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Abstract 

Breast cancer is the most common cancer diagnosed in women worldwide. Our laboratory 

discovered an alternative splice variant of glioma-associated oncogene homolog 1 (GLI1), 

termed truncated GLI1 (tGLI1). tGLI1 is tumor specific and behaves as a gain-of-function GLI1 

transcription factor that can regulate many genes and phenotypes in addition to those regulated 

by GLI1 to intensify the aggressive nature of breast cancer. Our laboratory found that tumors 

with highly activated tGLI1 are associated with increased metastasis, poor survival and higher 

incidence of breast cancer metastasis to the brain. However, the molecular mechanisms by which 

aggressive breast cancer evades the immune system is still not well understood, and tGLI1’s role 

in anti-tumor immunity has not been investigated. To address this matter, we investigated the 

role of tumoral tGLI1 in anti-tumor immunity. Herein, we have uncovered novel mechanisms by 

which tGLI1-expressing breast cancer cells can regulate anti-tumor immunity in the brain 

microenvironment and systemically. We observed that tGLI1-expressing triple negative breast 

cancer (TNBC) cells secrete factors that promote microglia to transition into a tumor-supportive 

(M2) phenotype, although the factors that mediate this transition are still under investigation. 

Furthermore, we demonstrate that tGLI1 and program death-ligand 1 (PD-L1) are co-expressed 

in breast cancer and are enriched in TNBC and HER2-enriched breast cancers, the two subtypes 

that have the highest propensity to metastasize and are associated with significantly poorer 

overall survival. Tumoral tGLI1 also transcriptionally upregulates PD-L1 expression both in 

vitro and in vivo to a higher degree than GLI1 in breast cancer. In addition, we demonstrate that 

tGLI1 and STAT3 co-expression increases PD-L1 promoter activity in vitro and expression in 

vivo. Lastly, the co-expression of tumoral GLI1 and tGLI1 renders TNBC cells resistant to 

natural killer cell-mediated killing. These findings uncover a novel role that tumoral tGLI1 plays 
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in immunomodulation, providing a new insight into the biology of tGLI1-positive breast cancer 

and a rationale to suppress the tGLI1 pathway to overcome resistance to immune checkpoint 

inhibitors.    
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Introduction 

According to the American Cancer Society, an estimated 276,480 new cases of invasive breast 

cancer diagnoses are anticipated in 2020, an increase in incidence rates since last year’s statistics 

in the U.S. alone [1]. It is also estimated that approximately 42,170 women will die from breast 

cancer in 2020. Unfortunately, 1 in 38 women will succumb to this disease despite the extended 

effort to treat breast cancer through various forms of therapy. Although breast cancer deaths have 

decreased 1.3% per year in 60-year-old or older women, breast cancer rates have remained 

steady in women younger than 50. While women who have non-metastatic breast cancer have a 

99% 5-year survival rate, the rate significantly drops to as low as 27% when distant metastasis 

develops. Hence, there is an urgent need to develop a more effective therapy to prevent and treat 

the metastatic disease [1].  

 

The heterogeneity and molecular pathogenesis of breast cancer has definitively established that 

breast cancer is a collection of diseases with various molecular underpinnings [2]. Breast cancers 

are molecularly classified into five different subtypes based on the expression levels of estrogen 

receptor α (ERα), progesterone receptor (PR), human epidermal growth factor receptor 2 

(HER2), cytokeratins (CKs) 5 and 6, and claudins 3, 4, and 7. The five subtypes include: luminal 

A, luminal B, HER2-enriched, claudin-low (mesenchymal), and basal-like breast cancer [3, 4]. 

Luminal A tumors, the most common subtype, are positive for ERα and PR, and have low 

expression for the proliferation marker, Ki-67, corresponding to low-grade histology and greater 

response to conventional chemotherapies. Luminal B tumors are ER- and PR-positive as well as 

HER2-positive, but are considered high grade due to higher expression of proliferation-related 

genes and higher risk of relapse [5]. HER2-enriched tumors overexpress the HER2 receptor and 
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are negative for ERα and PR. Although these tumors have high proliferation-related genes such 

as Ki-67, HER2 expression is not directly associated with expression of proliferation-related 

genes, and instead, is associated with genes related to the immune response to tumor invasion 

and metastasis [5]. Lastly, triple-negative breast cancers (TNBC) are negative for ERα, PR, and 

HER2, and can be divided into two TNBC subtypes, claudin-low (mesenchymal) and basal-like 

breast cancer. Claudin-low TNBC displays the mesenchymal phenotype and is more stem-like, 

with low expression of Ki-67, E-cadherin, and claudins 3, 4, and 7. Basal-like TNBC is typically 

positive for CKs 5/6, epidermal growth factor receptor (EGFR), and Ki-67 [6-8].   

 

Although both luminal tumors express both ERα and PR, luminal A tumors have a lower 

tendency to metastasize, while luminal B tumors are more aggressive, characterized by higher 

levels of proliferation-related genes and an overall worse prognosis than luminal A tumors [9]. 

HER2-enriched tumors are more aggressive in nature and can be treated with HER2 targeted 

therapy (e.g., trastuzumab, lapatinib) [10]. TNBC are most metastatic and difficult to treat due to 

the lack of all three druggable receptors.  

 

The smoothened-glioma-associated oncogene homolog 1 (SMO-GLI1) pathway has been heavily 

investigated in an effort to provide an alternative therapeutic target for invasive breast cancers. 

The SMO-GLI1 pathway is critical for tumor progression and normal tissue development. SMO 

is an oncogenic 7-transmembrane receptor that activates the GLI1 family of oncogenic Zinc-

finger transcription factors [11-16]. SMO is activated following binding of the hedgehog (HH) 

ligand to its receptor patched-1 (PTCH1), which de-represses SMO, leading to nuclear 

translocalization of GLI1 transcription factors. GLI1 can activate target genes that are involved 
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in proliferation, apoptosis, angiogenesis, epithelial-mesenchymal transition, stem cell self-

renewal [17-20], tumor progression and metastasis [21].  

 

Our laboratory discovered truncated GLI1 (tGLI1) as an alternatively spliced variant of GLI1 

with an in-frame deletion of 41 amino acids, resulting in the complete loss of exon III and partial 

loss of exon IV [22]. Even though the deletion is significantly different from the GLI1 

transcription factor, tGLI1 retains all of the functional domains of GLI1 and gains the ability to 

positively regulate aggressive tumor phenotypes such as glioblastoma (GBM) and breast cancer. 

GLI1 has been shown to upregulate the expression of PTCH1 and PTCH2, Hedgehog-interacting 

protein (Hhip) [23], cell cycle regulators (CCND2 and CCNE1) [24] , BCL2 [25], MYCN [26], 

ABCG2 [27], FGF4 [28], VEGFA [29], FOXM1 [30], and members of the WNT pathway [31]. 

tGLI1, on the other hand, is able to regulate all of the GLI1 target genes and has gained the 

ability to upregulate eight genes not regulated by GLI1, including, VEGFA, VEGFC, VEGF2, 

TEM7, HPSE, CD24, CD44 and OCT4 [22, 32-37]. These identified tGLI1 target genes have 

been shown to promote cell proliferation, angiogenesis, migration, invasion, cancer stem cell 

renewal, and metastasis. Although other researchers have studied role of tumoral tGLI1 in breast 

cancer angiogenesis [38] and gliomas [39], invasive hematomas [40], and within 

pancreatic/breast cancer immune evasion [41], the role that tGLI1 plays in human cancers is still 

not well understood, especially its role in anti-tumor immunity. With that said, a complete 

understanding of tGLI1’s functions in breast cancer is important in establishing novel diagnostic 

tools, prognostic indicators, and therapeutic targets for the treatment of breast cancer. 
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The goal of this study is to examine whether tumoral tGLI1 plays any immunomodulatory role in 

breast cancer, which is currently unknown. Many invasive cancers are able to become more 

aggressive, resistant to therapy and metastatic due to their ability to suppress the anti-tumor 

immunity. Our laboratory has recently shown that tGLI1 mediates breast cancer brain metastasis 

(BCBM), in part, by promoting metastasis-initiating cancer stem cells (CSCs) and activating 

astrocytes in the BCBM microenvironment [37]. However, it is unknown if tGLI1-positive 

BCBM can regulate the immune cells within the tumor microenvironment, including microglia, 

brain macrophages. Although the normal brain is considered an immune privileged site, 

microglia cells often infiltrate into brain tumors and brain metastases [42]. Therefore, we 

hypothesized that tGLI1-positive breast cancer cells secrete factors to promote microglia 

transition from a tumor-suppressive (M1) phenotype to a tumor-supporting (M2) phenotype, 

thereby promoting tumor progression.  

 

We further hypothesized that tGLI1-positive breast cancer cells express increased levels of 

program death-ligand 1 (PD-L1), leading to a functional inhibition of program death receptor 1 

(PD-1)-expressing immune cells and subsequent immunosuppression. When tumoral cell-surface 

PD-L1 interacts with PD-1, a receptor located on the cell-surface of immune cells, the immune 

cells become deactivated, allowing the cancer cells to escape immune surveillance. Our studies 

provide experimental evidence that supports both hypotheses and establishes a novel role that 

tumoral tGLI1 plays in modulating microglia and natural killer (NK) cells.  
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Chapter 1: Materials and Methods 

 

Cell Lines and Cell Culture  

Human breast cancer cell line MDA-MB-231 was purchased from ATCC (Manassas, VA) and 

cultured according to the recommendations specified by ATCC. JIMT-1 human breast cancer 

cells were purchased from the core facility at Wake Forest Baptist Medical School and were 

cultured in Dulbecco’s modification of eagle’s medium (DMEM, Corning 10-013-CMR) 

supplemented with 10% fetal bovine serum (FBS, Corning 35-10-CV) and 1% Penicillin-

Streptomycin solution (P/S, Corning 30-002-CI). SIM-A9 mouse microglia cells were from 

ATCC and cultured according to the recommendations specified by ATCC. Natural Killer cells 

(NK-92) were kindly provided by Dr. David Soto-Pantoja and were cultured according to the 

recommendations specified by ATCC.  

 

Isogenic Cell Lines 

The stable MDA-MB-231 cell line expressing control vector/vector, GLI1/vector, tGLI1/vector, 

or GLI1/tGLI1 were established in our previous study [22]. These cells were cultured under 

puromycin and G418 selections. Transgene expression was validated by examination for red 

fluorescent protein (RFP) under a fluorescence microscope and western blotting. RFP sorting 

was conducted using the FACS Aria instrument and was periodically completed to ensure purity 

of the stable cells. 

 

Bioinformatics Analysis of TCGA Dataset 

Publically available breast tumor expression profiles were retrieved from The Cancer Genome 

Atlas (TCGA) with subtype and overall survival information. Median centering was used to 
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generate tGLI1 activation signature (tGAS-8) comprised of known and established tGLI1 target 

genes including, VEGFA, VEGFC, VEGF2, TEM7, HPSE, CD24, CD44 and OCT4 [22, 32-37]. 

The same method was applied to generate tGAS-8 and PD-L1 combined signature. tGAS-8 

expression was used to stratify patients in the TCGA datasets and Kaplan-Meier curves were 

generated using GraphPad Prism 5. Log-rank test was used to determine the significance. tGAS-

8 and PD-L1 expression levels in the TCGA dataset were used to determine correlation. 

Student’s t-test and Pearson correlation coefficient were used to determine significance and 

correlation, respectively, in GraphPad Prism 5.  

 

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)  

MDA-MB-231 cells were grown to a maximum confluency of 90%, at which point the cells were 

pelleted and washed with cold 1x phosphate-buffered saline (PBS). Following centrifugation at 5 

minutes at 1250 RPM at 4°C, the supernatant was removed and the cell pellet was immediately 

frozen at -80°C until further analysis. Total RNA was isolated using Promega SV Total RNA 

Isolation kit (Promega, Z3105) and subjected to quantitative real time PCR as previously 

described  [35, 43]. qPCR primers spanning the PD-L1 gene were designed and validated. PD-L1 

primers: FWD: 5’ – TGTCACGGTTCCCAAGGACC – 3’; REV: 5’ – 

TTCGCTTGTAGTCGGCACCA – 3’. 

 

Western Blots 

Western blots were performed using the same techniques as previously described [22, 43]. 

Antibodies used for immunoblotting included those against PD-L1 (Cell Signaling; 13684) and 

β-actin (Sigma). 
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Visualization of Plasmid Purity and PCR product using Agarose Gel 

A 1% agarose gel was prepared by dissolving 0.5 grams of OmniPur agarose (Millipore Sigma 

2120-OP) in 50 mL Tris-acetate-EDTA (TAE) buffer. Once solution cooled to below 60° 

Celsius, 5μL of the 10,000x SYBR ® Safe DNA dye (Invitrogen S33102) was mixed in and 

poured into an electrophoretic gel case to allow to solidify.  Once solidified, the gel case was 

filled with TAE running buffer. The lanes were loaded with either 5μL of 1kB DNA ladder 

(Millipore Sigma D0428) or 0.1 μg plasmid. The gel and samples were electrophoresed at 100V 

for 30 minutes. Gels were imaged using ChemiDoc imaging system (Bio-Rad).  

 

Determination of PD-L1 Cell-Surface Expression using Flow Cytometry 

MDA-MB-231 cells stably expressing vec/vec, GLI1/vec, tGLI1/vec, GLI1/tGLI1 were 

expanded in T150 flasks and counted. Cells were then trypsinized, incubated with Human 

TruStain FcX (Biolegend, 422302) either the recommended IgG2b isotype control or the anti-

PD-L1 fluorescent antibodies (BioLegend, 329708) in replicates of three for each cell line, and 

subjected to flow cytometry analysis via the BD LSRFortessa X-20 Analyzer. 

 

Immunohistochemistry (IHC) 

IHC was performed as we have previously described [35, 43, 44]. The antibodies used for IHC 

included those against PD-L1 (Cell signaling; 13684, 1:100), p-STAT3 (Y705)  (Cell signaling; 

#4113, 1:100), Granzyme B (Abcam; ab4059, 1:100), natural killer cell surface marker CD161 

(Biolegend, #108702, 1:200), and the rabbit polyclonal GLI1 (1:100) and tGLI1 (1:100) 

antibodies that our laboratory developed and validated [35, 43, 44]. 
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Animal Housing  

Female athymic nude (nu/nu) mice 5-6 weeks of age purchased from Charles River Laboratories 

(Wilmington, MA) were used. All colonies were housed in a pathogen-free facility of the Animal 

Research Program at Wake Forest School of Medicine (WFSM) under a 12:12-hour light/dark 

cycle and were fed irradiated rodent chow ad libitum. Animal handling and procedures were 

approved by the WFSM Institutional Animal Care and Use Committee (IACUC) (protocol 

#A16-179).  

 

Animal Study 

Animal MDA-MB-231 breast cancer cell lines were implanted at the fourth mammary fat pad 

(MFP) of female nu/nu mice with 3 mice per stable line (3 × 4 = 12 mice total) at 7-8 weeks of 

age. For each inoculation, 1 x 105 cells were mixed with matrigel gel at a 1:1 ratio in 100 μl.  

Tumor volume was measured twice weekly using a digital caliper and tumor volume was 

calculated using the formula: Volume = (Width × Width × Length)/2. Xenografts were allowed 

to grow to equal or less than 1,800 mm3. After the mice were sacrificed, the tumors were 

extracted and snap-frozen in NEG-50 frozen section medium (Richard-Allen Scientific 6502) 

and immediately stored at -80°C.  

 

Microglia M1-M2 Transition Determination  

Unstimulated stable MDA-MB-231 cells seeded in T25 flasks for twenty-four hours were 

washed with 1x PBS and incubated with 5 mL of fresh serum-free media (SFM) (DMEM with 

1% P/S) for twenty-four hours followed by collection. Collected conditioned media (CM) was 
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then added to SIM-A9 microglia seeded in 6-well plates at 4 × 105 cells per well. Following 

incubation for twenty-four hours, SIM-A9 cells were harvested and subjected to total RNA 

extraction and RT-qPCR. Recombinant mouse 0.02 μg/mL of IL-4 and IL-10 (R&D systems, 

BC1818051, BP7117081) were used to stimulate microglia cells to the M2 phenotype. All 

experimental groups were performed in duplicate with IL4/IL10 serving as a positive control and 

serum-free media serving as a negative control. As for the SHH stimulated MDA-MB-231 cells, 

cancer cells were stimulated with 100 ng/mL of SHH (Millipore Sigma GF174) four hours prior 

to the end of the 24-hour serum starvation period.  

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

CD74 
AGAGCCAGAAAGGTGCAGC Mouse-CD74-F 5′ 

GATGCATCACATGGTCCTGG Mouse-CD74-R 5′ 

CD80 
TACACCACTCCTCAAGTTTCC Mouse-CD80-F 5′ 

CAGGTAATCCTTTTAGTGTCTG Mouse-CD80-R 5′ 

CD86 
TTACGGAAGCACCCACGATG Mouse-CD86-F 5′ 

CCTGTTACATTCTGAGCCAGT Mouse-CD86-R 5′ 

NOS2 
GAGTCACCAAAATGGCTCCC Mouse-NOS2-F 5′ 

GTTCATGATGGACCCCAAGC Mouse-NOS2-R 5′ 

CD204 
TTCAATGACAGCATCCCTTCC Mouse-CD204-F 5′ 

GCTTTCGATTCTCTCCTCCAT Mouse-CD204-R 5′ 

ARG1 
TCCTTAGAGATTATCGGAGCG Mouse-ARG1-F 5′ 

GTCTTTGGCAGATATGCAGG Mouse-ARG1-R 5′ 

ARG2 
CAAATTCCTTGCGTCCTGACG Mouse-ARG2-F 5′ 

GGTACCTATTGCCAGGCTGT Mouse-ARG2-R 5′ 

CD163 
GTGCTGGATCTCCTGGTTG Mouse-CD163-F 5′ 

CTGTTCACCAGTCTCATCTC Mouse-CD163-R 5′ 

 

Promoter Luciferase Reporter Assay 

A 1 kilobase PD-L1 promoter firefly luciferase reporter plasmid was ordered from Addgene 

(plasmid #107005). An overnight liquid culture was inoculated in LB broth supplied with 100 

μg/mL Ampicillin to select for plasmid. Plasmid DNA was isolated from bacterial culture via the 

SpinSmart Plasmid DNA Miniprep kit (Thomas Scientific, Inc. 1158P42) according to 

manufacturer’s instructions. Plasmid purity was demonstrated using a 1% agarose gel. All cells 
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were transfected with XtremeGene HP (Millipore Sigma, 6366244001) while in exponential 

growth phase. MDA-MB-231 cells and JIMT-1 cells were transfected with PD-L1 firefly 

luciferase reporter plasmid along with vec, GLI1, and or tGLI1 plasmids in their respective 

groups. Forty-eight hours following transfection, the cells were lysed with lysis buffer provided 

by Firefly and Renilla luciferase activity kit (Biotium) and placed in -80°C until further analysis. 

Cells/cell lysates were scraped off the plate and underwent mechanical lysis via pipettation to 

ensure complete lysis of all cells. Firefly luciferase activity was normalized to total protein 

concentration.  Luciferase activity was measured using the Firefly and Renilla luciferase activity 

kit, as we previously described [22, 43].   

 

Co-culture of NK Cells with MDA-MB-231 Isogenic Lines (Cell Impedance Assay)  

Isogenic MDA-MB-231 cell lines, with a low passage number, were cultured with natural killer 

(NK) cells (NK-92, ATCC), kindly provided by Dr. Soto-Pantoja for the use of this experiment. 

MDA-MB-231 cell lines were seeded in duplicate in an 8-well ACEA ePlate (ACEA) at 10,000 

cells per well. Twenty-four hours following seeding, NK cells were counted and introduced to 

the stable MDA-MB-231 cells at 100,000 cells per well. NK-mediated MDA-MB-231 cell death 

was measured via cellular impedance (measure of cell attachment/detachment) for forty hours 

following NK addition. MDA-MB-231 cells are adherent cells and do not detach unless a cell 

death response is instigated. To ensure that the rate of cell death evoked by the presence of NK 

cells was due to NK cell cytotoxic effects and not because of lower doubling time, cancer cells 

were seeded alone to measure doubling time and data was used for normalization purposes. In 

addition, NK cells were seeded alone to ensure NK cells did not induce cell impedance signals. 

NK cells are non-adherent cells and should not attach or send a signal via the electrode at the 
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bottom of the e-plate, which measures cellular impedance. Therefore, NK cells were seeded 

alone and served as a negative control. As a positive control, NK cells were stimulated with 

1μL of 1μg/mL PMA in 100μL of media to ensure that NK cells used were functionally 

activated, as measured later by the ELISA assay.  

 

Measurement of Human IFN-ү by Enzyme Linked Immunosorbent Assay (ELISA) 

The supernatant from the MDA-MB-231-NK cell co-culture was collected and the IFN-ү 

concentrations were immediately measured to avoid freeze-thawing. IFN-ү was quantitatively 

detected by ELISA using the Human IFN-ү Quantikine ELISA Kit (R&D system, DIF50C). The 

ELISA assay was carried out according to the protocol and recommendations provided by the 

kit. 

 

Statistical analysis 

Results are represented as mean ± SEM unless otherwise noted. Student’s t-test were performed 

using GraphPad Prism 5 unless noted otherwise.  
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Chapter 2: Results 

MDA-MB-231 conditioned media stimulates microglia transition to a tumor supportive 

phenotype.  

To identify if tGLI1-expressing breast cancer cells secreted factors that promote the M1 to M2 

transition in microglia cells, we used conditioned medium from stable MDA-MB-231 cells that 

were engineered to overexpress vec/vec, GLI1/vec, tGLI1/vec and GLI1/tGLI1. After MDA-

MB-231 cells grew in media for twenty-four hours, we aspirated the conditioned media, 

centrifuged it to get rid of any cells that may have been aspirated, and replaced the media from 

SIM-A9 microglia cells with the conditioned media from the stable MDA-MB-231 cells. 

Twenty-four hours later, the SIM-A9 cells were harvested and subjected to total RNA extraction 

and RT-qPCR analysis for well-known M1 and M2 phenotypic genes to determine if the MDA-

MB-231 conditioned media stimulated a transition to the M2 phenotype (Figure 1A). Markers 

used to identify M1 and M2 microglia were previously used and described [45]. Prior to 

experimentation, IL4 and IL10 stimulation was used to validate that SIM-A9 microglia cells 

could be stimulated to the M2 phenotype. IL4 and IL10 have been previously shown to stimulate 

the M2 phenotype in microglia cells [46, 47]. 

 

 A) 
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B)  

Figure 1. MDA-MB-231 conditioned media stimulates microglia transition to a tumor supportive 

phenotype. A) Overview of MDA-MB-231 conditioned media and SIM-A9 experimental setup. B) 

Results following RT-qPCR analysis from SIM-A9 conditioned media treated samples reveal that 

GLI1, tGLI1, and GLI1/tGLI1 conditioned media from MDA-MB-231 cells promote an M1 to M2 

transition. M1 to M2 transition measurement was done by subjective level comparison. Data was 

normalized to SFM alone. IL4/IL10 stimulated SIM-A9 cells served as a positive control while SFM on 

SIM-A9 served as a negative control. 
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According to our RT-qPCR results (Figure 1B), both GLI1 and tGLI1 enhanced the ability of 

MDA-MB-231 to promote M1 to M2 transition of microglia cells while the SFM control did not 

have any effects. However, we did not observe tGLI1 to have an increased impact compared to 

GLI1 in promoting microglia M1-M2 transition. These interesting and novel observations 

suggest that tGLI1-expressing breast cancer cells may modulate microglia to suppress immunity 

and promote tumor growth.  

 

Stable MDA-MB-231 cells overexpressing GLI1 and/or tGLI1 stimulate M1-M2 transition 

in microglia cells following SHH stimulation. 

Since the nuclear transport of both GLI1 and tGLI1 can be initiated by the SHH ligand, MDA-

MB-231 cells were stimulated with 100 ng/mL SHH for four hours before the end of the 24-hour 

serum starvation period. SIM-A9 media was then replaced with conditioned media from MDA-

MB-231 cells. After SIM-A9 cells were incubated with MDA-MB-231 conditioned media for 

twenty-four hours, SIM-A9 cells were harvested and analyzed for M1 and M2 gene expression 

levels.  

Results from these experiments illustrate that SHH-stimulated GLI1- and tGLI1-expressing 

MDA-MB-231 cells promoted the M2 phenotype of SIM-A9 microglia cells whereas the vector 

control cells did not show stimulatory effects (Figure 2). Although the data did not illustrate a 

greater degree of M1-M2 transition from tumoral tGLI1-expressing cells compared to GLI1-

expressing cells, the M2 polarization by tGLI1 breast cancer cells is an interesting observation 
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that suggests a novel function of tumoral tGLI1 in modulating microglia to suppress immunity 

and promote tumor growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Stable MDA-MB-231 cells overexpressing GLI1 and/or tGLI1 stimulate M1-

M2 transition in microglia cells following SHH stimulus.  

RT-qPCR analysis of SIM-A9 stimulated with CM from SHH-stimulated MDA-MB-231 cells 

showed a M1-M2 transition from GLI1 and/or tGLI1 cell lines. MDA-MB-231 cells were 

stimulated with 100ng/μl SHH prior to SIM-A9 conditioned media replacement. IL4/IL10 

+SHH served as a positive control while SFM+SHH was used as a negative control.  

 



18 
 

tGLI1 activation and PD-L1 expression are enriched in HER2-enriched and TNBC 

subtypes and are correlated with poor overall survival 

Tumor cells can suppress immune cells activation through the PD-L1 and PD-1 interaction [48-

52]. To determine whether tGLI1-expressing breast cancer has an increased PD-L1 expression, 

we analyzed The Cancer Genome Atlas (TCGA) breast cancer database for the correlation 

between tGLI1 and PD-L1 (N=1100). Since tGLI1 expression level is not annotated in the 

TCGA database, our lab developed a tGLI1 activation signature-8 (tGAS-8), which contains 

eight validated tGLI1 target genes that are known to be regulated by tGLI1 but not GLI1 such as: 

VEGFA, VEGFC, VEGF2, TEM7, HPSE, CD24, CD44 and OCT4 [22, 32-37]. We found that 

tGAS-8 is notably expressed to a higher degree in HER2-enriched and TNBC subtypes 

compared to luminal A and B subtypes, and that TNBC has highest tGAS-8 (Figure 3A). PD-L1 

expression levels were also higher in HER2-enriched and TNBC subtypes than the luminal 

subtypes (Figure 3B). We then combined tGAS-8 with PD-L1 and determined the association 

between the combined signature and breast cancer subtypes. We observed that the combined 

signature to be higher in TNBC and HER2-enriched breast cancers and that the combined 

signature is most activated in TNBC (Figure 3C). We then determined the direct correlation 

between tGAS-8 and PD-L1 in the TCGA cohort using regression analysis, and the results 

revealed a significant and positive correlation between tGLI1 activation status and PD-L1 

expression (Figure 3D). Next, we wanted to see if the combined signature is associated with 

overall patient survival using Kaplan-Meier Survival Analysis and log-rank test. Results revealed 

that the combined signature of PD-L1 and tGAS-8 is significantly associated with poorer overall 

survival (Figure 3E). In contrast, PD-L1 alone was not significantly correlated with patient 

survival (Figure 3F), which is consistent with previous reports.    



19 
 

A)                              B)  
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Figure 3: tGLI1 activation and PD-L1 expression are enriched in HER2-enriched and 

TNBC subtypes and are correlated with poor overall survival. A-C) tGAS-8 and PD-L1 

are more highly expressed in HER2-enriched and TNBCs. Student’s t-test was used to 

compute p-values. D) Pearson correlation plot indicating that tGLI1 and PD-L1 are 

significantly and positively correlated. E-F) Kaplan-Meier analysis showing survival data of 

1100 patients from TCGA dataset. Log-rank test was used to compute p-values.  
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tGLI1 enhances PD-L1 mRNA expression levels  

In light of the direct positive association of tGAS-8 and PD-L1 mRNA expression in the TCGA 

cohort, we further examined the association using RT-qPCR on the isogenic MDA-MB-231 cell 

lines. As shown in Figure 4, PD-L1 mRNA levels are highest in the two lines with tGLI1 

overexpression, indicating that tGLI1 increases PD-L1 mRNA expression. 

 

Figure 4: tGLI1 enhances PD-L1 mRNA expression 

levels. RT-qPCR for PD-L1 was performed in stable MDA-

MB-231 cell lines in triplicate. Data normalized to Vec/Vec. 

Student’s t-test was used to compute p-values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

tGLI1-positive breast cancer cells express high levels of PD-L1 protein  

To verify that the transcriptional levels of PD-L1, namely the mRNA level, coincide with the 

translational levels of PD-L1, a western blot was performed to measure total PD-L1 protein in 

stable MDA-MB-231 lines and transiently transfected JIMT-1 cells. JIMT-1 cells are HER2-

enriched ER- and PR-negative cells that are resistant to Herceptin therapy.  We found that tGLI1 

expression enhanced PD-L1 protein levels in both cell lines in a similar fashion (Figure 5A). 

Total PD-L1 protein was quantitated and normalized to β-actin through ImageJ. PD-L1 protein 

levels were then normalized to Vec/Vec to depict the fold changes across cell types (Figure 5B).  
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 B)  

 

 

 

 

Figure 5. tGLI1-positive breast cancer cells express high levels of PD-L1 protein. A) 
Expression levels of PD-L1 in the stable MDA-MB-231 lines and transiently transfected 

JIMT-1 cells were measured without any treatment or stimulation. B) Western blots were 

quantified through ImageJ and normalized to β-actin. Fold change is represented with an 

additional normalization to Vec/Vec. 

 

tGLI1 increases expression of cell-surface PD-L1  

Next, we determined whether tGLI1-expressing MDA-MB-231 cells have increased cell-surface 

PD-L1 expression since cell-surface PD-L1 plays a critical role in immune cell deactivation. 

Flow cytometry was carried out according to the recommendations provided by Biolegend’s cell 

surface flow cytometry staining protocol [53]. All cell types were prepared in triplicate and 

underwent fluorescence activated cell sorting (FACS) analysis. Our results confirmed that the 

tumoral tGLI1 enhances PD-L1 expression on the cell-surface of MDA-MB-231 cells (Figure 6). 

Highest PD-L1 cell-surface levels was seen in the GLI1/tGLI1-expressing cells (Figure 6). 
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Figure 6: tGLI1 increases expression of cell-surface PD-L1. All samples were gated for 

APC-A for PD-L1 positivity and PE-A for red fluorescence protein (RFP) positivity. All 

samples were analyzed in triplicate and gated off of the isotype controls to determine 

percentage of PD-L1 surface expression in each cell line. Student’s t-test was used to compute 

p-values.  

 

tGLI1 increases PD-L1 expression in vivo  

To verify the in vitro studies, an animal study was performed using female nu/nu mice carrying 

orthotopic MDA-MB-231 xenografts. The mouse study contained a total of 12 mice, 3 mice per 

MDA-MB-231 stable cell line. MDA-MB-231 cells were expanded, collected, and prepared with 

matrigel to be injected into the MFP of each mouse. Following MFP injection, mice were 

monitored daily and mice were sacrificed once tumor volume reached 1800m3 or 28 days 

following the MFP injection. After mice were sacrificed, the MFP tumors were extracted and 

immediately coated with NEG-50 and frozen in -80°C. MFP tumor tissues were sliced at 10 

microns and IHC analysis was performed using the following antibodies: PD-L1, tGLI1, and 

GLI1. H&E stating was done to mark tumor tissues. Representative images from IHC and H&E 

stating are shown in Figure 7A. IHC results showed that that PD-L1 is expressed at higher levels 
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in tGLI1-expressing tumors than those without tGLI1 (Figure 7B), indicating a direct in vivo 

correlation between tGLI1 and PD-L1 in breast cancer. 

 

A) 
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Figure 7: tGLI1 increases PD-L1 expression in vivo. A) Representative IHC images. H&E 

analysis (bottom) was performed confirming the presence of cancer cells. B) Histologic 

scores (H-Score) were calculated using the equation, H-score = A × B, where A represents 

percent positivity (A%, A = 1-100) and B represents intensity (B = 0-3). All tumors 

performed in this study were used to determine histologic scores. Student t-test was used to 

compute p-values.  

 

 



24 
 

tGLI1 and PD-L1 co-expression is detected in human breast cancer samples 

To further validate the in vivo association between tGLI1 and PD-L1, we analyzed six human 

invasive breast cancer samples for tGLI1 and PD-L1 using IHC.  Results showed an interesting 

expression correlation between the two proteins (Figure 8). This pilot study provides the 

rationale to analyze a large cohort of breast tumors to determine whether there is a significant 

correlation between expression levels of tumoral tGLI1 and PD-L1 in clinical samples.  

 

Figure 8: tGLI1 and PD-L1 co-expression is detected in human breast cancer 

samples. IHC images from human tumor microarray are shown.   

  

tGLI1 activates PD-L1 promoter activity in TNBC and HER2-enriched cancers 

To determine whether tGLI1 transcriptionally activates the PD-L1 gene, we investigated whether 

tumoral tGLI1 transactivates the human PD-L1 promoter in breast cancer using a human PD-L1 

promoter reporter construct. Here, MDA-MB-231 and JIMT-1 cells were transiently transfected 

with the PD-L1 promoter luciferase reporter and vector, GLI1 or tGLI1 plasmids in triplicate. 
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Promoter transactivation was then measured by luciferase assay. As shown in Figure 9, the PD-

L1 promoter was activated to a greater degree with tGLI1 in MDA-MB-231 and JIMT-1 cell 

lines verses GLI1 alone or the vector control. Of note, these results complemented the increased 

mRNA and protein expression demonstrated by the RT-qPCR and western blot, respectively. 

However, whether tGLI1 directly binds to the PD-L1 promoter is unknown; this will be 

examined in a future study.  

 

 

 

 

 

 

Figure 9: tGLI1 activates PD-L1 promoter activity in TNBC and HER2-enriched 

cancers. Graphs depicting PD-L1 promoter activity in transfected MDA-MB-231 and JIMT-

1 cell lines. Firefly luciferase was normalized to protein concentration. Student’s t-test was 

used to compute p-values.  

 

STAT3 enhances the ability of tGLI1 to activate the PD-L1 promoter  

Previous findings from our laboratory have revealed that there is a physical and functional 

cooperation between STAT3 and GLI1/tGLI1-targed gene promoters to promote a more 

aggressive HER2 and TNBC subtype by increasing gene expression (Figure 10A) [44]. 

Furthermore, multiple publications have reported that STAT3 promotes PD-L1 expression in 

multiple different types of cancer, including breast [54-56]. For these reasons, we determined 

whether STAT3 affects tGLI1-mediated PD-L1 expression using the PD-L1 promoter reporter 
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assay.  Our results revealed that STAT3 significantly increases PD-L1 promoter activity in both 

TNBC and HER2-enriched breast cancer (Figure 10B). Interestingly, STAT3 significantly 

enhances the ability of tGLI1 to activate the PD-L1 promoter activity.  

A)  

 

 

 B) 

 

 

 

 

 

Figure 10: STAT3 enhances the ability of tGLI1 to activate the PD-L1 promoter. A) 

Overview of the impact of tGLI1-STAT3 and GLI1-STAT3 complexes on gene 

expression. B) Relative PD-L1 promoter activity with (+) and without (-) STAT3-CA.  

Representing graphs illustrate highest PD-L1 promoter activity when tGLI1 is present 

with and without STAT3. All samples were performed in triplicate. P-values were 

calculated using Student’s t-test.   
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p-STAT3 expression is increased in tGLI1 expressing tumors 

To determine if STAT3 expression is consistent with tGLI1 and PD-L1 expression in vivo, we 

performed IHC staining of phosphorylated STAT3 (p-STAT3) on all MDA-MB-231 tumors of 

our mice study. As depicted by the IHC results, p-STAT3 expression is significantly higher in 

tGLI1-expressing xenografts, which is consistent with increased PD-L1 expression, indicating 

that tGLI1 and STAT3 may be interacting together to further upregulate PD-L1 expression.  

A) 

 

 

 

 

 

 

B) 

 

 

 

Figure 11: p-STAT3 expression is increased in tGLI1-expressing tumors. A) IHC 

analysis of mammary fat pad MDA-MB-231 xenografts from female athymic mice were 

analyzed for expression levels of pSTAT3 (Y705), as known as activated STAT3. 

Previous PD-L1 and tGLI1 IHC images added for comparison purposes. B) H-score 

comparisons from all tumors conducted in our mice study. Student t-test was used to 

compute p-values. 
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tGLI1-expressing breast tumors contained reduced NK infiltration and NK activation  

Given our findings demonstrating the role of tumoral tGLI1 in promoting PD-L1 expression in 

breast cancer, we wanted to determine if tumoral tGLI1-mediated PD-L1 expression leads to 

inhibited immune cell activation and infiltration, particularly in NK cells. NK cells are innate 

lymphocytes that play a critical role in tumor cell death as well as cells infected with viruses or 

other pathogens [57]. Functional cytotoxic immune cells, such as active NK cells, are critical for 

fighting cancer cells that are still in the early stages of development. NK cells are involved in 

first phase of cancer elimination and can select the cancer cell variants that are less immunogenic 

and therefore, hidden from the immune system [58, 59]. Given NK cell’s important role in the 

immune system, we wanted to investigate whether tumoral tGLI1-mediated PD-L1 expression in 

TNBC affected NK cell infiltration and activation in vivo. To this end, we performed IHC for 

well-known NK cell-surface marker CD161. CD161 is a receptor expressed by the majority of 

NK cells and a subset of T-cells [60]. Of note, this animal study used immunocompromised 

nu/nu mice that still produce NK cells although they are incapable of producing T-cells because 

they do not have a functional adaptive immune system [61]. Therefore, CD161 IHC specifically 

mark NK cells in this study. As shown in Figure 12, tGLI1 expression resulted in reduced NK 

infiltration into the tumors. In addition, Granzyme B, a serine protease released by activated NK 

cells, was released to a reduced degree in tGLI1-expressing tumors (Figure 12). These results 

suggest that higher tGLI1 expression, and therefore, higher PD-L1 expression leads to reduced 

infiltration and activation of NK cells.  
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Figure 12: tGLI1-expressing breast tumors contained reduced NK infiltration and 

activation. A) IHC analysis of MDA-MB-231 MFP xenografts for expression levels of CD161 

(makers for NK cells) and granzyme B (released by activated NK cells). H&E staining was 

done to show the presence of cancer cells and immune cells. B) H-score and NK cell count 

were calculated using all tumors within the mouse study. Granzyme B IHC H-score and NK 

cell count is shown. Student’s t-test was used to compute p-values. 
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Breast cancer cells with both GLI1 and tGLI1 overexpression are resistant to NK cell-

induced killing  

NK cells are known to express PD-1 and can be deactivated through their PD-1 binding to PD-

L1 on the tumor cell surface. Here, we hypothesized that tGLI1-expressing breast cancer cells 

deactivate NK cells through PD-L1-PD1 interaction, thereby evading NK cell-induced killing.  

To test this hypothesis, we co-cultured NK cells with the isogenic MDA-MB-231 cells, and 

determined tumor cell impedance using RTCA-ACEA xCELLigence® system. The cell 

impedance assay is a widely accepted label-free, non-invasive and quantitative measurement of 

cell status such as live or dead cells [62]. After NK cells were added to MDA-MB-231 cells, the 

MDA-MB-231 cell impedance was measured for the next forty hours. As shown in Figure 13, 

MDA-MB-231 cells with both GLI1 and tGLI1 tumoral expression were most resistant to NK-

cell mediated cell death. To ensure that the difference in cell impedance measurement was not 

due to a difference in doubling time but instead due to NK-cell mediated death, experimental 

results were normalized to the doubling time of MDA-MB-231 cells alone and percent of MDA-

MB-231 cytolysis was measured and graphed in the bar graph to the right. The results suggest 

that MDA-MB-231 cells with both GLI1 and tGLI1 expression were significantly more resistant 

to death induced by NK cells, as indicated by the significant decrease in cytolysis.  
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Figure 13: Breast cancer cells with both GLI1 and tGLI1 overexpression are resistant to 

NK cell-induced killing. A) Results taken from RTCA-ACEA XCELLigence® system with 

normalized cell impedance. B) Bar graph demonstrating results at hour forty following 

normalization against MDA-MB-231 doubling time. Each sample was performed in duplicate 

and percent cytolysis was calculated using the following formula: ((Cell index no effector - 

Cell index effector) / cell index no effector) × 100. Student’s t-test was used to calculate p-

values. 

 

IFN-ү measurement for NK cells co-cultured with MDA-MB-231 cells  

IFN-ү is a critical molecule of the immune system and contains many functions. For instance, 

IFN-ү has immunostimulatory and immunomodulatory effects as it orchestrates immune cell 

attraction and immune cell growth, maturation and differentiation of many cell types [63]. In 

addition, IFN-ү is a potent cytokine released by activated NK cells, as well as other activated 

immune cells to induce apoptosis in malignant cell types [64]. Because IFN- ү induces a cell 

death response to cancer cells, we decided to determine the effects of the isogenic MDA-MB-

231 cells on the ability of NK cells to release IFN-ү , as a indication for NK cell activation. Here, 

we used an IFN-ү ELISA assay to measure IFN-ү levels in the supernatant from the co-culture 

experiments from Figure 13. Within the co-culture experiment, we also stimulated NK cells 

alone with phorbol myristate acetate (PMA), which specifically activates protein kinase C, a 

kinase essential for NK cell activation, and therefore, IFN-ү release. Unstimulated NK cells were 

used as a negative control and PMA stimulated NK cells were used as a positive control. As 

shown in Figure 14A, NK cells stimulated with PMA had significantly higher IFN-ү production, 

indicating the NK cells used for our experiments are functional and physically able to produce 

IFN-ү. As illustrated in Figure 14B, the NK cells co-cultured with, GLI1-, tGLI1- or 

tGLI1/GLI1-expressing MDA-MB-231 cells released less IFN-ү compared to the control vector 

cells. Therefore, the ELISA results along with the results of cell impedence assay together 
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suggest that breast cancer cells co-expressing GLI1/tGLI1 deactivate NK cells, leading to 

reduced IFN-ү release by NK cells and decreased tumor cell death.   

 

A)                                                                       B) 

 

 

 

 

 

Figure 14: IFN-ү measurement for NK cells co-cultured with MDA-MB-231 cells. All 

samples were performed in triplicate. A) NK cells were stimulated with PMA to ensure NK cells 

are functional. Stimulated NK cells secreted significantly higher amounts of IFN-ү. B) ELISA 

was used to determine IFN-ү cytokine production by NK cells that have been co-cultured with 

isogenic MDA-MB-231 cells. ELISA results are normalized to unstimulated NK cells. Student’s 

t-test was used to calculate p-values. 
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Chapter 3: Discussion 

Although immunotherapy has revolutionized cancer treatment, breast cancer remains the second 

leading cause of cancer-related deaths in women. Compared to other cancers where several 

immunotherapies have already been approved, we are only in the beginning stages of 

immunotherapy for the treatment of breast cancer. It wasn’t until 2019 that the first 

immunotherapy, Atezolizumab, a humanized monoclonal PD-L1 antibody, was approved for the 

treatment of PD-L1-positive TNBC [65]. However, the response to Atezolizumab needs 

improvement since not all patients respond to Atezolizumab. To overcome this medical 

challenge, it is important to identify resistance mechanisms for PD-L1 targeted therapy such as 

those found after administrating Atezolizumab treatment, especially for hard-to-treat TNBC and 

HER2-enriched breast cancers.  

 

To our knowledge, there are no publications denoting tumoral tGLI1 as a regulator for anti-

tumor immunity, although some publications have indicated that targeting the hedgehog pathway 

is a viable target in breast cancer [66, 67].  The SHH pathway has been reported to play an 

essential role in normal cell regulation as well as immune system function [67]; however, the 

exact mechanism for immune system modulation remains largely unknown. Whether tumoral 

tGLI1 plays any role in anti-tumor immunity is also unknown. Following our lab’s discovery of 

gain-of-function GLI1 transcription factor, tGLI1, multiple reports from other groups have noted 

the impactful functions of tGLI1, namely its gained propensity to transcriptionally activate 

several genes that are not regulated by GLI1 to promote tumor migration and invasion [22, 33, 

34]. Therefore, understanding how tumoral tGLI1 affects the immune system will help pave a 
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way towards next generational combination therapies using tGLI1 inhibitors to overcome tumor 

resistance to immunotherapeutic drugs. 

 

In this thesis project, we provided evidence suggesting that tGLI1-expressing breast cancer cells 

can regulate anti-tumor immunity through two mechanisms. First, tGLI1-expressing breast 

cancer cells promote M1 to M2 transition of microglia. Secondly, tGLI1 upregulates tumoral 

expression of PD-L1, leading to suppression of NK cells and tumor cell survival. For the first 

mechanism, it remains uninvestigated how tGLI1 promotes microglia M1 to M2 transition, 

which is an important future task. Also important is to validate the M1-M2 transition using in 

vivo mouse models.  

 

We have provided ample in vitro and in vivo evidence supporting a direct link between tumoral 

tGLI1 and PD-L1 in breast cancer. To solidify this novel link, we believe several important 

experimentations are needed. (1) Identify the mechanism for tGLI1-mediated M1-M2 transition 

by investigating factors that contribute to macrophage polarization and their method of action. 

(2) The binding of tGLI1 to the PD-L1 gene promoter needs to be examined. If the binding is 

detected, the region of recognition needed to be identified. (3) The correlation between tGLI1 

and PD-L1 can be further validated using a large cohort of breast cancer specimens. Using this 

large cohort, we can further validate the link between tumoral tGLI1 and NK cell infiltration and 

deactivation. (4) Although IFN-ү is considered a pleiotropic cytokine that is commonly used by 

many immune cells to mediate killing, multiple publications have suggested that some cancers 

utilize the IFN-ү cytokine to upregulate PD-L1 protein production [68-71]. Further 
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experimentation will need to be performed to analyze whether GLI1/tGLI1-expressing cancer 

cells use this as a resistance mechanism. (5) Since non-NK cells also express PD-1, tGLI1-

expressing breast cancer cells may suppress other immune cells and this should be explored in 

future studies. (6) Syngeneic mouse models are needed to fully examine the impact of tumoral 

tGLI1 on host anti-tumor immunity. (7) Since tumoral tGLI1 appears to play a suppressive role 

on NK cells through upregulating tumoral PD-L1 gene expression, tGLI1 inhibition may 

sensitize breast cancer cells to PD-L1 targeted immunotherapy. This possiblity can be tested 

using syngeneic mouse models.   
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Conclusion 

The molecular mechanisms by which aggressive breast cancer evades the immune system are 

still not well understood. A role of tGLI1 in anti-tumor immunity has not been investigated. To 

address both knowledge gaps, we conducted this study and made the following novel and 

significant observations: 1) Tumoral tGLI1 promotes microglia M1 to M2 transition of TNBC 

cells. 2) tGLI1 and PD-L1 co-express in the breast cancer and the co-expression is enriched in 

TNBC and HER2-enriched breast cancer. 3) Co-expression of tGLI1 with PD-L1 is associated 

with poorer overall survival of breast cancer patients. 4) Tumoral tGLI1 transcriptionally 

upregulates PD-L1 expression in vitro and in vivo. 5) Tumoral tGLI1 and STAT3 co-expression 

increases PD-L1 promoter activity in vitro and PD-L1 expression in vivo. 6) Co-expression of 

tumoral GLI1 and tGLI1 renders TNBC cells resistant to NK cell-mediated killing. Collectively, 

we uncovered a novel crosstalk between tGLI1 and PD-L1 and a new role that tumoral tGLI1 

plays in immunomodulation in breast cancer. The findings reported in this thesis project also 

provide the rationale to fully investigate the role of tumoral tGLI1 in immune checkpoint 

regulation and explore the utility of tGLI1 inhibitors in overcoming tumor resistance to PD-L1 

targeted immunotherapy.     
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