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ABSTRACT  

Yin Liu 

BREAST CANCER PROGRESSION AND METASTASIS: DISCOVERY OF 

NOVEL GENES AND THEIR FUNCTIONAL STUDY 

Dissertation under the direction of: 
 
 

Kounosuke Watabe, Ph.D. 
Professor 

Department of Cancer Biology 
Wake Forest University School of Medicine 

 

 
 
 
 

Breast cancer is one of major public health problem worldwide. However, the 

underlying molecular mechanism of breast cancer progression and metastasis is 

not well understood. Ductal carcinoma in situ (DCIS) is a non-invasive form of 

breast cancer which could progress to or recur as invasive breast cancer. To 

identify the novel regulators of DCIS progression, we performed gene expression 

analysis of syngeneic cell lines MCF10A, DCIS.com and MCF10CA and cross-

referenced the targets using patient cohorts. By comparing gene expression 

between MCF10A and DCIS.com cell line, we identified ID2 as a regulator of 

DCIS initiation. ID2 promoted DCIS formation by enhancing cancer stemness of 

premalignant cells. On the other hand, we compared the DCIS.com and invasive 

breast cancer cell line, MCF10CA, and identified INHBA and GJB2 as novel 

regulators of aggressive phenotype. These 2 genes regulated migration, 

colonization and stemness of invasive cancer cells. Finally, we identified an ID2 
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inhibitor, natural compound Helichrysetin.  

The brain is one of the major sites of metastasis in breast cancer and the 

pathological mechanism behind brain metastasis is poorly understood. We have 

found that the X-inactive specific transcript (XIST) was significantly down-

regulated in brain metastases tissues and its expression levels had a significant 

inverse correlation with brain metastasis survival. XIST is encoded on the X 

chromosome and plays a critical role in X chromosome inactivation. Silencing 

XIST significantly promoted brain metastatic growth in xenograft model and XIST 

knockout in mice mammary gland accelerated primary tumor growth, as well as 

metastasis in the brain. Loss of XIST stimulated the epithelial-mesenchymal-

transition and activated c-Met pathway and also augmented the secretion of 

exosomal microRNA-503, which triggered M1-M2 polarization of microglia. 

Furthermore, we identified fludarabine, purine analog antimetabolite, as a 

synthetic lethal drug for XIST-low breast tumor cells by sceening and found that 

fludarabine blocked brain metastasis in our animal model.Our results indicate that 

XIST plays a critical role in brain metastasis in breast cancer by affecting both 

tumor cells and the tumor microenvironment, and that the XIST-mediated pathway 

may serve as an effective target for the treatment of brain metastasis.  



1 

 

CHAPTER I 
 
 
 
 

GENERAL INTRODUCTION 
 
 
 
 

Yin Liu 
 
Department of Cancer Biology, Wake Forest University School of Medicine, Winston- 

Salem, NC 27157 

 

 
 
The unpublished portions of this chapter were composed by Yin Liu, with editorial 

guidance by Dr. Kounosuke Watabe, Ph.D. The published portions were from Liu, Yin., 

Sharma, S., & Watabe, K. (2015). Roles of lncRNA in breast cancer. Frontiers in 

bioscience (Scholar edition), 7, 94 

  



2 

 

I.1 General introduction to breast cancer 

Breast cancer, by far the most frequently diagnosed cancer and cause of death 

in women, is a major world-wide public health problem. In 2012, there were 1.7 

million estimated new cases diagnosed and 0.5 million estimated deaths, 

accounting for 25% of cancer in women and 15% of cancer death in women1. 

Breast cancers arise from mammary epithelial cells and are pathologically 

subdivided into in situ and invasive diseases. In situ breast cancer, which is 

further divided into ductal carcinoma in situ (DCIS) and lobular carcinoma in situ 

(LCIS), are non-invasive lesions in which the cancer cells are restricted in the 

duct or lobular area by the myoepithelial cells and basement membrane. Despite 

the terminology, lobular, milk-producing glands at the end of breast ducts, and 

duct, LCIS and DCIS are not differentiated by site of origin, but rather, by cell 

morphology and architecture2. LCIS usually grows in a solid group while DCIS 

can form various types of structures in many architectural patterns2. Invasive 

breast cancer, which is also referred to as invasive ductal carcinoma (IDC), 

consists of lesions, which invade out of the mammary duct. IDCs are 

histologically graded based on three parameters: 1) the amount of gland or 

tubule formation, 2) nuclear grade, and 3) the mitotic activity (proliferation)3. 

Pathologists grade each of these features with scores from 1–3, and all the 

scores are added to give a final score. Tumors with a final score ranging from 3–

5 are grade 1, those with scores 6 and 7 are grade 2, and those with scores 8 

and 9 are grade 3. Histological features also provide information on the stages of 

patients, the size of the tumors, and the assessments of involved lymph nodes4. 
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Clinical staging is suggested by the American Joint Committee on Cancer 

(AJCC) staging system using the tumor node metastasis (TNM) stage system5. 

Both tumor stage and tumor grade are important prognostic markers and also 

guide the patients’ treatment. Besides grade and stage, hormone receptors, 

including the estrogen and progesterone receptor status and HER2 status, are 

also important in guiding treatment and prognosis6,7. In research studies, the 

molecular subtypes based on certain subsets of molecular expression are widely 

used. In most studies, patients are grouped into four major subtypes: luminal A 

type, luminal B type, HER2 enriched, and triple negative (TN) or basal-like breast 

cancer type, based on the hormone receptors and HER2 statues8. Lumina breast 

cancers are further divided into lumina A and lumina B subtypes. Lumina A 

subtype patients are hormone receptor positive (ER+ and/or PR+) and HER2 

negative, and lumina B subtype patients are hormone receptor positive (ER+ 

and/or PR+) and HER2 positive8. HER2 type patients are hormone receptor 

negative and HER2 positive8. Triple negative/ basal-like breast cancer patients 

are hormone receptor negative and HER2 negative8. There are also less 

common molecular subtypes, such as normal-like and claudin-low breast 

cancer9,10. Molecular subtypes are also found with DCIS. Microarrays and next-

generation sequencing for expression profiling have also been applied to classify 

these patients. By developing various signature patterns and classifying patients 

with these signatures, researchers are able to predict prognosis, determine 

treatment, and define molecular subtypes11,12. PAM50 (Prediction Analysis of 

Microarray 50), including 50 genes as a signature, has been used in clinical and 
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research settings13. In research studies, PAM50 is widely used to classify 

patients into different molecular subtypes. PAM50 array analyses also help to 

predict metastasis and to determine hormone therapy in ER+, HER2- patients in 

clinical studies.  

There are several well-characterized breast cancer risk factors. 1) The age of the 

patient; most breast cancer cases are diagnosed after 50 years of age14. 2) 

Endocrine and reproductive factors; nulliparity or first birth after the age of 30 

years increases the risk of breast cancer, while breast feeding lowers breast 

cancer risk, and women who start menstruating before 12 year of age, or do not 

stop menstruating before the age of 55 years have higher breast cancer risks15. 

3) Environment factors; consumption of alcohol and being overweight especially 

after menopause increase breast cancer risks. Exposure to X- and γ-radiation 

also increases breast cancer risks16,17. 4) Life style factors; a high fat diet, lack of 

exercise, and shift work increase breast cancer risks18. 5) Genetic factors; 

women with a family history of breast cancer or women who carry certain 

germline mutations such as BRCA1, BRCA2, ATM, and CDH1 mutations are 

more likely to develop breast cancer16,19. Understanding breast cancer risk 

factors may help to prevent breast cancer. Studies have shown that hormone 

receptor modulators and aromatase inhibitor administration in women with 

increased breast cancer risk decrease breast cancer incidence20,21. Bilateral 

prophylactic mastectomy is sometimes suggested for women carrying BRCA1 or 

BRCA2 mutations.  
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I.2 Breast cancer metastasis 

Invasive breast cancer disseminating into distant sites eventually forms 

metastasis. Of the total breast cancer patients, 20%–30% develop metastasis 

and the 5-year survival rate of patients with metastatic breast cancer is only 26%, 

while overall breast cancer 5-year survival is up to 90%22. 

Generally, metastases occur in five steps: angiogenesis, intravasation, 

dissemination, extravasation, and colonization23,24. As the primary tumor grows, it 

needs blood vessels to deliver oxygen and nutrition for its growth. Cancer cells 

secrete angiogenesis factors such as VEGF, FGF, PDGF, and angiopoietin-1 to 

attract endothelial cells and promote blood vessel formation in the tumor24. These 

new blood vessels are often leaky, which provides a route for the cancer cells to 

enter the circulatory system. Cancer cells disrupt the basement membrane and 

infiltrate into blood vessels or lymph vessels in the process known as 

intravasation. Cancer cells can enter normal blood vessels in several different 

ways. Tumor cells might migrate through endothelial junctions, which require 

enhanced transmigration ability25. Recent studies have also shown that some 

cancer cells secret programmed death factors to induce endothelial apoptosis 

causing a leakage in blood vessels26. Following intravasation, circulating tumor 

cells (CTCs) must survive in the blood vessels. Normally, epithelial cells are 

attached to each other or to the extracellular matrix (ECM), and they undergo 

apoptosis when they are detached, which is often called anoikis27. CTCs are 

known to avoid anoikis by forming CTC clusters or by activating certain pathway 

proteins such as snail, twist, and TGF-β27,28. CTC number is an important 
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prognostic marker in clinical practice29,30. Cancer cells then disseminate into 

different organs and are finally trapped in distal blood vessels. To finally establish 

metastasis, cancer cells need to exit the circulation system and reach the 

surrounding tissues by extravasation. After extravasation, cancer cells need to 

survive and thrive in the new site. An extravasated cancer cell may remain in the 

new site without proliferating for years, which is called dormancy24. Dormant cells 

are believed to be responsible for distal recurrence long post-surgery. 

Proliferating cancer cells in the new site form proangiogenic micro-metastases, 

and then require angiogenesis to form macro-metastases. Some of the cancer 

cells can grow along the blood vessels and avoid angiogenesis31. After the 

establishment of metastasis, cancer cells can shed into the circulation to form 

secondary and tertiary metastases. 

Breast cancer shows organ-specific metastasis; frequently metastasizing to 

bone, liver, brain, and lungs. There are many parameters that affect the final site 

of metastases, and one is the blood stream pattern. In breast cancer, cells leave 

the primary site and are carried to the heart first, and then to the capillary beds of 

the lung. Some of the cells are finally trapped in the capillary beds, yet other cells 

might pass through the lung to be transported to other organs, such as liver and 

brain. Metastasis is also affected by blood vessel patterns in the distant site. The 

blood vessels in bone are fenestrated and relatively leaky, while the blood 

vessels in the brain are not leaky because of the blood brain barrier, which 

makes bone the most common metastatic site in breast cancer, while brain 

metastasis is less frequent. The survival of the cancer cells after their arrival to a 
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distant site also determines the organ tropism of breast cancer metastasis. 

Organs such as heart and muscle are not favorable for the cancer cell to survive, 

as these organs do not provide the necessary stromal and nutritional factors 

necessary for the cancer cells to grow32. The blood stream, endothelia barrier 

patterns, and survival microenvironment determine where the cancer cells will 

seed. However, there are other factors that determine the fate of cancer cells at 

the distant site. Overt or macro-metastasis requires partners in the 

microenvironment, such as the breast cancer cell-programmed osteoclasts in the 

bone marrow, needed to form osteolytic metastasis, and the astrocytes and 

microglial cells in the brain needed for cerebral metastasis33,34. Therapeutic 

stress also affects metastasis. If HER2+ patients are treated with Herceptin, 

which does not penetrate the blood-brain barrier, increased brain metastasis 

could occur35.  

I.3 Transgenic model of breast cancer metastasis 

As the metastasis cascade involves multiple steps and in vitro models are unable 

to adequately recapitulate these steps, our understanding of breast cancer 

metastasis has greatly relied on the use of transgenic mouse models, which were 

also used in the following study. Five pairs of mammary glands are present from 

the thoracic region to the inguinal area under the skin. A single lymph node is 

located at the center of each fat pad, each with a nipple to which the primary 

epithelial duct is connected at birth. These early ductal structures remain 

quiescent until 3 weeks after birth (approximately the time of weaning). As the 

ovaries begin to secret hormones, terminal buds form and begin to elongate until 
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weeks 10–12, when the duct reaches the edge of the fat pad. During puberty, the 

glands begin to branch and form alveoli, which differentiate during pregnancy 

and become capable of lactation36. The mammary morphogenesis and branching 

processes require several signaling pathways, including those involving Wnt, 

EGF, IGF, and TGF-37. These pathways are frequently hijacked during the steps 

of cancer initiation and progression37.  

To generate mammary gland-specific gene expression in transgenic animals, 

various promoters can be used to drive gene expression in mammary epithelial 

cells. The mouse mammary tumor virus (MMTV) promoter is most frequently 

used for this purpose. It is known that MMTV promoter responses to the entire 

range of hormones, including, but not limited to, estrogens, androgens, 

glucocorticoids, and progestin38. During puberty, genes under the control of the 

MMTV promoter are expressed in estrogen-sensitive tissues; such expression 

has been detected at high levels in all mammary gland cells. While pregnancy 

and lactation enhance the expression of genes under the control of the MMTV 

promoter, this promoter is known to be “leaky” in the ovaries, seminal vesicles, 

and salivary glands, resulting in low levels of gene expression in these tissues39. 

The whey acidic protein (WAP) promoter is also widely used in transgenic 

models of breast cancer40. The WAP promoter is active during pregnancy and 

lactation in secretory mammary gland epithelial cells. Therefore, pregnancy is 

thought to be required for the expression of genes under the control of the WAP 

promoter. Other promoters, such as C3, bovine b-lactoglobulin (B-LG), and 

metallothionein, are not commonly used in breast cancer research but can drive 
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gene expression in mammary gland cells41. The C3 promoter is originally from 

the rat prostate steroid-binding protein and was designed to direct gene 

expression in prostate cancer. However, female mice carrying this promoter also 

express transgene in whole breast tissue, making this promoter useful for 

studying mammary tumor progression41,42. The C3 promoter has been shown to 

respond to estrogen, which may explain its specific expression in mammary 

glands42. The disadvantage of the B-LG and WAP promoters is that genes under 

their control are dependent on conditions of pregnancy and lactation, thus 

requiring continuously breeding of the transgenic mice to obtain stable gene 

expression. 

Several breast cancer-specific mouse models have been well characterized in 

cancer research (Table 1) and are described below.  

1. MMTV-Her2/Neu 

In cases of human breast cancer containing the HER2 amplification, ErbB2 is 

under the control of an endogenous promoter. However, the expression of the 

active form of ErbB2, under the control of its own promoter, is insufficient to 

initiate tumor development. The transgenic expression of the active form of 

ErbB2 (Neu) in mice under the control of the MMTV (MMTV-Neu) promoter 

results in multifocal adenocarcinoma with lung metastasis in mice at about 15 

weeks of age. Knock-in of wild-type ErbB2 (ErbB2-knock-in) mice also leads to 

focal mammary tumor formation at 4 months of age, with a median incidence of 

205 days. Approximately 72% of these mice develop metastases after 8 months. 
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Both MMTV-Neu and ErbB2-knock-in mice show distinct gene expression 

profiles with no overlap43. MMTV-Neu mice have been used as a HER2-type 

breast cancer model in basic research.  

 2. MMTV-PyMT 

The transgenic expression of the mouse polyoma middle T (PyMT) antigen in 

mammary glands results in multifocal adenocarcinoma and metastasis to the 

lung and lymph nodes44. Palpable tumors form in mice as young as 5 weeks of 

age, and greater than 90% of these mice develop metastases at 24 weeks. The 

transforming activity of the MT antigen is dependent on its association with 

cellular proteins. MT antigen associates with and activates a number of tyrosine 

kinases, such as c-src. Previous studies have shown that the MMTV-PyMT 

model can be used to study the luminal type of breast cancer45. This model’s 

multifocal nature, rapid time of tumor development, and high penetrance of lung 

metastases make it an important tool for the study of breast cancer. 

3. B-LG-Cre; Brca1F22-24; p53 KO 

The B-LG-Cre mouse model carries the Cre recombinase gene under the control 

of the B-LG promoter as well as floxed exons 22–24 of the BRCA1 gene. This 

model also has a heterozygous Trp53 gene deficiency. The B-LG-Cre promoter 

is active during lactation, leading to a loss of BRCA1 function and the rapid and 

efficient formation of highly proliferative, poorly differentiated, ER- breast tumors 

with central necrosis. The molecular signature of these tumors resembles those 

of BRCA1 mutant human breast cancer. Furthermore, these ER- tumors have 
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increased levels of human basal epithelia markers, which are reminiscent of 

human basal-like or TN breast cancer. This model is important for studies of 

basal-like and BRCA1 mutant types of breast cancer46. 

Most of the transgenic models only develop lung metastases and thus limit the 

value in cancer study (Table 1). Models develop metastases to other organs is 

urgently needed. In our study, we developed mammary gland-specific 

knockdown of lncRNA XIST expression under the control of the MMTV-Cre 

promoter to study the role of XIST in the MMTV-PyMT mouse model. Micro-

metastases were found in the brain of this model and thus provided a novel 

model to study brain metastasis.  

I.4 Roles of long noncoding RNA in normal and disease physiology 

Recent genomic and bioinformatics studies across species have revealed that 

eukaryotic genomes transcribe a broad spectrum of RNAs, including protein-

coding mRNAs, short noncoding transcripts, and long noncoding RNAs 

(lncRNAs) 47. Among these RNAs, noncoding transcripts are the most abundant 

in human cells. Up to 70% of the human genome is transcribed; however, only 

2% of the genome is translated into protein48. In the past several years, short 

noncoding RNAs such as microRNAs, small interfering RNAs, and snoRNAs 

have been extensively studied, whereas lncRNAs have garnered less attention. 

However, it has become increasingly apparent that lncRNAs are not simply leaky 

products of the genome but have been experimentally shown to possess distinct 

cellular functions. Importantly, many of these transcripts are associated with 
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human diseases. In our study, we not only analyze proteins associated with 

breast cancer progression but also lncRNAs involved in breast cancer 

metastasis. 

LncRNAs can be defined as RNA transcripts longer than 200 bp that lack open 

reading frames. A number of lncRNAs were initially identified via whole-genome 

tilling arrays and next-generation sequencing of the transcriptome. These studies 

showed that lncRNAs have complicated structures and origins, and as such, they 

can no longer be defined merely by their lengths and lack of protein-coding 

capability. LncRNAs have several common features. The chromatin state of 

lncRNAs is consistent with that of protein-coding genes: marked by the 

trimethylation of lysine 4 within histone H3 (H3K4me3) at the gene promoter site 

and trimethylation of lysine 36 within histone H3 (H3K36me3) along the 

transcribed region49. Expression of lncRNAs is often regulated by well-known 

transcription factors; ENCODE project results revealed that there are multiple 

transcription factors that preferentially regulate lncRNA transcription50. Similar to 

coding genes, lncRNAs are transcribed by RNA polymerase II and are usually 

spliced via the spliceosome. LncRNAs also have a poly(A) tail as do coding 

mRNAs49. 

LncRNAs can be classified into five categories, depending on their origin in the 

genome, as shown in Figure 1. The first group is sense lncRNAs. The 

sequences of these lncRNAs overlap with one or more exons of another 

transcript in the same direction. The second category is antisense lncRNAs. 
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The sequences of these lncRNAs overlap with one or more exons of another 

transcript in the opposite direction. The third category is bidirectional lncRNA; 

these lncRNAs are initiated in close proximity to a neighboring protein-coding 

transcript on the opposite strand. The fourth group is intronic lncRNAs. These 

lncRNAs are entirely derived within an intron of another transcript and may 

represent pre-mRNA sequences. The last category is intergenic lncRNAs, 

which are derived from sequences within the genomic interval between two 

genes.  

I.5 Biological function of lncRNAs 

A recent comprehensive study of the human genome identified over 8,000 

lncRNAs51. While other studies have reported several thousand lncRNAs 

expressed in humans and other mammals49,52, many of these transcripts are not 

conserved between closely related species, and only approximately 200 lncRNAs 

have been functionally characterized and mechanistically defined53. This point 

raises the question of whether all lncRNAs are biochemically functional. Most 

lncRNAs are expressed in a tissue-specific manner51, suggestive of their 

potential biological and physiological functions. Among the 200 lncRNAs that 

have been studied to date, many show evidence of functionality either in vitro or 

in vivo, while only a few have been characterized in vivo. Judging from the 

current data available, lncRNAs appear to be involved in a wide range of 

biological and physiological processes, with distinct functions at each step. 

Moreover, lncRNAs are important regulators of tumor suppressor and oncogenic 
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pathways; recent studies have shown that lncRNAs regulate major oncogenic 

pathways at the epigenetic, transcriptional, and post-transcriptional levels, as 

outlined below. 

I.5.1 Epigenetic regulation  

Gene expression is often controlled by epigenetic factors such as chromatin-

modifying complexes and DNA methyltransferases54; many tumor suppressor 

genes can be inactivated by epigenetic silencing during tumor progression55. The 

most well-known function of lncRNAs is the epigenetic regulation of target genes, 

especially their repressive functions. Many lncRNAs, including ANRIL, HOTAIR, 

H19, and XIST, achieve repression of transcription by their associations with 

histone-modifying or chromatin-remodeling proteins56. LncRNAs are believed to 

operate in both a cis- and trans-dependent manner, although this idea is still 

controversial. Cis-acting lncRNAs are restricted to the site of chromosome 

synthesis and tend to regulate only a few genes, whereas trans-acting lncRNAs 

can be translocated to other chromosomes and regulate a wider range of 

genes57. 

Currently, polycomb repressive complexes (PRCs) are the most common protein 

partners of lncRNAs that have been studied. PRCs are known to promote gene 

repression by modifying chromatin structure. Intrinsic histone methyltransferases 

maintain gene repression via the methylation of specific amino acids on histone 

tails, resulting in the compaction of chromatin and the formation of 

heterochromatin58. Several large lncRNAs are known to interact with PRCs59. 
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One study in 2009 showed that more than 20% of all lncRNAs interact with 

PRCs52. LncRNA are critical for the recruitment of proteins in cases where 

lncRNAs serve as scaffolds for protein complexes. HOTAIR is known to serve as 

a scaffold for PRC2 and LSD1, which localizes to thousands of sites throughout 

the genome60.  

I.5.2 Transcriptional regulation 

Several lines of evidence suggest that lncRNAs directly regulate gene expression 

by influencing the activity of promoter enhancers. Kim et al. recently found that 

more than 12,000 neuronal activity-regulated enhancers can be transcribed 

bidirectionally to a class of lncRNAs called enhancer RNAs (eRNAs); the 

expression of eRNAs has been positively correlated to the mRNA levels of 

nearby protein-coding genes61. Other groups also observed noncoding 

transcripts expressed from enhancer sites near the protein-coding genes62,63. 

The biological and mechanistic roles of eRNAs are not clearly defined, although 

a few have been studied63. Androgen receptor (AR) is a type of nuclear receptor 

that is activated by androgen hormones. Once activated, AR is transported from 

the cytoplasm to the nucleus and regulates gene expression as a DNA-binding 

transcription factor. ERNAs transcribed from AR-regulated gene enhancers are 

known to respond to AR signaling and are related to transcriptional 

reprogramming62. However, eRNAs could be potential byproducts of RNA 

polymerase.  

Interestingly, lncRNAs themselves can act as enhancers64,65. Huang et al. 



16 

 

recently found that depletion of several lncRNAs located more than 1 kb 

upstream of protein-coding genes resulted in a corresponding decrease of the 

expression of neighboring genes, including TAL1, Snai1, and Snai265. An 

increase in gene expression could be achieved via the RNA-mediated 

recruitment of transcription factors, displacement of transcription repressors, and 

recruitment of basal transcription factors or chromatin-remodeling factors65. 

However, the exact mechanism by which lncRNAs act to enhance gene 

expression is yet to be determined. 

I.5.3 Post-transcriptional regulation 

LncRNAs can also regulate gene expression by interfering with mRNA post-

transcriptional processing. The existence of nuclear body paraspeckles is a good 

example of how lncRNAs regulate mRNA processing. The cell nucleus is a 

complex organelle containing many nuclear bodies involved in such processes 

as ribosome biogenesis, transcription, and RNA splicing66. Paraspeckles contain 

at least three RNA-binding proteins that all contain RNA-binding domains, 

suggesting that their function may be related to RNA modification67. An 8-kb 

nuclear-retained poly(A)+ called CTN-RNA was found in paraspeckles and 

distributed throughout the nucleus68. CTN-RNA is a counterpart of the protein-

coding gene mCAT2. Interestingly, the knockdown of CTN-RNA resulted in a 

decrease in mCAT2 mRNA68. CTN-RNA is stored in paraspeckles when mCAT2 

is not immediately required by the cell. However, when the cell is under stress, 

CTN-RNA is cleaved into mCAT2 mRNA, resulting in increased mCAT2 protein 

expression68. More recently, ncRNA MENε/β was found to be involved in 
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paraspeckle assembly69. Additionally, nuclear-enriched autosomal transcript 1 

(NEAT1) lncRNA was found to co-localize with paraspeckles and serve as a 

structural RNA70. This 4-kb lncRNA contains many self-complementary 

sequences that can either form an intramolecular structure or self-hybridize to 

create a larger scaffold upon which a large nuclear body could assemble70. 

These results suggest that many different lncRNAs work together to regulate 

RNA processing. 

LncRNAs also regulate mRNA translation by controlling translation and stability 

of mRNA. Binding of an antisense nuclear-enriched lncRNA to mouse ubiquitin 

carboxyl-terminal hydrolase L1 (Uchl1) mRNA increases UCHL1 protein 

synthesis at the post-transcriptional level. The antisense lncRNA forms sense-

antisense pairs by pairing with the protein coding mRNA on the basis of an 

embedded inverted SINEB2 (short interspersed nuclear elements) and 5’ 

overlapping sequence t71. A SINE, also called non-LTR (long terminal repeat) or 

poly(A) retrotransposon, can change its position within the genome. The 

embedded SINEB2 in UCHL1 forms a protein synthesis activation domain by 

base pairing. LncRNAs also suppress mRNA translation via different 

mechanisms, such as in the case of lncRNA-p2172,73, which binds to CTNNB1 

and JUNB mRNAs by base pairing, and represses their translation by displacing 

the polysome or ribosome72. 

Several recent studies have highlighted the lncRNA-mRNA interaction, which is 

very similar to the miRNA regulation of mRNA74,75. LncRNAs that possess Alu 

elements are able to mediate mRNA decay by binding to the 3’UTR75. Alu 
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elements, which constitute 10% of all human DNA sequences, are the most 

frequently observed repeats in the human genome. Similar to SINEs, Alu 

elements are able to transpose in the genome. The base pairing of Alu-

containing lncRNAs with mRNA 3’UTRs creates a STAU1, RNA degradation 

protein-binding site, leading to mRNA decay76. Similar to miRNAs, one lncRNA 

can bind to a subset of mRNAs, and one mRNA can be targeted by multiple 

lncRNAs. LncRNAs can also bind miRNAs and function as miRNA sponges. 

LncRNA-ATB suppresses members of the miR200 family, and lncRNA-MD1 

suppresses miR-133 and miR-135 in a similar manner77,78. Therefore, such RNA-

RNA interactions are considered another level of post-transcriptional regulation 

of gene expression by lncRNAs.  

As described above, lncRNAs can regulate gene expression at multiple stages 

by a variety of mechanisms. It is clear that aberrant expression of such lncRNAs 

can significantly contribute to tumor initiation and progression. We summarize the 

roles of lncRNAs by focusing on breast cancer (Table 2). 

I.6 Roles of lncRNA XIST in tumor progression 

XIST is critical for the inactivation of the X chromosome during embryogenic 

development. The 17-kb long lncRNA extends along the X chromosome and 

recruits PRCs to maintain silencing of the X chromosome79. A recent study by 

Jeon et al. showed that YY1 guides XIST loading and extension during the initial 

phases of X chromosome inactivation 80, resulting in the silencing of more than 

1,000 genes on one arm of the X chromosome 80. 
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The role of XIST in breast cancer has been intensively studied but remains 

unclear. The Livingston group showed that BRCA1, a breast tumor suppressor, 

supported XIST RNA concentration on the inactive X chromosome81. BRCA1 

was found to co-localize with the inactive X chromosome and play a critical role 

in maintaining the markers of X chromosome inactivation81. This observation 

suggests that the loss of BRCA1 in female cells may lead to the destabilization of 

the X chromosome. However, Xiao et al. found that XIST functions independently 

of BRCA1 during X chromosome inactivation82. According to results of the 

Livingston group, the loss of BRCA1 in female cells was able to reactivate genes 

on the inactive X chromosome due to the loss of XIST81; however, the reason for 

this apparent controversy is not clear. These authors also found that BRCA1 was 

not enriched on XIST RNA-coated chromatin of the inactive X chromosome82. In 

response to these findings, the Livingston group showed further evidence of 

BRCA1’s communication with the inactive X chromosome83. The interaction 

between BRCA1 and XIST remains an issue of debate84,85; however, it is of great 

importance to understand the underlying mechanism by which XIST interacts 

with BRCA1. 

In another study, the expression of XIST was found to differ between subtypes of 

breast cancer and appeared related to BRCA1 status86. Only XIST, which was 

expressed on the inactive X chromosome, was regulated by BRCA186. However, 

XIST can also be abnormally expressed on the active X chromosome87. Although 

most breast tumor cell lines lose the inactive X chromosome and gain another 

active X chromosome, whether the loss of XIST leads to the loss of the inactive X 
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chromosome is not clear87. These results indicate that the mechanism of XIST 

expression in breast cancer cells may differ from that of normal cells. 

Andrea et al. recently reported that XIST functions abnormally in basal-like breast 

cancer (BLC) cells88. In their study, 80% of the samples showed an X 

chromosomal abnormality; duplication of the active X chromosome and loss of 

the X chromosome inactivation center were most frequently seen in these 

samples88. However, only 2 out of 20 samples from non-BLC patients lost the 

inactive X chromosome88. This XIST dysfunction is unrelated to BRCA1, because 

most samples retained wild-type BRCA. Surprisingly, the expression levels of X-

linked genes were not globally upregulated in BLC samples88. Only a few loci in 

samples that lost XIST escaped X chromosome inactivation. These studies 

suggest that X chromosomal abnormalities may contribute to BLC formation, 

although the mechanism and the effects of these abnormalities are not 

understood. Future studies are needed to clarify the relationship between XIST 

and X chromosomal abnormalities to discern the pathological role of this lncRNA 

in breast cancer. In the following study, we focused on the role of XIST in breast 

cancer metastases with special focus on brain metastases. We also looked at 

downstream pathways that are activated after the loss of XIST in breast cancer. 
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I.7 Figure legend 

 

Figure 1. Five categories of lncRNAs. 
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Table1. Transgenic mouse model summary 

 

 

  

 

Mouse model 

Tumor 

latency 

(Months) 

Metstasis 

latency 

(Months) 

Metastastatic 

site 

Reference 

MMTV-Neu 6.8 8 Lung 89
 

MMTV-Neu activated 3 3.5 Lung 43
 

MMTV-PymT 1 3.5 Lung, LN 45
 

MMTV-Wnt1 8 NA Lung, LN 90
 

C3-Tag 3 NA Lung 91
 

WAP-T 11 NA Lung, LN 92
 

WAP-Ras 6 NA Lung 93
 

WAP-HGF 1-2 1-2 Lung 94
 

p53fp/fp MMTV-Cre 

Wap-Cre 

10-18 NA Lung,liver 95
 

BLG-Cre; Brca1F22-24; 

p53KO 

1-5 NA NA 46
 

MMTV-PyMT, CD44-

/- 

3.5 3.5 Lung 96
 

MMTV-PyMT; VEGF 1-2 2 Lung 97
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Table2. Oncogenic and suppressive roles of LncRNA in breast cancer. 

LncRNA name Function Mechanism Reference 

Oncogenic    

H19 Gene silencing 

Promote anchorage-

independent growth 

Epigenetic 98-100 

SRA Expression activator Transcription

al 

101,102 

LSINCT5 Promote proliferation Not known 103 

Zfas1 Promote proliferation Not known 104 

LncRNA-

Smad7 

Anti-apoptosis Not known 105 

LOC554202 Controversy Not known 106  

HOTAIR Suppress invasion and 

migration 

Epigenetic 107-110 

SOX2OT Induce SOX2 expression Epigenetic 111 

FAL1 Stabilize BMI1 protein 

Suppresses p21 

Post-

transcriptiona

l 

112 

Tumor 

suppressive 

   

GAS5 Induce apoptosis Transcription

al 

113-116 

XIST Not known Epigenetic 86-88 
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II.1 Introduction 

Ductal carcinoma in situ (DCIS) is a noninvasive form of breast cancer that 

accounts for 20% to 25% of all newly diagnosed breast cancers in the United 

States and 17% to 34% of mammography-detected cases1. The incidence of 

DCIS has risen from 5.8 to 32.5 per 100,000 women from 1975 to 2003 primarily 

due to increased mammography screening2. Subsequently, the incidence from 

2004 to 2014 has been relatively stable, varying from 32.6 to 37.0 per 100,000 

women2. DCIS is generally treated by surgical resection of the primary tumor 

followed by radiotherapy and tamoxifen treatment, which significantly reduce the 

rate of recurrence. Unfortunately, disease recurrence develops in 30% of DCIS 

patients who undergo breast conserving surgery, or lumpectomy, with 20% 

ipsilateral recurrence and 10% contralateral recurrence3. Moreover, 50% of 

recurrent DCIS are found to be invasive breast cancer3. Radiation after 

lumpectomy significantly decreases ipsilateral recurrence rate, whereas 

tamoxifen treatment significantly decreases both ipsilateral and contralateral 

recurrence1,3. Treatment with the aromatase inhibitor anastrozole has preventive 

effects similar to tamoxifen in postmenopausal DCIS patients4. 

Currently, it is almost impossible for oncologists to predict which DCIS will 

progress to an invasive tumor due to a lack of appropriate biomarkers. As the 

majority of DCIS are considered benign tumors, the current aggressive clinical 

practices can cause unnecessary harm to some patients due to over-treatment5,6. 

Therefore, a major goal of DCIS study is to distinguish aggressive DCIS lesions 

from benign tumors. Another important goal of DCIS research is to develop 
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effective measures to prevent DCIS and thus reduce overall breast cancer 

incidence. Only a few clinical trials have focused on DCIS prevention in the past 

decades with limited outcomes7,8.  

To address these questions, researchers need to decipher the exact molecular 

mechanism by which normal epithelial cells progress to DCIS and malignant 

tumors. Subsequently, pre-malignant markers and phenotypes could be identified 

as accurate prognostic determinants to distinguish potentially aggressive DCIS 

from benign tumors.  

In this study, alteration of gene expression during DCIS formation and 

progression were characterized in two different systems: syngeneic cell lines and 

patient cohorts consisting of normal, DCIS, and IDC tissue samples. The 

spontaneously immortalized human breast epithelial cell line MCF10A was 

established by S.C. Brooks and colleagues in 19909. The F.R. Miller group 

transfected constitutively activated HRAS into MCF10A cells and established the 

pre-malignant MCF10AT cell line10. MCF10AT cells are able to form small 

nodules in nude mice that progress to DCIS or IDC at low rates and after long lag 

periods in vivo. The DCIS.com cell line, which forms DCIS in vivo, was 

established after two passages of lesions formed by MCF10AT cells in nude 

mice11. Similarly, the MCF10CA cell line, which forms IDC and metastasizes to 

distant sites, was established after repeatedly passaging MCF10AT cells in nude 

mice12. Therefore, MCF10A, MCF10AT, DCIS.com, and MCF10CA cell lines 

provide a unique set of tools for investigating the molecular signature of DCIS 

initiation and progression. 
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II.2 Results 

II.2.1 ID2 is upregulated in DCIS 

To study the molecular mechanisms of DCIS initiation and progression, we 

performed comprehensive mRNA expression profiling of MCF10A, DCIS.com, 

and MCF10CA cell lines by microarray. First, we focused on genes that mediate 

DCIS initiation. We found 33 genes were upregulated in DCIS.com compared to 

MCF10A cells (fold change (FC)>10, P<0.05). Of those genes, nine maintained 

increased expression levels in MCF10CA cells (FC>1, P<0.05) and 24 showed 

decreased expression levels in MCF10CA cells compared to DCIS.com cells 

(FC<1, P<0.05). We further examined expression of these genes in a clinical 

cohort (GSE7882) that included expression profiles of 51 DCIS patients and 

seven healthy donors. Only inhibitor of DNA binding 2 (ID2) gene expression was 

found to be significantly upregulated (FC>2, P<0.05) in DCIS patients compared 

to normal donors (Fig. 1a,b). ID2 is a well-known stem cell factor, which binds to 

DNA and regulates transcription13. ID2 contains a basic helix-loop-helix structure 

that heterogeneously binds and sequesters E-proteins, preventing them from 

binding to Ephrussi-box (E-box) sequences in DNA14. Additionally, ID2 has been 

reported to promote cancer cell proliferation in neuroblastoma and is regulated 

by MYC15,16. However, the role of ID2 in DCIS initiation is not well studied. Next, 

we confirmed expression of ID2 in MCF10A and DCIS.com cell lines by qRT-

PCR and western blot (Fig. 1c, d). We also found that ID2 expression was 

upregulated in another DCIS cell line, SUM225, compared to human mammary 

epithelial cells (HMEC) (Fig. 1c,d). In addition, ID2 expression was elevated in 
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human DCIS samples compared to paired normal samples when examined by 

immunohistochemistry (Fig. 1e). Furthermore, we found that ID2 was related to 

recurrence of breast cancer after conserved surgery. Patients with high ID2 

expression were more likely to have had recurrence after surgery in a breast 

cancer patient cohort (GSE30682) (Fig. 1f). These results indicate that ID2 is a 

key regulator in the initiation of DCIS and is a potential biomarker of recurrence. 

II.2.2 ID2 promotes proliferation and stemness of pre-malignant cells in 

vitro 

To investigate the roles of ID2 upregulation in DCIS formation, we overexpressed 

ID2 in MCF10A cells followed by injection of the established cell line into mice. 

However, MCF10A-ID2 cells failed to generate tumors when injected into nude 

mice (data not shown), suggesting that ID2 overexpression may not be enough 

to drive tumor initiation and that ID2 may need co-operation with other 

oncogenes, such as RAS, to accelerate tumor progression. Therefore, we 

overexpressed ID2 in MCF10AT cells which derived from MCF10A by introducing 

constitutively activated RAS, and validated ID2 expression by qRT-PCR and 

western blot (Fig. 2a). The overexpression of ID2 significantly promoted cell 

proliferation of the pre-malignant MCF10AT cells (Fig. 2b). As ID2 is considered 

a stem cell factor, we also examined the effect of ID2 on the cancer stem cell 

population and self-renewal ability of MCF10AT cells by FACS analysis and 

mammosphere forming assay, respectively. Indeed, overexpression of ID2 

significantly increased the CD24low/CD44high/ESAhigh  cancer stem cell population 

and the number of spheres compared to control groups (Fig. 2c, d). In addition, 
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we knocked-down the ID2 genes in DCIS.com by shRNA and confirmed the 

knockdown efficiency by qRT-PCR and western blot (Fig. 2e). As shown in 

Figure 2f–h, knockdown of ID2 significantly decreased cell proliferation, cancer 

stem cell population, and mammosphere formation of DCIS.com cell lines. 

Because ID2 is a master regulator of dedifferentiation17,18, we performed a PCR 

array to identify genes related to cancer stemness that are regulated by ID2. We 

found that several stem cell factors, including SOX2, SMO, and ZEB2, were 

upregulated in ID2 overexpressing cells (Fig.2i)19. We further confirmed SOX2 

upregulation by qRT-PCR and western blot (Fig. 2j).  

DCIS is considered as IDC precursor and ID2 would also mediate progression of 

DCIS to IDC. Therefore, we knocked down ID2 in MCF10CA cells and found that 

the invasive ability of MCF10CA cells was not affected by loss of ID2 (Fig. 2k). 

Notably, however, the knockdown of ID2 decreased plating efficiency of 

MCF10CA cells, indicating that ID2 may only affect the growth of tumor cells (Fig. 

2k,l). These data suggest that the aggressive phenotype of MCF10CA cells must 

be gained from activation or upregulation of genes other than ID2. However, ID2 

is crucial for proliferation of MCF10CA cells. These results strongly suggest that 

upregulation of ID2 is associated with DCIS initiation through expansion of the 

cancer stem cell population and is crucial for DCIS progression.  

II.2.3 ID2 promotes DCIS formation in vivo 

To examine whether ID2 drives DCIS formation in vivo, we injected MCF10AT 

and MCF10AT-ID2 cells into the fourth inguinal mammary fat pad of nude mice 
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(Fig. 3a). The MCF10AT cells failed to establish tumors in 3 weeks, whereas the 

MCF10AT-ID2 cells formed tumors efficiently with 100% tumor incidence (Fig. 

3b, c). H&E staining of ID2 overexpressing tumors revealed that tumors cells 

were confined within the basement membrane and showed typical pathological 

features of DCIS (Fig. 3d). In contrast, knockdown of ID2 in DCIS.com cells 

strongly suppressed overall tumor growth (Fig. 3e,g). Moreover, 4 out of 10 

injected fat pads failed to form tumors even after 8 weeks. These results indicate 

that ID2 is a crucial factor in DCIS formation in vivo.  

II.2.4 Aggressive genes are upregulated in invasive breast cancer 

Although we have shown that ID2 is a potential factor in DCIS initiation, our 

results suggest that other genes are involved in the progression of ID2-mediated 

DCIS to IDC. To elucidate the molecular mechanisms that promote the 

progression of DCIS to IDC, we compared the DCIS.com and MCF10CA for 

mRNA expression profiles and found that 234 genes were upregulated in 

MCF10CA cells (Fig. 4a). We cross-verified expression of these genes in four 

clinical cohorts, GSE26304, GSE59246, GSE14548, and GSE35019, and found 

that only gap junction protein beta 2 (GJB2) and inhibin beta A subunit (INHBA) 

were significantly upregulated in invasive breast cancer patients compared to 

DCIS patients in all four cohorts (Fig. 4a). We confirmed the expression of GJB2 

and INHBA in DCIS.com and MCF10CA cells by qRT-PCR (Fig. 4b). GJB2 and 

INHBA are known key regulators of cancer progression (Fig. 4c)20-22. INHBA 

23. 

Therefore, we examined the level of INHBA in serum from healthy donors, DCIS 
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patients, and invasive breast cancer patients. As shown in Figure 4d, INHBA 

levels in invasive breast cancer patients were found to be significantly higher 

than healthy donors and DCIS patients, indicating that INHBA may serve as a 

noninvasive biomarker for detection of IDC. We also found that GJB2 expression 

was associated with local recurrence after surgery. Patients with medium or high 

GJB2 expression were more likely to have had local recurrence after conserved 

breast surgery in a breast cancer patient cohort (GSE30682) (Fig. 4f). 

Furthermore, the combination of ID2 and GJB2 expression had a higher 

predictive value than either ID2 or GJB2 expression alone (Fig. 4f,g). 

To understand the function of these genes, we knocked each gene down 

separately in MCF10CA cells by shRNA and examined the resulting invasion-

associated phenotypes, including proliferation, 3D growth, invasion, anoikis 

resistance, and self-renewal. As shown in Figure 5a–e, we found that knockdown 

of INHBA significantly suppressed 3D growth on soft agar, anoikis resistance, 

and mammosphere formation abilities. Similarly, knockdown of GJB2 suppressed 

the invasive ability and sphere formation of MCF10CA cells. Of note, neither of 

these genes affected 2D growth (Fig. 5a). We then examined in vivo growth of 

these cell lines by transplantation into mammary fat pads of nude mice (Fig. 5f) 

and found that knockdown of either gene significantly suppressed in vivo growth 

of MCF10CA cells. Collectively, we found that INHBA and GJB2 are important 

aggressive driver genes of ID2-mediated DCIS into IDC. Moreover, GJB2 

expression is a potential biomarker of recurrence, and INHBA is a potential 

serum indicator of disease progression. 
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II.2.5 Helichrysetin inhibits DCIS formation 

We have demonstrated that ID2 is a key initiating factor of DCIS that promotes 

the self-renewal of cancer stem cells. Therefore, ID2 is an excellent target for 

early stage breast cancer treatment and prevention. To identify a selective drug 

for ID2, we conducted an in silico screen of 650 natural products that were 

available at the National Center for Natural Product Research at the University of 

Mississippi. The crystal structure of ID2 was previously determined24; therefore, 

we performed a virtual docking screen and identified two potential compounds 

that target ID2, Helichrysetin and Liquiritigenin (Fig. 6a). Our modeling indicated 

that these compounds dock in the pocket of ID2 at key residues (Leu 49, Tyr 71 

of the β-unit, and Gln 76 of the α-unit) that are involved in the dimerization of ID2 

(Fig. 6b). We examined the effect of these compounds in DCIS.com cells and 

HMEC cells and found that only Helichrysetin significantly decreased colony 

formation ability in DCIS.com cells but not HMEC cells at concentration below 

50M (Fig. 6c, d). Because ID2 promotes cancer stemness, we also evaluated 

the efficacy of Helichrysetin on the self-renewal ability of cancer stem cells and 

found that Helichrysetin significantly inhibited mammosphere formation and 

decreased the population of cancer stem cells in DCIS.com cells (Fig. 6e, f). 

Moreover, we found that Helichrysetin inhibited DCIS growth in vivo with no 

significant side effects (Fig. 6g).  

II.3 Discussion 

ID2 is known to be upregulated in cancer through multiple mechanisms15,25,26. 
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We have found that ID2 is upregulated in DCIS and IDC compared to normal 

breast tissue. However, ID2 protein is highly unstable. In normal cells, ID2 

functions as a cell cycle regulator by binding to pRB and is quickly degraded as 

the cell enters a quiescent state16. ID2 contains a canonical destruction-box (D-

box) motif (RxxLxxxN) from residue 100 to 107 that interacts with a ubiquitin 

ligase, anaphase-promoting complex or cyclosome (APC/C), and results in 

ubiquitination and subsequent degradation by the proteasome27. The V.M. Dixit 

group found that USP1 deubiquitinates ID2 to protect it from degradation, which 

results in increased ID2 abundance28. It is also known that ID2 containing a D-

box mutation is resistant to the ubiquitination and degradation mediated by 

APC/C27. However; mutation in ID2 is very rare in breast cancer and was noted 

in only one case out of 482 patients in TCGA. To better understand the 

mechanism of ID2 upregulation in DCIS and IDC, future investigation of protein 

level regulation in breast cancer is necessary. In this study, we found that the 

RNA level of ID2 was highly upregulated, suggesting transcriptional or mRNA 

level regulation of ID2 expression. It is known that ID2 can be upregulated by 

transcription factors, such as HIF1 and TWIST, and proteins, such as BMP7 and 

TGF- 29-31. These factors are commonly upregulated in DCIS and IDC and may 

lead to upregulation of ID2 in breast cancer. 

We found that two genes, GJB2 and INHBA, are upregulated in breast cancer, 

and overexpression of these genes contributes to an aggressive phenotype. 

However, with the exception of the functional assays reported here, the roles of 

INHBA and GJB2 in breast cancer progression are not well studied. Several 
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studies have identified the association of INHBA expression with invasion or poor 

survival in cancer22,32,33. In this study, we not only found that INHBA level was 

associated with cancer aggressiveness, but we also found that serum INHBA 

level may be a potential biomarker of invasive breast cancer. In 88% of invasive 

breast cancer patients, the INHBA serum level was higher than 40 ng/ml. 

However, only 23% of healthy donors or DCIS patients had serum INHBA levels 

higher than 40 ng/ml. Inhibin A and inhibin B levels have been used as clinical 

tumor diagnostic markers for ovarian cancer34,35. Our results suggest that INHBA 

may be a promising aggressive biomarker for breast cancer. However, inhibin 

level is strongly affected by menstrual cycle35,36, and, therefore, large scale 

studies with known menstrual cycle status are needed to clarify the predictive 

value of serum INHBA level in breast cancer. 

We also found that the cell adhesion protein GJB2 is upregulated in IDC 

compared to DCIS. This conflicts with a previous report showing that GJB2 is 

downregulated during epithelial-to-mesenchymal (EMT) transition as loss of 

adhesion proteins enables cells to migrate and invade into the ECM37. However, 

a recent study has also shown that metastatic cancer cells communicate with 

stroma cells through gap junctions38. This finding suggests that upregulation of 

GJB2 may enable cancer cells to communicate with stromal cells and aid cancer 

cell survival in the new microenvironment. Additionally, enhanced gap junction 

communication between cancer cells could also be mediated by GJB2 to 

augment cancer invasion. Cancer cells are known to invade as a group, termed 

collective migration, rather than as a single cell39. Gap junction communication 
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established by GJB2 may enable multicellular organization and collective 

migration. Recently, GJB2 was found to driver self-renew in triple negative breast 

cancer via interaction with NANOG and focal adhesion kinase (FAK).  We have 

found patients with high GJB2 and ID2 expression suggest a higher rate of 

recurrence than other patients40. As ID2 was also found to driver self-renew of 

early stage breast cancer, patients with high GJB2 and ID2 could harbors high 

populations of cancer stem cell and thus contribute to recurrence. 

Our findings suggest that ID2 is not a driver of invasion. However, ID2 is crucial 

for survival of aggressive breast cancer cells. Partial knockdown of ID2 by 

shRNA led to growth arrest in aggressive breast cancer cells. Furthermore, 

treatment with Helichrysetin to target ID2 in a xenograft model significantly 

suppressed or delayed aggressive breast cancer development. These findings 

suggest that targeting ID2-positive cells could prevent DCIS progression to IDC. 

Even though ID2 is widely expressed in proliferating normal cells, it has been 

reported that ID2 depletion in an inducible whole-body ID2 knockout model is 

very well tolerated41. This is consistent with our finding that helichrysetin treated 

mice did not display any obvious side effects. Collectively, these data suggest 

that suppression of ID2 by helichrysetin or other drugs is a feasible  option to 

prevent DCIS formation or progression. Delivering drugs locally to the breast or 

duct by injection could further increase the specificity and efficacy of treatment. 

We have identified ID2 as a key factor of DCIS initiation and GJB2 and INHBA as 

aggressive factors during progression of ID2-mediated DCIS to IDC. ID2 

upregulation expands the cancer stem cell population in pre-malignant cells and 
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leads to DCIS formation. Helichrysetin, a natural compound, is a potential DCIS 

preventive drug and may have beneficial effects as an adjuvant therapy to 

prevent aggressive recurrence after lumpectomy of DCIS. However, the function 

and mechanism of these genes needs further investigation.  

II.4 Material and Methods 

Cell culture and reagents  

Human breast epithelial or carcinoma cell lines, MCF10A, MCF10AT, DCIS.com 

and MCF10CA1a were purchased from American Type Culture Collection. 

MCF10AT, DCIS.com and MCF10CA1 were cultured in RPMI medium 

supplemented with 10% FBS, streptomycin (100 mg/ml) and penicillin (100 

units/ml). MCF10A was cultured with human mammary epithelial growth medium 

(Lonza).  All cells were grown at 37 oC in a 5% CO2 atmosphere. 

Plasmids and reagents 

Lentiviral vectors expressing shRNA for ID2, GJB2, and INHBA were obtained 

from Dharmacon. The plasmid expressing ID2 was purchased from Origene.  

Western blot  

Western blot analysis was performed as described previously (34), using 

antibodies against ID2 (1/200; Abcam), SOX2 (1/1000, Cell Signaling 

Technology), Tubulin (1/1000, Cell Signaling Technology) and GAPDH (1/5,000; 

Cell Signaling Technology).  
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Quantitative real-time PCR  

Total RNAs were isolated from cells and reverse transcribed as described 

previously42. The cDNA was then amplified with a pair of forward and reverse 

primers for the following genes: 

ID2-F 5’ TCAGCACTTAAAAGATTCCGTG3’ 

ID2-R 5’ GACAGCAAAGCACTGTGTGG3’ 

INHBA-F 5’ GGAGTGTGATGGCAAGGTCA3’ 

INHBA-R 5’ ACATGGGTCTCAGCTTGGTG3’ 

GJB2-F 5’ CGGTTAAAAGGCGCCACGG3’ 

GJB2-R 5’ ACGGTGAGCCAGATCTTTCC3’ 

SOX2-F 5’ GGGAAATGGGAGGGGTGCAAAAGAGG3’ 

SOX2-R 5’ TTGCGTGAGTGTGGATGGGATTGGTG3’ 

Human samples 

Human serum samples were obtained from surgical pathology archives of the, 

Wake Forest Baptist Comprehensive Cancer Center (WFBCCC). Human DCIS 

and breast cancer samples were obtained from Cooperative Human Tissue 

Network (CHTN) and Tumor Tissue and Pathology Shared Resource at 

WFBCCC. All tissue sections were obtained by surgical resection.  

Immunohistochemistry 
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Paraffin fixed tissues were cleared with xylene and ethanol, washed in water and 

incubated in 2.5uM sodium citrate in 95 °C for 30min.  After cooling down, the 

sections were then washed with PBS and blocked with 2% BSA for 1 hour and 

incubated with anti-ID2 (1/500: Abcam) and anti-INHBA (1/200, GeneTex) 

antibodies for 12 hrs at 4 oC.  Samples were then incubated with anti-rabbit IgG 

(Dako) for 1hr at room temperature and stained with chromogen (Dako).  

Gene-expression microarray profiling 

RNAs were extracted, labeled and hybridized to Human Gene 1.0 ST array 

(Affymetrix) using the manufacturer’s protocol. Normalization of the data was 

performed using the RMA algorithm.  Existing breast cancer cohort data were 

analyzed as described previously.  

Animal experiments 

All animal experiments were done in accordance with a protocol approved by the 

Wake Forest Institutional Animal Care and Use Committee. For mammary fat 

pad injection, 106 cells were injected to the fourth mammary fat pad of nude 

mouse. Mice were imaged by IVIS twice a week after injection. 

Statistical analysis 

All analysis was calculated by GraphPad Prism. Data are presented as mean+ 

s.d. The p-value is calculated by an unpaired Student’s t-test. Significance 

between each groups were represented as *p<0.05, **p<0.01. 
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II.5 Figure legend  

Figure 1. ID2 is upregulated in DCIS 

(A) The expression profiles of syngeneic cell lines, MCF10A and DCIS.comwere 

examined by the Affymetrix expression array. Differentially upregulated genes in 

human DCIS compared to normal were identified in the GSE7882 database. (B) 

ID2 expression was significantly upregulated in patients with DCIS. ***p<0.001, 

Unpaired t test with Welch’s correction.  ID2 expression was examined in 

MCF10A, DCIS.com, HMEC, and SUM225 cells by (C) qRT-PCR and (D) 

western blot. ***p<0.001, unpaired t-test. (E) ID2 expression was examined in 

normal tissues and in DCIS from patients with breast cancer by 

immunohistochemistry using an antibody against ID2. Two representative cases 

are shown (n = 19). Quantification of immunohistochemistry is shown in right 

panel. ****p<0.0001, paired t-test.  (F) Local recurrence of breast cancer patients 

after surgery. Patients were divided into two groups based on their ID2 

expression. * p<0.05, log-rank( Mantel-Cox) test. 

Figure 2. ID2 promotes stemness and proliferation of pre-malignant cells in 

vitro  

(A) Ectopic expression of ID2 in MCF10AT cells was confirmed by western blot 

(upper panel) and qRT-PCR (lower panel). (B) Cell proliferation was examined by 

MTS assay in MCF10AT and MCF10AT-ID2 cells. (C) The population of tumor 

initiating cells in both MCF10AT and MCF10AT-ID2 cell lines were examined by 

FACS using the stem cell markers, CD24low/CD44high/ESAhigh. (D) Mammosphere 
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formation assay of MCF10AT and MCF10AT-ID2 cells. The number of 

mammospheres was counted under a microscope. The test was performed for 

two cycles of the culture. (E) ID2 expression was knocked down by shRNA in 

DCIS.com cells and was confirmed by qRT-PCR and western blot. (F) Cell 

proliferation was examined by MTS assay in DCIS-shCTRL and DCIS-shID2 

cells. (G) The population of tumor initiating cells in DCIS-shCTRL and DCIS-

shID2 cell lines were examined by FACS using the stem cell markers, 

CD24low/CD44high/ESAhigh. (H) Mammosphere formation assay of DCIS-shCTRL, 

DCIS-shID2, SUM225-shCTRL, and SUM-shID2 cells. The number of 

mammospheres was counted under a microscope. (I) PCR array results 

MCF10AT-pCDH and MCF10AT-ID2 cells. (K) SOX2 expression in MCF10AT-

pCDH and MCF10AT-ID2 cells was examined by qRT-PCR and western blot. (K) 

MCF10CA-shCTRL and MCF10CA-shID2 cells were seeded at 1,000 cells per 

well in invasion chamber. Cells that invaded into matrix-gel were counted under 

microscope after 24 hours. (L) MCF10CA-shCTRL and MCF10CA-shID2 cells 

were seeded at 500 cells per well in a 6-well plate. Colonies were counted after 

72 hours. 

Figure 3. ID2 promotes DCIS formation in vivo 

(A) MCF10AT-ID2 and MCF10AT-pCDH (control) cells were implanted in the 

same mouse into either the left or right side of the mammary fat pad, respectively 

(n = 10, left panel). (B) Tumor growth was monitored with the IVIS imaging 

system for up to 3 weeks. Representative IVIS images on day 1 and day 21 are 

shown in the right panels. The growth kinetics of tumor growth are shown in (C). 
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***P<0.0001, unpaired t test. (D) The tumors generated by MCF10AT-ID2 cells in 

nude mice were sectioned and H&E stained. DCIS-shCTRL and DCIS-shID2 

cells were implanted to the mammary fat pad and monitored with the IVIS 

imaging system for 3 weeks. (E) Representative images of tumor signal at day 

21. (F) Growth kinetic of tumors. ****p<0.00001, unpaired t test. (G) The tumors 

generated by MCF10AT-ID2 cells in nude mice were sectioned and H&E stained.  

Figure 4. GJB2 and INHBA are upregulated in invasive breast cancer  

(A) The expression profiles of syngeneic cell lines, DCIS.com and MCF10CA, 

were examined by the Affymetrix microarray. Two hundred and thirty-four genes 

were significantly upregulated in MCF10CA cells (P<0.05). The expression status 

of these genes in human breast DCIS and invasive carcinoma were examined 

using the GSE26304, GSE59246, GSE14548, and GSE35019 cohorts. Among 

the 234 genes, two genes (GJB2 and INHBA) were significantly upregulated in 

patients with invasive ductal carcinoma.**p<0.001, ***p<0.0001,****p<0.00001. 

(B) The expression of ASGs was examined in DCIS.com and MCF10CA cells by 

qRT-PCR. (C) Summary of the functions of ASGs. (D) Serum from normal 

subjects (n = 8), patients with DCIS (n = 5), and patients with invasive cancer (n 

= 9) was examined for the level of INHBA protein using ELISA assay kits. 

**p<0.001, Unpaired t test with Welch’s correction. (E) INHBA expression was 

examined in human invasive breast cancer and DCIS samples by 

immunohistochemistry. (F) Local recurrence of breast cancer patients after 

surgery. Patients were divided into two groups based on GJB2 or INHBA 

expression in the first two panels. In the third panel, patients were divided into 
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four groups based on their ID2 and GJB2 expression. ** p<0.01, log-rank( 

Mantel-Cox) test. 

 

Figure 5. GJB2 and INHBA are crucial for aggressiveness of IDC 

ShRNAs to each aggressor gene were introduced by lentivirus into MCF10CA 

cells and the effects of knockdown on (A) cell proliferation, (B) 3D soft agar 

colony formation, (C) matrigel invasion, (D) anoikis resistance, and (E) 

mammosphere formation were examined. *p<0.05, **p<0.001, *** MCF10CA-

GFP (control), MCF10CA-shGJB2and MCF10CA-shINHBA cells were implanted 

into the mouse mammary fat pad and monitored with the IVIS imaging system for 

21 days. (F) Representative images of day 21. (G) Growth kinetics of the tumors. 

Figure 6. Helichrysetin suppresses DCIS by targeting ID2  

(A) To identify selective inhibitors of ID2, we performed an in silico screen of 650 

natural compounds using a computational virtual docking program and identified 

two compounds, Helichrysetin and liquiritigenin. The chemical structures of these 

compounds are shown. (B) 3D docking structures of the ID2 protein with 

Helichrysetin or liquiritigenin are shown. (C) DCIS.com cells were treated with 

DMSO, Helichrysetin, or liquiritigenin at 0, 5, 15, 25, 50 and 100 µM for 48 hours 

and plated for colony formation assays. Colonies were counted after 7 days of 

culture. (D) HMEC cells were treated with DMSO, Helichrysetin, or liquiritigenin 

at 0, 5, 15, 25, 50 and 100 µM for 48 hours and plated for colony formation 

assays. Colonies were counted after 7 days of culture. (E) Sphere numbers were 
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counted after 7 days. (F) The cancer stem cell population was examined by 

FACS using the stem cell markers, CD24low/CD44high/ESAhigh. (G) DCIS.com cells 

were pre-treated with Helichrysetin at 15 µM for 48 hours and then injected into 

the mouse mammary fat pad. Tumor growth was monitored with the IVIS imaging 

system for 3 weeks. The tumor growth was measured by BLI at 21 days. (H) 

DCIS.com cells were injected into the mouse mammary fat pad. DMSO or 

Helichrysetin (10 mg/kg) were administered to tumor bearing mice by 

intraperitoneal injection every 3 days. Representative images and growth kinetics 

are shown.  
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ABSTRACT 

The brain is one of the major sites of metastasis in breast cancer, and up to 30% 

of patients with metastatic disease eventually develop brain metastasis. The 

treatment options for these patients are limited, and the one-year survival rate 

remains less than 20%. However, the pathological mechanism behind brain 

metastasis is poorly understood. We have examined the expression profile of 

long non-coding RNAs in brain metastatic tumors from breast cancer patients 

and found that the X-inactive specific transcript (XIST) was significantly down-

regulated in these tissues and its expression levels had a significant inverse 

correlation with brain metastasis, but not with bone metastasis in patients. XIST 

is encoded on the X chromosome and plays a critical role in X chromosome 

inactivation. In a mouse xenograft model, silencing XIST significantly promoted 

brain metastatic growth of two non-metastatic cell lines. We also found that 

knockout of the XIST in mice mammary gland accelerated primary tumor growth, 

as well as metastasis in the brain. Silencing XIST stimulated the epithelial-

mesenchymal-transition and activated c-Met via MSN-mediated protein 

stabilization, which resulted in the promotion of stemness in the tumor cells. The 

loss of XIST also augmented the secretion of exosomal microRNA-503, which 

triggered M1-M2 polarization of microglia. This M1-M2 conversion upregulated 

the levels of PD-L1 and immune suppressive cytokines in microglia which 

suppressed T-cell proliferation. Furthermore, we screened a FDA-approved drug 

library and identified fludarabine as a synthetic lethal drug for XISTlow breast 

tumor cells and found that fludarabine blocked brain metastasis in our animal 
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model. Our results indicate that XIST plays a critical role in brain metastasis in 

breast cancer by affecting both tumor cells and the tumor microenvironment, and 

that the XIST-mediated pathway may serve as an effective target for the 

treatment of brain metastasis.  

 

 

III.1 INTRODUCTION 

Around 30% of patients with metastatic breast cancer will eventually develop 

brain metastasis, which profoundly affects the cognitive and sensory function as 

well as morbidity of the patients(1). The development of brain metastasis is a 

complex, multi-step process, including invasion of tumor cells through the blood 

brain barrier (BBB) to reach the brain parenchyma, adaptation to the brain 

microenvironment to acquire growth factors and signaling that are critical for their 

survival and sustained growth. Adaptation is mainly achieved by reprograming of 

the cells within the brain metastatic niche that consists of astrocytes, microglia, 

and various immune cells. (2). Therefore, only a small population of disseminated 

tumor cells, that have the appropriate genetic profile, will eventually outgrow in 

the brain (3, 4). Although many genes such as COX2, Cx43, and CTSS have 

been shown to play roles in brain metastasis by affecting some of these steps, it 

is not clear whether there exists a single master regulatory oncogene or tumor 

suppressor whose expression controls the entire process of brain metastasis(3, 

5, 6). Our group has previously shown the importance of non-coding RNAs, 

especially microRNAs (miRNAs) in breast cancer brain metastasis, through their 

targeting of multiple oncogenes that regulate the invasive ability of cancer cells, 
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as well as cancer stem cell-like populations(7, 8). Another group of non-coding 

RNAs called long non-coding RNAs (lncRNAs) have recently drawn much 

attention due to their potential roles in tumor progression(9). LncRNAs are more 

complex in structure, and their mechanisms of gene modulation include 

chromatin remolding, as well as transcriptional and post-transcriptional 

regulation(10). Therefore, it is likely that this group of genes also play critical 

roles in the key steps of brain metastasis, including stem cell growth and 

reprograming tumor microenvironment.  

Microglia are the major innate immune cells found in the brain that 

become activated under many pathological conditions including infection, injury, 

and cancer of the central nervous system (CNS)(11). Activated microglia are 

abundant source of inflammatory molecules that can affect the development of 

neurodegenerative diseases as well as tumor progression (12, 13). Therefore, 

microglia are key components of the tumor microenvironment in brain 

metastasis. Similar to macrophages, activated microglia have both tumor 

suppressive (M1) and tumor promoting (M2) roles depending on the activation of 

specific signal pathways (14). However, it is not yet clear how metastatic tumor 

cells evade the cytotoxic effect of M1 microglia, while at the same time inducing 

the M1-M2 phenotypic change that supports their growth. In addition to microglia, 

tumor infiltrating lymphocytes (TILs), which are known to be able to efficiently 

eliminate tumor cells by triggering a series of anti-tumor responses, are 

frequently found at tumor sites in CNS cancer and metastatic brain tumors, even 

though a normal brain is considered to be an immune privileged site(15). 
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However, how tumor cells evade the anti-tumor effect of TILs is yet to be 

clarified. In this study, we show that the loss of lncRNA X-inactive specific 

transcript (XIST) promotes breast cancer brain metastasis by enhancing both 

stemness and aggressiveness of tumor cells through induction of EMT- and 

MSN-mediated up-regulation of c-Met. We also show that loss of XIST in tumor 

cells causes local immune suppression by converting the microglia to the M2 

phenotype through the transport of exosomal miR-503 from the tumor cells. 

 

III.2 RESULTS 

III.2.1 XIST expression is down regulated in breast cancer brain metastasis 

To identify key lncRNAs in brain metastasis of breast cancer, we isolated RNA 

from micro-dissected primary tumors and brain metastatic tumors (Figure 1, A). 

The expression profiles of lncRNAs were examined in pooled samples using a 

quantitative real-time PCR (qRT-PCR) based lncRNA array which we recently 

developed. The cutoff threshold was set to over 10-fold difference between the 

two groups followed by validation of selected lncRNAs in individual sample. We 

found that XIST was the most highly differentially expressed lncRNA between the 

two groups (Figure 1, B and Supplemental Figure 1, A and B). XIST gene is 

located on the X chromosome and is known to be involved in X chromosome 

inactivation by suppressing the genes on this chromosome in a cis-acting 

manner(16, 17). We also examined the expression of XIST in two paired brain 

tropic tumor cell lines and found that XIST expression was also significantly lower 

in these cells compared to their parental cells (Figure 1, C). The results of 

Kaplan-Meier analyses of 710 breast cancer patients using combined cohort data 
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(18)  indicated that low levels of XIST was associated with a poor brain 

metastasis-free survival, but not bone-metastasis free survival (Figure 1, D and 

Supplemental Figure 1, C). Furthermore, XIST expression was found significantly 

down-regulated in brain metastatic lesions compared to other metastatic tumors 

based on an organ-specific cohort analysis (Figure 1, E). We also examined 

XIST expression in various subtypes of breast cancer using the TCGA database 

and found that XIST expression levels were significantly decreased in basal-type 

breast tumors (Figure 1, F), which are the most common types of breast cancer 

that known to metastasize to the brain. Interestingly, our analysis of TCGA ChIP-

seq database for various breast cancer cell lines revealed that XIST expression 

was strongly correlated to the histone modification of H3K4me3 at the promoter 

region of XIST gene (Supplemental Figure 1, D). These results strongly indicate 

that the loss of XIST expression plays a key role in brain metastasis.  

III.2.2 XIST preferentially suppresses brain metastasis in vivo 

To address the question how downregulation of XIST is involved in brain 

metastasis, we first established cell lines expressing small hairpin RNAs 

(shRNAs) that targeted four different locations in the XIST gene. The knockdown 

effects of shXIST in MCF7 and SKBR3 cells which both have high endogenous 

levels of XIST were confirmed by qRT-PCR (Figure 2, A and E). To examine the 

effects of XIST on breast cancer metastasis in vivo, we inoculated MCF7 and 

SKBR3 cells with or without knocking down of XIST into nude mice by 

intracardiac injection followed by monitoring the tumor growth. We found that the 

knockdown of XIST in both cell lines significantly promoted the metastatic 
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abilities of these cells to the brain (Figure 2, B-D, F-H). This metastasis 

suppressive function of XIST was also verified with another XIST high breast 

cancer cell line, ZR-75-1 in vivo (Supplemental Figure 2, A-C). To further 

examine whether gain of function of XIST suppresses metastasis, we used the 

dCas9 system (19) to activate and restored XIST expression in 231BrM cells 

using gRNAs that target key transcriptional activation regions. We have designed 

20 gRNAs based on the prediction by the Benchling website and successfully 

restored the expression of XIST by gRNA dXIST#11(Figure 2, I). We found that 

the over expression of XIST in 231BrM cell significantly attenuated its metastatic 

ability to the brain but not to the bone (Figure 2, J-L, Supplemental Figure 2, D 

and E). These in vivo results suggest that knockdown and over expression of 

XIST preferentially promotes and suppresses brain metastasis, respectively 

(Supplemental Figure 2F). Notably, when MCF7-shXIST cells were inoculated 

into mice, we also observed spontaneous brain metastatic lesions in 4 out of 6 

mice, suggesting that knockdown of XIST enhances tumor invasion and 

extravasation at the primary site (Figure 2, M).To further test the ability of XIST-

knockdown cells to colonize the brain, we transplanted MCF7-shCTRL or MCF7-

shXIST cells into nude mice by intracranial injection followed by monitoring tumor 

growth by bioluminescence imaging. Knockdown of XIST in MCF7 cells 

significantly promoted tumor growth in the brain (Figure 2, N and O). These 

results suggest that XIST contributes to multiple metastatic events which are 

crucial for colonization and outgrowth of tumor cells preferentially in the brain.  

III.2.3 Mammary specific knockout of XIST enhances brain metastasis  
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To gain a further insight into the role of XIST in tumorigenesis and metastasis in 

immunocompetent animals, we generated a mammary-specific XIST knockout 

mouse by crossbreeding XISTlox/lox and MMTV-Cre mouse. However, the 

knockout of XIST was insufficient to induce tumorigenesis even at 12 months of 

age. Therefore, we further crossbred the hybrid mouse with the MMTV-PyMT 

mouse, which is known to spontaneously develop lung metastasis but not brain 

metastasis(20). The resultant PyMT-XISTmouse developed mammary tumors 

at a significantly accelerated rate compared to the PyMT-XISTWT mouse. As early 

as 3 weeks after birth when the mammary gland starts to develop, hyperplastic 

nodules appeared in the mice of both genotypes. However, the XIST knockout 

mice had a significantly higher number of nodules compared to the control mice, 

suggesting an early onset of tumor development and a higher frequency of tumor 

initiation in the XIST knockout mouse (Figure 3, A and B). At 8 weeks, by which 

time the mammary glands have developed and the end buds have started to 

branch, XIST knockout mice developed significantly larger tumors compared to 

control mice in their respective mammary glands (Supplemental Figure 3, A and 

B). At 20 weeks, the volumes of palpable tumors in XIST knockout mice were 

significantly larger than that of control mice (Figure 3, C). The MMTV-PyMT 

mouse model represents luminal breast cancer, and we have shown that 

decreased XIST expression was more prominent in triple negative breast cancer 

patients with a basal-like phenotype. Therefore, we speculated that the loss of 

XIST promotes the phenotypic switch from luminal-like to basal-like tumor in 

MMTV-PyMT model.  Interestingly, we found a mixture of luminal- and basal-type 
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tumor cell populations in the XIST knockout tumors stained by anti-CK18 

(luminal) and anti-CK-14 (basal) antibodies, while the majority of tumors in 

control mice were CK18+ luminal type (Figure 3, D). Importantly, 69% of the XIST 

knockout mice developed micrometastasis in the brain at 24 weeks, which could 

be detected by anti-mT-antigen antibody and majority of them were CK14 

positive (Figure 3, E-G). This observation was further verified by qRT-PCR 

analysis of mouse brains using mT antigen-specific primers (Figure 3, H). We 

also established two syngenic cell lines isolated from XIST WT (Py216) and 

XIST (Py222) tumors and verified the XIST expression by qRT-PCR 

(Supplemental Figure 3, C). We then tested the metastatic ability of these cells in 

wild type mice by intracardiac injection and found that the knockout of XIST 

preferentially promoted brain metastasis but not bone metastasis (Figure 3, I and 

J, Supplemental Figure 3, D). H&E analysis also demonstrated a clear 

perivascular growth pattern of tumor cells in the brain metastatic lesions which 

was consistent with other established brain metastatic models (Figure 3, K).  Our 

data strongly suggest that the knockout of XIST drastically promoted brain 

metastasis in both MMTV-PyMT transgenic and syngenic models which were 

consistent with the xenograft data. These results further support our notion that 

the loss of XIST plays a critical role in brain metastasis. 

III.2.4 Knockdown of XIST promotes EMT and stemness 

Our in vivo data demonstrated that loss of XIST promotes malignancy of tumor 

cells which enable them metastasize to the brain. However, the molecular 

mechanism underneath is not clear. During the establishment of XIST knock 
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down cell lines from MCF7 and ZR-75-1, we observed a morphological change of 

those cells with the acquisition of a mesenchymal phenotype (Figure 4, A), 

suggesting that XIST may play a role in the epithelial to mesenchymal transition 

(EMT). Tumor cells are known to gain invasiveness, migratory ability, and 

stemness following the EMT(21). We therefore examined the expression of EMT 

markers on these cells and found that E-cadherin and vimentin were significantly 

suppressed and upregulated, respectively, when XIST was knocked down 

(Figure 4, B-D and Supplemental Figure 4, A and B). We also observed the same 

results in Py216 and Py222 cell lines (Supplemental Figure 4, C and D).  

Because the EMT is closely associated with the properties of cancer stem-like 

cells that are known to be involved in tumor progression, we performed 

mammosphere assays to test the self-renewal ability of cells with or without 

knockdown of XIST. As shown in Figure 4,E and Supplemental Figure, 4E, 

knockdown of XIST significantly increased their sphere forming ability. In 

addition, an in vivo limiting dilution assay indicated that knock down of XIST 

significantly enhanced the tumor initiating ability of these cells (Figure 4, F). 

Furthermore, because cancer stem cells have characteristic of intrinsic therapy 

resistance, we performed clonogenic assays in cells with or without knockdown 

of XIST followed by radiation and found that knockdown of XIST significantly 

increased their survival after radiation (Supplemental Figure 4, F). Knockdown of 

XIST also promoted cell invasion and migration, as shown using a transmigration 

assay that mimics the blood-brain barrier (Figure 4, G).These results strongly 

indicate that a loss of XIST enhances the EMT and tumor stemness, and hence, 
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promotes metastatic progression.  

III.2.5 Knockdown of XIST activates the c-Met pathway by upregulating MSN 

To identify key downstream effectors of XIST in breast cancer patients that affect 

brain metastasis, we performed a pathway screening based on Gene Set 

Enrichment Analysis (GSEA) by using the TCGA database of 937 patients and 

119 breast specific oncogenic signatures established previously(18). This 

approach identifies up and down regulated pathways based on the enrichment of 

signature genes in patients with two phenotypes, e.g. patients with high or low 

expression of XIST. Therefore, the result of the screening is not dependent on 

the expression of a single gene and rather represents overall activation of a 

pathway which is a consequence of both transcriptional and post-transcriptional 

regulation. Out of those pathways tested, four of them, c-Met, EIF4E, Myc, and 

CCND1 pathways, were significantly enriched in patients with low XIST levels 

(Figure 5, A and Supplemental Figure 5, A). Among these four pathways, the c-

Met pathway showed the highest enrichment score (NES = 2.1), and it was the 

only pathway significantly correlated with brain metastasis-free survival in breast 

cancer patients (p = 0.004, Supplemental Figure 5, A). Western blot analysis 

indicated that there was a strong upregulation of total c-Met in three pairs of XIST 

knockdown cell lines (Figure 5, B). Furthermore, knockdown of XIST strongly 

increased c-Met phosphorylation even without HGF stimulation, indicating that c-

Met signaling is constitutively activated in XISTlow cells (Supplemental Figure 5, 

B). We also found a negative correlation between the RNA levels of XIST and the 

protein expression of c-Met in brain metastasis samples from patients (Figure 5, 
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C). These data suggest that loss of XIST upregulates c-Met and its downstream 

signaling pathway. To understand how XIST regulates c-Met, we performed a 

gene expression array analysis on MCF7 cells with or without knockdown of 

XIST and found that 168 genes were significantly upregulated in MCF7-shXIST 

cells (>2-fold change, p < 0.05, false discovery rate [FDR] < 0.05) (Figure 5, D). 

Interestingly, several EMT drivers and mesenchymal markers were among these 

genes (Supplemental Figure 5, C), which is consistent with our finding in 

Figure.4. Notably, out of the 168 genes, eight genes were found to be 

significantly correlated with poor brain metastasis-free survival (Figure 5D). 

Because XIST functions only in a cis-acting manner on the X chromosome, from 

among the eight genes, we chose to further examine MID1, MPP1, and MSN 

which are located on the X- chromosome (Supplemental Figure 5, D). We then 

confirmed upregulation of these genes after knocking down of XIST in MCF7 

(Figure 5, E). Among those genes, MSN has been previously reported to 

indirectly bind c-Met through CD44, and mediates c-Met internalization(22). Upon 

internalization, c-Met could sort into early endosomes for degradation or traffic to 

the non-degradative peri-nuclear compartment(23). Therefore, we explored the 

possibility that XIST-mediated MSN expression contributes to c-Met upregulation 

by mediating its accumulation in the peri-nuclear compartment. Notably, c-Met 

expression was drastically decreased by knockdown of MSN but not by MPP1 or 

MID1in MCF7-shXIST cells (Figure 5, F, Supplemental Figure 5, E). In addition, 

gene correlation analyses in breast cancer cell lines demonstrated that MSN is 

the only gene whose expression is inversely correlated with XIST in triple 
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negative tumor cell lines, suggesting a distinct role of MSN in triple negative 

tumors which are known to express high amounts of c-Met (Supplemental Figure 

5, F). Our immunocytochemical analysis indicated that c-Met was localized to the 

perinuclear region in MCF7-shXIST cells (Figure 5, G). In addition, knockdown of 

MSN also suppressed c-Met expression and reduced its accumulation in the 

perinuclear compartment in 231BrM cells (Figure 5, H and I). These results 

indicate that down regulation of XIST enhances c-Met expression by upregulating 

MSN, which then facilitates perinuclear localization and stabilization of the c-Met 

protein. We also generated  SKBrM3 cell subline that overexpressed XIST using 

the dCas9 approach and found that the expression of both MSN and c-Met were 

strongly suppressed in the XIST overexpressing cells (Figure 5, J and 

Supplemental Figure 5, G). Moreover, the restoration of XIST expression 

suppressed c-Met expression by diminishing the perinuclear accumulation of the 

c-Met protein (Figure 5, K). To further validate the notion that c-Met is a crucial 

downstream of XIST to enhance brain metastasis, we suppressed c-Met in 

MCF7-shXIST, 231BrM and SKBrM3 cells by doxycycline-inducible c-Met 

shRNA. Loss of c-Met in these cells significantly decreases their transmigration 

abilities (Figure 5, L and M, Supplemental Figure 5, H and I). We also found that 

knock down of c-Met in MCF7-shXIST cells significantly decreased their 

metastatic abilities on brain but not on bone in vivo (Figure 5, N-P). IHC analysis 

also showed strong c-Met expression in tumors from XIST-knockout mice 

(Supplemental Figure, 5J).These results further support our notion that induction 

of c-Met in XISTlow cells is mediated by MSN.  
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III.2.6 XISTlow cells secrete exosomal miR-503 to reprogram microglia in the 

brain  

The effect of the loss of XIST on metastasis is more profound in the brain 

compared to other distant organs in the clinical settings and this selectivity was 

also evident in our xenograft model. These observations suggest that the tumor 

microenvironment may affect the colonization ability of cells with low levels of 

XIST expression in the brain. Because microglia are one of the major 

components of the brain microenvironment, and they have been previously 

shown to suppress brain metastasis in lung cancer, it is plausible that XISTlow 

cells reprogram microglia towards a pro-metastatic phenotype through cell-cell 

communication (13). Interestingly, when we examined the relationship between 

XIST expression and 95 immune-related signaling pathways in MSigDB by 

GSEA analysis, the innate cell immune signature was highly enriched in XISTlow 

patients (Figure 6, A). Immunohistochemical analysis of brain metastatic lesions 

in breast cancer patients revealed a strong localization of M2 microglia (both IBA-

1 and CD163 positive) around the tumor invasion front (Figure 6, B). Metastatic 

cells are known to educate the tumor microenvironment by various factors 

including cytokines and exosomes(24). We found that conditioned medium of 

MCF7-shXIST cells significantly promotes the M1-M2 conversion of microglia as 

shown by the expression of M1 gene CD86 and M2 gene ARG1. However, 

depletion of exosomes by ultracentrifuge significantly attenuated such effect, 

indicating that exosomes are major contributor to the M1-M2 conversion of 

microglia (Figure 6, C). Although it is not clear how M2 microglia is generated in 



84  

the tumor areas by exosomes, recent studies showed that microRNAs carried by 

exosomes play critical roles in the generation of metastatic niche even before the 

presence of tumor cells(25). Therefore, we hypothesized that exosomes secreted 

from tumor cells mediate the generation of M2 microglia in the tumor lesions. To 

test this hypothesis, we first prepared exosomes from MCF7 and MCF7-shXIST 

cells followed by size validation by the nanoparticle tracking analysis and 

electron microscopy (Supplemental Figure 6, A and B). RNAs were extracted 

from the exosomes and they were subjected to microRNA expression profiling 

(Figure 6, D). Our results revealed that miR-503 was among the most highly 

expressed microRNAs in the exosomes from MCF7-shXIST cells, and it ranked 

as the most highly expressed microRNA encoded by the X chromosome. We 

further validated the induction of miR-503 in cells with knockdown of XIST 

(Figure 6, E). As shown in Figure 6F, exosomes were robustly uptake by 

microglials at a physiological relevant concentration (10mg/ml). We also 

examined the relationship between miR-503 expression and relapse-free survival 

in breast cancer patients using the GSE22220 database and found that a higher 

expression of miR-503 was negatively correlated with the relapse-free survival 

(Figure 6, G), suggesting that miR-503 plays a role in metastatic progression. 

Furthermore, we isolated exosomes from the serum of breast cancer patients 

with or without brain metastasis followed by examine the miR-503 levels. We 

detected a significantly higher level of miR-503 in the serum-derived exosomes 

from patients with brain metastasis than in those from other patients, suggesting 

that exosomal miR-503 is a potential biomarker for brain metastasis (Figure 6, 
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H). To test the effect of exosomal miR-503 on microglia, exosomes were 

prepared from (i) MCF7 cells, (ii) MCF7-shXIST cells, or (iii) MCF7-shXIST cells 

expressing anti-miR-503, and then incubated with SIM-A9, a mouse microglia 

cell line. We examined the expression of the M1 and M2 markers in these treated 

microglia, and found that the treatment of microglia with exosomes from MCF7-

shXIST cells significantly up- and down-regulated the M2 and M1 markers, 

respectively. This effect of the exosomes was rescued by suppressing miR-503 

expression in the MCF7-shXIST cells (Figure 6, I). In addition, CM derived from 

brain tropic tumor cells (231BrM and SKBRM3) significantly promoted the 

microglial M1-M2 transition (Supplemental Figure 6, C). When miR-503 was 

ectopically expressed in SIM-A9 cells, M2 markers were significantly up-

regulated while the expression of M1 markers was suppressed (Figure 6, J). In 

addition, the ectopic expression of miR-503 suppressed ROS in SIM-A9 cells, 

which is also indicative of the M1/M2 conversion. (Supplemental Figure 6, D). 

These results strongly suggest that exosomal miR-503 is capable of converting 

microglia from the M1 to the M2 phenotype. STAT3 and NF-B are two major 

signaling pathways that known to play critical roles in the M1-M2 conversion of 

macrophage(26). We found that miR-503 strongly increased phosphorylation of 

STAT3 and decreased phosphorylation of the p65 subunit of NF-B, suggesting 

a systematic reprogramming of M1 and M2 pathways by miR-503 (Figure 6, K). 

Treatment of microglia with CM from brain tropic breast cancer cells (231BrM 

and SKBrM3) further validated our hypothesis (Supplemental Figure 6, E). 

Furthermore, this miR-503-mediated M1-M2 conversion was significantly 
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suppressed by the STAT3 inhibitor, STATTIC (Supplemental Figure 6, F and G). 

These results indicate that exosomal miR-503 promotes the M1-M2 conversion 

through manipulating STAT3 and NF-B pathways. Similar to M2 macrophages, 

M2 microglia have been reported to promote progression of brain tumors by 

releasing cytokines and growth factors (13, 27). Tumor-associated M2 

macrophages are also known to suppress T-cell immunity by expressing PD-

L1(28, 29).  Indeed, Ectopic expression of miR-503 in both human and mouse 

microglial cells increased the expression of PD-L1 (Figure 6, L). 

Immunohistochemical analysis of brain metastatic lesions from breast cancer 

patients also revealed that PD-L1 expression was co-localized with microglial 

cells adjacent to the tumor, but not with astrocytes (Figure 6, M; Supplemental 

Figure 6, H). Importantly, when mouse T cells were co-cultured with SIM-A9 

expressing miR-503, the proliferation rate of T cells was significantly suppressed 

(Figure 6, N). These results strongly suggest that exosomal miR-503 derived 

from tumor cells promotes M1-M2 conversion of microglia followed by enhancing 

their PD-L1 expression to suppress local immunity and thereby enhance tumor 

growth.  

III.2.7 Fludarabine selectively inhibits the growth of XISTlow tumor cells  

We have shown that cells with low levels of XIST are highly aggressive and 

metastasize to the brain. Therefore, identifying a drug that specifically targets 

these cells would be a promising therapeutic approach to treat brain metastasis. 

To accomplish this goal, we used a FDA-approved drug library (n = 1250) and a 

natural compound library (n = 140) to screen compounds that selectively 
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suppress the growth of XIST low cells followed by MTS assay (Figure 7, A). Seven 

drugs were picked up by the first round of screening and five of them were 

validated by second round of MTS assay (Supplemental Figure 7, A). Among 

those five drugs, we found that fludarabine was the most effective drug that kills 

MCF7-shXIST cells compared to MCF7-shCTRL (Figure7, B). In addition, 

fludarabine was found to be highly selective for cells with low levels of XIST 

expression as it showed selective inhibition of 231BrM and SKBrM3 cells, 

compared to SKBR3, MCF7, and ZR-75-1 cells which have high levels of XIST 

(Figure 7,C). This inhibitory effect was rescued by restoring the expression of 

XIST by dCas9 in 231BrM cells (Figure7, D). This selective cytotoxic effect on 

XISTlow cells was not observed for cisplatin and paclitaxel, two chemotherapy 

drugs commonly used for treating breast cancer patients (Supplemental Figure 7, 

B). It should be noted that the IC50 for fludarabine on XISTlow cells was around 20 

nM, which is more than 10-fold lower than the effective dose for leukemic cells, 

for which fludarabine is currently in clinical use(30). The in vitro toxicity of 

fludarabine on primary neuronal cells was minimal (Supplemental Figure 7, C). 

Because fludarabine is known to be BBB permeable(31), we tested the efficacy 

of this drug in vivo on tumors with low levels of XIST expression by transplanting 

MCF7-shXIST cells into nude mice by intracardiac injection followed by 

administration of fludarabine intraperitoneally (10 mg/kg) every 2 days for 28 

days. We found that fludarabine significantly delayed the onset of brain 

metastasis, and suppressed the growth of tumor cells in the brain (Figure 7, E-G) 

without notable toxicity (Supplemental Figure 7, D). Although the specific 
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mechanism of action of this drug on cells with low levels of XIST expression is 

not yet clear, our results suggest a promising utility of this drug for the patients 

with XISTlow breast cancer cells that spread to the brain. 

III.3 DISCUSSION 

Brain metastasis is a highly complex and selective process due to the unique 

microenvironment of this specialized organ. In this study, we identified XIST as a 

key lncRNA which functions as a metastasis suppressor gene in the brain. Down-

regulation of XIST activates three distinct pathways, EMT, MSN/c-Met, and 

release of exosomal miR-503. Together they promote the expression of 

metastatic traits in tumor stem cells and trigger the reprogramming of the 

microenvironment through exosomal-mediated communication. The result of our 

analysis of the TCGA database indicates that XIST expression is decreased in 

48% of basal like breast cancer, while it is down regulated in 28% of Her2+ and 

19% of luminal A subtype cancers. It should be noted that most of the brain 

metastases of breast cancer belong to basal-like and Her2+ subtypes (32). 

Importantly, XIST was found to be down regulated in 78% of tumor tissues from 

patients with brain metastases, compared to 32% in patients with bone 

metastases and 41% with lung metastasis. These observations are consistent 

with the results of our study and further support our notion that XIST exerts a 

metastasis suppressive function preferentially in the brain.   

 XIST plays a critical role in X chromosome inactivation, thus providing 

dosage equivalence between males and females(16). XIST silences X 

chromosome genes in a cis-acting manner, mainly through PRC2 complex-
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mediated H3K27me3 methylation(33). How this lncRNA functions only on the X 

chromosome in a cis-acting manner is not well understood. However, when XIST 

is artificially introduced to autosomes, a similar cis-acting effect of chromosome 

inactivation was observed, indicating that autosomal chromatin is fully competent 

to be inactivated by XIST (34, 35). Aberrant expression of XIST has been 

implicated to inactivate microRNAs by a “sponge” effect and also to dysregulate 

the AKT signal(36, 37).  In this study, we showed that both MSN and miR-503 

are up-regulated following knockdown of XIST. Importantly, both genes are 

encoded by the X chromosome, and hence, they are under the direct epigenetic 

control of XIST. Therefore, the XIST axis is considered to be a gender-specific 

oncogenic pathway.  

 We previously demonstrated that metastatic growth of breast cancer in the 

brain is strongly associated with the self-renewal abilities of cancer stem cell (38, 

39). Moreover, the link between the EMT and the properties of CSCs has been 

well established in breast cancer(40). Therefore, the increased stemness of cells 

with low XIST expression can in part be attributed to the XIST-mediated EMT. 

Upon knockdown of XIST, we observed a systematic up-regulation of multiple 

transcription factors that target the E-box (ZEB1, ZEB2, and TWIST2), as well as 

components of the Notch and Wnt pathways (HEY1, TCF4, and WNT5A) that are 

known to be potent EMT promoters(41). However, the up regulation of EMT 

genes is not directly mediated either by MSN or miR-503 on the X chromosome 

(data not shown). Therefore, we speculate that the EMT phenotype is caused by 

a net effect of XIST down regulation of the X chromosome, which is consistent 
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with the observation that XIST is decreased in many of the basal-like breast 

cancer samples.  

We have shown that the loss of XIST up regulates c-Met expression 

through activation of MSN on the X chromosome. c-Met is known to be one of 

the most potent oncogenes, and the aberrant expression of this gene promotes 

tumor growth and invasion(42). It is noteworthy that high levels of c-Met signaling 

in pancreatic cancer and glioblastoma have also been reported to be associated 

with an increased expression of stem cell-related genes(43, 44). Moreover, we 

previously showed that c-Met signaling specifically promotes brain metastasis by 

inducing angiogenesis through CXCL1 and IL8 secretion, suggesting that 

activation of this pathway also modifies the tumor microenvironment(18). 

Therefore, c-Met signaling is likely to contribute to brain metastasis at multiple-

levels that affect the malignancy of tumor cells as well as in the local 

microenvironment. MSN encodes moesin, which is one of the three components 

of the ERM complex (ezrin/radixin/moesin). In addition to c-Met internalization, 

ERM can also serve as a signal transducer which binds to Grb2 and SOS to 

further amplify c-Met signaling(45). Moreover, perinuclear c-Met has been shown 

to be able to activate another key oncogenic signaling, STAT3 pathway, by direct 

phosphorylation and facilitates STAT3 to enter into the nucleus(46).  

 Successful colonization of brain metastatic cells requires reciprocal 

communications with microenvironmental cells and local immune cells. We have 

previously shown that a group of inflammatory cytokines that activate astrocytes 

and brain endothelial cells are highly secreted by brain metastatic cells(18). In 



91  

addition to soluble factors, tumor cell-secreted miRNAs in exosomes are 

considered to be important mediators between the tumor and the host 

microenvironment(25). Here, we have shown that the loss of XIST enhances the 

secretion of exosomal miR-503, which is also encoded by the X chromosome, 

and that exosomal miR-503 is capable of reprogramming microglia from M1 to 

M2 type by modulating the STAT3 and NF-B pathways. This M1-M2 conversion 

is reported to occur through activation of signaling pathways by either direct 

interaction with tumor cells or through soluble factors(47). However, when 

exosomes were depleted in our M1-M2 conversion assay system, this phenotypic 

change was drastically diminished, indicating that exosomal miR-503, rather than 

a soluble factor, plays a major role in the microglial M1-M2 transition in XIST-

mediated brain metastasis.  

 Normal brain is considered to be “immune-privileged,” and normally 

cytotoxic T cells are unable to penetrate the BBB. However, recent mounting 

evidence has indicated that both T and B cells are frequently found in brain 

tumors, including glioma and metastatic tumors(15, 48, 49). The amount of T-

cells and the level of expression of immune check point genes in the brain tumor 

areas have been associated with prognosis in patients with brain metastases(15, 

50). We have shown here that immune suppression is one of the mechanisms by 

which M2 microglia promote tumor progression, and this effect is achieved by the 

up-regulation of PD-L1 in the microglia. Although several studies have shown 

that many growth factors that directly promote the survival and migration of tumor 

cells are also secreted from M2 microglia, it is likely that both mechanisms 
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contribute to tumor growth in the brain and that these two mechanisms are not 

mutually exclusive. Nevertheless, our data provide a promising clue of how to 

exploit immunotherapy for the treatment of brain metastasis. A recent study has 

shown that there is a synergetic effect between immune checkpoint inhibitors and 

an oncolytic virus which increases intratumoral M1-like macrophages in a mouse 

GBM model(51), suggesting a potential immune therapy to treat brain metastasis 

could be developed by boosting T cell activities by pharmacologically 

manipulating the population of these microglial subtypes in brain metastatic sites. 

Several groups, including ours, have shown that there is a strong 

correlation between the amount of a particular exosomal miRNA in circulation 

and the prognosis of cancer patients(52, 53). In this study, we have 

demonstrated that exosomal miR-503 levels are positively correlated with brain 

metastasis status. Exosomes secreted from cancer cells can be taken up by non-

tumor cells in metastatic niches even before the arrival of tumor cells(54). 

Importantly, exosomes have been shown to be able to effectively penetrate the 

BBB(55). Although the effect of exosomes is likely to be maximum at the local 

site, it is possible that exosomal miR-503, shed by the primary tumor, can also be 

taken up by microglia to generate a pre-metastatic niche at an early stage of 

tumor progression. Furthermore, exosomal miR-503 present in patient serum 

may serve as a promising biomarker, with the level of miR-503 in circulation 

helping to predict the risk of future brain metastasis.  

 We have shown that fludarabine acts as a synthetic lethal drug in tumor 

cells with low XIST levels. Importantly, the IC50 of fludarabine against tumor cells 
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having low XIST levels is at least ten times lower than the clinical dose used in 

treating leukemia, and furthermore fludarabine showed significant efficacy in our 

animal model of brain metastasis without any obvious adverse effect. However, 

the mechanisms involved in this selectivity and synthetic lethality in tumor cells 

expressing low levels of XIST remain to be elucidated. In this regard, several 

groups have demonstrated that fludarabine is more effective when ROS is 

induced in leukemic cells(56, 57). Moreover, it has been reported that triple-

negative tumor cells have elevated levels of ROS, and decreased cellular 

glutathione (GSH) levels, compared to other subtypes(58). Therefore, it is 

possible that the synthetic lethality of fludarabine to XISTlow cells, which are 

mainly triple-negative, is in part due to a synergistic effect with ROS production. 

Fludarabine is a BBB-permeable compound whose neurotoxicity is tolerable 

even at a relatively high dose(59, 60) and it is already approved by the FDA. 

Therefore, fludarabine could be used as a potential therapeutic agent for the 

treatment of breast cancer patients with brain metastases that have low levels of 

XIST expression. In summary, we have shown that the lncRNA, XIST, plays a 

critical role in brain metastasis in breast cancer in a gender specific manner by 

affecting both tumor cells and the tumor microenvironment, and that the XIST-

mediated pathway may serve as an effective target for the treatment of brain 

metastasis.  

 

III.4 MATERIALS AND METHODS 

Cell culture and reagents  
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Human breast carcinoma cell lines, MCF7, ZR-75-1, SKBR3 and MDA-MB231 

(MDA231), were purchased from American Type Culture Collection. SIM-A9 was 

purchased from Kumi Nagamoto-Combs, through Kerafast.com.  MDA-

MB231BrM2a (231BrM) was a kind gift from Dr. Massague (Memorial Sloan-

Kettering Cancer Center)(4). SKBrM3 and MDA-MB231BrM2a are brain 

metastatic cell lines derived from parental SKBR3 and MDA-MB-231 cells 

through three rounds of in vivo selections(18). SKBR3, SKBrM3, MCF7, MDA231 

and 231BrM were cultured in DMEM medium supplemented with 10% FBS, 

streptomycin (100 mg/ml) and penicillin (100 units/ml). ZR-75-1 was cultured in 

RPMI medium with 10%FBS. SIM-A9 was cultured in DMEM/F12 medium with 

5% FBS. T-cells were isolated from mouse spleen by using the pan T-cell 

isolation kit (Miltenyi Biotec) and cultured in RPMI with 10% FBS.  All cells were 

grown at 37 oC in a 5% CO2 atmosphere. 

Plasmids and reagents 

Lentiviral vectors expressing shRNA for XIST and MSN were obtained from abm 

Inc, and Dharmacon, respectively.  siRNA targeting MPP1, MSN and MID1 were 

purchased from Dharmacon. The plasmids expressing dCAS9 (lenti dCAS-

VP64_Blast) and MS2 (lenti MS2-P65-HSF1_Hygro), and gRNA backbone 

plasmid (lenti sgRNA (MS2)_zeo backbone) were obtained from Addgene. The 

gRNAs targeting XIST promoter were cloned into the backbone plasmid as 

described previously(19). gRNA-11 and gRNA-8 target 

5’TGTCCGGCTTTCAATCTTCT3’ and 5’GCAGCGCTTTAAGAACTGAA3’, 

respectively. DNA oligomers were synthesized by Invitrogen. The plasmid 



95  

expressing miR503 was purchased from System Biology Inc (SBI).  

Western blot  

Western blot analysis was performed as described previously(61), using 

antibodies against c-Met (1/1000; Cell Signaling Technology), p-c-Met (1/500; 

R&D), MSN (1/1000; Cell Signaling Technology), E-cad (1/1000; Cell Signaling 

Technology), Vimentin (1/1000; Cell Signaling Technology), p-stat3(1/1000; Cell 

Signaling Technology), t-STAT3 (1/1000; Cell Signaling Technology), p-

p65(1/1000; Cell Signaling Technology ), t-p65 (1/1000; Cell Signaling 

Technology), PD-L1 (1/1000; Cell Signaling Technology ) and  GAPDH(1/5,000; 

Cell Signaling Technology).  

Quantitative real-time PCR  

Total RNAs were isolated from cells and reverse transcribed as described 

previously(61). The cDNA was then amplified with a pair of forward and reverse 

primers for the following genes: 

XIST-F 5’ GTGATCAGCACCCCAGCTAT3’ 

XIST-R 5’ TCTTTCTTTTCCTCCCAGCA3’ 

c-Met-F 5’GGTCCTTTGGCGTCGTCCTC3’ 

c-Met-R 5’ CTCATCATCAGCGTTATCTTC3’ 

MSN-F 5’ ACCGGGAAGCAGCTATTTGA3’ 

MSN-R 5’ GAACTTGGCACGGAACTTAA3’ 

MID1-F 5’ CCTGTCAACATGTTGAAGTC3’ 

MID1-R 5’ GCAATCTGCTGAGCCAGTTT3’ 

MPP1-F 5’ATTGAATACTGTGACCGAGG3’ 
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MPP1-R 5’ TTCTAGGATCTCATCCCCCA3’ 

E-Cad-F 5’ GACCAGGACTATGACTACTTGAAACG3’ 

E-Cad-R 5’ ATCTGCAAGGTGCTGGGTGAACCTT3’ 

Vim-F 5’ ATTCCACTTTGCGTTCAAGG3’ 

Vim-R 5’ CTTCAGAGAGAGGAAGCCGA3’ 

mT-antigen-F 5’ GGAAGCAAGTACTTCACAAGGG3’ 

mT-antigen-R 5’ GGAAAGTCACTAGGAGCAGGG3’ 

Mouse-CD86-F 5’TTACGGAAGCACCCACGATG3’ 

Mouse-CD86-R 5’ CCTGTTACATTCTGAGCCAGT3’ 

Mouse-CD204-F 5’TTCAATGACAGCATCCCTTCC3’ 

Mouse-CD204-R 5’ GCTTTCGATTCTCTCCTCCAT3’ 

Mouse-Arg1-F 5’ TCCTTAGAGATTATCGGAGCG3’ 

Mouse-Arg1-R 5’ GTCTTTGGCAGATATGCAGG3’ 

Mouse-CD74-F 5’ AGAGCCAGAAAGGTGCAGC3’ 

Mouse-CD74-R 5’ GATGCATCACATGGTCCTGG3’ 

Mouse-CD80-F 5’TACACCACTCCTCAAGTTTCC3’ 

Mouse-CD80-R 5’CAGGTAATCCTTTTAGTGTCTG3’ 

Mouse-Arg2-F 5’ CAAATTCCTTGCGTCCTGACG3’ 

Mouse-Arg2-R 5’GGTACCTATTGCCAGGCTGT3’ 

Mouse-IL10-F 5’ AGCAGAGTGAAGACTTTCTTTC3’ 

Mouse-IL10-R 5’ CCTTGCTCTTGTTTTCACAGG3’ 

PCR reactions were performed using CFX Connect (Bio-Rad) and iTaq Universal 

SYBR Green Supermix (Bio-Rad). The thermal cycling conditions composed of 
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an initial denaturation step at 95°C for 5 min followed by 40 cycles of PCR using 

the following profile: 94 oC, 30 s; 60 oC, 30 s; and 72 oC, 30 s. Taqman realtime 

PCR reagent and primer were purchased from Invitrogen. TaqMan PCR was 

performed as described by the manufacture. 

Human tissue samples 

Human primary breast cancer specimens were obtained from surgical pathology 

archives of the, Wake Forest Baptist Comprehensive Cancer Center (WFBCCC), 

and Cooperative Human Tissue Network (CHTN). Human breast cancer brain 

metastasis samples were obtained from CHTN and Tumor Tissue and Pathology 

Shared Resource at WFBCCC. All tissue sections were obtained by surgical 

resection.  

Immunocytochemistry and immunofluorescence 

Cells or frozen section tissues were fixed with methanol, washed with PBS and 

blocked with 2% BSA for 1hr. The sections were then washed with PBS and 

incubated with  anti-c-Met (1/500: R&D), anti-E-Cad (1/500, Cell signaling 

Technology), anti-Vimentin (1/500; Cell signaling Technology), anti-mT-antigen-

FITC (1/200; Novus), anti-CK14 (1:200, Abcam), anti-CK8/18 (1:200, Abcam), 

anti-IBA-1 (1:200, Abcam) and anti-CD163 (1/500; Cell signaling Technology) 

antibodies for 12 hrs at 4 oC.  Samples were then incubated with anti-rabbit IgG 

Alexa Fluor 555 molecular probe (Cell Signaling Technology) for 1hr at room 

temperature if primary antibody is not conjugated with florescence. Fluorescence 

images were taken by a fluorescent microscope (Olympus IX71).  
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Gene-expression microarray profiling 

RNAs were extracted, labeled and hybridized to Human Gene 1.0 ST array 

(Affymetrix) using the manufacturer’s protocol. Normalization of the data was 

performed using the RMA algorithm.  Existing breast cancer cohort data were 

analyzed as described previously. For the cancer cohort data analysis, we 

compiled a microarray dataset of 710 patients from GEO (accession numbers: 

GSE12276, GSE2034, GSE2603, GSE5327, and GSE14020) as we published 

previously(18). These datasets were all normalized using MAS5.0, and each 

microarray was centered to the median of all probes. For each patient, brain-

metastasis free survival was defined as the time interval between the surgery 

and the diagnosis of metastasis. 

GSEA  

The Gene MatriX file (.gmx) was generated as described previously(18) by 

combining the top 200 down-regulated genes when MCF7 cells were treated with 

pathway-specific inhibitors (GSE31912) and also by adopting oncogenic 

signatures that were deposited in Molecular Signatures Database (MsigDB). 

Gene Cluster Text file (.gct) was generated from TCGA mRNA data of invasive 

breast cancer patients. Top 300 patients with highest XIST expression were 

defined as XIST-high patients, and top 300 patients with lowest XIST expression 

were defined as XISTlow patients. The number of permutations was set to 1000.  

Animal experiments 

All animal experiments were done in accordance with a protocol approved by the 

Wake Forest Institutional Animal Care and Use Committee. For experimental 
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metastasis assay, nude mice (7-8 weeks) were injected with luciferase-labeled 

tumor cells in PBS into left cardiac ventricle in a total volume of 100 µl. To 

confirm a successful injection, the photon flux from whole body of the mice was 

immediately measured using IVIS Xenogen bioimager (Caliper). The brain 

metastasis progression was monitored and the luminescence was quantified at 

the indicated time points. At the endpoint of the study, whole brain was removed, 

incubated in RPMI-1640 medium with 0.6 mg/ml luciferin for 5 min and photon 

flux was measured. Intracranial injection was performed as previously described. 

In brief, luciferase-labeled cancer cells in PBS were injected into mouse brain. 

Photon flux of mice was measured using IVIS xenogeny bioimager weekly. 

XISTlox/lox mouse strain is a kind gift of Dr. Rudolf Jaenisch(62) and was obtained 

from the MMRRC repository. Tg(MMTV-cre)4Mam/J (MMTV-Cre/Line D) mouse 

strain was purchased from Jackson laboratory. B6.FVB-Tg(MMTV-

PyVT)634Mul/LellJ (MMTV-PyMT) mouse strain was purchased from Jackson 

laboratory. The MMTV-PyMT and XIST lox/lox were back crossed to B6129F1 for 5 

generations before cross breeding. XISTlox/lox and MMTV-Cre were crossbred to 

generate MMTV-CRE/XISTlox/lox. MMTV-CRE/XISTlox/lox was further crossbred 

with MMTV-PyMT to generate XISTlox/lox/MMTV-PyMT or MMTV-

CRE/XISTlox/lox/MMTV-PyMT. Siblings were used as a control for each 

experiment. Mammary gland whole mount slides were generated as described 

previously(63). The early stage (4 weeks) hyperplastic nodules were counted 

under microscope. Tumor areas at age of 8 weeks were measured by ImageJ. 

Tumor length, height and width were measured by caliper, and tumor size was 
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calculated using the formula, 1/2 x L x W x H. The degree of lung metastases 

was measured by counting the number of metastatic lesions on the lungs at the 

end point (24 weeks). Micrometastases in the brain were defined as mT-antigen-

positive clusters, and the number of lesions was counted under fluorescent 

microscope. 

Exosome isolation 

Exosomes were isolated by sequential ultracentrifugation(64). Briefly, CM 

harvested from cell culture was centrifuged at 300 x g for 10 minutes to remove 

cells. Exosomes were collected by centrifugation at 2,000 x g for 20 minutes. The 

supernatant was again centrifuged at 16,500 x g for 20 minutes to remove 

microvesicles. The supernatant was then passed through a 0.2µm filter (Sarstedt, 

Nümbrecht, GERMANY) to remove particles larger than 200 nm. Exosomes were 

then collected by ultracentrifugation at 120,000 x g for 70 minutes. Pellets were 

washed in PBS and centrifuged 70 minutes at 120,000 x g for 70 min and finally 

suspended in PBS.  

Plasma exosomes were isolated as described previously(64). In brief, 1ml of 

serum was loaded onto the qEV size exclusion columns (Izon), and exosomes 

were elution with PBS. Isolated exosomes were concentrated by centrifugation 

using the Amicon® Ultra-4 10 kDa column.  

The size distribution of isolated exosomes was analyzed by nano-particle 

tracking analysis using Nanosight NS50 and by eletronmicroscopy.  

Exosome uptake analysis 

Exosomes were isolated from cells infected with lentivirus expressing PalmGFP 
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(a kind gift from Dr. Breakefield(65). Human microglial cells were stained with 

PKH26 according to product manual and seeded onto cell culture slide. Cells 

were treated with 50 µg/ml exosomes for 24hr and they were fixed and stained 

with DAPI (Invitrogen). The exosome uptake was observed by Olympus FV1200 

spectral laser scanning confocal microscope.  

Analysis of H3K4me3 ChIP-seq data 

We acquired the publicly available ChIP-seq data from Sequence Read Archive 

(SRA) of NCBI (https://www.ncbi.nlm.nih.gov/sra).  The H3K4me3 ChIP-seq data 

were derived from the following projects: PRJNA266312(66), PRJNA142885(67), 

and PRJNA363069. The raw fastq files were derived from SRA, by the fastq-

dump tool. We checked the data quality of the fastq files by using Fastqc 

software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 

identified all of the fastq files passed the quality control. Then we aligned the raw 

fastq files to hg19 genome by bowtie2 (68). The peak calling was enabled by 

MACS2 (69) software using default parameters. The visulization is enabled by 

IGV software from Broad Institute 

(http://software.broadinstitute.org/software/igv/). 

Statistical analysis 

All analysis was calculated by GraphPad Prism. Data are presented as mean 

±SD. The p-value is calculated by an unpaired Student’s t-test. Gene correlation 

analysis was calculated by liner regression analysis. The Kaplan-Meier survival 

analysis was calculated by log-rank (Mantel Cox) test. Significance between 

each groups were represented as *p<0.05, **p<0.01, ***P<0.001. 

https://www.ncbi.nlm.nih.gov/sra)
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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III.8 FIGURE LEGEND AND FIGURE 

Figure. 1. Down-regulation of XIST on the X chromosome positively 

correlates with brain metastasis.  

(A) Schematic diagram of sample collection and lncRNA analysis. Tumors from 

the primary sites (n=11) and the brain metastatic sites (n=13) were sectioned, 

and tumor cells were micro-dissected followed by extraction of RNAs. They were 

then subjected to the PCR-based lncRNA analysis for the panel of 92 key 

cancer-related lncRNAs. (B) TaqMan PCR analyses of XIST expression in 

clinical samples used for LncRNA array. (C) XIST expression was examined by 

qRT-PCR in two pairs of isogenic cell lines that preferentially metastasize to the 

brain. (D) Kaplan-Meier analysis for brain metastasis-free survival using a 

combined GEO cohort database which includes a total of 710 breast cancer 

patients.  (E) XIST expression was examined in metastatic tumors from breast 

cancer patients using the GSE14018 cohort data.  (F) XIST expression was 

examined for the patients with breast cancer in each subtype using the TCGA 

database.  

Figure. 2. Knockdown of XIST preferentially promotes brain metastasis in 

vivo 

(A-H) Intracardiac injection of MCF7 and SKBR3 with or without knock down of 

XIST. MCF7 and SKBR3 cells were infected with lentivirus expressing shXIST (5 

target sites in combination) to establish knockdown cell lines, and the knockdown 

of XIST was confirmed by qRT-PCR (A and E). MCF7-shCTRL, MCF7-shXIST, 

SKBR3-shCTRL and SKBR3-shXIST cells (5x105) were implanted into nude mice 

by intracardiac injection, and tumor growth was monitored by measuring 
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luciferase signals twice a week. The mice were sacrificed on Day 28, and brains 

were removed and ex vivo signal of luciferase were measured. Representative 

photos of BLI were shown (B and F). The Kaplan-Meier analysis of brain-

metastasis free survival was performed (C and G).  Ex vivo signals in the brain at 

the end point was examined (D and H).  (I) XIST expression in 231BrM-dXIST 

#11 was validated by qRT-PCR. (J-L) 2x105 231BrM/dCTRL and 

231BrM/dXIST#11 cells were inoculated into nude mice by intracardiac injection 

followed by monitoring tumor growth. Representative photos of BLI were shown 

(J). The Kaplan-Meier analysis of brain-metastasis free survival was performed 

(K).  Ex vivo signals in the brain at the end point was examined (L).  (M) 5x105 

MCF7-shCTRL and MCF7-shXIST were orthotopically implanted into mammary 

fat pad, and the brain metastasis incidence was examined after 8 weeks (left 

panel). Representative H&E staining of spontaneous metastatic lesions in the 

brain of a mouse implanted with MCF7-shXIST was shown. Scale bar represents 

200 µm. (N) 50,000 cells of MCF7-shCTRL and MCF7-shXIST were implanted 

into nude mouse brain by intra-cranial injection, and the tumor growth was 

monitored by IVIS twice a week. On day 28, brains were removed and luciferase 

signals were measured using the IVIS imager. (O) Quantification and 

representative photos of ex vivo images of the brain from tumor bearing mice.  

Figure. 3. Knockout of XIST enhances brain metastases in MMTV-PyMT 

model 

(A) Representative photos of mammary gland whole mount of PyMT-XISTWT and 

PyMT-XIST mice at age of 3 weeks. Scale bar represents 2 mm. (B) Number 
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of tumor nodules in the gland shown in (A) was counted. (C) Tumor volumes 

were measured at age of 20 weeks, using the formula, V = (L x W x W)/2. (D) 

CK14 and CK8/18 expression was examined by immunohistochemistry in 

primary tumor from PyMT mice with or without knock out of XIST. Scale bar 

represents 500 m. (E) Distant metastasis rates of MMTV-PyMT mice with or 

without knock out of XIST. (F) At age of 24-28 weeks, brains were removed from 

these mice, sectioned and subjected to immunohistochemical analysis for CK14 

and mT-antigen to examine micro-metastases. Scale bar represents 50 m. (G) 

The number of micro-metastatic lesions in the brain was counted in 10 slides in 

each mouse. (H) The expression of mT antigen in mouse brain was examined by 

q-PCR. (I) Kaplan-Meier analysis of brain-metastasis free survival of C57/B6 

mice inoculated with 5x105 Py216 and Py222 cells. (J) Representative image of 

end point. (K) H&E staining of brain metastatic lesions from a Py222 inoculated 

mouse. Scale bar represents 200 m (left) and 100m(right). 

Figure. 4. Knockdown of XIST promotes EMT and stemness.  

 (A) Representative photos showing morphological changes in MCF7-shXIST 

and ZR-75-1-shXIST. Scale bar represents 50 m. (B-E) Expressions of EMT 

markers (E-cadherin and vimentin) in these cells were examined by qRT-PCR 

(B), by western blot (C), and by immunocytochemistry (D). Scale bar represents 

50 MCF7 and ZR-75-1 with or without knockdown of XIST were cultured 

in the mammosphere medium for 7 days. Representative photos are shown. 

Scale bar represents 100 m. (left panel). The number of spheres was counted 

under a microscope (right panel). (F) A limiting dilution assay was performed for 
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MCF7-shCTRL and MCF7-shXIST to examine their tumor initiating abilities by 

injecting the indicated number of cells into mammary fat pad of nude mice 

followed by measuring tumor formation. p=0.0076 (G) Transmigration assay of 

MCF7 and ZR-75-1 with or without knock down of XIST. 

Figure.5. XIST modulates c-Met expression through MSN.  

(A) Breast cancer patients in TCGA were grouped in "XIST-high (top 30%)" and 

"XIST-low (bottom 30%)" followed by performing Gene Set Enrichment Analysis 

(GSEA) for 119 oncogenic pathways. The HGF/c-Met pathway showed the 

highest enrichment score among these pathways, and the result of GSEA for this 

pathway is shown. (B) c-Met expression was examined by western blot in 3 

different breast cancer cell lines with or without knockdown of XIST. (C) XIST 

mRNA expression was examined by TaqMan qPCR, and c-Met protein 

expression was examined by IHC in brain metastatic samples of patients. The 

correlation of these expression levels was calculated by Chi-square test. (D) 

Flow chart of expression profile analysis of MCF7-shCTRL and MCF7-shXIST 

cells. (E) The expression of MSN, MID1 and MPP1was examined in MCF7-

shCTRL and MCF7-shXIST cells by qRT-PCR. (F) MSN was knocked-down by 

shRNA in MCF7-shXIST and SKBR3-shXIST cells, and the expressions of MSN 

and c-Met were examined by western blot. (G) Immunocytochemical analysis of 

c-Met expression in MCF7 cells with or without knockdown of XIST or MSN. 

Scale bar represents 10 m. (H) MSN was knocked down by shRNA in 231BrM 

cells and the expression of MSN and c-Met was examined by western blot. (I) 

Immunocytochemical analysis of c-Met expression in 231BrM with or without 
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knockdown of MSN. Scale bar represents10 -Met and MSN expression 

was examined by western blot in 231BrM and SKBrM3 cells with or without 

expression of XIST by dCas9. (K) Immunocytochemical analysis of c-Met 

expression in 231BrM cells with or without expressing XIST by dCas9. Scale bar 

represents 10 m. (L) Western blot analysis of c-Met in MCF7-shXIST/Dox/sh-

Met cells with or without addition of doxycycline. (M) Transmigration assay of 

MCF7-shXIST/Dox/sh-Met cells with or without treatment of doxycycline. (N) 

Mice were intracardiacally inoculated with 5x105 MCF7-shXIST/Dox/sh-Met cells 

and bone (right panel) metastasis-free survival were analyzed. (O) 

Representative BLI image of mice at end point. (P) Quantification of ex vivo BLI 

from the brain and bone of tumor bearing mice.  

Figure. 6. Phynotypic conversion of microglia from M1 to M2 by exosomal 

miR503 secreted from XISTlow cells.   

(A) XIST-high and XIST-low patients were defined as in Fig. 5A. Ninety five 

immune-related signaling pathways from MSigDB were tested by GSEA. The 

innate immune pathway showed the highest enrichment score and the result is 

shown. (B) A metastatic tumor in the brain of breast cancer patient was subjected 

to immunohistochemical analysis for the M2 microglia markers, IBA-1 and 

CD163. Scale bar represents 100 -A9, 

was treated with conditioned medium with or without exosome depletion by ultra-

centrifuge. The expressions of CD86 and ARG1 were examined by qRT-PCR 

after 24 hours (D) Flow chart of exosomal microRNA array analysis. Total 
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exosomes from MCF7-shCTRL and MCF7-shXIST cells were isolated by 

differential centrifugation, and they were verified for the size by the nano-particle 

tracking analysis and by electron microscopy (see Supplemental Figure.6A and 

B). Small RNAs were extracted from the exosomes and subjected to microRNA 

array analysis (Affymetrix; Mir2.0 array).  (E) The expressions of miR-503 in two 

paired breast cell lines with or without knockdown of XIST were examined by 

TaqMan-qPCR. (F) Exosomes were isolated from conditioned medium of MCF-

shXIST cells and then labeled with lentivirus expressing PalmGFP.  Mouse 

microglial cell, SIM-A9, was treated with the exosomes for 24 hours. The result of 

immunocytochemical analysis shows that the exosomes were taken up by the 

microglial cells. Scale bar represents 10 m. (G) Relapse-free survival analysis 

of miR-503 was examined in breast cancer patients using GSE22220.  (H) 

Exosomes were prepared from the serum of patients with or without brain 

metastasis, using Exoquick (SystemBio). RNAs were prepared from the 

exosomes, and the level of miR-503 was examined by TaqMan qPCR. (I) 

Exosomes were prepared from conditioned medium prepared from MCF7-

shCTRL, MCF7-shXIST and MCF7-shXIST/Anti-miR503 cells.  SIM-A9 cells 

(50,000 cells) were treated with exosomes (50 g of particles) for 48 hrs.  RNAs 

were then extracted, and M1 (CD86) and M2 (CD204, ARG1) markers were 

examined by qRT-PCR. (J) Expressions of M1 (CD74, CD80, CD86) and M2 

(CD204, ARG1/2, IL10) markers in SIM-A9 cells with or without expressing miR-

503 were measured by qRT-PCR. (K) Western blot analyses for p-STAT3, 

STAT3, p-p65, and p65 in SIM-A9 cells with or without expressing miR-503 was 
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performed. (L) The expression of PD-L1 in SIM-A9 and human microglial cell 

(HMC-3) with or without the expression of miR-503 was examined by western 

blot. (M) Brain metastatic tumor of a breast cancer patient was subjected to 

immunohistochemical analysis using anti-PD-L1 and anti-IBA-1 antibodies. Scale 

bar represents 50 m.  (N) SIM-A9 cells with or without miR-503 expression were 

co-cultured with primary T-cells isolated from mouse bone marrow for 5 days, 

and T-cell proliferation was measured by the CFSE assay. The left three panels 

show FACS analysis. The right panel represents the results of T-cell proliferation.  

Figure.7. Fludarabine selectively suppresses the growth of breast cells with 

low expression of XIST.  

(A) FDA-approved drug library and natural compound library that contain 1,250 

and 140 compounds, respectively, were screened by MTS assays in MCF7 cells 

with or without knockdown of XIST. (B) Clonogenic assay of MCF7-shCTRL cells 

and MCF7-shXIST cells treated with various doses of fludarabine. (C) 

Clonogenic assay of cancer cell lines with differential expression of XIST that 

were treated with fludarabine. (D) Clonogenic assay of 231BrM with or without 

expressing dCas9 of XIST (E) 5x 105 MCF7-shXIST cells were inoculated into 

nude mice by intracardiac injection followed by treating mice with or without 

fludarabine (10 mg/kg, every other day by i.p. injection). The tumor growth was 

monitored by IVIS twice a week (upper panel). Lower panel shows representative 

IVIS images of whole bodies and ex vivo image of the brains. (F) Kaplan-Meier 

analysis for brain metastases-free survival of the mice in (E). (G) Representative 

photos of H&E staining of the brain metastatic lesions of mice treated with or 
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without fludarabine. Scale bar represents 100 m. (H) The proposed downstream 

effect of XIST in brain metastasis. Decreased XIST in cancer cells promotes 

EMT, upregulates c-Met through MSN, and upregulates miR-503 which is 

secreted through exosome.  Exosomal miR-503 activates microglia and triggers 

M1 to M2 conversion, which suppresses T cell activities. Fludarabine selectively 

kills XISTlow cancer cells. 

Supplemental Figure. 1. XIST expression is preferentially correlated with 

brain metastasis in breast cancer.  

(A) Results of the lnc-RNA array analysis as described in Fig.1a.  Table indicates 

the list of most significantly up- or down-regulated lncRNAs. (B)  Validation of 

selected lncRNAs by qRT-PCR.     (C) Kaplan-Meier analysis was performed for 

the relationship of XIST expression and bone metastasis-free survival using a 

combined GEO cohort database which includes a total of 710 breast cancer 

patients. (D) Analysis of H3K4me3 ChIP-seq data in breast cancer cell lines 

express high or low XIST based on GSE69017. 

Supplemental Figure. 2. Knockout of XIST preferentially promotes brain 

metastases 

(A) Knockdown of XIST was verified by qRT-PCR in ZR-75-1 cells. (B) Brain 

metastasis-free survival of mice inoculated with ZR-75-1 with or without 

knockdown of XIST. (C) Representative BLI image of mice at end point. (D) Bone 

metastasis-free survival of mice inoculated with 231BrM/dCTRL and 

231BrM/dXIST#11. (E) Quantification of bone metastasis. (F) Distant metastasis 

rate of the indicated cell lines. 
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Supplemental Figure. 3. Knockout of XIST enhances tumor growth and 

distant metastases 

(A) PyMT-XISTWT and PyMT-XIST were sacrificed at Day 56. Mammary gland 

was removed and whole mount slides were prepared. Scale bar represents 2 

mm. (B) Relative tumor areas in (A) were measured by ImageJ. (C) XIST 

expression in Py216 and Py222 were measured by qRT-PCR. (D) Distant 

metastasis incidence of mice inoculated with Py216 and Py222.  

Supplemental Figure.4. Knockdown of XIST promotes EMT and stemness.  

(A-B) The expression of EMT markers (E-cadherin and vimentin) were examined 

in SKBR3 and SKBR3-shXIST by qRT-PCR (A), and by western blot (B). (C) 

Expression of E-cadherin and Vimentin were examined by Western blot in Py216 

and Py222. (D) Morphology of Py216 and Py222 were examined under 

microscope. Scale bar represents 20 m. (E) SKBR3-shXIST and control cells 

were cultured in the mammosphere medium for 7 days, and the numbers of 

spheres were counted under a microscope. Upper panels show representative 

photos of spheres. Scale bar represents 100 m. (F) MCF7-shXIST (left panel), 

ZR-75-1-shXIST (right panel) and control cells were treated with 2 Gy or 5 Gy of 

radiation followed by conducting a clonogenic assay. 

Supplemental Figure. 5. c-Met is regulated by X-chromosome gene, MSN.  

(A) List of most upregulated pathways in XISTlow patients by GSEA analysis as 

described in Fig 5A. (B) Phospho-c-Met expression in cells with or without knock 

down of XIST was examined by Western blot. (C) Heatmap analysis of EMT 

genes from microarray experiment in Fig 3d. (D)    Brain metastasis-free survival 



113  

of breast cancer patients was examined for MSN, MPP1 and MID1 by Kaplan-

Meier analysis using the cohort data of 710 patients. (E) c-Met expression was 

examined after knock down of MPP1, MID1 and MSN by treating the cells with 

50 M siRNA for 72 hours. (F) Correlations of gene expression between XIST, 

MSN, MPP1 and MID1 were examined in different subtype of breast cancer 

patients using GSE10843.  (G) Endogenous XIST levels of dCas9 expressing 

231BrM and SKBrM3 were examined by qRT-PCR (H) Western blot analysis of 

c-Met in 231BrM/Dox/sh-Met and SKBrM3/Dox/sh-Met cells with or without 

addition of doxycycline. (I) Transmigration assay of 231BrM/Dox/sh-Met and 

SKBrM3/Dox/sh-Met cells with or without treatment of doxycycline. (J) c-Met IHC 

of primary tumor sections from MMTV-PyMT mice with or without knock out of 

XIST. 

Supplemental Figure. 6. miR-503 promotes the conversion of M1 to M2 

phenotype of microglia. 

(A) Isolated exosomes were visualized by electron microscope. The inserted bar 

indicates 100nm. Arrows indicate exosomes. (B) The size distribution of prepared 

exosomes was examined by the nano particle tracking analysis using Nanosight 

NS50. (C) SIM-A9 cells were treated with conditioned medium prepared from 

231BrM or SKBrM cells for 24 hours, and the expressions of M1 and M2 markers 

were examined by qRT-PCR. (D) The level of ROS in SIM-A9/Vec and SIM-A9-

mir503 cells was assayed by a cellular ROS detection assay kit. Scale bar 

represents 50 m. (E)  SIM-A9 cells were treated with conditioned medium 

prepared from 231BrM or SKBrM3 followed by Western blot analyses of PD-L1 
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and M1/M2 pathways.  (F) SIM-A9 cells overexpressing miR-503 were treated 

with or without static (10 nM), and the expression of the M1 and M2 markers was 

examined by qRT-PCR. (G) SIM-A9 with or without express were examined for 

M1 or M2 population by Flow cytometry analysis. (H) Expressions of the 

astrocyte marker (GFAP) as well as PD-L1 expression were examined in brain 

metastatic lesion of patient with breast cancer, by immune-fluorescence analysis. 

Scale bar represents 50 m.  

Supplemental Figure. 7. Fludarabine selectively suppresses the growth of 

XISTlow cells. 

(A) MCF7 with or without knockdown of XIST were treated with selected drugs 

from 1st round library screening followed by MTS assay. (B) Clonogenic assay of 

MCF7-shCTRL and MCF7-shXIST cells was performed after treating them with 

cisplatin at 0, 200 and 500 µM or with paclitaxel at 0, 20 and 50 nM. (C) Mouse 

neuron progenitor cells were cultured in special media and treated with 

fludarabine at 0, 50 and 200 nM for 96 hours to form neuron spheres. Scale bar 

represents 200 m. (D) Fludatrabine treated mice were weighed at the end point 

(left panel). Serum was prepared from blood drawn from these mice at the end 

point, and the serum ALT level was measured (right panel).  
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IV.1 Biomarkers for DCIS progression 

Our ability to accurately predict DCIS progression if left untreated or its 

recurrence after breast-conserving surgery is limited due to a lack of known 

biomarkers, resulting in less than ideal disease treatment. Many studies have 

focused on biomarker discovery in DCIS patients but few have resulted in clinical 

application. In addition, there are conflicting results as to the association between 

disease and the protein-of-interest between studies. Steroid receptors, such as 

ER, PR, and AR, have been extensively studied as biomarkers to predict local 

and regional recurrence of DCIS. Several studies have independently 

demonstrated that ER and PR status are useful predictors of DCIS recurrence 

alone or in combination with other factors1-4. The proliferation marker Ki-67 has 

also been well characterized as a DCIS biomarker. Several studies found that Ki-

67 was not significantly associated with disease recurrence while others have 

shown that Ki-67 is a local recurrence predictor either independently or in 

combination with other factors3,5-7.  

Cell cycle regulators, such as cyclin D, cyclin A, cyclin E, p16, p21, p27, and p53, 

as well as apoptotic markers, Bcl2, bax, surviving, and c-myc, have also been 

investigated as biomarkers for DCIS8. One study found cyclin D1 to be a strong 

predicator of local recurrence while other studies showed no significant 

correlation between cyclin D1 expression and local recurrence rate9. Cyclin A 

and cyclin E were found not to be independent predictors of DCIS local 

recurrence9,10. Most of the studies focusing on p16, p21, p27, and p53 

demonstrate that they are not independent predictors but have some predication 
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value when combined with other factors1,3,6,11-13. In one study examining DICS 

recurrence after breast-conserving surgery, dysfunctional p16/pRB with high Ki67 

levels was correlated with a high recurrence rate11. The authors of this study also 

found that COX2 levels predicted DCIS recurrence, which was also regulated by 

pRB. The human epidermal growth factor receptor (HER) family was also 

extensively studied as potential biomarkers1,4,6,14-16. However, the majority of the 

studies revealed no significant correlation between HER2 status and recurrence 

in DCIS. 

In our study, we demonstrated that ID2 and GJB2 levels were associated with 

local recurrence after breast-conserving surgery. Interestingly, ID2 is known to 

bind to pRB directly and inhibits pRB function17. Therefore, our findings suggest 

that ID2 may also be a DCIS recurrence predictor as high ID2 expression results 

in dysregulated pRB function, in agreement with previous findings. Although ID2 

alone might not be sufficient to predict recurrence, a combination of ID2 levels 

with Ki67 or other biomarker expression could potentially improve the predictable 

value.  

In addition to gene expression, other approaches have been investigated to 

discover novel prognostic biomarkers. Alain Mange et al. found that 

autoantibodies are differentially expressed in DCIS and IDC patients’ serum18. An 

autoantibody signature test by ELISA, therefore, could significantly divide DCIS 

patients into poor versus good prognosis groups. The non-invasive nature of 

serum bio-markers have made it more practical in clinical usage. In our study, we 

have found that serum INHBA level is an indicator of aggressiveness, suggesting 
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that INHBA could be a potential prognosis marker in DCIS patients. Several 

studies have identified sets of genes as signatures to predict DCIS prognosis19-

21. With the development of next generation sequencing technology and genetic 

testing becoming more common in cancer diagnosis, individual patient molecular 

signatures will have an increasing impact on clinical treatment, having the 

potential to make a difference in a patient’s management. 

IV.2 EMT and cancer stem cell 

During embryonic development and cancer progression, the phenotypic change 

between epithelial cells and mesenchymal cells is known as epithelial 

mesenchymal transition (EMT) or mesenchymal epithelial transition (MET). EMT 

is accompanied by a morphological change, from round and cobblestone-like 

epithelial cells to the narrow and fiber-like mesenchymal cell phenotype22. In 

addition, EMT results in enhanced migration capacity, invasiveness, elevated 

resistance to apoptosis, and cancer stemness, as well as large increase in 

extracellular matrix (ECM) production22,23. EMT is generally induced by 

extracellular signals from the stroma of normal or tumor tissues. TGF-β is one of 

the best characterized EMT inducers during embryonic development, wound 

healing, and tumorigenesis. TGF-β induces EMT by directly targeting the SMAD 

transcription factors and targeting the cytoplasmic proteins that regulate cell 

polarity and tight junction formation24,25. Wnt signaling also induces EMT through 

activation of β-catenin, which regulates a large set of genes that initiate EMT26. 

However, β-catenin activation alone is not sufficient to drive EMT. Several 

microRNAs have been shown to regulate EMT, including miR200, miR335, and 
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miR10b, by directly targeting EMT-related transcription factors27,28. In addition, 

receptor tyrosine kinases, Notch signaling, and hypoxia are also known to induce 

EMT in cancer26,29.  

In our study, we demonstrated that lncRNA XIST is a novel EMT regulator. 

Specifically, we found that XIST knockdown in epithelial cells induced 

upregulation of several EMT-related transcription factors including ZEB1, ZEB2, 

and TWIST2 but not TGF-β, suggesting that XIST regulated a wide range of EMT 

genes through multiple regulatory mechanisms.  

We also found that GJB2 was upregulated in IDC compared to DCIS. As a gap 

junctional protein, we hypothesized that GJB2 would be downregulated after 

EMT; however, upregulation of GJB2 indicated a less aggressive MET 

phenotype. Studies have shown that cancer cells undergoing EMT contribute to 

metastases, serving as leading cells that cooperate with epithelial cells26. Cancer 

cells that express high GJB2 could invade to the stroma with helper of the 

mesenchymal-like cells.  

Similar to most normal tissues, not all tumor cells are equal. Tumors contain both 

rapidly proliferating cells and quiescent cells30. The cancer stem cell theory 

states that a few dedicated cells that are capable of self-renewal are responsible 

for tumor growth, metastasis, chemo-resistance, and recurrence. A direct link 

between EMT and cancer stem cell development was presented previously as an 

EMT coactivator, such as TWIST1, which induces EMT and stem cells 

simultaneously31. In our study, we found that loss of XIST induced breast cancer 
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stem cell development. Although we did not explore if this stem cell development 

resulted from EMT, it is a valid possibility that the stem cell traits gained were 

due to upregulation of EMT transcription factors such as TWIST1 and ZEB2. We 

also found that overexpression of ID2 increased cancer stem cell development in 

premalignant cells that did not accompany EMT.  

Mesenchymal-like cells with cancer stem cell traits are more likely to metastasize 

and are more frequently detected in circulation and micro-metastase32s. Recent 

studies have also shown that mesenchymal cells in the circulation and 

metastasis colonies are responsible for drug resistance33. Cancer stem cells are 

also believed to be therapy-resistant through multiple protection mechanisms, 

including quiescence, high expression of antiapoptotic genes, and resistance to 

DNA damage30. Our results further support the hypothesis that mesenchymal 

type is associated with cancer stem cell development and that EMT recognition is 

an important guide for patients’ cancer management. 

IV.3 LncRNA study in breast cancer 

Due to the rapid development of the high-throughput sequencing technique and 

genomic profiling, along with powerful bioinformatics tools, a significant amount 

of information about lncRNAs have emerged in the last decade.34 

Comprehensive sequencing analyses have been useful tools in identifying novel 

lncRNAs and discovering new roles for lncRNAs by providing a framework for 

current lncRNA studies. Maruyama et al. recently analyzed the transcriptome 

from normal and breast cancer epithelial cells, specifically focusing on the 
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distribution of sense and antisense lncRNA between normal and cancerous 

cells.35 Many of the differentially expressed antisense transcripts likely represent 

lncRNAs. Specific genes have been found to only generate antisense transcripts 

in normal or cancerous cells and they are involved in important physiological 

functions such as tumor cell metabolism. Zhao et al. comprehensively 

characterized lncRNAs in different breast cancer subtypes.36 They observed 20 

lncRNA genes that were significantly correlated with breast cancer subtype and 

14 lncRNAs significantly correlated with breast cancer grades. They also 

identified 3 lncRNAs (LINC00324, PTPRG-AS1, and SNHG17) that were 

significantly correlated with patient clinical outcomes.36 Su et al. also analyzed 

lncRNAs in breast cancer subtypes and classified lncRNAs into 4 subtypes with 

different prognoses.37 Further, Reiche et al. analyzed microarray data from 

clinical specimens and identified 19,000 transcripts that were significantly and 

differentially expressed between normal and breast cancer tissue.38 Interestingly, 

they found that more than half of these transcripts were lncRNAs. A number of 

these genes have also been identified in relation to cancer-associated protein 

coding genes. Although their biological function in breast cancer is not yet clear, 

both computational and experimental analyses should address the molecular 

mechanism of lncRNA action. In our study, we only focused on well-annotated 

lncRNAs in cancer and identified XIST as regulator of brain metastasis. However, 

comprehensive sequencing could discover more lncRNA as new brain 

metastasis regulator.  

Breast cancer is known to be driven by many different oncogenic pathways and 
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there are multiple steps that are involved in cancer progression and invasion.39 

Therefore, screening based on functional assays could also identify novel 

lncRNAs that are involved in tumor progression. In addition, it is well established 

that cells in the tumor microenvironment play a pivotal role in regulating breast 

cancer progression.40 However, the role of lncRNAs in these cells has not been 

well explored. lncRNAs are also secreted in exosomes by cancer cells, which 

suggests that lncRNAs may play a critical role during communication of cancer 

cells with microenvironmental cells as well as metastasis niche formation.41,42 

LncRNAs represent a novel and not well characterized component of cancer 

cells. Therefore, there is a great potential to develop biomarkers using these 

RNAs for clinical use.43,44 An ideal biomarker should be easily identifiable and is 

particularly desirable if it can be sampled from bodily fluids, such as serum or 

urine. LncRNAs are indeed detected in human body fluids. At the present, no 

lncRNAs have been characterized as potential biomarkers for breast cancer in 

human body fluids. However, there are a few lncRNAs that have been 

characterized as biomarkers in other cancers, including hepatocarcinoma and 

prostate cancer. There are several shortcomings in using lncRNAs as 

biomarkers. The most concerning question is the stability of lncRNAs in human 

bodily fluids as RNAs are generally considered to be unstable. lncRNAs are often 

packed into micro-vesicular particles, such as exosomes, which may protect 

them from degradation. As lncRNAs play important roles in breast cancer 

progression, they are potential novel therapeutic targets. Development of 

lncRNA-based therapy is not being pursued right now as RNAs are not 
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considered to be good targets with our current technology; however, the recent 

breakthrough of the CRISPR system for genome editing in vivo45-47 holds great 

promise for targeting lncRNAs for cancer treatment. 
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