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ABSTRACT 

Metastasis remains the major cause of breast cancer (BC)-related death as developing an 

effective therapeutic strategy for the treatment of metastatic breast cancer (MBC) is a major 

clinical challenge. Fibroblast growth factor receptor (FGFR) is an emerging target for MBC as its 

expression is amplified in metastases and FGFR1 can be upregulated in MBC cells through the 

process of epithelial-mesenchymal transition (EMT). Inactivation of FGFR by tyrosine kinase 

inhibitors (TKIs) has achieved great success in various types of cancer. However, FGFR TKI 

resistance has become a concern in improving MBC patients’ outcomes. Therefore, it is critical to 

develop advanced therapeutic interventions for improving patients’ survival. In this dissertation 

work, we investigated novel therapeutic avenues to target FGFR1 in MBC. 

To date, a variety of FGFR TKIs have been evaluated in clinical trials or clinically 

approved for cancer treatment. However, the efficacies of FGFR TKIs in MBC remain unclear.  

Herein, we evaluated the efficacies of several experimental and clinically approved FGFR TKIs 

using 3D culture and in vivo model systems. Our results demonstrated that FGFR-targeted kinase 

inhibitors are completely effective at blocking ligand-induced cell growth but fail to eliminate 

dormant BC cells. Moreover, animals succumb to disease progression while on therapy. Therefore, 

we explored broader approaches to inhibit FGFR1 expression in addition to blockade of its kinase 

activity. 

Proteolysis targeting chimeras (PROTACs), heterobifunctional molecules inducing 

degradation of protein of interest via proteasome machinery, have emerged as a powerful tool for 

targeted cancer therapies.  Together with our collaborators, we developed an array of FGFR 

PROTACs. Here, we showed that FGFR PROTACs inhibited metastatic and drug-resistant BC 

cell growth. Furthermore, our results identified potential FGFR PROTACs which induced FGFR1 

degradation and blocked FGFR1 downstream signaling. Using 3D culture, FGFR PROTACs are 

shown to target MBC aggressiveness. Hence, our data suggested that PROTAC-mediated FGFR1 

degradation is a promising strategy for MBC therapies. 

In addition to the aforementioned approaches, G-quadruplex (G4) is revealed highlighting 

new possibilities for anticancer therapies. The Examination of the FGFR1 proximal promoter 

indicated sequences forming potential for G-quadruplex (G4) secondary structures. We found that 

G4 stabilizing agents are able to block constitutive and EMT-induced expression of FGFR1. 
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Additionally, G4 stabilizers could effectively block ectopic FGFR1 expression derived from CMV 

promoter driven constructs. Importantly, use of the clinical G4-targeting compound CX-5461 

suppresses FGFR1 promoter activity, targets FGFR1 expression, and inhibited FGFR1 

downstream signaling, resulting in eradication of dormant breast cancer cells. Finally, in vivo 

application of CX-5461 reduced FGFR1 expression, blocked pulmonary tumor formation, and 

prolonged animal survival. Overall, our findings indicated that targeting FGFR1 expression 

through G4 stabilization may be a potential therapeutic strategy for MBC. 

FGFR1 has attracted great attention as a therapeutic target in a variety of tumors. In this 

dissertation work, we have identified the potential FGFR kinase-independent function which may 

contribute to TKI resistance. Moreover, we have revealed novel therapeutic options to overcome 

FGFR TKI resistance and achieve significant antitumor responses in MBC. In the future, our 

innovative therapeutic strategies can serve as an influential tool to investigate the FGFR1 

regulation and kinase-independent function during metastasis.  
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 INTRODUCTION 

Cancer is a group of diseases that develop from genetic transformation and involve 

abnormal cell growth. Due to the complexity of cancer, there are various therapy methods that 

have been established to cure cancer, such as chemotherapy, hormone therapy, targeted therapy, 

and immunotherapy. Given that cancer is a systemic disease caused by evolution, heterogeneity 

and environmental inputs, there are still some challenges to overcome for improving cancer 

therapies ("The global challenge of cancer," 2020).  

1.1 Breast cancer 

Breast cancer (BC) is the most common cancer diagnosed in women and the second leading 

cause of cancer death in women (Sung et al., 2021). BC is a heterogeneous disease which can be 

categorized via different pathological characteristics, such as tumor size, tumor grade, origins of 

cancer, and expression of hormone receptors which are human epidermal growth factor receptor 2 

(Her2), estrogen receptor alpha (ER-α), and progesterone receptor (PR). In recent years, thousands 

of BC patients’ samples have been extensively investigated through various molecular analyses. 

The goal is to improve the existing classifications by integrating broad molecular profiling and 

result in advanced identification of BC patients who can benefit from novel treatments (Russnes, 

Lingjærde, Børresen-Dale, & Caldas, 2017). For instance, prediction analysis of microarray 50 

(PAM50), an approach to define intrinsic molecular subtypes by mRNA expression of 50 genes in 

BC patients, has been shown to advance the classification of BC patients and lead to a more explicit 

identification of future recurrence risk and improve treatment decisions (Ohnstad et al., 2017). 

BC patients presenting with non-metastatic tumors at the time of diagnosis have 99% of 5-

year relative survival rate; however, this percentage drops to less than 28% for patients presenting 

with disseminated tumors according to American Cancer Society statistics in 2021. Metastasis is 

a complicated process which includes five key steps: invasion, intravasation, circulation, 

extravasation, and colonization (Fig. 1.1) (Fares, Fares, Khachfe, Salhab, & Fares, 2020). 

Epithelial-mesenchymal transition (EMT) is the process that transforms epithelial cells to 

mesenchymal phenotypes. During this process, epithelial cells develop the ability to invade, resist 

stress and disseminate (Hanahan & Robert, 2011). Once the cells acquire the ability to penetrate 
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the neighboring tissue, the process of invasion is initiated while these motile cells pass across the 

basement membrane and extracellular matrix, proceeding to intravasation when these cells enter 

the vasculature (Bockhorn, Jain, & Munn, 2007). The metastatic cells then travel in the circulation 

system and invade the vascular basement membrane and extracellular matrix in the step of 

extravasation (Reymond, D'Água, & Ridley, 2013). Lastly, these cells will set in the new location, 

adapt to the environments, and colonize to form a secondary tumor. However, it is challenging for 

the circulating cells to overcome the harsh conditions once they extravasate at the target site 

(Valastyan & Robert, 2011). 

The metastatic cells have different fates while they get to the secondary site. A group of 

cells will not survive, some of them are capable to proliferate, and another group of cells would 

stay dormant, which is an arrested phase in cancer progression (Gomis & Gawrzak, 2017). Efforts 

to treat metastatic cancer are impeded due to those metastatic cells often staying dormant for many 

years, or even decades. Furthermore, these dormant cells are thought to be responsible for late 

relapses (Redig & McAllister, 2013). They are hard to be targeted since they express weak antigens 

to escape the immune system, which is the main factor in tumor antiproliferation (Fares et al., 

2020). Therefore, there is a critical need to develop effective approaches to eradicate dormant 

cancer cells. 
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Figure 1.1 Overview of the metastatic cascade. The five key steps consist of invasion, intravasation, 

circulation, extravasation, and colonization. Epithelial cells acquire mesenchymal-like traits 

through activation of EMT. Once the cancer cells adapt to the metastatic sites, they will undergo 

mesenchymal-epithelial transition (MET) and proliferate to form secondary tumors.
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1.2 Epithelial-mesenchymal transition (EMT) 

EMT controls the reversible biochemical conversion that enables epithelial cells to gain 

mesenchymal phenotypes and achieve epithelial-mesenchymal plasticity, which is crucial for 

cancer metastasis (X. Ye & Weinberg, 2015). Recently, EMT has been regarded as a spectrum of 

transitional phases between epithelial and mesenchymal states, on the contrary to a process which 

involves a binary option between full-epithelial and full-mesenchymal states (M, Ruby, Rebecca, 

& Jean, 2016). The activation of EMT is governed by various growth factors and signaling 

pathways (Fig 1.2) (Redig & McAllister, 2013). Recent findings also indicated that EMT can be 

initiated via kinase inhibitor treatments and thus promote cancer cell persistence in the presence 

of these compounds (Sharma et al., 2010). In addition, EMT transcription factors (EMT-TFs) play 

key roles in regulating EMT. The core EMT-TFs are often co-expressed in varied combinations to 

coordinate complex EMT programs, and they involve different EMT-TF families, such as Snail, 

Zeb, and Twist, according to the distinct biological context (Stemmler, Eccles, Brabletz, & 

Brabletz, 2019). The signaling pathways could mediate the expression and stabilities of EMT-TFs. 

For instance, AKT-mediated nuclear factor-kB (NF-kB) activation stimulates Snail expression, 

and thus promotes EMT (Julien et al., 2007). Our lab also identified that phospho-Erk stabilizes 

the expression of Twist and supports a mesenchymal population (W. S. Brown, S. S. Akhand, & 

M. K. Wendt, 2016). Tumor cells shift between different intermediate states with different invasive, 

metastatic, and differentiation features (Pastushenko et al., 2018). It has been shown that tumor 

cells which present a mix of epithelial and mesenchymal phenotypes are more easily survive in 

circulation and colonize at the secondary site (Pastushenko et al., 2018). 

In breast cancer, EMT has been identified to play a key role in tumor progression. Cells 

that have undergone EMT increased resistance to chemotherapy and targeted therapies (A. Singh 

& Settleman, 2010). Moreover, it has been shown that EMT-TFs regulate gene signatures and 

further promote distant metastasis (Heerboth et al., 2015). However, the mechanism of how EMT 

contributes to the recurrence of minimal residual disease is not fully clarified. Hence, there is a 

critical need to investigate the underlying mechanisms how EMT influences metastasis, resistance 

to drugs, and recurrence of dormant cells which would benefit cancer patients. 
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Figure 1.2 Epithelial-mesenchymal transition. Growth factors, cytokines, and some therapies can 

drive EMT process. The EMT process is modulated through activation of signaling pathways and 

subsequent mediation of EMT-TF that result in the expression change of various critical genes. 

During this process, epithelial cells lose the expression of epithelial markers, such as E-cadherin 

and cytokeratin, and gain the mesenchymal phenotypes, such as increased N-cadherin and 

vimentin. As a result of these significant gene changes, epithelial cells lose their cell-cell junctions, 

polarities and become more invasive and migratory phenotypes. 
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1.3 Fibroblast growth factor receptors (FGFRs) 

Fibroblast growth factor receptors (FGFRs) are a family of receptor tyrosine kinases (RTKs) 

mainly expressed on the cell membrane and regulate developmental and adult cells (Dai, Zhou, 

Chen, Xu, & Chen, 2019). The FGFR family consists of four members: FGFR1 to FGFR4. 

FGFR1-4 are located on different chromosomes and encoded by separate genes. However, they 

show high homology, with their sequence similarity ranging from 56% to 71% (Itoh & Ornitz, 

2004). Dysregulation of FGFRs has been identified in various cancers, such as urothelial 

carcinoma, cholangiocarcinoma, and breast cancer (Drago et al., 2019; Goyal et al., 2019; Loriot 

et al., 2019). FGFRs are stimulated by extracellular signals, fibroblast growth factors (FGFs). To 

date, 23 FGFs have been identified (Ornitz & Itoh, 2015). The third (III) extracellular 

immunoglobulin (III-Ig) domain of FGFR governs the specificity of FGFR binding to different 

FGFs. For instance, FGF2 has overly high specificity toward IIIc isoform, a splicing FGFR variant. 

Moreover, FGFR1-IIIc is highly upregulated during EMT in BC (Michael K. Wendt, Taylor, 

Schiemann, Sossey-Alaoui, & Schiemann, 2014). These results may imply that FGF2:FGFR1-IIIc 

signaling promotes tumor progression in BC. The binding of FGFs and FGFRs induces FGFRs 

dimerization; subsequently, activates the intracellular kinase domain, and drives downstream 

signaling pathways. The classical FGF/FGFR signaling pathways include Ras/Raf/mitogen-

activated protein kinase (MAPK)/extracellular-signal-regulated-kinase (Erk), 

phosphatidylinositol-3kinase/protein kinase B (PI3K/AKT), PLCγ and signal transducer and 

activator of transcription (STAT) (Xie et al., 2020). Activated FGF/FGFR signaling pathways 

further promote proliferation, resistance to anticancer agents, and neoangiogenesis (Touat, Ileana, 

Postel-Vinay, André, & Soria, 2015).  

1.4 FGFR1 regulation during EMT in breast cancer 

Previous studies by our lab and others have identified that expression FGFR1 is 

significantly upregulated during EMT which is stimulated by transforming growth factor-beta 

(TGF-β), a major mediator of EMT (Brown, Tan, Smith, Gray, & Wendt, 2016; Michael K. Wendt 

et al., 2014). Silencing FGFR1 via shRNA dramatically reduced pulmonary tumor outgrowth in 

MBC animal models (Michael K. Wendt et al., 2014). Moreover, FGF: Erk signaling stabilizes 

EMT-TF Twist and thus maintains mesenchymal cell population and sustains drug-resistance 
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phenotype. (Wells S. Brown, Saeed Salehin Akhand, & Michael K. Wendt, 2016).  These results 

suggest that FGFR1 plays a key role in EMT and MBC. However, the detailed mechanism how 

FGFR1 expression is increased during EMT remains unknown. Advances in the understanding of 

the FGFR1 regulation mechanism during metastasis will further facilitate the improvement of 

FGFR1 targeted therapies.     

1.5 Targeting FGFR in cancer 

Mutations and amplification in FGFR have been implicated in a variety of cancer types. 

Hence, wide-ranging studies have been performed on the development of FGFR tyrosine kinase 

inhibitors (TKIs) (Fig 1.3). To date, there are various FGFR TKIs which are evaluated in clinical 

trials or approved by Food and Drug Administration (FDA). In terms of reversible FGFR TKIs, 

erdafitnib, an ATP-competitive pan-FGFR inhibitor, is the first FDA FGFR TKI for the treatment 

of advanced or metastatic urothelial carcinoma (Markham, 2019). Another FDA-approved FGFR 

TKI is pemigatinib, a selective FGFR TKI against FGFR1-3, for treatment of locally advanced or 

metastatic cholangiocarcinoma (Hoy, 2020). Whereas covalent inhibitors confer improved binding 

kinetics and selectivity compared to noncovalent drugs, developing irreversible FGFR TKIs has 

drawn great academic and pharmaceutical attention recently. Therefore, a group of covalent TKIs 

have been developed and investigated. The first covalent FGFR TKI is FIIN1(W. Zhou et al., 

2010). Together with our collaborator, we have developed FIIN4, a FIIN1 derivative compound, 

and demonstrated that FIIN4 dramatically suppressed MBC (W. S. Brown, L. Tan, et al., 2016). 

Moreover, futibatinib, a pan-FGFR covalent TKI, is under evaluation in phase II clinical trial. The 

FGFR1/futibatinib structure has been revealed by crystal structure (Kalyukina et al., 2019). 

Besides FGFR TKIs, antibody therapies are also being studied as an approach to target FGFR or 

FGF ligands. Different from FGFR TKIs, FGFR antibodies are designed to have a high affinity 

for specific FGFR isoforms or FGF ligands. Some of these antibody therapies have been evaluated 

in clinical trials, such as Bemarituzumab and R3Mab (MFGR1877S) (Odonnell et al., 2012; 

Wainberg et al., 2021). Lastly, another therapeutic avenue is the use of FGF traps which are a 

group of structurally heterogeneous molecules that can bind and sequester FGF2, and thus hinder 

their interaction with cognate receptors (Presta, Chiodelli, Giacomini, Rusnati, & Ronca, 2017). 

An example is FP-1039 that selectively binds and neutralizes various FGFs which have a high 

affinity toward FGFR1, preventing the interaction between FGF-FGFR1 and, consequently 
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suppressing FGFR1 downstream signaling (Harding et al., 2013). Now FP-1039 is investigated in 

phase I clinical trial.   

 

  

Figure 1.3 Different therapeutic approaches for targeting FGFRs. To date, there are various options 

to target FGFRs in cancer.  FGFR TKIs including reversible and irreversible (covalent) inhibitors 

have been widely investigated. Erdafitinib and pemigatinib are two FDA-approved FGFR 

reversible TKIs. Moreover, covalent FGFR TKIs, futibatinib and FIIN4, have attracted attention 

due to their ability of more sustained inhibition. In terms of antibody therapies like bemarituzumab 

and R3Mb, target the extracellular domains of the kinase receptors. Moreover, a variety of IgG are 

also developed to trap ligands, prevent the ligands to interact with receptors, and thus suppress 

downstream signaling.   
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1.6 FGFR kinase-independent function 

Our recent studies suggest that when cells undergo EMT FGFR1 exits the cell membrane 

and localizes throughout the cytoplasm and nucleus. Furthermore, co-immunoprecipitation 

experiments coupled with mass spectrometry indicate that FGFR1 interacts with several nuclear 

and mitochondrial proteins (W. S. Brown, L. Tan, et al., 2016). Consistent with these data, it is 

reported that FGFR1 nuclear translocation regulates MBC cell migration and invasion in a kinase-

independent fashion (Chioni & Grose, 2012). Moreover, it has been demonstrated that nuclear 

FGFR1 leads to endocrine resistance through regulating gene transcription in ER+ BC. Nuclear 

FGFR1 was not inhibited by FGFR TKIs (Servetto et al., 2021). In conclusion, these results 

support the development of treatment approaches to target FGFR kinase-independent function.  

1.7 G-quadruplexes regulation in oncogene 

DNA and RNA can fold into various alternative secondary structures. Recently, G-

quadruplexes (G4s), the particular DNA and RNA secondary structures, were discussed to play  

key roles in cancer progression (Asamitsu, Obata, Yu, Bando, & Sugiyama, 2019). In a G4 

structure, four guanines form a G-quartet via Hoogsteen hydrogen bonds. G4s are formed via 

stacks of G-quartets which are stabilized by central cations with the stabilizing preference for 

monovalent cations in the order K+ > Na+ > Li+ (Fig 1.4)  (Sen & Gilbert, 1990). According to 

biophysical studies on a variety of G4 structures, algorithms utilizing sequence motifs such as 

G≥3NxG≥3NxG≥3NxG≥3 were developed to predict putative G4 structures (Todd, 2005). However, 

experimental data shows that G4 structures can form within sequences which have less than 3 

guanines per repeat, such as the G4 in PDGFR-β promoter (Chen et al., 2012). To date, the 

identification of a G4 motif via computational analyses does not prove the formation of G4 

structures at these regions in vivo, but simply shows the potential to form a G4. G4 formation still 

needs to be experimentally validated (Kosiol, Juranek, Brossart, Heine, & Paeschke, 2021). 

G4 structures are not randomly presented throughout the genome but are enriched in certain 

regions, such as promoters, telomeres, and transcription factor binding sites (Chambers et al., 2015; 

Eddy & Maizels, 2008). Especially the promoter regions which are 1kb upstream of the 

transcription start site (TSS) of gene are highly enriched in G4 compared to the rest of the genome. 

It has been shown that more than 40% of human promoter regions contain at least one G4 (Huppert 
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& Balasubramanian, 2007). The localization of G4s at regions which modulate genome function 

has implied G4s in a range of biological roles (Fig 1.5). The finding that G4-rich telomeric 

sequences form G4 structures implicated a mechanistic connection with the telomerase-mediated 

extension of telomeres, leading to a search of G4 stabilizing ligands that might suppress the growth 

of cancer cells via hindering telomere maintenance (Fouquerel, Parikh, & Opresko, 2016; Sen & 

Gilbert, 1988). Furthermore, a variety of models have been proposed for the biological roles of 

G4s in DNA replication (Valton & Prioleau, 2016). G4 structures constitute an impediment to fork 

progression while helicases are disrupted (Lopes et al., 2011; Paeschke et al., 2013). According to 

the same mechanism, G4 stabilizers induced replication-dependent loss of epigenetic information 

indicating that G4s can hinder the replication machinery (Guilbaud et al., 2017). Additionally, 

treatment with G4 stabilizers caused decreased transcripts levels at genes containing G4 sequences 

in their respective promoters, such as the oncogene MYC (Siddiqui-Jain, Grand, Bearss, & Hurley, 

2002) and KRAS (Cogoi & Xodo, 2006), validating the hypothesis that G4s can act an obstacle to 

the transcription machinery.  

To date, small molecules which can stabilize G4s structures have been regarded as a 

promising therapeutic avenue for targeting oncogene (Kosiol et al., 2021). Around 1000 G4 

stabilizers have been reported in the G-Quadruplex Ligands Database (Qian Li et al., 2013). 

TMPyP4, a cationic porphyrin, has been shown to inhibit telomerase (Han, Wheelhouse, & Hurley, 

1999) and transcription of oncogene MYC via a mechanism to involve a G4 target in the nuclease 

hypersensitivity element (NHE) in the MYC promoter (Siddiqui-Jain et al., 2002). Its related 

compound, TMPyP2, has the similar structure with TMPyP4 but has a much lower affinity to G4s. 

Hence, the use of TMPyP4 and TMPyP2 could be an identification for G4 structures (Grand et al., 

2002). Furthermore, quarfloxin (CX-3543) is the first G4 ligand to enter human clinical trials. It 

binds to DNA G4 and has been shown to selectively hinder the interaction of rDNA G4 with the 

nucleolin protein, thus suppressing RNA polymerase I (Pol I) transcription and causing apoptosis 

in cancer cells (Drygin et al., 2009). Another small molecule possessing a similar mechanism is 

CX-5461which suppresses Pol I-driven transcription DNA replication. Moreover, CX-5461 

demonstrates in vivo anti-tumor activity against human solid tumors in murine xenograft models 

(Drygin et al., 2011). Further mechanism study clearly showed that CX-5461 acts as a G4 stabilizer, 

stalls replication forks, and induces DNA damage which needs the BRCA and NHEJ pathways for 

repair (Xu et al., 2017). Now this compound is in advanced phase I clinical trial in patients with 
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solid tumor and BRCA1/2, PALB2, or homologous recombination deficiency (HRD) tumor 

(NCT04890613). 

 

 

 

 

 

 

  

Figure 1.4 The structure of G-quadruplex. Four guanines form a G-quartet through Hoosteen 

hydrogen bonds. G-quartets stack to construct a G-quadruplex structure. Monovalent metal cations 

(Na+ or K+) locate in the central channel to stabilize the structure.



 

 

24 

 

Figure 1.5 Overview of the influences of G4 ligand on cancer cells. Most G4 ligands lead to 

reduced cell viabilities. These growth changes are due to alteration of biological processes. 

Depending on the G4 stabilizers and cell type, G4 stabilization cause changes in telomere 

maintenance, gene expression of oncogene, and increased genome instability (Kosiol et al., 2021). 
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1.8 Proteolysis targeting chimeras (PROTACs) 

Proteolysis targeting chimeras (PROTACs) have been shown that they effectively targeted 

Focal adhesion kinase (Fak) and receptor tyrosine kinases (RTKs) in BC (Burslem et al., 2018; 

Cromm, Samarasinghe, Hines, & Crews, 2018). PROTACs are molecules that consist of a ligand 

attracting E3 ligase, another ligand binding to the protein of interest, and a linker tethering these 

two ligands (Fig. 1.6) (Gu, Cui, Chen, Xiong, & Zhao, 2018). Therefore, PROTACs can recruit 

E3 ligase for targeted protein degradation via ubiquitin-proteasome system (Smith et al., 2019). 

Furthermore, PROTACs are comparable with kinase inhibitors which are able to adjust dosages 

and provide temporal control to attain the desired level of signal suppression, but they do not 

require any gene-editing of cells (Raina et al., 2016). There are four PROTACs have entered 

clinical trials. For instance, ARV-110 is an androgen receptor degrader and in phase II clinical trial 

for treatment of metastatic prostate cancer (NCT03888612). Furthermore, ARV-471 is a PROTAC 

targeting estrogen receptor and in phase II clinical trial for advanced or metastatic ER+/HER- breast 

cancer (NCT04072952).  

 

 

 

 

Figure 1.6 Proteolysis-targeting chimera (PROTAC) mechanism. PROTAC recruits E3 ligase to 

the target protein, induces ubiquitination and following degradation of the target protein by the 

proteasome.  
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 KINASE INHIBITION OF FGFR IN METASTATIC 

BREAST CANCER 

The material in this chapter has been prepared for submission to a journal for publication as a 

manuscript.  

2.1 Introduction 

Metastatic breast cancer (MBC) is the most advanced stage of the disease leading to the 

majority of breast cancer-related death (Dillekås, Rogers, & Straume, 2019). However, the 

mechanisms that govern MBC progression remain unclear, hindering development of effective 

treatments. Receptor tyrosine kinases (RTKs) can become constitutively activated through 

mutation, and in this setting, targeting RTK signaling with active-site binding kinase inhibitors has 

become a mainstay of cancer therapy (Pottier et al., 2020). Wild type RTKs still play key roles in 

tumor progression and metastasis through the integration of signals from the tumor 

microenvironment, but therapeutic inhibition of ligand-dependent, wild type RTKs has not been 

well established yet (Huang & Fu, 2015; Park et al., 2016; Qian et al., 2015; Wise & Zolkiewska, 

2017). 

Thirteen percent of BC patients have genomic amplification of the RTK fibroblast growth 

factor receptor 1 (FGFR1), and this event correlates with decreased patient survival (Razavi et al., 

2018). Furthermore, MBC patients show higher FGFR1 amplification percentage (26%)(Q. Li et 

al., 2021). FGFR1 expression is also upregulated during epithelial-mesenchymal transition (EMT), 

which is a key driver of cancer metastasis (Wells S. Brown et al., 2016; Michael K. Wendt et al., 

2014). Additionally, FGFR1 signaling can stabilize Twist, an EMT-related transcription factor 

(TF), and propagate drug-resistant, mesenchymal subpopulations (W. S. Brown, S. S. Akhand, et 

al., 2016; W. S. Brown, L. Tan, et al., 2016). Previous findings by our lab and others demonstrated 

that genetic depletion of FGFR1 or enzymatic inhibition of FGFR kinase activity hinders 

pulmonary metastasis (Liu et al., 2014; Wang et al., 2017; Michael K. Wendt et al., 2014).  

Suppression of the FGF/FGFR signaling axis by tyrosine kinase inhibitor (TKI) is a 

successful therapeutic avenue in various cancer types (Dai et al., 2019). Erdafitinib is the first 

FDA-approved FGFR kinase inhibitor for treatment of metastatic urothelial carcinoma due to its 

potent antitumor activity in phase II clinical trials (Loriot et al., 2019). Afterward, Pemigatinib, a 



 

 

27 

selective FGFR1-3 kinase inhibitor, has been FDA authorized as the first targeted therapy for 

cholangiocarcinoma (Abou-Alfa et al., 2021). Besides these two FDA-approved FGFR kinase 

inhibitors, there are other FGFR kinase inhibitors evaluated in clinical trials. For instance, 

AZD4547 is in phase II clinical trial for treatment of refractory solid tumors, lymphomas, or 

multiple myeloma with FGFR1/2/3 alterations (Yue et al., 2021). Furthermore, there are some 

covalent FGFR kinase inhibitors have been developed, such as futibatinib and FIIN4. These 

covalent inhibitors exert their function via forming a covalent bond with a cysteine residue in the 

phosphate-binding loop (P-loop) of FGFR (Kalyukina et al., 2019; Tan et al., 2014). Futibatinib 

now is under phase II clinical trial for treatment of advanced or metastatic unresectable intrahepatic 

cholangiocarcinoma (Yue et al., 2021). Together with our collaborator, we developed FIIN4 which 

was synthesized with the same synthetic route as FIIN2 (Tan et al., 2014). Recently, we identified 

that the combination of FIIN4 and immune checkpoint blockade (ICB) significantly restricted 

pulmonary tumor growth and prolonged overall survival (Akhand et al., 2020). However, unlike 

urothelial and bile duct carcinomas where FGFRs become mutationally activated, FGFR1 

expression changes in MBC remain ligand dependent. Indeed, recent clinical studies demonstrated 

minimal response to FGFR kinase inhibitors in BC patients (Chae et al., 2017). 

In the current study, we investigated the efficacies of various FGFR TKIs in our MBC 

animal and 3D spheroid models. The use of in vivo and in vitro models indicated that FGFR kinase 

inhibition suppresses ligand-induced MBC spheroid growth, limits pulmonary tumor growth, and 

increases overall survival. However, treatment of FGFR kinase inhibitors fails to eliminate 

dormant MBC cells. These results revealed that FGFR1 kinase-independent function may 

contribute to this FGFR-TKI resistance. Hence, there is a critical need to explore other approaches 

which not only can target FGFR1 kinase activity but also FGFR1 kinase-independent function. 

2.2 Methods and materials 

 Cell cultures and reagents 

D2-HAN (D2.A1 and D2.OR) and 4T1 derivatives (4T1 and 4T07) were obtained from 

Fred Miller (Wayne State University, Detroit, MI) and cultured in DMEM containing 10% fetal 

bovine serum (FBS) and 1% Pen/Strep at 37 °C in a humidified atmosphere in a 5% CO2 incubator. 
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Bioluminescent D2-HAN derivates, 4T1 derivatives were engineered to stably express luciferase 

by transfection with pNifty-CMV-luciferase. All cell lines are regularly tested for mycoplasma 

contamination trough PCR. The development and synthesis of FIIN4, the covalent FGFR inhibitor, 

were described previously (Brown et al., 2016c). AZD4547 and futibatinib were purchased from 

MedKoo. Erdafitinib was purchased from AdooQ 

 Cell viability assays 

Cancer cells were plated in the 96-white wall clear bottom plate (Corning) and with 3-days 

drug treatment. CellTiter-Glo assay (Promega) was used to measure cell viability according to the 

manufacture’s protocol.  

 Immunoblot analyses 

Immunoblot assays were performed on cell lysates prepared by lysing the samples with 3D 

RIPA lysis buffer containing 50 mM Tris, 150mM NaCl, 0.25% Sodium Deoxycholate, 1.0% 

NP40 and 0.1% SDS supplemented with protease inhibitor cocktails (Sigma), 10 mM Sodium 

Orthovanadate, 40 mM b-glycerolphosphate, and 20 mM Sodium Fluoride. Total Erk, phospho-

Erk and FGFR1 antibodies were purchased from Cell Signaling Technology. Tubulin antibody 

was purchased from Developmental Studies Hybridoma Bank (DSHB). Immunoblot results were 

obtained from X-ray films and LI-COR systems (LI-XOR biosciences). 

 Animal studies and drug treatments 

4T07 (5x105) were delivered into the lateral tail vein of 4-6-week-old BALB/c mice 

purchased from Jackson Laboratories. FGFR kinase inhibitors were administered through oral 

gavage with the indicated concentrations once a day. The gavage formulation of AZD4547 and 

Erdafitinib was in 0.5% hydroxypropyl methylcellulose. The gavage formulation of FIIN4 and 

futibatinib was in 0.5% Carboxymethylcellulose. Pulmonary tumor formation was monitored via 

bioluminescent imaging after intraperitoneal injection of luciferin through AMI HT (Spectral 

Instruments). The lungs were fixed overnight by 10% formaldehyde (Fisher) after sacrificing the 

mice and then stored in 80% ethanol. Paraffin sectioning at 5μm thickness and H&E staining were 

conducted by AML laboratories, Inc. (Jacksonville, FL). The images of lung sections were 
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obtained by Cytation 5 cell imaging multi-mode reader with Gen5 software (BioTek Instruments, 

Inc.). All in vivo assays were conducted under IACUC approval from Purdue University. No 

randomization or blinding was done. 

 Three-dimensional (3D) spheroid assay 

Breast cancer cells (4x103) were plated in 96-well, ultra-low attachment and round bottom 

plates (Corning) in full growth media and cultured for a week. Afterwards, the spheroids were 

transferred with 50μl residual media to 96-well flat clear bottom white wall plates with a bed of 

50μl growth factor reduced basement membrane hydrogel and 150μl fresh media containing 5% 

basement membrane hydrogel with FGF2 or FGFR inhibitors. The luminescence of spheroids is 

detected every three days and media is replenished every three days. The D2.OR spheroids are 

trypsinized and transferred to 100mm 2D culture dishes. Lastly, Colony formation assay is 

performed after culture for 14 days. 

 Statistical analysis 

A two-tail student’s t test was used for comparing the difference between two groups of 

data in in vitro assays. Error bars identify the standard error of the mean. For in vivo experiments, 

the measurements were compared with a Mann-Whitney non-parametric test. Survival analysis 

was performed via GraphPad Prism 9 software, and the distributions of survival were compared 

by a log-rank test. 

2.3 Results 

 Pulse treatment of FGFR kinase inhibitor represses FGFR downstream signaling 

FGFR kinase inhibitors have been proved as an effective therapy for various cancer types 

(Dai et al., 2019). However, the tumor reduction response of FGFR kinase inhibitors in patients 

harboring FGFR mutation is more effective than patients with FGFR amplification (Nogova et al., 

2017). According to CBioPotal data, MBC patients show a higher FGFR1 amplification 

percentage (26%) than patients with primary breast tumors (13%) (Q. Li et al., 2021; Razavi et al., 

2018). Herein, we investigated the efficacies of different FGFR kinase inhibitors in MBC cell line, 
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D2.A1, which has high endogenous FGFR1 expression and could be a great model for studying 

FGFR1 amplification (Michael K. Wendt et al., 2014). To compare the residence time of different 

FGFR inhibitors, we performed FGFR kinase inhibitor 1hr pulse treatment, washed off the 

inhibitors, serum-starved the cells, and then stimulated the cells with FGF2 which is the FGFR1 

ligand (Belov & Mohammadi, 2013). The results indicated that the pulse treatments of covalent 

FGFR kinase inhibitors, FIIN4 and futibatinib, are not as effective as reversible inhibitors to 

suppress FGFR1 downstream signaling (Figure 2.1). That covalent inhibitors need more reaction 

time to covalently bind to the ATP binding pocket compared to reversible kinase inhibitors could 

be the reason, since it has been shown that irreversible inhibitors react with their targets in a time-

dependent fashion (J. Singh, Petter, Baillie, & Whitty, 2011). 

 FGFR kinase inhibitors reduce tumor growth and prolong survival in breast cancer 

We further tested the efficacies of FGFR kinase inhibitors in 4T07 tail-vein injection model 

which is established to form robust pulmonary tumors (Akhand et al., 2020). The high dose 

treatment (100mg/kg) everyday successfully reduces pulmonary tumor growth (Figure 2.2 A, 2.2 

B, 2.2 C). However, the reversible FGFR kinase inhibitors, AZD4547 and erdafitinib, cause weight 

loss in mice (Figure 2.2 D). Therefore, we continued to conduct lower dose treatment (50mg/kg 

everyday) of the FDA-approved FGFR kinase inhibitor, erdafitinib, in the 4T07 tail vein 

inoculation model. Low dose treatment of erdafitinib reduces pulmonary growth (Figure 2.3 A, 

2.3 B) and prolongs the survival rate (Figure 2.3 C). Moreover, we evaluated the efficacies of the 

covalent FGFR inhibitors, FIIN4, and futibatinib, in the highly metastatic 4T1 model of breast 

cancer (Figure 2.4 A). While these two covalent inhibitors led to a dramatic inhibition of 4T1 

primary tumor growth, but complete tumor regression could not be achieved due to dose-limiting 

toxicity (Figure 2.4C, 2.4D). 

 FGFR kinase inhibition suppresses 3D spheroid growth but fails to eliminate  

dormant breast cancer cells 

In addition to this in vivo approach, we also compared the efficacies of three small molecule 

inhibitors of FGFR kinase activity, AZD4547, FIIN4, and futibatinib, using the 4T07 cell model 

growing in a 3D spheroid assay. This 3D culture approach combines tumor spheroid formation in 

a non-adherent round bottom dish followed by placement of the spheroid onto a bed of matrix 
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(Figure 2.5A) (Ali, Brown, Purdy, Davisson, & Wendt, 2018). Our results demonstrated that 100 

nM of these compounds are highly effective against 4T07 3D spheroid growth (Figure 2.5B, 2.5C). 

We also utilized the 3D spheroid approach to evaluate these compounds against the D2.A1 cells, 

another murine model of MBC. Unlike the 4T07 cells, addition of exogenous FGF2 significantly 

stimulated growth of D2.A1 spheroids, and the FGFR kinase inhibitors could effectively return 

spheroid growth back to control levels (Figure 2.5D, 2.5G). These data suggested complete and 

on-target inhibition of ligand-induced cell growth at these concentrations. To further illuminate 

potential the efficacies of FGFR kinase inhibitors, we tested the different FGFR inhibitors using 

the D2.OR cell model. The D2.OR cells stop growing when placed on soft matrices and thus serve 

as a model of tumor dormancy (Rao, Kondapaneni, & Narkhede, 2019). This approach 

demonstrated two findings. The first was that FGF2 stimulation was capable of breaking the 

D2.OR dormancy phenotype and inducing growth of the D2.OR spheroids (Figure 2.5F, 2.5G). As 

expected, addition FGFR kinase inhibitors prevented ligand-induced cell growth, but 

trypsinization of these spheroids and return to 2D culture resulted in similar colony formation, 

irrespective of FGFR inhibition (Figure 2.5I). These data indicated that targeted inhibition of 

FGFR kinase activity effectively blocks ligand-induced cell growth but fails to eliminate MBC 

cells, resulting in emergence of resistance.  
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2.4 Figures 

 

 

 

 

 

 

 

 

Figure 2.1 FGFR inhibitors suppress FGFR1 downstream signaling. A. The pulse treatment is that 

we serum starved the cells overnight, treated the cells with 100 nM indicted FGFR inhibitors, 

AZD4547 (AZD), erdafitinib (Erd), futibatinib (Fut) or FIIN4, for 1 hour, washed off the inhibitors, 

starved the cells overnight again and then stimulated the cells with 20 ng/ml FGF2 for 10 minutes. 

This assay can compare the residence time of different FGFR inhibitors. The FGFR inhibitors with 

FGF2 stimulation treatments which serve as positive controls. These cells were serum starved 

overnight, treated with 100 nM indicted FGFR inhibitors for an hour and stimulated with 20 ng/ml 

FGF2. Immunoblot analyses indicating phospho-Erk was induced with 20 ng/ml FGF2 stimulation 

for 10 minutes. The pulse treatment of 100 nM FGFR inhibitors hindered FGF2-induced 

phosphorylation of Erk. Covalent inhibitors may take longer to react with ATP pocket of FGFR 

kinase domain. B. Immunoblot analyses indicating that the pulse treatment of 1 µM FGFR 

inhibitors abrogated FGF2-induced phosphorylation of Erk.
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Figure 2.2 High dose treatment of FGFR kinase inhibitors suppresses pulmonary tumor growth 

but causes weight loss of mice. A. 4T07 cells (5x105) were delivered to the lungs of BALB/c mice 

(n=5 mice per group) via tail vein injections. Mice were treated with either vehicle (DMSO) or the 

indicated FGFR inhibitor, AZD4547 (AZD), Erdafitinib, or FIIN4, at 100 mg/kg; po, qd starting 

2 days after tumor cell engraftment. Shown are fixed right pulmonary lobes of three representative 

mice from each group, 17 days after tumor cell engraftment. B. Bioluminescent images of mice at 

16 days post engraftment. C. The mean (±SD) of bioluminescent values from each group taken at 

the indicated time points; two-way ANOVA test was performed resulting in the indicated P value, 

comparing FGFR inhibitor groups to control. D. The average weights (mean) of the individual 

groups were measured at the indicated time points.   
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Figure 2.3 Low dose treatment of erdafitinib prolongs the survival rate of mice. A. Representative 

bioluminescence imaging (BLI) images of control and erdafitinib treated (50 mg/kg) mice bearing 

4T07 pulmonary tumors monitored by bioluminescence 13 days following tail vein inoculation. B. 

Bioluminescent values from pulmonary regions of interest (ROI) were normalized to the values at 

the initial day of injection. Data are the individual values each mouse (n=5) per treatment group. 

C. Kaplan-Meier analyses of control and erdafitinib treated mice, bearing 4T07 pulmonary tumors, 

resulting in the indicated P value.  
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Figure 2.4 Covalent inhibition of FGFR kinase activity leads to tumor growth inhibition but not 

tumor regression. A. The 4T1 (50K cells) were engrafted onto the mammary fat pad via an 

intraductal injection in BALB/c mice (n=5 mice per group). Mice were treated with either vehicle 

(DMSO) or the indicated covalent FGFR inhibitors, FIIN4 and futibatinib, at 50 mg/kg every other 

day starting 3 weeks after tumor cell engraftment. B. Tumor sizes of 4T-1 primary tumor. Data are 

the mean ± s.e.m. (n=5) were *p<0.05. C. Mouse weight were taken at the indicated time points. 

Data are the mean of each group (n=5 mice), ± s.e.m. D. Waterfall plot of tumor size changes of 

each mouse. The results are the percentages of the ratios between tumor sizes between day 10 post 

treatment and day 3 post treatment.  
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Figure 2.5 FGFR kinase inhibitors suppress 3D spheroid growth but fail to eradicate dormant 

breast cancer cells. A. 3D spheroid assay procedure. B-C. 4T07 spheroids expressing luciferase 

were formed in a non-adherent round bottom plate and then plated onto a bed of matrix in the 

presence or absence of FGF2 (20 ng/ml) or the indicated FGFR inhibitor (100 nM). Luminescence 

values at day 6 were normalized to the control conditions. Data are the mean ± s.e.m. (n=3) were 

*p<0.05. D-E. D2.A1 cells expressing luciferase were similarly used in spheroid culture, treated, 

and analyzed as in panels B and C. F-H. D2.OR cells expressing luciferase were similarly used in 

spheroid culture, treated, and analyzed as in panels B and C. I. Following 3D culture, spheroids 

were trypsinized and single cells were plated on tissue culture plastic. Colony formation was 

visualized by crystal violet staining 14 days later.  
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2.5 Conclusion 

FGFR1 amplification occurs in 13% of patients with breast primary tumors and 26% in 

metastatic breast cancer patients (Q. Li et al., 2021; Razavi et al., 2018). The TCGA and 

METABRIC databases have confirmed that the FGFR1 amplification percentage is the highest 

among the FGFR family members (Santolla et al., 2019). FGFR1 amplification correlated with 

poor prognosis in ER-positive cancers and lead to the resistance of endocrine therapy in breast 

cancer (Elbauomy Elsheikh et al., 2007; Turner et al., 2010).  Moreover, FGFR1 expression is an 

independent prognostic factor of triple-negative breast cancer (TNBC) (Cheng et al., 2015). In 

terms of metastatic breast cancer, FGFR1 is upregulated during EMT, the initiation process of 

metastasis (Michael K. Wendt et al., 2014).  Though FGFR TKIs have been evaluated in breast 

cancer clinical trials, the efficacies of FGFR TKIs in MBC are not fully determined (Santolla & 

Maggiolini, 2020). Here, we presented data showing FGFR TKIs reduced pulmonary tumor 

growth, increased survival rate but not succeeded in eliminating dormant breast cancer cells. 

In this study, we first determined if FGFR TKIs can suppress FGFR1 downstream signaling, 

phosphor-Erk. To compare the residence time of different FGFR TKIs, we performed the pulse 

treatment, which is to treat FGFR TKI for an hour, wash-off the inhibitors, stay overnight, 

stimulate the cells with FGF2 and investigate the phospho-Erk expression via immunoblot 

analyses. The data indicated that reversible TKIs, AZD4547 and erdafitinib, cause more sustained 

inhibition of phospho-Erk compared to covalent and irreversible TKIs which are FIIN4 and 

futibatinib. This result suggested that covalent FGFR TKIs need more reaction time to form 

covalent binding with the targets. We next sought to evaluate these FGFR TKIs in our MBC animal 

model. Using the 4T07 cancer model, we found that these FGFR TKIs greatly suppress pulmonary 

tumor growth but also cause weight loss in mice with high dose treatment (100mg/kg). Lower dose 

treatment (50mg/kg) reduces lung metastasis and prolongs survival. Besides the animal model, we 

also evaluated FGFR TKIs in 3D spheroid models. The 4T07 is a murine breast cancer line which 

grows robustly in 3D culture without the ligand, FGF2, stimulation. Our results demonstrated that 

4T07 spheroids are sensitive to FGFR TKIs. We also evaluated these compounds in D2.A1 3D 

spheroid assay. Different from 4T07 cells, FGF2 stimulation dramatically induces D2.A1 spheroid 

growth, and FGFR TKIs potently reduce the growth of these spheroids treated with FGF2. The 

data indicated on-target suppression of ligand-induced growth with these FGFR TKIs treatments. 

To further identify the FGFR TKIs in breast cancer, we tested these compounds in the dormant 
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breast cancer cells 3D spheroid model, D2.OR cells. The dormancy of D2.OR cells, murine 

metastatic breast cancer cells, occurs in the 3D soft matrix environment (Rao et al., 2019). Here 

we showed that FGF2 is able to break the dormancy of D2.OR in 3D culture. Similar to the data 

in other cell lines, FGFR TKIs suppress the ligand-induced spheroid growth. However, FGFR 

TKIs fail to eradicate dormant breast cancer cells according to the colony formation assay. This 

finding suggested that FGFR kinase-independent function may contribute to the resistance. 

Overall, in this chapter, we presented that FGFR TKIs inhibit pulmonary tumor growth and 

suppress BC spheroid viability. However, AZD4547 and erdafitinib lead to weight loss with high-

dose treatment. In terms of targeting BC cells in the quiescent state, FGFR TKIs are unable to 

eliminate dormant breast cancer cells. These results revealed that there is still room for 

improvement in targeting FGFR1 in MBC.  
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 TARGETING FGFR1 EXPRESSION VIA PROTAC IN 

BREAST CANCER 

The material in this chapter has been prepared for submission to a journal for publication as a 

manuscript.  

3.1 Introduction 

MBC is the most advanced stage of BC. However, our understanding of the molecular 

mechanisms which drive MBC remains incomplete. Therefore, this project will provide significant 

clinical benefits, since it will mechanistically illustrate FGFR1 as a valid target and its kinase-

independent function toward MBC, giving a full rationale for degradation of FGFR1 to advance a 

novel strategy for impeding MBC.  

FGFR1, a druggable tyrosine kinase target, has been shown amplified in invasive BC 

patients and as a prognostic factor for poor survival (Jang et al., 2012). In our preliminary studies, 

we have found that depletion FGFR1 dramatically inhibits tumor growth in lungs, a common 

metastatic site of BC (Michael K. Wendt et al., 2014). Therefore, optimizing FGFR inhibitors is 

crucial for therapeutic targeting of late-stage BC. However, in current clinical trials, FGFR 

inhibitors show limited responses in cancer patients (Chae et al., 2017). Since not only activation 

of FGFR1 signaling promotes invasion but also nuclear trafficking of the receptor is critical in BC 

and pancreatic cancer (Chioni & Grose, 2012; Coleman et al., 2014). Moreover, through 

overexpressing FGFR1 fused eGFP followed by immunoprecipitation, our lab has identified that 

FGFR1 disassociates from E-cadherin which is a cell membrane protein, translocate from cell 

membrane to nuclei and further interacts with nuclear proteins during EMT. Hence, there is a 

critical need to develop a therapy which can target FGFR1 kinase-independent function. 

Proteolysis targeting chimeras (PROTACs) have emerged as a powerful tool for targeted 

degradation of endogenous proteins, focal adhesion kinase (Fak) and tyrosine kinases (RTKs) in 

BC (Burslem et al., 2018; Cromm et al., 2018). PROTACs are molecules that consist of a ligand 

of the protein of interest and covalently linked ligand of an E3 ligase (Gu et al., 2018). Upon 

binding to the protein of interest, PROTACs can recruit E3 ligase for targeted protein 

ubiquitination, which is subject to proteasome-mediated degradation (Smith et al., 2019). 

Moreover, PROTACs achieve targeted protein reduction like gene knockdown/out technologies 
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and also could mimic pharmacological protein inhibition (Raina et al., 2016). In consideration of 

reference indicated that FGFR1 kinase-independent function could be the cause of MBC, we 

propose that FGFR PROTACs would be a potent tool for targeting MBC.  

3.2 Methods and materials 

 Cell cultures and reagents 

D2-HAN (D2.A1 and D2.OR) and 4T07 were obtained from Fred Miller (Wayne State 

University, Detroit, MI) and cultured in DMEM containing 10% fetal bovine serum (FBS) and 1% 

Pen/Strep. Her2 transformed and Lapatinib resistant HMLE cell line (HME2-LapR) is developed 

as described (M. K. Wendt, Taylor, Schiemann, & Schiemann, 2011) and cultured in DMEM 

supplemented with 10% FBS, 1% Pen/Strep and 10μg/ml of insulin at 37 °C in a humidified 

atmosphere in a 5% CO2 incubator. 

 Cell viability assays 

Cancer cells were plated in the 96-white wall clear bottom plate (Corning) and with 3-days 

drug treatment. CellTiter-Glo assay (Promega) was used to measure cell viability according to the 

manufacture’s protocol.  

 Immunoblot analyses 

Immunoblot assays were performed on cell lysates prepared by lysing the samples with 3D 

RIPA lysis buffer containing 50 mM Tris, 150mM NaCl, 0.25% Sodium Deoxycholate, 1.0% 

NP40 and 0.1% SDS supplemented with protease inhibitor cocktails (Sigma), 10 mM Sodium 

Orthovanadate, 40 mM b-glycerolphosphate, and 20 mM Sodium Fluoride. Total Erk, phospho-

Erk and FGFR1 antibodies were purchased from Cell Signaling Technology. Tubulin antibody 

was purchased from Developmental Studies Hybridoma Bank (DSHB). Immunoblot results were 

obtained from X-ray films and LI-COR systems (LI-XOR biosciences). 
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 Three-dimensional (3D) spheroid assay 

Breast cancer cells (4x103) were plated in 96-well, ultra-low attachment and round bottom 

plates (Corning) in full growth media and cultured for a week. Afterwards, the spheroids were 

transferred with 50μl residual media to 96-well flat clear bottom white wall plates with a bed of 

50μl growth factor reduced basement membrane hydrogel and 150μl fresh media containing 5% 

basement membrane hydrogel with FGF2, FGFR TKIs or FGFR inhibitors. The luminescence of 

spheroids is detected every three days and media is replenished every three days.  

 Statistical analysis 

A two-tail student’s t test was used for comparing the difference between two groups of 

data in in vitro assays. Error bars identify the standard error of the mean.  

3.3 Results 

 FGFR PROTACs inhibit cell viabilities, induce FGFR1 degradation and suppress 

FGFR1 downstream signaling in MBC cells 

To identify whether these FGFR PROTACs are amenable to target MBC, together with our 

collaborator, we have developed an array of FGFR PROTACs consisting of two FGFR engaging 

kinase inhibitors, dovitinib (Dov) and erdatifinib (Erd), differentially linked to the E3 recruiting 

moieties for VHL or cereblon (Figure 3.1B). We conducted cell viabilities assays in 4T1 and 4TO7 

metastatic murine mammary cancer cells (Figure 3.1A). Besides, we also examined the efficacies 

of the FGFR PROTACs in Her2 transformed HMLE Lapatinib resistant cells (HME2-LapR), 

proliferative cells with high expression of FGFR1 and highly mesenchymal morphology. The data 

indicated that FGFR PROTACs inhibit MBC cells dramatically (Figure 3.1A). To examine 

whether the FGFR PROTACs can target FGFR1 degradation in MBC cells, we treated the HME2-

LapR cells, an MBC cell line, with 1 μM FGFR PROTACs for 24 hours. The data showed that 

there are at least three FGFR PROTACs induce PROTAC-mediated FGFR1 degradation 

significantly (Figure 3.1B). Moreover, we determined that FGFR PROTACs impede FGFR1 

downstream phospho-Erk after FGF2 stimulation (Figure 3.1C). These results indicate that FGFR 

PROTAC is a potential approach to suppress MBC via blocking FGFR1 signaling. 
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 FGFR PROTACs target MBC aggressiveness in 3D spheroid assay 

To evaluate if FGFR PROTACs can abolish MBC aggressiveness, we tested MBC 3D 

spheroid with FGFR PROTACs. This 3D culture approach combines tumor spheroid formation in 

a non-adherent round bottom dish followed by placement on a bed of matrix. The goal of this 

approach is to recapitulate a group of aggressive cancer cells leaving primary mammary tumors 

which can survive in a non-adherent blood vessel environment. Furthermore, we monitor the 

growth of spheroids through detecting bioluminescence in luciferase labeled 4T07 and D2.A1 

spheroids (Figure 3.2B, 3.2D). Our results showed that FGFR PROTACs are highly effective 

against 3D spheroid growth in 4T07 (Figure 3.2A, 3.2B). In metastatic D2.A1 cells, FGF2 

stimulates D2.A1spheroids growth, and these FGFR PROTACs have potent anti-proliferative 

activities in the 3D culture (Figure 3.2C, 3.2D).  
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3.4 Figures 

 

 

 

 

 

 

 

Figure 3.1 FGFR PROTACs suppress FGFR1 expression, downstream signaling and MBC cell 

viabilities. A. Cell viabilities of 4T07, 4T1 and HME2-LapR in the presence of FGFR PROTACs 

developed from Erdafitinib. The results show PROTACs inhibit the viabilities of metastatic breast 

cancer cells dramatically. B. Immunoblotting of PROTAC-mediated FGFR1 degradation in 

HME2-LapR cells. The data shows at least three PROTACs induce FGFR1 degradation 

significantly. C. FGFR PROTACs can inhibit phosphor-Erk which is FGFR1 downstream 

signaling.
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Figure 3.2 FGFR PROTACs suppress MBC 3D spheroid growth. A, C. 4T07 and D2A1 spheroids 

have been cultured on top of a bed of matrix in the presence or absence of FGF2, Erdafitinib (Erd) 

or FGFR PROTACs for 6 days. B. The luminescence of spheroid which as an indicator of spheroid 

growth shows Erdafitinib and FGFR PROTACs inhibit 4T07 spheroid growth. D. The 

luminescence result shows that FGF2 induces D2A1 spheroids growth. Erdafitinib and FGFR 

PROTACs abrogate the FGF2-induced growth in D2A1 spheroids. 
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3.5 Conclusion 

According to clinical trials of FGFR TKIs, MBC patients showed limited response to these 

small molecules (Chae et al., 2017). Hence, overcoming the intrinsic resistance of MBC to FGFR 

TKIs is critical for developing effective therapies to cure MBC patients. Here, we identified 

potential FGFR PROTACs which are able to cause the reduction of FGFR1 protein expression. 

Furthermore, these FGFR PROTACs suppressed metastatic and drug-resistant BC cell growth and 

inhibited FGFR1 downstream signaling. Lastly, FGFR PROTACs significantly hindered 3D 

spheroid growth in BC cell lines which suggests FGFR PROTACs against aggressiveness in MBC. 

In short, our data indicated that PROTAC-mediated FGFR1 degradation is a promising strategy 

for MBC therapies. 
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 FGFR1 G-QUADRUPLEX REGULATION IN BREAST 

CANCER METASTASIS 

The material in this chapter has been prepared for submission to a journal for publication as a 

manuscript.  

4.1 Introduction 

Metastasis is the cause of 90% breast-cancer-related deaths as an effective treatment for 

metastatic breast cancer (MBC) has not yet been developed. Hence, there is a critical need to 

identify potential therapeutic targets for abrogating MBC(Hanahan & Weinberg, 2000). Thirteen 

percent of breast cancer patients have genomic amplification of fibroblast growth factor receptor 

1 (FGFR1) and this event correlates with poor prognosis (Razavi et al., 2018). We have found that 

silencing FGFR1 via genetic manipulation prevents metastasis (Michael K. Wendt et al., 2014). 

These findings suggest FGFR1 as a promising therapeutic target in MBC. Inhibition of FGFR 

kinase activity with FDA-approved small molecules also inhibits mouse models of metastasis, but 

animals succumb to disease progression while on therapy. Consistent with these findings, clinical 

trials of FGFR kinase inhibitors have failed to improve MBC patient outcomes (Chae et al., 2017).  

Therefore, there remains a mechanistic gap in knowledge concerning the intrinsic 

resistance of MBC to FGFR kinase inhibitors. Our recent studies suggest that when cells undergo 

epithelial-mesenchymal transition (EMT) FGFR1 exits the cell membrane and localizes 

throughout the cytoplasm and nucleus. Furthermore, co-immunoprecipitation experiments coupled 

with mass spectrometry indicate that FGFR1 interacts with several nuclear and mitochondrial 

proteins. Consistent with these data, it is reported that FGFR1 nuclear translocation regulates MBC 

cell migration and invasion in a kinase-independent fashion (Chioni & Grose, 2012).  

To explore different approaches to target FGFR1 kinase-independent function, we 

investigate the G-quadruplex (G4) regulation of FGFR1 expression in MBC. G4 structures are 

noncanonical, four-stranded secondary structures of DNA or RNA consisting of multiple planar 

platforms of four guanines linked together via Hoogsteen hydrogen bonding (Fay, Lyons, & 

Ivanov, 2017; Q. Li et al., 2009). Given their potential to broadly affect DNA damage repair and 

oncogenic gene expression, G4s have attracted significant attention as promising therapeutic 

targets in cancer (Amato et al., 2020; Asamitsu et al., 2019; Grand et al., 2005; Song, Perreault, 
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Topisirovic, & Richard, 2016; Y. Wang et al., 2019). For instance, G4s must be resolved for 

maximum transcription of known oncogenes, such as MYC and PDGFR-β. Therefore, numerous 

small molecule ligands have been developed that are capable of binding to and stabilizing G4 as 

means to diminish oncogene expression (Montoya et al., 2019; K.-B. Wang et al., 2019). Some of 

these molecules have progressed to clinical evaluation, representing a new category of epigenetic 

therapies (Grand et al., 2002; Muench et al., 2019). The putative proximal promoter of FGFR1 

contains sequences with G4 forming potential. Therefore, we sought to address the hypothesis that 

G4 stabilization would diminish FGFR1 expression and thus act as an effective strategy for the 

treatment of MBC. 

4.2 Methods and materials 

 Cell cultures and reagents 

D2-HAN (D2.A1 and D2.OR) and 4T1 derivatives (4T1 and 4T07) were obtained from 

Fred Miller (Wayne State University, Detroit, MI) and cultured in DMEM containing 10% fetal 

bovine serum (FBS) and 1% Pen/Strep. Her2 transformed and Lapatinib resistant HMLE cell line 

(HME2-LapR) is developed as described (M. K. Wendt et al., 2011). NMuMG and HME2 series 

cell lines were cultured in DMEM supplemented with 10% FBS, 1% Pen/Strep and 10μg/ml of 

insulin. BT549 cells were cultured in RPMI-1460 supplemented with 10% FBS, 1% Pen/Strep and 

10μg/ml of insulin. MCF10A cells were cultured in 1:1 DMEM (Corning Mediatech, Inc.) and 

F12 (Corning Mediatech, Inc.) supplemented with 29 mM Hepes (Amresco, LLC), 10 mM Sodium 

Bicarbonate (Macron), 5% Horse serum (Sigma), 10 μM/mL Insulin, 10ng/mL Epidermal Growth 

Factor (EGF) (Gold Biotechnology), 0.5 μg/mL hydrocortisone (Sigma), 100 ng/mL cholera toxin 

(Sigma), and 1% antibiotics (100 units/ml penicillin and 100 g/ml streptomycin; Corning 

Mediatech) at 37 °C in a humidified atmosphere in a 5% CO2 incubator. 

NMuMG and MCF10A cells expressing YFP and Twist were constructed through stable 

transduction using pBabe and pMSCV viral particles (W. S. Brown, L. Tan, et al., 2016). Plasmids 

encoding FGFR1-α-IIIc (NM_023110.2) or FGFR1-β-IIIc (NM_023105.2) were purchased from 

Cyagen Biosciences (Santa Clara, CA, USA). These constructs were used to construct lentiviral 

particles, and stable transduction was selected under Hygromycin selection. Bioluminescent D2-

HAN derivates, 4T1 derivatives and HME2 series cell lines were engineered to stably express 
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luciferase by transfection with pNifty-CMV-luciferase. NMuMG cells were stimulated with TGF-

β1 for seven days. All cell lines are regularly tested for mycoplasma contamination trough PCR. 

 Cell viability assays 

Cancer cells were plated in the 96-white wall clear bottom plate (Corning) and with 3-days 

drug treatment. CellTiter-Glo assay (Promega) was used to measure cell viability according to the 

manufacture’s protocol.  

 Immunoblot analyses 

Immunoblot assays were performed on cell lysates prepared by lysing the samples with 3D 

RIPA lysis buffer containing 50 mM Tris, 150mM NaCl, 0.25% Sodium Deoxycholate, 1.0% 

NP40 and 0.1% SDS supplemented with protease inhibitor cocktails (Sigma), 10 mM Sodium 

Orthovanadate, 40 mM b-glycerolphosphate, and 20 mM Sodium Fluoride. Total Erk and p-Erk 

antibodies were purchased from Cell Signaling Technology. Tubulin antibody was purchased from 

Developmental Studies Hybridoma Bank (DSHB). Immunoblot results were obtained from X-ray 

films and LI-COR systems (LI-XOR biosciences). 

 Luciferase reporter assay 

The proximal promoter regions of the human FGFR1 gene relative to the transcriptional 

initiation site were cloned from BT549 genomic DNA by PCR and inserted into pGL4.2 vector 

(Promega, Madison, MA). The primers used for cloning were listed in supplementary table 2. The 

predicted G-quadruplex formation sequences were analyzed via web-based server QGRS 

Mapper.(Marcel et al., 2011) MCF10A-YFP, MCF10A-Twist and HEK293T cells were transiently 

transfected overnight with LT1 liposomes (Mirus, Madison, WT) which contained 2.3μg/well of 

pGL4.2-hFGFR1 Promoter-Luciferase vector and 0.2μg/well pcDNA3.1 Hygro-Renilla vector. 

Afterward, the cells were treated with TMPyP2 or TMPyP4 for 24hr and 48hr and subsequently 

harvested and assayed for firefly and Renilla luciferase using the Dual-glo Assay System 

(Promega).  
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 Quantitative PCR analyses 

For real-time PCR analysis, metastatic breast cancer cells were treated with G-quadruplex 

stabilizers at indicated different time points. Afterward, total RNA was isolated using the E.Z.N.A 

HP total RNA kit (Omega). Total RNA was subsequently transcribed using the Verso cDNA 

synthesis kit (Thermo Scientific), and semiquantitative real-time PCR was performed via Maxima 

SYBR Green (Thermo Scientific) as described previously(Michael K. Wendt et al., 2014).  

 Three-dimensional (3D) spheroid assay 

Breast cancer cells (4x103) were plated in 96-well, ultra-low attachment and round bottom 

plates (Corning) in full growth media and cultured for a week. Afterwards, the spheroids were 

transferred with 50 μl residual media to 96-well flat clear bottom white wall plates with a bed of 

50 μl growth factor reduced basement membrane hydrogel and 150μl fresh media containing 5 % 

basement membrane hydrogel with FGF2, FGFR inhibitors or G4 stabilizers. The luminescence 

of spheroids is detected every three days and media is replenished every three days. The D2.OR 

spheroids are trypsinized and transferred to 100 mm 2D culture dishes. Lastly, Colony formation 

assay is performed after culture for 14 days. 

 Animal studies and drug treatments 

D2.A1 (1x106) were delivered into the lateral tail vein of 4-6-week-old BALB/c mice 

purchased from Jackson Laboratories. FGFR kinase inhibitors were administered through oral 

gavage with the indicated concentrations once a day. CX-5461 was administered with 50 mM 

NaH2PO4 orally every 3 days. Pulmonary tumor formation was monitored via bioluminescent 

imaging after intraperitoneal injection of luciferin through AMI HT (Spectral Instruments). The 

lungs were fixed overnight by 10 % formaldehyde (Fisher) after sacrificing the mice and then 

stored in 80% ethanol. Paraffin sectioning at 5 μm thickness and H&E staining were conducted by 

AML laboratories, Inc. (Jacksonville, FL). The images of lung sections were obtained by Cytation 

5 cell imaging multi-mode reader with Gen5 software (BioTek Instruments, Inc.). All in vivo 

assays were conducted under IACUC approval from Purdue University. No randomization or 

blinding was done. 
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 Circular dichroism (CD) analyses 

CD experiments were run on a Jasco J-1100 spectropolarimeter (JASCO Inc.) equipped 

with a temperature-controlled cell holder and stirrer. DNA (Sigma-Aldrich) was dissolved in 10 

mM K+ buffer (2.5 mM potassium phosphate, 7.5 mM KCl, pH 7) to obtain 3-5 µM samples and 

annealed by heating to 95°C for 5 minutes, followed by overnight cooling at room temperature. 

CD spectra were measured at 25°C over a spectral range of 230 to 330 nm with a 10 mm quartz 

cuvette. The spectral parameters were: a scanning rate of 50 nm/min, 1.0 nm data pitch, 1.0 nm 

bandwidth, a response time of 1 second, and 5 accumulations. The spectra were blank corrected 

by subtracting a spectrum of the buffer. CD melting experiments were performed by monitoring 

the ellipticity at 264 nm over a temperature range of 20 - 95°C. The heating rate was 1°C/min and 

data points were recorded every 0.5°C, while the samples were continuously stirred at 200 rpm. 

Melting temperatures, Tm, were determined by locating the intersection of the median line 

between the upper and lower baseline and the melting curve. CD melting experiments were run in 

duplicate. Spectra and melting curves were also obtained in the presence of CX-5461(AdooQ 

BioScience) with a 5:1 ligand: DNA ratio. 

 Statistical analysis 

A two-tail student’s t test was used for comparing the difference between two groups of 

data in in vitro assays. Error bars identify the standard error of the mean. For in vivo experiments, 

the measurements were compared with a Mann-Whitney non-parametric test. Survival analysis 

was performed via GraphPad Prism 9 software, and the distributions of survival were compared 

by a log-rank test. 

4.3 Results 

 Putative G4 sequences from FGFR1 promoter fold into G4 sequences in vitro 

Given the limitations of targeting only FGFR kinase activity and the established kinase-

independent functions of FGFR, we sought to evaluate alternate means of targeting this important 

oncogenic system (Huang & Fu, 2015; Meric et al., 2002; Templeton et al., 2014). The G4 forming 

sequences located near the transcription start site (TSS) have been shown to negatively regulate 
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oncogene expression (Kim, 2019). To investigate if the potential G4 forming sequences fold into 

G4 structures, we performed circular dichroism (CD) analysis to determine the folding topology 

and stabilities of these putative G4 forming sequences within 1.5 kb FGFR1 promoter region 

(Figure 4.1 A). CD plots showing that the formation of parallel G4 structures (a positive peak at 

264nm and a negative peak at 245nm) was observed for four of five sequences tested and one 

sequence folded into a hybrid G4 structure (a negative peak at 245nm and a positive peak at 260nm 

with a shoulder at 295nm) (Figure 4.1 C) (Del Villar-Guerra, Trent, & Chaires, 2018). CD-melting 

experiments indicated that three of five putative sequences form stable G4 structures (Figure 4.1 

B). S1 and S2 are the sequences at the same position but with different lengths (Figure 4.1 A.) The 

melting temperatures of S1 and S2 are similar which suggests that the shorter sequence S2 is able 

to form stable a G4 motif without the additional portion of S1 (Figure 4.1 B). S4 and S5 also are 

the sequences at the identical position with different lengths (Figure 4.1 A). However, the longer 

sequence S4 has a much higher melting temperature than S5, which means that the additional 

portion in S4 is essential to form a stable G4 structure (Figure 4.1 B). Hence, these results imply 

that S2 and S4 in FGFR1 proximal promoter region form G4 sequences. 

 G-quadruplex stabilization decreases constitutive and EMT-induced FGFR1 protein 

levels 

To investigate the role of G4 in FGFR1 expression we implemented four stabilizers in two 

cell lines that express high levels of FGFR1, the murine metastatic D2.A1 cells and HME2-LapR 

cells, which are HER2 transformed cells that underwent EMT upon spontaneous acquisition of 

resistance to the HER2/EGFR inhibitor, lapatinib (W. S. Brown, S. S. Akhand, et al., 2016). This 

approach resulted in a marked downregulation of FGFR1 at the protein level after treatment with 

the G-quadruplex stabilizers, TMPyP4 and berberine (Figure 4.2 B, 4.2D). The Berberine 

concentration we treated here is much higher than the IC50 of Berberine in D2.A1 and HME2-

LapR cells. On the other hand, the TMPyP4 concentration we applied in this experiment is the 

IC50 concentration (Figure 4.3C). However, we observed that TMPyP4 hindered the FGFR1 

expression more dramatically than Berberine. In terms of mRNA levels, surprisingly, no 

significant differences in transcript levels were observed suggesting an alternate mechanism of 

protein diminution other than transcriptional inhibition (Figure 4.2A, 4.2C). To confirm this, we 

further investigated FGFR1 transcript and protein at various time points after TMPyP4 treatment. 
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The results indicated that TMPyP4 impeded FGFR1 protein levels within 3 hours in both D2.A1 

and HME2-LapR cells with no effect on mRNA levels (Figure 4.2E-H). These findings suggested 

that TMPyP4 abrogates FGFR1 expression independent of transcriptional inhibition. 

To further investigate a potential role of G-quadruplex in the regulation of FGFR1 

expression we examined the putative proximal promoter region (-887/+60) which includes the 

possible G4 forming sequence S4 (Figure 4.1; Figure 4.4A). To define transcriptional regulatory 

elements of this putative promoter we cloned this sequence upstream of luciferase. We and others 

have identified that endogenous FGFR1 expression is dramatically enhanced during EMT (W. S. 

Brown, L. Tan, et al., 2016; Razavi et al., 2018; Michael K. Wendt et al., 2014). Therefore, we 

overexpressed Twist, a master regulator of EMT, in MCF-10A human mammary epithelial cells 

(W. S. Brown, L. Tan, et al., 2016). Consistent with a robust regulation of the EMT markers E-

cadherin, N-cadherin and endogenous FGFR1, constitutive expression of Twist resulted in 

activation of the FGFR1 proximal promoter sequence as detected by luciferase activity (Figure 

4.4B, 4.4C). Importantly, addition of TMPyP4 had no effect on Twist-induced FGFR1 promoter 

activity even after 48 hours of treatment (Figure 4.4B). To verify that TMPyP4 regulates 

endogenous FGFR1 induced by Twist expression, we performed quantitative PCR (qPCR) and 

western blot. In MCF10A-Twist cells, FGFR1 protein, but not mRNA, expression was again 

quickly diminished by TMPyP4 reaching maximal loss at 12 hours after addition of the compound 

(Figure 4.4D, 4.4E).  

We also induced endogenous FGFR1 expression in normal murine mammary gland 

(NMuMG) gland cells by directed overexpression of Twist (Figure 4.4F) (W. S. Brown, L. Tan, 

et al., 2016). In these studies, we also utilized TMPyP2, a compound with a similar structure as 

TMPyP4 that fails to bind G4 (Ruggiero & Richter, 2018). Again, Twist-driven FGFR1 protein 

expression was impeded by TMPyP4, but not TMPyP2, after 3 hours of treatment (Figure 4.4H). 

To further understand the role of TMPyP4 in EMT-induced FGFR1 expression, we investigated 

the influence of TMPyP4 on TGFβ-induced FGFR1 upregulation. Stimulation of NMuMG cells 

with TGFβ for 7 days causes dramatic induction of EMT that includes pronounced upregulation 

of FGFR1 (Figure 4.4I, 4.4K) (Michael K. Wendt, Allington, & Schiemann, 2009). Addition of 

TMPyP4 reduced FGFR1 protein expression after 3 hours but again had minimal effects on mRNA 

levels. Addition of TMPyP2 did diminish FGFR1 levels but to a much lesser extend as compared 
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to TMPyP4 (Figure 4.4K). Overall, these data suggest that abrogation of FGFR1 expression caused 

by TMPyP4 is not due to impeded transcription.  

 TMPyP4 impedes ectopic FGFR1 expression 

In addition to formation of DNA G4 in promoters, RNA can also form G4 in the open 

reading frame (ORF) causing altered splicing and inhibition of translation, leading to suppression 

of protein expression (Endoh, Kawasaki, & Sugimoto, 2013). Given that our results indicated that 

TMPyP4 causes FGFR1 protein loss with no effect on FGFR1 transcript levels, we further 

investigated if TMPyP4 targets RNA G-quadruplexes forming in the FGFR1 ORF. To do this we 

assessed HME2 cells constructed to constitutively express the full length (α) and truncated (β) 

isoforms of FGFR1 driven by a CMV promoter (Zhao, Zhuo, Zheng, Su, & Meric-Bernstam, 2019). 

Furthermore, using QGRS mapper we identified 17 and 20 possible G-quadruplex forming 

sequences in FGFR1α and β isoforms respectively (Figure 4.5A, 4.5B). Our results revealed that 

TMPyP4, but not TMPyP2, diminished protein levels of FGFR1α and β isoforms, without affecting 

transcript levels (Figure 4.6A-D). Here, we also found that TMPyP4 didn’t affect the expression 

of HER2 and EGFR two other highly expressed RTKs in the HME2 cells. We further investigated 

the influence of TMPyP4 on ectopic expression of FGFR1 when fused to GFP. Again, TMPyP4, 

but not TMPyP2, diminished FGFR1-GFP protein expression, while having no effect on 

expression of GFP alone (Figure 4.5E-H). Taken together, these results suggest that stabilization 

of RNA G4 in the ORF of FGFR1 is capable of blocking expression of the protein. 

 CX-5461 reduces FGFR1 proximal promoter activity    

Although the similar structures but differential ability of TMPyP4 and TMPyP2 to bind 

and stabilize G4 make them excellent tool compounds for determining the role of G4 in regulating 

gene expression, TMPyP4 doesn’t regulate FGFR1 expression via transcriptional events. 

Furthermore, it has been shown that TMPyP4 is not ideal for animal studies (Fujiwara, Mazzola, 

Cai, Wang, & Cave, 2015). Hence, we next sought to expand our observations to the clinically 

used G4 stabilizers, CX-5461 (Onel, Lin, & Yang, 2014; Xu et al., 2017). To examine the 

regulatory G4 in FGFR1 proximal promoter region, a series of truncated FGFR1 promoter 

sequences containing possible G4 sequences S2 and S4 identified previously were cloned to 
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luciferase reporter vector and transfected into HEK293T cells (Figure 4.1 and Figure 4.7 A). The 

result indicates that these truncated FGFR1 promoter regions were activated compared to empty 

vector (Figure 4.7 B). The reporter construct (-1500/+60) with both S2 and S4 shows lower 

promoter activity which implies that S2 might form G4 structure and lead to suppression of 

promoter activity (Figure 4.7 B). According to the evaluation of different truncated FGFR1 

promoter activities with CX-5461 treatment, CX-5461 reduces all truncated FGFR1 proximal 

promoter regions with S4 (-1231/+60, -887/+60 and -1500/+60). Interestingly, the reporter 

including S2 and S4 (-1500/+60) shows slightly lower promoter activity (Figure 4.7 C). This 

finding suggests that CX-5461 potentially stabilizes both S2 and S4 G4 forming sequences and 

hinders FGFR1 transcription. According to CD melting curve of S2 and S4 in the presence or 

absence of CX-5461, CX-5461 shows strong stabilization of both S2 and S4 (Figure 4.8 A, 4.8B). 

 G-quadruplex stabilization can block FGF-induced growth and eliminate dormant 

cells 

After we identified that CX-5461 suppresses FGFR1 promoter activity, we next 

investigated if CX-5461 and its related compound, Quarfloxin, regulate FGFR1 expression (Onel 

et al., 2014; Xu et al., 2017). TMPyP4, quarfloxin, and CX-4561 are all capable of reducing 

FGFR1 protein expression in the BT549 cells, a human triple-negative breast cancer (TNBC) cell 

line (Figure 4.9 A-C). Similar to what is observed using FGFR-targeted kinase inhibitors 

pretreatment of cells with G4 stabilizers also demonstrated reduced downstream signaling in 

response to exogenous stimulation with FGF2, as determined by phosphorylation of ERK1/2 

(Figure 2.1). Furthermore, quarfloxin and CX-5461 downregulates FGFR1 transcript level (Figure 

4.9E, 4.9F). On the other hand, TMPyP4 has no effect on FGFR1 transcription (Fig. 4.9D). These 

results further demonstrates that TMPyP4 and CX-5461 modulate FGFR1 expression through 

different mechanisms. Besides human TNBC cell line, we also investigated if CX-5461 targets 

FGFR1 expression in mouse metastatic breast cancer cell line, D2.A1 cells. Since D2.A1 is 

sensitive to CX-5461 in 2D culture (Figure 4.10C), we utilized the 3D fibronectin (FN)-coated 

scaffold culture to maintain the D2.A1 cell proliferation upon CX-5461 treatment (Figure 4.10B). 

Previously we have identified that fibrillar FN can promote proliferation of metastatic breast 

cancer cells (Shinde et al., 2018). Here, the result also showed that metastatic breast cancer cells 

D2.A1 maintain proliferative with CX-5461 treatment in 3D FN-coated scaffold culture compared 
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to 2D cell culture (Figure 4.10C). Furthermore, D2.A1 cells growing on FN-coated scaffold culture 

present mesenchymal phenotype (Figure 4.10A). The FGFR1 expression is reduced with CX-5461 

treatment in FN-coated scaffold culture. These data indicated that CX-5461 targets FGFR1 

expression in both human and mouse breast cancer cell lines. To quantitatively interrogate the 

functional importance of reducing FGFR1 expression levels we again utilized our 3D spheroid 

assay where growth of D2.A1 3D spheroids can be specifically driven through addition of 

exogenous FGF2. Concomitant treatment with either the FGFR kinase inhibitor erdafitinib or CX-

5461 completely blocked FGF2-induced spheroid growth (Figure 4.10E, 4.10F). Use of the D2.OR 

dormancy model similarly demonstrated the ability to erdafitinib and CX-5461 to block FGF2-

induced spheroid growth (Figure 4.10G, 4.10H). However, unlike erdafitinib, CX-5461 also 

eliminated dormant cell survival as determined by colony formation after the spheroids were plated 

back to 2D Cell culture (Figure 4.10). Besides, TMPyP4 also suppressed FGF2-induced spheroid 

growth (Figure 4.11A, 4.11B) and abolished dormant cell survival in D2.OR dormancy model 

(Figure 4.11C). These results demonstrate that G4 stabilizers effectively decrease the survival of 

dormant BC cells. 

 In vivo application of CX-5461 stabilization reduces FGFR1 expression and blocks 

pulmonary tumor formation 

We next sought to determine if in vivo application of a G4 stabilizing agent could reduce 

FGFR1 expression and block tumor growth in a metastatic site. Metastatic breast cancer patients 

have been shown to have notably FGFR1 amplification rate compared to patients with primary 

breast cancer (Q. Li et al., 2021; Razavi et al., 2018). However, patients with FGFR1 amplification 

present limited response to FGFR kinase inhibitors (Nogova et al., 2017). Metastatic D2.A1 breast 

cancer cells with high endogenous FGFR1 expression is an ideal animal model representing 

FGFR1 amplification (Michael K. Wendt et al., 2014). To compare the efficacies of G4 stabilizer 

and FGFR kinase inhibitor in FGFR1 amplified animal model, we inoculated mice with D2.A1 

cells via lateral tail vein injection to allow for pulmonary seeding (Figure 4.12A). Three days after 

cells were injected, mice were given transient treatment for a period of 10 days and subsequently 

monitored for survival. The short time treatment with CX-5461 effectively blocked pulmonary 

growth as compared to the control group. However, the FDA-approved FGFR kinase inhibitor 

erdafitinib fails to suppress lung metastasis (Figure 4.12B, 4.12C). Furthermore, this approach 
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demonstrated that even transient treatment with CX-5461 treatment significantly prolonged 

survival without causing weight loss of mice (Figure 4.12D, 4.12E). On the contrary, Erdafitinib 

leads to shorter survival rate (Figure 4.12D). Besides the transient treatment, we also performed 

CX-5461 long time treatment for 22 days in D2.A1 animal model (Figure 4.13A). Treatment with 

CX-5461 did not cause significant weight loss but did result in a significant reduction in pulmonary 

tumor nodules (Figure 4.13D-F). Consistent with our in vitro data, both immunohistochemistry 

(IHC) and immunoblot demonstrated a marked reduction in FGFR1 protein levels in tumors 

derived from CX-5461 treated mice (Figure 4.13H, 4.13I). Interestingly, we also identified that 

there are more infiltrated CD8+ T cells in nodules from mice with CX-5461 treatment (Figure 

4.13H). This result revealed the potential combination therapy of G4 stabilizers and immune 

checkpoint blockade. Taken together, these findings clearly demonstrate that CX-5461 effectively 

blocked breast cancer growth in the pulmonary microenvironment.  
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4.4 Figures 

 

 

 

Figure 4.1 Putative G4 sequences in FGFR1 promoter region form stable G4 structures. A. -

1500/+60 FGFR1 promoter region with potential G4 forming sequences B. Sequences of putative 

G4 forming sequences with their topologies and melting temperatures. C. CD spectra of these G4 

forming sequences in the presence of K+. 
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Figure 4.2 TMPyP4 suppresses FGFR1 protein expression metastatic and drug-resistant cell lines. 

A, C. RT-PCR for FGFR1 transcript levels after treatment with the indicated G4 stabilizers in 

D2.A1 (A) and lapatinib resistant (HME2-LapR) cells (D). Data are normalized to FGFR1 levels 

in the control cells for each treatment and are the mean ± s.e.m. of four independent experiments. 

G4 stabilizer conditions were Quinodline (1 μM), TMPyP4 (20 μM), Berberine (20 μM), and 

GQC-5 (1 μM) for 24 hours. B, D. Immunoblot analyses showing the FGFR1 protein levels after 

treatment with G4 stabilizers as described in panel A. E, G. RT-PCR for FGFR1 transcript levels 

after TMPyP4 treatments for the indicated amounts of time. Data are normalized to FGFR1 levels 

in the control (0 hour) cells for each treatment and are the mean ± s.e.m. (n=4). F, H. Immunoblot 

analyses for FGFR1 protein levels following TMPyP4 treatment for the indicated amounts of time. 

Data in B, D, F, and H are representative of at least three independent experiments.   
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Figure 4.3 G4 stabilizers reduce cell viabilities of metastatic and drug-resistant breast cancer cells. 

A, B. CellTiter-Glo analyses of G4 stabilizers treatments for 3 days in D2.A1 and HME2-LapR 

cells. C. The IC50 values of G4 ligands in D2.A1 and HME2-LapR cells.
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Figure 4.4 TMPyP4 can block EMT-induced expression of FGFR1. A. Schematic representation 

of the FGFR1 proximal promoter reporter construct. The potential G4 forming sequence S4 is 

highlighted in yellow. B. Dual-Glo luciferase assay showing FGFR1 proximal promoter activity 

in control and Twist overexpressing MCF10A cells in the presence or absence of TMPyP4. Data 

are normalized to the ratio of firefly luciferase to renilla luciferase in MCF10A-YFP cells and are 

the mean ± s.e.m. (n=4), where *p<0.05. C. Immunoblot analyses for FGFR1, N-cadherin, E-

cadherin demonstrating induction of EMT upon directed overexpression of Twist in the MCF10A 

cells. D. Immunoblot analyses for FGFR1 protein levels upon TMPyP4 treatment of MCF10A-

Twist cells. E. RT-PCR for FGFR1 transcript levels upon TMPyP4 treatment of MCF10A-Twist 

cells for the indicated amounts of time. Data are normalized to FGFR1 levels in the control (0 hour) 

cells for each treatment and are the mean ± s.e.m. (n=4). F. RT-PCR showing that FGFR1 was 

upregulated in NMuMG cells upon directed overexpression of Twist. Data are normalized to 

FGFR1 levels in the control (YFP) cells and are the mean ± s.e.m. (n=4). G. RT-PCR for FGFR1 

transcript levels upon treatment with TMPyP2 or TMPyP4. Data are normalized to FGFR1 levels 

in the control (0 hour) cells for each treatment and are the mean ± s.e.m. (n=4). H. Immunoblot 

analyses for FGFR1 in NMuMG-Twist cells compared to YFP expressing control cells. FGFR1 is 

not detectable by immunoblot in control NMuMG cells, a lysate from NMuMG-Twist cells was 

used as a positive control (P). Twist-driven FGFR1 upon treatment with TMPyP2 and TMPyP4 at 

the indicated time points. I. RT-PCR for FGFR1 mRNA in NMuMG cells following TGF- β1 

stimulation (7 days) as compared to non-stimulated NMuMG cells. Data are normalized to FGFR1 

levels in the non-stimulated (NS) cells and are the mean ± s.e.m. (n=4). J. RT-PCR for TGF- β1-

induced FGFR1 expression upon TMPyP2 and TMPyP4 treatments at the indicated time points. 

Data are normalized to FGFR1 levels in the control (0hour) cells for each treatment and are the 

mean ± s.e.m. (n=4). K. Immunoblot analyses for TGF- β1 induced FGFR1 expression upon 

treatment with TMPyP2 and TMPyP4. All immunoblots are representative of at least 3 

independent experiments.  
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Figure 4.4 continued 
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Figure 4.5 Potential G4 forming sequences in FGFR1α and β isoforms mRNA sequences. A, B 

The mRNA sequences of FGFR1α and β isoforms were analyzed via QGRS mapper. Potential G4 

sequences were highlighted with yellow color. 
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Figure 4.6 TMPyP4 reduces the ectopic FGFR1 expression. A. RT-PCR for the FGFR1α transcript 

levels upon treatment with TMPyP2 or TMPyP4 for the indicated amounts of time. Data are 

normalized to FGFR1 levels in the control (0 hour) cells and are the mean ± s.e.m. (n=4). B. 

Immunoblot analyses for FGFR1, HER2 and EGFR protein levels upon treatment with TMPyP2 

and TMPyP4. C-D. Identical approaches as described in panels A and B were used to analyze cells 

expression of the FGFR1β isoform. E. RT-PCR for FGFR1 transcript levels in NMuMG 

overexpressing FGFR1-GFP fusion construct as compared to the eGFP control cells. Data are 

normalized to FGFR1 levels in the control cells (n=4). F. RT-PCR for FGFR1 mRNA levels upon 

treatment with TMPyP2 or TMPyP4 for the indicated amounts of time points. Data are normalized 

to FGFR1 levels in the control (0 hour) cells for each treatment and are the mean ± s.e.m. (n=4). 

G. Immunoblot analyses for GFP in control and FGFR1-GFP fusion expressing cells upon 

treatment with TMPyP2 or TMPyP4 for the indicated amounts of time. All immunoblots are 

representative of at least three independent analyses.   
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Figure 4.7 CX-5461 suppresses FGFR1 proximal promoter activity. A series of truncated FGFR1 

promoter regions were cloned into the pGL4.2 luciferase reporter vector. B. Dual-Glo luciferase 

assay showing different lengths of truncated FGFR1 proximal promoter activities in HEK293T 

cell. Data are normalized to the ratio of firefly luciferase to renilla from pGL4.2 empty vector and 

are the mean ± s.e.m. (n=3), where *p<0.05. C. Dual-Glo luciferase assay showing FGFR1 

proximal promoter activity in HEK293T cells in the presence or absence of 1 µM CX-5461 for 72 

hours. Data are normalized to the ratio of firefly luciferase to renilla luciferase in control cells and 

are the mean ± s.e.m. (n=3), where *p<0.05. 
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Figure 4.8 CD melting curve for FGFR1 potential G4 forming sequences in the absence and 

presence of CX-5461. A, B. CD analyses of the melting temperature change of S2 and S4 FGFR1 

potential G4 forming sequences in the presence and absence of CX-5461 with a 5:1 ligand: DNA 

ratio.   
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Figure 4.9 G-quadruplex stabilization can block FGF-induced growth and eliminate dormant cells. 

A. Immunoblot analyses for FGFR1 BT549 cells upon treatment with the indicated concentrations 

of TMPyP2 or TMPyP4 for 24 hours. Phosphorylation of ERK1/2 (pErk) induced upon FGF2 

stimulation (20 ng/ml for 10 minutes) was also analyzed upon TMPyP2 or TMPyP4 pre-treatment. 

Expression of total ERK1/2 (tErk) served as a loading control. B-C. Immunoblot analyses for 

FGFR1 expression and FGF2-induced ERK1/2 phosphorylation upon treatment with the G4 

stabilizers quarfloxin (B) or CX-5461 (C) for 24 hours. D-F. RT-PCR for FGFR1 transcript levels 

after treatment with the indicated G4 stabilizers, TMPyP2 and TMPyP4 (D), Quarfloxin (E) and 

CX-5461(F), for 24 hours in BT549 cells. F2 means 20ng/ml FGF2 treatment. Data are normalized 

to FGFR1 levels in the control cells for each treatment and are the mean ± s.e.m. of four 

independent experiments.  
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Figure 4.10 CX-5461 targets FGFR1 expression in 3D FN-coated scaffold culture and eliminates 

dormant breast cancer cells. A. D2.A1 cells were cultured on FN-coated scaffolds for 4 days and 

counterstained with phalloidin (red) and dapi (blue) to visualize actin skeleton and the nucleus, 

respectively. B. D2.A1 cells were cultured on FN-coated scaffolds for 4 days. C. D2.A1 cells were 

cultured on FN-coated scaffolds for 6 days, treated CX-5461 for 4 days and measured the cell 

viability. D. Immunoblot analyses for FGFR1 upon treatment with the CX-5461 for 4 days. E-F. 

D2.A1 spheroids expressing firefly luciferase were formed in a round bottom plate and then 

transferred to a bed of matrix in the presence or absence of 20 ng/ml FGF2, 100 nM Erdafitinib or 

100 nM CX-5461. Bioluminescence was measured and these values were normalized to control 

(NS). Data are the mean ± s.e.m. (n=3) where *p<0.05. G-H As in panel D firefly luciferase 

expressing D2.OR cells were used in a spheroid growth assay. I. Following 3D culture, D2.OR 

spheroids were trypsinized and single cells were plated on tissue culture plastic. Colony formation 

was visualized by crystal violet staining 14 days later.  
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Figure 4.11 TMPyP4 suppresses spheroid growth and eliminates dormant breast cancer cells. A, 

B. D2.OR spheroids expressing firefly luciferase were formed in a round bottom plate and then 

transferred to a bed of matrix in the presence or absence of 20 ng/ml FGF2, 100 nM Erdafitinib or 

20 μM . Bioluminescence was measured and these values were normalized to control (NS). Data 

are the mean ± s.e.m. (n=3) where *p<0.05. C. Following 3D culture, D2.OR spheroids were 

trypsinized and single cells were plated on tissue culture plastic. Colony formation was visualized 

by crystal violet staining 14 days later.  
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Figure 4.12 Transient G4 ligand treatment prolongs survival. A. Schematic representation of 

pulmonary delivery of D2.A1 cells followed by treatment with CX-5461or erdafitinib. B. 

Representative BLI images after delivery of D2.A1 cells 29 days post tumor inoculation for 

control animals (vehicle) and those that received erdafitinib or CX-5461. C. Bioluminescent 

values from pulmonary ROI were normalized to the values at the initial day of injection. Data are 

the mean of 5 mice per treatment group ± s.e.m. where *p<0.05. D. Body weights of mice from 

vehicle, erdafitinib and CX-5461 treated groups (n=5). E. Survival analyses of mice bearing 

D2.A1 pulmonary tumors. Mice received the vehicle as a control or were treated with erdafitinib 

or CX-5461 for the indicated amount of time. Kaplan-Meier analysis comparing the vehicle and 

CX-5461 treatment groups (n=5 mice per group) resulted in the indicated P value.   
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Figure 4.13 The G4 stabilizer, CX-5461, reduces FGFR1 expression and blocks pulmonary tumor 

formation. A. Schematic representation of pulmonary delivery of D2.A1 cells followed by 

treatment with CX-5461. B. Representative BLI images immediately after delivery of D2.A1 cells 

(day 0) and 24 days post tumor inoculation for control animals (vehicle) and those that received 

CX-5461. C. Bioluminescent values from pulmonary ROI were normalized to the values at the 

initial day of injection. Data are the mean of 5 mice per treatment group ± s.e.m resulting in the 

indicated P-value. D. Body weights of mice from vehicle and CX-5461 treated groups (n=5). E. 

Photos of fixed lungs harvested from control (vehicle) and CX-5461 treated animals. Pulmonary 

tumor nodules are indicated by arrow heads. F. Quantification of pulmonary tumor nodules 

identified in vehicle and CX-5461 groups. n=5 mice per group resulting in the indicated P value. 

G. Representative pulmonary H&E staining from 2 mice in the control (vehicle) and CX-5461 

treated groups. H. IHC staining FGFR1 and CD8 in pulmonary histological sections from vehicle 

and CX-5461 treated mice. I. Immunoblot analyses of FGFR1 protein levels in isolated lung 

nodules from vehicle and CX-5461 treated mice (n=3).   
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Figure 4.13 continued 
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4.5 Conclusion 

Though FGFR TKIs have been effective in a variety of cancer types harboring FGFR 

mutation, BC patients with FGFR1 amplification showed limited responses to FGFR TKI therapies 

(Nogova et al., 2017). From our 3D spheroid results, we also identified that FGFR TKIs can’t 

eradicate dormant BC cells. This finding implicated that FGFR1 kinase-independent function may 

contribute to the FGFR TKI resistance in BC. Therefore, we explored different therapeutic avenues 

to overcome this resistance. G4 ligands have attracted great attention in research for cancer 

therapies due to their success in targeting oncogene expression via stabilizing G4 structure in 

promoter regions (Chen et al., 2012; Siddiqui-Jain et al., 2002). After analyzing FGFR1 promoter 

region, we determined potential G4 forming sequences in FGFR1 promoter. Therefore, we 

hypothesize that G4 ligands are able to target FGFR1 expression and thus cause sustained signaling 

inhibition and hinder FGFR1 kinase-independent function. Here, we presented data showing G4 

stabilizer treatment as a promising therapeutic approach for targeting MBC. 

In this study, using the CD analyses, we determined two sequences, S2 and S4, forming 

G4 secondary structures in vitro. Therefore, we applied different G4 ligands in FGFR1 expressing, 

metastatic and drug-resistant cell lines. This approach resulted in dramatic downregulation of 

FGFR1 at the protein level after treatment of TMPyP4 which is a G4 ligand. TMPyP4 also 

interfered with ectopic FGFR1 expression and EMT-driven FGFR1 expression. However, 

TMPyP4 only affects FGFR1 protein expression but not FGFR1 mRNA level. We further 

performed the luciferase reporter assay to investigate if TMPyP4 regulates the activity of FGFR1 

proximal promoter region containing G4 forming sequence S4 in MCF-10A overexpressing Twist 

cells. The results showed that TMPyP4 had no effect on Twist-induced FGFR1 promoter activity. 

Overall, these data suggested that downregulation of FGFR1 expression caused by TMPyP4 is not 

due to transcriptional regulation. 

Due to the limitation of TMPyP4 in animal studies, we next explored G4 stabilizers which 

have been entering clinical trials. CX-5461 is the G4 ligand which is under evaluation in phase I 

clinical trial. We first determined if CX-5461 affects the activities of FGFR1 promoter regions 

containing S2 or S4. The data showed that CX-5461 constantly suppressed FGFR1 promoter 

region with S4, which implied that CX-5461 stabilizes G4 structures in S4 sequences. Moreover, 

CX-5461 effectively blocked FGFR1 expression and inhibited FGFR1 downstream signaling, 
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resulting in eradication of dormant breast cancer cells. Finally, in vivo application of CX-5461 

reduced FGFR1 expression, blocked pulmonary tumor formation, and prolonged animal survival. 

In sum, our findings indicated that targeting FGFR1 expression through G4 stabilization 

may represent an improved therapeutic strategy for MBC. Furthermore, the results also implicated 

that the combination therapy of G4 ligands and ICB would be a promising therapy for MBC 

patients. Moreover, we have demonstrated the potential G4 forming sequences in FGFR1 promoter 

regions. For detailed G4 structures in FGFR1 promoter region, biophysical analyses will be critical 

to uncover the precise structures and this finding will benefit the advanced development of G4 

stabilizers. 
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 DISCUSSION AND FUTURE DIRECTIONS 

5.1 Limitation of FGFR TKIs in metastatic breast cancer 

FGFR1 plays various roles in breast cancer progression, leading to cell survival, 

angiogenesis, migration and invasion (Sobhani, Fan, O. Flores-Villanueva, Generali, & Li, 2020). 

Amplification of the FGFR1 gene locus correlates with decreased breast cancer patient survival. 

Hence, FGFR-targeted kinase inhibitors have been evaluated in MBC (Perez-Garcia, Muñoz-

Couselo, Soberino, Racca, & Cortes, 2018). However, unlike other cancers that demonstrate robust 

responses to these drugs, MBC patient response to FGFR kinase inhibitors is limited (Nogova et 

al., 2017). Consistent with these clinical data our examination of different FGFR kinase inhibitors 

in mouse models of MBC, indicates that disseminated tumors can quickly overcome FGFR kinase 

inhibition leading to disease progression. 

Intrinsic and acquired resistance to kinase inhibitors is a major clinical challenge in cancer 

(Santolla & Maggiolini, 2020). FGFR seems to be no exception as studies indicate that mutation 

of the active site and other epigenetic mechanisms are at play in resistance to FGFR-targeted 

therapies (Y. Li et al., 2021; Yue et al., 2021). Herein, we demonstrate that FGFR kinase inhibitors 

can temporarily suppress MBC growth, but more prolonged effects are not achievable and higher 

dosages are limited by toxicity. Indeed, FGFR kinase inhibitors, AZD4547 and erdafitinib, cause 

weight reduction of mice, and numerous toxicities have been reported in human patients (Akhand 

et al., 2020). Furthermore, our lab has identified that some FGFR kinase inhibitors can also have 

inhibitory effects on T-cell function, limiting anti-tumor immunity (Akhand et al., 2020). In this 

study, we also show that FGFR kinase inhibitors fail to target dormant tumor cells leaving a 

population of cells capable of reestablishing disease upon cessation of treatment. While the 

mechanistic explanations for these shortcomings of FGFR kinase targeting are not definitively 

defined, FGFR1 nuclear translocation can contribute to oncotherapy resistance (Y. Zhou et al., 

2020). Hence, developing a therapeutic approach which can overcome FGFR-TKI resistance could 

benefit MBC patients. 
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5.2 Mechanisms of G-quadruplex ligands targeting FGFR1 expression      

Through our screening of various G-quadruplex stabilizers, we found that TMPyP4, but 

not its structural analogue, effectively abrogates FGFR1 protein expression without affecting 

FGFR1 transcription. Therefore, we conclude that G4s are forming in the FGFR1 ORF and 

stabilization of these structures limits translation. Indeed, regulation of translation via stabilization 

of mRNA G4 is a known mechanism of TMPyP4-mediated gene repression (Dabral, Babu, Zareie, 

& Verma, 2019). Consistent with this notion, TMPyP4 not only reduces endogenous FGFR1 

expression but also impedes FGFR1 expression from ectopic expression constructs. Despite these 

findings, direct evidence of G4 formation by FGFR1 ORF RNA sequence remains to be 

demonstrated. We also demonstrated the G4 stabilization reduces EMT-driven FGFR1 expression. 

Extensive studies from our group demonstrate the importance of EMT in facilitating FGFR 

translocation and the feedback of FGFR on stabilization of a mesenchymal, drug-resistant cell 

population (Abdullah et al., 2020; W. S. Brown, L. Tan, et al., 2016). Therefore, use of G4 

stabilizing ligands presents a potent strategy to target both the kinase-dependent and kinase-

independent functions of FGFR1. 

CX-5461 is a clinical G4 stabilizer with minimal toxicities (Xu et al., 2017). CX-5461 has 

also been reported as an RNA polymerase I inhibitor through binding ribosomal DNA, interfering 

the binding affinity of the SL1 pre-initiation complex and RNA polymerase I complex toward 

rDNA promoters (Drygin et al., 2011; Khot et al., 2019). However, G4s are enriched in rDNA 

(Datta, Pollock, Kormuth, & Brosh Jr, 2021). CX-5461 also has been shown to stabilize G4 

structures which presumably that CX-5461 exerts its G4 stabilization function to interact with 

rDNA that is prone to from G4, and then inhibits RNA polymerase I activity (Xu et al., 2017). Our 

findings demonstrate that CX-5461 suppresses the activity of FGFR1 promoter with G4 forming 

sequences. Furthermore, the results indicating that enhanced inhibition of FGFR1 expression as 

compared to other TKIs both in vitro and in vivo suggest the impact of CX-5461 on FGFR1 

expression is driven via G4 binding, but this conclusion remains to be definitively determined. 

Here, we identified that there are two G4 forming sequences in FGFR1 promoter region interacting 

with CX-5461, S2 and S4. S2 is the sequence only specific in human FGFR1 promoter region. 

However, S4 is the conserved sequence in both human and mouse FGFR1 promoter regions. The 

results also determine that CX-5461 significantly reduces the activities of FGFR1 promoter 

regions including S4 G4 forming sequence. CX-5461 targets FGFR1 in both human and mouse 
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breast cancer cell lines. Hence, CX-5461 is highly likely to stabilize the S4 G4 motif and hinder 

FGFR1 expression.  

Similar to targeted inhibition of kinase activity, reduction of FGFR1 expression by G4 

stabilizers suppressed ligand-induced downstream signaling. However, we found that D2.OR 

spheroids treated FGFR kinase inhibitors grow robustly after they are returned to a 2D culture 

environment. This suggests that restricted inhibition of FGFR kinase activity is not sufficient to 

eliminate dormant cells. In contrast, abrogating FGFR1 expression via CX-5461 effectively 

blocked spheroid growth and reduced dormant cell viability. The detailed of mechanism how 

FGFR kinase-independent function facilitates drug resistance and MBC progression still needs to 

be clarified. However, previous studies suggest synergy in targeting MYC in combination with 

FGFR (Hu et al., 2018). The well-established role of G4 in regulating MYC expression could 

provide a mechanistic basis for the use of CX-5461 or other G4-targeted compounds in FGFR-

driven MBC (Chaudhuri, Bhattacharya, Dash, & Bhattacharya, 2021).  

5.3 A combination therapy of G-quadruplex stabilizer and immune checkpoint blockade 

to metastatic tumors     

FGFR has been identified to play a key role in modulating the immune microenvironment 

in various primary cancers (Palakurthi et al., 2019; T. Ye et al., 2014). Recent research has started 

to determine the critical mechanisms by which TKIs, which originally developed to target tumor 

cells, can have an impact on immune cell recruitment and function (Goel et al., 2017). However, 

the detailed mechanism how FGFR signaling modulates the metastatic microenvironment, 

especially the pulmonary region which is the common site of BC metastasis, is not fully elucidated 

(Jin et al., 2018). Previously we have reported that the systemically dormant phenotype of the 4T07 

cell model only manifested in immune competent BALB/c mice and is under control of the 

function CD8+ cells (Akhand et al., 2020). Therefore, the systemically dormant immune-excluded 

4T07 tumors serve as an ideal model to investigate the immune regulation of the pulmonary 

metastatic niche following the inhibition of FGFR signaling. 

Our lab has identified that mice having competent immune system show prolonged survival 

with the inhibition of FGFR kinase activity in 4T07 pulmonary tumor models. This result 

implicated the impact of FGFR signaling on the constitution of the tumor surrounding immune 

microenvironments in the pulmonary sites.  Furthermore, the data showed that inhibition of FGFR 
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kinase activity gives rise to the increased CD8+ T cells numbers within the metastasis niche. 

However, FIIN4, a covalent FGFR TKI, presented potential off-target inhibitions of T cell receptor 

(TCR) signaling (Akhand et al., 2020). Hence, there is a critical need to optimize the combination 

therapy of FGFR targeted therapy and ICB in MBC.  

Here we showed that reduction of FGFR1 expression through G-quadruplex ligand, CX-

5461, lead to an elevated level of CD8+ T cells in lung nodules. Consistent with our previous result, 

genetic depletion of FGFR1 expression via shRNA also increase CD8+ T cell infiltration in 

pulmonary region (Akhand et al., 2020). Though the impact of CX5461 on T cell function still 

needs to be validated, our study reveals the potential of  promising combination therapy of G4 

ligands and ICB which could benefit patients with MBC. 

5.4 Summary 

In this dissertation work, our study presents a novel therapeutic approach of targeting 

FGFR1. Consistent with clinical observations our evaluation of FGFR kinase inhibitors validates 

FGFR-TKI resistance in MBC. Furthermore, we present G4 stabilization as an effective epigenetic 

approach to block both constitutive and EMT-driven FGFR1 expression. Moreover, we identify 

potential G4 forming sequences in FGFR1 promoter region which can be stabilized via the G4 

ligand, CX-5461. The use of biochemical and functional assays indicates that suppression of 

FGFR1 expression limits downstream signaling and abrogates dormant cell survival. Our study 

strongly supports evaluation of CX-5461 or similar G4-targeting agents as therapeutics for 

treatment of MBC patients, particularly those harboring FGFR1 amplification. 
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APPENDIX:  SUPPLEMENTARY TABLES & FIGURES 

 

 

 

 

 

Appendix Table 1     Drug and Reagent 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drug/Reagent Supplier Catalog No / formulation 

AZD4547 Selleckchem S2801 
Erdafitinib Selleckchem S8401 

Formulation: 0.5% Hydroxypropyl 
Methylcellulose 

FIIN4 Achemtek 0107-000063 
Futibatinib Medkoo 1448169-71-8 

Formulation: 0.5% Carboxymethylcellulose 
TMPyP2 Frontier T40846 
TMPyP4  Cayman 18474 
CX-5461 AdooQ A11065 
Quarfloxin MCE HY-14776 
Berberine  

Professor Danzhou Yang at Purdue University GQC-5 

Quindoline  
Basic FGF 
(FGF2), Human 

GoldBio 1140-02-10 

Cultrex® RGF 
BME PathClear® 

Sigma 3433-005-01 
Concentration: 17.05 mg/ml 

D-Luciferin,  
Potassium Salt 

GoldBio LUCK-100 
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Appendix Table 2     Primers 

  

Target Application Sequence (5’ to 3’) 

mFGFR1 Real time PCR-Sense 5’- CACCGCTCTACCTGGAGATCATTA  
mFGFR1 Real time PCR-Antisense 5’- TTGGTGCCGCTCTTCATCTT 
hFGFR1  Real time PCR-Sense 5’- CGCCCCTGTACCTGGAGATCATCA  
hFGFR1 Real time PCR-Antisense 5’- TTGGTACCACTCTTCATCTT  
FGFR1α  Real time PCR-Sense 5’- GACTCCGGCCTCTATGCTTG 
FGFR1α  Real time PCR-Antisense 5’- CTACGGGCATACGGTTTGGT 
FGFR1β  Real time PCR-Sense 5’- ACCTTGCCTGAACAAGATGCT 
FGFR1β  Real time PCR-Antisense 5’- CTACGGGCATACGGTTTGGT 
hFGFR1 
Promoter 

PCR for cloning-Sense 5’-CTCGGCGGCCAAGCTGCTCTTGGC 
TCCTTCCTGG 

hFGFR1 
Promoter 

PCR for cloning-Antisense 5’-CCGGATTGCCAAGCTGCTGCCGCC 
CGC 

mGAPDH Real time PCR-Sense 5’-CAACTTTGGCATTGTGGAAGGGCTC 
mGAPDH Real time PCR-Antisense 5’-GCAGGGATGATGTTCTGGGCAGC 
hGAPDH Real time PCR-Sense 5’-TGCACCACCAACTGCTTAGC  
hGAPDH Real time PCR-Antisense 5’-GGCATGGACTGTGGTCATGAG  
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Appendix Figure 1     Inhibition of FGFR1 glycosylation 

 

Pharmacological inhibition of FGFR1 glycosylation suppresses FGFR1 downstream signaling. 

A, B. Immunoblot analyses for FGFR1 in D2.A1 cells upon treatment with the indicated 

concentrations of NGI and RD-134 which is an NGI derivate with higher solubility for 24 and 48 

hours. C. Phosphorylation of ERK1/2 (pErk) induced upon FGF2 stimulation (20 ng/ml for 10 

minutes) was also analyzed upon NGI pre-treatment. Expression of total ERK1/2 (tErk) served as 

a loading control.   
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Appendix Figure 2     Dox-inducible Snail expression in NMuMG cells 

 

 

Dox-inducible Snail-GFP expression in NMuMG cells. 

A. Snail-GFP expression with different concentration of Dox treatment for 14 days. B. 

Immunoblot analyses for Snail expression in NMuMG cells upon treatment with the indicated 

concentrations of Dox for 14 days. C. RT-PCR for FGFR1 and FGFR2 transcript levels after 

stimulation with the indicated concentration of Dox for 14 days. Data are normalized to FGFR1 

or FGFR2 levels in the control cells for each treatment and are the mean ± s.e.m. of three 

independent experiments.  
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Appendix Figure 3     Dox-inducible hZeb-1 expression in NMuMG cells 

 

Dox-inducible hZeb-1 expression in NMuMG cells. 

A, C. RT-PCR for Zeb-1 and FGFR1 transcript levels after stimulation with the indicated 

concentration of Dox for 14 days. Data are normalized to Zeb-1 or FGFR1 levels in the control 

cells for each treatment and are the mean ± s.e.m. of two independent experiments. B. RT-PCR 

for Zeb-1 transcript levels in different cell lines. Data are normalized to Zeb-1 levels in the 

NMuMG cells and are the mean ± s.e.m. of two independent experiments. D. Immunoblot analyses 

for Zeb-1 and FGFR1 expression in NMuMG cells upon treatment with the indicated 

concentrations of Dox for 14 days. 
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