetic

alteration change in these pathways and associated with cancer initiations.
Changes in DNA methylation of p16INK4A, cyclin D2, 14-3-3 Sigma and p57KIP2
leads to change in cell cycle proliferation

169

. E-Cadherin, CDH13, APC, TIMP3

and Prostasin genes methylation associated with breast cancer invasion and
metastasis

169

. Silencing of apoptotic trigger genes such as HOXA5, DAPK,

TWIST, TMS1 and FHIT leads to imbalance between both upstream regulators
and downstream effectors 168, 169.







4.2. DNA methylation and prognosis
DNA methylation can be detected by using various techniques such as
bisulfite, DNA methylation specific PCR and mass spectrometry

170

. Recently,

DNA methylations were performed on a genome-scale that helped in studying
the influence of epigenetics on the genome

170

. These findings help in studying

the entire methylome at a single base pair resolution

170

. Recently Genome wide

methylation study was used to characterize the breast cancer methylome 171. 100
CpG methylated foci were found and these foci were associated with disease
progression

171

. DNA methylation analysis revealed that there were distinctive

behaviors among ER-positive and ER-negative tumors

171

. Detailed analysis of

breast CpG island methylator phenotype (B-CIMP) revealed that a large number
of genes are hypermethylated that can predict metastatic potential of the tumors
172

. Cancer specific alterations in DNA methylation have been observed in serum

or plasma of breast cancer patients, with a good correlation between breast
cancer and blood samples from the same patients. It was found that DNA
promoter was hypermethylated in serum samples for breast cancer patients
whereas, unmethylated promoter in serum samples of normal counterparts

169

.

These studies determined only few tumor suppressor genes such as APC,
RASSF1A and DAP kinase

173

. Results of these studies confirmed that promoter

hypermethylation might be useful in clinical application in the detection of breast
neoplasia. Because of more accessibility of body fluid and relatively painless
technique there is need to identify different methylation markers in the initiation of
tumor growth.







4.3. Role of Dnmt1 in stem cell maintenance
Recent studies have shown that DNMTs play a crucial role in regulation of
stem/progenitor cells by maintaining self-renewal by sustaining their capacity for
proliferation while suppressing cell cycle exit and terminal differentiation

145, 174

.

DNA methylation provides a potential epigenetic mechanism for the cellular
memory needed to preserve the stem/progenitor state through repeated cell
divisions

175 176

. Among the different DNMTs, DNMT1 was found enriched in

somatic stem cells and loss of this gene leads to premature differentiation within
stem cells compartment

11

. Further, it was found by genome wide methylation

studies that major portion of epidermal differentiation gene promoters was
methylated in stem cells but found hypomethylated during differentiation

11

.

These findings support that Dnmt1 is essential for maintaining the dynamic
methylation patterns in mammalian organ development.
In self-renewing somatic tissues, epithelial cells are the sites of most
human malignancies, the basis for repressed differentiation in somatic stem cells
as well as in cancer stem cells is not known. However, epigenetic gene silencers,
such as DNMT1, may help preserve progenitor gene expression patterns through
repeated cell division145. Further, the role of DNMTs in several human
malignancies, including breast cancer, has been well established, but the role of
DNMTs in mammary stem/progenitor and CSC is not known. Thus, to
understand the role of DNMTs in normal mammary stem/progenitor as well as in
CSC is very important.







Mammary stem cells are undifferentiated cells that reside in the basal
compartment of the mammary gland, can self-renew by dividing and can
differentiate into luminal estrogen positive and estrogen negative epithelial cells.
Mammary stem cells are responsive to steroid hormone proliferate during
puberty and pregnancy; drive the growth of the mammary gland. Previous study
used serial transplantation studies to show the potential existence of mammary
stem cells. Their finding showed that under normal physiological environment
some epithelial cells could generate complete, functional, mammary gland
containing ductal, alveolar and myoepithelial cells when few epithelial cells from
normal mammary gland transplanted into clear fat pad area of syngeneic mice.
Subsequently, other scientists extended the work by demonstrating that progeny
of the mammary gland transplanted cells could be serially transplanted into the
cleared fat area of syngeneic mice for multiple times; however unlike
preneoplastic or tumor cells these cell senescent after 5-8 serial generations 177.
4.4. DNMTs inhibitors
DNA methylation is an essential epigenetic mechanism associated with
chromatin regulation. Alteration in the pattern of DNA methylation such as either
hypermethylation or hypomethylation, have been identified in all cancer types.
Furthermore, it has been shown that genetic lesions can initiate epigenetic
change. DNMTs inhibitors such as 5-Azacytidine (5-AzaC) and 5-Aza-2deoxycytidine (5-AzaDC) have been used for treatment of myelodyspasia,
hemoglobinopathies

and

leukemia.

These

are

incorporated in the cell DNA, induce DNA damage

nucleosides

178, 179

analogues

and further cause cell







death by blocking DNA synthesis 180-182. After incorporating in the cell DNA, these
analogues function as suicide substrates for DNMT enzymes and lead to
depletion of DNMTs protein. Recently these inhibitors used widely to induce gene
expression and differentiation 180.
The study of epigenetic and DNA methylation has become increasingly
important in cancer initiation. From the initial discovery of global genomic
hypomethylation

183,

184

hypermethylation

137, 185-187

to the gene silencing by CpG island promoter
and the clinical use of DNMTs inhibitor drugs

188

,

epigenetic biology has concentrated mainly on aberrant DNA methylation.
5. Histone modification
Promoter DNA methylation and histone modification are closely
associated with chromatin modifications. Their important role is in establishing
patterns of gene repression during development

189

. Understanding DNA

methylation along with histone modification could provide insights for mechanism
of cancer initiation. The histones undergo multiple covalent modifications such as
acetylation, methylation, ubiquitination, biotinylation, phosphorylation, and
sumoylation

190-192

. Among these epigenetic chemical modifications, histone

methylation and acetylation have been found to be relatively stable and therefore
considered as potential marks for preserving epigenetic information during cell
cycle and replication

193, 194

. These histone modifications changes influence the

chromatin structure, keeping it in the active or repressed state and thus initiating
or inhibiting gene expression. More specifically, histone methylation causes
euchromatic state or formation of heterochromatin state. Euchromatin is a lightly







packed DNA, often under active transcription, comprises the most active portion
of the genome within the cell nucleus (92%) and whereas heterochromatin is a
tightly packed form of DNA. Active histone marks (transcription promoted or
euchromatic state) are associated with acetylation of lysine K5, K8, K9, K12, K18
of H3, and K16 of H4 and methylation at K4 of H3 (H3K4me) whereas repressive
marks are associated with mono- (me1), di- (me2), or trimethylation (me3) of
histone H3 lysine 9 (H3K9), H3K27, and H4K20

169, 190, 195

. These repressive

histones maintain the closed chromatin state, which is called as heterochromatin,
and keep genes in silenced or inactive state.
Acetylation and deacetylation of histones play an important role in cancer
initiation and development. Histone acetyltransferases (HATs) and histone
deacetylases (HDACs) catalyze the acetylation and deacetylation, respectively,
plays a major role in epigenetic regulation of gene expression. Generally
increase in histone acetylation is associated with open and relaxed chromatin
stage, thus facilitating activation of gene function. HDACs often function as
transcriptional repressor, induce chromatin condensation by deacetylation of
chromatin and often involved in both cancer initiation and cancer progression
(Figure). HDACs create a non-permissive chromatin conformation state by
removing

the

acetyl

group

from

histones.

Non-permissive

chromatin

conformation and histone deacelyation lead to uncontrolled cellular growth,
differentiation and apoptosis. Currently many HDACs inhibitor are in clinical trials
to treat breast cancer and other malignancies. It is already shown that HDACs
inhibitors can block cell proliferation, metastasis, angiogenesis and can induce




apoptosis

196



. Eighteen HDACs classes have been identified in human. Class I

has four members (HDAC 1-3 and 8), Class 2 HDACs divided into two
subclasses (HDAC4, 5, 7 and HDAC9) and class IIb (HDAC6 and 10), class III
includes Sirtuin 1–7, and class IV has only one HDAC11. A large number of
HDACs inhibitors are isolated from natural sources as well chemically
synthesized. These inhibitors can be classified into four major classes:
hydroxamates, cyclic peptides, aliphatic acids and benzamides. TSA was the first
HDACs discovered and belong to class hydroxamates. TSA is a pan-HDAC
inhibitor. The cyclic peptides represent structurally most complicated and diverse
group of HDAC inhibitors and include depsipeptide, apicidin, and the cyclic
hydroxamic acid-containing peptide group of molecules. The aliphatic acids, such
as butyrate, phenylbutyrate, and valproic acid, are relatively weak and least
attractive HDAC inhibitors, with activity at millimolar concentrations

197, 198

.

Sodium butyrate is naturally produced by bacterial fermentation and one of end
product of carbohydrate metabolism and it plays an important role in prevention
of colon and breast cancer 199.
6. Transgenic tumor models
Transgenic mouse models provide unique opportunities to study the
mechanism of tumorigenesis and also provide unique opportunity to test the
effect of deletion or insertion of particular gene on tumor propagation. Several
promoters can be used to drive the expression of transgenes in the mammary
epithelium and many known oncogenes have been expressed under their control
to initiate or modulate breast carcinogenesis in mice, including ErbB2/Neu,







polyoma middle T antigen (PyMT), simian virus 40 (SV40), Ha-Ras, Wnt-1, TGF, and c-Myc. Although several transgenic mouse models for mammary tumor
have been developed, in our study we used two mouse mammary tumor models,
MMTV-Neu-Tg and C3(1)SV-40-Tg, in which tumors are originated from the
luminal and basal cell of origin, respectively.
6.1. MMTV-Neu-Tg mice
Amplification of ErbB2, a member of EGF receptor gene family, is
associated with 15 to 20% of human breast cancers, and around 30% of cases
the over-expression of an activated form of ErbB2 is detected. ErbB2 is the
human homologue of the Neu gene. To directly assess the effect of over
expression of ErbB2 on tumor development, MMTV-Neu transgenic mice were
developed. Transgenic expression of an activated ErbB2 (Neu) under the
transcriptional

control

of

the

mouse

mammary

tumor

virus

(MMTV)

promoter/enhancer resulted in the development of multifocal adenocarcinomas,
resembling human ErbB2 subtype, with lung metastases

200

. Previous studies

used CD49f and CD24 markers for identification of cancer initiating stem cells.
6.2. C3(1)-SV40-Tg
According to the National Cancer Institute, about 20% of breast cancer
cases fall into the triple-negative breast cancer (TNBC) subtype. TNBC is
characterized by aggressive behavior, chemo-resistant and no effective drug
targets have been identified.

Moreover, it has a higher mortality and drug

resistance rate than other subtypes of breast cancer. A triple negative mouse
mammary tumor model has been developed by the direct the expression of SV40







T-Ag under the regulatory control of the 5' flanking region of the C3 (1)
component of the rat gene. Female transgenic mice generated by this technique
developed mammary hyperplasia by 3 months of age with subsequent
development of mammary tumor by 6 months of age all animals whereas male
mice developed prostate gland hyperplasia and tumor 201. At about 8 week of age
mammary epithelial cells are atypical and progress to intraepithelial neoplasia
stage which resembles human ductal carcinoma in situ (DCIS) at 12 weeks of
age

202

which

. About 16 weeks of age all female mice develop invasive carcinomas,
share

similar

features

to

human

infiltrating

ductal

carcinomas.

Approximately 15% incidence of lung metastases was found among female mice
carrying the transgene 202.
These transgenic animals offer the opportunity to study the multistage
progression of cancer from normal tissue to carcinoma and provide a unique
opportunity to study the role of cancer stem cells in vivo.
Overview of Specific Aim 1: Isolation, purification and validation of
stem/progenitor and cancer stem cells from normal, premalignant and
malignant tumor tissues. In this specific aim, we have isolated normal stem
and progenitor cells using CD24 and CD49f cell surface markers and validated
the mammary stem cell population (MaSC) by serial transplantation assays.
Results of this specific aim was already published in the following two
manuscripts: 1) Molecular and Cellular Biology 33: 3920-3935 (2013). 2) Nature
Communications 6: 6910 (2015). One more manuscript has submitted to the
Stem Cells journal for publication.







Overview of Specific Aim 2: Investigate the role of DNMTs in the regulation
of mammary stem/progenitor and cancer stem cells. For this specific aim, we
generated mammary gland specific conditional Dnmt1-knockout mice and
studied the role of Dnmt1 in mammary gland development as well as in
regulation of mammary stem and progenitor cells. We also tested the role of
Dnmt1 in mammary tumor growth and progression along with its role in
regulation of cancer stem cell maintenance. Results of this specific aim was
published in Nature Communications 6: 6910 (2015)
Overview of Specific Aim 3: Examine the therapeutic potential of a
combination of DNMT and HDAC inhibitors in the treatment of breast
cancer. In this specific aim, we tested the effect of DNMTs inhibitors [5Azacytidine (5-AzaC) and 5-Aza-2-deoxycytidine (5-AzaDC)] and stem cell
inhibitor [Salinomycin] either alone or in combination in in vitro cell culture and in
vivo mouse xenograft and spontaneous mouse mammary tumor models (MMTVNeu-Tg). Results of this specific aim was published in Nature Communications
6: 6910 (2015) and also submitted to the Stem Cells journals for publication.
Overall, we completed all three specific aims, which proposed for this
thesis, and the results are summarized in the following pages.
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ABSTRACT
SLC5A8 is a putative tumor suppressor that is inactivated in more than 10
different types of cancer, but neither the oncogenic signaling responsible for
SLC5A8 inactivation nor the functional relevance of SLC5A8 loss to tumor growth
has been elucidated. Here, we identify the oncogenic HRAS (HRASG12V) as a
potent mediator of SLC5A8 silencing in human non-transformed normal
mammary epithelial cell lines and in mouse mammary tumor through DNMT1.
Further, we demonstrate that loss of Slc5a8 increases cancer-initiating stem cell
formation, and promotes mammary tumorigenesis and lung metastasis in HRASdriven

murine

model

of

mammary

tumor.

Mammary

gland-specific

overexpression of SLC5A8 (MMTV-Slc5a8 transgenic mouse) as well as
induction of endogenous Slc5a8 in mice with inhibitors of DNA methylation
protect against HRAS-driven mammary tumor. Collectively, our results provide
the tumor-suppressive role of SLC5A8 and identify the oncogenic HRAS as
a mediator of tumor-associated silencing of this tumor suppressor in
mammary gland. These findings suggest that pharmacological approaches
to reactivate SLC5A8 expression in tumor cells have potential as a novel
therapeutic strategy for breast cancer treatment.







INTRODUCTION
SLC5A8 is a sodium-coupled transporter for short-chain fatty acids (acetate,
propionate

and

butyrate),

monocarboxylates

(lactate,

hydroxybutyrate) and B-complex vitamin nicotinate

pyruvate

203-207

identified as a potential tumor suppressor in the colon

and

-

. SLC5A8 was first

208

; since then, this

transporter has been shown to be silenced in cancers of many other organs,
including stomach, brain, thyroid, lung, breast, prostate, pancreas, head and
neck, lymphocytes, and kidney

209, 210

. The tumor-suppressor function of SLC5A8

is mainly associated with inhibition of histone deacetylases (HDACs) in tumor
cells

211

. Butyrate, one of the substrates of SLC5A8, is a well-known HDAC

inhibitor and it induces differentiation in normal epithelial cells, but causes
apoptosis in cancer cells

212, 213 214, 215

. The tumor-selective sensitization of the

cells to apoptosis by butyrate involves the tumor cell-specific induction of death
receptor pathway or activation of the pro-apoptotic protein Bim

216-219

. Butyrate is

generated at high concentrations in colonic lumen by bacterial fermentation of
dietary fiber, and SLC5A8 is expressed in the lumen-facing apical membrane of
colonic epithelial cells, mediating the entry of butyrate into cells

220, 221

. This

provides a molecular mechanism for the transporter’s role as a tumor suppressor
in colon. However, SLC5A8 is silenced in tumors of various non-colonic tissues
in which butyrate is not relevant under physiologic conditions. Attempts in our
laboratory to address this conundrum led to the discovery that pyruvate, an
endogenous metabolite and also a substrate for SLC5A8, is a potent inhibitor of
HDACs and an inducer of tumor cell-specific apoptosis

215, 222

. Further, SLC5A8







is a transcriptional target of C/EBP and p53 in kidney as well as in mammary
epithelium

222

. All these findings explain not only why SLC5A8 is silenced in

many tumors, but also why tumor cells effectively convert pyruvate into lactate.
Lactate is also a substrate for SLC5A8, but it does not inhibit HDACs. In order to
avoid the entry of the HDAC inhibitors pyruvate and butyrate, tumor cells
purposely silence SLC5A8 to escape from cell death.
SLC5A8 inactivation in cancer occurs via hypermethylation of SLC5A8
promoter

208

. However, the molecular mechanisms responsible for this

hypermethylation are not known. It has been shown that increased DNA
methyltransferase (DNMT) activity is an early event in carcinogen-initiated lung
tumorigenesis and this phenomenon has also been demonstrated in several
other tumors, cancer cell lines and mouse tumor models
hypermethylation is a hallmark of cancer

226, 227

163, 223-225

. DNA

. DNA methylation is catalyzed by

DNMTs; in mammals, there are at least three DNMT isoforms (DNMT1, DNMT3a
and DNMT3b). DNMT1 is responsible for maintaining the DNA methylation
pattern during embryonic development and cell division

159, 228

. Further, DNMT1

deregulation has been proposed to play a critical role in cellular transformation;
forced expression of DNMT1 in non-transformed cells leads to cellular
transformation 167 whereas DNMT1-knockdown protects mice from cancer 229.
Several oncogenic signaling pathways, especially RAS/RAF/MAPK
signaling, lead to activation of DNMT1 through transcriptional and posttranscriptional

control

230-233

.

Stable

expression

of

HRASG12V

transcription of DNMT1 through an AP-1 site in the promoter region

234

induces
. Further,







RAS-induced DNMT1 activation is a prerequisite for fos-mediated cellular
transformation

166

. These observations suggest that oncogenic HRAS plays a

prominent role in DNMT1 activation and subsequent cellular transformation.
Oncogenic transformation arises from accumulation of both genetic and
epigenetic alterations that result in activation of oncogenes and inactivation of
tumor suppressor genes. Of the many oncogenes activated in human cancers,
RAS is one of the genes that have been the most extensively studied. Although
the incidence of mutations in RAS is very low in human breast cancer, over 50%
of human breast carcinomas express elevated levels of normal HRAS protein
236

235,

. High levels of HRAS protein have also been observed in hyperplasias from

patients who subsequently develop breast cancer

237

. Since the silencing of

SLC5A8 in tumors occurs via promoter hypermethylation, we hypothesized that
there could be a functional link among RAS-induced cellular transformation,
DNMT1 activation and SLC5A8 inactivation in breast cancer and that this
signaling pathway could be a very early event in mammary tumor development.
Here we provide evidence in support of this hypothesis.
MATERIALS AND METHODS
Cell lines, plasmids and transfection: Human non-transformed normal
mammary epithelial cell lines HMEC and MCF10A were grown in complete
MEGM medium. HBL100 cells were grown in DMEM/F12 medium containing
10% FBS. MCF7 cells were grown in DMEM medium containing 10% FBS.
T47D and ZR75.1, MB231, MB453 and MB468 cells were grown in RPMI
medium containing 10% FBS with antibiotics at 37oC, in the presence of 5% CO2.







RNA prepared from these cells was used for expression analyses. Nuclear
extracts were prepared from these cells for use in measurement of DNMT activity.
Genomic DNA prepared from the cells was used for methylation-specific (MS)PCR analysis.
MCF10A cells and the series of oncogenic cell lines derived from this cell line,
which

represent

premalignant

non-transformed

[MCF10AT1k.cl2

normal

(M2)],

[MCF10A1

ductal

(M1)],

carcinoma

in

transformed
situ

(DCIS)

[MCF10CA1h (M3)] and invasive breast cancer [MCF10CA1a.cl1 (M4)], were
kindly provided by Dr. Fred Miller and Dr. Steven Santner at the Barbara Ann
Karmanos Cancer Institute, Detroit, MI.

M1 and M2 cells were grown in

DMEM/F12 medium containing 5% horse serum, insulin (10 g/ml), EGF (20
ng/ml), hydrocortisone (0.5 g/ml) and cholera toxin (100 ng/ml). M3 and M4
cells were grown in DMEM/F12 medium containing 5% horse serum with
antibiotics at 37oC in the presence of 5% CO2. RNA prepared from these cells
was used for microarray and gene expression analyses. Nuclear extracts were
prepared from these cells used for measurement of DNMT activity. Genomic
DNA prepared from the cells was used for methylation-specific (MS)-PCR
analysis.
The HCT116 cell line that is positive for DNMTs (DNA methyltransferases)
(DNMT+/+) and the isogenic cell lines with homologous deletion of DNMT1
(DNMT1-/-), DNMT3b (DNMT3b-/-), DNMT1 plus DNMT3b (DKO), were kindly
provided by Dr. Bert Vogelstein at the Johns Hopkins University, Baltimore, MD.
DNMT+/+, DNMT3b-/-, and DKO cells were grown in McCoy 5A medium with 10%






FBS and DNMT1-/- cells was grown in McCoy 5A medium with 10% FBS with
0.1mg/ml hygromycin B with antibiotics at 37oC in the presence of 5% CO2.
The expression constructs of pBaBe-Puro, HRASG12V-pBaBe-Puro, CMV-LTR, cMyc, pcDNA3.1, STAT3C, C/EBP, Bcl-2, pCMV-neo and E2F1 were transfected
into MCF10A cells using FuGENE 6 according to the manufacturer’s instructions
(Roche Applied Science). After 48 h transfection, cells were harvested and
processed for RNA and protein extraction for gene expression analysis. We also
extracted nuclear fractions from these cells for DNMT assay. DNA from these
cells was used for MS-PCR analysis.
Generation of HRASG12V stable cell lines: Transfection of MCF10A (M1) cells
with activated HRAS (HRASG12V) and selection from xenografted tumors yielded
the MCF10AT1k.cl2 (M2) cell line; this cell gives rise to premalignant lesions with
the

potential

for

neoplastic

progression

238

.

MCF10Ca1h

(M3)

and

MCF10CA1a.cl1 (M4) were derived from occasional carcinomas arising from
xenografts of MCF10AT1k.cl2. M3 gives rise to predominantly well-differentiated
carcinomas in xenografts, while M4 gives rise to relatively undifferentiated
carcinomas and also metastasizes to the lung upon injection into the tail vein

239

.

In the present study we refer to these cell lines as M1, M2, M3, and M4.
Generation of SLC5A8-pLVX stable cell line: SLC5A8 cDNA was subcloned
into pLVX-TetOn-advanced vector (Clontech). Recombinant lentivirus was
produced by co-transfection of pLVX-TetOn vector or SLC5A8- pLVX-TetOn with
helper plasmids (Viral Power Lentiviral Expression System, Invitrogen) into HEK
(human embryonic kidney)-293FT cells using LipofectamineTM 2000 transfection







reagent. M4-SLC5A8-TetOn cells were generated using virus produced from
SLC5A8-pLVX-TetOn plasmid in the metastatic breast cancer cell line M4.
Generation of MMTV-Hras/Slc5a8-/- transgenic mouse: Slc5a8+/- mice 240 were
backcrossed for at least 7 generations into FVB/N genetic background and then
intercrossed to generate all three Slc5a8 genotypic mice. Genotyping was
performed with respective primers (Supplemental Table S2).

MMTV-Hras-Tg

mouse was purchased from Jackson Laboratory (Stock #004363) and the
presence of the MMTV-Hras transgene was confirmed by genotype analysis
(Supplemental Table S2). To generate MMTV-Hras-Tg mice with three different
Slc5a8 genetic backgrounds (Slc5a8+/+, Slc5a8+/-, and Slc5a8-/-), Slc5a8-/- mice
were bred with MMTV-Hras-Tg and the resulting MMTV-Hras/Slc5a8+/- mice were
crossed again to generate MMTV-Hras/Slc5a8-/- mice.
Generation of MMTV-Slc5a8-Tg mouse: Mouse Slc5a8 cDNA for the coding
sequence was amplified using the original mouse pSPORT1-mSlc5a8 plasmid 205
as the template, and then subcloned into pMMTV-SV40-BSSK (Addgene plasmid
#1824). The resulting plasmid pMMTV-SLC5A8-BSSK consists of 2.3 kb of the
MMTV LTR and 600 bp of 5’-untranslated region of c-Hras fused to a 5.34 kb
Slc5a8-EcoRI/XbaI fragment containing the Slc5a8 coding region, 3’-UTR and
polyadenylation signal. This plasmid was used to generate the mammary glandspecific overexpression of SLC5A8. The transgenic mouse was generated by
standard techniques at the Mouse ES Cell and Transgenesis Core facility,
Georgia Health Sciences University. The MMTV-Slc5a8-Tg mouse was







genotyped and screened to confirm the overexpression of SLC5A8 in mammary
gland.
Cloning of DNMT1 promoter: The human DNMT1 promoter-EGFP and DNMT1
promoter-Luc constructs were generated by cloning the 1.2-kb DNMT1 promoter
(obtained by PCR using human genomic DNA as a template) into the pGEM-T
Easy vector and then subcloned using the SalI/NcoI site to clone into
pTurboGFP-PRL (Evrogen, Russia) and SacI/NcoI site to clone into pGL3-Luc
(Promega, Madison WI) vectors. The primers used for PCR were: 5GGCCCAATC

ATGGCTCATTGCAG-3

(sense)

and

5-

CCATGGCGGAGGCTTCAGCAG-3 (antisense). For the transactivation assays,
MCF10A cells were seeded (2x105 cells) in 35-mm tissue-culture dishes and
allowed to grow in MEGM medium for 24 h. The effector and reporter plasmids
were transfected using FuGENE 6. The enhanced green fluorescent protein
(EGFP) expression was monitored by epifluorescence after 36 h posttransfection under the fluorescence microscope. With the luciferase reporter,
cells were collected after 36 h post-transfection and the lysates were used for the
measurement of luciferase activity. The activity was normalized with -gal levels
and compared with vector-transfected cells.
Knockdown of HRAS: To inactivate HRAS, we used retrovirus-mediated
expression of siRNAs that specifically target HRASG12V (H1/siRNA) and wild-type
HRAS gene (H2/siRNA), kindly provided by Jinson Liu at the University of Texas
MD Anderson Cancer Center. We transfected M4 and MB231 cells with
H1/HRASsiRNA to inactivate oncogenic HRAS (HRASG12V) and H2/HRASsiRNA




to inactivate wild-type HRAS and this served as a control siRNA

241



. After 72 h

post-infection, cells were collected for gene expression analysis. For cell cycle
analysis, cells were infected with H1/siRNA and H2/siRNA for 72h and then
treated with 1mM butyrate and pyruvate for 48 h. For the positive control, cells
were treated with 1M TSA for 48h. After the treatment, cells were collected and
processed for cell cycle analysis.
Knockdown of C/EBP: To knockdown C/EBP, a HRAS nuclear effector, we
transfected M4 and MB231 cells with scrambled siRNA and C/EBPsiRNA,
obtained from Santa Cruz Biotechnology, as per the manufacturer’s instruction.
After 72 h post-transfection, cells were collected for gene expression analysis.
For cell cycle analysis, cells were infected with scrambled and C/EBP siRNAs
for 72 h and then treated with 1 mM butyrate and pyruvate for 48 h. For the
positive control, cells were treated with 1M TSA for 48 h. After the treatment,
cells were collected and processed for cell cycle analysis.
5-Aza-2-deoxycytidine (5-AzaDC) Treatment: For 5-AzaDC (a pan-DNMT
inhibitor) treatment, MCF10A, HBL100, MCF7, MB231, M1 and M4 cells
(0.5x106) were seeded in 10-cm cell culture dish. After 24 h, cells were treated
with 5-AzaDC (Sigma) at 2 g/ml for 24 h on day 2, 4 and day 6. The medium
was changed 24 h after addition of the 5-AzaDC (i.e., on days 3, 5 and 7). Cells
were collected on day 8 and processed for gene expression analysis. For cell
cycle analysis, cells were treated with 5-AzaDC for 72 h and then treated with 1
mM butyrate for 48 h. For the positive control, cells were treated with 1 M TSA







for 48 h. After the treatment, cells were collected and processed for cell cycle
analysis.
Procainamide (P-NH2) Treatment: For procainamide (a DNMT1-specific
inhibitor) treatment, MCF10A, HBL100, MCF7 and MB231 cells (2x106) were
seeded in 10-cm cell culture dish. After 24 h, cells were treated P-NH2 (Sigma) at
25 g/ml for 72 h. The medium was changed 24 h after addition of the P-NH2.
Cells were collected and processed for gene expression analysis. For cell cycle
analysis, cells were treated with P-NH2 for 72 h and then treated with 1 mM
butyrate for 48 h. For the positive control, cells were treated with 1M TSA for 48
h. After the treatment, cells were collected and processed for cell cycle analysis.
U0126 Treatment: M4 and MB231 Cells were treated with 5 M U0126, a
MEK/ERK inhibitor, obtained from EMD Biosciences, for 48 h and then cells were
collected and processed for gene expression analysis. For cell cycle analysis,
cells were treated with U0126 for 48 h and then treated with 1 mM butyrate and
pyruvate for another 48h. For the positive control, cells were treated with 1 M
TSA for 48h.
Sodium bisulfate treatment and methylation-specific (MS)-PCR: DNA
samples from human non-transformed normal mammary epithelial cells, human
breast cancer cells, mouse normal mammary tissues and mouse tumor tissues
were used for the sodium bisulfite treatment to convert unmethylated cytosine to
thymidine using the EpiTect 96 Bisulfite DNA methylation assay kit (Qiagen) and
followed the manufacture’s instruction. Primers to amplify the methylated allele
are AS-meth-442-459s (5'-TCGAACGTATTTCGAGGC) and AS-meth-550as (5'-







ACAACGAATCGATTT TCCG). We used MyoD1 as an internal control and the
primers used for MyoD1 are forward 5'-CCAACTCCAAATCCCCTCTCTAT-3',
reverse

5'-TGATTAATTTA

GATTGGG

TTTAGAGA

AGGA-3'.The

PCRs

parameters were 31 cycles of 95˚C for 45 s, 56˚C for 45 s, 72˚C for 45 s, and
72˚C for 10 min, and 4˚C to cool. The amplified PCR products were resolved in
2% agarose gel and stained with ethidium bromide and photographed.
Generation of mammospheres and tumorospheres: For the mammosphere
and tumorosphere cultures, sorted cells were seeded in a 96-well culture plate
coated with matrigel at a concentration of 1000 cells per well in DMEM/F12
medium

supplemented

with

B-27,

rhEGF,

rhbFGF,

heparin,

and

penicillin/streptomycin. For suspension culture, cells were seeded on ultralowadherence plates (Corning) at 20,000 cells/ml in DMEM/F12 media containing B27 supplement (Invitrogen), rhEGF (Invitrogen), rhbFGF (Invitrogen), heparin
(Sigma), and penicillin/streptomycin.
RAS kinase assay: The presence of GTP-bound Ras was determined by using
active Ras pull-down and detection kit (Pierce Rockford, IL). Briefly, cells and
tissues were lysed with lysis buffer (25 mM Tris-HCl, pH 7.2, 150 mM NaCl, 5
mM MgCl2, 1% NP-40 and 5% glycerol) and the lysates (500 g of protein) were
incubated with GST-Raf1-RBD and the glutathione resin for 1 h at 4˚C in spin
column. Then, the spin column was washed three times with lysis buffer and
eluted with 2 SDS Sample Buffer. The eluted samples were separated by SDSPAGE, transferred and probed with Anti-Ras Antibody.







Immunoblot analysis: For immunoblot (IB) analysis, cell lysates were prepared
by sonication in cell lysis buffer with protease inhibitors. Protein samples were
fractionated on SDS-PAGE gels and transferred to Protran nitrocellulose
membrane (Whatman GmbH). Membranes were blocked with 5% non-fat dry
milk and exposed to primary antibody at 4°C overnight followed by treatment with
appropriate secondary antibody conjugated to horseradish peroxidase at room
temperature for 1 h, and developed by Enhanced Chemiluminescence
SuperSignal Western System. In this study, we used anti-SLC5A8 (APR44110,
Aviva System Biology), anti-MCT1 (AB3428B, Millipore), anti-HRAS (Sc-520,
Santa Cruz biotechnology), anti--actin (Sc-47778, Santa Cruz biotechnology),
anti-E-cadherin (610181, BD Bioscience) and anti-GFP (G6539, Sigma)
antibodies. We used all primary antibodies at 1:1,000 dilution and secondary
antibodies at 1:5, 000 dilution.
Chromatin

immunoprecipitation

(ChIP)

assays:

MCF10A

cells

were

transfected with expression constructs of HRASG12V, c-Myc, STAT3C, C/EBP,
Bcl-2 and E2F1. Chromatin immunoprecipitation (ChIP) assays were carried out
using a ChIP assay kit (Millipore) and human DNMT1-specific antibody and
mouse IgG antibodies. After ChIP, the protein-DNA complexes were eluted from
beads and the crosslinking was reversed. The DNA present in the
immunoprecipitates was purified from the eluted solution and used for PCR
amplification of the SLC5A8 promoter using the SLC5A8 promoter-specific
primers (Supplementary Table S2).







RT-PCR: Human SLC5A8, DNMT1, DNMT3a, DNMT3b and mouse Slc5a8,
Dnmt1, Dnmt3a and Dnmt3b expressions were determined by RT-PCR. Total
RNA was isolated from MCF10A cells transfected with various oncogenes and
from mammary gland and tumor tissues. RNA was reverse transcribed using the
GeneAmp RNA PCR kit (Applied Biosystems), and PCR was performed on Veriti
thermocycler (Applied Biosystems) using the specific primers (Supplementary
Table S3). Representative images of triplicate experiments are shown.
Real-time PCR analysis: Real-time PCR analysis was carried out in Applied
Biosystem Step One Plus instrument using the power SYBR green PCR master
mix (Applied Biosystem, UK) as per the manufacture’s instructions. The primer
sequences used for the real-time PCR analysis are included in Supplemental
Table S3.
Cell cycle analysis: Cells were fixed in 50% ethanol, treated with 0.1% sodium
citrate, 1 mg/mL RNase A, and 50 μg/mL propidium iodide, and subjected to
fluorescence-activated cell sorting (FACS, Becton Dickinson) analysis.
Measurement of HDAC activity: A commercially available kit (Biovision,
Mountain View, CA, USA) was used to determine HDAC activity as per the
manufacturer’s instruction. Cell lysates from human non-transformed normal
mammary epithelial cells, breast cancer cells, M1-M4, non-transformed normal
mouse mammary gland and tumor tissues were prepared and used as the
source of HDAC activity.
Measurement of DNMT activity: A commercially available kit (Epigentek,
Farmingdale, NY, USA) was used to determine DNMT enzymatic activity as per







the manufacturer’s instruction. Nuclear fractions from human non-transformed
normal mammary epithelial cells, breast cancer cells, M1-M4, non-transformed
normal mouse mammary gland and tumor tissues were prepared, using the
commercially available kit (Epigentek, Farmingdale, NY, USA), and used as the
source of DNMT activity.
Mouse xenograft studies: Female athymic nude mice (6- to 8-wk old) were
purchased from Taconic, Hudson, NY). Animals were housed in a pathogen-free
isolation facility with a light/dark cycle of 12/12 h and fed with rodent chow and
water ad libitum. We included 6 mice in each group. To test the tumor-forming
potential of M1, M2, M3, and M4 cells, 1x107 cells in 100 l PBS were injected
subcutaneously in the mammary fat pad. Tumor incidence was monitored for
another 8 weeks and tumor volume was quantified by measuring the length and
width of the tumor every 7 days for 8 weeks using a caliper. We repeated the
experiment two times using 6 mice each in each experiment.
To analyze SLC5A8 substrates butyrate, pyruvate and propionate, which inhibit
HDACs, and acetate, lactate and nicotinate, which do not inhibit HDACs, in tumor
growth, we implanted M4-SLC5A8-pLVX stable cell line (1x107) in 100 l PBS
subcutaneously in the mammary fat pad. To induce SLC5A8 expression,
doxycyclin (2mg/ml) in drinking water was given in the same day of tumor
implantation. Similarly, butyrate, pyruvate, propionate, acetate, lactate, and
nicotinate (2mg/ml) were given in drinking water after 48 h tumor implantation.
Tumor size was measured periodically by caliper and tumor volume was







calculated using the formula (width2length)/2. These experiments were
approved by the Institutional Animal Care and Use Committee.
5-Azacytidine

and

Butyrate

implantation:

12-14

weeks-old

MMTV-

Hras/Slc5a8+/+-Tg and MMTV-Hras/Slc5a8-/--Tg mice were anesthetized and 3mm pellets containing either 5-Azacytidine (0.5 mg/90-day release) or sodium
butyrate (10mg/90 day release), obtained from Innovative Research of America,
were implanted either alone or in combination subcutaneously in the animal’s
back. The pellets provided a continuous release of 5-Azacytidine and butyrate for
90 days. Tumor incidence, time of tumor onset, number of tumors in each mouse,
tumor volume and animal survival time were monitored.
Collection of tissue samples from mouse: Mice were killed by CO2
asphyxiation followed by cervical dislocation. For studies using frozen sections,
normal mammary tissues, mammary tumor and lung metastatic tumor tissues
were harvested and oriented in Tissue-Tek O. C. T. compound. After slow
freezing, the cryosections were prepared and mounted on slides in the Georgia
Health Sciences University (GHSU) Histology & Pathology Core. The sections
were stained with H & E (Haemotoxylin and eosin) and used for morphometric
studies. Additional cryosections were used for immunohistochemical studies. To
isolate RNA, DNA and protein samples, tissue samples were immediately
processed or snap-frozen in liquid nitrogen.
Single Cell Preparation: Normal inguinal mammary glands were obtained from
12-16 week-old FVB/N female mice and tumors from MMTV-Hras-Tg mouse.
Aseptic technique was maintained during adult mammary gland isolation and







dissections for single cell preparations. Adult mammary glands and tumor were
digested for 8-10 h at 37oC in DMEM-F12 media containing 10% FBS, 300 U/ml-1
collagenase (Sigma) and 100 U/ml-1 hyaluronidase (Sigma). Mammary organoids
resulting from overnight digestion were centrifuged and treated with ammonium
chloride solution (Stem cell technology), then treated with trypsin followed by
Dispase (Stem cell technology) and DNase (Worthington), with washes and
resuspension after each treatment using Hank’s Balanced Salt Solution (HBSS)
supplemented with 2% FBS. Single cells were collected by passing through a 40
m nylon filter (BD Biosciences).
Stem Cell Media: MCF10A (M1) and MCF10AT1k.cl2 (M2) were grown in
DMEM-F12 media, supplemented with B-27, 0.1% methylcellulose, heparin
(Sigma), rhEGF, rhbFGF (Invitrogen) and penicillin/streptomycin.
Flow Cytometry Procedures: Single cells were stained with the following
antibodies: anti-CD49f (Stem cell technology) and anti-CD24 (Stem cell
technology) antibodies were used to label the mammary stem cell and progenitor
population. For human cell lines anti CD49F (BD Bioscience) and anti CD24 (BD
Bioscience) antibodies were used. Lin- cocktail comprises of APC anti-CD31 (BD
Bioscience), APC anti-CD45 (BD Bioscience) and Ter119 (e bioscience). To
assess viability, cells were stained with 1 mg/ml propidium iodide (Sigma) for 10
min. FACS analysis and cell sorting were performed using FACS LSRII,
MoFlocell sorter and FlowJo software. The purity of sorted cell population was
routinely >90%.







Immunofluorescence: Cells were washed with PBS and fixed for 15 min in 4%
PFA (Electron Microscopy Sciences), washed three times in PBS and
permeablized in 0.1% Triton X-100 for 10 min. The slides were washed again,
blocked for 1 h in 10% goat serum (Invitrogen) at room temperature, and then
incubated with primary antibodies overnight at 4oC followed by secondary
antibodies for 1 h. All sections were imaged using a confocal microscope or a
Zeiss LSM 710 Laser Scanning Confocal microscope. Antibodies used were
SLC5a8 (Aviva Systems Biology, 1:250), CD49f (R&D, 1:500), and DNMT1 (Cell
Signaling, 1:500).
Histological sections: Normal mammary glands, mammary tumor and lung
tumor tissues were harvested, fixed and stained with Hematoxylin and Eosin
(H&E) and visualized at 40x and 63x magnifications.
Measurement of SLC5A8 transports function: The transport function of
SLC5A8 was monitored by Na+-coupled nicotinate uptake that described in our
previous manuscript

207

. Uptake of [14C] nicotinate (20 mol/L) for 15 min was

measured in the presence of NaCl and NMDGCl in monolayer cell cultures.
Measurement of MCT transports function: The transport function of MCT was
monitored by Na+-free uptake buffer contained 25 mM HEPES/Tris (pH 7.5), 140
mM N-methyl-D-glucamine, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, and 5
mM glucose, and transport activity was monitored with 2 min incubation period.
Uptake of [3H] pyruvic acid by using 26.25 nM per assay (0.5uCi/well) in these
cells were measured as described previously 205, 207.







Northern blot analysis: Ten micrograms of RNA from each samples was
fractionated and analyzed by standard Northern blotting techniques. P32 radio
labeled DNA probe for mouse keratin 18 and cyclophilin, loading control, were
prepared from isolated cDNA clones.
Institutional compliance: All experimental procedures involving animals
adhered to the ‘Principles of Laboratory Animal Care’ (National Institutes of
Health Publication #85-23, revised in 1985) and were approved by the Georgia
Health Sciences University IACUC and Biosafety Committees.
Statistical analyses: Statistical analysis was done using one-way ANOVA
followed by Bonferroni multiple comparison test. The software used was Graph
Pad Prism, version 5.0. A p value <0.05 was considered statistically significant.

RESULTS

HRAS inactivates SLC5A8 expression: To explore the oncogenic signaling
responsible for SLC5A8 inactivation in breast cancer, we expressed the
oncogenes HRAS (HRASG12V), c-Myc, constitutively active STAT3 (STAT3C),
HRAS nuclear effector C/EBP, anti-apoptotic protein Bcl-2, and cell cycle
regulator E2F1 in MCF10A cells, a human normal non-transformed mammary
epithelial cell line, and analyzed SLC5A8 expression. Ectopic expression of
HRAS, either alone or in combination with other oncogenes, significantly
decreased SLC5A8 expression and function (Figure 1A-D). c-Myc, STAT3C and







Bcl-2 by themselves decreased the levels of SLC5A8 mRNA, but the magnitude
of the effect was much smaller than that observed with HRAS. Since SLC5A8
inactivation in cancers is associated with DNA methylation of SLC5A8 gene
promoter, we analyzed the methylation status of SLC5A8 promoter by
methylation-specific PCR. Only HRAS was able to induce methylation of SLC5A8
promoter (Figure 1E). RAS was relatively inactive in normal non-transformed
mammary epithelial cell lines whereas it was activated in cancer cell lines
(Supplementary Figure S1A). There was a reciprocal correlation between RAS
activity status and SLC5A8 expression in these cell lines (Supplementary Figure
S1B). The HRAS-induced silencing of SLC5A8 was associated with methylation
of SLC5A8 promoter (Supplementary Figure S1C).

HRASG12V transactivates DNMT1 expression and binds to SLC5A8
promoter: To examine the role of DNMTs in HRAS-induced SLC5A8 silencing in
breast cancer cells, we analyzed the expression profiles of DNMTs (DNMT1, 3a
and 3b) and RAS activity status in non-transformed normal and cancer cell lines.
In non-transformed normal cells, RAS activity was low as was the
expression/activity of DNMTs. In cancer cells, RAS activity was high, and this
was accompanied with high expression of DNMT1 and DNMT3b, and high DNMT
activity (Supplementary Figure S1D, E).







FIG 1 HRASG12V inactivates SLC5A8 expression. (A & B) RT-PCR and realtime PCR analyses demonstrating SLC5A8 transcript expression is inactivated in
MCF10A cells by ectopic expression of HRASG12V. Data are means ± SEM.
*p<0.05; ***p<0.001 by t-test. (C) Western blot analysis showing down-regulation
of SLC5A8 protein in MCF10A cells by ectopic expression of HRASG12V. (D) C14nicotinate uptake demonstrating HRASG12V-induced decrease in SLC5A8
functional activity in MCF10A cells. Data are means ± SEM. ***p<0.001 by t-test.
(E) MS-PCR analysis providing evidence for HRASG12V-induced SLC5A8
methylation in MCF10A cells. MyoD1 was used as an internal control.







FIG S1 SLC5A8 expression is inversely correlated with oncogenic HRAS,
DNMT gene expression and DNMT enzymatic activity. (A) RAS kinase assay
demonstrates that RAS expression was activated in human breast cancer cells
when compared to human non-transformed normal mammary epithelial cells. (B)
RT-PCR analyses show that SLC5A8 expression was silenced in human breast
cancer cells when compared to non-transformed normal mammary epithelial
cells. (C) MS-PCR analysis reveals that SLC5A8 gene was methylated in all
human breast cancer cells. (D) RT-PCR analysis demonstrates that DNMT1 and
DNMT3b gene transcripts were induced in breast cancer cells when compared to
non-transformed normal mammary epithelial cells. GAPDH was used as an
internal control. (E) DNMT enzymatic assay shows that DNMT enzymatic activity
was significantly high in human breast cancer cells when compared to nontransformed normal mammary epithelial cells. Data are shown as a means ±
SEM for three independent experiments.
To explore the influence of HRAS on DNMTs expression directly, we monitored
the expression levels of DNMTs in MCF10A cells with and without ectopic







expression of HRAS and other oncogenes. Oncogenic HRAS induced DNMT1
and DNMT3b, but did not have any effect on DNMT3a (Figure 2A, B). c-Myc and
E2F1 did not affect DNMT1 and DNMT3a, but induced DNMT3b. These results
demonstrate that HRAS-induced DNMT1 and DNMT3b may play a role in
SLC5A8 inactivation in breast cancer. We have already shown, using DNMT1+/+,
DNMT1-/-, DNMT3b-/- and DNMT1-/-/DNMT3b-/- (double knockout, DKO) isogenic
HCT116 colon cancer cells that DNMT1 controls SLC5A8 expression215. Here we
confirmed these findings with SLC5A8 protein and activity data (Supplementary
Figure S2A, B). To determine if this was also true with breast cancer cells, we
treated normal non-transformed mammary epithelial cell lines (MCF10A and
HBL100) and breast cancer cell lines (MCF7 and MB231) with 5-aza-2deoxycyctine (5-AzaDC), a pan-DNMT inhibitor, and procainamide (P-NH2), a
DNMT1-specific inhibitor, and analyzed SLC5A8 expression. Both 5-AzaDC and
P-NH2 re-activated SLC5A8 expression in breast cancer cells but not in nontransformed normal mammary epithelial cells (Supplementary Figure S2C).
These results show that HRAS-induced DNMT1 expression specifically
inactivates SLC5A8 in breast cancer cells.
Human DNMT1 promoter has several AP-1 and SP1 binding sequences,
where oncogenic HRAS presumably binds and transactivates transcription. This
was supported by our findings that oncogenic HRAS expression induced DNMT1
promoter-driven EGFP fluorescence (Figure 2C) and luciferase activity (Figure
2D). c-Myc and STAT3C expression also induced DNMT1 promoter activity to
some extent (Figure 2C and D), but the relative contribution to SLC5A8







inactivation was minor (Figure 1A-E). We then wanted to determine whether
oncogenic HRAS-induced DNMT1 directly binds to SLC5A8 promoter to
inactivate

SLC5A8

gene

transcription,

we

performed

chromatin

immunoprecipitation (ChIP) assays of human SLC5A8 gene promoter from 2400bp to +1bp relative to the SLC5A8 gene transcription initiation site. For this,
we designed four PCR primers in SLC5A8 promoter, two from the CG rich CpG
island and two away from the CpG island. We expressed vector controls, HRAS,
c-Myc, STAT3C, C/EBP, Bcl-2 and E2F1 in MCF10A cells and performed
chromatin immunoprecipitation with antibody specific for human DNMT1 and
examined the presence of SLC5A8 promoter in the immune complex by ChIPPCR analysis. As shown in Figure 2F, HRAS and DNMT1 bind to SLC5A8
promoter specifically in CG rich CpG island. c-Myc and DNMT1 also bind to
SLC5A8 promoter in CG rich CpG island and inactivates its gene transcription in
some extent. Though, STAT3C and E2F1 induced DNMT1 activity in certain
extent (Fig.2D), these two unable to bind to SLC5A8 promoter and inactivate its
gene transcription. These results demonstrate that oncogenic HRAS-induced
DNMT1 binds to SLC5A8 promoter and thereby inactivates SLC5A8 gene
transcription in mammary epithelial cells.







FIG 2 HRASG12V transactivates DNMT1 expression and forms a complex
with SLC5A8 promoter. (A) RT-PCR analysis showing HRASG12V-induced
DNMT1 and DNMT3b transcript expression in MCF10A cells. (B) HRASG12Vinduced increase in DNMT enzymatic activity in MCF10A cells. Data are means ±
SEM. *p<0.05; **p<0.01; ***p<0.001 by t-test. (C & D) Ectopic expression of
HRASG12V in MCF10A cells transactivates DNMT1 promoter; reporters: EGFP (C)
and luciferase (D). Data are means ± SEM. *p<0.05; ***p<0.001 by t-test. (E)
Location of ChIP primers designed from human SLC5A8 promoter. (F) ChIPPCR analysis showing that HRAS-induced DNMT1 binds to SLC5A8 promoter.






FIG S2 DNMT1-knockdown re-activates SLC5A8 expression. (A) Western
blot analysis confirms the induction of SLC5A8 protein in DNMT1-/- and DKO
(DNMT1-/-/DNMT3b-/-)-knockdown cells. (B) Na+-dependent uptake of 14Cnicotinate shows an increase in SLC5A8 functional activity in DNMT1-/- and DKO
(DNMT1-/-/DNMT3b-/-)-knockdown cells. Data are shown as a means ± SEM for
three independent experiments. (C) RT-PCR analysis demonstrates the induction
of SLC5A8 expression by inhibition of DNMTs, using either the pan-DNMT
inhibitor 5-Aza-2-deoxycytidine (5-AzaDC) or DNMT1-specific inhibitor
procainamide (P-NH2) in human breast cancer cells.

SLC5A8 inactivation is an early event in oncogenic HRAS-induced cellular
transformation: We analyzed the expression of SLC5A8 in a series of MCF10Aderived and HRAS-transformed cell lines: non-transformed normal (M1), HRAStransformed premalignant (M2), HRAS-transformed malignant (M3), and HRAStransformed metastatic and invasive (M4) cells
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. We found high RAS activity

(Figure 3A) and correspondingly low expression and activity of SLC5A8 in M2,







M3 and M4 (Figure 3B-D). Also, SLC5A8 promoter methylation in M2, M3 and
M4 but not in M1 (Figure 3E). We then monitored the tumorigenic potential of M1,
M2, M3 and M4 in Balb/c nude mice. M1 did not form tumors whereas M2 was
able to form tumors in 83% of mice, and M3 and M4 were able to form tumor in
100% of mice (Table S1). We compared the transcriptome in these four cell lines
by microarray analysis: M1 vs. M2, M1 vs. M3, M1 vs. M4, M2 vs. M3, and M3 vs.
M4. There were marked differences in gene expression between nontransformed normal and transformed cells (Figure 3F and Supplementary Figure
S3A-D). Interestingly, SLC5A8 expression was reduced drastically even in the
premalignant cell line M2 compared to non-transformed normal M1 cell line. The
expression level stayed low in malignant cell line M3 and the metastatic cell line
M4. We also analyzed the expression and activity of DNMTs. HRAS-induced
cellular transformation was specifically associated with induction of DNMT1 even
in the premalignant M2 cell line (Figure 3G, H). There was no significant change
in the expression of DNMT3a and DNMT3b at this early stage. DNMT3b was
induced in M3 and M4. In addition, we have analyzed whether there is functional
correlation among HRAS-induced cellular transformation, DNMT1 expression
and mammary stem cell number in M1 and M2 using CD49f, a mammary stemcell marker. The expression of both DNMT1 and CD49f was significantly
increased in M2 cells than in M1 (Figure 3I and Supplementary Figure S4A, B).
Similarly, DNMTs activity was positively associated with CD49f level in M1, M2,
M3 and M4 (Figure 3H and Supplementary Figure S4A, B).







FIG 3 SLC5A8 inactivation is an early event in oncogenic HRAS-induced
cellular transformation. (A) RAS kinase assay demonstrating RAS activation in
M2, M3 and M4 cells. (B) RT-PCR and western blot analyses showing SLC5A8
mRNA and protein expression is silenced in M2, M3, and M4 cells. (C) Real-time
PCR analysis demonstrating SLC5A8 inactivation in M2, M3, and M4 cells. Data
are means ± SEM. ***p<0.001 by t-test. (D) C14-nicotinate uptake demonstrating
SLC5A8 functional activity is significantly decreased in M2, M3, and M4. Data are
means ± SEM. ***p<0.001 by t-test. (E) MS-PCR demonstrating SLC5A8
methylation in M2, M3, and M4 cells. MyoD1 was used as an internal control. (F)
Microarray heat map showing differential gene expression between MCF10A
cells and HRASG12V-expressing MCF10A cells. SLC5A8 gene transcript is
downregulated ~80 fold in M2 cells compared to M1. (G) RT-PCR analysis
showing DNMT1, DNMT3a and DNMT3b transcript expression in M1, M2, M3
and M4 cells. (H) DNMT enzymatic activity showing constitutive expression of
HRAS in MCF10A cells increased DNMTs activity. Data are means ± SEM.
*p<0.05; ***p<0.001 by t-test. (I) Immunofluroscence data showing DNMT1
expression and CD49f expression are induced in M2 cells compared to M1. DAPI
was used to label nucleus.







FIG S3 SLC5A8 inactivation is an early event in HRAS-induced cellular
transformation and mammary tumor progression. (A) PCA mapping shows
the relative gene expression in triplicate samples of M1, M2, M3 and M4. (B)
Volcano plots show the differential gene expression between M1 vs. M2; M1 vs.
M3; M1 vs. M4; M2 vs. M3 and M3 vs. M4. (C) Heat map demonstrates the 12
highly upregulated genes and 12 highly downregulated genes between M1 vs.
M3 and M1 vs. M4.







FIG S4 Increased CD49f expression in M2, M3 and M4 Cells. (A) Flow
cytometry analysis showing increased CD49f population in M2, M3 and M4 when
compared to M1 cells. (B) Quantitative representation of CD49flow and CD49fhigh
populations in M1, M2, M3 and M4 cells. Data are shown as means ± SEM for
three independent experiments. **p<0.01; ***p<0.001; N.S = Not significant by ttest.

Involvement

of

RAS/RAF/ERK

signaling

pathway

in

HRAS-induced

silencing of SLC5A8: HRAS is involved in a broad spectrum of cellular
processes, including cell proliferation and oncogenesis, by regulating various
signaling

pathways

such

as

RAF/MEK/ERK,

RalGDS/Ral/

RBP1

and

PI3K/AKT/mTOR. To identify the signaling pathway that mediates HRAS-induced
silencing of SLC5A8, we expressed different HRAS activating mutants, which are
known to control different signaling pathways: HRASG12VE37G, which allows
binding and activation of Ral-GEF but not Raf or PI3K; HRASG12VY40G, which
allows binding and activation of PI3K but not Raf or Ral-GEF; HRASG12VT35S,
which allows binding and activation of Raf but not Ral-GEF or PI3K, in MCF10A
cells. We used similar amount HRAS mutant plasmids for the transfection and
used pEGFP plasmid to monitor the transfection efficiency. To control the
different HRAS mutants expression, we used same amount of protein in each
mutants and also analyzed HRAS and GFP protein expression (Supplementary
Figure S5A).

Then we analyzed SLC5A8 expression, methylation status of

SLC5A8 and DNMTs activity. Neither HRASG12VE37G nor HRASG12VY40G was
able to silence SLC5A8 expression, induce DNMT1 expression, and increase
SLC5A8 promoter methylation. On the other hand, HRASG12VT35S was able to
elicit all of those three effects (Supplementary Figure S5B-D). These results







suggest that HRAS-induced silencing of SLC5A8 occurs through activation of
RAF/MEK/ERK

signaling

rather

than

through

RalGDS/Ral/RBP1

and

PI3K/AKT/mTOR signaling. This observation has also confirmed by inhibition of
M4 cells, which constitutively active HRASG12V, with MEK inhibitor (U0126) that
reactivates SLC5A8 expression and function (See Figure 7B and Supplementary
Figures S14E-F).

FIG S5 RAS/RAF/ERK signaling pathway is involved in SLC5A8 inactivation.
(A) Western blot analysis for HRAS and GFP expression demonstrates the equal
expression of all HRAS mutants in MCF10A cells. (B) RT-PCR and western blot
analyses demonstrate SLC5A8 gene transcript and protein expression was
silenced by oncogenic HRAS (HRASG12V) and RAF/ERK activating mutant
HRASG12VT35S in MCF10A cells. (C) MS-PCR demonstrates that SLC5A8
methylation was induced by oncogenic HRASG12V and HRASG12VT35S in
MCF10A cells. (D) Induction of DNMT enzymatic activity by HRASG12V and
HRASG12VT35S in MCF10A cells. Data are shown as means ± SEM for three
independent experiments. ***p<0.001 by t-test.

Slc5a8 inactivation is an early event in MMTV-Hras-driven murine breast
cancer: To translate our in vitro findings with cell lines to in vivo, we analyzed
Hras expression in normal mammary glands, mammary glands from 5-month-old







MMTV-Hras-Tg mice that were premalignant with no visible tumors, and breast
tumors collected from 10-12-month-old MMTV-Hras-Tg mice. RAS was activated
in premalignant and mammary tumor tissues (Figure 4A). In conjunction, Slc5a8
expression was significantly decreased in premalignant mammary tissue and
decreased further in mammary tumor tissues (Figure 4B, C). The decrease in
Slc5a8 expression followed the increased methylation status of Slc5a8-promoter
(Figure 4D). To test whether the epithelial content in normal, premalignant and
tumor tissues were comparable, we analyzed epithelial cell markers E-cadherin
and karatin-18 (K18). We found that E-cadherin expression also went down in
premalignant and tumor tissues than the normal mammary gland (Figure S6).
However, keratin-18 expression was comparable in all three tissues (Figure S6).

FIG S6 Comparable epithelial content in normal, MMTV-Hras premalignant
and tumor tissues. (A) Western blot analysis for E-cadherin showing that
expression of E-cadherin is down regulated in MMTV-Hras premalignant and
tumor tissues when compared to normal mammary gland and suggesting that Ecadherin may not be an appropriate epithelial marker in our experiment. (B)
Northern blot analysis for keratin 18 (K18) showing a comparable expression in







normal and MMTV-Hras premalignant and tumor tissues. Cycliophilin was used
as an internal control.

Further, a long-standing question in cancer research has been whether
cancer arises through mutations in stem cells, or whether differentiated cells
undergoing malignant transformation reacquire stem cell characteristics through
a process of dedifferentiation

243, 244

. Studies have shown that promoter DNA

methylation of the repressed genes, such as SLC5A8, could lock into stem cell
phenotypes and initiate abnormal clonal expansion and cancer

244, 245

. To

determine whether there is a functional link between loss of Slc5a8 expression
and formation of mammary stem cells, mammary progenitor cells and cancer
stem cells, we collected mammary glands from normal mouse, and premalignant
glands and tumor tissues from MMTV-Hras-Tg mice. From these tissues, we
isolated mammary stem cells and progenitor cells using specific cell-surface
markers. The normal tissue and premalignant tissue had three distinct cell
populations: fibroblast and stromal cells (Lin-CD49f-/CD24-), progenitor cells (LinCD49flow/CD24high), and stem cells (Lin-CD49fhigh/CD24low). However, the tumor
tissue had only one population, which was almost exclusively stem cells, (LinCD49fhigh/CD24low). There was a gradual increase in the number of stem cells
from normal to premalignant to tumor [9.87% vs. 19.9% vs. 34.6%] (Figure 4E).
We also analyzed Slc5a8 expression in stromal, luminal and myoepithelial or
basal cell types from the normal mouse mammary gland. Slc5a8 is mainly
expressed in basal and relatively less in luminal but not in stromal cell types
(Figure S7A-B).







FIG S7 Slc5a8 is expressed in basal mammary epithelial cells. (A)
Immunofluorescence analysis of Slc5a8 (green) in basal (Lin-CD49hiCD24low),
luminal (Lin-CD49flowCD24hi) and stromal (Lin-CD49f- CD24-) cell population,
which isolated from normal mammary gland, showing that it is mainly expressed
in basal, relative low expression in luminal and not expressed in stromal cell
types. We also used CD49f (red) and Dapi (blue). (B). Real-time PCR analysis







showing Slc5a8 is highly expressed in basal cell type than luminal and stromal
cells. Data are shown as means ± SEM for three independent experiments.
***p<0.001 by t-test.

Interestingly, Slc5a8 expression was significantly lower in cancer stem
cells when compared to normal basal cell type (Figure S7C). Further, to correlate
the expression of Slc5a8 with that of DNMT1 in stem cells, we generated
mammospheres (wild type and premalignant) and tumorospheres (tumor tissue).
The mammospheres from stem cells of normal mammary gland were relatively
smaller in size and less in number than those from stem cells of premalignant
glands. The values were even larger for the tumorospheres from stem cells of
tumor tissues (Figure 4F, G). The expression of Dnmt1 and CD49f was very low
or undetectable in mammospheres generated from the wild type mammary gland.
However, their expression was significantly induced in mammospheres
generated from premalignant mammary gland. The increase was even greater in
tumorospheres developed from tumor tissues (Figure 4H, I). These observations
suggest that Hras-induced mammary tumor formation leads to Dnmt1 activation
and subsequent Slc5a8 inactivation. This is associated with increased cancerinitiating stem cell formation.







FIG 4 Slc5a8 inactivation is an early event in MMTV-Hras-driven mammary
tumorigenesis. (A) RAS kinase assay demonstrating RAS activation in
premalignant mammary tissue and in tumor tissue derived from MMTV-Hras-Tg
mice. (B & C) RT-PCR and western analyses demonstrating Slc5a8 gene
transcript and SLC5A8 protein expression are downregulated in premalignant
mammary tissue and in tumor tissue derived from MMTV-Hras-Tg mice. (D) MSPCR analysis demonstrating Slc5a8 methylation in premalignant mammary
tissue and in tumor tissue derived from MMTV-Hras-Tg mice. (E) Representative
images of FACS data showing induction of cancer-initiating stem cells (LinCD49fhighCD24low) in premalignant mammary tissue and in tumor tissue derived
from MMTV-Hras-Tg mice. (F) Representative images of mammospheres (wild
type and premalignant mammary gland) and tumorospheres (tumor tissue)
demonstrating increased number of mammospheres and tumorospheres in
premalignant and tumor tissues. (G) Quantification of the number of




mammospheres and tumorospheres in premalignant and tumor tissue. Data are
means ± SEM. **p<0.01; **p<0.01 by t-test. (H) Representative
immunofluorescence data showing induced expression of DNMT1 and CD48f in
premalignant and tumor tissues. DAPI was used to label nucleus. (I) DNMT
enzymatic activity showing increased DNMTs activity in premalignant mammary
and tumor tissues of MMTV-Hras-Tg mice. Data are means ± SEM. ***p<0.001
by t-test.

Deletion of Slc5a8 in mice is associated with early onset of mammary
tumor formation, accelerated lung metastasis and decreased overall
survival: If SLC5A8 functions in vivo as a tumor suppressor, absence of this
transporter should promote breast cancer. We tested this in a mouse model of
MMTV-Hras-driven mammary tumorigenesis by comparing the incidence,
progression,

and

lung

metastasis

of

breast

cancer

between

MMTV-

Hras/Slc5a8+/+ mice and MMTV-Hras/Slc5a8-/- mice. The incidence of tumor was
64% in MMTV-Hras/Slc5a8+/+ mice, 75% in MMTV-Hras/Slc5a8+/- mice, and 92%
in MMTV-Hras/Slc5a8-/- mice (Figure 5A), indicating that deletion of Slc5a8
increased the incidence of tumor in a dose-dependent manner in MMTV-Hras-Tg
mice. The deletion of Slc5a8 also significantly decreased the age of the animals
at which tumors began to appear and increased the number of tumors per animal
and the tumor size (Figure 5B-D). Tumors in MMTV-Hras/Slc5a8-/- mice were
aggressive; histopathology and Ki-67 immunostaining suggested that these
tumors were highly invasive ductal adenocarcinomas (Figure 5E; Supplementary
Figure S8A-B). There were also marked differences in cancer stem cell
population in tumors depending on the Slc5a8 genotype. The population of
cancer stem cells (Lin-CD49fhigh/CD24low) increased from 17% in MMTV-




Hras/Slc5a8+/+ mice to 35% in MMTV-Hras/Slc5a8+/- mice and to 48% in MMTVHras/Slc5a8-/- mice (Supplementary Figure S9). Tumors in MMTV-Hras/Slc5a8+/+
mice metastasized to the lung occasionally, but the incidence of lung metastasis
increased significantly with Slc5a8 deletion (Figure 5F). The time needed for lung
metastasis decreased and the multiplicity of metastatic nodules increased
dramatically

with

Slc5a8

deletion

(Supplementary

Figure

S10A-B).

Histopathology and Ki-67 immunostaining of the nodules indicated that the
metastasized tumors were more aggressive in MMTV-Hras/Slc5a8-/- mice than in
MMTV-Hras/Slc5a8+/+ mice (Figure 5G). These changes in MMTV-Hras/Slc5a8-/mice were accompanied with substantially decreased survival time (Figure 5H).





FIG S8 Deletion of Slc5a8 in mice is associated with aggressive tumor
phenotype. (A) Representative H & E images of mammary tumor tissues from
MMTV-Hras/Slc5a8+/+-Tg mice and MMTV-Hras/Slc5a8-/--Tg mice. Data show
that highly invasive and infiltrating ductal carcinoma occurred in MMTVHras/Slc5a8-/--Tg mice whereas in MMTV-Hras/Slc5a8+/+-Tg mice tumors were
less proliferative and locally invasive ductal carcinoma in situ (DCIS). Ki-67
staining supports the highly invasive and aggressive tumor phenotype in MMTVHras/Slc5a8-/--Tg mice. (B) H & E sections of lung metastatic tissues from
MMTV-Hras/Slc5a8+/+-Tg mice and MMTV-Hras/Slc5a8-/--Tg mice demonstrate
the highly invasive and infiltrating tumor phenotype in MMTV-Hras/Slc5a8-/--Tg
mice. Ki-67 staining supports the highly invasive and aggressive tumor
phenotype in MMTV-Hras/Slc5a8-/--Tg mice. Images from two mice are shown
here.

FIG S9 Deletion of Slc5a8 is associated with increased tumor-initiating
cancer stem cell formation in MMTV-Hras-Tg mice. FACS data demonstrate a
dose-dependent increase in cancer-initiating stem cells (Lin-CD49fhigh CD24low)
(lower right quadrant) upon deletion of Slc5a8 (Slc5a8+/+, Slc5a8+/- and Slc5a8-/-)
in MMTV-Hras-Tg mice.







FIG S10 Deletion of Slc5a8 is associated with early onset of lung
metastasis with increased metastatic nodules. (A) Early onset of lung
metastasis of mammary tumor in Slc5a8-/--MMTV-Hras/-Tg mice compared to
Slc5a8+/+-MMTV-Hras-Tg mice and Slc5a8+/--MMTV-Hras/-Tg mice. *p<0.05;
***p<0.001 by t-test. (B) Increased number of visible lung tumors (nodules) in
Slc5a8-/--MMTV-Hras/-Tg mice when compared to Slc5a8+/+-MMTV-Hras-Tg
mice and Slc5a8+/--MMTV-Hras/-Tg mice. **p<0.01; ***p<0.001 by t-test.
To investigate the molecular mechanisms underlying the aggressiveness
of mammary tumors associated with Slc5a8 deletion, we subjected tumor tissue
RNA samples from MMTV-Hras/Slc5a8+/+ mice and MMTV-Hras/Slc5a8-/- mice to
cancer pathwayfinder real-time PCR array analysis. The five most upregulated
and the five most downregulated genes are given in Figure 5I, Supplementary
Figure S11. The upregulated genes included the pro-metastatic genes Fgfr2,
Angptl4, and Mmp9 and the downregulated genes included the anti-proliferative
gene Cdkn2a.







FIG 5 Deletion of Slc5a8 in mice is associated with early onset of mammary
tumorigenesis, accelerated lung metastasis, and decreased overall survival.
(A) Tumor incidence, (B) age of the animals at tumor onset, (C) number of
tumors in each mouse, (D) tumor size, (E) H & E and Ki67 staining of tumors, (F)
lung metastasis, (G) H & E and Ki67 staining of metastatic lung tumors, and (H)
average survival time in MMTV-Hras/Slc5a8+/+ mice, MMTV-Hras/Slc5a8+/- mice,
and MMTV-Hras/Slc5a8-/- mice. Data are means ± SEM (number of mice in each
group = 36). *p<0.05; **p<0.01; ***p<0.001 by t-test. (I) Upregulation of specific
genes in MMTV-Hras/Slc5a8-/- mouse tumors compared to tumors from MMTVHras/Slc5a8+/+ mice (number of mice in each group = 3).

FIG S11 Deletion of Slc5a8 is associated with downregulation of tumor
suppressor genes in MMTV-Hras-Tg mouse tumor. Downregulation of






indicated genes, which are involved in cell cycle regulation and tumor
suppression, in Slc5a8-/--MMTV-Hras-Tg mouse tumors compared to tumors from
Slc5a8+/+-MMTV-Hras-Tg mice (number of mice in each group = 3).
Carcinogen-induced mammary tumor is associated with HRAS activation
and subsequent SLC5A8 inactivation: We evaluated the interplay among
HRAS, DNMT1, and SLC5A8 in a carcinogen-induced murine mammary tumor
model to corroborate our findings in MMTV-Hras mice. We used DMBA [7, 12dimethylbenz(a)anthracene] to induce mammary tumors in mice. DMBA-induced
mammary tumor has been shown to result in a gain-of-function mutation in HRAS
245-247

. We found decreased expression of Slc5a8 in DMBA-induced tumors

(Supplementary Figure S12A, B). We then compared the carcinogenic potential
of DMBA between wild type mice and Slc5a8-/- mice. The incidence of
carcinogen-induced tumors was significantly higher in Slc5a8-/- mice than in wild
type mice (Supplementary Figure S12C). DNMT activity was higher in tumors
than in normal mammary gland, but the difference was increased even further
with Slc5a8 deletion (Supplementary Figure S12D).







FIG S12 Deletion of Slc5a8 sensitizes to carcinogen-induced mammary
tumorigenesis in mice. (A) RT-PCR provides evidence for silencing of Slc5a8 in
mammary tumors induced by the carcinogen DMBA. Hprt1 was used as an
internal control. (B) Western blot analysis provides evidence for decreased
expression of SLC5A8 protein in mammary tumors induced by DMBA. (C) Tumor
incidence in wild type mice and in Slc5a8-/- mice in response to DMBA exposure,
providing evidence for increased occurrence of mammary tumors in Slc5a8-/mice compared to wild type mice. Data are means ± SEM of three independent
experiments. ***p<0.001 by t-test. (D) Comparison of DNMT enzymatic activity in
normal mammary gland and in DMBA-induced mammary tumors between wild
type mice and Slc5a8-/- mice. Data are means ± SEM of three independent
experiments. *p<0.01; by t-test.

Overexpression of SLC5A8 in mammary gland protects against Hras-driven
tumorigenesis: The tumor-suppressive function of SLC5A8 in mammary gland
would be further supported if overexpression of this transporter specifically in
mammary gland protects against breast cancer. For this, we generated the
MMTV-Slc5a8 transgenic mouse for mammary gland specific overexpression of
SLC5A8 (Figure 6A, B). Since the transgene is under the control of MMTV
promoter, its expression will not be silenced in tumors. The specific expression of
the transgene in mammary gland was confirmed at mRNA and protein level
(Figure 6C and Supplementary Figure S13A). We then used this mouse line to
generate MMTV-Hras/MMTV-Slc5a8 double transgenic mouse as confirmed by







PCR (Supplementary Figure S13B). We compared tumor incidence, time for
tumor onset, tumor size, lung metastasis and average survival time between
MMTV-Hras mice and MMTV-Hras/MMTV-Slc5a8 mice. As shown in Figures 6DH, mammary gland specific overexpression of SLC5A8 provided significant
protection against Hras-induced mammary tumorigenesis, delayed the time of
tumor onset, decreased the tumor size and lung metastasis, and increased the
survival time.

FIG S13 Selective overexpression of Slc5a8 in mammary gland MMTVSlc5a8-Tg mice. (A) RT-PCR showing mammary gland-specific overexpression
of Slc5a8 gene transcript in MMTV-Slc5a8-Tg mice. (B) RT-PCR providing
evidence for the expression of Hras and Slc5a8 in mammary glands from MMTVHras/MMTV-Slc5a8 double-transgenic mice.







FIG 6 Mammary gland-specific expression of SLC5A8 in mice protects
against MMTV-Hras-driven mammary tumorigenesis. (A) Diagrammatic
representation of the construct for generation of MMTV-Slc5a8-Tg mouse. (B)
Genotype analysis confirming the expression of the transgene. (C) RT-PCR and
western blot analyses demonstrating overexpression of Slc5a8 gene transcript
and protein in mammary glands from MMTV-Slc5a8-Tg mice. (D) Tumor
incidence, (E) age of mice at tumor onset, (F) tumor size, (G) lung metastasis,
and (H) average survival time in MMTV-Hras-Tg mice and MMTV-Hras/Slc5a8
double-transgenic mice. Data are means ± SEM (number of mice in each group =
27). *p<0.05; **p<0.01; ***p<0.001 by t-test.

Blockade of tumor-associated silencing of endogenous Slc5a8 decreases
mammary tumor growth and progression: SLC5A8-dependent tumor
suppression is related to its ability to transport HDAC inhibitors butyrate and
pyruvate into cells. This was confirmed by re-activation of SLC5A8 in the
metastatic breast cancer cell lines, M4 and MB231 by siRNA-induced silencing of
HRAS, will reduce cell survival in the presence of its substrates butyrate and
pyruvate (Figure 7A and Supplementary Figure S14A). Silencing of HRAS






induced SLC5A8 expression in these cells, and subsequent exposure of the cells
to butyrate or pyruvate caused apoptosis. Similar results were obtained if
SLC5A8 was induced with an inhibitor of RAF/MEK/ERK signaling (Figure 7B
and Supplementary Figure S14B) or by siRNA-induced silencing C/EBP
(Supplementary Figure S14C). In these experiments, we used TSA, which
causes HDAC inhibition independent of SLC5A8, as a positive control.
Since tumor-associated silencing of SLC5A8 occurs through DNA
methylation, we re-activated SLC5A8 in M4 and MB231 cells with 5-aza-2deoxycytine (5-AzaDC), a pan-DNMT inhibitor, and procainamide (P-NH2), a
DNMT1-specific inhibitor, and examined the influence of butyrate and pyruvate
on cell survival. Again, exposure of the cells to these HDAC inhibitors following
re-activation of SLC5A8 promoted apoptosis (Figure 7C and Supplementary
Figure S14D). To test the reactivation of SLC5A8 by HRASsiRNA, C/EBPsiRNA,
MEK and DNMTs inhibitors is functional in M4 and MB231 cells, we performed
nicotinate uptake (Supplementary Figure S14E, F). Further, we confirmed these
findings in vivo using MMTV-Hras transgenic mice. We implanted 90-day slowreleasing 5-azacytidine (5-Aza) and butyrate tablets, either alone or in
combination, in 12-week-old MMTV-Hras mice and then monitored tumor
incidence and time for tumor onset. We also harvested tumor tissues from these
mice and analyzed Slc5a8 expression and measured DNMT and HDAC activities.
As shown in Figure 7D, treatment with 5-Aza decreased tumor incidence, and the
combination of 5-Aza and butyrate decreased it even further. The same was true
for tumor incidence and the time required for tumor onset (Figure 7E, F). As




expected, the DNMT activity was less in tumor tissues from 5-Aza-treated mice
than in tumor tissues from untreated mice, and HDAC activity was less in tumor
tissues from 5-Aza/butyrate-treated mice than in tumor tissues from untreated
mice (Supplementary Figure S15). Interestingly, 5-Aza and butyrate implant itself
reactivated SLC5A8 expression significantly and this induction was further
accelerated in the combination of 5-Aza plus butyrate (Figure 7D insert,
Supplementary Figure S16A, B). Since 5-Aza is expected to induce not only
SLC5A8 but also other genes, we also performed these experiments in MMTVHras/Slc5a8+/+ mice and MMTV-Hras/Slc5a8-/- mice in parallel. The effects of 5Aza and 5-Aza plus butyrate were significantly blunted in MMTV-Hras/Slc5a8-/mice compared to MMTV-Hras/Slc5a8+/+ mice (Figure 7E, F), indicating the
relevance of re-activated Slc5a8 to the observed findings. We also analyzed
Slc5a8 expression in MMTV-Hras/Slc5a8+/+ mice and MMTV-Hras/Slc5a8-/- mice
that were treated with 5-Aza, butyrate and the combination of these two. As
shown in Supplementary Figures S16 C and D, 5-Aza, butyrate and combination
reactivated Slc5a8 only in MMTV-Hras/Slc5a8+/+ mice but not in MMTVHras/Slc5a8-/- mice. Interestingly, butyrate treatment itself significantly reduced
tumor incidence and onset of tumor formation in wild type mice but not in Slc5a8null mice suggesting that functional Slc5a8, even residual amount, is require to
transport butyrate in the tumor tissue. Further, treatment of breast cancer cell
lines with butyrate alone modestly induced apoptosis and the combination of 5Aza plus butyrate significantly enhanced the effect (Figure 7A), while butyrate
transplantation itself in MMTV-Hras-Tg mouse significantly reduced tumor




incidence and onset (Figure 1D -F) suggesting that a persistent butyrate
exposure could relive SLC5A8 from the suppressor complex and reactivate its
expression or butyrate itself induces SLC5A8 transcription (Figures 7D and
Supplementary Figure S16). However, this observation needs to reconfirm with
detailed analysis.

FIG S14 Inhibition of HRAS signaling and DNMTs re-activates SLC5A8
expression and function that induces apoptosis in the human breast
cancer cell lines. (A) RT-PCR showing evidence for increased expression in
SLC5A8 in MB231 cells in response to siRNA-induced downregulation of HRAS
(Inset). FACS analysis demonstrating induction of apoptosis in MB231 cells,
which were engineered to upregulate SLC5A8 expression by siRNA-induced
silencing of HRAS and then exposed to butyrate or pyruvate (SLC5A8 substrates
as well as HDAC inhibitors). TSA was used as a positive control. (B) RT-PCR
showing evidence for increased expression of SLC5A8 in MB231 cells in
response to blockade of MRK/ERK pathway (Inset). FACS analysis
demonstrating induction of apoptosis in MB231 cells, which were engineered to
upregulate SLC5A8 expression by treatment with an inhibitor of MRK/ERK



signaling (U0126) and then exposed to butyrate or pyruvate. (C) RT-PCR
showing evidence for increased expression in SLC5A8 in MB231 cells in
response to siRNA-induced downregulation of C/EBP (Inset). FACS analysis
demonstrating induction of apoptosis in MB231 cells, which were engineered to
upregulate SLC5A8 expression by siRNA-induced silencing of C/EBP and then
exposed to butyrate or pyruvate. (D) RT-PCR showing re-activation of SLC5A8
expression in MB231 cells when treated with the DNMT inhibitors 5’-aza-2deoxycytidine (5-AzaDC) or procainamide (P-NH2) (Inset). FACS analysis
demonstrating induction of apoptosis in MB231 cells which were engineered to
upregulate SLC5A8 expression by treatment with DNMT inhibitors and then
exposed to butyrate or pyruvate. (E) [C14]-nicotinate uptake, which measure
SLC5A8 function, of sodium dependent (NaCl) and independent (NMDGCl) in
human metastatic breast cancer cell line M4 in the presence and absence of
siRNA against HRAS and C/EBP, MEK-inhibitor (U0126), DNMTs inhibitors (5AzaDC and P-NH2). (F) Similarly, sodium dependent (NaCl) and independent
(NMDGCl) [C14]-nicotinate uptake in human metastatic breast cancer cell line
MB231 in the presence and absence of siRNA against HRAS and C/EBP, MEKinhibitor (U0126), DNMTs inhibitors (5-AzaDC and P-NH2). Data are means ±
SEM of three independent experiments. *p<0.05; **p<0.01 ***p<0.001 by t-test.

FIG S15 Administration of 5’-azacytidine and butyrate to mice via
implantation of slow-releasing pellets decreased DNMT activity (A) and
HDAC activity (B) in mammary gland, respectively. Data are means ± SEM
(number of mice in each group = 12). **p<0.01; ***p<0.001 by t-test.







FIG S16 Administration of 5’-azacytidine and butyrate to mice via
implantation of slow-releasing pellets reactivates Slc5a8 expression. (A)
Qnantification of Slc5a8 and Hprt1 ratio in control, 5-Aza, But and combination of
5-Aza plus But treatment in Slc5a8+/+-MMTV-Hras-Tg mice were assessed by
semi-quantitative PCR analysis as shown Figure 7D insert. Data are means ±
SEM (number of mice in each group = 12). *p<0.05; **p<0.01 ***p<0.001 by t-test.
(B) qPCR data for Slc5a8 expression in control, 5-Aza, But and combination of 5Aza plus But treatment in Slc5a8+/+-MMTV-Hras-Tg were assessed by real-time
PCR analysis. Data are means ± SEM (number of mice in each group = 12).
*p<0.05; **p<0.01 ***p<0.001 by t-test. (C) Slc5a8 expression in control, 5-Aza,
But and combination of 5-Aza plus But treatment in Slc5a8+/+-MMTV-Hras-Tg
and Slc5a8-/--MMTV-Hras-Tg mice were assessed by semi-quantitative PCR
analysis. (D) qPCR data Slc5a8 expression in control, 5-Aza, But and
combination of 5-Aza plus But treatment in Slc5a8+/+-MMTV-Hras-Tg and Slc5a8/-MMTV-Hras-Tg mice were assessed by real-time PCR analysis. Data are
means ± SEM (number of mice in each group = 12). **p<0.01; ***p<0.001 by ttest.







FIG 7 Re-activation of endogenous Slc5a8 inhibits mammary tumorigenesis
and reduces tumor cell survival. (A) RT-PCR and FACS analysis showing
siRNA-induced silencing of HRAS in M4 cells re-activates endogenous SLC5A8
gene expression (Insert) and induces apoptosis in the presence of butyrate or
pyruvate (HDAC inhibitors and substrates for SLC5A8) (1 mM). TSA (1 μM) was
used as a positive control for HDAC inhibition. Data are means ± SEM from three
independent experiments. (B) RT-PCR and FACS analysis showing blockade of
ERK signaling pathway by UO126 re-activates endogenous SLC5A8 gene
expression (Insert) and induced apoptosis in the presence of butyrate or pyruvate.
Data are means ± SEM from three independent experiments. (C) RT-PCR and
FACS analysis showing inactivation of DNMTs by 5-aza-2-deoxycytidine (5AzaDC) and DNMT1 by procainamide (P-NH2) re-activates endogenous SLC5A8
gene expression (Insert) and induces apoptosis in the presence of butyrate. Data
are means ± SEM from three independent experiments. (D) Tumor incidence in
MMTV-Hras-Tg mice without any treatment and in MMTV-Hras-Tg mice treated
with either 5-azacytidine (5-Aza) or butyrate (But) independently or together by
implantation of slow-releasing pellets. Data are means ± SEM (number of mice in
each group = 12). *p<0.05; **p<0.01; ***p<0.001 by t-test. Inset, RT-PCR
analysis showing the re-activation of Slc5a8 gene expression in mammary
glands of mice treated with 5-azacytidine, butyrate, or 5-azacytidine plus butyrate.






(E) Tumor incidence, and (F) age of mice at the time of tumor onset in MMTVHras/Slc5a8+/+ transgenic mice and MMTV-Hras/Slc5a8-/- double-transgenic mice
under conditions of no treatment (control) or treatment with 5-azacytidine,
treatment with butyrate, or treatment with 5-azacytidine plus butyrate via
implantation of slow-releasing pellets. Data are means ± SEM (number of mice in
each group = 12). **p<0.01; ***p<0.001 by t-test.

SLC5A8 transported butyrate and pyruvate, but not lactate and nicotinate,
induces apoptosis and suppresses tumor growth: To demonstrate the tumor
suppressor function of SLC5A8 is mainly associated with its transportable
substrates butyrate, pyruvate and propionate, which inhibits HDACs, but due to
acetate, lactate and nicotinate, which do not inhibit HDACs, we made a TetOn
system regulated lenti viral mediated stable cell line in metastatic breast cancer
cell line M4. SLC5A8 expression and function was confirmed in the presence and
absence of doxycycline (2g/ml) for 24 h (Supplementary Figure S17 A-C). Then,
we treated these cells with and without SLC5A8 substrates butyrate, pyruvate
and propionate, which inhibits HDACs, and acetate, lactate and nicotinate, which
do not inhibit HDACs, and measured apoptosis. Butyrate, pyruvate and
propionate induced significant apoptosis in SCL5A8-induced M4 cells but acetate,
lactate and nicotinate were unable to induce apoptosis in these cells.
(Supplementary Figure S17 D). To analyze tumor suppressor function of SLC5A8,
we made a mouse xenograft using M4-SLC5A8-pLVX stable cell line. SLC5A8
expression was induced with doxycycline (2 mg/ml in drinking water) and then
treated with butyrate, pyruvate, propionate, acetate, lactate and nicotinate (2
mg/ml) in drinking water. As shown in Supplementary Figure S17 E-G, butyrate,
pyruvate and propionate efficiently reduced tumor growth but there was no







significant changes in acetate, lactate and nicotinate treated animals
(Supplementary Figure S17 H-J). These results confirmed that SLC5A8-induced
tumor suppression is mainly associated its ability to transports HDAC inhibitors
butyrate, pyruvate and propionate but not acetate, lactate and nicotinate.

Constitutively active HRAS expression induces MCT1 expression and
function in normal non-transformed mammary epithelial cell line: A recent
study has shown that the monocarboxylate transporter MCT1, which also
transports butyrate, pyruvate and lactate in a sodium independent manner, is
silenced in some breast cancer cell lines
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(60). Because both SLC5A8 and

MCT1 transport monocarboxylates and thus we wanted to analyze whether
MCT1 also play a role in HRAS-induced cellular transformation and associated
mammary tumor formation. First, we analyzed MCT1 expression and function in
M1, M2, M3, and M4 cells. MCT1 expression and function were higher in HRASinduced transformed cell line (M2) than M1 and further increased in M3 and M4
(Supplementary Figure S18A-B). Further, we also tested the expression and
functional status of MCT1 in M1 and M4 cells treated with DNMT-inhibitors (5AzaDC, P-NH2) and MEK-inhibitor (U0126). As shown in Supplementary Figure
S18C and D, DNMT-inhibitors did not affect either MCT1expression or function.
However, MEK inhibitor significantly reduced MCT1 expression and function
suggesting that HRAS induced MCT1 expression is not through HRAS-induced
DNA methylation. We also confirmed the involvement of HRAS in activation of
MCT1expression and function using HRASsiRNA (Supplementary Figure S18 E







&F). Finally, we analyzed Mct1 expression in normal and tumor tissues obtained
from DMBA-induced mammary tumor as well as MMTV-HRAS-Tg mouse
mammary tumor. The expression of MCT1 was lower in normal mammary
tissues but a significant increase in mammary tumor tissues (Supplementary
Figure S18G). All these results suggest that MCT1 and SLC5A8 are reciprocally
regulated by HRAS in the mammary epithelium, constitutively active HRAS
silences SLC5A8 but activates MCT1.

FIG S17 SLC5A8-induced tumor suppression is mainly associated with its
transportable substrates, which inhibits HDACs. SLC5A8-pLVX stable clones
were transfected in human metastatic breast cancer cell line M4 and SLC5A8
gene transcript by semi-quantitative-PCR (A), SLC5A8 protein expression by
western blot (B) and SLC5A8 function by [C14]nicotinate uptake (C) were
measured in the presence and absence of doxycycline. (D) M4-SLC5A8-pLVX
stable cell line was treated with doxycycline (2g/ml) for 24 h to induce SLC5A8
and then treated with butyrate, pyruvate, and propionate (which inhibits HDACs)






as well as with acetate, lactate and nicotinate (which do not inhibits HDACs) for
48 h. Propiodium iodide (PI) labeled cells were assessed in FACS analysis and
quantified the subG0/1 cells, which are apoptotic cell population. Data are means
± SEM of three independent experiments. *p<0.05; ***p<0.001; N.S=Not
significant by t-test. (E-J) Mouse xenograft was generated using the M4-SLC5A8pLVX stable cell line (1x107 cells in 100 l PBS, six mice in group). SLC5A8
expression was induced by doxycycline (2mg/ml) in drinking water on the same
day of tumor cell implantation. After 48 h of tumor cell implantation, mice were
treated with or without butyrate, pyruvate, propionate, acetate, lactate and
nicotinate (2mg/ml in drinking water) for 4 weeks. Mice that do not treated with
either doxycycline or SLC5A8 substrates kept as a control in all groups. Tumor
volume was measured every week and tumor volume was calculated using the
formula (width2length)/2. Data are means ± SEM (number of mice in each
group = 6). *p<0.05; **p<0.01; ***p<0.001 by t-test.

FIG S18 Oncogenic HRAS activates MCT1 expression and function. (A)
Semi-quantitative and western blot analysis showing that oncogenic HRAS
expression, in human non-transformed normal mammary epithelial cell line (M1)
and associated series of isogenic transformed (M2), primary hyperplastic ductal
(M3) and metastatic (M4) breast cancer, induced MCT1 gene transcript and
protein expression. (B) [H3] pyruvate uptake showing that oncogenic HRAS
expression induced MCT function. (C) Treatment of M4 cells with DNMT







inhibitors, 5-AzaDC and P-NH2 did not affect MCT1 gene transcript and protein
expression while MEK-inhibitor, U0126, inhibits MCT1 gene transcript and
protein expression. (D) Similarly, DNMT inhibitors did not affect MCT function
while MEK-inhibitor reduced MCT uptake. However, both DNMT and MEK
inhibitors did not affect MCT function in non-transformed normal cell line (M1).
(E-F) HRASsiRNA inhibits MCT1 gene transcript, MCT1 protein expression and
MCT function. From A-F, Data are means ± SEM three independent experiments.
*p<0.05; **p<0.01; ***p<0.001 by t-test. (G) Semi-quantitative PCR analysis
showing the increased Mct1 expression tumor tissues obtained from MMTVHras-Tg mouse and DMBA-induced mammary tumor than the normal mammary
tissues. Data are shown representative images of 3 mice in each group.

DISCUSSION
SLC5A8 is a candidate tumor suppressor whose inactivation is a common event
in many cancers. Even though tumor-associated silencing of SLC5A8 has been
shown to occur primarily through DNA methylation, little is known on the
signaling pathways that underlie this phenomenon. Here we have shown for the
first time that oncogenic HRAS is responsible for this process. Oncogenic RAS
proteins are commonly detected in many cancers, suggesting that RAS plays a
key role in tumor development

249, 250

. Although mutations of RAS genes are rare

in breast cancer, >50% of breast carcinomas express elevated levels of HRAS
protein 235-237, 249. Activated RAS plays an important role in epigenetic inactivation
of several tumor suppressor genes, and there is evidence for a functional
crosstalk between oncogenic HRAS and DNMT1

232, 251

. Here we have shown

that the candidate tumor suppressor SLC5A8 is a downstream target for
HRAS/DNMT1 and that the RAS/RAF/MAPK pathway is involved in the process.
The microarray data also confirmed that SLC5A8 is the most abundantly




downregulated gene in HRAS-transformed premalignant, malignant, and
metastatic breast cancer cells. SLC5A8 inactivation in papillary thyroid carcinoma
is associated with BRAF mutation

252

. BRAF, a member of RAF family of

serine/threonine kinases, mediates cellular responses to growth signals through
RAS/RAF/MAPK signaling pathway253, 254 and BRAF activating mutations have
been reported in more than 70% of cancers

255, 256

Since there is a positive

correlation between BRAF activating mutations and DNA hypermethylation in
cancer
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, we speculate that activated BRAF may silence SLC5A8 in cancer

through DNA hypermethylation. We have shown in the present study that Slc5a8
is silenced in murine mammary tumors, either induced by Hras or caused by a
carcinogen. The silencing of Slc5a8 in MMTV-Hras mouse tumors is associated
with an increase in tumor-initiating stem cells (Lin-CD49fhighCD24low), suggesting
that prevention of cancer stem cell formation is one of the mechanisms
underlying the tumor-suppressive function of SLC5A8.
Even though several studies have shown tumor-associated silencing of
SLC5A8 in a variety of cancers and have demonstrated the tumor-suppressive
function of the transporter in vitro with cancer cell lines, there has been no
documentation of this transporter functioning as a tumor suppressor in vivo. Here
we have provided unequivocal evidence for its tumor-suppressive role in vivo
using multiple animal models and experimental approaches. Deletion of Slc5a8
in the MMTV-Hras transgenic mouse model of mammary tumor increases tumor
incidence, accelerates onset of tumor, increases the size and number of tumors,
and promotes lung metastasis. Similarly, Slc5a8-/- mice are more susceptible to




carcinogen-induced mammary tumor. Overexpression of SLC5A8 in mammary
gland decreases tumor incidence and progression and also lung metastasis.
These data provide strong evidence that SLC5A8 functions as a tumor
suppressor in vivo. A recent study
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attempted to examine the role of SLC5A8

in tumor progression in vivo using Slc5a8-/- mice. These investigators focused on
colon cancer because SLC5A8 was first identified as a putative tumor suppressor
in colon
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. With ApcMin/+ mouse as a model of intestinal/colon cancer, these

investigators found no difference in colon cancer incidence and progression
between wild type mice and Slc5a8-/- mice, leading to the conclusion that
SLC5A8 does not function as a tumor suppressor in vivo.

Our present studies

with breast cancer have yielded a totally opposite conclusion. The differences in
the concentrations of butyrate in colon versus mammary gland might offer a
rational explanation for the discrepancy between the two studies. Butyrate is
present in millimolar concentrations in colon as a result of bacterial fermentation
of dietary fiber. Since SLC5A8 transports butyrate with high-affinity, the
transporter is obligatory for butyrate entry into cells only at micromolar
concentrations; butyrate at millimolar concentrations can enter the cells by
diffusion without the transporter. This is not the case in mammary gland in which
pyruvate rather than butyrate is the metabolite that is relevant to SLC5A8dependent HDAC inhibition. Pyruvate is present in circulation only at micromolar
concentrations at which the transporter is obligatory for the entry of this
metabolite into cells.




If SLC5A8 is silenced in breast cancer, how can the transporter be
exploited for cancer treatment? Our present studies address this issue. Silencing
of SLC5A8 in tumors occurs via DNA methylation, and inhibitors of DNA
methylation induce re-activation of SLC5A8. We have shown in the present study
that treatment of mice with inhibitors of DNA methylation induces SLC5A8
expression in breast cancer cell lines and in mouse models of breast cancer.
This re-activation of the gene is associated with tumor suppression. These data
show that pharmacological strategies to re-activate SLC5A8 in tumors might
have potential in cancer treatment. 5-Azacytidine is in clinical use for treatment of
certain cancers. This DNA methylation inhibitor might have potential also in the
treatment of breast cancer. Our previous studies have shown that SLC5A8 is
silenced in all subtypes of breast cancer: estrogen receptor (ER)-positive, ERnegative, and Triple-negative

222

. This means that pharmacological re-activation

of this tumor suppressor may have potential for treatment of breast cancer
irrespective of its ER status.
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Supplementary Table 1- Subcutaneous tumor formation with M1, M2, M3 and M4
cell lines in Balb/c nude mice
Cell line

Number of mice developing
tumor/Number of mice
used

Tumor incidence (%)

MCF10A (M1)

0/12

0%

MCF10A-HRASG12V (M2)

10/12

83%

MCF10ACA1h (M3)

12/12

100%

MCF10CA1a.cl1 (M4)

12/12

100%







Supplementary Table 2- Primers used for the ChIP-PCR assay:
1. SLC5A8_ChIP 1:

5’-ACTCAGGGCAGCGGGTCGAT-3’ (forward)
5’-AGCCCTGCGCGCAAACTG-3’ (reverse)

2. SLC5A8_ChIP 2:

5’-AACGTGCCAAGCATGTATGT-3’ (forward)
5’-TCAACAGTCCGGGTCCTT-3’ (reverse)

3. SLC5A8_ChIP 3:

5’-ATTTGGCTGGAGCGTCTATT-3’ (forward)
5’-CATACATGCTTGGCACGTTT-3’ (reverse)

4. SLC5A8_ChIP 4:

5’- ACATCAGACACCCGAAAG-3’ (forward)
5’-GGGCTACTGTAAGTTATGGC-3’ (reverse)

Supplementary Table 3- Primers used for the RT-PCR assay:
1. Human SLC5A8:

5’-GGCGATTGGGTACCGAGATAA-3’ (forward)
5’-AGTCTACAGCAAGGCGAGCAT-3’ (reverse)

2. Human DNMT1:

5’-GGCTCCGCAAATGCTACGA-3’ (forward)
5’-CGCCAGACG AGACCAATCATC-3’ (reverse)

3. Human DNMT3a:

5’-GTGGAAGGAAATTTGCGTGTGG-3’ (forward)
5’-GCCTCATTCAGCTCTCGGAACAT-3’ (reverse)

4. Human DNMT3b:

5’- CGCCTTC TCTCCGTCCTC-3’ (forward)
5’-TTCAACTGTTCTCGTCGTTTCC-3’ (reverse)

5. Human GAPDH:

5’-TGGACCTGACCTGCCGTCTA-3’ (forward)
5’-AGGAGTGGGTGTCGCTGTTG-3’ (reverse)

6. Mouse Slc5a8:

5’-TTATGGGCGGTCGCAGTA-3’(forward)
5’-CAGAGGCCCACAAGGTTGACAT-3’ (reverse)




7. Mouse Dnmt1:



5’-AGTGTGGCCAGCACCTAGAC-3’(forward)
5’-CCTTGGCTTCGTCGTAACTC-3’ (reverse)

8. Mouse Dnmt3a:

5’-GCTACATGTGCGGGCATAAG-3’(forward)
5’-CATGCAGGAGGCGGTAGAAC-3’ (reverse)

9. Mouse Dnmt3a:

5’-CGGAATGCGCTGGGTACAGT-3’(forward)
5’-GAAGCGATCCCGGCAACTCT-3’ (reverse)

10. Mouse HPRT1:

5’-GCGTCGTTAGCGATGATGAAC-3’(forward)
5’-CCTCCCATCTCCTTCATGACATCT-3’ (reverse)

Supplementary Table 4- Primers used for Genotype
1. MMTV-Hras-Tg:

5’-CCCAGGGCTTAAGTAAGTTTTTGG-3’ (forward)
5’-GGGCATAAGCACAGATAAAACACT-3’ (reverse)

2. MMTV-Hras-IC:

5’-CAAATGTTGCTTGTCTGGTG-3’ (forward)
5’-GTCAGTCGAGTGCACAGTTT-3’ (reverse)

3. MMTV-Slc5a8-Tg:

5’-CACGCGTCCGTGGCT-3’ (forward)
5’-GAGCCTAAATACCTGTTGCCAA-3’ (reverse)
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ABSTRACT
Mammary stem/progenitor cells (MaSCs) maintain self-renewal of the mammary
epithelium during puberty and pregnancy. DNA methylation provides a potential
epigenetic mechanism for maintaining cellular memory during self-renewal.
Although DNA methyltransferases (DNMTs) are dispensable for embryonic stem
cell maintenance, their role in maintaining MaSCs and cancer stem cells (CSCs)
in constantly replenishing mammary epithelium is unclear. Here we show that
DNMT1 is indispensable for MaSC maintenance. Furthermore, we find that
DNMT1 expression is elevated in mammary tumors, and mammary glandspecific DNMT1 deletion protects mice from mammary tumorigenesis by limiting
the CSC pool. Through genome-scale methylation studies, we identify ISL1 as a
direct DNMT1 target, hypermethylated and downregulated in mammary tumors
and CSCs. DNMT inhibition or ISL1 expression in breast cancer cells limits CSC
population. Altogether, our studies uncover an essential role for DNMT1 in MaSC
and CSC maintenance and identify DNMT1-ISL1 axis as a potential therapeutic
target for breast cancer treatment.







INTRODUCTION
Mammary epithelium undergoes multiple rounds of proliferation, differentiation
and apoptosis during pregnancy, lactation and involution

33, 258

. Classical

transplantation assays, lineage tracing, and cell-fate mapping studies in mice
have revealed the existence of a hierarchy of stem and progenitor cells among
the mammary epithelium

259, 260

, with a considerable increase in mammary stem

cell (MaSC) activity during pregnancy

32

. Given the increased risk of breast

cancer associated with pregnancy in the short term, the augmented MaSC pool
has been postulated to be the cellular basis for increased breast cancer
incidence during pregnancy 32.
The maintenance of stem/progenitor cells and their differentiation fate in the
mammary epithelium follows a well-defined epigenetic program, with a growing
number of chromatin regulators implicated in controlling the homeostatic balance
between self-renewal and differentiation state

261, 262

the best studied epigenetic modification

263

. DNA methylation is among

, which provides a potential

mechanism for maintaining cellular memory during repeated cell divisions

145

.

Embryonic stem cells (ESCs) that lack DNA methyltransferases are viable, but
die when induced to differentiate

153, 159, 264

, suggesting that proper establishment

and maintenance of DNA methylation patterns are essential for mammalian
development and for the normal functioning of the adult organism

265

. Indeed, a

growing number of human diseases including cancer have been found to be
associated with aberrant DNA hypermethylation at CpG islands, most of which




are unmethylated in normal somatic cells

265



. Since de novo methylation of CpG

islands is widespread in tumor cells and is an early event in transformation 266, 267,
it represents an excellent biomarker for early cancer detection 268.
DNA methyltransferase 1 (Dnmt1) is essential for the maintenance of
hematopoietic

stem/progenitor

mesenchymal stem cells

270

cells

269

,

epidermal

, and leukemia stem cells

progenitor
271

cells

11

,

, but its role in the

regulation of mammary stem/progenitor cells and mammary tumorigenesis has
not been studied. Here we show that Dnmt1 is required for mammary gland
outgrowth and terminal end bud development and that mammary-gland specific
Dnmt1

deletion

in

mice

leads

to

significant

reduction

in

mammary

stem/progenitor cells. We also show that Dnmt1 deletion or inhibition of Dnmt1
activity almost completely abolishes Neu-Tg- and C3(1)-SV40-Tg- driven
mammary tumor formation and metastasis, a phenomenon that is associated
with significant reduction in cancer stem cells (CSCs). Through genome-scale
DNA methylation studies in normal and CSCs, we find ISL1, an endogenous
inhibitor

of

estrogen

receptor-driven

transcription

activation

272

,

is

hypermethylated in CSCs and silenced in most human breast cancers.
Functional re-expression of ISL1 or inhibition of DNMT activity in breast cancer
cells reduces cell growth, migration, and CSC formation. Our studies provide the
first in vivo evidence showing a requirement for DNMT1 in mammary
stem/progenitor cell and CSC maintenance, and identify DNMT1-ISL1 axis as a
potential therapeutic target for breast cancer treatment.
RESULTS







1. Dnmt1 expression during mammary gland development
We investigated Dnmt1 expression during different stages of mammary gland
development and observed significantly higher levels of Dnmt1 expression in
mid-pregnant mammary gland (Fig. 1a-c) along with a dramatic increase in stem
cell-enriched

basal

CD49flowCD24+)

(Fig.

cells

(Lin-CD49fhighCD24+)

1d-e).

Isolation

of

and

luminal

Lin-CD49fhighCD24+

cells
and

(LinLin-

CD49flowCD24+ cells from 8-week-old virgin mammary glands revealed that both
cell populations expressed similar levels of Dnmt1 (Supplementary Fig. 1a-c).
To determine the role of Dnmt1 in the regulation of mammary stem/progenitor
cells, we generated mammary gland-specific conditional Dnmt1-knockout mice
as global deletion of Dnmt1 leads to early embryonic lethality

159

. We bred mice

in which loxP sites flanked exons 4 and 5 of Dnmt1 gene

159

with mice

expressing Cre recombinase under the control of MMTV promoter. Dnmt1deletion in the mammary gland was confirmed by the loss of Dnmt1 expression
and significant reduction in DNA methylation levels (Supplementary Fig. 1d-h).
To evaluate Dnmt1's role in mammary epithelium, we analyzed mammary glands
from wild-type (Dnmt1fl/fl) and Dnmt1-knockout (Dnmt1/) female littermates by
whole-mount analysis. At 7 weeks postpartum, mammary ducts colonize ~5560% of the fat pad in Dnmt1fl/fl mice, and terminal end buds (TEBs) that contain
stem cells and their highly proliferative progeny extend beyond the lymph nodes
(Fig. 1f, g). In contrast, the development of the mammary gland in Dnmt1/
littermates was severely inhibited. In the mammary gland, a subpopulation of
cells located in the basal layer of terminal end ducts has been implicated as stem







cells. We found that deletion of Dnmt1 severely affected TEB development in the

virgin mammary glands (Fig. 1h, i).

Figure 1. Dnmt1 expression during mammary gland development a, Dnmt1
gene transcript levels were analyzed in the mammary glands harvested from
virgin (V), pregnant days 10 and 15 (P10 & P15), lactation days 0, 5 and 10 (L0,
L5 & L10) and involution days 1, 2, 3, 4 and 8 (I1, I2, I3, I4 and I8) mice. Hprt1
was used as a loading control. (n=3 mice in each time point). b, Real time PCR
showing relative expression of Dnmt1 from virgin, pregnancy and involution stage
(n=3). c, Representative immunofluorescence (IF) staining for Dnmt1 (red),
CD49f (green) and DAPI (blue) in mammospheres generated with cells from







virgin mice and pregnant mice at 10th day of gestation (n=3). Scale bar 100 μm. d,
Representative contour plots of FACS gating showing a 4-fold increase in basal
myoepithelial stem cells in mammary glands of pregnant mice at 10th day of
gestation compared to mammary glands of virgin mice (n=3-5). e, Bar diagram
showing percent positive basal and luminal cells in virgin and pregnant mice.
Data represents mean + SD of 4 independent mice in each group. f, Carmine
staining of inguinal mammary glands from 7 weeks old wild-type (Dnmt1fl/fl) and
Dnmt1-knockout (Dnmt1/) littermates shows severe delay in TEB development
in Dnmt1-knockout mice (n=3). LN stands for lymph mode. Scale bar 100 μm. g,
quantification for percent fat pad filled in the mammary gland (n=3). h, H & E
image of wild-type and Dnmt1/ mouse mammary gland sections show severe
defect in mammary gland development. Images were taken at 4x and 20x
magnifications (n=3). Scale bar 100 μm. i, Ki67 stained section and histogram of
wild-type and Dnmt1/ mammary glands show significantly reduced Ki67
staining in Dnmt1/ mice. Images were taken at 20x and 40x magnifications.
Scale bar 100 μm. Statistical analysis was performed using unpaired Student's ttests. Error bars represent SEM of independent experiments.







Supplementary Figure 1. Confirmation of Dnmt1 conditional knockout out
mice. a, Representative images of sorted stem (Lin-CD49fhighCD24+), luminal
(Lin-CD49flowCD24+) and stromal cells (Lin-CD49f-CD24-) from normal control
mice (n=3). b, Real-time PCR analysis data showing the relative levels of Dnmt1
gene transcripts in stem and luminal cells. Data represents Mean + SD(n= 5
mice). c, Representative confocal images of sorted stem cells from normal
mammary glands show Keratin 14 (K14, green), Dnmt1 (red) and DAPI (blue)
staining. Similarly, the progenitor cells show Keratin 8 (K8, green), Dnmt1 (red)
and DAPI (blue) staining. d, PCR genotyping analysis of Dnmt1 conditional
knockout mice (Lane 4). Dnmt1fl/fl-Cre- mice (lanes 1) were bred with MMTV-Cre
(lanes 2) and the resulting Dnmt1fl/wt-Cre+ mice (lane 3) were intercrossed to
generate Dnmt1fl/fl-Cre- (Dnmt1fl/fl), Dnmt1fl/-Cre+ (Dnmt1fl/) and Dnmt1fl/fl-Cre+
(Dnmt1/, lane 4) mice. e, Real-time PCR analysis shows reduced Dnmt1
transcript in mammary gland of DNMT1-knockout mice compared wild-type mice
(n=3). f, Representative Western blot analysis shows that ~95% reduced Dnmt1
protein expression in Dnmt1-knockout mice when compared to wild-type. For
Western blot analysis, we used mid pregnant (10th day) mice of both wild-type
and Dnmt1-knockout mice (n=3). NSB, non-specific band. g, Representative
confocal images of 5mC (Green), and DAPI (blue) expression in wild-type and
Dnmt1/ mouse mammary gland sections. Scale bar 100 μm. h, Number of 5mC
positive cells in wild type and Dnmt1/ mouse mammary gland. Data are shown
Mean + SEM (n=3 mice). Statistical analysis was performed using unpaired
Student's t-tests.
2. Dnmt1 is indispensable for mammary stem cell maintenance
To understand the role of Dnmt1 in the development of mammary gland cellular
lineages, we prepared single cell suspensions from mammary glands isolated
from Dnmt1fl/fl and Dnmt1/ female mice. Flow cytometry analysis showed that
Dnmt1 deletion decreased mammary stem cells (MaSCs)-enriched basal cells
(Lin-CD49fhighCD24+) and luminal cells (Lin-CD49flowCD24+) (Fig. 2a). Further
analysis of the luminal cells using the CD61 marker, which distinguishes between
luminal progenitor cells (Lin-CD49flowCD61+, ER negative) and mature luminal
cells (Lin-CD49flowCD61-, ER positive), revealed a significant decrease in luminal
progenitors (Fig. 2b). This decrease in MaSCs and progenitor cells is consistent
with low mammosphere formation (Fig. 2c) and Ki67 expression (Fig. 1i), and
low frequency of mammary repopulating unit (MRU) in Dnmt1/ mice compared






to Dnmt1fl/fl mice (Supplementary Fig. 2). Together, these observations show
that Dnmt1 plays a key role in mammary gland development and that deletion of
Dnmt1 severely disrupts TEB development that grows out from MaSCs.

Figure 2. Dnmt1 is indispensable for mammary stem/progenitor cell
maintenance. a, Single cell suspensions from mammary glands of Dnmt1fl/fl and
Dnmt1/ mice were stained with CD24, CD49f, and Lin (CD31, CD45 and
CD119) antibodies. Representative FACS dot blots showing reduced stem (LinCD49fhighCD24+) and luminal cells (Lin-CD49flowCD24+) in Dnmt1-knockout mice
(n=3-5 mice in each). Bar diagram represents percent of total stem and luminal
cell populations in the respective mammary glands. b, Similarly, single cell







suspensions from mammary glands of Dnmt1fl/fl and Dnmt1/ mice were stained
with CD61, CD49f and Lin antibodies. Representative contour blots show
reduced luminal progenitor cells (Lin-CD49flowCD61+) in Dnmt1-knockout mice.
Bar diagram represents percent of total ER+ and ER- cell populations in the
respective mammary glands. c, Representative images show a decrease in size
and number in mammospheres generated with cells from Dnmt1/ mice
compared with cells from Dnmt1fl/fl mice (n=3-5). 20,000 cells/ml were used in
each group. Bar diagram represents total number of mammospheres per 20,000
cells. Scale bar 100 μm. Data are representative of 5 independent mice per
group. Statistical analysis was performed using unpaired Student's t-tests. Error
bards represent SEM of independent experiments.

Supplementary Figure 2. Dnmt1-deletion abolishes the mammary
repopulating unit (MRU) efficiency. a, Representative whole mount mammary
gland outgrowth generated from the transplantation of mammary epithelial cells
isolated from Dnmt1fl/fl and Dnmt1/ mice into the cleared fat pads. Blue arrows
indicate site of injected cells and black arrows indicate cisternal duct. b, Table
shows the frequency of mammary repopulating unit (MRU) in total mammary
epithelial cell population as determined by limiting dilution assay.







3. Dnmt1 expression is high in cancer stem cells and Dnmt1 deletion
suppresses mammary tumorigenesis
DNMT1 is essential for maintaining epidermal progenitor cells by suppressing
differentiation

11

and plays a direct role in the self-renewal of hematopoietic stem

cells (HSCs) and their commitment to lymphoid lineages

273

. While HSC self-

renewal is abrogated by conditional gene knockout of Dnmt1, the mature
differentiated hematopoietic lineage is unaffected

269, 274

. Furthermore, cancer

cells maintain stem cell-like gene expression program with differential
methylation pattern

275

. However, the expression status of DNMT1 in normal

MaSCs and cancer stem cells (CSCs) has not been well studied. Thus, we
examined Dnmt1 expression in mammospheres, enriched with stem/progenitor
cells, obtained from normal mouse mammary glands, and tumorospheres,
enriched with tumor propagating CSCs, obtained from premalignant and tumor
tissues of MMTV-Neu mice. We found that CSCs have higher levels of Dnmt1
expression compared with MaSCs, along with higher levels of Id-1, an inhibitor of
differentiation,

and

lower

levels

of

-casein,

a

differentiation

marker

(Supplementary Fig. 3a, b).
Several lines of evidence implicate DNA methylation in cancer
pathogenesis

276, 277

, with changes in DNA methylation patterns found to

contributing to oncogenesis by affecting the expression levels of protooncogenes and tumor-suppressor genes

266, 278

. DNA hypomethylation promotes

increased expression of oncogenes, whereas DNA hypermethylation silences




tumor-suppressor genes

266



. However, there is no direct evidence that either

mechanism is operative in mammary tumorigenesis. To test the relative
contribution of Dnmt1 in mammary tumorigenesis, we crossed Dnmt1/ mice
with MMTV-Neu-Tg mice, which mimic human luminal progenitor cell of origin 279,
and C3(1)-SV40-Tg, which mimic human basal triple-negative breast cancer

201

.

Over 85% of Dnmt1-mutant mice were resistant to Neu-Tg- and C3(1)-SV40-Tgdriven mammary tumor and lung metastasis. About 65% of Dnmt1fl/fl-MMTV-NeuTg mice developed mammary tumor at an average age of 290 days whereas only
12% of Dnmt1/-MMTV-Neu-Tg mice developed mammary tumor at an average
age of 360 days (Fig. 3a, b). The tumors developed in Dnmt1/-MMTV-Neu-Tg
mice were smaller in size, less invasive and unable to metastasize to distant
organs like lungs (Fig. 3c, d and Supplementary Fig.3c). The overall survival
rate of Dnmt1/-MMTV-Neu-Tg mice was significantly high compared to
Dnmt1fl/fl-MMTV-Neu-Tg mice (Fig. 3e). Similar results were observed for
Dnmt1/-C3(1)-SV40-Tg mice (Fig. 3a, b, d-f and Supplementary Fig. 3d, e).
To test whether the reduced tumor incidence observed in Dnmt1-knockout mice
is simply due to lower number of epithelial cells that are subjected to
transformation, we prepared mammosphere from premalignant mammary glands
obtained from Dnmt1fl/fl-MMTV-Neu-Tg and Dnmt1/-MMTV-Neu-Tg mice,
dissociated mammosphere into single cell suspension, and injected the same
number (1x104) of single cell suspension into NOD/SCID mice. Dnmt1-knockout
significantly reduced tumor incidence, tumor size, and tumorosphere forming
capability (Supplementary

Fig.3f-h). These data indicate that delayed







tumorigenesis in Dnmt1-knockout is not due to lower number of epithelial cells
subject to transformation.
Next, we analyzed CSC population in tumor tissues of wild-type and Dnmt1knockout MMTV-Neu and C3(1)-SV40-Tg mice using CD24 and CD49f as a CSC
marker

280

. Dnmt1 deletion significantly limits the CSC-enriched cell fraction (Fig.

3g, h), which is consistent with Dnmt1 activity required for proper renewal of
leukemia stem cell

273

. Together, these results suggest that Dnmt1 plays a key

role in regulation of CSC self-renewal in mammary epithelium and that functional
deletion of this gene protects mice from mammary tumorigenesis by blocking
CSC formation.







Figure 3. Dnmt1 deletion suppresses mammary tumorigenesis. Dnmt1/
mice were crossed with MMTV-Neu-Tg and C3(1)-SV40-Tg mice to generate
MMTV-Neu and C3(1)-SV40 transgenic mice in wild-type and Dnmt1-null genetic
backgrounds. Using these mice, we monitored a, tumor incidence, b, age of the
animals at tumor onset, c, tumor size, d, lung metastasis, and e, f, average
survival time. Data are mean ± SEM (n= 24 mice in each group). g-h,
Representative contour blots show reduced cancer stem cells (CSC,
CD49f+CD24+) in Dnmt1/-MMTV-Neu and Dnmt1/-C3(1)-SV40 mice
compared to their respective controls. Bar diagrams represent percent cancer
stem cell populations of respective mouse mammary tumors. Data are mean ±
SEM (n= 5 mice in each group). Statistical analysis was performed using
unpaired Student's t-tests. Error bards represent SEM of independent
experiments.

Supplementary

Figure

3.

DNMT1

deletion

suppresses

mammary






tumorigenesis by limiting CSCs a, Representative mammosphere from normal
control mice and tumorospheres from premalignant and tumor tissues of MMTVNeu-Tg mice showing Dnmt1 (red), CD49f (green) and DAPI (blue) expression. b,
Real-time PCR analysis for the Dnmt1 in normal stem cells (n=5 mice) and
tumor-propagating cells (n=3 mice). c, Representative H & E and Ki67 staining of
tumor tissues of Dnmtfl/fl-MMTV-Neu-Tg and Dnmt1/-MMTV-Neu-Tg mice.
Images were taken at 40x magnification. d, Representative tumor images of
Dnmtfl/fl-C3(1)-SV40-Tg and Dnmt1/-C3(1)-SV40-Tg mice. e, Representative H
& E and Ki67 staining of tumor tissues of Dnmtfl/fl-C3(1)-SV40-Tg and Dnmt1/C3(1)-SV40-Tg mice. Images were taken at 40x magnification. f, Number of
tumor developed by injecting 10,000 cells, which derived from the primary
tumorospheres generated from Dnmtfl/fl-MMTV-Neu-Tg and Dnmt1/-MMTVNeu-Tg mice (8 month old premalignant mice with no gross visible tumors), into
mammary gland of NOD/SCID mice. g, Tumor volume and h, Primary and
secondary tumorospheres from premalignant Dnmtfl/fl-MMTV-Neu-Tg and
Dnmt1/-MMTV-Neu-Tg mice.
Statistical analysis was performed using
unpaired Student's t-tests. Figures represent Mean ± SEM.
4. Inhibition of DNMT activity suppresses mammary tumorigenesis
To test whether pharmacological inhibition of DNMTs will block spontaneous
mouse mammary tumorigenesis by inhibiting CSC formation, we implanted a
sustained slow releasing DNMT inhibitor 5-azacytidine (5-AzaC) into 12-week-old
MMTV-Neu-Tg mice. We also tested the efficacy of HDAC inhibitor butyrate (But)
along with 5-AzaC. After confirming reduced DNMT and HDAC activities in cells
treated with 5-AzaC and But respectively (Fig. 4a-b), we inspected their
tumorosphere forming capabilities. 5-AzaC implantation alone significantly
reduced tumorosphere formation, mammary tumorigenicity and metastasis, and
accompanied increased overall survival (Fig. 4c-f). The combination of DNMT
and HDAC inhibitors greatly enhanced the effect (Fig. 4g). As expected, 5-AzaC
implantation significantly reduced CSC formation. Interestingly, analysis of CSCs
in mice that had not developed tumors in the presence of 5-AzaC and/or But
showed three distinct cell populations, stem (CD49fhighCD24+), luminal
(CD49flowCD24+), and stromal (CD49f-CD24-) cells, instead of a single CSC






population (CD49f+CD24+) observed for tumor tissues of untreated control mice
(Fig. 4h, top panels). A few animals that were treated with 5-AzaC and/or But
developed tumors and these tumors had relatively more CSCs (CD49f+CD24+)
compared to untreated controls (Fig. 4h, bottom panels) suggesting that tumor
cells that are resistant to 5-AzaC and But might undergo other undefined

epigenetic changes that could play a role in CSC regulation.
Figure 4. Inhibition of DNMT activity suppresses mammary tumorigenesis.
a, DNA methyl transferase (DNMTs) activity was measured in the nuclear
extracts prepared from the mammary tumor tissues of untreated control, 5-AzaC,
But and the combination (5-AzaC+But). b, Histone deacetylases activity (HDAC)
was measured from the nuclear extract of mammary tumor tissues of untreated
control, 5-AzaC, But and the combination (5-AzaC+But). Data represent mean +
SD of 6 mice in each group. c, Tumorospheres number in untreated control, 5-







AzaC, But and the combination (5-AzaC+But). Data represent mean + SD of
three independent experiments. d-g, Prophylactic treatment of 5-azacytidine (5AzaC), But and combination (5-AzaC+But) in MMTV-Neu-Tg mice reduced tumor
incidence, delayed tumor growth, lung metastasis with increased overall survival.
Data represent mean + SD of n=18 mice per group. h, Representative FACS dot
plot for the untreated control, 5-azaC, But and combination (5-AzaC+But) in
MMTV-Neu-Tg mice. Top rows represent the mammary tissues with no visible
tumor upon treatment with 5-AzaC, But and combination (5-AzaC+But) in MMTVNeu-Tg mice. Bottom rows represent visible tumors tissues upon treatment with
5-AzaC, But and combination (5-AzaC+But) in MMTV-Neu-Tg mice. Statistical
analysis was performed using unpaired Student's t-tests.
5. Isl1 is hypermethylated and downregulated in mammary tumors
To gain insight into the mechanism by which DNMTs regulate MaSCs and CSCs,
we

generated

representation
mammospheres,

genome-scale
bisulfite
obtained

methylation

sequencing
from

of

normal

profiles281,
genomic
mouse
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using

DNA

reduced

isolated

mammary

glands,

from
and

tumorospheres, obtained from tumor tissues of MMTV-Neu-Tg mice. We
identified 2341 differentially methylated regions (DMRs) that were either
hypermethylated

or

hypomethylated

in

tumorospheres

compared

with

mammospheres (Fig. 5a, Supplementary Fig. 4a-c). A vast majority of DMRs
are hypermethylated in tumorospheres (Supplementary Fig. 4d), which is
consistent with the higher levels of Dnmt1 in tumorospheres (Supplementary
Fig. 3a, b). Notably, genes associated with hypermethylated CpGs in
tumorospheres harbor bivalent histone modifications (activating H3K4me3 and
repressive H3K27me3) in MaSCs and luminal progenitors (Supplementary Fig.
4e), which is consistent with previous reports showing that bivalent genes are
often found to be DNA-hypermethylated in cancers and that bivalency may







predispose tumor suppressor and pro-differentiation genes for later DNA
hypermethylation 283.
To identify functional targets of Dnmt1, we focused on 321 genes that are
hypermethylated in tumors (Fig. 5b). Among the genes are known tumor
suppressor genes Wnt5a, Abi3, and Tcf7, and Isl1, whose gene product is known
to interact with estrogen receptor (ER)

272

(Fig. 5b and Supplementary Fig. 5a-

f). Consistent with hypermethylation, gene expression analysis revealed a
significant downregulation of these genes in CSC-enriched tumorospheres (Fig.
5b and Supplementary Fig. 5g). WNT5A is known to be silenced in human
breast cancer, and loss of WNT5A is associated with early relapse of invasive
breast cancer, increased metastasis, and poor survival
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. Similarly, TCF7 is

also known to be silenced in breast cancer, with Tcf7-null mice developing
spontaneous mammary adenomas

285

. ABI3 expression is frequently lost or

reduced in invasive cancer. Ectopic expression of ABI3 inhibits metastasis and
cell migration

286

but ABI3's mechanism of action is not fully understood. Isl1, a

transcription factor, is required for the generation of motor neurons

287

and is a

marker for a cardiac progenitor cell lineage that is capable of differentiating into
three different cell types of the heart: smooth muscle, cardiomyocytes, and
endothelial cell types

288

. Isl1 is also known to inhibit ER-driven transcription

activation by preventing its dimerization

272

. Given that ERs are overexpressed in

~70% of breast cancer cases, referred to as "ER-positive", we sought to
investigate the functional link between Isl1 and breast cancer using human and
mouse primary breast tumor tissues and human breast cancer cell lines.







Figure 5. Isl1 is hypermethylated in mammary tumors. a, Genome-scale
distribution of DMRs identified in mammospheres of normal mammary stem cells
and tumorospheres of tumor-initiating cells prepared from MMTV-Neu-Tg mice
(n=3 mice in each). b, Cluster analysis of top 100 hypermethylated and few
hypomethylated genes. c, Genome browser shot showing ChIP-Seq tracks for
H3K27me3 (red) and H3K4me3 (green) levels near Isl1 in embryonic stem cells
(ESCs), MaSCs, and luminal progenitors (LPs). d, UCSC genome browser
screenshot showing DNA methylation profile at ISL1 locus in mammospheres
and tumorospheres. Red and green colors indicate methylated and unmethylated
CpG sites, respectively.







Supplementary Figure 4. Genome-scale DNA methylation studies in
mammospheres and tumorospheres. a, Summary statistics of DNA
methylation. b, Correlation coefficients matrix comparing DNA methylation
between mammospheres and tumorospheres. A high similarity was observed
among mammospheres M1, M2 and M3 and tumorospheres T1, T2 and T3
samples. c, Genome-wide distribution of 2341 DMRs that were identified in
tumorospheres. d, Plot of methylation difference (x-axis) vs. significance (y-axis,
FDR q-value) shows the number of DMRs in tumorospheres compared to
mammospheres. Red circles mark DMRs that reach both criteria for differential
methylation in our analysis (methylation difference >0.25 and FDR q-value < 0.01.







e, ChIP-Seq read density plots showing the levels of H3K4me3 and H3K27me3
in ESCs, MaSCs, and luminal progenitors (LPs) at promoters of genes
hypermethylated (red) and hypomethylated (blue) in tumorspheres. TSS,
transcription start site.

Supplementary Figure 5. Wnt5a, Abi3, and Tcf7 are hypermethylated and
downregulated in tumorospheres. a, c, & e, Single-base CpG methylation
patterns in mammospheres and tumorospheres for Wnt5a, Abi3 and TCF7
respectively. Each box represents a CpG site. The color indicates the level of
methylation, blue indicates hypermethylation and yellow indicates unmethylation.
b, d, f, UCSC genome browser screenshot showing the RRBS results for Wnt5a,
Abi3, and Tcf7. Red and green colors indicate methylated and unmethylated
CpG sites, respectively. g, Real time PCR relative expression of Abi3, Tcf7,






Wnt5a, and Isl1 expression in Mammospheres and Tumorospheres generated
from normal mammary gland and MMTV-Neu tumors (n=4). Statistical analysis
was performed using unpaired Student's t-tests. Bar diagram represents Mean ±
SD.
6. ISL1 expression negatively correlates with DNMT1 expression
Isl1, bivalent in embryonic stem cells (ESCs) and MaSCs (Fig. 5c), is
hypermethylated in CSC-enriched tumorspheres (Fig. 5d). Examination of the
TCGA

and

UCSC

Cancer

Genomics

Database

reveal

that

ISL1

is

hypermethylated in a majority of breast cancer subtypes (Fig. 6a). Gene
expression data from TCGA Pan-cancer shows that ISL1 expression is lost or
down-regulated in many human cancers, and is negatively correlated with the
expression of DNMTs in breast cancer (Supplementary Fig. 6a, b). Interestingly,
ISL1 inactivation is not a common phenomenon in all human cancers; its
expression is elevated in some human cancers including pancreatic and prostate
cancers (Supplementary Fig. 6a), suggesting that the tumor suppressor function
of ISL1 is tissue and context dependent.
Using the Gene Set Analysis-Cell line application, we investigated ISL1 mRNA
expression levels across the breast cancer cell line panel and found that ISL1 is
downregulated in a vast majority of breast cancer cell lines (Supplementary Fig.
6c). To confirm these data, we analyzed ISL1 expression in human primary
breast tumor samples and adjacent normal human breast tissue. While ISL1
transcript level is detectable in normal breast tissues, irrespective of the ER
status, ISL1 level is nearly undetectable in tumor samples (Fig. 6b). Similarly,
irrespective of the ER status, ISL1 expression is low to undetectable in most of
the human breast cancer cell lines (Fig. 6c and Supplementary Fig. 6d). In







d, Representative FACS data confirming exogenous expression of ISL1 in
CAL51 cell line. e, Representative images of colony formation assay of CAL51pCDH and CAL51-ISL1 stable cell lines show that ISL1 expression significantly
reduces colony formation. The resulting colonies were stained with Giemsa dye
and bound Giemsa dye were dissolved and quantified by spectrophotometer
analysis. Data represents mean + SD from three independent experiments. f,
Histogram shows that ISL1 expression in CAL51 cells increased apoptosis
(Annexin V+/PI-) compared to vector control. Data are mean + SEM of 3
independent experiments. g, CAL51-pCDH and CAL51-ISL1 expressing stable
cells were subjected to in vitro scratch assay and images were captured using
phase-contrast microscope at 12 h after incubation. Scale bar 200 μm. h,
Representative FACS plot shows decreased cancer stem cells (CD44+CD24-) in
ISL1 expressing CAL51 cells. i, Histogram showing percent decrease in cancer
stem cells after ISL1 expression in CAL51 cells. j, Relative ISL1 expression in
wild-type and DNMT1-null mice after 3D and 2D culture. (n=3 mice). Statistical
analysis was performed using unpaired Student's t-tests.







Supplementary Figure 6. ISL1 expression is downregulated in human
primary tumor tissues and in breast cancer cell lines. a, The Pan Cancer
UCSC Cancer Genomics heatmap shows gene expression for ISL1 in different
types of cancer, over a set of genes differentially expressed. Red color indicating
up-regulation and green color indicating down-regulation. b, Cancer UCSC
Cancer Genomics heatmap shows gene expressions of ISL1, DNMT1, DNMT3A
and DNMT3B across the 1160 patients’ database in TCGA breast invasive
carcinoma (RNA Seq). Red color indicating up-regulation and green color
indicating down-regulation. c, Gene Expression of ISL1 across the 51 individual
breast cancer cell lines searched in GOBO online tool. Color codes represents
basal A (red), basal B (grey) and luminal (blue) type breast cancer subgroups.
Arrow indicated immortalized normal mammary epithelial cell line. d, Expression
of ISL1 protein in HBL100, MCF10A, MDAMB231 and MDAMB436 cell lines.
Red color = Unstained cells (Isotype IgG, PE Control), Blue color= ISL1 positive
cells. e, Expression of Isl1 mRNA in normal mouse mammary gland (n =3),
MMTV-PyMT (n =3), and MMTV-Hras (n =3), MMTV-Neu (n =3), and C3(1)-SV40
analyzed by q-PCR. f, Isl1protein expression in normal control mouse mammary
gland (n =2), MMTV-PyMT (n =2), MMTV-Hras (n =2), MMTV-Neu (n =2), and
C3(1)-SV40 (n=2) analyzed by western blot using Isl1 antibody. -actin was used
as a loading control. Statistical analysis was performed using unpaired Student's
t-tests. Bar diagram represents Mean + SEM.
7. ISL1 expression in cancer cells limits CSC population
To determine whether the silencing of ISL1 in breast cancer cells is due to DNAhypermethylation, we treated CAL51 and MB231 cells with DNMT inhibitor 5AzaC and HDAC inhibitor Valproic acid and found that both inhibitors reactivate
ISL1 expression in these cells (Supplementary Fig. 7a, b). To study the
functional implications of ISL1 in breast cancer, we stably expressed ISL1 in
CAL51 cells using a lentiviral vector. After confirming the expression of ISL1 in
the stable cell clones (Fig. 6d and Supplementary Fig. 7c, d), we investigated
the effects of ISL1 expression on cell growth and differentiation, apoptosis, and
cell migration. Stably expressed ISL1 in cancer cells significantly reduced cell
growth and migration, with a significant induction of apoptosis and differentiation
(Fig. 6e-g and Supplementary Fig 7e, f). To gain insight into ISL1's role in the







regulation of stem cells, we examined the CD44+CD24- cell population in CAL51ISL1 stable cells and found that ISL1 expression significantly reduced CSC
population (Fig. 6h, i and Supplementary Fig 7g). Together, these data suggest
that DNA-hypermethylation is one of the causes, if not the cause, for epigenetic
silencing of ISL1 in breast cancer cells. Consistent with this conclusion,
examination of Isl1 expression in mammosphere derived from the mammary
glands of Dnmt1fl/fl and Dnmt1/ mice revealed significantly elevated levels of
Isl1 expression in Dnmt1-knockout mice (Fig. 6j).

Supplementary Figure 7: Inhibition of DNMT activity or ISL1 expression in
cancer cells reduces colony formation, induces apoptosis, blocks cell
migration and inhibits cancer stem cell marker expression. a-b, DNA







methylation (DNMT) and histone acetyl transferase (HDACs) inhibitor reactivates
ISL1 expression in human breast cancer cells. Human breast cancer cell lines
(CAL51 and MB231) were treated with DNMT inhibitor 5-azacytidine (5-AzaC, 1
μg/ml) and HDAC inhibitor valproic acid (ValA, 0.1 mg/ml) for 72 h. Cells were
collected at the end of the treatment period and RNA was extracted using
TRIZOL reagent. ISL1 mRNA expression was analyzed by quantitative RT-PCR
(qPCR) using human ISL1 specific primers. HPRT was used as an internal
control. c, ISL1-pCDH vector map. ISL1 ORF (1.05kb) was subcloned into ISL1pCDH-CMV-Puro vector in BamHI/Xbal cloning site. d, Western analysis of
protein samples, derived from CAL51-pCDH and CAL51-ISL1-pCDH stable cell
lines, shows ISL1 expression. n=3 independent experiments. -actin was used
as a loading control. e, Real time PCR relative expression of ID1 and ID2 genes
in CAL51-pCDH and CAL51-ISL1 expressing stable cells. f, Stable expression of
ISL1 in human breast cancer cell line induces apoptosis assessed by FACS
analysis of FITC Annexin staining. g, ISL1 stable expression in human breast
cancer cell reduced the expression of the cancer stem cells marker CD44 as
analyzed by FACS. Data represents Mean + SD from three independent
experiments.

8. Association between ISL1 expression and overall survival
Finally, to explore the relationship between ISL1 and clinical prognosis, we
evaluated the prognostic value of ISL1 in a large clinical microarray database of
breast cancer that includes data from 4,142 patients
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. We found that

irrespective of the ER status, low ISL1 expression is associated with poor
prognosis and reduced overall survival (Fig. 7) suggesting that ISL1, in addition
to its role in the inhibition of estrogen signaling

272

, may have other roles in

blocking mammary tumorigenesis and progression.







Figure7. Association between ISL1 expression and overall survival. KaplanMeier plots of overall survival of breast cancer patients in whole data sets for all
breast cancer patients (a), estrogen receptor positive and progesterone receptor
positive patients (b), and estrogen receptor negative patients (c), stratified by
ISL1 expression. Data were obtained from the Kaplan-Meier plotter breast cancer
survival analysis database. The p value was calculated using a log rank test.

DISCUSSION
In this study, we identified a novel role for Dnmt1 in regulating mammary gland
development and mammary stem and progenitor cell maintenance. We found
that the Dnmt1-knockout ductal epithelium failed to invade the fat pad and mostly
resembled

the

rudimentary

mammary

tree

that

is

laid

down

during

embryogenesis, indicating an essential role for Dnmt1 in maintaining the
myoepithelial stem cell and luminal progenitor lineage in the postnatal mammary
gland development. Mammary stem and progenitor cell populations are
significantly reduced in Dnmt1-knockout mouse, suggesting a critical role for
Dnmt1 in mammary stem and progenitor cell expansion and maintenance.
MaSCs proliferate and differentiate during pregnancy and lactation and interact
with stromal cells and extracellular matrix to sustain normal morphogenesis

261

.

In the mammary gland, a subpopulation of cells located in the basal layer of
terminal end ducts has been implicated as stem cells. We found that deletion of
Dnmt1 severely affected TEB development, consistent with reduced number of
MaSCs. Together, our data support the conclusion that Dnmt1 is essential for
MaSC maintenance. Our findings are in line with recent studies showing a







requirement for Dnmt1 is the maintenance of hematopoietic stem/progenitor cells
269

, epithelial stem cells 11 and mesenchymal stem cells 11.

Our studies in tumor models provide strong evidence for Dnmt1 playing a critical
role in mammary tumor growth and progression. Several lines of evidence
implicate DNA methylation in cancer pathogenesis

276, 277

with changes in DNA

methylation patterns contributing to oncogenesis by affecting the expression
levels of proto-oncogenes and tumor-suppressor genes

265, 266, 278

. DNA

hypomethylation has been shown to promote increased expression of many
oncogenes, while DNA hypermethylation has been shown to silence tumorsuppressor genes 266. Our studies in human and mouse breast cancer cells show
that Dnmt1 deletion decreases tumor formation and metastasis by affecting the
self-renewal and proliferation of cancer initiating cells. Moreover, administration
of 5-azaC and butyrate during premalignant stage efficiently blocked mammary
tumorigenesis and reduced tumorosphere forming potential of CSCs. Together,
these results support the conclusion that Dnmt1 is essential for the maintenance
of CSCs, which is consistent with a previous study demonstrating an essential
role for Dnmt1 in the self-renewal and maintenance of leukemia stem cells 273.
Consistent with the elevated levels of DNMT1 expression in human and mouse
cancer cells, a vast majority of differentially methylated regions in tumorospheres
are hypermethylated compared to mammospheres. Among the hypermethylated
genes are known tumor suppressor genes (Wnt5a, Abi3, and Tcf7) and Isl1,
whose gene product is a known inhibitor of estrogen receptor-driven transcription
activation. ISL1 is hypermethylated and downregulated in a majority of breast






cancer subtypes, with its expression status negatively correlating with DNMT1
expression. Stable expression of ISL1 or inhibition of DNMT activity successfully
limited cellular proliferation and CSC fraction. Together, these data support an
essential role for Dnmt1 in tumorigenic phenotype of CSCs, and show that
inhibition of DNMT activity reverses the abnormal self-renewal properties of
CSCs.
In summary, our studies provide the first in vivo evidence that DNMT1 is
indispensable for MaSC and CSC maintenance and that functional inactivation of
this gene drastically reduces mammary tumor formation even in the aggressive
triple-negative

breast

cancer

subtype.

Our

results

establish

ISL1

hypermethylation status as a potential prognostic marker for early breast cancer
diagnosis and a role for DNMT1-specific inhibitors in the eradication of CSCs and
associated disease recurrence.

METHODS
Animals: FVB/NJ (Stock # 001800), C57BL/6 (Stock # 000664), MMTV-Neu-Tg
(Stock # 002376) NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (Stock #00557) and C3(1)SV40-Tg (Stock # 013591) mice were obtained from Jackson laboratories. All
these mice were bred and maintained in Georgia Regents University Animal
Facility in accordance with the guidelines of the Institutional Animal Care Use
Committees.
Collection of mammary glands: To collect mammary glands from virgin mice,
females at approximately 12 weeks of age without any copulation were used. To







collect mammary gland from pregnant mice, females were bred at approximately
8 weeks of age and copulation was confirmed by plug visualization and males
removed postcoitum. On 10 and 15 days of pregnancy, mammary glands were
collected for analysis. For studies related to lactation, litters were normalized to
six pups at birth and mammary glands were collected on 0, 5 and 10 days after
delivery. For studies related to involution, pups were removed on day 10 of
lactation and mammary glands were collected on day 1, 2, 3, 4 and 8 after the
removal of the pups.
Generation of Dnmt1 null mice: We used Cre/loxP system to conditionally
delete Dnmt1 in mammary epithelial cells. Dnmt1fl/fl mice with loxP sites flanking
exons 4 and 5 of the Dnmt1 gene, which obtained from Mutant Mouse Regional
Resource Center (MMRRC) at the University of California at Davis (B6.129S4Dnmt1tm2Jae/Mmucd, Stock #014114-UCD, Order #146687086), was crossed
into MMTV-Cre mice expressing Cre recombinase, which obtained from Jackson
laboratories (Stock #003553),

and generated wild-type (Dnmt1fl/fl-Cre- or

Dnmt1fl/fl) and Dnmt1-knockout (Dnmt1fl/fl-Cre+ or Dnmt1/) mice. To confirm
deletion of Dnmt1, genomic DNA was extracted from the tail snip and the PCR
genotype analysis was performed using the following primers: Dnmt1-Fwd: GGG
CCA GTT GTG CTT GG. Dnmt1-Rev: CTT GGG CCT GGA TCT TGG GGA. To
confirm the mammary gland specific Dnmt1-deletion, RNA and protein samples
were prepared from the mammary glands of Dnmt1fl/fl and Dnmt/ mice and
Dnmt1 expression was analyzed by qPCR and western blot analyses using
specific PCR primers and Dnmt1-antibody.







Generation of Dnmt1-/--MMTV-Neu-Tg and Dnmt1-/--C3(1)-SV40-Tg mice:
Female Dnmt1/ mice were crossed with male MMTV-Neu-Tg mice and the
resulting Dnmt1fl/-MMTV-Neu-Tg mice were intercrossed to generate Dnmt1fl/flMMTV-Neu-Tg and Dnmt1/-MMTV-Neu-Tg mice. Similarly, female Dnmt1/
mice were crossed with male C3(1)-SV40-Tg mice and the resulting Dnmt1fl/C3(1)-SV40-Tg mice were intercrossed to generate

Dnmt1fl/fl-C3(1)-SV40-Tg

and Dnmt1/-C3(1)-SV40-Tg mice. All the littermates generated in this study are
in mixed genetic background (Dnmt1fl/fl mouse was in C57BL/6, MMTV-Cre
mouse was in C57BL/6x129/Sv and MMTV-Neu-Tg and C3(1)-SV40-Tg mice
were in FVB/N genetic background). We used 8 mice per group and repeated
the experiment 3 times, thus giving 24 mice in each group. We monitored time of
tumor appearance, tumor size, the number of tumors, and time and percent of
lung metastasis in each mouse. When the mice became morbid due to increased
tumor burden and/or lung metastasis, the animals were euthanized and the
tumor tissues harvested. If mice did not develop tumor until 500 days of age for
MMTV-Neu-Tg and 400 days for C3(1)-SV40-Tg, we considered that these mice
are tumor-free.
Drug Treatment: For in vivo studies, we treated 12-weeks-old female MMTVNeu-Tg mice with 5-azacytidine (5-AzaC) and sodium butyrate (But), either alone
or in combination, by implanting the respective slow-release pellets (Innovative
Research of America) in the back neck region of the animal. We established this
experimental procedure recently
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. These pellets provided a sustained release

of 5-AzaC (Catalog # NN-131, 0.5 mg/90 days) and But (Catalog # NF-125







10mg/90 days) for 90 days.
Mammary gland single cell preparation: Mammary gland single cell
preparation was carried out as described previously

290

. Briefly, the thoracic and

inguinal mammary glands were dissected from virgin and pregnant mice of wildtype, Dnmt1-knockout, MMTV-Neu-Tg, and C3(1)-SV40-Tg mice. The tissues
were digested for 6-8 h at 370C in DMEM/F12 medium supplemented with 10%
FBS and 1% P/S and 750 U/ml Collagenase and 250 U/ml hyaluronidase. After
this step, the organoids were collected by centrifugation and then subjected to
trypsin (0.5%) and dispase (5mg/ml) treatment separately. After centrifugation,
ammonium chloride was used for red blood cell lysis. All reagents were obtained
from stem cells technology unless stated otherwise.
Transplantation

assay

and

Whole

mount

analysis:

Animals

were

anaesthetized using Isoflurane and surgery was performed to inject cells into
cleared fat area. Single cell suspension that prepared from Dnmt1fl/fl and
DNMT1/ mice mammary epithelial cells were implanted into the cleared fat of 3week-old syngenic female mice. In limiting dilution assays, 1x102 - 1x105
mammary cells per fat pad were transplanted and the outgrowths were analyzed
after 6 weeks of transplantation. Mammary repopulating unit (MRU) frequency
was calculated using the online Extreme Limiting Dilution Analysis software.
Dissected mammary fat pads were spread onto glass slides, fixed in a 1:3:6
mixture of acetic acid/chloroform/methanol overnight and stained with Carmine in
whole mount for 12-18 hours.
Flow Cytometry: For isolation of stem/progenitor cells, the following antibodies






were used: CD49f and CD24 (Stem cell technology, eBioscience), CD45 and
CD31 (BD bioscience), CD44 and ISL1 (BD bioscience), and Ter119 and CD61
(eBioscience). Blocking was done for 10 min with rat serum. Cells were stained
for 30 min on ice and washed with staining media. Finally, cells were
resuspended in staining media containing 7-aminoactinomycin D (1 g/ml) or 4'6-diamidino-2-phenylindole (DAPI, 1 μg/ml) to stain dead cells. Cells were
analyzed using a LSR II, Flow-jo, and sorted Mo flow cell sorter. For flow
cytometric analysis of ISL1 protein expression, CAL51-pCDH and CAL51-ISL1
stable cell lines and HBL-100, MCF10A, MDAMBA231, and MDAMB436 cells
were fixed with BD Cytofix fixation buffer and permeablized with BD Phosflow
perm buffer. Isl1-PE (BD Bioscience) conjugated antibody was used.
DNMT

and

HDAC

activity

assay:

A

commercially

available

DNA

methyltransfeases (DNMTs) assay kit (Epigentek, Farmingdale, NY, USA) was
used to determine DNMT enzymatic activity as per the manufacturer’s instruction.
Similarly, HDAC activity was measured using the commercially available HDAC
assay kit (BioVision, CA, USA) as per the manufacturer’s instruction. Nuclear
fractions from the mammary glands of control, 5-Azacytidine (5-AzaC), butyrate
(But) and the combination of these two (5-AzaC+But) were prepared and used as
the source of DNMT and HDAC activities.
Cell culture: Human immortalized normal mammary epithelial cell lines MCF10A,
obtained from ATCC (Manassas, VA) and HBL100 was kindly provided by Dr. S.
Sukumar (Johns Hopkins University, Baltimore, MD). Human breast cancer cell
lines (MCF7, T47D, ZR75.1, BT474, MDAMB361, MDAMB231, MDAMB453,






MDAMB468 and BT20) were obtained from ATCC (Manassas, VA). CAL51 cell
line was obtained from DSMZ (Braunschweig, Germany). The MCF10A cells
were grown in MEGM complete medium. HBL100 cells was grown in McCoy 5A
with 10% FBS. MCF7 and BT20 cells were grown in DMEM medium with 10%
FBS. T47D, ZR75.1, and BT474 cells were grown in RPMI 1640 medium with
10% FBS. MDAMB231, MDAMB453, and MDAMB468 cells were grown in
Leibovit’s L-15 medium with 10% FBS. CAL51 cell line was grown in DMEM
medium with supplemented 20% FBS. All these cell lines have been routinely
tested for mycoplasma contamination using the Universal mycoplasma detection
kit obtained from ATCC (Manassas, VA) and the last mycoplasma test was
performed in February 2013. Mycoplasma-free cell lines were used in all of our
experiments.
Generation of mammosphere: For mammosphere culture, cells were seeded in
ultra-low attachment plate in DMEM/F12 medium containing B-27 supplement,
bFGF, rhEGF, heparin and Penicillin/Streptomycin291. For matrigel culture, cells
were seeded on 6 well-precoated matrigel plates and after 30 minute 10%
matrigel with DMEM medium containing supplements were added. For passaging
of primary spheres to secondary spheres, trypsin 0.5% along with EDTA was
used. Mammospheres were disaggregated with 25 G needle. To make single cell
suspension dispase (5mg/ml) used and cells filtered through 40um filter. Then
cells were centrifuged at 500 g for 5 minutes and supernatant was discarded.
Cells were again resuspended in mammopshere suspension media and cell







numbers were counted using the haemocytometer. If single cell suspension has
not been achieved, cells were again disaggregated through 25 G needle.
Cell scratch assay and analysis of apoptosis: For cell scratch assay, CAL51pCDH and CAL51-ISL1 cells were allowed to reach 80% confluence and then
serum starved for 24 hours. Cells were trypsinized and seeded into Poly lysine
coated 6-well plates and allowed to adhere and spread on the substrate
completely. Cells were scratched using a 200 l pipette tip. The culture medium
then was changed to standard DMEM with 20% FBS and 1% P/S. Cells were
incubated at 37°C for 12 hours and Images were taken. For apoptosis assay,
cells were stained with Annexin V and 7-AAD and analyzed by flow cytometer
according to the manufacturer instruction (BD Bioscience).
RNA and DNA isolation and real-time PCR: Total RNA was prepared using the
pure link RNA Isolation Kit (Invitrogen) or Trizol (Invitrogen). DNA was isolated
using the DNeasy Blood and tissue isolation kit according to manufacturer’s
protocol (Qiagen). The quality and concentration of RNA and DNA was
determined by Agilent Bioanalyzer/Nano Drop Spectrometer. Isolated and
purified total RNA was reverse transcribed by cDNA synthesis kit (Invitrogen).
Taqman and CT kit was used for real time expression from the sorted cells. Real
time PCR primers, DNMT1 (Mm01151063_m1), and HPRT (Mm01545399_m1),
were designed either from applied biosystem site or Harward primer bank site (casein, ID1, ID2 and 18s).
Clonogenic assays: Clonogenic assay was performed as described previously
41

. Briefly, CAL51-pCDH and CAL51-ISL1 cells were seeded in 6-well plates at






1x103 cells/well. Cells were cultured for 2 weeks, changing the medium every 3
days, and then washed with PBS and fixed in 100% methanol for 30 min followed
by staining with KaryoMax Giemsa stain for 1 h. The wells were washed with
water and dried overnight at room temperature. Finally, cells were lysed with 1%
SDS in 0.2 N NaOH for 5 min and the absorbance of the released dye was
measured at 630 nm.
Generation of ISL1-pCDH expressing stable cell lines: Human ISL1 cDNA,
which obtained from Sino Biological Inc., was subcloned into pCDH-CMV-MCSEF1-Puro vector (System Biosciences, Mountain View, CA) at BamH1/Xba1 site.
The resultant plasmid was sequenced to confirm the authenticity of the insert.
Recombinant lentivirus was produced by co-transfection into 293FT cells with
pCDH and ISL1-pCDH constructs and three other helper vectors, pLP-1, pLP-2,
and pVSVG (Invitrogen), using Lipofectamine-2000 transfection reagent.
Lentiviral supernatants were harvested at 72 h post-transfection and filtered
through a 0.45-m membrane. CAL51 cells were infected for 48 h with fresh
lentivirus expressing either pCDH vector control or ISL1-pCDH construct in
medium containing 8 g/ml polybrene, and cultured for an additional 48 h. The
cells were selected for puromycin resistance (4 g/ml) for 1 week, and
maintained in medium containing 1 g/ml puromycin. The level of ISL1 mRNA
expression in CAL51 cells expressing pCDH and ISL1-pCDH constructs were
analyzed by qPCR. ISL1 protein expression was assessed by FACS and
Western blot with an antibody specific for ISL1.







Western blot analysis: Fifty μg of the cell lystate was resolved in 8% SDSPAGE and transferred to Nitrocellulose membranes. Membranes were incubated
with primary (overnight at 4°C) and secondary (1 h at room temperature)
antibodies; unbound antibodies were removed by washing the membrane with
1xTBST. Primary antibodies [DNMT1 (Cell Signaling 1:1000), ISL1 (BD
Bioscience 1:5000), and -actin (Sigma 1:25,000)] and respective secondary
antibodies (Promega 1:10,000 – 1:50, 0000), were used and visualized using
ECL detection system (Thermo Scientific).
Immunofluorescence staining and microscopic imaging: Seven-micron thick
mammary gland/tumor sections were fixed in 4% paraformaldehyde/methanol at
room temperature for 10-15 min, washed 3 times in PBS and then blocked and
permeablized in 10% goat serum, 0.1% Triton X-100 for 1 h. Sections were then
incubated in primary antibody overnight at 4°C, washed in PBS, incubated for 1 h
in secondary antibodies, washed in PBST, and then mounted in Prolong gold
antifade (Invitrogen) solution. Sorted cells were cytospin at 400xRPM onto
Superfrost/Plus slides (Fisher), allowed to air dry, rinsed in PBS, and then stored
in -80°C. For surface staining experiments, cells were fixed in 4% PFA (Electron
Microscopy Sciences), whereas for nuclear staining experiment (DNMT1)
cytospin cells were directly fixed in ethanol. After blocking (1 h in 10% goat
serum at room temperature) slides were incubated with primary antibodies
(overnight at 4°C), washed and then hybridized with secondary antibodies (1 h at
room temperature), washed and mounted in Prolong Gold. Antibodies used were
DNMT1 (Cell signaling, 1:250), 5meC (N81, Calbiochem) and CD49f (GoH3,




R&D,

1:250),

Secondary

antibodies

were

purchased

from



Molecular

Probes/Invitrogen: anti-rat/rabbit/mouse Alexa fluor 488 and 568 (1:1500). All
sections were imaged using Laser Scanning confocal microscope. For the
quantification of 5mC positive cells, pictures were taken in 6 different locations
and manually counted the positive cells. Data are represented as mean + SEM of
three independent mouse sections.
Bisulfite sequencing and data analyses: "Reduced representation bisulfite
sequencing (RRBS)" and analysis were performed according to a previously
published protocol

292

. Briefly, raw sequences were cleaned using in-house

scripts and mapped to the mouse genome release mm9 in the UCSC genome
browser using Bowtie after in silico conversion. The methylation of each CpG
was measured to determine the fraction of the number of methylated CpGs.
Similarly, we measured the methylation of non-overlapping windows of 200bp.
We filtered out windows that have less than 5 CpGs. For each window, the
methylation difference between normal and tumor groups were calculated by the
difference between the average methylation of each group. We used the
student’s t-test for statistical analysis. Multiple testing correction based on FDR
generated adjust p-values using a function p adjust in R. DMRs (Differentially
Methylated Regions) were defined as windows with an adjusted p-value < 0.05
and methylation difference > 0.25. All DMRs identified were compared using inhouse scripts to RefSeq genes, CpG islands, and repeats in the UCSC genome
browser and classified into functional categories. The correlation of genome-wide







methylation of CpGs common in two samples was calculated by the Pearson’s
product-moment coefficient using an R script.
ChIP-Seq data analysis: Sequence reads were mapped to the mouse genome
(mm9) using Bowtie, and only those reads that mapped to unique genomic
locations with at most two mismatches were retained for further analysis. For
visualization on the UCSC Genome Browser, and generation of screenshots and
read density plots, the data was normalized to reads per million (RPM) and
plotted as histograms. DMRs were assigned to the nearest genes (within 50Kb;
RefSeq gene annotations), and read density plots for genes associated with
hypermethylated or hypomethylated DMRs in tumorspheres compared with
mammospheres

were

plotted.

Published

comparative analysis: H3K27me3 in ESCs

293

ChIP-Seq

datasets

used

for

, H3K4me3 in ESCs (ENCODE,

GSE31039), H3K27me3 and H3K4me3 in MaSCs and luminal progenitors
(LPs)262.
Statistical analysis: p value was determined using student’s t-test with two-tail
distribution. Kaplan-Meier analyses (http://kmplot.com/analysis/) were used to
assay group differences in tumor-free survival. TCGA data base, UCGC genome,
DAVID (http://david.abcc.ncifcrf.gov) and GOBO (http://co.bmc.lu.se/gobo) were
also used to study biological function. Graph pad, sigma plot and excel was used
to draw figure.
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ABSTRACT
In recent years, impressive technical advancements have been made in the
isolation and validation of the mammary stem cells (MaSC) and cancer stem
cells (CSC). However, the signaling pathways that regulate their self-renewal,
proliferation, survival and differentiation remain unknown. Further, CSC are
believed to contribute to resistance to chemotherapy and radiation therapy.
However, a therapeutic strategy to overcome this resistance is yet to be identified.
In this study, using MMTV-Neu-Tg mouse mammary tumor model, we found that
both luminal progenitor and basal stem cells are susceptible for genetic and
epigenetic modifications, which leads to activation of un-activated Neu-Tg into
transformed mammary tumor forming phenotype. Combination of 5-Azacytidine
(5-AzaC), a pan-DNMTs inhibitor, and Butyrate (But), a HDACs inhibitor,
abolishes CSCs and, thus, this combination increases the overall survival of the
animal. RNA seq analysis, using the CSC treated with or without 5-AzaC+But,
provides evidence that 5-AzaC+But treatment inhibits CSCs by blocking growth
promoting signaling molecules like RAD51AP1 and SPC25. RAD51AP1 and
SPC25 are significantly overexpressed in breast tumor tissues, especially in
basal subtype, and associated to decreased overall survival of breast cancer
patients. Overall, our study provides evidence that basal stem cells, in addition to
luminal progenitor cells, are susceptible for genetic and epigenetic modification
and associated chemo and radiotherapy resistance. Thus, combination of DNMT
and HDAC inhibitors can be used as a therapeutic strategy to block mammary
tumor growth and to overcome drug resistance by inhibiting CSCs.







INTRODUCTION
Even though mortality due to breast cancer has decreased significantly in
the last few decades, about 20-45% of breast cancers will relapse within years or
decades later mainly because the current cancer therapy mostly targets the
tumor mass but not the subpopulation of self-renewing cancer stem cells, which
are not affected by the treatment and later can regenerate the full repertoire of
tumor cells. Cancer stem cells (CSC), also termed cancer initiating cells (CICs),
are a small subpopulation of cells within tumors with characteristic feature of selfrenewal, a process that drives tumorigenesis and differentiation that contributes
to cellular heterogeneity in tumors. Cancer stem cells are resistant to chemo- and
radiation- therapy and are considered as a major obstacle for cancer treatment 18,
99, 294

. Thus, effective cancer therapy requires the elimination of all tumorigenic

cells in the tumor 295. Further, mammary tumor is very heterogeneous; in addition
to neoplastic epithelial cells, it also contains mesenchymal stem cells, infiltrating
immune cells, cancer-associated fibroblasts, angiogenic vascular cells, and
erythrocytes

296

. However, the tumor relapse and associated propagation in the

mammary epithelium as well as the molecular mechanisms by which a normal
self-renewal pathway turns into abnormal self-renewal signaling have not been
fully understood.
Stem cells have much longer life span compared with their progeny and
therefore, it has a greater opportunity to accumulate genetic and epigenetic
mutations 5. Hematopoietic stem cells provide the best evidence that normal
stem cells are the targets of transforming mutations and, thus, any genetic






mutation that leads stem cells to become independent of growth signals, or to
resist antigrowth signals, will cause the stem cells to undergo uncontrolled
proliferation and possible tumorigenesis. Similarly, recent studies have shown
that epigenome plays an important role in cancer initiation and propagation by
regulating stem cells

297, 298

. A recent study has shown that ARID1A, a member

of SWI/SNF family, is mutated in more than 50% of human cancer, and
interestingly this mutation does not directly stimulate tumor formation, rather it
determines the epigenetic changes that leads to tumor propagation

299

. Thus, the

tumorigenic potential of ARID1A resides in its ability to alter the epigenetic profile
rather than the DNA sequence. Further, our recent study has shown that DNA
methyltransferase 1 (DNMT1) plays a critical role in mammary stem/progenitor
and cancer stem cells maintenance

300

.

Using the mammary gland specific

Dnmt1-knockout mice, we have shown that DNMT1 is indispensable for
mammary stem cell formation and that Dnmt1 deletion protects mice from
mammary tumorigenesis by limiting cancer stem cell pool

300

. Therefore,

targeting the epigenetic modifiers like DNA methylation (DNMTs) offers a
promising treatment option for human cancers.
Although the genetic origins of cancer are well established, epigenetic
modifications are early events in tumorigenesis

275, 301

. Interestingly, unlike

genetic mutations, the epigenetic alterations are reversible as proved by the reexpression of some tumor suppressor genes by DNMT inhibitors

302

. Though

many DNMT inhibitors have been identified, Azacytidine (5-AzaC, Vidaza) and 5Aza-2’-Deoxycytidine (5-AzaDC, Decitabine) are the most successful epigenetic




drugs that are most widely used for the clinical application

303, 304



. However, their

application in the treatment of oncological diseases is restricted mainly because
of their relative toxicity and poor chemical stability. Zebularine [1-(-Dribofurnanosyl)-1, 2-dihydropyrididin-2-one), is a more stable and less toxic
DNMT inhibitor but there is no information related to the clinical application of this
drug. Interestingly, combination of 5-AzaC or 5-AzaDC with histone deacetylation
inhibitors (HDACi) have been approved by FDA and European Medicines Agency
(EMA) for the treatment of hematological malignancies

305

. In cancer, HDACs are

upregulated and HDAC inhibitors have long been studied in clinical settings.
These inhibitors produce global effect on the level of acetylation of histone
proteins

306

. Our recent study has shown that combination of 5-AzaC and

Butyrate (But), a well-characterized HDAC inhibitor, targets cancer stem cells

300

.

However the effect of these drugs on cancer stem cell at genome level is unclear.
In the current study, we provide evidence that a combination of DNMT and
HDAC inhibitors not only target the tumor mass but also targets cancer stem
cells and also differentially regulate gene expression that involved in tumor
growth and progression. Thus, this combination could be considered as an
effective therapeutic strategy for the treatment of hormone dependent and
independent breast cancer. Further, this combination can be used as a novel
therapeutic strategy for trastuzumab resistant breast cancer patients.







MATERIALS AND METHODS
Cell culture: MCF10A4 were grown in DMEM/F12 media supplemented with
glutamine (1%) EGF (20ng/ml), Donor horse serum (5%), Penicillin (1%), Insulin
(10μg/ml) and hydrocorticosone (500 ng/ml). CAL51 cells were grown in DMEM
medium supplemented with 20% Fetal bovine serum, glutamine (1%) and
Penicillin (1%). 4T1 cells were cultured in RPMI medium supplemented with 10%
Fetal bovine serum, and Penicillin (1%).
Generation of mammospheres and tumorospheres: For the mammosphere
and tumorosphere cultures, cells were seeded in ultra low attachment plate
(Corning) in DMEM/F12 medium containing B-27 supplement, recombinant
human basic fibroflast growth factors (rhbFGF), recombinant human EGF,
heparin and Penicillin/Streptomycin. For matrigel culture, cells were seeded on 6
well precoated matrigel plates. Precoated matrigel plates were kept in incubator
for 10 minutes before use and single cells were seeded. After 30 minute 10-20%
matrigel in DMEM/F12 medium containing supplements were added.
Mammary single cell preparation: The thoracic and inguinal mammary glands
were dissected from virgin and MMTV-Neu-Tg mice prior to tumor formation
(premalignant). The tissues were digested for 6-8 h at 370C in DMEM/F12
medium supplemented with 10% FBS and 1% P/S and gentle collagenase (Stem
Cell Technology).

After this step, the organoids were dissociated into cell

suspension by use of trypsin (0.5%) and dispase (5mg/ml) separately.
Ammonium chloride was used for red blood cell lysis. All reagents were obtained






from Stem Cells Technology unless stated otherwise.
Flow Cytometry: For isolation/analysis of mammary epithelial stem/cancer stem
cells CD49f, CD24 (Stem Cells Technology), CD45, CD31 (BD Bioscience) and
Ter119 (E Bioscience) antibodies were used. Single cells suspension of around 1
to 10 million-cells/100 μl were incubated for 30 min on ice and washed with
staining media. Finally, cells were washed and resuspended in staining media
containing 7-aminoactinomycin D (1 μg/ml) or 4'-6-diamidino-2-phenylindole
(DAPI, 1 μg/ml) to stain dead cells. Cells were analyzed using a LSR II, Flow-jo,
and sorted using Mo Flow cell sorter.
Animals: Balb/cAnNCr (Stock #01B05) mice were obtained from the National
Cancer Institute. FVB/NJ (Stock #001800), MMTV-Neu-Tg (Stock #005038),
athymic Balb/c (Nu/Nu, Stock #007870) and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
(Stock #00557) mice were obtained from Jackson laboratories. All these mice
were bred and maintained in Georgia Regents University Animal Facility in
accordance with the guidelines of the Institutional Animal Care Use Committees.
Drug Treatment: For syngeneic tumor in vivo studies, 4T1 cells (1x106) were
injected into the mammary gland of Balb/c mice. 24 hour after tumor cells
injection we implanted 5-AzaC (0.5 mg/21 days release) and But (10 mg/21 day
release) tablets in combination. Similarly, in another group of mice, 24 h after
transplantation, salinomycin (5mg/kg, intraperitoneal injection) treatment was
initiated. For in vitro studies, we used 5-AzaC (1μg/ml), 5-AzaDC (1 μg/ml), TSA
(100 nM), But (1mM) and salinomycin (1μg/ml).







Immunofluorescence staining and microscopic imaging: Frozen tumor
sections were fixed in 4% paraformaldehyde/methanol at room temperature for
10 min, washed 3 times in PBS and then blocked in goat serum for 1 h. Sections
were then incubated in primary antibody overnight at 4°C, washed in PBS,
incubated for 1 h in secondary antibodies, washed in PBST, and then mounted in
Prolong gold antifade (Invitrogen) solution. Sorted cells were cytospun at 400
rpm onto Superfrost/Plus slides (Fisher), allowed to air dry, rinsed in PBS, and
then stored in -80°C. Antibodies used were Keratin 14 (Abcam, 1:250), Keratin 8
(Abcam, 1:250), and CD49f (GoH3, R&D, 1:250), Secondary antibodies were
purchased

from

Molecular

Probes/Invitrogen

and

used

1:1500

(anti-

rat/rabbit/mouse Alexa fluor 488 and 568). DAPI was used to stain nucleus. All
sections were imaged using Laser Scanning confocal microscope.
RNA isolation and real-time PCR: Total RNA was isolated according to
manufacturer’s protocol by using the Pure Link RNA Isolation Kit (Invitrogen).
The quality and concentration of RNA was determined by Agilent Bioanalyzer.
Isolated and purified Total RNA was reverse transcribed using cDNA synthesis
kit (Invitrogen). Taqman assay kit was used for real time expression from the
sorted

cells.

Real

time

primers,

DNMT1

(Mm01151063_m1),

Dnmt3a

(Mm00432881_m1), Dnmt3b (Mm01240113_m1) and HPRT (Mm01545399_m1),
were used from Applied Biosystem.
RNA Seq analysis: RNA extracted from mammosphere and tumorosphere were
subjected to cDNA library construction (ScriptSeq RNA-Seq Preparation v2 from
Epicenter). The quality of the sample was checked using Agilent Bioanalyzer.






Then sample were subjected to Illumina sequencing - Hiseq 2000, paired end 50
cycles V3.

CASAVA1.8.2 was used to generate fastq files. To analyze the

genome, we used Top Hat 2.0.1 and detected the differential expression of
transcripts (Cuffdiff/Cufflink 2.2.0). We detected raw mapped reads and
normalized reads per kilobase per million mapped reads. Then data was
exported to excel files contained gene_exp.diff sheet and isoform _exp.diff sheet.
Clonogenic assays: 4T1, CAL51 and MCF10A4 cell lines were seeded in 6-well
plates at 100 cells/well. 5-AzaC and But combination was used to treat these
cells for 7 days and then replaced with normal media. Colonies were fixed with
cold methanol/acetone, stained using Geimsa stain and counted 2 weeks after
plating.
Statistical analysis: Statistical analysis was done using student’s t-test with twotail distribution by Graph Pad Software. Biological function and pathway
enrichment analysis were carried out using DAVID (http://david.abcc.ncifcrf.gov/),
UCSC Cancer Browser (https://genome-cancer.ucsc.edu/proj/site/hgHeatmap/)
and IPA (http://www.ingenuity.com/products/pathways_ analysis.html) software.
Graph Pad, Sigma Plot and Excel was used to draw figure. Kaplan-Meier
analyses were used to assay group differences in tumor-free survival
(http://kmplot.com/analysis/).

The

web

interface

of

GOBO

were

used

(http://co.bmc.lu.se/gobo/) for gene set analysis and co-expressed gene.







Results
Lin-CD49f+ and CD24+ cells have tumor propagating and metastatic
potential: Using CD24/CD49f cell-surface markers, we isolated a population of
cells enriched in mammary stem/progenitor cells from normal mammary gland
and tumor-propagating cells from the tumor tissues of MMTV-Neu-Tg mice to
distinguish the normal mammary stem cells (MaSC) and cancer propagating
cancer stem cells (CSC). As shown in Fig. 1A left panel, there were three distinct
cell populations: Lin-CD49fhighCD24+ (basal myoepithelial stem cells-enriched
population), Lin-CD49f+CD24high (luminal progenitor cells enriched-population),
and Lin-CD49f-CD24- (stromal lineage cells) in the normal mammary glands (Fig.
1A left panel). However, only two different cell populations, Lin-CD49f+CD24+ and
Lin-CD49f-CD24- were present in the tumor tissues obtained from MMTV-Neu-Tg
mice (Fig. 1A right panel). Only a few cells within the tumor, the cancer stem
cells, are tumorigenic and possess the metastatic phenotype

307, 308

. Thus to test

the tumor forming potential of these two populations, we injected both LinCD49f+CD24+ and Lin-CD49f-CD24- cells in NOD/SCID mice. As shown in Fig.
1C, only Lin-CD49f+CD24+ cells were able to form tumor while the Lin-CD49fCD24- cells were not able to form any tumor lesions. We also investigated the
mammospheres forming potential of three distinct cell populations that obtained
in

the

normal

mammary

glands.

The

Lin-CD49fhighCD24+

cells

form

mammospheres with larger size than the Lin-CD49f+CD24low cells, while LinCD49f-CD24- cells were unable to form spheres (Supplementary Fig. S1A).
Similarly, we also investigated tumorospheres forming potential using Lin-







CD49f+CD24+ and Lin-CD49f-CD24- cells and found that Lin-CD49f+CD24+ cells
were able to form tumorospheres but Lin-CD49f-CD24- cells were not able to form
tumorsspheres (Fig. 1D) suggesting that Lin-CD49f+CD24+ cells are cancer
propagating cancer stem cells.
Then, we serially diluted (102 to 105) both Lin-CD49f+CD24+ and LinCD49f-CD24- cells and injected into NOD/SCID mice. We found that as few as
102 Lin-CD49f+CD24+ cells propagated mammary tumor whereas 1x105 LinCD49f-CD24- cells were unable to form tumor (Supplementary Fig.1B-C). We
also tested whether Lin-CD49f+CD24+ cells have metastatic potential by homing
primary tumor cells into distant organs like lung. For that, we used sorted LinCD49f+CD24+ cells and unsorted single cell suspension from the tumor tissue of
MMTV-Neu-Tg mice. As shown in Fig. 1E and F, the Lin-CD49f+CD24+ cells were
able to metastasis to the lung, even at 1x102 cells, but the unsorted cells, even at
1x105, were not able to form metastatic lesions in the lung. To confirm whether
Lin-CD49f+CD24+ cells are the metastatic driver to the lung, we prepared single
cell suspension from the lung tissues, which harvested from the sorted and
unsorted cells injected mice, and analyzed Lin-CD49f+CD24+ and Lin-CD49fCD24- cell populations. As shown in Fig. 1G, significantly more Lin-CD49f+CD24+
cells in the lung tissues of sorted cells injected mice than the unsorted cells
injected one. These finding suggests that Lin-CD49f+CD24+ cells could play a
critical role in driving tumor metastasis into distant organs. Overall these results
provide evidence that Lin-CD49f+CD24+ cells are tumor propagating and
metastasis driving cancer stem cells.







Luminal progenitor and basal myoepithelial stem cells are equally
contributed in mammary tumor development in MMTV-Neu-Tg mice: Despite
ample evidences to support cancer is driven from populations of self-renewing
stem cells, cancer can also arise from progenitor cells, a downstream of stem
cells. For example, mutation that enhances -catenin in granulocyte-macrophage
progenitor cells causes a blast crisis in some patients with chronic myeloid
leukemia

309

. This suggests that the mutated progenitor cells have acquired the

ability of self-renewal, a feature thought to be specific to stem cells, and undergo
unlimited growth as cancer cells. In case of MMTV-Neu-Tg mouse, about 5060% mice develop spontaneous mammary tumor after acquiring either additional
mutations or epigenetic modification in the un-activated Neu-Tg that expressed in
this mouse 310.
Thus, we analyzed whether the mammary tumor developed in MMTV-Neu-Tg
mice is driven from the luminal progenitor or basal myoepithelial stem cells. For
that, we assessed different cell populations in mouse mammary glands that
harvested at different ages, from 3 to 12 months, of MMTV-Neu-Tg premalignant
mice with no palpable tumors. Surprisingly, mice as young as 3 months old
showed an abrupt increase in luminal progenitor population (Lin-CD49f+CD24high)
whereas some 12 months old mice did not show this abnormal phenotype (Fig.
2A) suggesting that this luminal progenitor cells might have undergone either
genetic mutation or epigenetic modification.







Figure 1. Lin-CD49f+CD24+ cells are tumor-propagating cells with enhanced
metastatic potential. a, Representative FACS dot blots showing three distinct
cell populations, myoepithelial stem cells (Lin-CD49fhighCD24+), luminal
progenitor cells (Lin-CD49f+CD24high) and non-stem/non-progenitor cells (LinCD49f-CD24-), in normal mammary gland. These markers were unable to
distinguish these cell types in MMTV-Neu tumor and showing only two distinct
cell populations: tumor-propagating stem cells (Lin-CD49f+CD24+) and nontumorigenic cells (Lin-CD49f-CD24-). b, Representative confocal images showing
increased expression of CD49f and CD24 in metastatic lung tissue than the
normal CD49f (Green) and CD24 (Red) and DAPI (Blue). c, Representative
tumor growth with Lin-CD49f+CD24+ cells (102) injected in NOD/SCID mice. No
tumor was detected with Lin-CD49f-CD24- cells (105) in NOD/SCID mice (n=3
mice). d, Representative images show mammospheres generated with cells from
(Lin-CD49f+CD24+) compared with (Lin-CD49f-CD24-) in 3D culture. 20,000







cells/ml were used in each group. e, Representative lung tissue images after tail
vein injection of Lin-CD49f+CD24+ and non-sorted cells showing significantly
increased lung metastatic nodules in Lin-CD49f+CD24+ cells (left) than nonsorted cells (right). f, Representative H&E images of lung metastatic tumor tissue
sections of Lin-CD49f+CD24+ and non-sorted cells. g, Representative FACS dot
plots for normal lung and metastatic lung tumor tissues using Lin-CD49f+CD24+
marker showing increase in Lin-CD49f+CD24+ population.

Supplementary Figure 1. Lin-CD49f+CD24+ cells are tumorigenic. a,
Representative images of mammospheres generated from the sorted
myoepithelial stem (Lin-CD49f++/highCD24+/low), luminal progenitor (LinCD49flowCD24++/high) and non-stem cells (Lin-CD49f-CD24-) from normal control







FVB/N mice (n=3 mice). b, Tumor out-growth table showing tumor incidence in
serially diluted (1x102-1x105) Lin-CD49f+CD24+, Lin-CD49f-CD24- and non-sorted
cells derived from tumor tissues of MMTV-Neu-Tg mice. c, Tumor growth curves
for Lin-CD49f+CD24+ (102-105), Lin-CD49f-CD24- (1x102-1x104) and non-sorted
(0.5x106) cells injected in NOD/SCID mice. Tumor growth kinetics (after 30 days)
correlated with the latency and size of tumor formation and the number of LinCD49f+CD24+ cells.

To test whether this abnormal cell population leads to formation of mammary
tumor, we injected 104 cells from each cell types (Lin-CD49fhighCD24+, LinCD49f+CD24high and Lin-CD49f-CD24-) into mammary fat pad and found that both
transformed myoepithelial stem cells and luminal progenitor cells were able to
form mammary tumor around 120 and 100 days, respectively, whereas the LinCD49f-CD24- cells were unable to form mammary tumor (Figs. 2 B-D and
Supplementary Figs. S2A-B). Further, delay in tumor formation by transformed
myoepithelial stem cells indicates that they are relatively quiescent tumorigenic
cells in the tumor as compared to transformed luminal tumorigenic cells (Figs. 2
B-D and Supplementary Fig. 2B). In addition, tumors that developed from MMTVNeu-Tg myoepithelial and progenitor cell types showed similar cell phenotype,
which resembled the phenotypic identity of the tumors that were developed in the
MMTV-Neu-Tg mice, indicating the stem cell-like properties of self-renewal
(Supplementary Figs. S2C). To confirm this observation further, we stained the
tumors derived from basal myoepithelial stem cells and luminal progenitor cells
and found that both tumors express keratin 14, a basal epithelial marker, and
keratin 8, a luminal epithelial marker (Fig. 2E). These results confirmed that LinCD49f+CD24+ cells are tumorigenic and that both transformed myoepithelial stem







cells and luminal progenitor cells were able to form mammary tumor. However,
the inability of these two surface markers to distinguish between myoepithelial
stem cells and luminal progenitor cells in mammary tumor is most probably due
to tumor-associated antigenic alteration that predominately takes place in tumors.
However, these two markers are able to distinguish luminal progenitor and basal
myoepithelial stem cell populations in normal and in premalignant mammary
glands.
Transformed luminal progenitor and basal myoepithelial stem cells are
susceptible to treatment with DNMT and HDAC inhibitors treatment: As
shown in Fig. 2, both luminal progenitor and basal myoepithelial stem cells
contribute toward mammary tumor development in MMTV-Neu-Tg mice.
However, previous studies have shown that luminal progenitors are the origin of
MMTV-Neu-Tg driven mammary tumor

311

, but basal stem cell population

increases during the later stages of the mammary tumor development and this
cell type is associated with drug resistance and metastasis

312

. Further, studies

have shown that Trastzumab, a monoclonal antibody against HER2-Neu or
ERBB2, resistance is mainly associated to increased basal stem population

313

.

Further, we have recently shown that DNA methyltransferases (DNMTs),
especially DNMT1, plays critical role in the regulation of luminal progenitor and
basal stem cell population and functional inactivation of DNMT1 significantly
reduced these populations 300.







Figure 2. Distinct myoepithelial stem cells and luminal progenitor cells
represent the cells of origin of mammary tumor. a, Representative contour
plot of FACS gating shows an abnormal increase in luminal cells and shifting of
myoepithelial stem cells toward luminal cells in 3-month-old MMTV-Neu
premalignant mice. In contrast, 4- and 12-month-old mice show normal level of
stem and luminal cells. b, Sizes of tumors that developed from stem cells and
luminal cells derived from MMTV-Neu premalignant mice. c, Tumor-forming
potential of stem cells and luminal cells sorted from MMTV-Neu premalignant
mice, and tumor-propagating cells sorted from MMTV-Neu-Tg mouse tumor. d,
Frequency of tumor formation by different cell types, derived from MMTV-Neu
premalignant mice. Non-sorted cells from the same mice were used as a
reference control. e, Representative confocal images of keratin 8 (green),







keratin14 (red) and DAPI (blue) staining for tumor tissue sections derived from
transformed stem cells and luminal cells.

Supplementary Figure 2. Myoepithelial stem and luminal progenitor cells
are the target of genetic mutations/epigenetic modifications that lead to
tumor cell of origin. a, Representative FACS contour plots of 3, 4, 6, 7 and 12
month-old premalignant MMTV-Neu-Tg mice without any palpable tumor (n=2
mice/group, 18 mammary glands/group). b, Tumor outgrowth table indicating the
frequency of tumor formation with myoepithelial stem (Lin-CD49f++/highCD24+/low),
luminal progenitor (Lin-CD49flowCD24++/high) and all other cell types (Lin-CD49fCD24-) sorted from 3, 4, 6, 7, 8 and 12 month-old premalignant MMTV-Neu-Tg
mice without any palpable tumor. We also used non-sorted cells from these mice
for comparison. c, Representative FACS dot plots for tumors developed from the
myoepithelial stem (Lin-CD49f++/highCD24+/low) and luminal progenitor (LinCD49flowCD24++/high) cells. These findings suggest that tumor cell of origin and
tumor propagation might directly correlate to mutations within the stem/progenitor






cell population and/or epigenetic modifications that may be necessary for the
development of cell of origin with uncontrolled self-renewal.

Thus, we analyzed the expression of three major DNMTs (DNMT1, DNMT3A,
and DNMT3B) in luminal progenitor and basal stem cells that were isolated from
the premalignant MMTV-Neu-Tg mice. In order to confirm the cell type specificity
and free of cross contamination within the specific cell types, we analyzed
Keratin 14, a basal epithelial marker, and Keratin 8, a luminal epithelial marker
(Fig. 3A) and found that there was no cross contamination between these cell
types. Then we analyzed DNMT1, DNMT3A, and DNMT3B in these cell
population. Both luminal progenitor and basal stem cells were found to express
more or less similar levels of DNMT1 and DNMT3A but DNMT3B expression was
significantly different between luminal progenitor and basal stem cells (Fig. 3B).
To test whether DNMT inhibitors could have any effect in these populations, we
generated tumorospheres from the tumor tissues derived from MMTV-Neu-Tg
mice and treated with Pan-DNMTs inhibitors 5-Azacytidine (5-AzaC) and 5-Aza2-deoxycytidine (5-AzaDC). We used Salinomycin (Salino), the only known stem
cell inhibitor, as a positive control. We also used histone deacetylase (HDAC)
inhibitors TSA and butyrate (But) either alone or in combination with DNMT
inhibitors. We found that DNMTs inhibitors, 5-AzaC and 5-AzaDC, significantly
reduced cancer stem cells (Fig. 3C) but HDAC inhibitors, TSA and But, and stem
cell inhibitor, Salinocycin, had very minimal effect on tumorospheres formation
generated from the tumor tissues of MMTV-Neu-Tg mice. Interestingly, the
combination of either DNMT and stem cells inhibitors (5-AzaC+Salino) or DNMT






and HDAC inhibitors (5-AzaC+But) had profound effect in reducing cancer stem
cell populations.

Figure 3. Tumor stem cells are susceptible for DNMT and HDAC inhibitors
treatment: a, Representative confocal images of keratin 14 (red), keratin 8
(green) and DAPI (blue) expression in sorted myoepithelial stem cells (LinCD49f++/highCD24+/low, Keratin 14 positive) and luminal progenitor cells (LinCD49f+/lowCD24++/high, Keratin 8 positive) and non-stem cells (Lin-CD49f-CD24-,
Keratin 8 and Keratin 14 negative) showing lack of cross contamination. b, Realtime PCR showing the relative levels of DNMT1, 3A and DNMT 3B gene
transcripts in myoepithelial stem and luminal progenitor cells. c, Representative
tumorospheres treated with 5-azaC, 5-azaDC, But, TSA, and Salinomycin
(Salino), 5-azaC + Salinomycin, and 5-azaC + But for seven days. d-e,
Tumorosphere size and number in CAL-51, MCF10A4 and 4T1 cells treated with
and without 5-azaC+but. Black color represents Control cell lines and red color
represents treated. f, Survival curve of 4T1 cells were injected in the mammary
fat pad of Balb/c mice and the animals were treated with salinomycin and 5azaC+But.







Then we tested whether the combination of 5-AzaC and But can inhibit
cancer stem cell signature in human breast cancer cell lines. We used two
metastatic human breast cancer cell lines, MCF10A4 (a metastatic cell line
derived from a serial transformation of non-transformed human normal mammary
epithelial cell line MCF10A with oncogenic HRASG12V
negative metastatic breast cancer cell line)
mammary tumor cell line, 4T1

315

314

239

, and CAL51 (a triple-

, and one mouse metastatic

. We generated tumorospheres in the presence

and absence of 5-AzaC (1g/ml) and But (1 mM) and this combination almost
completely abolished cancer stem cell population (Figs. 3D and E). This
combination almost wiped-out the colony forming potential of these cells
(Supplementary Figs. S3A-B). We confirmed the efficacy of this combination in
vivo by orthotropic injection of 4T1 cells in Balb/c syngeneic mice and then
treated with 5-AzaC and But combination. We found that this combination
significantly increased the survival of the mice (Fig. 3F). Overall these results
provide evidence that DNA methylation play a critical role in the regulation of
cancer stem cells in MMTV-Neu-Tg driven mammary tumor and that DNMT and
HDAC inhibitors can be used as therapeutic intervention to abolish cancer stem
cells, tumor recurrence and associated mortality in human breast cancer.







Supplementary Figure 3. a, Representative colony formation assay images
of CAL-51, MCF10A4 and 4T1 cells treated with and without 5AzaC+butyrate combination.

DNMT and HDAC inhibitors treatment differentially regulate genes that are
involved in basal stem cell driven breast cancer: To test the role of 5-AzaC
and But combination on cancer stem cells, we isolated Lin-CD49f+CD24+ cells
from MMTV-Neu-Tg mouse and injected into NOD/SCID mice (Supplementary
Fig. 4). We prepared single cell suspension from the secondary tumors derived
from the NOD/SCID mice and platted in ultra low attachment plates to generate
3D culture. The resulting 3D culture, using the ultra-low attachment plates, was
treated with 5-AzaC (1g/ml) and But (1 mM) for 72 h. This provides unique
opportunity to study the effect of 5-AzaC and But on self-renewing tumor stem
cells in addition to understanding the role of these inhibitors on the
undifferentiated cell types (Supplementary Fig. 4). We prepared library from the
RNA samples extracted from these cells, and performed RNA seq analysis. We
found that 5-AzaC and But combination differently regulates genes that are
involved in cell cycle, cell division, kinetochore formation, chromosome
segregation and mitosis (Figs. 4A and B). Using the Ingenuity System Database,
we analyzed the gene signaling pathway analysis using the differential gene
expression that were altered significantly at p<0.05. The IPA top two disease and
disorders pathways that altered were altered were namely: cancer and
organismal injury and abnormalities (Fig. 4C). Since IPA showed a close
association of genes affected in cancer, we studied in depth molecular function of







genes associated with cancer. Interestingly, the top molecular functions altered
were cell-to-cell signaling, cellular movement and cell morphology, cell cycle
regulation,

programmed

cell

death,

DNA

replication,

post-translational

modification, and molecular transport (Fig. 4D).

Figure 4. DNMT and HDAC inhibitors treatment differentially regulate genes
that are involved in basal stem cell driven breast cancer: a, Heat map of
altered gene expression in tumor tissues of MMTV-Neu with or without 5azaC+but treatment. b, Network map created by analyzing genes and their
function by Ingenuity Pathway. c, Ingenuity Pathway analysis showing top
disease and disorders of differentially expressed genes. d, Molecular function of
genes altered by combination of Azacytidine and Byturated studied by IPA
software.







We then investigated gene expression signature in different breast cancer
subtypes using UCSC cancer genome browser to create heat map for genes that
were differentially expressed between untreated and 5-AzaC+But treated groups.
Interestingly, we found that genes that were inhibited by 5-AzaC+But were
significantly increased in human breast cancer samples whereas genes that were
activated by 5-AzaC+But combinations were decreased in breast cancer
(Supplementary Fig. S5). Further we found that expression of RAD51AP1,
NUSAP1 and SPC25 were very high in basal breast cancer subtype than the
other subtypes of breast cancer suggesting that these genes could play a critical
role in basal stem cells driven breast cancer. To validate our observations in
which the tumor propagation is driven by the basal stem cells in addition to
luminal progenitor cells, we selected two genes (RAD51AP1 and SPC25) for
further characterization. Combination of 5-AzaC and But inhibits RAD51AP1
gene expression (Fig. 4A and Supplementary information excel file 1). Previous
studies have shown that RAD51AP1 is associated with double strand break
repair and homologous recombination

316, 317

. Many cancer drugs produce DNA

lesion at replication fork and cancer cells might use RAD51, RAD51AP1 and
other homologous recombination proteins to repair double strand break and
maintain the cellular integrity. It has been shown that cell’s ability to repair double
strand break significantly affects the outcome of the cancer treatment whereas
cells deficit in homologous recombination and DNA damage repair mechanism
are hypersensitive to drug induced cell death and the resulting better outcome 318.







Supplementary Figure 4. Flow chart for RNA sequencing analysis. RNA
samples were run on Illumina sequencing, Hiseq2000 (Paired End 50 cycles, v3).
Data analysis pipelines were created and fastq files generated from
CASAVA1.8.2 and aligned to genome Top Hat 2.0.1. Biological analyses were
done with DAVID, and IPA database.







Supplementary Figure 5. Heat map showing relative expression of
differentially expressed genes (Normal and Tumor, Basal, Her2Neu,
Luminal A and Luminal B subtypes) in TCGA breast cancer data base.

RAD51AP1 is highly expressed in basal breast cancer
Using the UCSC cancer genome browser and Gobo gene enrichment
application, we investigated RAD51AP1 expression in normal and various breast
cancer subtypes and found that RAD51AP1 expression was significantly higher
in breast cancer, especially in basal subtypes, than the normal (Fig. 5A). Further





 

detailed analysis of Gobo gene enrichment analysis revealed that RAD51AP1
gene expression is higher in triple negative cell types and in HER-2 positive
breast cancer in comparison to hormone responsive subtypes (Fig. 5B). Next, we
investigated RAD51AP1 gene expression in human tumor subtypes and PAM50
tumor subtypes and found that basal cells express higher level of this gene
(Fig.5B and Supplementary Fig. 6A). ER-negative human tumor subtypes
expresses higher level of RAD51AP1 (Supplementary Fig. 6B). GSA tumor
analysis of RAD51AP1 gene indicates higher expression of this gene in grade III
histological tumor types (Fig. 5C). To understand the prognostic value of
RAD51AP1 in overall survival, we investigated the Kaplan-Meier plotter
integrative bioinformatics interface analysis and found significant correlation
between high RAD51AP1 expression and poor disease-free survival (Fig. 5D).
To analyze the expression status of RAD51AP1 in human breast cancer cell lines,
we investigated RAD51AP1 mRNA expression levels across different breast
cancer cell lines using the Gobo gene enrichment cell line application. We found
that highest gene expression was in the MB231 cell line, a triple-negative basal
stem cell driven cell line

319

(Fig. 5F). These finding suggest that combination of

5-AzaC and But target RAD51AP1 to block cancer stem cell survival.





 

Figure 5. RAD51AP1 is upregulated in basal breast cancer. a, Heat map
showing relative expression of RAD51AP1 gene (Normal and Tumor,
Basal ,Her2Neu, Luminal A and Luminal B subtypes) in TCGA breast cancer
data base. b, Representative box plot of RAD51AP1 expression in human
tumor c, Representative box plot of RAD51AP1 gene expression for tumor
samples stratified according to histological grade. d, Kaplan–Meier plots
represents overall survival of breast cancer patients in whole data sets for breast
cancer patients categorized according to RAD51AP1 gene expression . The Pvalue was calculated using a log rank test. e, GSA tumor Box plots showing
RAD51AP1 gene expression in human breast cancer cell lines categorized
according to the basal A (red), basal B (grey) and luminal (blue) subgroups. f,
Gene expression analysis of RAD51AP1 in 51 individual breast cancer cell lines.





 

Supplementary Figure 6. RAD51AP1 expression is high in basal breast
cancer. a, Gene expression analysis of RAD51AP1 grouped into five breast
cancer clinical subtypes; triple negative (TN, red), HER2-positive (HER2, purple),
and Hormone receptor-positive (HR, blue) b, Representative box plot of
RAD51AP1 expression in human tumor c, Box plot of RAD51AP1 expression in
ER positive and ER negative tumor types.

   

   

To establish the rationale for targeting genes that are involved in basal
stem cell driven breast cancer, we also investigated the functional significance of
SPC25, which is co-expressed with RAD51AP1 in breast cancer and also altered





 

with 5-Aza and But combination (Supplementary Information excel file 1 and 2).
SPC25 is an essential component of kinetochore-associated NDC80 complex 320.
It has been well established that kinetochore function is important for
chromosome segregation during mitosis and maintaining the chromosome
stability

321

. Further, chromosomal instability is one of the major cause of

heterogeneity observed in various human cancers

322

. We first tested the

expression profile of SPC25 between normal and various breast cancer subtypes
using UCSC cancer genome browser and Gobo gene enrichment application.
We found that SPC25 expression was significantly increased in HER2-positive
and triple-negative breast cancer patients than the normal counterparts (Fig. 6A).
SPC25 expression was also high in Basal B tumor types, which represents more
stem like cells (Fig. 6A). Similar to RAD51AP1 gene, SPC25 gene is also highly
expressed in basal, ER-negative tumors (Fig. 6B and Supplementary Fig. 7A).
GSA tumor analysis shows higher histological grade and poor prognosis with
higher expression of SPC25 (Fig. 6C). To understand the prognostic value of
SPC25 in overall survival, we investigated the Kaplan-Meier plotter integrative
bioinformatics interface analysis and found that a significant correlation between
high SPC25 expression and poor disease-free survival (Fig. 6D). Finally, we
checked the expression of SPC25 across the human breast cancer cell lines. We
found that MB231, a metastatic cell line that consist of cancer stem cells, has
high level of SPC25 gene expression (Fig.6E and F). This suggests that
increased SPC25 expression in basal stem cell population could be directly
associated to increased metastasis that is observed in these cell types.





 

Figure 6. SPC25 is upregulated in breast cancer. a, Heat map showing
relative expression of SPC25 gene (Normal and Tumor, Basal , Her2Neu,
Luminal A and Luminal B subtypes) in TCGA breast cancer data base. b,
Representative box plot of SPC25 gene expression in Human tumor subtypes. c,
Representative box plot of SPC25 gene expression according to histological
grade. d, Kaplan–Meier plots represents overall survival of breast cancer
patients in whole data sets for breast cancer patients stratified according to
SPC25 gene expression. The P-value was calculated using log rank test. e, Box
plots represents SPC25 gene expression in human breast cancer cell lines
classified according to the basal A (red), basal B (grey) and luminal (blue)
subgroups. f, SPC25 gene expression in 51 individual breast cancer cell lines.





 

Supplementary Figure 7. SPC25 expression is high in basal breast cancer.
a, Gene expression analysis of SPC25 grouped into breast cancer clinical
subtypes; triple negative (TN, red), HER2-positive (HER2, purple), and Hormone
receptor-positive (HR, blue) b, Representative box plot of SPC25 expression in
human tumor c, Representative box plot analysis of SPC25 gene expression in
ER positive and ER negative tumor types.
Overall, our study provide evidence that cancer stem cells, especially
basal myoepithelial stem cells, play a critical role in tumor propagation and




 

metastasis. Interestingly epigenetic mechanisms, particularly DNA methylation
and histone acetylation, are directly involved in cancer stem cell maintenance.
Overall our results provide strong evidence that combination of DNMT and HDAC
inhibitors could effectively block mammary tumor not only by inhibiting tumor
mass but also blocking cancer stem cells maintenance.
Discussion
In solid tumors, including breast cancer, a small proportion of CSCs are capable
of forming tumors. Breast cancer stem cells have been successfully isolated from
the human breast tumor tissues and also from tumors from various spontaneous
mouse mammary tumor models. In our study, we used CD24 and CD49f cell
surface markers mainly because these two markers are commonly expressed in
both human and mouse. We have recently shown the functional significance of
these two makers in the isolation and characterization of MaSC and CSC

300

. In

this study, we used MMTV-Neu-Tg mice mainly because about 50-70% of these
mice develop mammary tumor, most preferentially in the thoracic mammary
glands but not in all glands. Even though this transgenic mouse expresses unactivated Neu gene, it needs additional mutation or epigenetic modifications to
form mammary tumor

310

. Previous studies have shown that the large majority of

mammary tumors are originated from the luminal progenitor cells type
including the mammary tumor developed in MMTV-Neu-Tg mouse

308

307, 310

,

, rather

than basal cell type. However, a recent study has shown that mammary tumors
that developed in MMTV-Neu-Tg mouse can originate from both luminal and
basal cell types

280

. Though our study also reinforces the previous observations,






our findings provide evidence that tumor originated from the basal cell types are
relatively quiescent but more metastatic. Further, our study provides evidence
that both luminal and basal cells require additional mutations to activate the unactivated Neu-Tg to become tumorigenic phenotype (Figs. 2A-C and
Supplementary Fig. S2A-B). This suggest that a small portion of basal cell
population may acquire mutation or epigenetic modification and serve as the
cancer initiating stem cells (CISCs) in Neu-Tg-induced mammary tumor and that
the expansion of such cells are of dedifferention into luminal cells. This prediction
is supported by the observation that tumor derived from the basal cell type
express both K8 and K14 suggesting a transition of basal stem cells into early
luminal progenitors (Fig. 2E). Further, previous studies have shown that Notch
activation

74

or loss of BRCA1

323

can target both basal and luminal cells.

However, Notch activation is associated to conversion of basal stem cell
population into luminal progenitors and loss of BRCA1 associated basal
mammary tumor is derived from the luminal progenitor cells 74, 323(reference).
Further, tumors developed from both luminal and basal cell types, which
derived from the pre-malignant MMTV-Neu-Tg mice, showed similar selfrenewing tumor propagating CSC phenotype. In addition, tumor developed from
these two cell types are indistinguishable from the spontaneous tumor developed
in MMTV-Neu-Tg mice. Given the strong enrichment of basal cell phenotype in
HER2-Neu tumor after chemotherapy and also the tumor-propagating ability of
this basal cell types explain why trastuzumab, the most successful therapy
against HER-2 positive mammary tumor, is unable to eradicate tumor cells and







subsequent metastasis in advanced disease. Trastuzumab targets only HER-2 positive luminal progenitor cells but not HER-2- negative basal myoepithelial
stem cells, which are multipotent and quiescent in tumor. This raises the
possibility that during chemotherapy, especially in trastuzumab therapy, the
tumorigenic myoepithelial stem cells escape and enter into circulation and
ultimately lead to tumor metastasis (Supplementary Fig. S8). This finding is
further supported by the increased basal cell phenotype in HER2-resistant tumor
after chemotherapy

312, 324

. Thus, when selecting chemotherapy for breast cancer

treatment, it is obligatory to target both transformed luminal progenitor cells as
well as myoepithelial stem cells.
Our findings indicate that Lin-CD49f+CD24+ cells are metastatic and
propagate into lung metastasis. We used 4T1 cell line, a metastatic cancer cell
line that mimics grade IV human breast cancer 325, to test the metastatic potential
of Lin-CD49f+CD24+ cells. Using MMTV-PyMT-Tg mouse model suggest that
myoepithelial cells are leader cells for metastasis and basal epithelial enrichment
program help in the metastasis program

326

. So, all these finding suggest that the

few basal myoepithelial stem cells, which are present in the breast tumor,
redifferentiate into tumor propagating luminal cell types and this luminal cell types
are targeted by Trastuzumab. Thus, we speculate that in addition to epithelial
mesenchymal transition (EMT) phenomena there is increase of basal tumorigenic
cell types, which respond to signal form cytokines, or in response to targeting of
luminal cell type targeting drugs.







Supplementary Figure 8. A model for mammary tumor propagation in
MMTV-Neu-Tg mice. a, Adult transgenic mouse mammary gland expresses both
myoepithelial stem (Lin-CD49f++/highCD24+/low, Keratin 14 positive) and luminal
progenitor (Lin-CD49f+/lowCD24++/high, Keratin 8 positive) cells. b, Her-2/Neuexpressing luminal cells. c, Genetic mutations/epigenetic modifications lead to
overexpression of DNMT1 in luminal and myoepithelial stem cells. d, An
aberrant increase in luminal cell population with very few basal cell types found in
the tumor. HER-2 antibody or Trastuzumab can target and kill only HER-2positive luminal cells but not HER-2-negative myoepithelial cell types. Thus,
Trastuzumab treatment reduces the tumor burden but leaves the myoepithelial
cells unaffected. e-h, The HER-2-negative myoepithelial cells are multipotent,
giving rise to both myoepithelial and luminal stem cells. The resulting luminal
stem cells become Trastuzumab-resistant and myoepithelial cells become Triple





 

negative (ER- PR- and HER2-negative), and ultimately turn into oncogenic and
tumor-propagating cells.
Increase in basal tumorigenic population require targeting of these cell
types, in addition to luminal cells types such as HER2-Neu antibody. Here our
studies show that combination of 5-AzaC + But target basal cell gene signature.
In addition this combination target metastatic population as indicated by IPA
network. 5-AzaC + But combination decrease the expression of ZEB1 and
POSTN genes, higher expression of which help in metastasis. In addition,
combination of 5-AzaC + But also arrest cells in G1 phase of cell cycle, block
EMT and help in polarization of cells. Overall our studies indicate that
combination of 5-AzaC + But can be used to prevent basal tumorigenic cells
which is helpful in the prevention of metastasis. Further, the enhanced
expression of RAD51AP1 in majority of breast cancer tissue compared to normal
counterparts suggests the oncogenic role of this gene in human breast cancer.
Previous studies have shown that RAD51AP1 expression was up-regulated in
hepatocellular carcinomas
abnormalities

328

327

, acute myeloid leukemia with complex karyotypic

, and aggressive mantle cell lymphoma

329

. Furthermore, down-

regulation of RAD51AP1 by gene-specific siRNA resulted in growth suppression
of cholangiocarcinoma cells. These results indicate that RAD51AP1 expression
is essential for the growth of tumor cells and that its inhibition may be a novel
therapeutic option for the treatment of human breast cancer. On the other hand,
CpG methylation of its promoter region leads to the reduced expression of
RAD51AP1 in prostate cancer cells

330

. Therefore, RAD51AP1 may play a role in

a tumor type-dependent manner. Similarly SPC25, a gene that plays a critical





 

role in kinetochore assembly is highly expressed in human breast tumor tissues
and in breast cancer cell line when compared to normal controls. Though the role
of SPC25 in tumorigenesis is completely unknown, studies have shown that it
forms a complex with NDC80, NUF2, and SPC24, and is localized at the
kinetochore outer plate after the G2 phase

232, 331-333

, and plays a critical role in

microtubule-kinetochore attachment and spindle assembly checkpoint in mitosis
334

. Further, genetic stability depends primarily on accurate chromosome

segregation during the cell cycle and kinetochrores are essential for this process.
Thus, SPC25 function is required for tumor cells to sustain the genomic stability
by maintaining mitotic spindle assembly for their eternal growth.

CONCLUSION
Overall our studies demonstrate that tumor cell of origin and tumor-propagating
cells are regulated by DNA methylation and inhibition of DNMTs reverses the
abnormal self-renewal properties of tumor-propagating cells. Further, our study
unequivocally showed that prophylactic administration of 5-azaC and But
efficiently blocks mammary tumorigenesis as well as reduced tumorosphere
forming potential of tumor-propagating cells by reactivating the tumor suppressor
genes, which are inhibited by DNA hypermethylation. Therefore, 5-azaC and But
combination would be an effective adjuvant therapy for treatment of breast
cancer. In particular, this combination therapy might have substantial therapeutic
impact in women with high risk of breast cancer (based on the methylation





 

marker profile in plasma, family history of breast cancer, etc.). It is likely that
administration of 5-azaC in combination with But would not only provide an
effective treatment in preventing tumor growth but also prevent relapse of the
breast cancer because such a combination will result in demethylation of
epigenetic gatekeeper genes and tumor-suppressor genes as well as target
circulating tumor cells and metastatic cells.





 

OVERALL DISCUSSION
Mammary gland development and aberrant growth of mammary tumor
require specific cellular processes such as gene expression. The regulation of
gene expression is directed by the transcription factors.

However, gene

expressions are also regulated by DNA methylation and histone acetylation.
Aberration in DNA methylation occur in a wide array of cancer including breast
cancer, where it is associated with enhanced tumorigenicity and metastasis

335

.

However, the role of DNA methylation and histone acetylation in regulation of
mammary stem/progenitor cells and its relevance to mammary gland
development and also their role in cancer stem cells maintenance and its
relevance to mammary tumorigenesis is unclear. We show that Dnmt1
expression increases during mid pregnancy and this indicate that this gene play
major role in the development of mammary gland. Adult stem cells are very
responsive to hormones, like estrogen and progesterone, during pregnancy and
pregnancy induces stem cell self-renewal characteristics. We found that Dnmt1
level increases during mid pregnancy, where the highest number of mammary
stem cell self-renewal was observed. Further, previous studies have shown that
half term pregnancy has more cancer risk when compared to full term pregnancy.
Thus, in addition to parity-induced stem cell expansion, Dnmt1 expression also
play an importance role in expansion of mammary stem cell signature. Our
findings characterize Dnmt1 is a critical determinant of the MaSC self-renewal,
where imbalance in the gene leads to initiation of oncogenic program.





 

In our study, we identified a novel role of Dnmt1 in regulation of mammary
gland development and stem/progenitor cell maintenance. Mammary gland
specific deletion of Dnmt1 leads to decrease in terminal end bud (TEB)
development and this associated to failure in elongation and evasion of TEB into
mammary fat pad. The mammary gland resembles the embryonic mammary
rudimentary structure indicating that Dnmt1 plays a major role in the
development of mammary gland development similar to development of other
organs like colon, skin and brain

263

. Terminal end bud is the most actively

growing region of the mammary gland and small lateral buds extend from the
terminal end buds. We discovered that deletion of Dnmt1 affects the proliferation
of mammary stem cells. Further transplantation assay revealed that deletion of
Dnmt1 affects the mammary stem cell repopulating capability and indicate the
essential role of this gene in regulation of self-renewal of mammary stem cells.
Similarly FACS analysis revealed that mammary stem cells are
significantly reduced by deletion of Dnmt1. This indicates that there is a critical
role of this gene in maintenance and self-renewal of mammary stem cells. By
using CD61, another stem/progenitor cell marker, we validated our study and
confirmed

that

Dnmt1

deletion

also

affects

progenitor

cells

number.

Mammosphere assay also suggests that the proliferation of mammary
stem/progenitor cells is also hampered by the absence of Dnmt1. DNA
methylation is critical for self-renewal of stem cells such as hematopoietic,
germline and embryonic, and epidermal stem cells

11, 271, 273, 274

. Similarly, Dnmt1

is essential for differentiation of embryonic stem cells and self-renewal of somatic





 

adult stem cells such as hematopoietic stem/progenitor cells and mesenchymal
stem cells

270, 271

. These adult stem cells are very important for both organ

development and maintaining tissue homeostasis. MaSC proliferate during
pregnancy and interact with other luminal, stromal and extracellular cells to
maintain the normal lobulo-aleveolar morphogenesis. In mammary gland, stem
cells are enriched in the basal layer of terminal end buds. We found deletion of
Dnmt1 hamper TEB outgrowth and this reduced TEB development correlate
significantly with reduced MaSC, decrease in mammary repopulating units,
decreased proliferation and less mammospheres number observed in Dnmt1knockout mouse. This is in agreement with previous studies that Dnmt1 is
required for stem cell differentiation in the small intestinal epithelial cells and
leukemia stem cells 271, 336 .
Cancer is a multistep process that involves genetic and epigenetic
changes in which cells in a particular tissue are no longer responsive to signals
that regulate cellular hierarchy and cellular differentiation process within that
tissue. Previous studies have shown that epigenetic events play a major role in
the initiation and maintenance of tumor formation. DNA methylation is one of the
major epigenetic event. Among the various DNMTs, DNMT1 is the most
prevalent methyltransferase in somatic cells and plays a major role in
mammalian development and different type of cancer development. Here, we
addressed the question whether Dnmt1 contribution in the initial event of
oncogenic transformation and maintenance of mammary tumor by utilizing
transgenic mouse model such as MMTV-Neu-Tg and C3(1)-SV40-Tg.





 

Mice carrying the MMTV-Neu-Tg or C3(1)-SV40-Tg gene are predisposes
to mammary tumors that become observable at 9 month or 6 month of age,
respectively. Here we demonstrated that, the number of mammary tumor
formation can be reduced in two ways: 1) conditional deletion of Dnmt1 in the
mammary gland and 2) treatment with pharmacological DNMTs inhibitor, 5Azacyditine (5-AzaC), either alone or in combination with HDAC inhibitor,
butyrate (But). Further, we show that inactivation of Dnmt1 arrested proliferation,
improved survival and decreased lung tumor formation. The genesis of mammary
tumor formation depends upon the frequency of oncogenic events initiated and
transformed cells ability to proliferate to make a visible tumor size. Our study
provides two major reasons for the decrease in mammary tumor formation. The
initiation of mammary tumor formation would depend upon oncogenic
transformation of stem cells and progenitor cells into cancer stem cells. We
further asked whether delayed in tumorigenesis might be simply by the product of
drastically low number of epithelial cells.
To understand this phenomenon, we prepared mammospheres from the
mammary glands of premalignant transgenic mice and injected equal number of
cells into NOD/SCID mice. Dnmt1-knockout significantly reduced tumor incidence,
tumor size, and tumorosphere forming capability. These data suggest that
decreased mammary tumor incidence observed in Dnmt1-null mice is not simply
due to reduced epithelial cells subject to transformation. Further our studies show
that Dnmt1 deletion decreases tumor formation and metastasis by affecting the
self-renewal of cancer-initiating stem cells. The other reason for the decrease in







mammary tumor formation is the inability of cancer stem cells to maintain
proliferative potential and inability to maintain DNA methylation during replication
stage.

Administration

of

combined

Dnmt1

and

HDAC

inhibitor

during

premalignant stage, 12 weeks old mice, reduced mammary tumor formation and
cancer stem cell formation. Therefore we conclude that Dnmt1 is critical for the
maintenance of CSCs, which is consistent with previous observation in leukemia
stem cells 271, 273.
We also show that DNA methylation is profoundly increased in
tumorsopheres in comparison to mammospheres. The RRBS platform used in
this study allowed more in- depth view of around 2300 differentially methylated
region and we found 14% promoter regions. Several lines of evidence implicates
that DNA hypomethylation has been shown to promote increased expression of
oncogenes while DNA hypermethylation has been shown to silence the tumor
suppressor genes. Precise identification of what causes aberrant DNA
methylation in cancer stem cells would allow to identify a novel therapeutic drug
not only for the treatment of breast cancer but also for several other human
malignancies.
Our data indicates that a vast majority of DMRs in tumorospheres are
hypermethylated compared to mammospheres. Our study revealed that known
tumor suppressor genes such as Wnt5a, Abi3 and TCF7 were hypermethylated
in tumorospheres. Silenced expression of WNT5A in human breast cancer has
already been reported and several other evidences showed that increased
expression of this gene is necessary for prevention of metastasis in colon, breast,




hematopoietic and thyroid cancer

337

;

338



. Previous studies have shown that

WNT5A gene is silenced in colorectal cancer cell lines due to promoter
methylation but the expression of WNT5A is very high in normal cells in
comparison to tumor cells

337

. Similarly, TCF7 expressed in the basal epithelium

of the mammary gland and the expression of this gene is silenced in breast
cancer. Interestingly, functional deletion of this gene in the mammary gland leads
to spontaneous mammary tumor formation
family and involved in cell motility

339, 340
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. ABI3 is the member of ABI3 gene

. Mounting evidence has indicated that

silencing of ABI3 plays a major role in initiation of breast cancer and
ABI3 expression is lost in most of the invasive breast cancer cell lines. Further
ectopic expression of ABI3 inhibits metastasis and cancer cell motility; however
mechanism of action of ABI3 in breast cancer is not fully understood 286.
Most notably, we identified the Insulin gene enhancer protein (ISL1) as a
gene methylated in tumorospheres and silenced in different breast cancer
subtypes. We show that ISL1 is hypermethylaed at the promoter region, which
was confirmed in normal and in different human breast cancer samples by TCGA
database. ISL1 is a transcription factor and an endogenous inhibitor of Estrogen
receptor (ER)

272

. Moreover our finding provides evidence that ISL1

hypermethylation can be used as a novel prognostic and diagnostic marker for
breast cancer. Previous study has shown that ISL1 hypermethylation can be
used as a potential prognostic marker for non-invasive bladder cancer

341

. Our

results analyzed from TCGA database and patient survival studies indicate that
ISL1 is hypermethylated in breast cancer and silenced in different breast cancer







subtypes and this suggests that ISL1 can be used as a prognostic marker for
breast cancer.
ISL1 hypermethylation could be used as an effective screening method for
the diagnosis of the early stage of breast cancer and DNMTs inhibitors can be
used as an effective therapeutic modality for these patients. Our studies also
demonstrate that Dnmt1 is an important player in the tumorigenic phenotype of
cancer stem cells and inhibition of DNMTs reverse the abnormal self-renewal
properties of cancer stem cells. So, we believe that the ISL1 is a direct target of
DNA methylation and silencing of ISL1 by DNA methylation is associated with
tumor initiation in breast cancer, and much more work needs to be done to fully
understand the role of Dnmt1-Isl1 axis in breast cancer.
Our understanding of how HER2-Neu positive tumors are get resistance to
chemo- and radiation therapy is very limited. One of the major questions in the
current clinical setting is that why the increased number of basal cell types in the
later stage of HER2-Neu positive tumor and how these cells become
irresponsible and resistant to Herceptin therapy? Herceptin targets ErbB2 protein,
which is over expressed in HER2-Neu positive tumors. Many previous studies
revealed that luminal progenitor cell types are the origin of HER2-Neu-positive
tumors. However, recent

280

studies have shown that both basal and luminal

progenitor cells have tumor initiating capability. Our study, support the later
findings

280

in which both basal and luminal progenitor cell types have tumor

initiating capabilities. In addition, our studies show that Lin-CD49f+CD24+ cells
has tumor propagating cancer stem cells properties, which derived from both





 

basal and luminal progenitor cells. In addition, we found that this population is
enriched in metastatic cell types. It is quite interesting that when we injected
premalignant basal and luminal cells into the tumor, it gives rise to luminal
enriched cell type suggesting that part of the basal cells are differentiated into
luminal cell type. This explain the previous observation that mammary tumor
developed in HER2-Neu positive tumor is driven from the luminal cell type but the
basal cell types. However, the capability of basal cell types to form tumors at
slow speed in comparison to luminal types explain the need for using different
drug combinations, which can target both basal and luminal cancer cell types.
Our finding also explains the cause of heterogeneity in tumor cells and its
relevance to chemotherapy resistance. The difference in the ability of luminal and
basal stem cells in proliferation and transformation, basal stem cell are less
proliferative and has slow transformation potential than luminal cells, highlights
the relevance of acquired resistance in tumor cells. When we prescribe the initial
therapy to cancer patients, the tumor might have different cell types, like already
transformed, partially transformed, and non-transformed cells. The partially
transformed and non-transformed cells are also under constant pressure of
oncogenic mutation and are ultimately become a transformed phenotype.
However, the prescribed drug target the already transformed receptor positive
cell types, like luminal cell, but not the partially transformed or non-transformed
cells, like basal cells. Once these cells become a transformed phenotype, they
will acquire resistance to chemotherapy because these cells are already
tolerated the dose of chemotherapy when they were in non-transformed stage.





 

Thus, due to multiple clonal origin of MMTV-Neu tumor, there is a need to target
the tumor with multiple therapy. So, in addition to Herceptin therapy, which target
only the luminal cell type, there is a need for an additional therapy that can target
basal cell type. Previous studies have shown that 5-AzaC, a known DNMTs
inhibitor plays major role in differentiation of stem cells at low dose. Our study
shows that the combination of 5-AzaC and But has severe impact on cancer
stem cells by reducing the cancer stem cells and tumorospheres formation
potential. RNA seq analysis, using CSC treated with or without 5-AzaC and But,
provide evidence that this combination reactivated several tumor suppressor
genes, which are silenced by DNA methylation, and oncogenes like RAD51A1
and SPC25. Further, TCGA, Gobo, and Kaplan-Meier plotter database analyses
showed that inhibition of RAD51A1 and SPC25 by 5-AzaC and But is directly
associated to increased disease free survival of breast cancer patients.
Overall our studies demonstrate that tumor cell of origin and tumorpropagating cells are regulated by DNA methylation and inhibition of DNMTs
reverse the abnormal self-renewal properties of tumor-propagating cells. Further,
our study unequivocally showed that prophylactic administration of 5-AzaC and
But efficiently blocks mammary tumorigenesis as well as reduced tumorosphere
forming potential of tumor-propagating cells by reactivating the tumor suppressor
genes, which are inhibited by DNA hypermethylation. Therefore, 5-AzaC and But
combination would be an effective adjuvant therapy for treatment of breast
cancer. In particular, this combination therapy might have substantial therapeutic
impact in women with high risk of breast cancer (based on the methylation





 

marker profile in plasma, family history of breast cancer, etc.). It is likely that
administration of 5-AzaC in combination with But would not only provide an
effective treatment in preventing tumor growth but also prevent relapse of the
breast cancer because such a combination will result in demethylation of
epigenetic gatekeeper genes and tumor-suppressor genes as well as target
circulating tumor cells and metastatic cells.
Future directions
Cancer is driven by tumor propagating cancer stem cells and stem cell
research would revolutionize the outcome of the future clinical settings. Most of
the current therapeutic strategy lack specificity for tumorigenic cells, especially
the tumor initiating stem cells. Thus, targeting cancer stem cells is essential for
the development of novel cancer therapy. Therefore, we believe that the key to
eradicate cancer stem cells is identifying genes or pathway, which target cancer
stem cells but not normal stem cells. Our study provide evidence that ISL1 could
be the novel target to eradicate beast tumor by targeting cancer stem cells.
Our studies show that premalignant stem and luminal cells can able to
form mammary tumor. It is already known that tumor suppressor genes, which
play a role in early phase of tumor initiation, may not be involved in the later
phase of tumor progression. However, the DNA methylation profiling throughout
the tumorigenesis has not been reported.

So, in future study it would be

interesting to analyze the DNA methylation profiles in premalignant, different time
of mammary tumor initiation, and discrete time of mammary tumor development.
Comparing methylation profile at different time point will provide better





 

understanding for the signaling pathway that involve in tumor initiation and
progression to distant organs like lung, bone, and brain.
Our demonstration of the role of Dnmt1 in tumor suppression by inhibiting
cancer stem cells formation and maintenance provides an exciting opportunity to
explore the molecular pathways that regulate cancer stem cells and also lead to
discover new drug target, which can selectively target Dnmt1. Due to the high
expression of DNMT1 in tumor tissues, the new target will specifically destroy
cancer stem cell without affecting the normal cells. It would be interesting to
analyze the molecular signaling pathways that are specifically involved in Dnmt1deletion associated tumor suppression.
In our study, we identified that ISL1 is a direct target of DNMT1 and ISL1
play a critical role in tumor suppression. However, it is not clear whether the lack
of DNA-methylation dependent activation of ISL1 in MaSC can explain the
observed disruption of normal mammary gland development upon conditional
deletion of Dnmt1. Is ISL1 play a critical role in inhibition of MaSC formation and
maintenance? If so how? As far as we know, the MaSC are ER-negative.
Therefore inhibition of ER activity by ISL1 is not likely to be a mechanism by
which Dnmt1 deficiency affects MaSC maintenance. MaSCs are highly
responsive to steroid hormone signaling despite their receptor-negative
phenotype for ER, PR and ErbB2, and that steroid hormones are thought to
regulate ER-negative MaSCs through paracrine signals from ER-positive cells.
Although ISL1 is a known inhibitor of ER dimerization, it is not clear whether ISL1
affects MaSC formation and maintenance through inhibition estrogen signaling or





 

an unknown signaling events.
In our future study, we will use the Isl1-knockout mice to determine the
functional role of Isl1 in regulation of mammary gland development and MaSC
maintenance and its relevance to mammary tumor growth and CSC formation
and maintenance. We will validate our finding, which observed in Isl1-knockout
mice, using the mammary gland specific ISL1-knockin transgenic mouse.





 

SUMMARY
Epigenome plays a major role in mammalian development, particularly
adult stem cell plasticity and progression of cancer. DNA methylation provides a
potential epigenetic mechanism needed for maintaining cellular memory, which is
needed to preserve the somatic stem cell self-renewal state
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. Among the three

DNA methyltransferases, DNMT1 plays a major role in maintenance of DNA
methylation and in development. There are no reports in the literature to
demonstrate the role of Dnmt1 in regulation of mammary stem cell and cancer
stem cell formation and maintenance. Numerous lines of evidence indicate that
Dnmt1 is essential for maintaining epidermal, neural, hematopoietic stem cells
and leukemia stem cells. Therefore, the possibility that Dnmt1 is essential for
mammary

stem/progenitor

and

cancer

stem

cells

maintenance

merits

investigation.
Dnmt1 deletion is embryonic lethal and cause death around 9th day of
embryonic development. So, by using conditional deletion of Dnmt1 under the
MMTV-Cre transgene, we show that Dnmt1 is critical for the regulation of
mammary stem/progenitor cells. Dnmt1 is essential for mammary gland terminal
end bud development, and transition of stem cells and progenitor cells to
differentiated state.
To understand the role of Dnmt1 in regulation of mammary tumor growth
and progression, we generated two spontaneous mouse mammary tumor models,
MMTV-Neu-Tg or C3(1)-SV40-Tg, in wild-type and in Dnmt1-null genetic
background. We show that deletion of Dnmt1 reduce tumor formation, metastasis





 

by decreasing self-renewal and proliferation of cancer-initiating stem cells. To
further understand whether delay in tumorigensis is due to low epithelial cells or
due to deletion of Dnmt1. We used premalignant MMTV-Neu mice in wild-type
and in Dnmt1-null background, and injected equal number of cells into
NOD/SCID mice and found that Dnmt1-deletion prevent tumor formation by
blocking cancer stem cells. Our results are in agreement with previous studies
that leukemia and hematopoietic stem cells are dependent on the Dnmt1 for their
self-renewal and maintenance. Moreover, in intestinal tumors silencing of
DNMT1 block tumor formation and this study showed that Dnmt1 is essential for
maintenance of colon cancer stem cells 342. Our study unequivocally showed that
administration of 5-AzaC and But during premalignant stage efficiently blocks
mammary tumorigenesis as well as reduced tumorosphere forming potential of
cancer stem cells. Recent studies also demonstrate that chloroquine inhibit
Dnmt1 and rewrite DNA methylation of cancer stem cells and specifically
eliminate these CSC cell population 343.
DNA methylation patterns are associated with cancer. Our finding shows
that there is a substantial increase in Dnmt1 expression when stem cells are
turning into cancer stem cells. To further understand the role of DNA methylation
in tumor formation, we performed genome scale methylation, which covers most
of the CpG sites including promoters region, introns, exon, intragenic and gene
body region. These results unravel the role of DNA methylation in propagation of
the tumorigenic phenotype of cancer stem cells. Further our studies show that
14

%

promoter

hypermethylation

of

tumorospheres

in

comparison

to







mammospheres and Isl1, Wnt5a, Abi3, and Tcf7 are hypermethylated in
tumorospheres. Moreover our finding indicates that ISL1 hypermethylation can
be used, in future clinical study, for a novel prognostic marker for breast cancer
diagnosis. Analyses of TCGA database and Kaplan-Meier plotter for patient
survival indicate that ISL1 is hypermethylated in breast cancer and silenced in
many cancer subtypes, which suggest that ISL1 can be used as diagnostic and
prognostic markers for breast cancer patient.
Effective screening of breast cancer patients, using ISL1 hypermethylation,
in the early stage of cancer and also treating them with either DNMT1 inhibitors
or a small molecule that specifically activate ISL1 could be an efficient method for
breast cancer diagnosis and also a novel therapeutic strategy, respectively, to
treat breast cancer. In summary, our studies demonstrate that Dnmt1 is an
important player in the tumorigenic phenotype of mammary cancer stem cells
and inhibition of DNMTs reverse the abnormal self-renewal properties of cancer
stem cells.







REFERENCES OF LITERATURE CITED:
1.
Allport JR, Shinde Patil VR and Weissleder R. Murine neuronal progenitor
cells are preferentially recruited to tumor vasculature via alpha4-integrin and
SDF-1alpha-dependent mechanisms. Cancer Biol Ther. 2004;3:838-44.
2.
Shah K, Hsich G and Breakefield XO. Neural precursor cells and their role
in neuro-oncology. Dev Neurosci. 2004;26:118-30.
3.
Chiang AC and Massague J. Molecular basis of metastasis. The New
England journal of medicine. 2008;359:2814-23.
4.
Al-Ejeh F, Smart CE, Morrison BJ, Chenevix-Trench G, Lopez JA, Lakhani
SR, Brown MP and Khanna KK. Breast cancer stem cells: treatment resistance
and therapeutic opportunities. Carcinogenesis. 2011;32:650-8.
5.
Reya T, Morrison SJ, Clarke MF and Weissman IL. Stem cells, cancer,
and cancer stem cells. Nature. 2001;414:105-11.
6.
Liu S and Wicha MS. Targeting breast cancer stem cells. J Clin Oncol.
2010;28:4006-12.
7.
Lobo NA, Shimono Y, Qian D and Clarke MF. The biology of cancer stem
cells. Annu Rev Cell Dev Biol. 2007;23:675-99.
8.
Morrison SJ and Spradling AC. Stem cells and niches: mechanisms that
promote stem cell maintenance throughout life. Cell. 2008;132:598-611.
9.
Orford KW and Scadden DT. Deconstructing stem cell self-renewal:
genetic insights into cell-cycle regulation. Nat Rev Genet. 2008;9:115-28.
10.
He S, Nakada D and Morrison SJ. Mechanisms of stem cell self-renewal.
Annu Rev Cell Dev Biol. 2009;25:377-406.
11.
Sen GL, Reuter JA, Webster DE, Zhu L and Khavari PA. DNMT1
maintains progenitor function in self-renewing somatic tissue. Nature.
2010;463:563-7.
12.
Breast cancer facts and figures 2005-2007. 2006.
13.
Gage FH and Verma IM. Stem cells at the dawn of the 21st century.
Proceedings of the National Academy of Sciences of the United States of
America. 2003;100 Suppl 1:11817-8.
14.
Lawson DA, Xin L, Lukacs RU, Cheng D and Witte ON. Isolation and
functional characterization of murine prostate stem cells. Proceedings of the
National Academy of Sciences of the United States of America. 2007;104:181-6.
15.
Chang CC, Sun W, Cruz A, Saitoh M, Tai MH and Trosko JE. A human
breast epithelial cell type with stem cell characteristics as target cells for
carcinogenesis. Radiat Res. 2001;155:201-207.
16.
Smith GH. Mammary cancer and epithelial stem cells: a problem or a
solution? Breast cancer research : BCR. 2002;4:47-50.
17. Smalley M and Ashworth A. Stem cells and breast cancer: A field in transit.
Nature reviews Cancer. 2003;3:832-44.
18.
Gupta PB, Onder TT, Jiang G, Tao K, Kuperwasser C, Weinberg RA and
Lander ES. Identification of selective inhibitors of cancer stem cells by highthroughput screening. Cell. 2009;138:645-59.







19.
Li Y and Rosen JM. Stem/progenitor cells in mouse mammary gland
development and breast cancer. Journal of mammary gland biology and
neoplasia. 2005;10:17-24.
20.
Richert MM, Schwertfeger KL, Ryder JW and Anderson SM. An atlas of
mouse mammary gland development. Journal of mammary gland biology and
neoplasia. 2000;5:227-41.
21.
Macias H and Hinck L. Mammary gland development. Wiley
interdisciplinary reviews Developmental biology. 2012;1:533-57.
22.
Balinsky BI. On the prenatal growth of the mammary gland rudiment in the
mouse. Journal of anatomy. 1950;84:227-35.
23.
Howard BA and Gusterson BA. Human breast development. Journal of
mammary gland biology and neoplasia. 2000;5:119-37.
24.
Propper AY. Wandering epithelial cells in the rabbit embryo milk line. A
preliminary scanning electron microscope study. Developmental biology.
1978;67:225-31.
25.
World Health Organization (WHO) report International Agency for
Research on Cancer (IARC) online database 2013.
26.
Sieburg HB, Rezner BD and Muller-Sieburg CE. Predicting clonal selfrenewal and extinction of hematopoietic stem cells. Proceedings of the National
Academy of Sciences of the United States of America. 2011;108:4370-5.
27.
Hombach-Klonisch S, Panigrahi S, Rashedi I, Seifert A, Alberti E, Pocar P,
Kurpisz M, Schulze-Osthoff K, Mackiewicz A and Los M. Adult stem cells and
their trans-differentiation potential--perspectives and therapeutic applications. J
Mol Med (Berl). 2008;86:1301-14.
28.
Kalirai H and Clarke RB. Human breast epithelial stem cells and their
regulation. J Pathol. 2006;208:7-16.
29.
Martin DR, Cox NR, Hathcock TL, Niemeyer GP and Baker HJ. Isolation
and characterization of multipotential mesenchymal stem cells from feline bone
marrow. Exp Hematol. 2002;30:879-86.
30.
Al-Hajj M and Clarke MF. Self-renewal and solid tumor stem cells.
Oncogene. 2004;23:7274-82.
31.
Presnell SC, Petersen B and Heidaran M. Stem cells in adult tissues.
Semin Cell Dev Biol. 2002;13:369-76.
32.
Asselin-Labat ML, Vaillant F, Sheridan JM, Pal B, Wu D, Simpson ER,
Yasuda H, Smyth GK, Martin TJ, Lindeman GJ and Visvader JE. Control of
mammary stem cell function by steroid hormone signalling. Nature.
2010;465:798-802.
33.
Stingl J, Eirew P, Ricketson I, Shackleton M, Vaillant F, Choi D, Li HI and
Eaves CJ. Purification and unique properties of mammary epithelial stem cells.
Nature. 2006;439:993-7.
34.
Wang RH. The new portrait of mammary gland stem cells. Int J Biol Sci.
2006;2:186-7.
35.
Berry DA, Cronin KA, Plevritis SK, Fryback DG, Clarke L, Zelen M,
Mandelblatt JS, Yakovlev AY, Habbema JD and Feuer EJ. Effect of screening
and adjuvant therapy on mortality from breast cancer. The New England journal
of medicine. 2005;353:1784-92.







36.
Shackleton M, Vaillant F, Simpson KJ, Stingl J, Smyth GK, Asselin-Labat
ML, Wu L, Lindeman GJ and Visvader JE. Generation of a functional mammary
gland from a single stem cell. Nature. 2006;439:84-8.
37.
Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp AN, Qian D, Lam
JS, Ailles LE, Wong M, Joshua B, Kaplan MJ, Wapnir I, Dirbas FM, Somlo G,
Garberoglio C, Paz B, Shen J, Lau SK, Quake SR, Brown JM, Weissman IL and
Clarke MF. Association of reactive oxygen species levels and radioresistance in
cancer stem cells. Nature. 2009;458:780-3.
38.
Dave B and Chang J. Treatment resistance in stem cells and breast
cancer. Journal of mammary gland biology and neoplasia. 2009;14:79-82.
39.
Dick JE. Stem cell concepts renew cancer research. Blood.
2008;112:4793-807.
40.
Dick JE. Looking ahead in cancer stem cell research. Nature
biotechnology. 2009;27:44-6.
41.
Sottoriva A, Vermeulen L and Tavare S. Modeling evolutionary dynamics
of epigenetic mutations in hierarchically organized tumors. PLoS Comput Biol.
2011;7:e1001132.
42.
Welte Y, Adjaye J, Lehrach HR and Regenbrecht CR. Cancer stem cells
in solid tumors: elusive or illusive? Cell Commun Signal. 2010;8:6.
43.
Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ and Clarke MF.
Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad Sci
U S A. 2003;100:3983-8.
44.
Pece S, Tosoni D, Confalonieri S, Mazzarol G, Vecchi M, Ronzoni S,
Bernard L, Viale G, Pelicci PG and Di Fiore PP. Biological and molecular
heterogeneity of breast cancers correlates with their cancer stem cell content.
Cell. 2010;140:62-73.
45.
Stingl J and Caldas C. Molecular heterogeneity of breast carcinomas and
the cancer stem cell hypothesis. Nature reviews Cancer. 2007;7:791-9.
46. Sotiriou C, Neo SY, McShane LM, Korn EL, Long PM, Jazaeri A, Martiat P,
Fox SB, Harris AL and Liu ET. Breast cancer classification and prognosis based
on gene expression profiles from a population-based study. Proceedings of the
National Academy of Sciences of the United States of America. 2003;100:103938.
47.
Sorlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel A, Deng S,
Johnsen H, Pesich R, Geisler S, Demeter J, Perou CM, Lonning PE, Brown PO,
Borresen-Dale AL and Botstein D. Repeated observation of breast tumor
subtypes in independent gene expression data sets. Proceedings of the National
Academy of Sciences of the United States of America. 2003;100:8418-23.
48.
Petersen OW and Polyak K. Stem cells in the human breast. Cold Spring
Harbor perspectives in biology. 2010;2:a003160.
49.
Meyer MJ, Fleming JM, Lin AF, Hussnain SA, Ginsburg E and Vonderhaar
BK. CD44posCD49fhiCD133/2hi defines xenograft-initiating cells in estrogen
receptor-negative breast cancer. Cancer research. 2010;70:4624-33.
50.
Hebbard L, Steffen A, Zawadzki V, Fieber C, Howells N, Moll J, Ponta H,
Hofmann M and Sleeman J. CD44 expression and regulation during mammary
gland development and function. J Cell Sci. 2000;113 ( Pt 14):2619-30.







51.
Chute JP, Muramoto GG, Whitesides J, Colvin M, Safi R, Chao NJ and
McDonnell DP. Inhibition of aldehyde dehydrogenase and retinoid signaling
induces the expansion of human hematopoietic stem cells. Proceedings of the
National Academy of Sciences of the United States of America. 2006;103:1170712.
52.
Balicki D. Moving forward in human mammary stem cell biology and
breast cancer prognostication using ALDH1. Cell stem cell. 2007;1:485-7.
53.
Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M,
Jacquemier J, Viens P, Kleer CG, Liu S, Schott A, Hayes D, Birnbaum D, Wicha
MS and Dontu G. ALDH1 is a marker of normal and malignant human mammary
stem cells and a predictor of poor clinical outcome. Cell stem cell. 2007;1:555-67.
54.
Nalwoga H, Arnes JB, Wabinga H and Akslen LA. Expression of aldehyde
dehydrogenase 1 (ALDH1) is associated with basal-like markers and features of
aggressive tumours in African breast cancer. British journal of cancer.
2009;102:369-75.
55.
Marcato P, Dean CA, Pan D, Araslanova R, Gillis M, Joshi M, Helyer L,
Pan L, Leidal A, Gujar S, Giacomantonio CA and Lee PW. Aldehyde
dehydrogenase activity of breast cancer stem cells is primarily due to isoform
ALDH1A3 and its expression is predictive of metastasis. Stem cells. 2011;29:3245.
56. Cicalese A, Bonizzi G, Pasi CE, Faretta M, Ronzoni S, Giulini B, Brisken C,
Minucci S, Di Fiore PP and Pelicci PG. The tumor suppressor p53 regulates
polarity of self-renewing divisions in mammary stem cells. Cell. 2009;138:108395.
57.
Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath J, Morris JJ,
Lagutina I, Grosveld GC, Osawa M, Nakauchi H and Sorrentino BP. The ABC
transporter Bcrp1/ABCG2 is expressed in a wide variety of stem cells and is a
molecular determinant of the side-population phenotype. Nat Med. 2001;7:102834.
58.
Scharenberg CW, Harkey MA and Torok-Storb B. The ABCG2 transporter
is an efficient Hoechst 33342 efflux pump and is preferentially expressed by
immature human hematopoietic progenitors. Blood. 2002;99:507-12.
59.
Kim M, Turnquist H, Jackson J, Sgagias M, Yan Y, Gong M, Dean M,
Sharp JG and Cowan K. The multidrug resistance transporter ABCG2 (breast
cancer resistance protein 1) effluxes Hoechst 33342 and is overexpressed in
hematopoietic stem cells. Clinical cancer research : an official journal of the
American Association for Cancer Research. 2002;8:22-8.
60.
Goodell MA. Multipotential stem cells and 'side population' cells.
Cytotherapy. 2002;4:507-8.
61.
Goodell MA, Brose K, Paradis G, Conner AS and Mulligan RC. Isolation
and functional properties of murine hematopoietic stem cells that are replicating
in vivo. J Exp Med. 1996;183:1797-806.
62.
Woodward WA, Chen MS, Behbod F and Rosen JM. On mammary stem
cells. J Cell Sci. 2005;118:3585-94.
63.
Dean M, Fojo T and Bates S. Tumour stem cells and drug resistance.
Nature reviews Cancer. 2005;5:275-84.







64.
Schinkel AH, Smit JJ, van Tellingen O, Beijnen JH, Wagenaar E, van
Deemter L, Mol CA, van der Valk MA, Robanus-Maandag EC, te Riele HP and et
al. Disruption of the mouse mdr1a P-glycoprotein gene leads to a deficiency in
the blood-brain barrier and to increased sensitivity to drugs. Cell. 1994;77:491502.
65.
Zhou S, Morris JJ, Barnes Y, Lan L, Schuetz JD and Sorrentino BP. Bcrp1
gene expression is required for normal numbers of side population stem cells in
mice, and confers relative protection to mitoxantrone in hematopoietic cells in
vivo. Proceedings of the National Academy of Sciences of the United States of
America. 2002;99:12339-44.
66.
Zhou S, Zong Y, Lu T and Sorrentino BP. Hematopoietic cells from mice
that are deficient in both Bcrp1/Abcg2 and Mdr1a/1b develop normally but are
sensitized to mitoxantrone. Biotechniques. 2003;35:1248-52.
67.
Morrison SJ and Kimble J. Asymmetric and symmetric stem-cell divisions
in development and cancer. Nature. 2006;441:1068-74.
68.
Gonzalez C. Spindle orientation, asymmetric division and tumour
suppression in Drosophila stem cells. Nature reviews Genetics. 2007;8:462-72.
69.
He S, Nakada D and Morrison SJ. Mechanisms of stem cell self-renewal.
Annu Rev Cell Dev Biol. 2009;25:377-406.
70.
Lobo NA, Shimono Y, Qian D and Clarke MF. The biology of cancer stem
cells. Annu Rev Cell Dev Biol. 2007;23:675-99.
71.
Kakarala M and Wicha MS. Implications of the cancer stem-cell
hypothesis for breast cancer prevention and therapy. J Clin Oncol.
2008;26:2813-20.
72. Raouf A, Zhao Y, To K, Stingl J, Delaney A, Barbara M, Iscove N, Jones S,
McKinney S, Emerman J, Aparicio S, Marra M and Eaves C. Transcriptome
analysis of the normal human mammary cell commitment and differentiation
process. Cell stem cell. 2008;3:109-18.
73.
Bolos V, Grego-Bessa J and de la Pompa JL. Notch signaling in
development and cancer. Endocr Rev. 2007;28:339-63.
74.
Bouras T, Pal B, Vaillant F, Harburg G, Asselin-Labat ML, Oakes SR,
Lindeman GJ and Visvader JE. Notch signaling regulates mammary stem cell
function and luminal cell-fate commitment. Cell stem cell. 2008;3:429-41.
75.
Stylianou S, Clarke RB and Brennan K. Aberrant activation of notch
signaling in human breast cancer. Cancer research. 2006;66:1517-25.
76.
Dontu G, Jackson KW, McNicholas E, Kawamura MJ, Abdallah WM and
Wicha MS. Role of Notch signaling in cell-fate determination of human mammary
stem/progenitor cells. Breast cancer research : BCR. 2004;6:R605-15.
77.
Hao L, Rizzo P, Osipo C, Pannuti A, Wyatt D, Cheung LW, Sonenshein G,
Osborne BA and Miele L. Notch-1 activates estrogen receptor-alpha-dependent
transcription via IKKalpha in breast cancer cells. Oncogene. 2009;29:201-13.
78.
Hoey T, Yen WC, Axelrod F, Basi J, Donigian L, Dylla S, Fitch-Bruhns M,
Lazetic S, Park IK, Sato A, Satyal S, Wang X, Clarke MF, Lewicki J and Gurney
A. DLL4 blockade inhibits tumor growth and reduces tumor-initiating cell
frequency. Cell stem cell. 2009;5:168-77.







79.
Pece S, Confalonieri S, P RR and Di Fiore PP. NUMB-ing down cancer by
more than just a NOTCH. Biochimica et biophysica acta. 2010;1815:26-43.
80.
Rennstam K, McMichael N, Berglund P, Honeth G, Hegardt C, Ryden L,
Luts L, Bendahl PO and Hedenfalk I. Numb protein expression correlates with a
basal-like phenotype and cancer stem cell markers in primary breast cancer.
Breast Cancer Res Treat. 2010;122:315-24.
81.
Tanaka H, Nakamura M, Kameda C, Kubo M, Sato N, Kuroki S, Tanaka M
and Katano M. The Hedgehog signaling pathway plays an essential role in
maintaining the CD44+CD24-/low subpopulation and the side population of
breast cancer cells. Anticancer Res. 2009;29:2147-57.
82.
Daya-Grosjean L and Couve-Privat S. Sonic hedgehog signaling in basal
cell carcinomas. Cancer Lett. 2005;225:181-92.
83.
Mullor JL, Sanchez P and Ruiz i Altaba A. Pathways and consequences:
Hedgehog signaling in human disease. Trends Cell Biol. 2002;12:562-9.
84.
Neth P, Ries C, Karow M, Egea V, Ilmer M and Jochum M. The Wnt signal
transduction pathway in stem cells and cancer cells: influence on cellular
invasion. Stem Cell Rev. 2007;3:18-29.
85.
Brown AM. Wnt signaling in breast cancer: have we come full circle?
Breast cancer research : BCR. 2001;3:351-5.
86.
Zhou BP and Hung MC. Dysregulation of cellular signaling by HER2/neu
in breast cancer. Semin Oncol. 2003;30:38-48.
87.
Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A and McGuire WL.
Human breast cancer: correlation of relapse and survival with amplification of the
HER-2/neu oncogene. Science. 1987;235:177-82.
88.
Davies E and Hiscox S. New therapeutic approaches in breast cancer.
Maturitas. 2010;68:121-8.
89.
Pradeep CR, Kostler WJ, Lauriola M, Granit RZ, Zhang F, Jacob-Hirsch J,
Rechavi G, Nair HB, Hennessy BT, Gonzalez-Angulo AM, Tekmal RR, BenPorath I, Mills GB, Domany E and Yarden Y. Modeling ductal carcinoma in situ: a
HER2-Notch3 collaboration enables luminal filling. Oncogene. 2011.
90.
Korkaya H, Paulson A, Iovino F and Wicha MS. HER2 regulates the
mammary stem/progenitor cell population driving tumorigenesis and invasion.
Oncogene. 2008;27:6120-30.
91.
Bolos V, Blanco M, Medina V, Aparicio G, Diaz-Prado S and Grande E.
Notch signalling in cancer stem cells. Clin Transl Oncol. 2009;11:11-9.
92.
Li F, Tiede B, Massague J and Kang Y. Beyond tumorigenesis: cancer
stem cells in metastasis. Cell Res. 2007;17:3-14.
93.
Comen E, Norton L and Massague J. Clinical implications of cancer selfseeding. Nat Rev Clin Oncol. 2011;8:369-77.
94.
Visvader JE and Lindeman GJ. Cancer stem cells in solid tumours:
accumulating evidence and unresolved questions. Nat Rev Cancer. 2008;8:75568.
95.
Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini G, Coradini D, Pilotti
S, Pierotti MA and Daidone MG. Isolation and in vitro propagation of tumorigenic
breast cancer cells with stem/progenitor cell properties. Cancer research.
2005;65:5506-11.







96.
Wicha MS. Cancer stem cells and metastasis: lethal seeds. Clinical
cancer research : an official journal of the American Association for Cancer
Research. 2006;12:5606-7.
97.
Bautch VL. Cancer: Tumour stem cells switch sides. Nature.
2010;468:770-1.
98.
Liu S, Ginestier C, Ou SJ, Clouthier SG, Patel SH, Monville F, Korkaya H,
Heath A, Dutcher J, Kleer CG, Jung Y, Dontu G, Taichman R and Wicha MS.
Breast cancer stem cells are regulated by mesenchymal stem cells through
cytokine networks. Cancer research. 2011;71:614-24.
99.
Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, Wu MF, Hilsenbeck
SG, Pavlick A, Zhang X, Chamness GC, Wong H, Rosen J and Chang JC.
Intrinsic resistance of tumorigenic breast cancer cells to chemotherapy. J Natl
Cancer Inst. 2008;100:672-9.
100. Nguyen NP, Almeida FS, Chi A, Nguyen LM, Cohen D, Karlsson U and
Vinh-Hung V. Molecular biology of breast cancer stem cells: potential clinical
applications. Cancer Treat Rev. 2010;36:485-91.
101. Ding XW, Wu JH and Jiang CP. ABCG2: a potential marker of stem cells
and novel target in stem cell and cancer therapy. Life Sci. 2010;86:631-7.
102. Saxena M, Stephens MA, Pathak H and Rangarajan A. Transcription
factors that mediate epithelial-mesenchymal transition lead to multidrug
resistance by upregulating ABC transporters. Cell Death Dis. 2011;2:e179.
103. Li X, Pan YZ, Seigel GM, Hu ZH, Huang M and Yu AM. Breast cancer
resistance protein BCRP/ABCG2 regulatory microRNAs (hsa-miR-328, -519c
and -520h) and their differential expression in stem-like ABCG2+ cancer cells.
Biochem Pharmacol. 2011;81:783-92.
104. Bunting KD, Lindahl R and Townsend AJ. Oxazaphosphorine-specific
resistance in human MCF-7 breast carcinoma cell lines expressing transfected
rat class 3 aldehyde dehydrogenase. The Journal of biological chemistry.
1994;269:23197-203.
105. Diehn M and Clarke MF. Cancer stem cells and radiotherapy: new insights
into tumor radioresistance. J Natl Cancer Inst. 2006;98:1755-7.
106. Phillips TM, McBride WH and Pajonk F. The response of CD24(/low)/CD44+ breast cancer-initiating cells to radiation. J Natl Cancer Inst.
2006;98:1777-85.
107. Pajonk F, Vlashi E and McBride WH. Radiation resistance of cancer stem
cells: the 4 R's of radiobiology revisited. Stem cells. 2010;28:639-48.
108. Zhan JF, Wu LP, Chen LH, Yuan YW, Xie GZ, Sun AM, Liu Y and Chen
ZX. Pharmacological inhibition of AKT sensitizes MCF-7 human breast cancerinitiating cells to radiation. Cell Oncol (Dordr). 2011.
109. Ishimoto T, Nagano O, Yae T, Tamada M, Motohara T, Oshima H,
Oshima M, Ikeda T, Asaba R, Yagi H, Masuko T, Shimizu T, Ishikawa T, Kai K,
Takahashi E, Imamura Y, Baba Y, Ohmura M, Suematsu M, Baba H and Saya H.
CD44 variant regulates redox status in cancer cells by stabilizing the xCT subunit
of system xc(-) and thereby promotes tumor growth. Cancer cell. 2011;19:387400.







110. Brekelmans CT, Tilanus-Linthorst MM, Seynaeve C, vd Ouweland A,
Menke-Pluymers MB, Bartels CC, Kriege M, van Geel AN, Burger CW,
Eggermont AM, Meijers-Heijboer H and Klijn JG. Tumour characteristics, survival
and prognostic factors of hereditary breast cancer from BRCA2-, BRCA1- and
non-BRCA1/2 families as compared to sporadic breast cancer cases. Eur J
Cancer. 2007;43:867-76.
111. Korkaya H and Wicha MS. Selective targeting of cancer stem cells: a new
concept in cancer therapeutics. BioDrugs. 2007;21:299-310.
112. O'Brien CS, Howell SJ, Farnie G and Clarke RB. Resistance to endocrine
therapy: are breast cancer stem cells the culprits? Journal of mammary gland
biology and neoplasia. 2009;14:45-54.
113. Lathia JD, Gallagher J, Heddleston JM, Wang J, Eyler CE, Macswords J,
Wu Q, Vasanji A, McLendon RE, Hjelmeland AB and Rich JN. Integrin alpha 6
regulates glioblastoma stem cells. Cell stem cell. 2010;6:421-32.
114. Deonarain MP, Kousparou CA and Epenetos AA. Antibodies targeting
cancer stem cells: a new paradigm in immunotherapy? MAbs. 2009;1:12-25.
115. Marhaba R and Zoller M. CD44 in cancer progression: adhesion,
migration and growth regulation. J Mol Histol. 2004;35:211-31.
116. Korkaya H and Wicha MS. HER-2, notch, and breast cancer stem cells:
targeting an axis of evil. Clinical cancer research : an official journal of the
American Association for Cancer Research. 2009;15:1845-7.
117. Cameron DA and Stein S. Drug Insight: intracellular inhibitors of HER2-clinical development of lapatinib in breast cancer. Nat Clin Pract Oncol.
2008;5:512-20.
118. Dinh P, de Azambuja E, Cardoso F and Piccart-Gebhart MJ. Facts and
controversies in the use of trastuzumab in the adjuvant setting. Nat Clin Pract
Oncol. 2008;5:645-54.
119. Magnifico A, Albano L, Campaner S, Delia D, Castiglioni F, Gasparini P,
Sozzi G, Fontanella E, Menard S and Tagliabue E. Tumor-initiating cells of
HER2-positive carcinoma cell lines express the highest oncoprotein levels and
are sensitive to trastuzumab. Clinical cancer research : an official journal of the
American Association for Cancer Research. 2009;15:2010-21.
120. Frampton JE. Lapatinib: a review of its use in the treatment of HER2overexpressing, trastuzumab-refractory, advanced or metastatic breast cancer.
Drugs. 2009;69:2125-48.
121. Sweeney CJ, Mehrotra S, Sadaria MR, Kumar S, Shortle NH, Roman Y,
Sheridan C, Campbell RA, Murry DJ, Badve S and Nakshatri H. The
sesquiterpene lactone parthenolide in combination with docetaxel reduces
metastasis and improves survival in a xenograft model of breast cancer. Mol
Cancer Ther. 2005;4:1004-12.
122. Zhou J, Zhang H, Gu P, Bai J, Margolick JB and Zhang Y. NF-kappaB
pathway inhibitors preferentially inhibit breast cancer stem-like cells. Breast
Cancer Res Treat. 2008;111:419-27.
123. Cui Y, Parra I, Zhang M, Hilsenbeck SG, Tsimelzon A, Furukawa T, Horii
A, Zhang ZY, Nicholson RI and Fuqua SA. Elevated expression of mitogen-







activated protein kinase phosphatase 3 in breast tumors: a mechanism of
tamoxifen resistance. Cancer research. 2006;66:5950-9.
124. Merchant AA and Matsui W. Targeting Hedgehog--a cancer stem cell
pathway. Clinical cancer research : an official journal of the American Association
for Cancer Research. 2010;16:3130-40.
125. Bar EE, Chaudhry A, Farah MH and Eberhart CG. Hedgehog signaling
promotes medulloblastoma survival via Bc/II. The American journal of pathology.
2007;170:347-55.
126. Balbuena J, Pachon G, Lopez-Torrents G, Aran JM, Castresana JS and
Petriz J. ABCG2 is required to control the Sonic Hedgehog pathway in side
population cells with stem-like properties. Cytometry A. 2011.
127. Kourelis TV and Siegel RD. Metformin and cancer: new applications for an
old drug. Med Oncol. 2011.
128. Hirsch HA, Iliopoulos D, Tsichlis PN and Struhl K. Metformin selectively
targets cancer stem cells, and acts together with chemotherapy to block tumor
growth and prolong remission. Cancer research. 2009;69:7507-11.
129. Evans JM, Donnelly LA, Emslie-Smith AM, Alessi DR and Morris AD.
Metformin and reduced risk of cancer in diabetic patients. BMJ. 2005;330:1304-5.
130. Jiralerspong S, Palla SL, Giordano SH, Meric-Bernstam F, Liedtke C,
Barnett CM, Hsu L, Hung MC, Hortobagyi GN and Gonzalez-Angulo AM.
Metformin and pathologic complete responses to neoadjuvant chemotherapy in
diabetic patients with breast cancer. J Clin Oncol. 2009;27:3297-302.
131. Eriksson M, Guse K, Bauerschmitz G, Virkkunen P, Tarkkanen M, Tanner
M, Hakkarainen T, Kanerva A, Desmond RA, Pesonen S and Hemminki A.
Oncolytic adenoviruses kill breast cancer initiating CD44+CD24-/low cells. Mol
Ther. 2007;15:2088-93.
132. Kondratyev M, Kreso A, Hallett RM, Girgis-Gabardo A, Barcelon ME,
Ilieva D, Ware C, Majumder PK and Hassell JA. Gamma-secretase inhibitors
target tumor-initiating cells in a mouse model of ERBB2 breast cancer.
Oncogene. 2011.
133. Naujokat C, Fuchs D and Opelz G. Salinomycin in cancer: A new mission
for an old agent. Mol Med Report. 2010;3:555-9.
134. Gong C, Yao H, Liu Q, Chen J, Shi J, Su F and Song E. Markers of tumorinitiating cells predict chemoresistance in breast cancer. PLoS One.
2010;5:e15630.
135. Moore N and Lyle S. Quiescent, slow-cycling stem cell populations in
cancer: a review of the evidence and discussion of significance. J Oncol.
2010;2011.
136. El-Osta A. DNMT cooperativity--the developing links between methylation,
chromatin structure and cancer. BioEssays : news and reviews in molecular,
cellular and developmental biology. 2003;25:1071-84.
137. Herman JG and Baylin SB. Gene silencing in cancer in association with
promoter hypermethylation. The New England journal of medicine.
2003;349:2042-54.
138. Powell B, Soong R, Iacopetta B, Seshadri R and Smith DR. Prognostic
significance of mutations to different structural and functional regions of the p53







gene in breast cancer. Clinical cancer research : an official journal of the
American Association for Cancer Research. 2000;6:443-51.
139. Pharoah PD, Day NE and Caldas C. Somatic mutations in the p53 gene
and prognosis in breast cancer: a meta-analysis. British journal of cancer.
1999;80:1968-73.
140. Bird A. Perceptions of epigenetics. Nature. 2007;447:396-8.
141. Kar S, Deb M, Sengupta D, Shilpi A, Parbin S, Torrisani J, Pradhan S and
Patra S. An insight into the various regulatory mechanisms modulating human
DNA methyltransferase 1 stability and function. Epigenetics : official journal of the
DNA Methylation Society. 2012;7:994-1007.
142. Hotchkiss RD. The quantitative separation of purines, pyrimidines, and
nucleosides by paper chromatography. The Journal of biological chemistry.
1948;175:315-32.
143. Hurwitz J, Gold M and Anders M. The Enzymatic Methylation of
Ribonucleic Acid and Deoxyribonucleic Acid. Iv. The Properties of the Soluble
Ribonucleic Acid-Methylating Enzymes. The Journal of biological chemistry.
1964;239:3474-82.
144. Gruenbaum Y, Cedar H and Razin A. Substrate and sequence specificity
of a eukaryotic DNA methylase. Nature. 1982;295:620-2.
145. Bird A. DNA methylation patterns and epigenetic memory. Genes &
development. 2002;16:6-21.
146. Li E. Chromatin modification and epigenetic reprogramming in mammalian
development. Nature reviews Genetics. 2002;3:662-73.
147. Lengauer C, Kinzler KW and Vogelstein B. DNA methylation and genetic
instability in colorectal cancer cells. Proceedings of the National Academy of
Sciences of the United States of America. 1997;94:2545-50.
148. Murphy SK and Jirtle RL. Imprinted genes as potential genetic and
epigenetic toxicologic targets. Environmental health perspectives. 2000;108
Suppl 1:5-11.
149. Martinowich K, Hattori D, Wu H, Fouse S, He F, Hu Y, Fan G and Sun YE.
DNA methylation-related chromatin remodeling in activity-dependent BDNF gene
regulation. Science. 2003;302:890-3.
150. Chen WG, Chang Q, Lin Y, Meissner A, West AE, Griffith EC, Jaenisch R
and Greenberg ME. Derepression of BDNF transcription involves calciumdependent phosphorylation of MeCP2. Science. 2003;302:885-9.
151. Nan X and Bird A. The biological functions of the methyl-CpG-binding
protein MeCP2 and its implication in Rett syndrome. Brain & development.
2001;23 Suppl 1:S32-7.
152. Fitzpatrick DR and Wilson CB. Methylation and demethylation in the
regulation of genes, cells, and responses in the immune system. Clinical
immunology. 2003;109:37-45.
153. Okano M, Bell DW, Haber DA and Li E. DNA methyltransferases Dnmt3a
and Dnmt3b are essential for de novo methylation and mammalian development.
Cell. 1999;99:247-57.
154. Rountree MR, Bachman KE, Herman JG and Baylin SB. DNA methylation,
chromatin inheritance, and cancer. Oncogene. 2001;20:3156-65.







155. Subramaniam D, Thombre R, Dhar A and Anant S. DNA
methyltransferases: a novel target for prevention and therapy. Frontiers in
oncology. 2014;4:80.
156. Cheng X and Roberts RJ. AdoMet-dependent methylation, DNA
methyltransferases and base flipping. Nucleic acids research. 2001;29:3784-95.
157. Kinney SR and Pradhan S. Regulation of expression and activity of DNA
(cytosine-5) methyltransferases in mammalian cells. Progress in molecular
biology and translational science. 2011;101:311-33.
158. Svedruzic ZM. Dnmt1 structure and function. Progress in molecular
biology and translational science. 2011;101:221-54.
159. Li E, Bestor TH and Jaenisch R. Targeted mutation of the DNA
methyltransferase gene results in embryonic lethality. Cell. 1992;69:915-26.
160. Lei H, Oh SP, Okano M, Juttermann R, Goss KA, Jaenisch R and Li E. De
novo DNA cytosine methyltransferase activities in mouse embryonic stem cells.
Development. 1996;122:3195-205.
161. Okano M, Takebayashi S, Okumura K and Li E. Assignment of cytosine-5
DNA methyltransferases Dnmt3a and Dnmt3b to mouse chromosome bands
12A2-A3 and 2H1 by in situ hybridization. Cytogenetics and cell genetics.
1999;86:333-4.
162. De Marzo AM, Marchi VL, Yang ES, Veeraswamy R, Lin X and Nelson
WG. Abnormal regulation of DNA methyltransferase expression during colorectal
carcinogenesis. Cancer Res. 1999;59:3855-60.
163. el-Deiry WS, Nelkin BD, Celano P, Yen RW, Falco JP, Hamilton SR and
Baylin SB. High expression of the DNA methyltransferase gene characterizes
human neoplastic cells and progression stages of colon cancer. Proceedings of
the National Academy of Sciences of the United States of America.
1991;88:3470-4.
164. Issa JP, Vertino PM, Wu J, Sazawal S, Celano P, Nelkin BD, Hamilton SR
and Baylin SB. Increased cytosine DNA-methyltransferase activity during colon
cancer progression. J Natl Cancer Inst. 1993;85:1235-40.
165. Yang X, Yan L and Davidson NE. DNA methylation in breast cancer.
Endocrine-related cancer. 2001;8:115-27.
166. Bakin AV and Curran T. Role of DNA 5-methylcytosine transferase in cell
transformation by fos. Science. 1999;283:387-90.
167. Wu J, Issa JP, Herman J, Bassett DE, Jr., Nelkin BD and Baylin SB.
Expression of an exogenous eukaryotic DNA methyltransferase gene induces
transformation of NIH 3T3 cells. Proceedings of the National Academy of
Sciences of the United States of America. 1993;90:8891-5.
168. Hanahan D and Weinberg RA. Hallmarks of cancer: the next generation.
Cell. 2011;144:646-74.
169. Dumitrescu RG. DNA methylation and histone modifications in breast
cancer. Methods in molecular biology. 2012;863:35-45.
170. Laird PW. Principles and challenges of genomewide DNA methylation
analysis. Nature reviews Genetics. 2010;11:191-203.
171. Fackler MJ, Umbricht CB, Williams D, Argani P, Cruz LA, Merino VF, Teo
WW, Zhang Z, Huang P, Visvananthan K, Marks J, Ethier S, Gray JW, Wolff AC,







Cope LM and Sukumar S. Genome-wide methylation analysis identifies genes
specific to breast cancer hormone receptor status and risk of recurrence. Cancer
research. 2011;71:6195-207.
172. Fang F, Turcan S, Rimner A, Kaufman A, Giri D, Morris LG, Shen R,
Seshan V, Mo Q, Heguy A, Baylin SB, Ahuja N, Viale A, Massague J, Norton L,
Vahdat LT, Moynahan ME and Chan TA. Breast cancer methylomes establish an
epigenomic foundation for metastasis. Science translational medicine.
2011;3:75ra25.
173. Dulaimi E, Hillinck J, Ibanez de Caceres I, Al-Saleem T and Cairns P.
Tumor suppressor gene promoter hypermethylation in serum of breast cancer
patients. Clinical cancer research : an official journal of the American Association
for Cancer Research. 2004;10:6189-93.
174. Reik W. Stability and flexibility of epigenetic gene regulation in mammalian
development. Nature. 2007;447:425-32.
175. Jaenisch R and Bird A. Epigenetic regulation of gene expression: how the
genome integrates intrinsic and environmental signals. Nature genetics. 2003;33
Suppl:245-54.
176. Fuks F. DNA methylation and histone modifications: teaming up to silence
genes. Current opinion in genetics & development. 2005;15:490-5.
177. Daniel CW. Regulation of cell division in aging mouse mammary
epithelium. Advances in experimental medicine and biology. 1975;61:1-19.
178. Lin KT, Momparler RL and Rivard GE. High-performance liquid
chromatographic analysis of chemical stability of 5-aza-2'-deoxycytidine. Journal
of pharmaceutical sciences. 1981;70:1228-32.
179. D'Incalci M, Covey JM, Zaharko DS and Kohn KW. DNA alkali-labile sites
induced by incorporation of 5-aza-2'-deoxycytidine into DNA of mouse leukemia
L1210 cells. Cancer research. 1985;45:3197-202.
180. Juttermann R, Li E and Jaenisch R. Toxicity of 5-aza-2'-deoxycytidine to
mammalian cells is mediated primarily by covalent trapping of DNA
methyltransferase rather than DNA demethylation. Proceedings of the National
Academy of Sciences of the United States of America. 1994;91:11797-801.
181. Santi DV, Garrett CE and Barr PJ. On the mechanism of inhibition of DNAcytosine methyltransferases by cytosine analogs. Cell. 1983;33:9-10.
182. Bouchard J and Momparler RL. Incorporation of 5-Aza-2'-deoxycytidine-5'triphosphate into DNA. Interactions with mammalian DNA polymerase alpha and
DNA methylase. Molecular pharmacology. 1983;24:109-14.
183. Feinberg AP and Vogelstein B. Hypomethylation distinguishes genes of
some human cancers from their normal counterparts. Nature. 1983;301:89-92.
184. Goelz SE, Vogelstein B, Hamilton SR and Feinberg AP. Hypomethylation
of DNA from benign and malignant human colon neoplasms. Science.
1985;228:187-90.
185. Jones PA and Laird PW. Cancer epigenetics comes of age. Nature
genetics. 1999;21:163-7.
186. Esteller M, Corn PG, Baylin SB and Herman JG. A gene hypermethylation
profile of human cancer. Cancer research. 2001;61:3225-9.







187. Esteller M. CpG island hypermethylation and tumor suppressor genes: a
booming present, a brighter future. Oncogene. 2002;21:5427-40.
188. Esteller M. DNA methylation and cancer therapy: new developments and
expectations. Current opinion in oncology. 2005;17:55-60.
189. Cedar H and Bergman Y. Linking DNA methylation and histone
modification: patterns and paradigms. Nature reviews Genetics. 2009;10:295-304.
190. Schubeler D, MacAlpine DM, Scalzo D, Wirbelauer C, Kooperberg C, van
Leeuwen F, Gottschling DE, O'Neill LP, Turner BM, Delrow J, Bell SP and
Groudine M. The histone modification pattern of active genes revealed through
genome-wide chromatin analysis of a higher eukaryote. Genes & development.
2004;18:1263-71.
191. Shiio Y and Eisenman RN. Histone sumoylation is associated with
transcriptional repression. Proceedings of the National Academy of Sciences of
the United States of America. 2003;100:13225-30.
192. Shilatifard A. Chromatin modifications by methylation and ubiquitination:
implications in the regulation of gene expression. Annual review of biochemistry.
2006;75:243-69.
193. Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, Wei G,
Chepelev I and Zhao K. High-resolution profiling of histone methylations in the
human genome. Cell. 2007;129:823-37.
194. Wang Z, Zang C, Rosenfeld JA, Schones DE, Barski A, Cuddapah S, Cui
K, Roh TY, Peng W, Zhang MQ and Zhao K. Combinatorial patterns of histone
acetylations and methylations in the human genome. Nature genetics.
2008;40:897-903.
195. Esteller M. Cancer epigenomics: DNA methylomes and histonemodification maps. Nature reviews Genetics. 2007;8:286-98.
196. Glozak MA and Seto E. Histone deacetylases and cancer. Oncogene.
2007;26:5420-32.
197. Kim HJ and Bae SC. Histone deacetylase inhibitors: molecular
mechanisms of action and clinical trials as anti-cancer drugs. American journal of
translational research. 2011;3:166-79.
198. Chuang DM, Leng Y, Marinova Z, Kim HJ and Chiu CT. Multiple roles of
HDAC inhibition in neurodegenerative conditions. Trends in neurosciences.
2009;32:591-601.
199. Louis M, Rosato RR, Brault L, Osbild S, Battaglia E, Yang XH, Grant S
and Bagrel D. The histone deacetylase inhibitor sodium butyrate induces breast
cancer cell apoptosis through diverse cytotoxic actions including glutathione
depletion and oxidative stress. International journal of oncology. 2004;25:170111.
200. Muller WJ, Sinn E, Pattengale PK, Wallace R and Leder P. Single-step
induction of mammary adenocarcinoma in transgenic mice bearing the activated
c-neu oncogene. Cell. 1988;54:105-15.
201. Maroulakou IG, Anver M, Garrett L and Green JE. Prostate and mammary
adenocarcinoma in transgenic mice carrying a rat C3(1) simian virus 40 large
tumor antigen fusion gene. Proceedings of the National Academy of Sciences of
the United States of America. 1994;91:11236-40.







202. Green JE, Shibata MA, Yoshidome K, Liu ML, Jorcyk C, Anver MR,
Wigginton J, Wiltrout R, Shibata E, Kaczmarczyk S, Wang W, Liu ZY, Calvo A
and Couldrey C. The C3(1)/SV40 T-antigen transgenic mouse model of
mammary cancer: ductal epithelial cell targeting with multistage progression to
carcinoma. Oncogene. 2000;19:1020-7.
203. Coady MJ, Chang MH, Charron FM, Plata C, Wallendorff B, Sah JF,
Markowitz SD, Romero MF and Lapointe JY. The human tumour suppressor
gene SLC5A8 expresses a Na+-monocarboxylate cotransporter. The Journal of
physiology. 2004;557:719-31.
204. Miyauchi S, Gopal E, Fei YJ and Ganapathy V. Functional identification of
SLC5A8, a tumor suppressor down-regulated in colon cancer, as a Na(+)coupled transporter for short-chain fatty acids. The Journal of biological
chemistry. 2004;279:13293-6.
205. Gopal E, Fei YJ, Sugawara M, Miyauchi S, Zhuang L, Martin P, Smith SB,
Prasad PD and Ganapathy V. Expression of slc5a8 in kidney and its role in
Na(+)-coupled transport of lactate. The Journal of biological chemistry.
2004;279:44522-32.
206. Martin PM, Gopal E, Ananth S, Zhuang L, Itagaki S, Prasad BM, Smith SB,
Prasad PD and Ganapathy V. Identity of SMCT1 (SLC5A8) as a neuron-specific
Na+-coupled transporter for active uptake of L-lactate and ketone bodies in the
brain. Journal of neurochemistry. 2006;98:279-88.
207. Gopal E, Fei YJ, Miyauchi S, Zhuang L, Prasad PD and Ganapathy V.
Sodium-coupled and electrogenic transport of B-complex vitamin nicotinic acid by
slc5a8, a member of the Na/glucose co-transporter gene family. The Biochemical
journal. 2005;388:309-16.
208. Li H, Myeroff L, Smiraglia D, Romero MF, Pretlow TP, Kasturi L,
Lutterbaugh J, Rerko RM, Casey G, Issa JP, Willis J, Willson JK, Plass C and
Markowitz SD. SLC5A8, a sodium transporter, is a tumor suppressor gene
silenced by methylation in human colon aberrant crypt foci and cancers.
Proceedings of the National Academy of Sciences of the United States of
America. 2003;100:8412-7.
209. Ganapathy V, Thangaraju M, Gopal E, Martin PM, Itagaki S, Miyauchi S
and Prasad PD. Sodium-coupled monocarboxylate transporters in normal tissues
and in cancer. The AAPS journal. 2008;10:193-9.
210. Ganapathy V, Thangaraju M and Prasad PD. Nutrient transporters in
cancer: relevance to Warburg hypothesis and beyond. Pharmacology &
therapeutics. 2009;121:29-40.
211. Gupta N, Martin PM, Prasad PD and Ganapathy V. SLC5A8 (SMCT1)mediated transport of butyrate forms the basis for the tumor suppressive function
of the transporter. Life Sci. 2006;78:2419-25.
212. Davie JR. Inhibition of histone deacetylase activity by butyrate. The
Journal of nutrition. 2003;133:2485S-2493S.
213. Thangaraju M, Ananth S, Martin PM, Roon P, Smith SB, Sterneck E,
Prasad PD and Ganapathy V. c/ebpdelta Null mouse as a model for the double
knock-out of slc5a8 and slc5a12 in kidney. The Journal of biological chemistry.
2006;281:26769-73.







214. Thangaraju M, Cresci G, Itagaki S, Mellinger J, Browning DD, Berger FG,
Prasad PD and Ganapathy V. Sodium-coupled transport of the short chain fatty
acid butyrate by SLC5A8 and its relevance to colon cancer. Journal of
gastrointestinal surgery : official journal of the Society for Surgery of the
Alimentary Tract. 2008;12:1773-81; discussion 1781-2.
215. Thangaraju M, Carswell KN, Prasad PD and Ganapathy V. Colon cancer
cells maintain low levels of pyruvate to avoid cell death caused by inhibition of
HDAC1/HDAC3. The Biochemical journal. 2009;417:379-89.
216. Insinga A, Monestiroli S, Ronzoni S, Gelmetti V, Marchesi F, Viale A,
Altucci L, Nervi C, Minucci S and Pelicci PG. Inhibitors of histone deacetylases
induce tumor-selective apoptosis through activation of the death receptor
pathway. Nat Med. 2005;11:71-6.
217. Nakata S, Yoshida T, Horinaka M, Shiraishi T, Wakada M and Sakai T.
Histone deacetylase inhibitors upregulate death receptor 5/TRAIL-R2 and
sensitize apoptosis induced by TRAIL/APO2-L in human malignant tumor cells.
Oncogene. 2004;23:6261-71.
218. Nebbioso A, Clarke N, Voltz E, Germain E, Ambrosino C, Bontempo P,
Alvarez R, Schiavone EM, Ferrara F, Bresciani F, Weisz A, de Lera AR,
Gronemeyer H and Altucci L. Tumor-selective action of HDAC inhibitors involves
TRAIL induction in acute myeloid leukemia cells. Nat Med. 2005;11:77-84.
219. Zhao Y, Tan J, Zhuang L, Jiang X, Liu ET and Yu Q. Inhibitors of histone
deacetylases target the Rb-E2F1 pathway for apoptosis induction through
activation of proapoptotic protein Bim. Proceedings of the National Academy of
Sciences of the United States of America. 2005;102:16090-5.
220. Gopal E, Miyauchi S, Martin PM, Ananth S, Roon P, Smith SB and
Ganapathy V. Transport of nicotinate and structurally related compounds by
human SMCT1 (SLC5A8) and its relevance to drug transport in the mammalian
intestinal tract. Pharmaceutical research. 2007;24:575-84.
221. Manning TS and Gibson GR. Microbial-gut interactions in health and
disease. Prebiotics. Best practice & research Clinical gastroenterology.
2004;18:287-98.
222. Thangaraju M, Gopal E, Martin PM, Ananth S, Smith SB, Prasad PD,
Sterneck E and Ganapathy V. SLC5A8 triggers tumor cell apoptosis through
pyruvate-dependent inhibition of histone deacetylases. Cancer research.
2006;66:11560-4.
223. Jones PA and Baylin SB. The fundamental role of epigenetic events in
cancer. Nat Rev Genet. 2002;3:415-28.
224. Belinsky SA, Nikula KJ, Baylin SB and Issa JP. Increased cytosine DNAmethyltransferase activity is target-cell-specific and an early event in lung cancer.
Proceedings of the National Academy of Sciences of the United States of
America. 1996;93:4045-50.
225. Kautiainen TL and Jones PA. DNA methyltransferase levels in tumorigenic
and nontumorigenic cells in culture. The Journal of biological chemistry.
1986;261:1594-8.
226. Jones PA and Baylin SB. The epigenomics of cancer. Cell. 2007;128:68392.







227. Kouzarides T. Chromatin modifications and their function. Cell.
2007;128:693-705.
228. Szyf M. DNA methylation patterns: an additional level of information?
Biochemistry and cell biology = Biochimie et biologie cellulaire. 1991;69:764-7.
229. Laird PW, Jackson-Grusby L, Fazeli A, Dickinson SL, Jung WE, Li E,
Weinberg RA and Jaenisch R. Suppression of intestinal neoplasia by DNA
hypomethylation. Cell. 1995;81:197-205.
230. Bigey P, Ramchandani S, Theberge J, Araujo FD and Szyf M.
Transcriptional regulation of the human DNA Methyltransferase (dnmt1) gene.
Gene. 2000;242:407-18.
231. Detich N, Ramchandani S and Szyf M. A conserved 3'-untranslated
element mediates growth regulation of DNA methyltransferase 1 and inhibits its
transforming activity. The Journal of biological chemistry. 2001;276:24881-90.
232. MacLeod AR, Rouleau J and Szyf M. Regulation of DNA methylation by
the Ras signaling pathway. The Journal of biological chemistry. 1995;270:1132737.
233. Slack A, Cervoni N, Pinard M and Szyf M. DNA methyltransferase is a
downstream effector of cellular transformation triggered by simian virus 40 large
T antigen. The Journal of biological chemistry. 1999;274:10105-12.
234. Rouleau J, MacLeod AR and Szyf M. Regulation of the DNA
methyltransferase by the Ras-AP-1 signaling pathway. The Journal of biological
chemistry. 1995;270:1595-601.
235. Hand PH, Vilasi V, Thor A, Ohuchi N and Schlom J. Quantitation of
Harvey ras p21 enhanced expression in human breast and colon carcinomas. J
Natl Cancer Inst. 1987;79:59-65.
236. Spandidos DA and Agnantis NJ. Human malignant tumours of the breast,
as compared to their respective normal tissue, have elevated expression of the
Harvey ras oncogene. Anticancer Res. 1984;4:269-72.
237. Ohuchi N, Thor A, Page DL, Hand PH, Halter SA and Schlom J.
Expression of the 21,000 molecular weight ras protein in a spectrum of benign
and malignant human mammary tissues. Cancer research. 1986;46:2511-9.
238. Dawson PJ, Wolman SR, Tait L, Heppner GH and Miller FR. MCF10AT: a
model for the evolution of cancer from proliferative breast disease. The American
journal of pathology. 1996;148:313-9.
239. Santner SJ, Dawson PJ, Tait L, Soule HD, Eliason J, Mohamed AN,
Wolman SR, Heppner GH and Miller FR. Malignant MCF10CA1 cell lines derived
from premalignant human breast epithelial MCF10AT cells. Breast Cancer Res
Treat. 2001;65:101-10.
240. Frank H, Groger N, Diener M, Becker C, Braun T and Boettger T.
Lactaturia and loss of sodium-dependent lactate uptake in the colon of SLC5A8deficient mice. The Journal of biological chemistry. 2008;283:24729-37.
241. Yang G, Thompson JA, Fang B and Liu J. Silencing of H-ras gene
expression by retrovirus-mediated siRNA decreases transformation efficiency
and tumorgrowth in a model of human ovarian cancer. Oncogene. 2003;22:5694701.







242. Tang B, Vu M, Booker T, Santner SJ, Miller FR, Anver MR and Wakefield
LM. TGF-beta switches from tumor suppressor to prometastatic factor in a model
of breast cancer progression. J Clin Invest. 2003;112:1116-24.
243. Houghton J, Morozov A, Smirnova I and Wang TC. Stem cells and cancer.
Seminars in cancer biology. 2007;17:191-203.
244. Passegue E. Cancer biology: a game of subversion. Nature.
2006;442:754-5.
245. Schuebel K, Chen W and Baylin SB. CIMPle origin for promoter
hypermethylation in colorectal cancer? Nature genetics. 2006;38:738-40.
246. Dandekar S, Sukumar S, Zarbl H, Young LJ and Cardiff RD. Specific
activation of the cellular Harvey-ras oncogene in dimethylbenzanthraceneinduced mouse mammary tumors. Molecular and cellular biology. 1986;6:4104-8.
247. Zarbl H, Sukumar S, Arthur AV, Martin-Zanca D and Barbacid M. Direct
mutagenesis of Ha-ras-1 oncogenes by N-nitroso-N-methylurea during initiation
of mammary carcinogenesis in rats. Nature. 1985;315:382-5.
248. Birsoy K, Wang T, Possemato R, Yilmaz OH, Koch CE, Chen WW,
Hutchins AW, Gultekin Y, Peterson TR, Carette JE, Brummelkamp TR, Clish CB
and Sabatini DM. MCT1-mediated transport of a toxic molecule is an effective
strategy for targeting glycolytic tumors. Nature genetics. 2013;45:104-8.
249. Bardeesy N and DePinho RA. Pancreatic cancer biology and genetics.
Nature reviews Cancer. 2002;2:897-909.
250. Bos JL. ras oncogenes in human cancer: a review. Cancer research.
1989;49:4682-9.
251. Lund P, Weisshaupt K, Mikeska T, Jammas D, Chen X, Kuban RJ,
Ungethum U, Krapfenbauer U, Herzel HP, Schafer R, Walter J and Sers C.
Oncogenic HRAS suppresses clusterin expression through promoter
hypermethylation. Oncogene. 2006;25:4890-903.
252. Porra V, Ferraro-Peyret C, Durand C, Selmi-Ruby S, Giroud H, BergerDutrieux N, Decaussin M, Peix JL, Bournaud C, Orgiazzi J, Borson-Chazot F,
Dante R and Rousset B. Silencing of the tumor suppressor gene SLC5A8 is
associated with BRAF mutations in classical papillary thyroid carcinomas. The
Journal of clinical endocrinology and metabolism. 2005;90:3028-35.
253. Baccarini M. An old kinase on a new path: Raf and apoptosis. Cell death
and differentiation. 2002;9:783-5.
254. Peyssonnaux C and Eychene A. The Raf/MEK/ERK pathway: new
concepts of activation. Biology of the cell / under the auspices of the European
Cell Biology Organization. 2001;93:53-62.
255. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J,
Woffendin H, Garnett MJ, Bottomley W, Davis N, Dicks E, Ewing R, Floyd Y,
Gray K, Hall S, Hawes R, Hughes J, Kosmidou V, Menzies A, Mould C, Parker A,
Stevens C, Watt S, Hooper S, Wilson R, Jayatilake H, Gusterson BA, Cooper C,
Shipley J, Hargrave D, Pritchard-Jones K, Maitland N, Chenevix-Trench G,
Riggins GJ, Bigner DD, Palmieri G, Cossu A, Flanagan A, Nicholson A, Ho JW,
Leung SY, Yuen ST, Weber BL, Seigler HF, Darrow TL, Paterson H, Marais R,
Marshall CJ, Wooster R, Stratton MR and Futreal PA. Mutations of the BRAF
gene in human cancer. Nature. 2002;417:949-54.







256. Rajagopalan H, Bardelli A, Lengauer C, Kinzler KW, Vogelstein B and
Velculescu VE. Tumorigenesis: RAF/RAS oncogenes and mismatch-repair status.
Nature. 2002;418:934.
257. Nagasaka T, Sasamoto H, Notohara K, Cullings HM, Takeda M, Kimura K,
Kambara T, MacPhee DG, Young J, Leggett BA, Jass JR, Tanaka N and
Matsubara N. Colorectal cancer with mutation in BRAF, KRAS, and wild-type
with respect to both oncogenes showing different patterns of DNA methylation. J
Clin Oncol. 2004;22:4584-94.
258. Stingl J, Raouf A, Emerman JT and Eaves CJ. Epithelial progenitors in the
normal human mammary gland. Journal of mammary gland biology and
neoplasia. 2005;10:49-59.
259. Visvader JE and Stingl J. Mammary stem cells and the differentiation
hierarchy: current status and perspectives. Genes & development.
2014;28:1143-58.
260. Rios AC, Fu NY, Lindeman GJ and Visvader JE. In situ identification of
bipotent stem cells in the mammary gland. Nature. 2014;506:322-7.
261. Huang TH and Esteller M. Chromatin remodeling in mammary gland
differentiation and breast tumorigenesis. Cold Spring Harbor perspectives in
biology. 2010;2:a004515.
262. Pal B, Bouras T, Shi W, Vaillant F, Sheridan JM, Fu N, Breslin K, Jiang K,
Ritchie ME, Young M, Lindeman GJ, Smyth GK and Visvader JE. Global
changes in the mammary epigenome are induced by hormonal cues and
coordinated by Ezh2. Cell reports. 2013;3:411-26.
263. Smith ZD and Meissner A. DNA methylation: roles in mammalian
development. Nat Rev Genet. 2013;14:204-20.
264. Tsumura A, Hayakawa T, Kumaki Y, Takebayashi S, Sakaue M, Matsuoka
C, Shimotohno K, Ishikawa F, Li E, Ueda HR, Nakayama J and Okano M.
Maintenance of self-renewal ability of mouse embryonic stem cells in the
absence of DNA methyltransferases Dnmt1, Dnmt3a and Dnmt3b. Genes to
cells : devoted to molecular & cellular mechanisms. 2006;11:805-14.
265. Robertson KD. DNA methylation and human disease. Nature reviews
Genetics. 2005;6:597-610.
266. Costello JF, Fruhwald MC, Smiraglia DJ, Rush LJ, Robertson GP, Gao X,
Wright FA, Feramisco JD, Peltomaki P, Lang JC, Schuller DE, Yu L, Bloomfield
CD, Caligiuri MA, Yates A, Nishikawa R, Su Huang H, Petrelli NJ, Zhang X,
O'Dorisio MS, Held WA, Cavenee WK and Plass C. Aberrant CpG-island
methylation has non-random and tumour-type-specific patterns. Nature genetics.
2000;24:132-8.
267. Chan AO, Broaddus RR, Houlihan PS, Issa JP, Hamilton SR and Rashid
A. CpG island methylation in aberrant crypt foci of the colorectum. The American
journal of pathology. 2002;160:1823-30.
268. Laird PW. The power and the promise of DNA methylation markers.
Nature reviews Cancer. 2003;3:253-66.
269. Trowbridge JJ, Snow JW, Kim J and Orkin SH. DNA methyltransferase 1
is essential for and uniquely regulates hematopoietic stem and progenitor cells.
Cell stem cell. 2009;5:442-9.







270. Tsai CC, Su PF, Huang YF, Yew TL and Hung SC. Oct4 and Nanog
directly regulate Dnmt1 to maintain self-renewal and undifferentiated state in
mesenchymal stem cells. Mol Cell. 2012;47:169-82.
271. Trowbridge JJ, Sinha AU, Zhu N, Li M, Armstrong SA and Orkin SH.
Haploinsufficiency of Dnmt1 impairs leukemia stem cell function through
derepression of bivalent chromatin domains. Genes & development.
2012;26:344-9.
272. Gay F, Anglade I, Gong Z and Salbert G. The LIM/homeodomain protein
islet-1 modulates estrogen receptor functions. Molecular endocrinology.
2000;14:1627-48.
273. Broske AM, Vockentanz L, Kharazi S, Huska MR, Mancini E, Scheller M,
Kuhl C, Enns A, Prinz M, Jaenisch R, Nerlov C, Leutz A, Andrade-Navarro MA,
Jacobsen SE and Rosenbauer F. DNA methylation protects hematopoietic stem
cell multipotency from myeloerythroid restriction. Nat Genet. 2009;41:1207-15.
274. Tadokoro Y, Ema H, Okano M, Li E and Nakauchi H. De novo DNA
methyltransferase is essential for self-renewal, but not for differentiation, in
hematopoietic stem cells. J Exp Med. 2007;204:715-22.
275. Feinberg AP, Ohlsson R and Henikoff S. The epigenetic progenitor origin
of human cancer. Nature reviews Genetics. 2006;7:21-33.
276. Baylin SB, Makos M, Wu JJ, Yen RW, de Bustros A, Vertino P and Nelkin
BD. Abnormal patterns of DNA methylation in human neoplasia: potential
consequences for tumor progression. Cancer cells. 1991;3:383-90.
277. Laird PW and Jaenisch R. DNA methylation and cancer. Human molecular
genetics. 1994;3 Spec No:1487-95.
278. Eden A, Gaudet F, Waghmare A and Jaenisch R. Chromosomal instability
and tumors promoted by DNA hypomethylation. Science. 2003;300:455.
279. Herschkowitz JI, Simin K, Weigman VJ, Mikaelian I, Usary J, Hu Z,
Rasmussen KE, Jones LP, Assefnia S, Chandrasekharan S, Backlund MG, Yin Y,
Khramtsov AI, Bastein R, Quackenbush J, Glazer RI, Brown PH, Green JE,
Kopelovich L, Furth PA, Palazzo JP, Olopade OI, Bernard PS, Churchill GA, Van
Dyke T and Perou CM. Identification of conserved gene expression features
between murine mammary carcinoma models and human breast tumors.
Genome biology. 2007;8:R76.
280. Zhang W, Tan W, Wu X, Poustovoitov M, Strasner A, Li W, Borcherding N,
Ghassemian M and Karin M. A NIK-IKKalpha module expands ErbB2-induced
tumor-initiating cells by stimulating nuclear export of p27/Kip1. Cancer cell.
2013;23:647-59.
281. Gu H, Smith ZD, Bock C, Boyle P, Gnirke A and Meissner A. Preparation
of reduced representation bisulfite sequencing libraries for genome-scale DNA
methylation profiling. Nature protocols. 2011;6:468-81.
282. Meissner A, Mikkelsen TS, Gu H, Wernig M, Hanna J, Sivachenko A,
Zhang X, Bernstein BE, Nusbaum C, Jaffe DB, Gnirke A, Jaenisch R and Lander
ES. Genome-scale DNA methylation maps of pluripotent and differentiated cells.
Nature. 2008;454:766-70.
283. Voigt P, Tee WW and Reinberg D. A double take on bivalent promoters.
Genes & development. 2013;27:1318-38.







284. Jonsson M, Dejmek J, Bendahl PO and Andersson T. Loss of Wnt-5a
protein is associated with early relapse in invasive ductal breast carcinomas.
Cancer Res. 2002;62:409-16.
285. Roose J, Huls G, van Beest M, Moerer P, van der Horn K, Goldschmeding
R, Logtenberg T and Clevers H. Synergy between tumor suppressor APC and
the beta-catenin-Tcf4 target Tcf1. Science. 1999;285:1923-6.
286. Latini FR, Hemerly JP, Freitas BC, Oler G, Riggins GJ and Cerutti JM.
ABI3 ectopic expression reduces in vitro and in vivo cell growth properties while
inducing senescence. BMC Cancer. 2011;11:11.
287. Pfaff SL, Mendelsohn M, Stewart CL, Edlund T and Jessell TM.
Requirement for LIM homeobox gene Isl1 in motor neuron generation reveals a
motor neuron-dependent step in interneuron differentiation. Cell. 1996;84:309-20.
288. Moretti A, Caron L, Nakano A, Lam JT, Bernshausen A, Chen Y, Qyang Y,
Bu L, Sasaki M, Martin-Puig S, Sun Y, Evans SM, Laugwitz KL and Chien KR.
Multipotent embryonic isl1+ progenitor cells lead to cardiac, smooth muscle, and
endothelial cell diversification. Cell. 2006;127:1151-65.
289. Gyorffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li Q and
Szallasi Z. An online survival analysis tool to rapidly assess the effect of 22,277
genes on breast cancer prognosis using microarray data of 1,809 patients.
Breast Cancer Res Treat. 2010;123:725-31.
290. Elangovan S, Pathania R, Ramachandran S, Ananth S, Padia RN, Lan L,
Singh N, Martin PM, Hawthorn L, Prasad PD, Ganapathy V and Thangaraju M.
The niacin/butyrate receptor GPR109A suppresses mammary tumorigenesis by
inhibiting cell survival. Cancer research. 2014;74:1166-78.
291. Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF, Kawamura
MJ and Wicha MS. In vitro propagation and transcriptional profiling of human
mammary stem/progenitor cells. Genes Dev. 2003;17:1253-70.
292. Pei L, Choi JH, Liu J, Lee EJ, McCarthy B, Wilson JM, Speir E, Awan F,
Tae H, Arthur G, Schnabel JL, Taylor KH, Wang X, Xu D, Ding HF, Munn DH,
Caldwell C and Shi H. Genome-wide DNA methylation analysis reveals novel
epigenetic changes in chronic lymphocytic leukemia. Epigenetics. 2012;7:567-78.
293. Ho L, Miller EL, Ronan JL, Ho WQ, Jothi R and Crabtree GR. esBAF
facilitates pluripotency by conditioning the genome for LIF/STAT3 signalling and
by regulating polycomb function. Nature cell biology. 2011;13:903-13.
294. Park CY, Tseng D and Weissman IL. Cancer stem cell-directed therapies:
recent data from the laboratory and clinic. Mol Ther. 2009;17:219-30.
295. Curtis SJ, Sinkevicius KW, Li D, Lau AN, Roach RR, Zamponi R,
Woolfenden AE, Kirsch DG, Wong KK and Kim CF. Primary tumor genotype is
an important determinant in identification of lung cancer propagating cells. Cell
stem cell. 2010;7:127-33.
296. Hanahan D and Coussens LM. Accessories to the crime: functions of cells
recruited to the tumor microenvironment. Cancer cell. 2012;21:309-22.
297. Ting AH, McGarvey KM and Baylin SB. The cancer epigenome-components and functional correlates. Genes Dev. 2006;20:3215-31.
298. You JS and Jones PA. Cancer genetics and epigenetics: two sides of the
same coin? Cancer cell. 2012;22:9-20.







299. Brower V. Epigenetics: Unravelling the cancer code. Nature.
2011;471:S12-3.
300. Pathania R, Ramachandran S, Elangovan S, Padia R, Yang P, Cinghu S,
Veeranan-Karmegam R, Arjunan P, Gnana-Prakasam JP, Sadanand F, Pei L,
Chang CS, Choi JH, Shi H, Manicassamy S, Prasad PD, Sharma S, Ganapathy
V, Jothi R and Thangaraju M. DNMT1 is essential for mammary and cancer stem
cell maintenance and tumorigenesis. Nature communications. 2015;6:6910.
301. Esteller M. Epigenetics in cancer. The New England journal of medicine.
2008;358:1148-59.
302. Ramchandani S, Bhattacharya SK, Cervoni N and Szyf M. DNA
methylation is a reversible biological signal. Proceedings of the National
Academy of Sciences of the United States of America. 1999;96:6107-12.
303. Flotho C, Claus R, Batz C, Schneider M, Sandrock I, Ihde S, Plass C,
Niemeyer CM and Lubbert M. The DNA methyltransferase inhibitors azacitidine,
decitabine and zebularine exert differential effects on cancer gene expression in
acute myeloid leukemia cells. Leukemia. 2009;23:1019-28.
304. Daskalakis M, Nguyen TT, Nguyen C, Guldberg P, Kohler G, Wijermans P,
Jones PA and Lubbert M. Demethylation of a hypermethylated P15/INK4B gene
in patients with myelodysplastic syndrome by 5-Aza-2'-deoxycytidine (decitabine)
treatment. Blood. 2002;100:2957-64.
305. Gros C, Fahy J, Halby L, Dufau I, Erdmann A, Gregoire JM, Ausseil F,
Vispe S and Arimondo PB. DNA methylation inhibitors in cancer: recent and
future approaches. Biochimie. 2012;94:2280-96.
306. Kelly TK, De Carvalho DD and Jones PA. Epigenetic modifications as
therapeutic targets. Nature biotechnology. 2010;28:1069-1078.
307. Shackleton M, Quintana E, Fearon ER and Morrison SJ. Heterogeneity in
cancer: cancer stem cells versus clonal evolution. Cell. 2009;138:822-9.
308. Visvader JE. Cells of origin in cancer. Nature. 2011;469:314-22.
309. Jamieson CH, Ailles LE, Dylla SJ, Muijtjens M, Jones C, Zehnder JL,
Gotlib J, Li K, Manz MG, Keating A, Sawyers CL and Weissman IL. Granulocytemacrophage progenitors as candidate leukemic stem cells in blast-crisis CML.
The New England journal of medicine. 2004;351:657-67.
310. Guy CT, Webster MA, Schaller M, Parsons TJ, Cardiff RD and Muller WJ.
Expression of the neu protooncogene in the mammary epithelium of transgenic
mice induces metastatic disease. Proc Natl Acad Sci U S A. 1992;89:10578-82.
311. Lo PK, Kanojia D, Liu X, Singh UP, Berger FG, Wang Q and Chen H.
CD49f and CD61 identify Her2/neu-induced mammary tumor-initiating cells that
are potentially derived from luminal progenitors and maintained by the integrinTGFbeta signaling. Oncogene. 2012;31:2614-26.
312. Oliveras-Ferraros C, Vazquez-Martin A, Martin-Castillo B, Perez-Martinez
MC, Cufi S, Del Barco S, Bernado L, Brunet J, Lopez-Bonet E and Menendez JA.
Pathway-focused proteomic signatures in HER2-overexpressing breast cancer
with a basal-like phenotype: new insights into de novo resistance to trastuzumab
(Herceptin). Int J Oncol. 2010;37:669-78.
313. Martin-Castillo B, Oliveras-Ferraros C, Vazquez-Martin A, Cufi S, Moreno
JM, Corominas-Faja B, Urruticoechea A, Martin AG, Lopez-Bonet E and







Menendez JA. Basal/HER2 breast carcinomas: integrating molecular taxonomy
with cancer stem cell dynamics to predict primary resistance to trastuzumab
(Herceptin). Cell cycle. 2013;12:225-45.
314. Turner N, Lambros MB, Horlings HM, Pearson A, Sharpe R, Natrajan R,
Geyer FC, van Kouwenhove M, Kreike B, Mackay A, Ashworth A, van de Vijver
MJ and Reis-Filho JS. Integrative molecular profiling of triple negative breast
cancers identifies amplicon drivers and potential therapeutic targets. Oncogene.
2010;29:2013-23.
315. Miller FR, Miller BE and Heppner GH. Characterization of metastatic
heterogeneity among subpopulations of a single mouse mammary tumor:
heterogeneity in phenotypic stability. Invasion & metastasis. 1983;3:22-31.
316. Dunlop MH, Dray E, Zhao W, San Filippo J, Tsai MS, Leung SG, Schild D,
Wiese C and Sung P. Mechanistic insights into RAD51-associated protein 1
(RAD51AP1) action in homologous DNA repair. The Journal of biological
chemistry. 2012;287:12343-7.
317. Wiese C, Dray E, Groesser T, San Filippo J, Shi I, Collins DW, Tsai MS,
Williams GJ, Rydberg B, Sung P and Schild D. Promotion of homologous
recombination and genomic stability by RAD51AP1 via RAD51 recombinase
enhancement. Molecular cell. 2007;28:482-90.
318. Helleday T. Homologous recombination in cancer development, treatment
and development of drug resistance. Carcinogenesis. 2010;31:955-60.
319. Sheridan C, Kishimoto H, Fuchs RK, Mehrotra S, Bhat-Nakshatri P,
Turner CH, Goulet R, Jr., Badve S and Nakshatri H. CD44+/CD24- breast cancer
cells exhibit enhanced invasive properties: an early step necessary for
metastasis. Breast cancer research : BCR. 2006;8:R59.
320. Janke C, Ortiz J, Lechner J, Shevchenko A, Shevchenko A, Magiera MM,
Schramm C and Schiebel E. The budding yeast proteins Spc24p and Spc25p
interact with Ndc80p and Nuf2p at the kinetochore and are important for
kinetochore clustering and checkpoint control. The EMBO journal. 2001;20:77791.
321. Yuen KW, Montpetit B and Hieter P. The kinetochore and cancer: what's
the connection? Current opinion in cell biology. 2005;17:576-82.
322. Ganem NJ, Storchova Z and Pellman D. Tetraploidy, aneuploidy and
cancer. Current opinion in genetics & development. 2007;17:157-62.
323. Molyneux G, Geyer FC, Magnay FA, McCarthy A, Kendrick H, Natrajan R,
Mackay A, Grigoriadis A, Tutt A, Ashworth A, Reis-Filho JS and Smalley MJ.
BRCA1 basal-like breast cancers originate from luminal epithelial progenitors and
not from basal stem cells. Cell stem cell. 2010;7:403-17.
324. van de Rijn M, Perou CM, Tibshirani R, Haas P, Kallioniemi O, Kononen J,
Torhorst J, Sauter G, Zuber M, Kochli OR, Mross F, Dieterich H, Seitz R, Ross D,
Botstein D and Brown P. Expression of cytokeratins 17 and 5 identifies a group
of breast carcinomas with poor clinical outcome. Am J Pathol. 2002;161:1991-6.
325. Aslakson CJ and Miller FR. Selective events in the metastatic process
defined by analysis of the sequential dissemination of subpopulations of a mouse
mammary tumor. Cancer research. 1992;52:1399-405.







326. Cheung KJ, Gabrielson E, Werb Z and Ewald AJ. Collective invasion in
breast cancer requires a conserved basal epithelial program. Cell.
2013;155:1639-51.
327. Song LJ, Zhang WJ, Chang ZW, Pan YF, Zong H, Fan QX and Wang LX.
PU.1 Is Identified as a Novel Metastasis Suppressor in Hepatocellular Carcinoma
Regulating the miR-615-5p/IGF2 Axis. Asian Pacific journal of cancer
prevention : APJCP. 2015;16:3667-71.
328. Schoch C, Kern W, Kohlmann A, Hiddemann W, Schnittger S and
Haferlach T. Acute myeloid leukemia with a complex aberrant karyotype is a
distinct biological entity characterized by genomic imbalances and a specific
gene expression profile. Genes, chromosomes & cancer. 2005;43:227-38.
329. Henson SE, Tsai SC, Malone CS, Soghomonian SV, Ouyang Y, Wall R,
Marahrens Y and Teitell MA. Pir51, a Rad51-interacting protein with high
expression in aggressive lymphoma, controls mitomycin C sensitivity and
prevents chromosomal breaks. Mutation research. 2006;601:113-24.
330. Wang Y, Yu Q, Cho AH, Rondeau G, Welsh J, Adamson E, Mercola D
and McClelland M. Survey of differentially methylated promoters in prostate
cancer cell lines. Neoplasia. 2005;7:748-60.
331. Hori T, Haraguchi T, Hiraoka Y, Kimura H and Fukagawa T. Dynamic
behavior of Nuf2-Hec1 complex that localizes to the centrosome and centromere
and is essential for mitotic progression in vertebrate cells. J Cell Sci.
2003;116:3347-62.
332. McCleland ML, Kallio MJ, Barrett-Wilt GA, Kestner CA, Shabanowitz J,
Hunt DF, Gorbsky GJ and Stukenberg PT. The vertebrate Ndc80 complex
contains Spc24 and Spc25 homologs, which are required to establish and
maintain kinetochore-microtubule attachment. Current biology : CB. 2004;14:1317.
333. DeLuca JG, Dong Y, Hergert P, Strauss J, Hickey JM, Salmon ED and
McEwen BF. Hec1 and nuf2 are core components of the kinetochore outer plate
essential for organizing microtubule attachment sites. Molecular biology of the
cell. 2005;16:519-31.
334. Sun SC, Lee SE, Xu YN and Kim NH. Perturbation of Spc25 expression
affects meiotic spindle organization, chromosome alignment and spindle
assembly checkpoint in mouse oocytes. Cell cycle. 2010;9:4552-9.
335. Szyf M. DNA methylation signatures for breast cancer classification and
prognosis. Genome medicine. 2012;4:26.
336. Sheaffer KL, Kim R, Aoki R, Elliott EN, Schug J, Burger L, Schubeler D
and Kaestner KH. DNA methylation is required for the control of stem cell
differentiation in the small intestine. Genes & development. 2014;28:652-64.
337. Ying J, Li H, Yu J, Ng KM, Poon FF, Wong SC, Chan AT, Sung JJ and
Tao Q. WNT5A exhibits tumor-suppressive activity through antagonizing the
Wnt/beta-catenin signaling, and is frequently methylated in colorectal cancer.
Clinical cancer research : an official journal of the American Association for
Cancer Research. 2008;14:55-61.







338. Zhu N, Qin L, Luo Z, Guo Q, Yang L and Liao D. Challenging role of
Wnt5a and its signaling pathway in cancer metastasis (Review). Experimental
and therapeutic medicine. 2014;8:3-8.
339. Miyazaki K, Matsuda S, Ichigotani Y, Takenouchi Y, Hayashi K, Fukuda Y,
Nimura Y and Hamaguchi M. Isolation and characterization of a novel human
gene (NESH) which encodes a putative signaling molecule similar to e3B1
protein. Biochimica et biophysica acta. 2000;1493:237-41.
340. Ichigotani Y, Yokozaki S, Fukuda Y, Hamaguchi M and Matsuda S.
Forced expression of NESH suppresses motility and metastatic dissemination of
malignant cells. Cancer research. 2002;62:2215-9.
341. Kim YJ, Yoon HY, Kim JS, Kang HW, Min BD, Kim SK, Ha YS, Kim IY,
Ryu KH, Lee SC and Kim WJ. HOXA9, ISL1 and ALDH1A3 methylation patterns
as prognostic markers for nonmuscle invasive bladder cancer: array-based DNA
methylation and expression profiling. International journal of cancer Journal
international du cancer. 2013;133:1135-42.
342. Morita R, Hirohashi Y, Suzuki H, Takahashi A, Tamura Y, Kanaseki T,
Asanuma H, Inoda S, Kondo T, Hashino S, Hasegawa T, Tokino T, Toyota M,
Asaka M, Torigoe T and Sato N. DNA methyltransferase 1 is essential for
initiation of the colon cancers. Experimental and molecular pathology.
2013;94:322-9.
343. Choi DS, Blanco E, Kim YS, Rodriguez AA, Zhao H, Huang TH, Chen CL,
Jin G, Landis MD, Burey LA, Qian W, Granados SM, Dave B, Wong HH, Ferrari
M, Wong ST and Chang JC. Chloroquine eliminates cancer stem cells through
deregulation of Jak2 and DNMT1. Stem cells. 2014;32:2309-23.



