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ABSTRACT 

 

THE ONCOGENIC TGLI1 TRANSCRIPTION FACTOR IS A NOVEL MEDIATOR OF 

BREAST CANCER BRAIN METASTASIS  

 

Dissertation under the direction of: 

Hui-Wen Lo, Ph.D. 
Professor 

Department of Cancer Biology 
Wake Forest University School of Medicine 

 
 
 

 Breast cancer brain metastasis (BCBM) occurs in approximately 10-30% of 

patients with metastatic breast cancer resulting in a median survival of only 6-18 months. 

This poor survival rate is primarily due to our limited understanding of BCBM biology. 

The aim of this study is to gain a further understanding of pathways driving BCBM with a 

key focus on the truncated glioma-associated oncogene homolog 1 (tGLI1, TGLI1) 

transcription factor discovered in our lab. We have shown that tGLI1 expression is 

tumor-specific and that it is a gain-of-function GLI1 transcription factor. GLI1 is a zinc-

finger transcription factor and the nuclear effector of the sonic hedgehog (Shh) signaling 

pathway, playing an important role in development and stem cell self-renewal. 

Herein, we have uncovered a novel interaction between signal transducer and 

activator of transcription 3 (STAT3), GLI1, and tGLI1 and demonstrated that these 

proteins are highly expressed and activated in HER-2 enriched and triple-negative 

breast cancer subtypes; the two subtypes with the highest propensity to metastasize to 

the brain. We observed that these proteins physically interact and cooperate to 

upregulate expression of R-RAS2, Cep70, and UPAF3, which were predictive of 

shortened metastasis-free survival. We further uncovered protein-protein interactions 
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between STAT3 and GLI1/tGLI1, which contributed to stem cell-like phenotypes of 

breast cancer cells. 

Through the use of several mouse models, we have demonstrated that tGLI1-

positive breast cancer cells preferentially metastasize to the brain and they presented as 

highly proliferative, invasive, and vascularized tumors. Our results showed that tGLI1 is 

highly enriched in lymph node metastases, BCBM, and radioresistant BCBM tumors 

compared to primary breast tumors. Further, we found that tGLI1 transcriptionally 

regulates stemness genes and that tGLI1-positive breast cancer stem cells strongly 

activate astrocytes. Moreover, we uncovered that tGLI1-positive breast tumors prime the 

brain for colonization and growth of breast cancer cells through secretion of exosomal 

microRNAs, miR-1290 and miR-1246. We observed increased expression of these miRs 

in sera of breast cancer patients compared to healthy individuals and that these two 

miRs are enriched in BCBM patient samples compared to primary breast tumors. These 

observations point towards utilizing circulating exosomal miR-1290 and miR-1246 as 

diagnostic indicators of BCBM. 
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I.1 General Background of Breast Cancer and Breast Cancer Brain Metastasis 

 According to the American Cancer Society, approximately 266,120 new cases of 

breast cancer will be diagnosed and about 40,920 deaths will occur from breast cancer 

in 20181. It is also estimated that breast cancer will be the most frequently diagnosed 

cancer in women in 2018. Of eight women, one is expected to develop breast cancer in 

her lifetime while approximately 1 in 37 women with the disease is estimated to succumb 

to the disease. Approximately 2,430 deaths in women with breast cancer are younger 

than age 45 and the majority of breast cancer deaths, 37,860, tend to be in women older 

than 45 years. Although the survival rate for women with non-metastatic breast cancer is 

98.5.%, there is a significant drop in survival rates of metastatic breast cancer ranging 

from 84% to as low as 24%1.  

 Breast cancers are divided into five different subtypes based on expression 

levels of hormone receptors (ERα and PR), HER2, cytokeratins (CKs) 5/6, and claudins 

3/4/7. The five subtypes are luminal A, luminal B, HER2-enriched, claudin-low, and 

basal-like2, 3. Luminal A tumors are positive for ERα and PR, low for Ki67 and are 

responsive to hormone therapy and chemotherapy. Luminal B tumors are positive for 

ERα, PR, HER2, and Ki67 with variable response to chemotherapy. HER2-enriched 

tumors are negative for ERα and PR, but positive for HER2 and Ki67. Claudin-low 

tumors are triple-negative breast cancer (TNBCs) that are negative for ERα, PR, and 

HER2 with low expression of Ki67, E-cadherin and claudins 3/4/7. Basal-like tumors tend 

to be TNBC (approximately 75%) that are positive for CKs, EGFR and Ki674, 5. TNBC 

accounts for 20% of breast cancers and has a high potential to metastasize mainly to the 

brain4, 6. 

 Approximately 20-30% of breast cancers become metastatic, mainly to the lung, 

brain, bone, and liver and the metastatic disease contributes to 90% of breast cancer 

mortality7-9. Breast cancer metastasis to the brain is observed in approximately 10-30% 
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of women and leads to dismal life expectancy rates of 8-30 months10-14. This poor 

prognosis is attributed to the fact that we still do not fully understand the factors driving 

breast cancer cells to the brain, the biology of brain metastases, or the bidirectional 

interplay between the breast cancer cells and the brain microenvironment. Due to these 

gaps of knowledge, we still do not have effective treatments for women with breast 

cancer brain metastases (BCBM). The standard of care for brain metastases includes 

surgical resection, stereotactic radiosurgery, and whole brain radiotherapy (WBRT). 

Individual techniques, or a combination of these techniques, used depends on the 

number of metastases, size of metastases, anatomical location of metastases, and the 

presence of neurological symptoms among other factors15. WBRT has been a mainstay 

in treatment for brain metastases for many years but recent evidence indicates radiation-

induced brain injury and cognitive impairment in patients with extended survival16, 17. 

Metastasis is described as the dissemination of primary cancer cells to a distant 

organ leading to another tumor. Metastasis is a complex multi-step process involving 

epithelial-mesenchymal transition (EMT), detachment from the basement membrane, 

local invasion, intravasation into the circulatory system, extravasation out of the 

circulatory system into a distant organ, mesenchymal-epithelial transition (MET), and 

lastly colonization in the distant organ18. 

In the course of gaining insights in the molecular pathways driving breast cancer 

progression and metastasis, many lines of evidence indicate a pivotal role that the 

epidermal growth factor receptor (EGFR) family of receptors plays in regulating the 

process19. The EGFR family is comprised of four structurally similar receptors including 

EGFR (ErbB-1, HER1), HER2 (ErbB-2), HER3 (ErbB-3), and HER4 (ErbB-4)20-22. 

Particular interests have been centered on EGFR and HER2 because of their frequent 

overexpression and/or hyper-activation in breast carcinomas19, 23, 24. EGFR is 

overexpressed in 15-30% of breast carcinomas and is associated with poor patient 



4 
 

outcomes25-27. Overexpression of HER2 is found in 15%-35% of invasive breast cancers 

and aberrant HER2 signaling increases the likelihood of developing metastasis resulting 

in reduced survival9, 12, 25, 28. It is estimated that HER2 overexpressing and TNBC breast 

cancer subtypes metastasizes to the brain 25-55% of the time29. There is significant 

evidence suggesting both EGFR and HER2 are highly expressed in BCBM playing an 

active role in facilitating brain-specific metastatic spread. Preclinical and clinical studies 

further demonstrated that EGFR and HER2 are important therapeutic targets for women 

with BCBM. 

 

I.2 Overview of the EGFR and HER2 Signaling Pathways 

The discovery of epidermal growth factor (EGF) and its receptor EGFR was 

made more than 40 years ago29-32. EGFR is a transmembrane receptor tyrosine kinase 

(RTK) which undergoes homodimerization or heterodimerization and trans-

autophosphorylation after ligand binding. The most common ligands of EGFR include 

EGF, heparin-binding EGF-like growth factor (HB-EGF), and transforming growth factor-

α (TGF-α)30, 32. As shown in Figure 1, once phosphorylated and activated, EGFR initiates 

a number of downstream signaling molecules leading to cell survival, cell growth, and 

tumor progression33-37. The signaling transduction cascade begins with EGFR 

recruitment and binding of adaptor proteins via their SH2 domains allowing for the 

recruitment and activation of subsequent signaling molecules, including Ras, 

phosphatidylinositol-3 kinase (PI-3K), phospholipase C-γ (PLC-γ), and Janus-activated 

kinase (JAK)23.  

The traditional Ras mediated pathway can be activated by EGFR leading to the 

recruitment of the adaptor protein GRB2 and activation of the guanine exchange factor 

Sos and the small GTP-binding protein Ras. This leads to a kinase cascade that 
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activates RAF, MEK, and ERK allowing for changes in protein activity and gene 

expression in the nucleus37-39. The canonical PI-3K pathway includes successive 

phosphorylation of PI-3K to phosphatidylinositol-4,5-bisphosphate (PIP2) to 

phosphatidylinositol-3,4,5-triphosphate (PIP3) resulting in activation of the 

serine/threonine protein kinase B (PKB, Akt) by phosphoinositide-dependent kinase-1 

(PDK-1) and mammalian Target of Rapamycin (mTOR). Dephosphorylation of PIP3 by 

phosphatase and tensin homolog (PTEN), a tumor suppressor, prevents activation of 

Akt40. Akt leads to inhibition of apoptosis and cell survival. Cell survival regulation by Akt 

is mediated by increased glucose uptake through the upregulation of GLUT4 receptors35, 

37, 40, 41. Additionally, activation of the PLC-γ pathway involves binding of PLC-γ to 

phosphorylated EGFR resulting in the hydrolytic cleavage of PIP2 to yield inositol 1,4,5-

triphosphate (IP3) and 1,2-diacylglycerol (DAG). These second messengers are 

important for intracellular calcium release to activate Ca2+ dependent enzymes, 

interactions between the lipids and proteins, interactions between phosphosugars and 

proteins, and protein kinase C (PKC) activation33, 37, 42.  

Activated EGFR can also directly phosphorylate signal transducer and activator 

of transcription 3 (STAT3) transcription factor and oncoprotein, leading to their 

dimerization, translocation to the nucleus, and regulation of gene expression43, 44. STAT3 

belongs to the large STATs family of proteins comprised of seven members STAT1, 

STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6. Inactive STATs are located in 

the cytoplasm and become activated upon phosphorylation by EGFR or by JAK2 at a 

tyrosine residue. This leads to homo- and hetero-dimerization of two STAT proteins 

which can then enter the nucleus, bind to specific elements in target gene promoters, 

and regulate expression of genes important for apoptosis, cell growth, tumor progression 

and differentiation34, 43, 45-47. Additionally, EGFR can also translocate to the nucleus to 

regulate gene expression, phosphorylate nuclear proteins, and modulate functions of 
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nuclear proteins19, 48-51. Increased nuclear EGFR is associated with poor clinical 

outcomes in multiple types of cancer27, 48, 52, 53. EGFR also undergoes mitochondrial 

translocation to antagonize therapy-induced apoptosis54, 55. In summary, EGFR 

overexpression, frequent activation, or activation mutations contribute to tumor 

progression and therapeutic resistance38, 56-58.  

HER2 is a 185 kDa transmembrane protein encoded by the HER2/neu gene59, 60. 

HER2 is more closely related to EGFR compared to HER3 and HER461.There are no 

known ligands that bind to HER2 thus far. However, HER2 has a functional tyrosine 

kinase domain that can be activated upon by interactions with ligand-activated EGFR or 

HER362-64. HER2 is also believed to form homodimers at high concentrations65. Activated 

HER2 (hetero- and homo-dimer) proteins initiate phosphorylation events, similar to 

EGFR, and leads to activation of several signaling pathways, all of which are implicated 

in breast cancer progression (Figure 2). These pathways include STAT3, RAS-MAPK, 

and PI-3K which leads to inactivation of proteins triggering apoptosis and upregulation of 

genes for cell growth allowing the proliferation of tumor cells45, 66-68. Recently, our 

laboratory found that HER2 directly interacts with the pro-apoptotic protein, p53 

upregulated modulator of apoptosis (PUMA), and phosphorylates PUMA leading to its 

degradation and tumor cell survival69. Overexpression of HER2 is found in 15%-35% of 

invasive breast cancers9, 25-27. In addition to breast cancer, HER2 has been found to be 

overexpressed in other types of cancer63, 70. In summary, HER2 plays a vital role in 

breast cancer progression61, 71-73. 
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I.3 Model Systems for Studying Brain Metastasis 

I.3.a In vitro Models 

While there are many in vitro models for studying metastasis in general, there are 

also few approaches to study brain metastasis specifically, which primarily center on 

extravasation and colonization of breast cancer cells in the brain microenvironment. One 

useful model system is a model to mimic the blood brain barrier (BBB). This has been 

done using a transwell Boyden chamber with brain microvascular endothelial cells lining 

one side of the chamber and astrocytes lining the other side of the membrane74. 

Fluorescently-labelled breast cancer cells are then seeded in the upper chamber for a 

defined time period to allow breast cancer cells to pass through the model BBB. In 

addition to crossing the BBB, others have also studied the interaction between breast 

cancer cells and astrocytes by using co-culture of breast cancer cells and astrocytes or 

incubation of breast cancer cell conditioned medium with astrocytes75. Lastly, organ 

selective metastatic cell lines, such as MDA-MB-231 brain-specific cells have been 

developed76-79. These cells have been used in multiple in vitro systems to compare the 

brain-selective cells with the parental cells to elucidate mechanisms that drive cancer 

cells toward the brain. 

 

I.3.b In vivo Models 

Similar to in vitro models described earlier, there have been only few in vivo 

models established to study metastasis with some that are specific to brain metastasis. 

The primary method of determining brain metastasis is using intracardiac injection of 

breast cancer cells into the left ventricle of mice that allows cells to seek out specific 

organs (most often the bone and brain) for metastatic colonization. This model has been 

used to model brain metastasis of circulating tumor cells in vivo or to examine the effects 
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of BBB-regulatory proteins74. Brain-selective metastatic cell lines were enriched by 

repeated intracardiac injections followed by extraction and growth of cultured brain-

metastatic cells76-79. The brain-selective metastatic cells are also frequently used in this 

model to test the efficacy of targeting therapies in preventing brain metastasis. Together, 

these models designed to study brain metastasis can give clues to the mechanisms 

driving metastasis toward the brain. However, the in vivo models primarily lack the 

influence of the immune system because they are mostly xenograft studies using human 

breast cancer cells in immunocompromised mice. Further study using a syngeneic 

mouse model with an intact immune system may give more insights into the specificity of 

why certain cancer cells choose the brain for colonization. For example, inflammation 

can have a significant impact on vessel permeability and, therefore, it is likely that 

inflammation can affect the BBB to influence cancer cell colonization in the brain. 

 

I.4 Genes Contributing to Breast Cancer Brain Metastasis 

Zhang et al. conducted in vitro studies of preferential brain-colonizing TNBC cells 

and reported that heparanase was increased in these cells80. Heparanase degrades 

heparan sulfate allowing the release of growth factors from the cell surface and 

extracellular matrix, leading to the progression of tumor growth and metastasis81. 

Activation of EGFR/HER2 leads to heparanase translocation to the nucleolus where it 

can increase topoisomerase 1 activity, an enzyme necessary for gene transcription, 

leading to increased cell growth82. Heparanase enhances EGFR and HER2 

phosphorylation, which constituted an alternate pathway for EGFR activation. Inhibition 

of heparanase with Roneparstat increased sensitivity of BCBM cells to lapatinib, a dual 

EGFR/HER2 inhibitor80. 
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In vitro and in vivo comparative gene expression analysis studies have identified 

several genes that mediate BCBM76. Of these genes, heparin-binding EGF (HBEGF), a 

ligand for EGFR, was identified specifically in brain metastases compared to those in 

bone and lung. HBEGF was shown to increase migration and invasiveness of cancer 

cells. Another identified gene of importance was cyclooxygenase-2 (COX2), an enzyme 

upregulated by nuclear EGFR that synthesizes prostaglandins and plays an important 

role in permeabilizing the BBB in response to inflammation74. Lastly, a third gene was 

identified specific to brain metastatic cancer cells, α2,6-sialyltransferase (ST6GALNAC5) 

which allows cell-cell interactions and was shown to aid in penetrating the BBB through 

adhesion of cancer cells to brain endothelial cells. Knockdown of ST6GALNAC5 and 

inhibition of EGFR with cetuximab decreased brain metastasis76. Together, HBEGF, 

COX2, and ST6GALNAC5 expression in primary breast cancer results in increased 

extravasation of cancer cells and metastasis to the brain48, 56, 76. 

Once cancer cells intravasate into the circulation, they have to develop 

mechanisms to survive in the circulatory system and colonize to distant organs. 

Circulating tumor cells (CTCs) isolated from BCBM patients were shown to overexpress 

specific proteins for brain metastasis versus lung metastasis such as EGFR, HER2, 

Heparanase, and Notch1. Expression of these proteins in breast cancer CTCs led to an 

invasive phenotype and ability to colonize the brain83. Gene expression analysis and in 

vitro studies of TNBC and brain metastasis demonstrated that periplakin (PLL), a protein 

involved in maintaining epithelial cell barriers, and MAPK13 showed higher expression in 

primary TNBC cells compared to a brain metastatic cell line. Results of silencing PLL or 

MAPK13 led to increased cell proliferation and decreased cell motility84. These results 

suggest that TNBCs may need an increased proliferation ability in order to colonize in 

the brain. 



10 
 

Matrix metalloproteinases (MMPs) degrade the extracellular matrix where many 

growth factors are sequestered leading to their release. Degradation of the extracellular 

matrix (ECM) is important for cancer cell invasion and MMPs have been shown to be 

upregulated in brain metastatic breast cancer74, 85, 86. MMP1, specifically, has recently 

been shown to target metastatic breast cancer cells to the brain and MMP1 was shown 

to be upregulated by COX2-mediated prostaglandins, an important mediator of BBB 

permeability74.  

The BBB is mainly comprised of brain endothelial cells and astrocytes, and 

serves as a protective layer for the brain that decreases the penetration of many 

chemotherapeutics. Kim et al. co-cultured mouse astrocytes with human breast cancer 

cells and observed an increase in the  expression of glutathione s-transferase alpha 5 

(GSTA5; mediates drug resistance), BCL2L1 (anti-apoptotic Bcl-2 family protein), and 

TWIST1 (transcription factor that mediates EMT). Interestingly, these genes were only 

overexpressed in brain metastases but not in lung metastases indicating the impact of 

the microenvironment on the cancer cells78. Increased activation of Src, a non-receptor 

tyrosine kinase, was shown to enhance cancer cell extravasation and penetration of the 

BBB in HER2 amplified and TNBC87. Src activation plays a role in the heterodimerization 

of HER2 to HER3 allowing for activation of downstream signaling pathways and Src is 

also a downstream signal transducer of EGFR87, 88. Moreover, results of combinatorial 

treatment with lapatinib and a Src inhibitor decreased progression to BCBM 87, 88. 

 Gupta et al. demonstrated a role of HER2 in epithelial-to-mesenchymal transition 

(EMT), invasion, and metastasis of breast cancer89. Results showed that increased 

expression of HER2 allowed for the production of transforming growth factor β (TGFβ) 

and activation of the TGFβ/SMAD signaling pathway, potentially through the Ras 

signaling cascade, which ultimately upregulated transcription and activation of Slug, 

Snail, and ZEB-189-91. Slug, Snail, and ZEB1-are transcription factors that play an 
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important role in EMT by decreasing E-cadherin and cytokeratin-18 expression and 

increasing N-cadherin expression leading to the mesenchymal phenotype89, 92. Inhibition 

of HER2 and TGFβ signaling with cucurbitacin (CuB), a triterpenoid steroid, resulted in 

decreased size of metastatic tumors in the brain, lungs, and liver. Interestingly, 

pretreatment of mice with CuB before intracardiac injection of highly aggressive stage IV 

breast cancer cells overexpressing HER2 significantly reduced brain metastasis89. 

These findings further support the interaction of HER2 and TGFβ leading to EMT and 

metastasis89. Despite our current knowledge on mechanisms driving BCBM, the 

increasing incidence of women with BCBM, high relapse rates, and poor survival of 

these patients highlight the need for further investigation of pathways promoting BCBM 

in order to develop more effective and targeted therapies. 

 

I.5 Cancer Stem Cells and Breast Cancer Brain Metastasis 

Cancer stem cells are believed to be the drivers of metastasis. The cancer stem 

cell theory states that there is a small subset of cells that are resistant to chemotherapy 

and radiation, have the ability to self-renew, and these cells intravasate into the 

circulatory system, evade anoikis, and extravagate to a distant organ where they 

colonize and form a new tumor93, 94. Breast cancer stem cells are characterized by 

CD44high/CD24low expression and a small number of these stem cells are needed to from 

tumors in mice95. Interestingly, Xing et al. demonstrated that breast cancer stem-like 

cells interact with astrocytes via Notch signaling to promote cancer stem cell self-

renewal75. Astrocytes are the most abundant glial cells in the brain and play an important 

role in maintaining central nervous system homeostasis96. In the presence of injury or 

foreign pathogens, astrocytes become reactive and secrete neuroprotective and 

regenerative cytokines97. Breast cancer cells have the ability to utilize astrocyte secreted 
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factors in their favor98. Kaverina et al. found that astrocytes promote growth of breast 

cancer stem cells in the brain through secretion of CXCL12 chemokine99. These findings 

provide evidence that brain metastatic microenvironmental cells reprogram breast 

cancer stem cells to promote survival and colonization in the brain.  

 

I.6 Cross-talk between Breast Cancer and Brain Metastatic Microenvironmental 

Cells 

 Lorger et al. uncovered that astrocytes are activated even before breast cancer 

cells extravasate into the brain, providing evidence that tumor cells can prime distant 

organs for metastasis100. Primary tumors can reprogram distant organs for colonization 

and growth via secretion of extracellular vesicles101, 102. Extracellular vesicles mediate 

intercellular communication through transfer of proteins, RNAs, and lipids103 and can be 

grouped into three major classes including microvesicles, apoptotic bodies, and 

exosomes. Microvesicles are formed by budding of the plasma membrane and are 

characterized by size ranging from 100–1,000 nm103. Apoptotic bodies are formed from 

breakdown of cells undergoing programmed cell death and range in size from 800–4,000 

nm104. Exosomes are small (30-150 nm) vesicles formed by inward budding of early 

endosomes and multivesicular bodies105. Exosomes are released from cells when 

multivesicular bodies fuse with the plasma membrane103. It is important to note that 

miRNA-loaded RNA-induced silencing complex (RISC) are enriched in multivesicular 

bodies and are secreted in exosomes highlighting the important role of exosomes in 

intercellular communication106. In a comparison of RNA in microvesicles, apoptotic 

bodies and exosomes, Crescitelli et al. found that ribosomal RNA was mainly associated 

with apoptotic bodies and small RNAs were mainly found in exosomes107. Interestingly, 

microvesicles were found to contain little or no RNA107. 
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MicroRNAs (miRNAs, miRs) are short non-coding RNA comprised of 17–22 

ribonucleotides that mediate posttranscriptional gene expression108-110. The biogenesis 

of miRs begins with transcription of a long primary microRNA (pri-miRNAs) forming a 

stem-loop structure over 1 kb109, 110. The primary miRNA is cleaved by Drosha, a nuclear 

RNase III, to form a hair-spin precursor miRNA (pre-miRNA) structure of approximately 

65 nucleotide length. At this step, the pre-miRNA is exported out of the nucleus and 

further processed by Dicer, an endonuclease, to form a single stranded mature 

miRNA109. The mature miRNA is incorporated into the RISC protein complex and serves 

as a guide to silence mRNA targets111. MicroRNAs silence genes through 

complementary base pairing of the miRNA seed region (nucleotides 2-7) to the 3’ 

untranslated region (3’-UTR) of mRNA and function as a steric block preventing 

translation or lead to mRNA degradation112. MicroRNAs are frequently dysregulated in 

tumors and the dysregulation can promote therapy resistance, progression, recurrence, 

and metastasis of many cancers including breast cancer113. Tumor secreted circulating 

microRNAs, via exosomes, may serve as potential biomarkers to detect aggressive or 

metastatic breast cancers114. 

 

I.7 Sonic Hedgehog Signaling Pathway and Malignant Tumor Phenotypes 

The Sonic hedgehog (Shh) pathway is an important mediator of stem cell self-

renewal and is necessary for normal embryonic development, organogenesis, adult 

tissue maintenance, renewal and regeneration115. Importantly, Shh signaling plays a vital 

role in normal brain and normal mammary gland formation and aberrant signaling result 

in tumorigenesis116-119. GLI1, glioma-associated oncogene homolog 1, is a zinc finger 

transcription factor that was first discovered to be amplified in glioblastoma multiforme 

(GBM) and is a nuclear mediator of the Shh pathway115, 120, 121. Canonical signaling of the 
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Shh pathway is initiated when Shh ligand binds its receptor patched (PTCH1), a tumor 

suppressor, releasing and activating smoothened (SMO) which then leads to nuclear 

translocation of GLI1 and transcription of GLI1 target genes begin, resulting in tumor 

progression (Figure 3). Several GLI1 target genes, including FoxM1, Myc, Nanog, and 

Bcl-2 promote tumorigenesis, angiogenesis, proliferation and stemness, which are all 

key characteristics of malignant tumors122-125. 

GLI1 is aberrantly active in many cancers including GBM, basal cell carcinoma 

(BCC), lung cancer, pancreatic cancer, and breast cancer115, 122. Increased GLI1 

expression in breast cancer is associated with higher tumor stage, increased lymph 

node metastasis, poor overall survival, and decreased relapse free survival24, 126-128. Most 

notably, two small molecule inhibitors of SMO have been approved for the treatment of 

metastatic basal cell carcinoma, Vismodegib and Sonidegib129-131. Furthermore, there 

are currently 27 open clinical trials for the use of shh pathway inhibitors to treat 

numerous cancers including acute myeloid leukemia, triple negative breast cancer, 

esophageal cancer, lung cancer, ovarian cancer, and GBM. These clinical studies 

underscore the importance of the Shh signaling pathway in cancers. 

Our laboratory discovered a truncated form of GLI1, tGLI1, in GBM and we have 

shown that it is a gain-of-function GLI1 transcription factor (Figure 3)132. We have shown 

that tGLI1 is activated via Shh stimulation and is a nuclear effector of the Shh pathway. 

tGLI1 is an alternatively spliced variant of GLI1, as a result of an in-frame deletion of 41 

amino acid spanning all of exon 3 and part of exon 4, and retains all of the functional 

domains as GLI1 (Figure 4)132. Additionally, we have shown that tGLI1 is expressed in 

GBM and breast cancer but is not expressed in normal tissue132, 133. In contrast, GLI1 is 

expressed in both normal and tumor tissues. We further showed that tGLI1 can activate 

transcription of GLI1 target genes and we have identified and validated seven tGLI1 

target genes which are transactivated by tGLI1 and not GLI1. These genes include 
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VEGF-A, VEGF-C, VEGFR2, TEM7, HPSE, CD24, and CD44, contributing to increased 

growth, angiogenesis, stemness, migration and invasion of cancer cells19, 132-136.  

Currently, the role of tGLI1 in metastasis for any tumor type remains unknown. 

The effects of tGLI1 on stemness for breast tumors are unclear. Additionally, expression 

levels of tGLI1 in any patient metastatic tumor remain unidentified. In my thesis study, 

we aimed to gain a novel insight into tGLI1-mediated breast cancer stemness and 

metastasis. Due to the tumor-specific expression of tGLI1 in GBM and breast cancer but 

not in normal brain or breast tissues, tGLI1 may be used as a potential biomarker for 

aggressive brain tumors and metastatic breast cancer. Elucidating the role of tGLI1 in 

stemness and breast cancer metastasis in pre-clinical mouse models has clinical 

relevance and may lead to a new targeted therapeutic option for patients suffering from 

metastatic cancers.  Furthermore, tGLI1 may be established as a novel mediator for 

breast cancer metastasis. 
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I.8 Figures 

 

 

Figure 1. Traditional signaling pathway of membrane bound EGFR.  

Ligand binding to the receptor initiates hetero- or homodimerization, trans 

autophosphorylation and subsequent activation of several kinase cascades including 

RAS-RAF-MEK-MAPK, PI-3K-AKT-mTOR, PLC-γ-Ca2+/PKC, and JAK-STAT3, which 

promote expression of genes that drive brain metastasis. Additionally, nuclear EGFR, in 

concert with STAT3, has also been shown to directly upregulate genes that promote 

brain metastasis. 
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Figure 2. Overview of the HER2 signaling pathway. 

HER2 receptor forms a heterodimer with HER3 after ligand binding to HER3. This leads 

to a kinase cascade of signaling molecules targeted to the nucleus including PI-3K-Akt-

mTOR, Ras-Raf-MEK-MAPK, and STAT3 which upregulate expression of genes that 

activate epithelial-to-mesenchymal transition (EMT) and brain metastasis. Additionally, 

nuclear HER2 can promote expression of genes driving cell proliferation and brain 

metastasis. 
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Figure 3. Overview of the canonical Shh-GLI1/tGLI1 pathway.  

Shh ligand binds the receptor PTCH1 leading to SMO activation and allowing for GLI1 

and tGLI1 translocation to the nucleus where transcription of target genes begin, 

resulting in tumorigenesis, angiogenesis, proliferation, and stemness. tGLI1 regulates 

known GLI1 target genes, and also activates expression of seven genes not targeted by 

GLI1. 
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Figure 4. Structure of tGLI1.  

Blue boxes indicate exons and green boxes indicate introns. Bold arrow depicts the 

alternative splicing of tGLI1 where all of exon 3 and part of exon 4 (41 amino acids) is 

removed but all functional domains remain intact. 
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II.1 Abstract 

 

Signal transducer and activator of transcription (STAT3), glioma oncogene homolog 1 

(GLI1), and truncated GLI1 (tGLI1) are oncogenic transcription factors playing important 

roles in breast cancer. tGLI1 is a gain-of-function GLI1 isoform. Whether STAT3 

physically and/or functionally interacts with GLI1/tGLI1 has not been explored. To 

address this knowledge gap, we analyzed 47 node-positive breast cancer specimens 

using immunohistochemical staining and found that p-STAT3 (Y705), GLI1, and tGLI1 

are co-overexpressed in the majority of triple-negative (64%) and HER2-enriched (68%) 

breast carcinomas, and in lymph node metastases (65%). Using Gene Set Enrichment 

Analysis, we analyzed 710 breast tumors and found that STAT3- and GLI1/tGLI1-

activation signatures are co-enriched in triple-negative and HER2-enriched, but not in 

luminal subtypes of breast cancers. Patients with high levels of STAT3 and GLI1/tGLI1 

co-activation in their breast tumors had worse metastasis-free survival compared to 

those with low levels. Since these proteins co-overexpress in breast tumors, we 

examined whether they form complexes and observed that STAT3 interacted with both 

GLI1 and tGLI1. We further found that the STAT3-GLI1 and STAT3-tGLI1 complexes 

bind to both consensus GLI1- and STAT3-binding sites using chromatin 

immunoprecipitation (ChIP) assay, and that the co-overexpression markedly activated a 

promoter controlled by GLI1-binding sites. To identify genes that can be directly co-

activated by STAT3 and GLI1/tGLI1, we analyzed three ChIP-Seq datasets and 

identified 36 potential target genes. Following validations using reverse transcription 

polymerase chain reaction and survival analysis, we identified three genes as novel 

transcriptional targets of STAT3 and GLI1/tGLI1, R-Ras2, Cep70, and UPF3A. Finally, 

we observed that co-overexpression of STAT3 with GLI1/tGLI1 promoted the ability of 

breast cancer cells to form mammospheres and that STAT3 only cooperates with tGLI1 
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in immortalized mammary epithelial cells. In summary, our study identified novel physical 

and functional cooperation between two families of oncogenic transcription factors, and 

the interaction contributes to aggressiveness of breast cancer cells and poor prognosis 

of triple-negative and HER2-enriched breast cancers.  
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II.2 Introduction 

 

Breast cancer is classified into five major molecular subtypes, luminal A (ER+PR+), 

luminal B (ER+PR+ HER2+), HER2-enriched, normal breast-like, and triple-negative 

breast cancer 1. Triple-negative breast cancer is negative for ERα, PR, and HER2 with 

frequent BRCA1 mutations 2, 3. 15-20% of all breast cancer belongs to the triple-negative 

histological subtype, affecting more young women and African American women 

compared to other breast cancer subtypes. Triple-negative breast cancer remains a 

heterogeneous disease that encompasses two major intrinsic subtypes, basal-like and 

claudin-low. Basal-like triple-negative breast cancer is highly proliferative and positive for 

CK4/7 and EGFR displaying the epithelial phenotype. Claudin-low triple-negative breast 

cancer is biologically closely related to mammary stem cells with low expression of 

genes involved in tight cell junctions (claudins and E-cadherin) and the mesenchymal 

phenotype 4. Women with triple-negative breast cancer have more aggressive diseases 

and unfavorable prognosis 4. Five-year survival rate is lower for triple-negative breast 

cancer than for other subtypes. Survival following metastatic relapse is shorter in triple-

negative breast cancer compared to other breast cancer subtypes. Women with triple-

negative breast cancer have high rates of recurrence and metastasis 3, 5. 20-30% of all 

breast cancer overexpress HER2, including the HER2-enriched and luminal B subtypes. 

HER2 over-expression in breast tumors is associated with poor patient survival and high 

risks of relapse and metastasis 6-8. Most of the metastatic breast tumors that initially 

respond to trastuzumab-based combination treatments begin to progress within one year 

9, 10. Trastuzumab used as a single agent has been generally ineffective while 

trastuzumab resistance after initial responses is common 11.  
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Janus-activated kinase 2 (JAK2) is a non-receptor tyrosine kinase that is amplified and 

hyperactive in triple-negative and HER2-positive breast cancers 12, 13. JAK2 serves as a 

signaling hub that connects oncogenic receptor tyrosine kinases and interleukin 

receptors to signal transducer and activator of transcription 3 (STAT3) oncogenic 

transcription factor 14. JAK2 phosphorylates STAT3 at Y705 to activate its nuclear import 

and transcriptional activity 15, 16. Activated STAT3 binds to its target gene promoters and 

upregulates expression of genes involved in G1 cell cycle progression, proliferation, 

oncogenesis, anti-apoptosis, angiogenesis, and metastasis 17-21. We have reported 

STAT3’s ability to upregulate expression of TWIST, iNOS, Cox-2, and STAT1 17, 19, 20, 22. 

Dysregulated JAK2-STAT3 pathway is associated with poor clinical outcomes and is a 

breast cancer therapeutic target 17-21. Several JAK2 inhibitors have been developed. 

Ruxolitinib is the only FDA approved inhibitor for JAK2 (wild-type and V617F mutant) 

and is approved for psoriasis and myelofibrosis.  

 

The smoothened-glioma oncogene homolog 1 (SMO-GLI1) pathway is a therapeutic 

target in triple-negative breast cancer, and possibly HER2-positive breast cancer. SMO 

is an oncogenic 7-transmembrane receptor that activates the GLI1 oncogenic 

transcription factors 23-28. The SMO-GLI1 pathway is important for differentiation and 

normal development, and is implicated in tumorigenesis, vascular development, and 

stem cell self-renewal 29. SMO is activated (de-repressed) following binding of sonic 

hedgehog (SHH) to its receptor patched, PTCH1, a SMO repressor 30. Three GLI 

isoforms have been identified with GLI1 and GLI2 as the activators and GLI3 as the 

repressor of the SHH-SMO pathway 27, 31. GLI1 is frequently activated in breast cancer 

and associated with poor survival 32, 33. Our laboratory discovered truncated GLI1 (tGLI1) 

as an alternatively spliced variant of GLI1 that contains a small in-frame deletion of 41 

codons 34. tGLI1 retains all of the known functional domains of GLI1, undergoes nuclear 
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import, responds to SHH and activates GLI1-targeted genes 34, but gains the propensity 

to activate genes that are not regulated by GLI1 leading to increased migration, invasion 

and angiogenesis 34-38. SMO has emerged as an important therapeutic target for several 

cancer types including breast cancer 39, 40.  

 

Following a literature search, we did not find published reports that investigated breast 

cancer for co-overexpression of activated STAT3 with GLI1 and tGLI1.  However, a 

recent study showed that p-STAT3 (Y705) co-expressed with GLI1 in non-small cell lung 

cancer 41. Hence, this study explored whether the JAK2/STAT3 and GLI1/tGLI1 

pathways are concurrently activated and found them to be highly co-activated in the 

triple-negative and HER2-enriched subtypes of breast cancer. We further observed that 

patients with breast tumors expressing activated STAT3/GLI1/tGLI1 had poor survival. 

Our biochemical analysis indicated that STAT3 physically interacts with GLI1 and tGLI1, 

and that the interaction leads to activation of STAT3- and GLI1/tGLI1-targeted gene 

promoters, and promotes mammosphere-forming ability of breast cancer cells. Together, 

these novel observations point to a physical and functional cooperation between two 

oncogenic pathways that plays an important role in breast cancer aggressiveness and 

patient prognosis.   

 

II.3 Results 

 

P-STAT3 (Y705), GLI1, and tGLI1 are co-overexpressed in the majority of triple-

negative and HER2-enriched breast cancer specimens, and in lymph node 

metastases.  

Whether the STAT3 and GLI1/tGLI1 pathways are co-overexpressed in breast cancer 
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has not been investigated.   Here, we analyzed a tissue microarray (BR10010; 

USBiomax) consisting of 47 primary node-positive breast carcinomas with subtype 

information for p-STAT3 (Y705), GLI1, and tGLI1 by immunohistochemical (IHC) staining. 

Since commercial GLI1 antibodies detect both GLI1 and tGLI1, we developed and 

validated GLI1-specific and tGLI1-specific antibodies and used them in multiple 

published studies 36-38. As summarized in Fig. 1A, we observed that the three proteins 

are co-overexpressed in 64% and 68% of triple-negative breast carcinomas and HER2-

enriched breast carcinomas, respectively, to a higher extent than luminal tumors (41%).  

Fig. 1B shows representative images. To determine whether the three proteins are 

present in metastases, we analyzed 60 lymph node metastases that unfortunately do not 

have subtype information (USBiomax). As shown in Fig. 1C, the three proteins are 

highly co-overexpressed in lymph node metastases (65%). These observations together 

indicate that p-STAT3 (Y705), GLI1 and tGLI1 are significantly co-expressed in triple-

negative and HER2-enriched breast cancer specimens and also in lymph node 

metastases of breast cancer.  

 

Co-activation of the STAT3 and GLI1/tGLI1 pathways is enriched in triple-negative 

and HER2-enriched breast cancers. 

Following observing co-expression of p-STAT3 with GLI1 and tGLI1, we asked whether 

their downstream target genes are accordingly regulated. For this, we retrieved a 

STAT3- and a GLI1-activation signature from two published studies 42, 43. Of note, tGLI1 

retains its activity to activate GLI1 target genes 34. Using these signatures, we then used 

the Gene Set Enrichment Analysis (GSEA) to analyze 710 breast tumors whose 

expression profiles were retrieved from the Gene Expression Omnibus (GEO) database 

(GSE12276/2034/2603/5327/14020). We observed that the two pathways, individually 

and jointly, are more enriched in triple-negative (Fig. 2A) and HER2-enriched (Fig. 2B) 
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breast cancers, compared to luminal A and B subtypes. We further generated heat maps 

via clustering analysis and the results showed that STAT3- and GLI1/tGLI1-activated 

genes are expressed at higher levels in the triple-negative and HER2-enriched breast 

cancers compared to the luminal tumors (Fig. 2C). Furthermore, we observed that triple-

negative and HER2-enriched breast cancers have significantly higher levels of STAT3 

activation and GLI1/tGLI1 activation than the ER+ liminal tumors (Fig. 2D).  These 

results indicate that the STAT3 and GLI1/tGLI1 pathways are concurrently activated in 

the majority of triple-negative and HER2-enriched breast cancers to higher degrees than 

the luminal subtypes.   

 

Co-activation of the STAT3 and GLI1/tGLI1 pathways is associated with shortened 

metastasis-free survival of triple-negative and HER2-enriched breast cancers.  

Whether co-activation of the two pathways is a prognostic indicator has not been 

reported. Here, we used the Kaplan-Meier analysis and the two activation signatures to 

analyze 672 patients whose expression profiles and survival data were obtained from 

the GEO database (GSE12276/2034/2603/5327/14020). The cohort was divided into 

four groups according to the extent of activation for both pathways. As shown in Fig. 3A, 

patients with co-activation of both pathways in their triple-negative tumors had the 

shortest time to develop metastases (1.26 yrs). As further shown in Fig. 3B, we found 

HER2-enriched tumors with co-activation of both pathways to associate with the shortest 

time to develop metastases (1.29 yrs). For the luminal subtypes of breast cancer, the co-

activation is also associated with worst outcome; however, the median time to develop 

metastases (2.77 yrs) was longer than the triple-negative and HER2-enriched subtypes. 

To assess the importance of STAT3 and GLI1/tGLI1 pathways on metastasis-free 

survival we carried out multivariate analysis using the same patient cohort used in Fig. 

3A. Our results showed that within the triple-negative (Fig. 3C) tumors and HER2-
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enriched (Fig. 3D) tumors, those with activated STAT3 or GLI1/tGLI1 had an increased 

likelihood of metastasis as indicated by an increased hazard ratio in both univariate and 

multivariate models. These data indicate that STAT3 signaling and GLI1/tGLI1 signaling 

are associated with metastasis-free survival independent of each other. This result 

provides rationale to target both STAT3 and GLI1/tGLI1 pathways simultaneously in an 

effort to reduce the likelihood of metastasis.    

 

Breast cancer cell lines and xenografts co-overexpress p-STAT3, GLI1, and tGLI1.  

We analyzed a panel of breast cancer cell lines, and cell line-derived xenografts for 

levels of p-STAT3, GLI1, and tGLI1 using IHC. As shown in Fig. 4A, we have implanted 

MDA-MB-231 triple-negative cells into the mammary fat pad (top panel) of female nude 

mice, and MDA-MB-231-BrM cells (bottom panel), the brain-metastatic subline of MDA-

MB-231 from Dr. Joan Massague, into the mouse brain, and then analyzed the tumors 

for expression of three proteins. The results showed that both xenografts co-

overexpressed all three proteins. Images shown represent the results of four tumors. We 

further show in Fig. 4B that the three proteins are readily detected in breast cancer cell 

lines.  

 

STAT3 forms complexes with GLI1 and tGLI1, leading to gene expression 

activation.  

Next, we asked whether STAT3 physically interacted with GLI1 and tGLI1, which has 

never been reported. Of note, GLI1 family of transcription factors function as monomers 

and they do not dimerize with each other. We have shown that tGLI1 can bind to the 

consensus GLI1-binding site 34. To address this question, we conducted 

immunoprecipitation-western blotting (IP-WB) and found that STAT3 interacted with both 

GLI1 and tGLI1 in MDA-MB-468 triple-negative cells (Fig. 5A). To identify the interacting 
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domains between STAT3 and GLI1/tGLI1 we used three mutants of STAT3, STAT3-

CA(A661S), STAT3-DN(Y705F), and STAT3(S727A), to carry out IP-WB. We observed 

no differences in the ability of these mutated STAT3 to interact with GLI1/tGLI1 (Fig. 5B). 

Next, we determined whether STAT3, GLI1, and tGLI1 bind to the GLI1/tGLI1-binding 

sites in the PTCH1 and GLI1 gene promoters and/or the STAT3-binding sites in the 

pGAS-Luc plasmid using chromatin immunoprecipitation (ChIP) assay. As shown in Fig. 

5C, we found that STAT3 binds to the PTCH1 and GLI1 promoters, and the STAT3-

binding sites in the pGAS-Luc plasmid (as expected). We also observed that both GLI1 

and tGLI1 bind to the STAT3-binding sites in the pGAS-Luc plasmid, and the 

GLI1/tGLI1-binding sites in the PTCH1 and GLI1 gene promoters (as expected). 

Consistent with these data, we found co-overexpression of GLI1/tGLI1 with STAT3CA 

(constitutively active STAT3 with A661S that automatically dimerizes) markedly 

enhanced the activity of a promoter controlled by 8 copies of GLI1-binding sites in MDA-

MB-468 cells (Fig. 5D). STAT3CA alone did not significantly enhance the promoter 

activity. We further found that the STAT3-binding sites-containing reporter was activated 

by SHH and EGF (as expected) and importantly, was further activated by the co-

stimulations with EGF and SHH (Fig. 5E). We next examined where the STAT3 and 

GLI1/tGLI1 complexes were localized within the cells using immunofluoresence (IF) and 

found that they were colocalized mainly in the nucleus with diffuse staining in the 

cytoplasm (Fig. 5F). These results indicate that STAT3 interacts with GLI1 and tGLI1, 

leading to gene expression activation.  

 

Identification of genes co-activated by STAT3 and GLI1/tGLI1. 

The strategy we took to identify genes co-activated by STAT3 and GLI1/tGLI1 is outlined 

in Fig. 6A. To identify putative genes with the propensity to be recognized by both 

STAT3 and GLI1/tGLI1, we acquired the publicly available ChIP-seq data from 
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Sequence Read Archive of NCBI (https://www.ncbi.nlm.nih.gov/sra), including a GLI1 

ChIP-seq dataset 44 and two STAT3 ChIP-seq datasets 45, 46. Using Fastqc software and 

alignment of the raw fastq files to mm9 genome by bowtie2 47 followed by peak calling 

enabled by MACS2 software 48, we identified 34 genes, including PTCH1 and GLI1, with  

reasonable distance between boundaries of the STAT3 and GLI1 peaks and the binding 

sites are located within 1,500 bp upstream of the transcription start sites or introns 

(Supplemental Table I). To further narrow down to genes that may play an important 

role in breast cancer, we performed Kaplan-Meier analysis and found 18 out of the 34 

genes to correlate with shortened metastasis-free survival. We further conducted qRT-

PCR of the 18 genes and found three genes (R-Ras2, Cep70, and UPF3A) to be 

significantly upregulated by co-overexpression of STAT3-GLI1 and/or STAT3-tGLI1 (Fig. 

6B). Furthermore, we examined the impact of STAT3 and GLI1/tGLI1 downregulation on 

expression of target genes by using shSTAT3 and shGLI1/tGLI1 and carried out qPCR. 

Downregulation of both STAT3 and GLI1/tGLI1 significantly reduced expression of 

Cep70 and UPF3A (Supplemental Fig 1). All three genes contain regions that are 

bound to STAT3 and GLI1 as indicated by the ChIP-Seq data (Fig. 6C). High expression 

of R-Ras2, Cep70, or UPF3A genes is associated with worse metastasis-free survival 

(Fig. 6D). Gene expression profiles and survival data of 710 tumors were retrieved from 

the GEO database (GSE12276/2034/2603/5327/14020). Since we observed that R-

Ras2 gene promoter was significantly activated by the co-overexpression of STAT3 with 

GLI1, and STAT3 with tGLI1, we examined whether the STAT3-GLI1 and STAT3-tGLI1 

complexes bind to the R-Ras2 gene promoter using sequential ChIP assay with two 

antibodies sequentially, as we previously conducted 49. ChIP and sequential ChIP data 

indicated that the STAT3-GLI1 and STAT3-tGLI1 complexes bind to the R-Ras2 gene 

promoter but not to the internal reference control gene promoter, SNAI2 (SLUG), as 

https://www.ncbi.nlm.nih.gov/sra
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expected (Fig. 6E). In summary, we identified three genes that can be directly co-

activated by STAT3-GLI1 and STAT3-tGLI1 cooperation.   

 

STAT3 synergizes with GLI1/tGLI1 to promote mammosphere-forming ability of 

breast cancer cells and immortalized mammary epithelial cells. 

STAT3 and GLI1 transcription factors are known to promote cancer stem cell renewal 50-

52; however, whether they cooperate to promote cancer stemness has not been reported. 

To determine whether co-overexpression of STAT3 and GLI1/tGLI1 promote aggressive 

phenotypes of breast cancer cells, we transfected four cell lines with STAT3CA with and 

without GLI1/tGLI1 and then determined their ability to form mammospheres.  Our 

results show that the co-overexpression significantly enhanced mammosphere-forming 

ability of two triple-negative breast cancer cell lines, MDA-MB-468 (Fig. 7A) and BT20 

(Fig. 7B). Interestingly, the co-overexpression of STAT3CA with tGLI1 significantly 

promotes the ability of immortalized human mammary epithelial MCF-10A cells (Fig. 7C) 

and HMLE cells (Fig. 7D) to form mammospheres. These observations indicate that 

STAT3 synergizes with GLI1/tGLI1 to promote mammosphere-forming ability of breast 

cancer cells and immortalized mammary epithelial cells. 

 

II.4 Discussion 

 

We report in this study, for the first time, that STAT3 undergoes protein-protein 

interactions with GLI1 and tGLI1, and that the interactions contribute to gene activation 

and stem-like phenotype of breast cancer. Our study also provides the first evidence that 

activated STAT3 is co-overexpressed with GLI1 and tGLI1 in the majority of triple-

negative and HER2-enriched subtypes of breast cancer that are known to be more 
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metastatic and associated with worse survival, compared to luminal subtypes of breast 

cancer. Our study further showed that STAT3- and GLI1/tGLI1-activation signatures are 

co-enriched in triple-negative and HER2-enriched, but not in luminal subtypes, and that 

patients with high levels of STAT3 and GLI1/tGLI1 co-activation in their breast tumors 

had worse metastasis-free survival compared to those with low levels.  

 

We identified and validated three genes that can be directly activated by STAT3-GLI1 

and/or STAT3-tGLI1 cooperation, namely, R-Ras2, Cep70, and UPF3A. R-Ras2 (also 

known as TC21) is a transforming GTPase that shares downstream effectors with Ras 

subfamily proteins 53. Constitutively activated mutants of the Ras-related protein R-Ras2 

has been shown to promote tumorigenic transformation of NIH3T3 cells 54. R-Ras2 has a 

role in both breast tumorigenesis and the late metastatic steps of cancer cells in the lung 

parenchyma 53. R-Ras2 drives tumorigenesis in a phosphatidylinostiol-3 kinase-

dependent and signalling autonomous manner 53. Interestingly, overexpression of R-

Ras2 is commonly found in breast cancer and has been shown to potentially contribute 

to the development of human breast cancers 55. These findings suggest that R-Ras2 

may be an important downstream effector of the STAT3-GLI1/tGLI1 pathway.  

 

We identified Cep70 as a novel target for STAT3 and GLI1. Cep70 protein interacts with 

gamma-tubulin to localize at the centrosome playing a critical role in mitotic spindle 

assembly 56. Cep70 also regulates microtubule stability by interacting with HDAC6 57. 

Interestingly, Cep70 has been shown to contribute to angiogenesis through modulating 

microtubule rearrangement and stimulating cell polarization and migration 58, and 

STAT3/GLI1/tGLI1 can also promote angiogenesis and migration 35, 36, 52. Cep70 has 

been reported to enhance breast cancer lung metastasis 59. These findings suggest that 
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STAT3 and GLI1/tGLI1 may promote breast cancer progression through activating 

expression of Cep70.  

 

Our results indicate that UPF3A expression can be enhanced by co-expression of 

STAT3 and tGLI1. UPF3 (up-frameshift) is a mostly nuclear protein that shuttles 

between the nucleus and cytoplasm and interacts specifically with spliced mRNAs 60. 

UPF3 is a key factor in nonsense-mediated messenger RNA decay (NMD), a critical 

process of selective degradation of mRNAs that contain premature stop codons. UPF3 

interacts with Y14, a component of post-splicing mRNA-protein complexes, as part of the 

complex that assembles near exon-exon junctions, allows it to serve as a link between 

splicing and NMD in the cytoplasm 60. UPF3A acts primarily as a potent NMD inhibitor 

that stabilizes hundreds of transcripts 61. Mice conditionally lacking UPF3A have been 

reported to exhibit "hyper" NMD and display defects in embryogenesis and 

gametogenesis 61. In light of these observations, STAT3 and tGLI1 may cooperate to 

regulate NMD through UPF3A.  

 

The novel physical and functional interactions of STAT3 and GLI1/tGLI1 we uncovered 

have important translational implications because both pathways can be targeted 

through inhibiting their upstream regulators. Our results support the combination of 

STAT3- and GLI1-targeted therapies for triple-negative and HER-enriched breast 

cancers. One of STAT3’s upstream activating kinases is Janus-activated kinase 2 

(JAK2), a non-receptor tyrosine kinase that is amplified and hyperactive in triple-negative 

and HER2-positive breast cancers 12, 13. Several JAK2 inhibitors have been developed. 

Ruxolitinib is the only FDA approved inhibitor for JAK2 (wild-type and V617F mutant) 

and is approved for psoriasis and myelofibrosis. For triple-negative inflammatory breast 

cancer, a phase I/II trial with ruxolitinib in combination with paclitaxel is being conducted 
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(NCT02041429). Ruxolitinib with capecitabine is evaluated in a phase II trial for 

advanced or metastatic HER2-negative breast cancer (NCT02120417). A phase II trial 

with ruxolitinib as single agent did not produce sufficient patient response 

(NCT01562873). For metastatic HER2-positive breast cancer, ruxolitinib in combination 

with Herceptin is in a phase I/II clinical trial (NCT02066532). Another JAK2 inhibitor 

pacritinib has equipotent activity against JAK2 (wild-type and mutant) and FLT3, and is 

being tested clinically for leukemias, and lung and colon cancers. There is currently no 

clinical trial with pacritinib for breast cancer. 

 

SMO has emerged as an important therapeutic target for several cancer types including 

breast cancer 39, 40. Two orally active SMO inhibitors, vismodegib and sonidegib, 

received FDA approval for advanced basal cell carcinoma. For triple-negative advanced 

breast cancer, vismodegib is being evaluated with chemotherapeutic agents, paclitaxel, 

epirubicin and cyclophosphamide, in a phase II trial (NCT02694224) while sonidegib is 

being tested in a phase I trial (NCT02027376). Additional SMO inhibitors are presently 

investigated in the clinic for other cancer types, including glasdegib, taladegib, and 

saridegib.  

 

In summary, this study reports for the first time the physical and functional interactions of 

two families of oncogenic transcription factors in two highly aggressive subtypes of 

breast cancer, namely, triple-negative and HER2-enriched breast cancers. Our findings 

shed new light into the malignant biology of these aggressive and hard-to-treat breast 

cancers. Our findings also provide novel rationale to simultaneously inhibit the JAK2-

STAT3 and the SMO-GLI1/tGLI1 pathways to achieve optimal clinical efficacy for triple-

negative and Herceptin-refractory HER2-enriched breast cancers.        
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II.5 Materials and Methods 

 

Cell lines, tumor tissues, and plasmids 

All cell lines were purchased from ATCC (Manassas, VA) except the brain-metastatic 

MDA-MB-231-BrM cells 62 and HMLE immortalized human mammary epithelial cells 63. 

All cell lines were cultured, according to the instructions provided by the ATCC. The 

breast cancer tissue microarray (BR10010) was obtained from US Biomax (Rockville, 

MD). GLI1 and tGLI1 plasmids were generated in our laboratory 34. STAT3CA plasmid 

was a generous gift from Dr. Keping Xie at the University of Texas-MD Anderson Cancer 

Center 64. The GLI1-binding sites-driven luciferase construct, 8x3’Gli-BS Luc, was 

generously provided by Dr. Hiroshi Sasaki at Osaka University, Japan 65.     

 

Immunohistochemistry (IHC), immunoblotting, immunoprecipitation, and 

immunofluoresence  

IHC and immunoblotting were performed as we previously described 38, 66. Antibodies for 

IHC included p-STAT3 (Y705) antibody (Cell Signaling; #9145; 1:50), and rabbit 

polyclonal GLI1 and tGLI1 antibodies that we developed and validated 38, 49, 66. 

Antibodies for immunoblotting included p-STAT3 (Y705) antibody (Cell Signaling, 

1:1,000), STAT3 rabbit polyclonal antibody (Santa Cruz; C20; 1:1,000), α-tubulin and β-

actin mouse monoclonal antibodies (Sigma), and rabbit polyclonal GLI1/tGLI1 antibody 

(Cell Signaling, 1:1,000). Immunoprecipitation was performed as described previously 

(Lo, 2005). Briefly, cells were transfected with flag-tagged GLI1, tGLI1 or STAT3 

mutants, stimulated with 100 ng/ml EGF and 100 ng/ml SHH for 2 hrs, washed, 

fractionated, and precleared with protein G-agarose (Sigma; A2220). Precleared lysates 

were incubated with anti-flag M2 affinity gel or mouse IgG at 4°C overnight with gentle 

agitation. Pellets were collected, washed and subjected to SDS-PAGE and WB analysis. 
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STAT3 immunoprecipitation was performed using antibodies from Santa Cruz (C-20). 

GLI1 and tGLI1 immunoprecipitation was performed using a GLI1 antibody (Santa Cruz, 

H-300) that recognizes the COOH-terminal end and, therefore, pulls down GLI1 and 

tGLI1. Immunofluoresence was performed as described previously (Lo, 2008). Isogenic 

MDA-MB-231 cells stably overexpressing GLI1 or tGLI1 with an RFP were 

immunostained with STAT3 antibody (Cell Signaling; #12640; 1:1000), Alexa Fluor 488 

conjugated secondary (Cell Signaling; #4412; 1:200), stained with DRAQ5 

(ThermoFisher; 62251; 5 µM), and immediately subjected to confocal microscopy.   

 

Gene Set Enrichment Analysis (GSEA) and Heat Map Generation 

GSEA was performed by generating the Gene MatriX file (.gmx) by using published 

signatures for Angiogmatrix 67. The Gene Cluster Text file (.gct) was generated from the 

GEO database (GSE12276/2034/2603/5327/14020). The Categorical Class file (.cls) 

was generated based on the STAT3 activation and GLI1/tGLI1 activation scores. The 

number of permutations for GSEA was set to 1,000. For generation of heat maps, 

patients were divided into high or low STAT3 and GLI1 scores, and the genes included 

in the map were genes within the published signatures for the indicated breast cancer 

subtypes. Heat maps were generated using Morpheus software developed by the Broad 

Institute. 

 

Chromatin Immunoprecipitation (ChIP) Assay 

This was performed using a ChIP Assay Kit (Upstate Millipore), as we described 

previously 66. A GLI1 antibody (Santa Cruz, H-300) that recognizes the COOH-terminal 

region present in both GLI1 and tGLI1 proteins was used for immunoprecipitation of cells 

expressing TGLI1, GLI1, or vector. STAT3 antibody used for ChIP was purchased from 



49 
 

Santa Cruz (C-20). The primers used for PCR following ChIP are located in 

Supplemental Table II. 

 

Quantitative RT-PCR 

Total RNA was isolated using Promega SV Total RNA Isolation kit and subjected to 

quantitative PCR as we previously described 38, 66. Primers for PCR are described in 

Supplemental Table III. 

 

Promoter Reporter Assay 

All transfections were performed with cells in exponential growth using XtremeGene HP 

(Roche). GLI1-binding sites-driven luciferase construct, 8x3’Gli-BS and a STAT3-binding 

site containing luciferase reporter plasmid (Strategene) were used. An additional renilla 

luciferase expression vector, pRL-CMV was used to control for transfection efficiency. 48 

hr after transfection, cells were lysed and luciferase activity was measured using the 

Firefly and Renilla luciferase activity kit (Biotium), as we previously described 34, 66. 

Relative promoter activity was computed by normalizing the Firefly luciferase activity 

against that of the Renilla luciferase. 

 

Identification of genes co-activated by STAT3 and GLI1/tGLI1 via mining ChIP-seq 

datasets 

We acquired the publicly available ChIP-seq data from Sequence Read Archive of NCBI 

(https://www.ncbi.nlm.nih.gov/sra).  The GLI1 ChIP-seq data were derived from the 

project of PRJNA179206 with GEO accession of GSE42132 44. It included 7 runs 

(SRR611923 - SRR611929). The STAT3 ChIP-seq data were downloaded from two 

projects: PRJNA129289 45 with a single run of SRR271642, and PRJNA142287 46 with a 

single run of SRR091648. The raw fastq files were derived from SRA, by the fastq-dump 
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tool with the run ids. 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 mm9 

genome by bowtie2 47. The peak calling was enabled by MACS2 48 software using 

default parameters. We have compared the peaks of GLI1 called MACS2 with the high-

confidence GLI1 peaks in the supplementary table of Peterson et al. They are highly 

consistent. We combined the peaks of STAT3 from the two studies as aforementioned. 

The co-binding analysis was implemented by a python script that processed the bed files 

from the peak calling of ChIP-seq data of GLI1 and STAT3. The co-binding region was 

defined by the distance between boundaries of the two peaks. We used the gene 

annotation from mm9 reference to check if the co-binding regions are located to specific 

regions of a gene. We utilized IGV software to check the regions of interest manually, 

such as, those for CEP70, Rras2, and UPF3a.  

 

Mammosphere Assay 

Cells were seeded (500-1000 cells/well) in 24-well ultra-low attachment plates (Corning) 

with DMEM/F12 (Gibco) containing 2% B27 (Gibco), 20 ng/mL EGF (Sigma), 4 ug/mL 

insulin (Sigma), and 100 ng/mL SHH (Sigma). Mammospheres were cultured for 7-14 

days and supplemented with fresh mammosphere medium (100-200 uL) every 3-4 days. 

The number of spheres per well were counted under 5x objective. 

 

II. 6 Abbreviations 

CEP70, centrosome protein 70. EGF, epidermal growth factor. EGFR, epidermal growth 

receptor. ER, estrogen receptor. HER2, human epidermal growth factor-2. GEO, Gene 

Expression Omnibus. GSEA, Gene Set Enrichment Analysis. GLI1, glioma-associated 
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oncogene homolog-1. JAK2, Janus-activated kinase 2. NMD, nonsense-mediated 

messenger RNA decay. PTCH1, patched 1. PR, progesterone receptor. SHH, sonic 

hedgehog. SMO, smoothened. STAT3, signal transducer and activator-3. STAT3CA, 

constitutively active STAT3. tGLI1, truncated glioma-associated oncogene homolog-1. 

UPF3A, up-frameshift 3A.  
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II.10 Figures 

 
 

Figure 1: Significant co-expression of p-STAT3 (Y705), GLI1 and tGLI1 in triple-

negative and HER2-enriched node-positive breast carcinomas and in lymph node 

metastases.   

A) A TMA of 47 node-positive breast carcinomas tumors with subtype information was 

analyzed for expression levels of p-STAT3 (Y705), GLI1, and tGLI1 using IHC. >20% 

nuclear staining denotes positivity. *,** denote p<0.05. B) Representative images. C) 

Sixty lymph node metastases without subtype information were analyzed via IHC for p-

STAT3 (Y705), GLI1, and tGLI1. All slides were scored by a pathologist.  
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Figure 2: Co-activation of the STAT3 and GLI1/tGLI1 pathways is enriched in 

triple-negative and HER2-enriched breast cancers. 

GSEA was used to determine if activated STAT3 (A) and GLI1 (B) signatures were 

enriched in 710 breast tumors. Expression profiles of 710 tumors were retrieved from the 

GEO database (GSE12276/2034/2603/5327/14020). NES, normalized enrichment score. 

C) Heat maps were generated via GraphPad Prism. D) Triple-negative and HER2-

enriched breast cancers have significantly higher levels of STAT3 activation and 

GLI1/tGLI1 activation than the ER+ liminal tumors.   
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Figure 3: Co-activation of the STAT3 and GLI1/tGLI1 is associated with shortened 

metastasis-free survival of triple-negative and HER2-enriched breast cancers.   

Using the Kaplan-Meier analysis, log-rank analyses, univariate and multivariate analyses, 

and the STAT3 and GLI1/tGLI1 activation signatures, we analyzed 672 patients whose 

expression profiles and survival data were obtained from the GEO database 

(GSE12276/2034/2603/5327/14020). The cohort was divided into four groups according 

to the extent of activation for both pathways. Median survival years are indicated. A) 

Triple-negative breast cancer cohort. B) HER2-enriched breast cancer cohort. C) 

Univariate and multivariate analyses of triple-negative breast cancer cohort. D) 

Univariate and multivariate analyses of Her2-enriched breast cancer cohort.  
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Figure 4: Breast cancer cell lines and xenografts co-overexpress p-STAT3 (Y705), 

GLI1, and tGLI1.  

A) Breast cancer cell lines were analyzed by western blots for levels of p-STAT3, GLI1, 

and tGLI1. B) Cell line-derived xenografts were analyzed for p-STAT3 (Y705), GLI1, and 

tGLI1 via IHC. MDA-MB-231 triple-negative cells into the mammary fat pad (mfp; top 

panel) of female nude mice, and the brain-metastatic MDA-MB-231-BrM cells (bottom 

panel) into the mouse brain.  
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Figure 5: STAT3 physically interacts and functionally cooperates with GLI1 and 

tGLI1.  

A) STAT3 interacts with both GLI1 and tGLI1 as shown by IP-WB using MDA-MB-468 

cells transfected with flag-tagged GLI1 or tGLI1 plasmids. A flag antibody (Ab) was used 

in IP. IgG was used as negative IP controls. B) STAT3 mutants (Constitutively Active 

(CA), S727A, and Y705F) interact with both GLI1 and tGLI1 as shown by IP-WB using 

isogenic HEK293-GLI1 or –tGLI1 cells transfected with flag-tagged STAT3 mutant 

plasmids. C) ChIP assay and sequential ChIP assay were used to examine the binding 

of STAT3, GLI1, and/or tGLI1 and their complexes to  bind to the GLI1/tGLI1-binding 

sites in the PTCH1 and GLI1 gene promoters and/or the STAT3-binding sites (in the 

pGAS-Luc plasmid). D) Co-overexpression of STAT3CA with GLI1 or tGLI1 enhanced 
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the activity of a promoter controlled by GLI1-binding sites in MDA-468 cells. 8x3’Gli-BS 

Luc was used with a control Renilla luciferase reporter. E) The STAT3-binding sites-

containing reporter (pGAS-Luc) was activated by SHH, EGF, or in combination. 

Transfected cells were starved for 16 hrs and then treated with SHH (100 ng/ml) and/or 

EGF (100 ng/ml) for 4 hrs followed by determination of luciferase activity. F) 

Representative Immunofluoresence images depicting nuclear colocalization of 

endogenous STAT3 (GFP) and GLI1 or tGLI1 (RFP) in isogenic MDA-MB-231 cells. All 

experiments were done three times to derive means and standard deviations. Student t-

test was used to compute p values (*, p<0.05).  
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Figure 6: Identification of genes co-activated by STAT3 and GLI1/tGLI1. 

A) Strategy to identify genes co-activated by STAT3 and GLI1/tGLI1. B) Three of the 18 

potential gene targets were significantly upregulated by co-overexpression of STAT3-

GLI1 and/or STAT3-tGLI1. qRT-PCR was used. tGLI1, TG. C) R-Ras2, Cep70, and 

UPF3A gene promoter and enhance regions that are bound to STAT3-GLI1 and/or 

STAT3-tGLI1 complexes. GLI1/tGLI1-bound regions are marked by green peaks (top 

panels). STAT3-bound regions are marked by blue peaks (bottom panels). D) High 

expression of R-Ras2, Cep70, or UPF3A genes is associated with worse metastasis-free 

survival. Gene expression profiles a survival data of 710 tumors were retrieved from the 

GEO database (GSE12276/2034/2603/5327/14020). E) STAT3-GLI1 and STAT3-tGLI1 

complexes bind to the R-Ras2 gene promoter but not to the promoter of the internal 
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reference control (Slug gene promoter) as shown by sequential ChIP assay with two 

antibodies sequentially. 
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Figure 7: STAT3 synergizes with GLI1/tGLI1 to promote mammosphere-forming 

ability of breast cancer cells and immortalized mammary epithelial cells. 

We transfected three cell lines with STAT3CA with and without GLI1/tGLI1 and then 

determine their ability to form mammospheres.  A) Triple-negative MDA-MB-468 cells. B) 

Triple-negative BT20 cells. C) Immortalized human mammary epithelial MCF-10A cells. 

D) Immortalized human mammary epithelial HMLE cells. All experiments were done 

three times to derive means and standard deviations. Student t-test was used to 

compute p values (*, p<0.05).  
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II.11 Supplementary figures 

 

 

 

Supplemental Figure 1. 

We examined the impact of STAT3 and GLI1/tGLI1 downregulation on expression of 

target genes using shSTAT3 and shGLI1/tGLI1, and carried out qPCR. We observed 

that downregulation of both STAT3 and GLI1/tGLI1 significantly reduced expression of 

Cep70 and UPF3A. MDA-MB-468 breast cancer cells were used. 
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II.12 Supplementary tables 

 

Bahcc1 

C3orf75 (2610002I17Rik) 

Ccnk 

Cd96 

Cep70 

Chd9 

Cnga3 

Cnnm2 

FCGBP /// LOC100133944 

(9530053A07Rik) 

Gli1 

Glul 

Gstm1 

Hdlbp 

Ifih1 

Map1b (Mtap1b) 

N4bp2l2 

Nsd1 

Ogfr 

Pafah1b3 

Prrg4 

Psmd11 

Psmd5 

Ptch1 

Rras2 

Rtf1 

Sash1 

Skap2 

Slc35f5 

Smpd3 

Stx5 (Stx5a) 

Thrap3 

Xpnpep2 

Ylpm1 

ZNF205 (Zfp13) 

Supplemental Table I. 36 genes that were bound to both STAT3 and GLI1/tGLI1. 
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ChIP 

Oligo sequence (5' to 3') Oligo name Genes 

AGGGAAAGATCAAGAGGAAAAACT RRAS2_ChIP-F1 Rras2 

GCAAGACAGACCTGTAAAGATGC RRAS2_ChIP-R1   

      

GGCAAATGTTCGTGTGTGTG PTCH1_ChIP-F PTCH1 

AGGGCAGAAATTACTCAGCAA PTCH1_ChIP-R   

      

CACTGCATTCTAGTTGTGGTT pGAS_ChIP-F pGAS 

GCCGGGCCTTTCTTTATGT pGAS_ChIP-R   

      

CGGCTGCTATAACCAGCAA GLI1_ChIP-F GLI1 

GGAGGGAAGTTTGCAAATGAT GLI1_ChIP-R   

 

Supplemental Table II. Sequences for primers used in ChIP assays 
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qRT-PCR 

Oligo sequence (5' to 3') Oligo name Genes 

AACCCCAGGATTCCAGTCAAC CEP70-F2 CEP70 

TCCCATTCTGCTTCTTCCTGC CEP70-R2   

AGAAAGTACTACTCACATGAAAGCC CHD9-F2 CHD9 

GCTGCCAGCATATATCCACCT CHD9-R2   

GTGGTGCCCTTGGTTACGC FAM179B -F2 FAM179B  

AAAGAACAGCTTCAGCCTGC FAM179B -R2   

TGGGAGCAGACAGAGCCTAT FAM179B -F2 FAM179B 

AGGCATGACCTCGGCATTAG GLUL-R1   

AGCGCGTCATCGACTACATT ID3-F1 ID3 

TGACAAGTTCCGGAGTGAGC ID3-R1   

TACCTGACCTTTCTGCCTGC IFIH1-F2 IFIH1 

ACGAATTCCCGAGTCCAACC IFIH1-R2   

CCCGAAGCTCAACACAAAGC MTHFD1-F1 MTHFD1 

GCGAATGGGCAGAATGAAGC MTHFD1-R1   

GGCAAGGCAAGTAGCGGC NDUFS8-F2 NDUFS8 

TTCACATACTTGTAGGTGGCTGC NDUFS8-R2   

TAGATTTTCCCCGCCCACTC PAFAH1B3-F1 PAFAH1B3 

GAGGAGGGAGAAACCACCCA PAFAH1B3-R1   

AGGCTGCCTTGTCTCCATTG PRRG4-F2 PRRG4 

GGTGGTGGTGGTGAAACACT PRRG4-R2   

TCCTGGTGTCCTCATGGCTT PSMD11-F2 PSMD11 

CCTAGCATTTTCCCCCAAGGT PSMD11-R2   

ACATGGAGGCATCAGCAAAGA RRAS2-F2 RRAS2 

CGTGTTGGTTCTGGTGAAGG RRAS2-R2   

ACCGCTCATCACGAACATCA RTF1-F2 RTF1 

AGAAGGGCATGTGACACCAG RTF1-R2   

TTGCAGCACAAGACCTTCCT SKAP2-F2 SKAP2 

CACCACCGTTTCTGCCATTC SKAP2-R2   

TGTACAAGAGGACTTCGCGG SLC35F5-F2 SLC35F5 

TGTGCAAGCAGCAAAGTAACC SLC35F5-R2   

GTGCTGCGGGTGTTCTTTTG THRAP3-F1 THRAP3 

GAGCGAGAAGAGCGAGATCC THRAP3-R1   

CGCCGACCTGAGTCTTTATCC UPF3A-F1 UPF3A 

GGCCTTTGCTGTCAAGGAAG UPF3A-R1   

TACTCGTGCTTCTGAGCCTG YLPM1-F2 YLPM1 

TCAGCCAGGTGACCACTTTC YLPM1-R2   

GGCTGTGGAGACTCCCTTC ZNF205-F2 ZNF205 

ACAGCTGAGTTGTTTCTCCCT ZNF205-R2   

Supplemental Table III. Sequences for primers used in qRT-PCR. 
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III.1 Abstract 

 

Mechanisms for breast cancer metastases remain unclear. Here, we examined 

truncated glioma-associated oncogene homolog 1 (TGLI1, tGLI1), a transcription factor 

known to play important roles in tumor invasion and angiogenesis, for its involvement in 

breast cancer metastasis. Whether TGLI1 plays any role in metastasis of any tumor type 

has never been reported. Results of two mouse models of breast cancer metastasis, via 

intracardiac and intracranial implantations, showed that ectopic expression of TGLI1, but 

not GLI1, preferentially promoted brain metastasis. Conversely, selective TGLI1 

knockdown using antisense oligonucleotides led to decreased breast cancer brain 

metastasis (BCBM) in an intracardiac injection mouse model of metastasis. 

Immunohistochemical staining showed that TGLI1, but not GLI1, was increased in lymph 

node metastases compared to matched primary tumors, and that TGLI1 was expressed 

at higher levels in BCBM specimens compared to primary tumors. TGLI1 activation is 

associated with a shortened time to develop BCBM, and enriched in HER2-enriched and 

triple-negative breast cancers, the subtypes with a high potential for brain metastasis. 

Radioresistant BCBM cell lines and specimens expressed higher levels of TGLI1, but not 

GLI1, than radiosensitive counterparts. Since cancer stem cells are considered the 

metastasis-initiating cells, we examined whether TGLI1 promotes breast cancer stem 

cells and found TGLI1 to transcriptionally activate stemness genes CD44, Nanog, Sox2, 

and OCT4, leading to stem cell activation. Consistent with an important role for 

astrocytes in tumor growth, TGLI1-positive cancer stem cells strongly activate and 

interact with astrocytes. Collectively, these findings demonstrate that TGLI1 mediates 

breast cancer metastasis to the brain, in part, through promoting metastasis-initiating 

cancer stem cells and activating astrocytes in the BCBM microenvironment.  
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III.2 Introduction 

 

Breast cancer is the second leading cause of cancer-related mortality in women and 

metastasis to distant organs result in 90% of breast cancer deaths
1
. Metastatic breast 

cancers occur in 20-30% of cases resulting in a 5-year survival rate of only 22%. The 

most common sites of breast cancer metastases are bone, lung, brain, and liver 
2
. 

HER2-enriched and triple-negative breast cancer (TNBC) subtypes have the highest 

propensity to metastasize to the brain, ranging from 20-30% in HER2 and 45-60% in 

TNBC
2
. Breast cancer brain metastasis (BCBM) constitutes approximately 10-30% of 

metastatic breast cancer cases
3
. Current therapeutic options for women with BCBM 

include whole brain radiotherapy, surgical resection, and stereotactic radiosurgery 
4
. 

Despite our current therapies and recent understanding of BCBM, breast cancer patients 

with brain metastases have a dismal prognosis of only 6-18 months of survival following 

diagnosis
3
.  

 

Signaling pathways implicated in promoting BCBM include EGFR, PI3 Kinase, MAPK, 

HER2, as well as, stem cell pathways, Wnt and Notch
5
. Cancer stem cells are believed 

to be the drivers of metastasis
6
. Previous studies have shown that breast cancer stem 

cells lead to brain metastases and that these cells cross-talk with brain 

microenvironmental cells including microglia, neurons, and astrocytes 
7, 8

. The Sonic 

Hedgehog (Shh) pathway is an important mediator of stem cell self-renewal and is 

necessary for normal embryonic development, organogenesis, adult tissue maintenance, 

renewal and regeneration
9
. Shh signaling plays a vital role in normal brain and normal 

mammary gland formation
10

. GLI1, glioma-associated oncogene homolog 1, is a zinc 

finger transcription factor first discovered to be amplified in glioblastoma (GBM) and is a 
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nuclear mediator of the Shh pathway
11

. Importantly, several GLI1 target genes have 

been shown to lead to tumorigenesis, EMT, angiogenesis, proliferation and stemness 

which are all key characteristics of malignant tumors
12

. GLI1 is aberrantly active in many 

cancers
12

, is associated with higher tumor stage, increased lymph node metastasis, poor 

overall survival, and decreased relapse-free survival for breast cancer patients
13

. 

 

Our laboratory discovered a truncated form of GLI1 (TGLI1, tGLI1) in GBM and we have 

demonstrated that it is a gain-of-function GLI1 transcription factor
14-19

. TGLI1 is an 

alternatively spliced variant of GLI1, as a result of a 41 amino acid in-frame deletion, 

which retains all of the functional domains as GLI1, and is activated by the Shh-PTCH1-

SMO signaling axis
14

. We have shown that TGLI1 is expressed in GBM and breast 

cancer, but is not expressed in normal brain or breast tissue
14, 15, 18, 20

. Consistent with 

our findings, TGLI1 was reported to be expressed in highly invasive hepatocellular 

carcinoma but is not detected in normal hepatocytes 
21

. TGLI1 has the ability to regulate 

GLI1 target genes
14

 but gains the ability to upregulate seven target genes which are not 

regulated by GLI1
14-19

, namely, VEGF-A, VEGF-C, VEGFR2, TEM7, HPSE, CD24, and 

CD44 resulting in increased growth, angiogenesis, migration and invasion of cancer cells.  

In line with our results, VEGFR2 was reported to be transcriptionally activated by TGLI1 

in TNBC cells leading to increased angiogenesis
22

. Tumors with these features are more 

likely to metastasize; however, it has not been investigated whether TGLI1 plays a role 

in metastasis for any tumor type.  

 

In this study, we aimed to determine whether TGLI1 plays a role in breast cancer 

metastasis. Through the use of two in vivo metastasis mouse models, we observed that 

TGLI1 promotes BCBM and facilitates the intracranial growth of breast cancer cells. We 
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further observed that TGLI1 activation correlates with shortened metastasis-free survival 

and that TGLI1 expression is enriched in BCBM patient samples. Moreover, we found 

TGLI1 to play an important role in radioresistance and cancer stem cells. We uncovered, 

for the first time, that TGLI1 transcriptionally regulates OCT4 expression, an important 

regulator of embryonic stem cells and pluripotency. Lastly, knockdown of TGLI1 led to 

decreased stemness, decreased expression of OCT4 and CD44, and reduced BCBM in 

vivo. Collectively, our study defined TGLI1 as a novel mediator of BCBM, breast cancer 

stem cells, and resistance to radiation therapy.  

 

III.3 Results 

 

TGLI1 promotes brain metastasis of TNBC in an intracardiac injection metastasis 

mouse model.  

To determine the effects of TGLI1 on metastasis in an in vivo model, we first generated 

isogenic MDA-MB-231 cell lines to overexpress TGLI1, GLI1 or control vector using 

lentiviral constructs
15

 and the firefly luciferase reporter. Stable expression of TGLI1 or 

GLI1 was confirmed using western blotting (Fig. 1A). To determine whether exogenous 

GLI1 and TGLI1 were expressed at physiologically relevant levels, isogenic lines were 

implanted into the mammary fat pad (MFP) of athymic female mice and tumor xenografts 

were immunostained using TGLI1- and GLI1-specific antibodies we previously 

developed and validated
15-17, 19

. Of note, commercially available GLI1 antibodies detect 

both GLI1 and TGLI1 isoforms. Our results showed equivalent levels of expression for 

GLI1 and TGLI1 in MFP xenografts compared to primary breast carcinoma samples (Fig. 

1B). Expression of TGLI1 in MDA-231-TGLI1 MFP tumor was equivalent to that detected 
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in breast cancer PDXs as indicated by western blots (Fig. 1C); BCM-2174 (TNBC) and 

BCM-3963 (HER2-enriched) PDXs were shown to undergo brain metastasis 
23

. We next 

used an experimental metastasis model to mimic several stages of metastasis including 

evasion of anoikis, intravasation, and colonization to distant organs, mainly to the brain 

and bone. For this, the isogenic lines were injected into the left ventricle of athymic 

female mice and the mice were imaged biweekly using an In Vivo Imaging System (IVIS). 

Representative bioluminescent images showed TGLI1 preferentially increased breast 

cancer metastasis to the brain compared to GLI1 and vector groups (Fig 1D). To confirm 

bioluminescent signals were strictly from the brain or bone, and not surrounding tissues, 

we imaged the brain and bones ex vivo and observed TGLI1 mice to have increased 

brain metastasis (Figs. 1E,G), but reduced bone metastasis compared to the vector 

group (Figs. 1F,G). We further measured tumor foci in mouse brains, and found the 

TGLI1 group to have the greater number of tumor foci among the three groups (Figs. 

1H,I). These results suggest that TGLI1 promotes brain metastasis of circulating breast 

cancer cells.  

 

TGLI1 promotes the growth of TNBC in mouse brain in an intracranial injection 

mouse model.  

We evaluated the effects of TGLI1 on breast cancer intracranial growth using an 

intracranial implantation model. The isogenic TNBC MDA-MB-231 cell lines were 

implanted into the brain of female athymic mice and imaged weekly. The results showed 

TGLI1-expressing breast cancer cells were more tumorigenic than those with vector or 

GLI1 (Figs. 2A,B). TGLI1-positive brain metastases were significantly larger than GLI1 

and vector tumors (Fig. 2C). Mouse brains carrying TGLI1-expressing BCBM were 

visibly larger and highly vascularized (Fig. 2D). We next examined tumors for expression 

of GLI1 and TGLI1 via immunohistochemistry (IHC), and confirmed their expression (Fig. 



78 
 

2E).  TGLI1-expressing BCBM were more invasive as indicated by the hematoxylin and 

eosin (H&E) staining, more vascularized as indicated by increased microvessel density 

(CD31 IHC; Fig. 2F), and more proliferative (Ki-67 IHC; Fig. 2G) compared to vector and 

GLI1 xenografts. These results indicate that TGLI1 promotes intracranial growth, 

invasion and angiogenesis of TNBC cells.  

 

Activation of TGLI1 is enriched in HER2-enriched and triple-negative breast 

cancers and associated with poor metastasis-free survival. 

Whether TGLI1 target genes are associated with breast cancer patient outcomes 

remains unknown. DNA microarray probes do not distinguish TGLI1 from GLI1 

transcripts. Therefore, we generated a TGLI1 activation signature (tGAS-6) containing 

six validated TGLI1 target genes (VEGFA, VEGFC, VEGFR2, TEM7, HPSE, and CD24) 

known to be regulated by TGLI1 but not GLI1
15-19

 and determined whether tGAS-6 is 

correlated with patient survival using two large datasets retrieved from The Cancer 

Genome Atlas (TCGA) and Gene Expression Omnibus (GEO). The cDNA microarray 

probes used for GLI1 expression in both platforms detect both GLI1 and TGLI1 together. 

We found that TGLI1 is activated to a higher extent in HER2 and TNBC subtypes 

compared to luminal A and B subtypes in both TCGA and GEO datasets, whereas 

GLI1/TGLI1 expression was decreased in both datasets (Fig. 3A-B). Kaplan-Meier 

analysis of the GEO dataset indicated that patients with high tGAS-6, but not high 

GLI1/TGLI1 expression, had shortened overall metastasis-free survival (MFS; Fig. S3C), 

shortened brain MFS (Fig. 3D), and shortened lung and bone MFS (Supplementary Fig. 

S1A-B). These results indicated that TGLI1 activation is common in HER2-enriched 

breast cancer and TNBC, and associated with poor MFS, including brain MFS. 
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Expression of TGLI1 is increased in lymph node metastases and BCBM samples 

compared to primary breast carcinomas. 

A systematic analysis for TGLI1 expression, in comparison to GLI1, of breast cancer 

specimens has not been carried out. Analysis of primary breast carcinomas for TGLI1 

and GLI1 protein expression by IHC indicated that TGLI1 expression was significantly 

higher in lymph node-positive, LN(+), primary breast tumors compared to LN(-)  tumors, 

and that in LN(+) tumors, TGLI1 levels were higher than GLI1 expression (Fig 3E). 

Furthermore, we immunostained 47 pairs of primary breast carcinomas and their 

matched LN metastases and found that TGLI1 expression was higher in LN metastases 

than in matched primary tumors and that TGLI1 levels were higher than GLI1 expression 

in both primary tumors and LN metastases (Fig. 3F-G). As shown in Supplementary 

Fig. S1C, GLI1 expression is higher in the paired lymph node metastases compared to 

the primary tumor but this trend was seen in 66% of the matched pairs and 

approximately 32% of the matched pairs have decreased GLI1 expression. TGLI1 

expression was higher than GLI1 in LN(+) breast cancer in a pairwise analysis (N=57; 

Fig. 3H). Next, we analyzed 37 BCBM specimens via IHC and compared their 

TGLI1/GLI1 expression levels to those in primary breast tumors; the results showed that 

TGLI1 levels were higher in BCBM than primary tumors (Fig. 3I). Pairwise analysis 

showed that in BCBM, TGLI1 was expressed at higher levels than GLI1 (Figs. 3J, K). 

These results showed that TGLI1 expression is increased in LN metastases and BCBM 

samples compared to primary breast carcinomas, suggesting its important role in BCBM. 

 

TGLI1 contributes to BCBM radioresistance. 

Standard treatment modalities for patients with BCBM include surgical resection, whole 

brain radiotherapy, and stereotactic radiosurgery
4
. Whether TGLI1 has any effect on 

radioresistance for any tumor type has never been investigated. Here, we evaluated the 
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expression levels of TGLI1 and GLI1 in HER2-enriched brain-trophic (SKBRM) cells 

treated with 0, 2, or 5 Gray (Gy) of radiation. As shown in Fig. 4A, TGLI1 expression 

was significantly induced by radiation in a dose-dependent fashion whereas GLI1 

expression was not significantly altered. We further observed that TGLI1 was expressed 

at higher levels in radioresistant brain-tropic SKBRM (SKBRM-RR) and MDA-MB-231-

BrM (231BRM-RR) cells than the radiosensitive parental lines (Fig. 4B), whereas GLI1 

levels were reduced in the radioresistant lines (Fig. 4C). Since radioresistance is a 

hallmark of cancer stem cells and the Hh pathway is an important mediator of 

tumorigenesis and stemness
9
, we determined whether TGLI1 contributes to the 

radioresistant phenotype of breast cancer stem cells, we grew SKBRM-RR and SKBRM 

cells as mammospheres and evaluated levels of TGLI1. Our results showed that TGLI1 

was expressed at higher levels in SKBRM-RR mammospheres than SKBRM 

mammospheres, whereas GLI1 expression was significantly decreased (Fig. 4D). 

Further shown in Fig. 4E, we observed that TGLI1 overexpression rendered 

radioresistant cells more resistant to irradiation. Furthermore, we confirmed these 

findings using 20 radiosensitive and 16 radioresistant BCBM samples by IHC. 

Radiosensitive samples were from patients that did not have recurrence one year after 

gamma-knife radiosurgery whereas radioresistant BCBMs were from patients with 

recurrence within one year of gamma-knife treatment. As shown in Figs. 4F-H, TGLI1 

expression was significantly higher in radioresistant BCBMs than in radiosensitive 

samples whereas GLI1 was not differentially expressed between the two groups. 

Collectively, these data suggest a novel role that TGLI1 plays in radioresistance of 

BCBM.  
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TGLI1 promotes breast cancer stem cells and TGLI1-positive stem cells activate 

human astrocytes. 

To elucidate the mechanism by which TGLI1 mediates BCBM and radioresistance, we 

examined the effects of TGLI1 on breast cancer stem cells since they are resistant to 

radiation and chemotherapy, and this small population of cells leads to cancer 

progression, recurrence and metastasis
6
. Here, we determined TGLI1 expression levels 

in monolayer versus mammosphere (stem cell population) culture, and found TGLI1 to 

be induced by mammosphere culture in three different breast cancer cell lines, including 

luminal A (MCF-7), TNBC basal (BT-20), and brain-trophic HER2-enriched (SKBRM; Fig. 

5A-B). As shown in Supplementary Fig. S2A, TGLI1 expression in monolayer was not 

induced by mammosphere media, indicating that TGLI1 induction was due to cancer 

stem cells and not to growth factors present in the media. Furthermore, TGLI1 

overexpression in MDA-MB-231 cells led to increased stem cell population defined by 

CD44high/CD24low (Fig. 5C). Ectopic expression of TGLI1 enhanced the mammosphere-

forming ability of BT-20 cells (Fig. 5D-F), SKBRM cells (Fig. 5G-I), and promoted 

mammosphere-forming ability of two immortalized normal mammary epithelial cell lines, 

MCF10A and HMLE (Supplementary Fig. S2B&C), and enhanced the anchorage-

independent growth of HMLE cells (Supplementary Fig. S2D). Reactive astrocytes 

have been shown to support the arrest, extravasation, and growth of breast cancer cells 

in the brain
24

. To explore whether TGLI1-expressing breast cancer stem cells have any 

effect on astrocyte activation, we stimulated human astrocytes with conditioned medium 

from SKBRM cells grown in monolayer or mammosphere culture. As shown in Fig. 5J-K, 

TGLI1-positive mammospheres significantly activated astrocytes as indicated by 

increased glial fibrillary acidic protein (GFAP) expression. Further shown in Fig. 5L, 

astrocytes only survived and interacted with TGLI1-positive breast cancer stem cells 
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under the sphere-forming stem cell culturing condition. Together, these results indicated 

that TGLI1 promotes breast cancer stem cells and TGLI1-positive stem cells can 

activate astrocytes, a mechanism underlying TGLI1-mediated brain metastasis.  

 

TGLI1 upregulates stemness genes in breast cancer cells. 

Whether TGLI1 transcriptionally regulates stemness genes in breast cancer has never 

been investigated. Here, we determined the extent to which TGLI1 mediates breast 

cancer stemness by examining the ability of TGLI1 to regulate expression of four genes 

that are important for pluripotency and stem cell self-renewal, namely, Nanog, SOX2, 

OCT4, and CD44 
25

. GLI1 has been previously shown to directly regulate expression of 

SOX2 and Nanog 
26, 27

. We recently reported that TGLI1, but not GLI1, transcriptionally 

upregulated CD44 gene expression in glioma stem cells 
15

. Whether OCT4 can be 

regulated by TGLI1 or GLI1 has not been reported. To identify whether these genes are 

associated with BCBM, we used Kaplan-Meier analysis and the same GEO datasets 

used in Fig. 3C-D, and found that SOX2 and OCT4, but not Nanog and CD44, were 

associated with shortened brain MFS (Supplementary Fig. S3A). We found that TGLI1 

upregulates expression of all four stemness genes (Fig. 6A-C & Supplementary Fig. 

S3B-D). Of note, Nanog, SOX2, and OCT4 were significantly upregulated by TGLI1 in 

comparison to both vector and GLI1 in three cell lines. Consistent with the mRNA results, 

protein levels of all four stemness genes were enhanced by TGLI1 in SKBRM cells (Fig. 

6D). Promoter luciferase reporter assay showed that TGLI1 possessed the ability to 

transactivate the promoters of Nanog and SOX2 (two known GLI1 target genes; Fig. 6E, 

F). Using chromatin immunoprecipitation (ChIP) and promoter luciferase reporter assays, 

we further found that TGLI1 significantly bound to and transactivated CD44 (Fig. 6G, H) 

and OCT4 (Fig. 6I, J) promoters. Interestingly, we found that TGLI1 bound to the OCT4 
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promoter to a similar degree as GLI1; however, TGLI1 was able to transactivate the 

OCT4 promoter more than GLI1 to increase OCT4 mRNA and protein expression. 

Collectively, these results demonstrated that TGLI1 is a gain-of-function GLI1 

transcription factor with the ability to upregulate stemness genes and that TGLI1 is a 

novel transcriptional activator of Nanog, SOX2, and OCT4.   

 

Eight-gene TGLI1 activation signature (tGAS-8) is predictive of breast cancer 

metastasis and radioresistance. 

We recently identified two new TGLI1 target genes, CD44 and OCT4, which prompted 

us to create the 8-gene TGLI1 activation signature (tGAS-8) and determine its utility as a 

prognostic marker for breast cancer metastasis. Using tGAS-8 and the GEO datasets 

used earlier in Fig. 3, we found that tGAS-8 was more enriched in the HER2 and TNBC 

subtypes than the luminal A and B subtypes (Supplemental Fig. 3E). Metastatic breast 

tumors had higher tGAS-8 than non-metastatic counterparts (Fig. 6K). Patients with 

brain or lung metastases had higher tGAS-8 in their primary tumors compared to those 

with bone metastases and no metastases (Supplementary Fig. S3G). In contrast, 

GLI1/TGLI1 mRNA was decreased in breast cancer with metastases (Supplementary 

Fig. S3F-G). Furthermore, Kaplan-Meier analyses showed that patients with high tGAS-

8 have a shortened overall MFS, as well as, shortened brain, lung, and bone MFS, 

compared to those with low tGAS-8 (Fig. 6L & Supplementary Fig. S3H). Next, we 

investigated whether tGAS-8 is associated with metastasis and radioresistance using 

Gene Set Enrichment Analysis (GSEA) and the same GEO datasets. For this, we 

retrieved previously established signatures for cancer metastasis, BCBM, EMT, breast 

cancer stemness, and breast cancer radioresistance (Fig 6M & Supplemental Fig. S3I-

L). The results showed that breast tumors with high tGAS-8, but not GLI1/TGLI1 mRNA, 
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were enriched for all five signatures. Taken together, these results indicated that tGAS-8 

can be used as a prognostic indicator for metastatic breast cancer and radioresistance.   

 

Knockdown of TGLI1 suppresses breast cancer stem cells in vitro and reduces 

BCBM in vivo. 

To further validate the effects of TGLI1 on breast cancer stem cells, we used validated 

antisense oligonucleotides (AS-ON) to selectively knockdown TGLI1 in BT20 and 

SKRBM cells then determined the effect on mammosphere-forming ability. Consistent 

with our recent report
15

 the AS-ON led to selective knockdown of TGLI1 in both cell lines 

and significantly decreased the number of mammospheres compared to control (Fig. 

7A-B). TGLI1 knockdown decreased expression of the recently identified TGLI1 target 

genes, OCT4 and CD44 (Fig. 7C). To determine the functional role of TGLI1 on breast 

cancer metastasis, we knocked down TGLI1 in brain trophic SKBRM cells and 

performed intracardiac injections to study brain and bone metastasis (Fig. 7D). Ex vivo 

analysis of the brain and bone revealed a significant decrease in brain metastases in the 

TGLI1 knockdown group (Fig. 7E-F) but no difference in bone metastases (Fig. 7E, G). 

These results further support the novel role of TGLI1 in mediating breast cancer stem 

cells and BCBM.  

 

III.4 Discussion 

 

In this study we made the following novel and impactful observations: (1) TGLI1 

promotes breast cancer metastasis to brain, and intracranial growth of breast cancer 

cells in two mouse models of breast cancer metastasis; (2) TGLI1 activation is increased 

in HER2-enriched and TNBC subtypes and is associated with shortened brain MFS; (3) 



85 
 

TGLI1 expression is enriched in LN metastases and BCBM specimens compared to 

primary breast carcinomas; (4) TGLI1 is increased in radioresistant BCBM cell lines and 

specimens compared to radiosensitive counterparts, and contributes to resistance of 

BCBM cells; (5) TGLI1 promotes mammosphere formation in breast cancer cells and  

normal mammary epithelial cells; (6) TGLI1 mediates breast cancer stem cells, 

transcriptionally activates breast cancer stemness genes, and is a novel transcriptional 

activator of OCT4, a known stemness gene; (7) TGLI1-postive breast stem cells strongly 

activate and interact with astrocytes; and (8) TGLI1 knockdown decreases 

mammosphere formation, decreases OCT4 and CD44 expression, and reduces breast 

cancer metastasis ro brain. Through making these significant observations, our study 

defines TGLI1 as a novel mediator of brain metastasis, stemness, and resistance to 

radiation therapy in breast cancer, thereby providing novel insights into the molecular 

mechanisms for BCBM, stem cell regulation and responsiveness to radiation therapy.  

 

We observed in this study that TGLI1 promotes breast cancer stem cells. In addition to 

the mammosphere formation assay that is commonly used to measure breast cancer 

stem cells, we also performed FACS to quantify breast cancer stem cells and observed 

that TGLI1 increases the CD44high/CD24low stem cell subpopulation (Fig. 5C). This is 

consistent with previous studies reporting that a subpopulation of breast cancer stem 

cells can be characterized by cell-surface expression of CD44high/CD24low 
28, 29

. 

Interestingly, we have previously reported that both CD44 and CD24 can be 

transcriptionally activated by TGLI1
18

 while this study shows TGLI1 to increase the 

CD44high/CD24low stem cell subpopulation. We speculate that TGLI1 may have increased 

the expression of nuclear CD24 but not cell-surface CD24 expression. Duex et al. 

recently discovered that biologically active CD24 is localized in the nucleus of cancer 



86 
 

cells with low cell-surface CD24 expression. Importantly, they found that nuclear CD24 

correlated with metastasis and that a nuclear CD24 gene signature was predictive of 

shortened survival for breast cancer patients
30

. In agreement with these findings, and 

the role of the TGLI1-CD24 signaling axis in promoting cancer migration and invasion
14, 

18
 and metastasis (Figs. 1-2), other groups have shown that CD24-positive breast 

cancers are associated with tumor progression and poor survival
31, 32

. Taken together, 

these results suggest that TGLI1 may increase nuclear CD24 expression but reduce 

cell-surface CD24 expression, and thereby contributes to breast cancer stem cells and 

cancer metastasis. This possibility should be addressed in future studies.  

 

Our results from two mouse models of breast cancer metastasis indicate that TGLI1 

directs breast cancer metastasis to the brain and promotes breast cancer growth once in 

the brain (Figs. 1-2). Further, knockdown of TGLI1 led to decreased brain metastases of 

brain trophic breast cancer cells in vivo (Fig. 7). In support of our findings, the Shh 

pathway is essential for normal brain development during embryogenesis and is 

implicated in tumorigenesis within the brain
9, 10

. Overexpression of GLI1 and other Shh 

pathway downstream signaling molecules are associated with increased metastasis and 

unfavorable overall survival for breast cancer patients, especially those with HER2 or 

TNBC subtypes, the subtypes most likely to develop brain metastases. Apart from 

mediating breast cancer stem cells to drive BCBM, another potential mechanism by 

which TGLI1 may mediate BCBM is through regulating exosomal microRNAs. Through 

secretion of exosomes, small extracellular vesicles containing growth factors, DNA, and 

microRNAs, primary tumors can prime distant organs for colonization of tumor cells 
33

. 

Whether TGLI1-positive tumors secrete exosomal microRNAs to prime the brain for 

colonization remains to be investigated. Furthermore, results from our bioinformatic 
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analysis implicate TGLI1 in facilitating lung and bone metastases (Supplemental Fig. S1, 

S3). Using one cell line in our in vivo model, to overexpress TGLI1, we did not observe 

significant increase in lung (not shown) or bone metastases between vector, GLI1 or 

TGLI1 groups suggesting that TGLI1-positive breast cancers preferentially metastasize 

to the brain. Similarly, TGLI1 knockdown in a brain trophic HER2-enriched cell line 

(SKBRM) did not lead to significant differences in lung and bone metastases. Future 

experiments using additional breast cancer cell lines, or genetically engineered mouse 

models, are needed to further define the impact of TGLI1 on breast cancer metastasis in 

the context of organ preference. 

 

In the present study, we found that TGLI1 overexpression transformed normal mammary 

epithelial cells resulting in increased mammosphere formation and anchorage-

independent growth, key features of cancer stem cells (Supplementary Fig. S2). This 

interesting finding suggests TGLI1 may play an oncogenic role for mammary 

tumorigenesis. Future studies examining the role of TGLI1 in malignant transformation of 

normal mammary cells are needed. To meet this need, conditional transgenic mouse 

models may be established to allow for GLI1 gene knocked out and human TGLI1 gene 

knocked in. These floxed mice can then be crossed with mammary-specific cre mice 

such as MMTV-cre mice. This transgenic mouse model will shed new light on the effects 

of TGLI1 on malignant transformation of mammary cells, breast tumor growth, and 

progression.  

 

We identified OCT4 as a novel transcriptional target of TGLI1, but not GLI1, in breast 

cancer cells (Fig. 6). OCT4 is an established stemness gene 
25

. This novel TGLI1-OCT4 

signaling axis represents a previously undescribed molecular mechanism underlying 

breast cancer stem cells. Aberrant expression of OCT4 has been shown to promote 
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breast cancer progression, chemoresistance, and metastasis, and to be associated with 

TNBCs 
34

. In contrast, Shen et al., observed that OCT4 overexpression resulted in 

decreased migration and invasion in vitro, as well as, decreased lung metastases in vivo 

35
. Interestingly, Deleidi and colleagues have demonstrated that OCT4 is expressed in 

adult stem cells and has been shown to mediate adult neural stem cell differentiation into 

dopaminergic neurons
36

. The important role of OCT4 in the adult brain may contribute to 

the observed preferential brain metastasis of TGLI1-positive breast cancers. Future 

studies are needed to address this possibility.  

 

To fully understand the mechanism by which TGLI1 promotes breast cancer stem cells, 

RNA-seq will be carried out in future to identify additional TGLI1-specific stemness 

genes. The current study identified OCT4 as a stemness gene that underlies TGLI1-

mediated breast cancer stemness. This study also confirmed the existence of the TGLI1-

CD44 signaling axis in breast cancer which was first discovered in GBM stem cells
15

. 

Based on these findings, TGLI1 may mediate breast stem cells through upregulating 

both OCT4 and CD44 plus additional genes. The gain-of-function ability of TGLI1 should 

also be addressed. One possibility for TGLI1’s gain-of-function ability is that TGLI1 may 

interact with other transcription factors to co-regulate gene expression. Another 

possibility is that TGLI1 may bind to different consensus sites that GLI1 cannot bind. 

However, these possibilities will need to be thoroughly investigated in future studies.  

 

Given the tumor-specific expression of TGLI1 in several tumor types, identified in our lab 

and others
21, 22, 37

, TGLI1 may be regarded as a selective cancer therapeutic target, 

thereby sparing normal tissues. Currently, two Shh-SMO pathway inhibitors have been 

approved for the treatment of metastatic basal cell carcinoma, namely Vismodegib and 
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Sonidegib
38, 39

. Furthermore, there are several clinical trials investigating the use of Shh-

SMO pathway inhibitors to treat patients with TNBC or those with progressive cancers 

including breast cancer (NCT02694224 and NCT02465060), thus underscoring the 

importance of the Shh-SMO pathway in malignant tumors. Our study has uncovered 

aggressive features of TGLI1-positive breast tumors and its tumor-specific expression 

pattern, which highlights the need for developing TGLI1-specific inhibitors.  

 

In summary, our current study reports important findings on the novel functions of TGLI1 

and mechanisms contributing to BCBM, stem cells, and radioresistance. The results 

from this study, together with previous studies, have further strengthened the rationale to 

investigate: 1) the role of TGLI1 in nuclear CD24 in the context of breast cancer stem 

cells, 2) the role of exosomal microRNAs in regulating TGLI1-mediated brain metastasis, 

3) effects of TGLI1 downregulation on BCBM, 4) the role of TGLI1 on malignant 

transformation of normal mammary epithelial cells, 5) the role of the TGLI1-OCT4 

signaling axis in brain metastasis of TGLI1-positive breast tumors, 6) additional 

stemness genes regulated by TGLI1, 7) the gain-of-function ability of TGLI1 to regulate 

genes not regulated by GLI1, and 8) the development of TGLI1-specific inhibitor for the 

treatment of metastatic breast cancer and other tumor types that also express TGLI1, 

such as GBM and liver cancer. 

 

III.5 Materials and Methods 

 

Cell lines, tumor specimens, and expression plasmids 

Human breast cancer cell lines MCF10A, MCF7, and BT20 were purchased from ATCC 

(Manassas, VA) and cultured as specified by ATCC. HMLE, MDA-MB-231, and brain 
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metastatic MDA-MB-231-BRM  cell lines are from the Weinberg and Massagué 

laboratories, respectively. The brain metastatic cell line (SKBRM), radio-resistant cell 

lines (SKBRM-RR and 231BRM-RR), and E6/E7/hTERT immortalized human astrocytes 

were kind gifts from Drs. Fei Xing and Kounosuke Watabe. BC tissue microarrays 

(BR10010, BR952, BC01116) were purchased from US Biomax (Rockville, MD). BCBM 

patient specimens are from the Wake Forest Tumor Tissue Core and Dr. Kounosuke 

Watabe. The expression plasmids for GLI1 and TGLI1 were previously developed in our 

laboratory
14

.  

 

Metastasis-free survival analysis and GSEA 

Publicly available breast tumor expression profiles were retrieved from TCGA and GEO 

(GSE14020, 2034, 2603, 5327, 12276) with subtype and/or metastasis-free survival 

information. Median centering was used to generate TGLI1 activation signature (tGAS-6) 

comprised of known TGLI1 target genes including VEGFA, VEGFC, VEGFR2, TEM7, 

CD24, and HPSE
14-19

. The same method was applied to generate tGAS-8 where the 

CD44 and OCT4 genes were combined with genes from tGAS-6. Expression of tGAS 

was used to stratify patients in the GEO datasets and Kaplan-Meier curves were 

generated using GraphPad Prism 5. Log-Rank test was used to determine significance. 

The categorical clas file (.cls) was created based on tGAS-8 score or 

GLI1/TGLI1expression levels. The Gene Matrix file (.gmx)  was generated using 

published signatures for cancer metastasis
40

, BCBM
41, 42

, EMT
43

, BC stemness
44

, and 

BC radioresistance
45

. 
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Animal studies 

All animal experiments were conducted as approved by the Wake Forest Institutional 

Animal Care and Use Committee. Isogenic MDA231 lines with vector, GLI1, or TGLI1, 

and SKBRM with negative control oligos or TGLI1-AS-ON (1x105 cells) were injected 

into the left cardiac ventricle of female nu/nu mice and monitored bi-weekly using an In 

Vivo Imaging System (IVIS). Intracranial implantations were performed as we described 

previously 
15

. Briefly, female nu/nu mice were anesthetized with ketamine/xylazine and 

isogenic cells (2x104 cells/5 uL PBS) were stereotactically implanted into the right frontal 

lobe of the brain. Mice were monitored weekly using IVIS.  

 

Mammosphere assays 

Adherent cells were harvested and seeded (1,000 – 4,000 cells per well) in 24-well ultra-

low attachment plates (Corning) and cultured in mammosphere medium. The 

mammosphere medium comprised of Dulbecco’s modified Eagle’s medium/F12 (Gibco), 

B27 (2%; Gibco), EGF (20 ng/mL; Sigma), insulin (4 ug/mL; Sigma) and SHH (100 

ng/mL; Sigma). Mammospheres were grown for 7-14 days and supplemented with fresh 

medium every 3-4 days. Spheres were counted per well under 5x objective and sphere 

volume was measured using ImageJ software. Mammosphere conditioned medium were 

harvested after 7 days of culture. 

 

Selective knockdowns of GLI1 and TGLI1 using AS-ONs 

Control or TGLI1 specific locked nucleic acid (LNA) antisense oligonucleotides (AS-ON) 

were custom designed and purchased from Qiagen. Knockdown of TGLI1 was 

conducted as described previously
15

. Briefly, BT20 or SKBRM cells were transfected for 

48 hours with control or TGLI1 AS-ON using Lipofectamine 2000 (Invitrogen) and then 
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cells were harvested for qRT-PCR, seeded for mammosphere assay, or intracardially 

injected into female nu/nu mice described above.  

 

Statistical analyses 

Results are represented as ± SE. One-way ANOVA, Fisher’s Exact Test, Log-Rank test, 

and student’s t-test were performed using GraphPad Prism 5.  
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III.8 Figures  

 

Figure 1: TGLI1 promotes brain metastasis of TNBC in an intracardiac injection 

metastasis mouse model.  

A) Western blot analysis of isogenic MDA-MB-231 cell lines. B) IHC analysis of 

mammary fat pad MDA-MB-231 xenografts from female athymic mice and primary 
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breast cancer patient samples using GLI1- and TGLI1-selective antibodies. C) 

Expression of TGLI1 in MDA-MB-231-TGLI1 MFP xenograft was similar to that found in 

two breast cancer PDXs. Western blots using the TGLI1-specific antibody were 

conducted. D) Bioluminescent images of female athymic mice 22 days post intracardiac 

injection of isogenic MDA-MB-231 cell lines. Dorsal and brain views are shown. Twelve 

mice per group were used. Two mice in vector and one mouse in TGLI1 groups died 

during innoculation. E) Brain ex vivo bioluminescence was quantified. F) Bone ex vivo 

bioluminescence was quantified. G) Tumor foci within mouse brains were determined via 

ex vivo brain imaging. H) Representative ex vivo IVIS images of brain and bone are 

shown. Student’s t-test was used to compute p-values for panels E and F.  
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Figure 2: TGLI1 promotes TNBC growth in mouse brain in an intracranial injection 

mouse model.  

Isogenic MDA-MB-231 lines were implanted into mouse brain and imaged weekly via an 

IVIS imager. Eight mice per group were used in which one mouse in the GLI1 group died 
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of ketamine overdose. A) IVIS images of female athymic mice 3 weeks post intracranial 

implantation. B) Incidence of BCBM formation in each group. *, + indicates p< 0.05 

between vector and TGLI1 or GLI1 and TGLI1, respectively. Fisher’s Exact Test was 

used. C) Growth curve for intracranial tumors. * indicates p< 0.05. D) Representative 

mouse brains showing TGLI1 BCBM being more vascularized. E) Analysis of BCBM for 

GLI1/TGLI1 expression (IHC), invasiveness (H&E), microvessel density (CD31 IHC) and 

proliferation index (Ki-67 IHC). F) Microvessel density. G) Proliferation Index. Student’s 

t-test was used to compute p-values for panels F and G. 
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Figure 3: TGLI1 activation is enriched in HER2-enriched breast cancer and TNBC, 

and associated with poor MFS; TGLI1 expression is increased in lymph node 

metastases and BCBM specimens.  
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A-B) Bioinformatic analysis of GEO datasets (GSE12276/2034/2603/5327/14020; Panel 

A) comprised of 710 breast tumors and TCGA dataset (Panel B) comprised of 1,136 

breast tumors for tGAS-6 enrichment and GLI1/TGLI1 mRNA expression. C-D) Kaplan-

Meier curves showing the correlations between tGAS-6 or GLI1/TGLI1 mRNA 

expression with overall MFS (Panel C) and brain MFS (Panel D). Only 672 out of 710 

patients in the GEO cohort had survival data. Log rank test was used to compute p-

values. E-K) IHC analysis of patient specimens using TGLI1 and GLI1 specific 

antibodies developed in our laboratory. Panel E shows the expression of GLI1 and 

TGLI1 in primary breast tumors that are either lymph node-negative, LN(-), or lymph 

node-positive, LN(+). Panels F-G, expression levels of GLI1 and TGLI1 in matched 

primary breast cancers and lymph node metastases (N=47). Panel H shows that TGLI1 

expression is higher than GLI1 in LN(+) breast cancer in a pair-wised analysis (N=57). 

Panel I shows GLI1 and TGLI1 expression in 56 primary breast tumors and 37 BCBM 

specimens. Panel J contains a pairwise analysis of 37 BCBM for GLI1 and TGLI1 

expression; Panel K shows representative primary breast cancer and BCBM samples 

immunostained for GLI1 and TGLI1. Student’s t-test was used to compute p-values. 
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Figure 4: TGLI1 contributes to BCBM radioresistance.  

A) Expression levels of TGLI1 and GLI1 in SKBRM cells treated with 0, 2, or 5 Gy of 

radiation. TGLI1 and GLI1 mRNA expression was determined 30 minutes after 
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irradiation. B-C) Relative TGLI1 or GLI1 mRNA expression in radiosensitive and 

radioresistant brain-tropic breast cancer cell lines. D) TGLI1 mRNA was expressed at 

higher levels in SKBRM-RR mammospheres than SKBRM mammospheres.  GLI1 

expression was significantly decreased in the radioresistant mammospheres. E) 

SKBRM-RR cells transfected with control, GLI1-, or TGLI1-vector were irradiated (2 Gy) 

and subjected to mammosphere formation assay. F-G) IHC staining of 20 radiosensitive 

BCBM tumors and 16 radioresistant BCBM tumors using GLI1 and TGLI1 specific 

antibodies developed in our laboratory. H) Representative immunostained BCBM 

specimens. *Indicates significant difference (p<0.05). Student’s t-test was used to 

compute p-values. 
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Figure 5: TGLI1 promotes breast cancer stem cells and TGLI1-positive stem cells 

activate human astrocytes.  
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A) Expression of GLI1 and TGLI1 mRNA in a two breast cancer cell lines grown in 

monolayer or mammospheres. Regular RT-PCR was conducted. MS, mammosphere. 

ML, monolayer.  B) GLI1 and TGLI1 mRNA expression in SKBRM MS relative to ML, as 

determined by qRT-PCR. C) TGLI1 overexpression in MDA-MB-231 cells led to 

increased stem cell population defined by CD44high/CD24low as determined by FACS. D-

F) TGLI1 ectopic expression enhanced the mammosphere-forming ability of BT20 cells. 

Panel D, average number of mammospheres. Panel E, average size of mammospheres. 

Panel F, representative images of mammospheres. G-I) TGLI1 ectopic expression 

enhanced the mammosphere-forming ability of SKBRM cells. Panel G, average number 

of mammospheres. Panel H, average size of mammospheres. Panel I, representative 

images of mammospheres. J-K) GFAP expression is increased in human astrocytes 

upon stimulation with conditioned medium (CM) from TGLI1-positive mammospheres. 

Isogenic SKBRM cells grown in monolayer or mammospheres were used. Panel J, 

representative images. Panel K, percent GFAP positive cells. L) Co-culture of human 

astrocytes (GFP-tagged) with isogenic SKBRM cells (RFP-tagged) under the sphere-

forming condition. Student’s t-test was used to determine p-values.  

 

 



103 
 

 

 

Figure 6: TGLI1 upregulates stemness genes in breast cancer cells; Eight-gene 

TGLI1 activation signature (tGAS-8) is predictive of breast cancer metastasis and 

radioresistance.  
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A-C) TGLI1 upregulates expression of four stemness genes in two breast cancer cell 

lines of different subtypes. Quantitative RT-PCR was performed using transfected MDA-

MB-231and SKBRM cells. D) Protein levels of all four stemness genes were enhanced 

by TGLI1 in SKBRM cells. Western blotting was conducted. E&F) SKBR3 cells were 

transiently transfected with promoter luciferase reporters and vector, GLI1 or TGLI1 

plasmids, stimulated with SHH ligand (100 ng/mL) for 4 hrs and promoter transactivation 

was measured by luciferase assay. E) Relative transactivation of the Nanog promoter by 

GLI1 or TGLI1. F) Relative transactivation of the SOX2 promoter by GLI1 or TGLI1. G) 

Relative binding of GLI1 or TGLI1 to the CD44 promoter as measured by the ChIP assay 

using transfected SKBR3 cells. H) Relative transactivation of the CD44 promoter by 

GLI1 or TGLI1 in SKBR3 cells. I) Relative binding of GLI1 or TGLI1 to the OCT4 

promoter in SKBR3 cells as determined by the ChIP assay. qPCR was performed using 

primers spanning the OCT4 gene promoter. J) Relative transactivation of the OCT4 

promoter by GLI1 or TGLI1 in SKBR3 cells as determined by the luciferase reporter 

assay. Student’s t-test was used to determine p-values. K-M) The same GEO cohort of 

710 breast tumors from Figure 3 was used. K) Metastatic breast tumors had higher 

tGAS-8 than non-metastatic counterparts. L) Patients with high tGAS-8 have a 

shortened overall MFS and brain MFS compared to those with low tGAS-8. M) GSEA 

that determined whether breast tumors with high tGAS-8 or high TGLI1/GLI1 mRNA 

were enriched for breast cancer brain metastasis signature. NES, normalized 

enrichment score.  
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Figure 7: Knockdown of TGLI1 suppresses breast cancer stem cells in vitro and 

reduces BCBM in vivo. 

Antisense oligonucleotides (AS-ON) were used to knockdown TGLI1. A-B) Selective 

knockdown of TGLI1 as indicated by qRT-PCR and effects of TGLI1 knockdown on 
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mammosphere formation in A) BT-20 cells and B) SKBRM cells. C) Decreased 

expression of OCT4 and SOX2 with TGLI1 knockdown. Quantitative RT-PCR was 

performed using transfected SKBRM cells. In Panels D-G, athymic mice were inoculated 

with SKBRM cells transfected with negative control oligos or TGLI1-AS-ON through 

intracardiac injections (12 mice per group). D) Bioluminescent images of female athymic 

mice 25 days post intracardiac injection of transfected SKBRM cells. Dorsal and brain 

views are shown. E) Representative ex vivo IVIS images of brain and bone are shown. F) 

Brain ex vivo bioluminescence was quantified. G) Bone ex vivo bioluminescence was 

quantified. Student’s t-test was used to compute p-values.  
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III.9 Supplementary Figures 

 

 

Supplementary Figure 1. tGLI1 signaling is associated with shortened time to 

develop bone and lung metastasis.  

Kaplan-Meier curves of tGAS or GLI1/tGLI1 expression for 672 patients in the GEO 

breast cancer cohort with survival data. Log rank test was used to measure significant 

differences in metastasis-free survival (MFS). A) Lung MFS and B) Bone MFS. C) GLI1 

expression levels in the 47 primary breast tumors and the matched lymph node 

metastases (BR10010, US Biomax). 
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Supplementary Figure 2. tGLI1 promotes mammosphere and colony formation of 

immortalized human mammary epithelial cells.  

A) GLI1 and tGLI1 expression in BT-20 cells grown in monolayer and cultured with 

control media or mammosphere media for 24 hrs. Regular RT-PCR was performed. B) 

Quantification of mammosphere numbers in MCF10A cells expressing vector, GLI1, or 

tGLI1. C) Quantification of mammosphere numbers and D) Relative quantification of 

colony formation in HMLE cells transfected with vector, GLI1, and tGLI1 plasmids. 

Student’s t-test was used to compute p values.  
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Supplementary Figure 3. Correlations between GLI1/tGLI1 mRNA levels and tGAS-

8 with breast cancer metastasis.  
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A) Kaplan-Meier curves showed the association of SOX2 and OCT4, but not Nanog and 

CD44, with shortened brain MFS. GEO datasets (GSE12276/2034/2603/5327/14020) 

containing 318 patients were used. Log rank test was used. B-D) tGLI1 upregulates 

expression of four stemness genes in MCF-7 breast cancer cells. Quantitative RT-PCR 

was performed using transfected cells. E-L) Analysis of a cohort of 710 breast tumors 

with metastasis-free survival annotation from GEO (GSE12276/2034/2603/5327/14020). 

E) tGAS-8 is more enriched in the HER2 and TNBC subtypes than the luminal A and B 

subtypes. F) Metastatic primary tumors had lower GLI1/tGLI1 than non-metastatic 

counterparts. G) Patients with brain or lung metastases had higher tGAS-8 in their 

primary tumors compared to those with bone metastases and no metastases whereas 

GLI1/tGLI1 is decreased. Expression of tGAS-8 or GLI1/tGLI1 in primary breast tumors 

without metastases and primary breast tumors that metastasized to the bone, lung, or 

brain. H) Patients with high tGAS-8 have shortened lung and bone MFS compared to 

those with low tGAS-8. Kaplan-Meier and log rank analyses were used. I-L) GSEA that 

determined whether breast tumors with high tGAS-8 or high tGLI1/GLI1 mRNA were 

enriched for metastasis signature (I), EMT signature (J), breast cancer stemness 

signature (K), and breast cancer radioresistance signature (L). NES, normalized 

enrichment score. 
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III.10 Supplemental Tables 

 

Gene Forward Sequence (5’ – 3’) Reverse Sequence (5’ – 3’) 

GLI1 CACCAAGCTAACCTCATGTC CGGGGAGAAGAAAAGAGTGGG 

tGLI1 GTGTGGGGACAGAAGTCAA GTGCGGATAACCGTCTGC 

Nanog CTAAGAGGTGGCAGAAAAACA CTGGTGGTAGGAAGAGTAAAGG 

SOX2 GGAGTTGTCAAGGCAGAGAAGAG GAGAGAGGCAAACTGGAATC 

CD44 TCAGAGGAGTAGGAGAGAGGAAAC AAGTCAAAGTAACAATAAGAGTGGTCA 

OCT4 TGGTCCGAGTGTGGTTCTGTAA TGTGCATAGTCGCTGCTTGAT 

GAPDH ACTGCCAACGTGTCAGTGG GTGTCGCTGTTGAAGTCAGA 

 

Supplementary Table I. qRT-PCR Primers. 
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III.11 Supplementary Methods 

 

Immunohistochemistry and immunoblotting  

Immunohistochemistry (IHC) and immunoblotting were conducted as previously 

described (14). IHC antibodies included CD31 antibody (BD Biosciences; 550274), Ki-67 

(Neomarkers; RB-043-R7), and rabbit polyclonal GLI1-specific and tGLI1-specific 

antibodies designed and validated in our laboratory17, 46. Histologic scores (H-scores) 

were calculated using the equation, H-score = A x B, where A represents percent 

positivity (A%, A = 1-100) and B represents intensity (B = 0-3). Microvessel density 

(MVD) was measured by counting the number of vessels per area and computed by the 

equation MVD = vessels/mm2. Immunoblotting antibodies included GLI1 (Cell Signaling; 

2643), CD44 (Cell Signaling; 3578), Nanog (Cell Signaling; 4903), Sox2 (Cell Signaling; 

4900), OCT4 (Cell Signaling; sc-5279), α-tubulin, and β-actin antibodies (Sigma).  

 

Breast cancer PDXs 

We have obtained seven breast cancer PDX tumors from Dr. Michael Lewis (Baylor 

College Medicine), who has generously made breast cancer PDX models available to 

the academic community23. We have established and serially maintained three of the 

seven PDXs in MFP of female NOD/SCID mice according to published protocols23. 

BCM-2174 (TNBC) and BCM-3963 (HER2-enriched) PDXs have been shown to undergo 

brain metastasis23. 

 

Isogenic cell lines and FACS  

Lentiviruses containing vector, GLI1 or tGLI1 were generated as described previously 

(15). Breast cancer cell lines, already containing luciferase constructs, were infected with 

virus at an MOI of 30 for 72 hours. Expression was confirmed by RFP signal and cells 
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were grown under puromycin selection. To ensure cell purity, each cell line was sorted 

by RFP signal using the FACS Aria instrument. Fluorescence-activated cell sorting 

(FACS) was performed using CD44-APC (BioLegend) and CD24-FITC (BioLegend). 

Cells were trypsinized, washed in PBS, and incubated for 20 minutes with antibody. The 

stem cell population (CD44+/CD24-) was measured using a BD Accuri instrument.  

 

Coculture sphere assay 

Isogenic SKBRM and UC1 cells were seeded 1:1 (1,000 cells per well) in 24-well ultra-

low attachment plates. Cells were seeded in mammosphere media supplemented with 

10 ng/mL FGF (Sigma) and imaged with 4x objective using Keyence BZ-X microscope. 

 

Quantitative RT-PCR  

SV Total RNA Isolation system (Promega) was used to isolate total RNA and RT was 

performed using the Superscript III First-Strand cDNA synthesis system (Invitrogen). 

Quantitative PCR was carried out using primers described in Supplementary Table I.  

 

ChIP assay  

The ChIP assay was carried out as described previously using a ChIP assay kit from 

Upstate Millipore (50). Vector, GLI1, and tGLI1 cell lysates were immunoprecipitated 

using a GLI1 antibody (Santa Cruz, H-300) recognizing the COOH-terminal region in 

both GLI1 and tGLI1. Primer sequences used to amplify the CD44 and OCT4 gene 

promoters were 5’-GGGTGGAGAAGAGGATGGTGGA-3’ and 5’-

GCTTCTTGGCAGAACAGCTC-3’ (CD44); and 5’-CAGGCCAGAAATACACCACCT- 3’ 

and 5’-GAACCATCACGGCACCTTTG - 3’ (OCT4).  
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Promoter reporter assay  

Reporter plasmids for Nanog (Genecopoeia; HPRM11290-PG02), Sox2 (Genecopoeia; 

HPRM15202-PG02), OCT4 (Addgene; 52414), and CD44 (Addgene; 19122) were used. 

Cells in exponential growth were transfected using XtremeGene HP (Roche) and SEAP 

(Genecopoeia; SEAP-PA01) or Renilla luciferase (pRL-CMV) were used to control for 

transfection efficiency for Gaussia luciferase or firefly luciferase, respectively. After 

fourty-eight hours of transfection, conditioned medium or cell lysates were harvested and 

luciferase activity was measured using Gaussia luciferase kit (Genecopoeia; LF031) or 

Firefly and Renilla luciferase kit (Biotium, 30081). Relative promoter activity was 

determined by normalizing the luciferase activity to the transfection control.  
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IV.1 Abstract 

 

Brain metastasis results in dismal prognosis for breast cancer patients and 

mechanisms underlying breast cancer brain metastasis (BCBM) are poorly defined. 

Truncated glioma-associated homolog 1 (tGLI1), a gain-of-function GLI1 transcription 

factor, has been shown to promote aggressive breast cancer phenotypes and tGLI1 

promotes BCBM. However, factors contributing to the brain tropism of tGLI1-positive 

breast cancer remain unclear. Herein, we investigated whether tGLI1-positive tumor 

cells cross-talked with brain microenvironmental cells to promote BCBM. We observed 

that tGLI1-positive tumor secreted exosomes, but not protein, led to strong activation of 

astrocytes. MicroRNA (miR) microarray profiling revealed that miR-1290, miR-1246, 

miR-1270, and mir-187 were significantly upregulated in the exosomes secreted by 

tGLI1-positive breast cancer cells compared to vector control. Functional assays 

demonstrated that the tGLI1-upregulated exosomal microRNAs led to increased 

angiogenesis, astrocyte activation, and breast cancer stemness. Further, bioinformatic 

analyses showed that miR-1290 and mIR-1246 were more highly expressed in sera of 

breast cancer patients compared to healthy controls, predictive of shortened overall 

survival and metastasis-free survival, and enriched in BCBM tumors. We found that miR-

1290 and miR-1246 primed astrocytes to secrete ciliary neurotrophic factor (CNTF) by 

potentially downregulating FOXA2 and SOX9, possible transcriptional repressors of 

CNTF. Moreover, expression of CNTF receptor alpha was enriched in patient breast 

tumors and in BCBM. CNTF stimulation promoted tumor growth; activated CNTF 

signaling was predictive of shortened brain metastasis-free survival. Collectively, our 

results identify a novel function of tGLI1 in regulating exosomal microRNAs to promote 

BCBM and miR-1290/1246 could be utilized as a prognostic indicator of BCBM. 
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IV.2 Introduction 

 

In 2018, an estimated of 40,920 women died of breast cancer making breast 

cancer the second leading cause of cancer-related mortality in women
1
. Metastasis to 

distant organs account for 90% of breast cancer-related deaths
1, 2

. Breast cancer brain 

metastases (BCBM) occur in approximately 10-30% of patients with metastatic breast 

cancer, and results in a dismal prognosis with a median survival of only 6-18 months
3
. 

This poor survival rate is primarily due to our limited understanding of BCBM biology and 

mechanisms contributing to brain metastasis.  

Truncated glioma-associated oncogene homolog 1 (tGLI1) was identified in our 

laboratory in 2009
4
. tGLI1 is an alternatively spliced variant of GLI1, a zinc finger 

transcription factor and final effector of the activated Sonic hedgehog signaling pathway 

(Shh)
4
. We have demonstrated that tGLI1 expression is tumor-specific where it is 

expressed in breast cancer and glioblastoma multiforme (GBM) but not in normal breast 

or normal brain tissue
4-7

. Further, Fan and colleagues observed that tGLI1 was 

expressed in highly invasive hepatocellular carcinoma but was not expressed in normal 

hepatocytes
8
. Previous studies have shown that tGLI1 regulates GLI1 target genes

4 and 

has the ability to upregulate eight target genes including VEGF-A, VEGF-C, VEGFR2, 

TEM7, HPSE, CD24, CD44, and OCT4 leading to increased growth, migration, invasion, 

and stemness of cancer cells
5-7, 9-13. We recently reported that tGLI1-positive breast 

tumor cells preferentially metastasize to the brain through mediating metastasis-initiating 

cancer stem cells
7
. Whether tGLI1-positive breast tumor cells communicate with the 

brain to promote breast cancer colonization and growth remains to be investigated.  

Primary tumors can prime distant organs before colonization and astrocytes were 

shown to be activated before breast cancer cells extravasated into the brain
14, 15

. One 
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potential way for tumors to communicate with distant organs is through secretion of 

exosomal microRNAs. Exosomes are small vesicles of endosomal origin, characterized 

by 50 nm – 150 nm size, and contain growth factors, DNA, mRNA, and microRNAs 

(miRs or miRNAs)
16, 17

. MicroRNAs are small non-coding RNAs comprised of 17-22 

nucleotides and are important regulators of post-transcriptional gene expression
18

. 

Tumor-derived exosomal microRNAs have been shown to promote destruction of the 

blood-brain barrier leading to brain metastasis
19, 20

. Importantly, exosomes can fuse with 

vascular endothelial cells and astrocytes resulting in the release of oncogenic miRNAs
21, 

22. These oncogenic miRs can then prime vascular endothelial cells to promote tumor 

angiogenesis as well as stimulate astrocytes to secrete factors that will promote tumor 

growth and invasion of the brain
23-26

.  

In the present study, we explored whether tGLI1-positive breast tumors cells 

primed brain microenvironmental cells to promote BCBM. We observed that tGLI1-

positive breast cancer cells activate astrocytes through secretion of exosomes 

containing elevated levels of miR-1290 and miR-1246. We demonstrated that miR-

1290/1246 led to increased angiogenesis, astrocyte activation, and breast cancer 

stemness in vitro. Expression of miR-1290 and miR-1246 was increased in sera of 

breast cancer patients and correlated with shortened overall survival and metastasis-free 

survival. Further, expression of miR-1290 and miR-1246 was enriched in BCBM and 

these miRs stimulated astrocytes to secrete ciliary neurotrophic factor (CNTF) to 

promote tumor growth. Lastly, we identified FOXA2 and SOX9 as potential 

transcriptional repressors of CNTF and potential targets of miR-1290 and miR-1246. 

Combined, our work uncovered a novel function of tGLI1 in upregulating oncogenic 

microRNAs to reprogram the brain microenvironment to promote colonization and 
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growth of breast cancer cells. Our study could also establish miR-1290 and miR-1246 as 

potential prognostic indicators of BCBM.  

 

IV.3 Results 

 

tGLI1-positive breast cancer cells activate astrocytes through secretion of 

exosomes. 

Our previous results indicate that tGLI1 mediates breast cancer metastasis to the 

brain through activating metastasis-initiating cancer stem cells and astrocytes. We 

observed that tGLI1-positive breast cancer stem cells strongly activate and interact with 

astrocytes. Astrocytes are the most common glial cell type in the brain and reactive 

astrocytes are known to promote metastasis and tumor growth in the brain
15, 27, 28

. To 

further elucidate the mechanism by which tGLI1 promotes breast cancer brain 

metastasis, we next examined whether secreted factors from tGLI1-tumor cells had any 

effect on astrocyte activation. For this, isogenic MDA-MB-231 cells overexpressing GLI1, 

tGLI1, GLI1/tGLI1 or vector control were grown in in serum free medium for 48 hours 

and conditioned medium was harvested and used to stimulate human astrocyte (UC1) 

cells. Glial Fibrillary Acidic Protein (GFAP) expression levels were evaluated as a 

measure of astrocyte activation. As shown in Fig. 1A-B, astrocytes were significantly 

activated by conditioned medium from tGLI1 and GLI1/tGLI1 cells, whereas GLI1 and 

vector cells did not. Of note, tGLI1-positive cancer cells were able to activate astrocytes 

without cellular contact, which prompted us to examine the effects of exosomes on 

astrocytes. Primary tumor cells can prime distant organs for colonization by secretion of 

exosomes, small extracellular vesicles, which contain growth factors, DNA, and 

microRNAs
29-31

. We isolated exosomes using three methods including differential 
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ultracentrifugation, size exclusion chromatography (SEC), and polymer-based ExoQuick 

Kit, and then confirmed exosome size using nanoparticle tracking analysis (NTA). We 

observed acceptable exosome size ranges of 160-200 nm (Fig. 1C-D) from the three 

isolation methods
32, 33. We further confirmed that the isolated exosomes were void of 

cellular contaminants as indicated by western blotting where exosome fractions (Alix) did 

not contain microvesicles (CD154) or apoptotic bodies (Annexin V; Fig. 1E). To examine 

whether astrocytes were activated by secreted proteins or exosomes from tGLI1-tumor 

cells, we performed SEC using conditioned medium from MDA-MB-231 cells 

overexpressing tGLI1. Respective exosomal and protein fractions were pooled then 

used to stimulate astrocytes and GFAP expression levels were evaluated to indicate 

activated astrocytes (Fig. 1F-G). We found a significant increase in GFAP expression in 

astrocytes stimulated with exosomes compared to those stimulated with proteins (Fig. 

1H-I). We next examined whether astrocytes took up tumor-secreted exosomes. Here, 

GFP-labeled CD63, a tetraspanin used to characterize exosomes, were overexpressed 

in tumor cells. Conditioned medium was harvested and exosomes were isolated by 

ultracentrifugation. Astrocytes were stimulated with purified exosomes overnight then 

subjected to confocal microcopy. As indicated in Figure 1J, the exosomes were readily 

taken up by astrocytes. Collectively, these results demonstrate that tGLI1-positive breast 

cancer cells secrete exosomes which are taken up by astrocytes, leading to astrocyte 

activation.  

 

tGLI1-upregulated exosomal microRNAs reprogram and activate brain metastatic 

microenvironmental cells. 

MicroRNAs are small non-coding RNAs that regulate post-transcriptional gene 

expression and exosomal microRNAs (miRs) have been shown to be differentially 
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expressed between cancer and non-cancer patients
34, 35

. A role of tGLI1 in exosomal 

microRNAs has never been studied. To determine whether tGLI1 regulates miRs, we 

isolated miRs from secreted exosomes of isogenic MDA-MB-231 cells overexpressing 

tGLI1 or vector, and conducted a microRNA microarray. Interestingly, we found several 

miRs are differentially expressed by tGLI1-positive breast cancer cells compared to 

vector greater than two-fold (Fig. 2A). A preliminary list of target genes were identified 

using Targetscan, a web-based search engine, and included negative regulators of 

angiogenesis, tumor suppressors, and mediators of apoptosis. These gene targets 

suggest that the tGLI1-upregulated microRNAs may promote a more aggressive tumor 

phenotype. The top five upregulated miRs, those with a two-fold difference and p value < 

0.01, were validated via qRT-PCR and we found four of the five miRs were significantly 

upregulated by tGLI1 breast cancer cells (Fig. 2B). We next explored whether the four 

tGLI1-upregulated miRs had any effect on brain environmental cells including astrocytes 

and human brain microvascular endothelial cells (HBMECs). Astrocytes overexpressing 

each miR were immunostained for GFAP expression and we observed that astrocytes 

were significantly activated by the miRs (Fig. 2C-D). Further, HBMECs were transduced 

to overexpress the miRs and then used to carry out a tubule formation assay, as a 

measure of angiogenesis in vitro. Interestingly, our results indicate that miR-1290 and 

miR-1246 significantly increased tubule formation and branching of HBMECs ( Fig. 2E-

F). Moreover, we asked whether the tGLI1-miRs can prime astrocytes to secrete factors 

to promote breast cancer stem cell growth. Cancer stem cells are considered to be the 

metastasis initiating cells
36

. Conditioned medium from astrocytes, overexpressing each 

miR, was combined with sphere medium and used to carry out a mammosphere assay 

of SKBRM cells. SKBRM cells, a kind gift from Dr. Kounosuke Watabe and Dr. Fei Xing, 

are HER2-enriched brain trophic variant of the SKBR3 cell line which has mammosphere 
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forming ability. As shown in Fig. 2G-H, we observed that secreted factors from 

astrocytes overexpressing each miR significantly increased mammosphere formation of 

SKBRM cells suggesting that tGLI1-upregulated miRs can prime astrocytes to 

communicate with breast cancer stem cells to promote growth. Taken together, these 

findings reveal that tGLI1-upregulated exosomal miRs activate astrocytes to promote 

cancer stem cell growth and increased angiogenesis, thereby altering the brain 

microenvironment to support breast cancer growth in the brain. 

 

tGLI1-upregulated exosomal miR-1290/1246 are highly expressed in breast cancer 

patient sera, associated with poor clinical outcomes, and are enriched in BCBM 

tumors. 

To determine the clinical relevance of each tGLI1-miR in breast cancer, we 

utilized large publicly available patient datasets obtained from Gene Expression 

Omnibus (GEO). Analysis of a large cohort of circulating miRs from serum of 2,686 

breast cancer and 1,269 non-cancer patients revealed enrichment of all tGLI1-miRs in 

patients with breast cancer compared to those without (Fig. 3A; GSE73002). Further, 

high levels of miR-1290, miR-1246, and mir-187 in triple-negative breast tumors were 

predictive of shortened overall survival and shortened metastasis-free survival (Fig. 3B; 

GSE40267). Expression of miR-1270 was not included in the dataset with survival 

information. We next examined whether the tGLI1-miRs were implicated in breast cancer 

metastasis. Interestingly, we found miR-1290 and miR-1246 to be more highly 

expressed in primary breast tumors with metastasis than non-metastatic primary breast 

tumors (Fig. 3C; GSE68373). We did not observe a significant difference in miR-1270 or 

mir-187 expression in the primary tumors with our without metastases. Most notably, 

analysis of a small cohort of breast tumors with matched brain metastases revealed that 

miR-1290 and miR-1246 were significantly enriched in the brain metastatic tumor 
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compared to the primary breast tumors (Fig. 3D; GSE37407).Expression of miR-1270 

and mir-187 were not significantly different between the two groups. Together, these 

results implicate tGLI1-upregulated miRs in breast cancer and suggest an important role 

of miR-1290 and miR-1246 in BCBM. 

 

tGLI1 knockdown decreases miR-1290/1246 expression; miR-1290/1246 promotes 

breast cancer stem cells. 

Based on our results from patient datasets that miR-1290 and miR-1246 are 

implicated in BCBM, we then focused our efforts on these two microRNAs. We first 

examined the intracellular levels of each miR in tGLI1-positive breast cancer cells. As 

shown in Fig. A-B, expression of miR-1290 and miR-1246 is significantly higher in tGLI1 

and GLI1/tGLI1 cells compared to vector and GLI1, suggesting that tGLI1 may 

transcriptionally regulate expression of these two miRs. Next, we determined the effects 

of tGLI1 knockdown on circulating exosomal miR-1290/1246. For this, SKBRM breast 

cancer cells were transfected with anti-sense oligonucleotides (AS-ON) specifically 

targeting tGLI1 or negative control and the conditioned medium was subjected to 

ultracentrifugation for exosome isolation. Exosomal miRs were isolated and qPCR 

results showed a decrease in secreted exosomal miR-1290 and miR-1246 (Fig. 4C). We 

validated these findings in vivo by isolating exosomal miRs from sera of mice that were 

intracardially implanted with tGLI1-AS-ON SKBRM cells (Sirkisoon, S. R., et al. 2019. 

Oncogene, submitted). Of note, mice in the tGLI1-AS-ON group had decreased brain 

metastases. Consistent with our in vitro findings, we observed a decrease in circulating 

exosomal miR-1290 and miR-1246 in the tGLI1 knockdown group, further suggesting an 

important role of these two miRs in mediating BCBM (Fig. 4D). To evaluate the effects of 

miR-1290 and miR-1246 on tumor initiating cells, we inhibited each miR using lentiviral 

anti-miR constructs in SKBRM cells overexpressing tGLI1 and carried out a 
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mammosphere assay. The lentivirus encodes an anti-sense microRNA construct which 

functions by complimentary binding to mature microRNAs and therefore, prevents the 

miRs from binding to target mRNA
37

. Inhibition of miR-1290 and miR-1246 in tGLI1-

poistive breast cancer cells led to decreased mammosphere formation (Fig. 4E-F). 

Collectively, these data implicate that tGLI1 upregulates expression of miR-1290/1246 

and further solidify the role of miR-1290 and miR-1246 in BCBM and breast cancer stem 

cells.  

 

MicroRNAs-1290 and -1246 prime astrocytes to communicate with breast cancer 

cells through secreted CNTF. 

In light of our observations that the conditioned medium from astrocytes 

overexpressing miR-1290 and miR-1246 promoted mammosphere formation (Figure 2G-

H), we investigated whether these astrocytes differentially secrete cytokines to promote 

tumor growth. Conditioned medium from astrocytes overexpressing miR-1290 and miR-

1246 was used to carry out a cytokine array comprising 174 cytokines and we found that 

CNTF was highly secreted by astrocytes in both groups (Fig. 5A-B). CNTF is secreted 

by reactive astrocytes and is a potent survival factor in the brain
38-40. In addition, CNTF 

receptor-aplha (CNTFR-α) is highly expressed in breast cancers
41

. To validate the 

cytokine array results, we stimulated astrocytes with conditioned medium from isogenic 

SKBRM cells and performed enzyme-linked immunosorbent assay (ELISA). Importantly, 

we observed that astrocytes stimulated with conditioned medium from tGLI1-positive 

breast cancer cells led to increased CNTF secretion and that tGLI1-overexpressing 

SKBRM cells secrete higher levels of CNTF compared to vector and GLI1 cells (Fig. 5C-

D). Next, we determined the effects of CNTF on astrocyte activation and found 

astrocytes stimulated with CNTF were more highly activated compared to control (Fig. 
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5E-F), thus confirming autocrine signaling of CNTF in astrocytes as demonstrated by 

other groups
39, 42

. Previous studies have shown that CNTF signaling leads to activation 

of signal transducer and activator of transcription 3 (STAT3) to protect cells from 

apoptosis
43, 44

. We confirmed activated STAT3 in astrocytes with CNTF stimulation (Fig. 

5G). Further, we asked whether CNTF would promote tumor growth. For this, we 

focused on the tumor-initiating population of cells by carrying out a mammosphere assay 

and supplemented cells with CNTF. Notably, we found that CNTF promoted 

mammosphere formation to a higher extent than normal sphere medium (Fig 5H-I). 

Collectively, these results show that miR-1290 and miR-1246 lead to increased CNTF 

secretion by astrocytes and suggest that CNTF promotes tumor growth.  

 

FOXA2 and SOX9 are potential targets of miR-1290 and miR-1246. 

To identify potential targets of tGLI1-upregulated miR-1290 and miR-1246, we 

began with a list of transcriptional repressors of CNTF from GeneCards, a human 

genome database, and found FOXA2 and SOX9 as predicted repressors of CNTF. 

Moreover, we identified predicted binding sites for miR-1290 and miR-1246 in the 3’UTR 

of FOXA2 and SOX9 using Targetscan (Fig. 6A). To determine the effects of miR-1290 

and miR-1246 on FOXA2 and SOX9 expression, we carried out qPCR of astrocytes 

overexpressing each miR and found decreased FOXA2 and SOX9 expression while 

CNTF mRNA levels were increased (Fig. 6B-D). To explore whether FOXA2 or SOX9 

are transcriptional repressors of CNTF, we performed qPCR of astrocytes 

overexpressing the predicted repressors and observed decreased CNTF expression 

(Fig. 6E-G). These data suggest that miR-1290 and miR-1246 may target FOXA2 and 

SOX9, potential transcriptional repressors of CNTF, resulting in increased CNTF 

expression. Furthermore, we examined the clinical relevance of CNTF receptor-α and its 
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activation in several breast cancer datasets from GEO. Importantly, we found that the 

CNTF receptor-α is more highly expressed in brain metastases compared to normal 

breast tissues and primary breast tumors (Fig. 6H). Interestingly, using a 12-gene 

activation signature of CNTF we observed that high CNTF activation correlates with 

shortened brain metastasis-free survival (Fig. 6I). Taken together, these findings 

suggest that miR-1290 and miR-1246 target transcriptional repressors of CNTF (FOX2A 

and SOX9) in astrocytes and implicate CNTF in BCBM.  

 

IV.4 Materials and Methods 

 

Cell lines and lentiviruses 

Brain metastatic human breast cancer cell line and the E6/E7/hTERT immortalized 

human astrocytes were kind gifts from Dr. Fei Xing and Dr. Kounosuke Watabe. The 

isogenic MDA-MB-231 cell lines were previously developed in our laboratory (Sirkisoon, 

S. R., et al. 2019. Oncogene, submitted). HBMECs were purchased from LONZA (Basel, 

Switzerland). Exosome tracking CD63-GFP lentivirus is from Dr. Xandra Breakefield’s 

laboratory45. MicroRNA overexpression lentiviruses miR-1290, miR-1246, miR-1290, and 

mir-187 are from Drs. Yin-Yuan Mo, Fei Xing, and Kounosuke Watabe. MicroRNA 

inhibitors were purchased from Applied Biological Materials (m008).    

 

Exosome isolation  

Cells were cultured in media containing 10% exosome free FBS for 48-72 hrs. Media 

was harvested and centrifuged at 4 ⁰C for 10 minutes at 300 x g. Supernatant was 

removed and centrifuged for 20 minutes at 2,000 x g. The supernatant was collected and 

subjected to centrifugation for 30 minutes at 16,500 x g and passed through a 0.22 µm 
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filter. From here, exosomes were isolated using three methods. For the 

ultracentrifugation method, exosomes were pelleted by centrifugation at 120,000 x g for 

70 minutes. For the size exclusion chromatography method, 500 ul of supernatant was 

loaded onto a qEV column from iZon (Cambridge, MA) and fractions were collected as 

outlined in the manufacturer’s manual. Lastly, exosomes were isolated using a polymer 

based method following the manufacturer’s protocol from System Biosciences (Palo Alto, 

CA; ExoQuick-TC). Exosomes from mouse sera were isolated using ExoQuick from 

System Biosciences. Size distribution was measured by nanoparticle tracking analysis 

using Nanosight NS50 (Malvern Instruments, UK) and was kindly carried out by Dr. Ravi 

Singh. 

 

Immunofluorescence and exosome uptake studies  

Cells were washed 3x with PBS, fixed for 10 minutes with cold 70% ethanol, washed 3x 

with PBS, and blocked with 5% BSA for 1 hour at room temperature. Cells were 

incubated with GFAP antibody (Cell Signaling, #3656) at 4 ⁰C overnight. Samples were 

then stained with DAPI (Invitrogen) and imaged using a Keyence fluoresence 

microscope (BZ-X700). Exosome uptake was performed by isolating exosomes, via 

ultracentrifugation, from SKBRM cells transfected with CD63-GFP plasmid. Astrocytes 

were seeded onto chambered coverslips, stimulated with 100 µg/mL exosomes for 24 

hours, nuclei were labeled with DRAQ5 (ThermoFisher; 62251; 5 µM) and cells were 

immediately imaged at 100x using an Olympus FV1200 spectral laser scanning confocal 

microscope.   

 

MicroRNA isolation and quantitative RT-PCR 

Exosomal microRNAs were isolated using miRNeasy Mini Kit (Qiagen, #217004). 

Quantitative RT-PCR was performed as outlined by the TaqMan microRNA reverse 
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transcription kit (ThermoFisher; #4366596) and the Taqman universal master mix II, no 

UNG kit (ThermoFisher; #4440040). Primers sets were purchased from ThermoFisher 

and included hsa-miR-1290, hsa-miR-1246, hsa-miR-1270, hsa-miR-3156-5p, and hsa-

mir-187 (#4427975). 

 

MicroRNA microarray 

Exosomes were harvested via ultracentrifugation from conditioned medium of isogenic 

MDA-MB-231 cell lines overexpressing tGLI1 or vector in triplicate. MicroRNAs were 

isolated as described above. A GeneChip miRNA 4.0 Array (ThermoFisher) containing 

>30,000 microRNA probe sets was used. Data was analyzed by Dr. Jeff Cho using 

empirical Bayes analysis in limma package in R.  

 

MicroRNA overexpression and downregulation 

Cells were transduced as described previously
6
. Briefly, cells were infected with virus at 

an MOI of 30 for 72 hours using Transdux (System Biosciences; #LV850A-1). 

Expression was confirmed by GFP signal. 

 

Tubule formation assay 

Tubule formation assay was conducted as described previously using the in vitro 

Angiogenesis kit from Trevigen
5 (Gaithersburg, MD). Briefly, HBMECs were 

transduced to overexpress each miR and 5,000 cells/well were seeded into 96-well 

plates coated with 50 µl Cultrex Basement Membrane Extracts. Cells were incubated at 

37 ⁰C and images were taken after 24 hours using a light microscope. Tubule formation 

was quantified using image J software.  
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Mammosphere assay 

SKBRM cells were harvested and seeded in 24-well ultra-low attachment plates 

(Corning) at 1,000-4,000 cells per well in 1:1 ratio of mammosphere medium and 

conditioned medium from astrocytes overexpressing each microRNA. Astrocyte 

conditioned medium was generated by culturing cells in serum free medium for 24-48 

hours. Mammosphere medium contained Dulbecco’s modified Eagle’s medium/F12 

(Gibco), B27 (2%; Gibco), insulin (4 ug/mL; Sigma), SHH (100 ng/mL; Sigma), and EGF 

(20 ng/mL; Sigma). Mammospheres were supplemented with fresh sphere medium 

every 3-4 days and cultured from 7-14 days. Mammospheres were counted under a 5x 

objective.  

 

Gene expression profiling and metastasis-free survival analysis 

Existing patient datasets were obtained from GEO (GSE73002, GSE68373, GSE37407, 

GSE40267) and analysed using GraphPad Prism 5. Kaplan-Meier curves were 

generated using GraphPad Prism 5 and significance was determined by Log-Rank test. 

Expression of each microRNA was used to stratify patients.  

 

Cytokine array and immunoblotting 

Human astrocyte UC1 cells overexpressing miR-1290, miR-1246, or pCDH-vector 

control were used. Cells were grown in serum free medium for 24-48 hours, centrifuged 

for 5 minutes at 300 x g, then added to the cytokine array membranes. Procedures were 

followed as outlined in the Human Cytokine Array C2000 kit from RayBiotech (Norcross, 

GA). Immunoblotting was performed as described previously
4
. Antibodies for 

immunoblotting included Alix (sc-53540; Santa Cruz), CD154 (sc-374635; Santa Cruz), 

and Annexin V (sc-74438; Santa Cruz)  p-STAT3 (Y705; Cell Signaling), total STAT3 (C-

20; Santa Cruz), and beta-actin (Sigma).  
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ELISA 

ELISA was perfomed according to the CNTF-ELISA kit (ELH-CNTF-1) instructions from 

RayBiotech. Conditioned medium from isogenic SKBRM or stimulated astrocytes were 

used. Astrocytes were stimulated overnight with conditioned medium from isogenic 

SKBRM cells, washed twice with PBS, and then cultured in serum free medium 

overnight. Medium from stimulated astrocytes was harvested and used to carry out the 

ELISA.   

 

IV.5 Discussion 

 

In this report, we demonstrate that tGLI1-positive breast cancer cells can 

communicate with brain metastatic microenvironmental cells via exosomal microRNAs. 

We determined miR-1290 and miR-1246 to be highly expressed in tGLI1-positive breast 

cancer cells and that these miRs lead to astrocyte activation, increased angiogenesis, 

and increased cancer stem cell growth. Moreover, miR-1290 and miR-1246 are 

expressed at high levels in sera of breast cancer patients, are associated with shortened 

overall survival and shortened metastasis-free survival, and are enriched in breast 

cancer brain metastases. We showed that miR-1290 and miR-1246 primed astrocytes to 

secrete CNTF in order to communicate with breast cancer cells and that activated CNTF 

is associated with shortened brain metastasis-free survival for breast cancer patients. 

Further, downregulated tGLI1 led to decreased expression of the microRNAs and 

silencing miR-1290/miR-1246 resulted in decreased stem cell growth. Lastly, we 

uncovered two potential targets of miR-1290/miR-1246, FOXA2 and SOX9, which may 

functions as transcriptional repressors of CNTF in astrocytes.  
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We observed that tGLI1-positive breast tumor cells secrete increased levels of 

several microRNAs compared to vector control cells (Fig. 2A-B) and that miR-1290 and 

miR-1246 are highly expressed in tGLI1-positive cancer cells (Fig. 4A-B). The 

mechanism by which tGLI1 regulates increased microRNA expression remains unclear. 

Potential mechanisms may be that tGLI1 binds to and transactivates the promoter region 

of each miR, that tGLI1 aids in the sorting and packaging of the miRs into exosomes, or 

that tGLI1 regulates microRNA processing machinery. A recent study by Przygodzka 

and colleagues, show that the Snail transcription factor can regulate expression of 

several microRNAs by directly binding to their promoter regions and that Snail may be 

involved in sorting and packaging specific microRNAs into exosomes
46

. It is important to 

note that about 50% of microRNAs are located in non-protein coding regions
47

 

(intergenic) and a transcription start site for these miRs can range from 200 bases to 20 

kb or further upstream of the miR coding region
48

. Intronic microRNAs, located within 

genes, can be regulated by the gene promoter or have a promoter region independent of 

the gene 
48

. Regulating microRNA processing machinery can also determine microRNA 

expression. For example, Wang et al. demonstrate that the oncogenic c-Myc 

transcription factor not only regulates transcription of microRNAs but can also regulate 

expression of Drosha, thereby mediating microRNA expression
49

. Another potential 

mechanism may be that tGLI1 upregulates genes that are direct regulators of miR-

1290/miR-1246 expression. A recent study by Chai et al. showed that OCT4 directly 

regulates expression of miR-1246
50

. Our recent study identified Oct4 to be a 

transcriptional target of tGLI1 indicating that tGLI1 may indirectly upregulate miR-1290 

and miR-1246 expression. Further, Pigati and colleagues found that breast cancer and 

normal mammary epithelial cells release specific microRNAs regardless of the 

intracellular abundance of these miRs suggesting that the sorting and release of 
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microRNAs from tumor cells are controlled
51

. The role of tGLI1 in regulating miR-

1290/miR-1246 expression and secretion should be explored in future studies. 

Our results indicate that miR-1290 and miR-1246 are highly expressed in BCBM 

and are important for breast cancer stem cell growth (Fig. 3D and 4F). Consistent with 

our observations, others have shown that miR-1290 and miR-1246 are oncogenic 

microRNAs that contribute to lung cancer stem cells and metastasis
52

. Most notably, 

exosomes from pediatric glioma stem cells were highly enriched in miR-1290 and miR-

1246 compared to exosomes from neural stem cells
53

 suggesting an important role of 

miR-1290/miR1246 in the brain. Further, miR-1290 is associated with malignant glioma 

phenotypes
54

, aggressive pancreatic cancer55
, and colorectal tumor progression

56
. 

Interestingly, Endo and colleagues found miR-1290 to be downregulated in estrogen 

receptor α-positive breast tumors
57

. This conflicting observation should be addressed in 

future studies comparing miR-1290 expression, in tumor and in sera, across breast 

cancer subtypes. MiR-1246 has been implicated in breast cancer proliferation, invasion, 

drug resistance, an inflammatory response
58, 59

, melanoma resistance to therapy
60

, 

invasion of oral squamous cell carcinoma
61

, and promotes metastasis and angiogenesis 

of colorectal cancer
62, 63

. In opposition, miR-1246 expression was found to be 

downregulated in cervical tumor samples and negatively correlated with clinical stage
64

 

suggesting the role of miR-1246 may be organ- or tumor-specific. To date, little is known 

about the effects of miR-1290 or miR-1246 in the brain. Results from this study shed 

light on the novel role of miR-1290 and miR-1246 in promoting BCBM and future studies 

examining the effects of downregulated miR-1290/1246 on brain metastasis are 

warranted. Furthermore, circulating microRNAs in breast cancer patients with brain 

metastases compared to those without should be determined as the differentially 

expressed microRNAs could serve as a diagnostic indicator of BCBM. 
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CNTF is known to be an important survival factor in the brain and is secreted by 

astrocytes during injury
65-67

. We observed that conditioned medium from tGLI1-positive 

breast cancer cells and ectopic expression of miR-1290/1246 in astrocytes resulted in 

increased secretion of CNTF by astrocytes. We also observed that the CNTF receptor- 

was highly expressed in patient breast tumors and in breast cancer brain metastatic 

tumors, suggesting that breast cancer cells may utilize CNTF to survive and grow in the 

brain. In agreement with these findings, CNTF receptor-a was found to be highly 

expressed in hepatocellular carcinoma and the CNTF-CNTF receptor-  signaling axis 

led to increased glucose uptake and prevented cell-cycle arrest to promote cell growth
68. 

Furthermore, CNTF was shown to protect neuroblastoma cells from apoptosis under 

oxidative stress induced by aggregated amyloid beta
67

. In contrast, Ozog et al. found 

that CNTF–CNTF receptor= signaling suppressed glioma growth in vitro
69

. These 

conflicting findings highlight the need to further investigate the effects of CNTF signaling 

in the context of breast cancer and BCBM.  

We identified FOXA2 and SOX9 as potential targets of miR-1290/1246. FOXA2, 

Forkhead Box A2, is a transcription factor involved in embryonic development of the gut 

and internal organs and maintains glucose homeostasis after development
70, 71

. 

Previous studies have demonstrated that FOXA2 negatively regulates EMT in several 

cancers including breast, endometrial, and pancreatic cancers
72-74

. Further, FOXA2 is 

associated with decreased metastasis in lung, gastric, and hepatocellular carcinomas
75-

77
. Contrary to these findings, Perez-Balaguer and colleagues demonstrated that FOXA2 

expression correlated with proliferation and stemness of TNBC and was associated with 

increased relapse
78

. In the brain, FOXA2 is important for the development and 

maintenance of dopaminergic neurons
79, 80

 and has been shown to mediate the Shh 
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pathway by negatively or positively regulating Shh pathway components
81

. Most 

importantly, low FOXA2 expression in GBM was predictive of poor survival and 

associated with adverse events in patients who received chemotherapy or 

radiotherapy
82, suggesting a tumor suppressive role of FOXA2 in the brain. The SOX9 

transcription factor, Sex Determining Region Y Box-9, is an important mediator of sex 

determination and skeletal development
83

. Conflicting evidence points toward a tumor 

supportive or tumor suppressive role of SOX9 in many cancers. For example, studies 

have shown that SOX9 is associated with breast cancer stem cells and metastasis
84-86

, 

aggressive and metastatic high-grade serous carcinoma
87

, proliferative lung carcinoma
88

, 

and malignant GBM
89

. In contrast, SOX9 was shown to decrease cancer stem cells and 

tumor growth in colorectal carcinoma
90, 91

, inhibit cervical cancer growth
92

, suppress 

breast cancer growth
93

, and negatively correlate with prostate cancer progression
94

. 

Interestingly, SOX9 expression in astrocytes is associated with decreased brain 

regenerative molecules after injury
95

 and led to decreased recovery after spinal cord 

injury or stroke
96, 97

. Future studies should be carried out to resolve the function of 

FOXA2 and SOX9 in BCBM. Moreover, whether FOXA2/SOX9 regulates CNTF 

expression remains unknown and should be investigated to bridge this gap in knowledge. 

In summary, we uncovered a novel role of tGLI1 in facilitating breast tumors 

communication with astrocytes in the brain metastatic microenvironment through 

secretion of exosomal microRNAs. These novel observations shed new light on the 

mechanisms by which tGLI1 promotes BCBM and reprograms cells in the metastatic 

niche in the brain.   
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IV.6 Figures 

 

Figure 1: tGLI1-positive breast cancer cells activate astrocytes through secretion 

of exosomes.  
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A-B) GFAP expression in astrocytes after overnight stimulation with conditioned medium 

from isogenic MDA-MB-231. A) Representative images. B) Quantification of percent 

GFAP positive cells. C-D) Nanoparticle tracking analysis of exosomes isolated by 

ultracentrifugation, size exclusion chromatography, or polymer based ExoQuick. E) 

Western blotting of exosomes (Ex), microvesicles (MV), and apoptotic bodies (AB) using 

specific markers Alix, CD154, and Annexin V for each fraction, respectively. F-G) Size 

exclusion chromatography of conditioned medium from MDA-MB-231-tGLI1 cells. F) 

Schematic of vesicle or protein elution from size exclusion column. G) Protein 

quantification of each fraction. Orange box indicates pooled exosome fractions and 

green box indicates pooled protein fractions. H-I) GFAP expression in astrocytes after 

overnight stimulation with protein or exosome fractions. H) Representative images. I) 

Quantification of percent GFAP positive cells. J) Image of astrocytes after overnight 

stimulation with CD63-GFP labeled exosomes. 100x magnification. Students t-test was 

used to compute p-values.  
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Figure 2: tGLI1-upregulated exosomal miRs reprogram brain metastatic 

microenvironmental cells.  
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A) Table of tGLI1 upregulated miRs and predicted targets using Targetscan. B) qPCR of 

tGLI1 upregulated miRs relative to vector. C-D) GFAP expression in astrocytes 

overexpressing each tGLI1-upregulated miR. C) Quantification of percent GFAP positive 

cells. D) Representative images. E-F) Tubule formation assay of human brain 

microvascular endothelial cells overexpressing each tGLI1-upregulated miR. E) 

Representative images. F) Quantification of tubule branch points relative to vector. G-H) 

Mammosphere assay of SKBRM cells grown in 1:1 mixture of mammosphere medium 

and conditioned medium for astrocytes overexpressing each tGLI1-upregulated miR. G) 

Representative images. H) Quantification of number of mammospheres per group. 

Students t-test was used to compute p-values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



145 
 

 

Figure 3: Exosomal miR-1290 and miR-1246 are highly expressed in sera of breast 

cancer patients, associated with poor clinical outcomes, and are enriched in 

BCBM tumors.  

A) MicroRNA expression in sera of non-cancer versus breast cancer patients 

(GSE73002). B) Kaplan-Meier curves showing overall survival and metastasis-free 

survival of breast cancer patients with low versus high miR expression (GSE40267). C) 
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Expression of microRNAs in primary tumors from breast cancer patients without 

metastases compared to those with metastases. D) Expression of each miR in primary 

breast tumors and matched BCBM tumors. Students t-test was used to compute p-

values in panels A, C, and D. Log rank test was used to compute p-values in panel B. 
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Figure 4: tGLI1 knockdown decreases miR-1290/1246 expression; miR-1290/1246 

promote breast cancer stem cells.  

A-B) Expression of miR-1290 and miR-1246 relative to vector in isogenic MDA-MB-231 

cells. C) Exosomal miR-1290 and miR-1246 expression relative to vector from SKRBM 
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cells with tGLI1 knockdown using tGLI1-specific antisense oligonucleotides. D) 

Expression of miR-1290/-1246 in sera of mouse after intracardiac injection of SKBRM 

cells with tGLI1 knockdown. Serum was harvested from mice after 25 days post 

inoculation. E-F) Mammosphere assay of SKBRM-tGLI1 cells with downregulated miR-

1290 and miR-1246. E) Number of mammospheres per group. F) Representative 

images. Students t-test was used to compute p-values.  
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Figure 5: miR-1290 and miR-1246 prime astrocytes to communicate with breast 

cancer cells through secreted CNTF.  
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A) Table of top secreted cytokines and growth factors from astrocytes overexpressing 

miR-1290 and miR-1246. B) Representative blots of highly secreted cytokines in 

astrocytes overexpressing miR-1246. C-D) ELISA of secreted CNTF. C) CNTF ELISA of 

astrocyte conditioned medium after stimulation with isogenic SKBRM conditioned 

medium. D) CNTF ELISA of isogenic SKBRM conditioned medium. E-F) GFAP 

expression in astrocytes after stimulation with 100 ng/mL of CNTF. E) Representative 

images. F) Quantification of percent GFAP positive cells. G) Wester blotting for total 

STAT3 and phosphorylated STAT3 in astrocytes after stimulation with CNTF. H-I) 

Mammosphere assay of SKBRM cells stimulated with CNTF. Students t-test was used to 

compute p-values.  
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Figure 6: FOXA2 and SOX9 are potential targets of miR-1290 and miR-1246.  

A) Predicted binding sites of miR-1290/-1246 in the 3’UTR of FOXA2 and SOX9. B-D) 

Relative mRNA expression of FOXA2, SOX9, and CNTF, respectively, in astrocytes 
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overexpressing miR1290 and miR-1246. E-G) Relative mRNA expression of FOXA2, 

SOX9, and CNTF in astrocytes with ectopic expression of FOXA2 or SOX9. H) 

Expression of CNTF receptor alpha in normal breast, breast cancer, and breast cancer 

metastases to the brain, lung, and bone. I) Kaplan-meier curve showing brain 

metastasis-free survival of CNTF signature. Students t-test was used to compute p-

values in panels B-H. Log rank test was used to compute p-values in panel I. 
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V.1 Expression of TGLI1 and Alternative Splicing in Cancer 

 In this study, we observed higher levels of tGLI1 expression in lymph node 

metastases and brain metastases of breast cancer. We have previously reported the 

tumor-specific expression of tGLI1 in GBM and breast cancer but not in normal breast or 

normal brain tissues
1-3

. In addition, tGLI1 expression was detected in invasive 

hepatocellular carcinoma but was not detected in normal hepatocytes
4
. The mechanism 

of tGLI1 tumor-specific expression is currently unresolved. Since tGLI1 is an alternatively 

spliced variant of GLI1, and splicing machinery is aberrantly active in cancers, it is likely 

that deregulated splicing factors are contributing to tGLI1 expression in tumors.  

 Alternative splicing is a tightly regulated tissue- or disease-specific process. In 

cancer, alternative splicing generates aberrant isoforms with deleted, added, or altered 

functional domains to drive tumorigenesis
5, 6

. There are five main alternative splicing 

patterns in cancer including: 1) fully spliced where all introns are removed generating a 

transcript with all exons, 2) intron retention where introns are retained in the functional 

transcript, 3) mutually exclusive exons where there is a selection between exons 

generation two transcripts with different exons, 4) exon skipping where exons are 

removed in the functional transcript, and 5) alternative 5’ or 3’ splice site usage where 

only a portion of the exon is included in the functional transcript
7
. In regards to tGLI1, 

potential alternative splicing patterns are exon skipping and 5’ or 3’ splice site usage 

since all of exon 3 and only part of exon 4 is removed. The exact mechanism and 

specific splicing factor(s) involved in tGLI1 tumor-specific expression should be 

investigated in future studies.    

Splicing factors are often mutated leading to aberrant activation and increased 

alternative splicing in many cancers
8
. One example of an aberrantly active splicing factor 

in cancer is Serine and Arginine Rich Splicing Factor 1 (SRSF1) which is upregulated in 
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colon, lung, and breast cancers
8
. Overexpression of SRSF1 transformed immortal 

mouse fibroblasts and gave rise to sarcomas in mice
9
. SRSF1 was shown to mediate 

alternative splicing of a tumor suppressor, Bridging Integrator 1 (Bin1), and two kinases, 

MAP Kinase Signal-Integrating Kinase 2 (MNK2) and Ribosomal Protein S6 Kinase B1 

(S6K1) resulting in isoforms with loss of tumor suppressive function or gain of kinase 

activity to promote tumorigenesis
9. Further, SRSF1 overexpression transformed normal 

mammary epithelial cells and can alternatively splice a wide variety of genes, leading to 

decreased apoptosis and increased tumor growth, angiogenesis, invasion, and migration 

of cancer cells
10-12

.The oncogenic effects of alternative splicing in cancer highlight the 

importance to identify the splicing factor responsible for tGLI1 expression.  

 

V.2 Role of TGLI1-Upregulated miR-1270 and mir-187 in Cancer 

 Our present study revealed that tGLI1-positive cancer cells secrete increased 

levels of exosomal miR-1270 and mir-187. We did not observe a significant increase in 

these two microRNAs in patient BCBM tumors compared to primary breast tumor. 

However, both miR-1270 and mir-187 were significantly increased in breast cancer 

patient sera compared to non-cancer controls and both miRs promote breast cancer 

stem cell growth suggesting an important role of these miRs in breast cancer. Consistent 

with our observations, Mulrane et al. showed that miR-187 expression was associated 

with shortened overall survival and increased lymph-node metastases in breast cancer 

patients, and overexpression of miR-187 in breast cancer cells led to increased 

invasiveness
13

. Further, miR-187 was shown to promote migration, invasion, and 

proliferation of bladder cancer and that miR-187 expression was predictive of bladder 

cancer recurrence
14

. Interestingly, Li et al. found that miR-187 downregulated FOXA2 
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expression leading to growth and metastasis of gastric cancer
15

. These findings suggest 

an important role of miR-187 in contributing to aggressive cancer phenotypes and 

metastasis. In contrast, several studies have demonstrated a tumor suppressive role of 

miR-187 in hemangioma, gastric cancer, osteosarcoma, and cervical cancer
16-19

. These 

conflicting roles of miR-187 should be addressed future studies. At present, few studies 

have interrogated the role of miR-1270 in cancer. Zhong et al. showed that miR-1270 

was overexpressed in osteosarcoma and associated with poor clinical outcomes. 

Downregulated miR-1270 inhibited proliferation and migration of osteosarcoma cells and 

decreased tumorigenesis in vivo
20

. In addition, miR-1270 expression was increased in 

papillary thyroid cancer and downregulated miR-1270 suppressed cancer cell 

proliferation and migration. These findings suggest that miR-1270 promotes malignant 

tumor phenotypes and further studies are warranted to explore the effects of miR-1270 

in breast cancer progression.  

 

V.3 Exosomal miR-1290 and miR-1246 as Potential Biomarkers in Breast Cancer 

Brain Metastasis and Response to Therapy 

Exosomes isolated from body fluids including plasma, breast milk, cerebrospinal 

fluid, urine, and saliva were shown to contain RNA in healthy donors
21-23. Sanz-Rubio et 

al. demonstrated the stability of miRNAs isolated from circulating plasma exosomes after 

freezing/thawing plasma and after freeze/thawing purified exosomal miRNAs
24

. 

Rabinowits et al. found that patients with lung cancer had exosome concentration of 2.85 

mg/mL of plasma compared to 0.77 mg/mL in non-cancer controls
25

. The dysregulation 

of miRNAs in cancer, relative abundance in circulating plasma, and their established 
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stability indicate that exosomal miRNAs can be used as diagnostic indicators of cancer 

and cancer metastasis.  

Profiling of tumor-microRNAs and circulating-exosomal microRNAs in lung 

adenocarcinoma patients revealed that the miRNA signatures were not different among 

the two groups, indicating that the circulating exosomal miRNAs may be representative 

of the primary tumor. Exosomal miR-1246 was significantly enriched in the serum of 

oesophageal squamous cell carcinoma patients compared to healthy controls and was 

predictive of shortened survival
26

. Interestingly, miR-1246 expression was not elevated 

in tumor biopsy samples from these patients suggesting that microRNA expression may 

not always represent the primary tumor
26

. Several studies have determined elevated 

levels of circulating exosomal miR-1246 in cancer patients compared to healthy controls, 

including hepatocellular carcinoma, high-grade serous ovarian cancer, and breast 

cancer
27-30

. Circulating exosomal miR-1290 expression is also elevated in cancers 

compared to healthy controls, including colorectal carcinoma, cervical cancer, oral 

squamous cell carcinoma, and breast cancer
31-34

. Interestingly, exosomal miR-1290 

expression levels were associated with response to chemoradiotherapy and overall 

survival of patients with oral squamous cell carcinoma
34

. Further, circulating exosomal 

miR-1290 levels were shown to be slightly elevated in serum of patients with HER2-

enriched and triple-negative tumors compared to luminal subtype
31

. Whether miR-1290 

or miR-1246 are elevated in patients with metastatic brain cancers remain unresolved.  

We observed that tGLI1-positive breast tumors secreted exosomes with 

increased miR-1290 and miR-1246 expression and conversely, tGLI1 knockdown using 

specific anti-sense oligonucleotides decreased exosomal miR-1290/1246 levels. 

Intracardiac implantation of brain trophic breast cancer cells, with tGLI1 knockdown, led 

to decreased brain metastases and decreased expression of exosomal miR-1290 and 
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miR-1246 in the sera of mice compared to the negative control. Moreover, we observed 

that miR-1290 and miR-1246 were elevated in sera of cancer patients compared to 

healthy controls and that miR-1290/1246 expression was enriched in BCBM tumors 

compared to primary tumors. These results implicate a close link between tGLI1 and 

circulating exosomal miR-1290/1246, suggesting that both miRNAs may serve as a 

measure of tGLI1 expression and can aid in identifying patients that may respond to 

tGLI1-targeted therapy. Additionally, expression of circulating miR-1290 and miR-1246 

may be used as a diagnostic tool to identify patients with BCBM and may also be used 

to monitor response to therapy.  

 

V.4 Overall Conclusion 

 Our present study revealed a novel interaction between GLI1/tGLI1 and STAT3 

and demonstrated that these proteins are highly expressed and activated in HER-2 

enriched and triple-negative breast cancer subtypes. Functional cooperation of 

GLI1/tGLI1 and STAT3 increased expression of three genes (R-Ras2, Cep70, and 

UPF3A) that were predictive of shortened overall metastasis-free survival of breast 

cancer patients. Further, GLI1/tGLI1 and STAT3 interaction promoted breast cancer 

stem cells and contributed to the aggressiveness of HER2-enriched and triple negative 

breast cancers.  

 We also report novel and impactful functions of tGLI1 in promoting BCBM, breast 

cancer stemness, regulating miRNA expression, modulating metastatic niche in the brain, 

and resistance to radiotherapy. Through the use of three mouse models, we observed 

that tGLI1-positive breast cancer cells preferentially metastasize to the brain and that 

tGLI1 facilitates breast cancer colonization and growth once in the brain. Moreover, 

tGLI1 was highly expressed in breast cancer lymph node metastases, BCBM, and 
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radioresistant BCBM tumor samples. We determined that tGLI1 transcriptionally 

regulates stemness genes and that tGLI1-positive breast cancer stem cells strongly 

activate astrocytes as one potential mechanism for tGLI1 mediated BCBM.     

 Furthermore, we uncovered for the first time that tGLI1 reprograms the brain 

microenvironment into a metastatic niche to promote breast cancer preferential 

metastasis to the brain. Our results showed that tGLI1-positive breast cancer cells 

secrete increased levels of exosomal miR-1290 and miR-1246 and that these miRs 

promote astrocyte activation, stem cell growth, and angiogenesis. We determined that 

astrocyte activation, by miR-1290 and miR-1246, led to increased secretion of CNTF, 

which in turn promoted tumor growth.  Further, our results demonstrate that miR-

1290/1246 expression levels were increased in the circulation of breast cancer patients 

compared to non-cancer controls and were associated with shortened overall survival 

and metastasis-free survival. Moreover, we observed that miR-1290/1246 expression 

levels were enriched in BCBM tumors compared to primary breast tumors. Our results 

indicate miR-1290 and miR-1246 may target transcription factors FOXA2 and SOX9 

expression in astrocytes to promote CNTF secretion. Our data implicate FOXA2 and 

SOX9 as transcriptional repressors of CNTF; however, further studies are warranted to 

confirm these observations.   

 In summary, this study established a novel function of tGLI1 in promoting BCBM 

by altering tumor transcriptome, promoting stem cell self-renewal, and reprogramming 

the tumor microenvironment. This work could define miR-1290 and miR-1246 as 

prognostic indicators of tGLI1 expression, BCBM, and potentially monitor BCBM patient 

response to therapy. Our results from the present study and previous studies further 

strengthen the rationale to identify a tGLI1-specific inhibitor for the treatment of 

metastatic breast cancer and other tumor types overexpressing tGLI1, such as GBM and 

hepatocellular carcinoma.  
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V.5 Figures 

 

 

 

 

Figure 1: Schematic of BCBM directed by tGLI1-positive cancer stem cells. 

tGLI1-positive breast cancer stem cells upregulate stemness genes including OCT4, 

CD44, Nanog, and Sox2 to promote BCBM.  
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Figure 2: Schematic of cross-talk between tGLI1 tumors with vascular endothelial 

cells and astrocytes.  

tGLI1 tumors secrete exosomes containing miR-1290 and miR-1246 which are taken up 

by brain microvascular endothelial cells and astrocytes to promote angiogenesis and 

astrocyte activation, respectively. In astrocytes, miR-1290/1246 promotes CNTF 

secretion to stimulate tumor growth. Downregulated miR-1290 and miR-1246 

suppresses breast cancer stem cell growth.  
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