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Abstract 

 Triple negative breast cancer (TNBC) is the most metastatic and deadly 

breast cancer subtype, accounting for 20-30% of all breast cancer cases. There 

is a critical need to identify molecular targets that could be exploited as new 

biomarkers of TNBC prognosis and for improving therapies. Although TNBC 

lacks estrogen and progesterone receptors, 15-40% of TNBC patients express 

the glucocorticoid receptor (GR). Women with TNBC that express high levels of 

GR have poor outcomes. We hypothesize that GR is a key mediator of advanced 

cancer phenotypes in TNBC. Altered signaling pathways typify breast cancer and 

serve as direct inputs to steroid hormone receptor “sensors.” We previously 

reported that phospho-Ser134-GR (pS134-GR) species are elevated in TNBC 

and cooperate with hypoxia-inducible factors, providing a novel avenue for 

activation of GR in response to local or cellular stress. Specifically, we propose 

that GR acts as a “sensor” for stress signaling pathways commonly activated by 

soluble factors that are abundant within the tumor microenvironment (TME) of 

TNBC.  

 

Herein, we show that in the absence of GR ligands, GR is transcriptionally 

activated via p38-dependent phosphorylation of Ser134 as a mechanism of 

homeostatic stress-sensing and regulated upon exposure of TNBC cells to TME-

derived agents. The ligand-independent pS134-GR transcriptome encompasses 

Transforming Growth Factor β1 (TGFβ1) and Mitogen Activated Protein Kinase 

(MAPK) signaling gene sets associated with TNBC cell survival and 
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migration/invasion. Accordingly, pS134-GR was essential for TNBC cell 

anchorage-independent growth in soft-agar, migration, invasion, and 

tumorsphere formation, an in vitro readout of cancer stemness properties. Both 

pS134-GR and expression of the MAPK-scaffolding molecule 14-3-3ζ were 

essential for a functionally intact p38 MAPK signaling pathway downstream of 

MAP3K5/ASK1, indicative of a feed-forward signaling loop wherein self-

perpetuated GR phosphorylation enables cancer cell autonomy. A 24-gene 

pS134-GR-dependent signature induced by TGFβ1 predicts shortened overall 

survival in breast cancer patients.  

 

Additionally, GR is known to induce the expression of PTK6, a soluble 

protein tyrosine kinase important in mediating signaling in response to cellular 

stress. PTK6 is overexpressed in 86% of breast cancer patients, regardless of 

subtypes. Although GR is known to modulate PTK6 expression in TNBC, PTK6-

driven signaling events in the context of TNBC are largely undefined. We sought 

to delineate the functions of downstream of PTK6. To do this, we created kinase-

dead (KM) and kinase-intact domain structure mutants of PTK6 via in frame 

deletions of the N-terminal SH3 or SH2 domains. While the PTK6 kinase domain 

contributed to soft-agar colony formation, PTK6 kinase activity was entirely 

dispensable for cell migration. Specifically, TNBC models expressing a PTK6 

variant lacking the SH2 domain (SH2-del PTK6) were unresponsive to growth 

factor-stimulated cell motility relative to SH3-del, KM or wild-type PTK6 controls. 

Reverse phase protein array revealed that the SH2 domain of PTK6 mediates 
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TNBC cell motility via activation of the RhoA and/or AhR signaling pathways. 

Inhibition of RhoA and/or AhR blocked TNBC cell migration as well as the 

branching/invasive morphology of PTK6+/AhR+ primary breast tumor tissue 

organoids. The combination of AhR and Rho inhibitors enhanced paclitaxel 

cytotoxicity in TNBC cells, including a taxane-refractory TNBC model. 

 

In conclusion, our results identified pS134-GR as a critical downstream 

effector of p38 MAPK signaling and TNBC migration/invasion, survival, and 

stemness properties. Our studies define a ligand-independent role for GR as a 

homeostatic “sensor” of intrinsic stimuli as well as extrinsic factors rich within the 

TME (TGFβ1) that enables potent activation of the p38 MAPK stress-sensing 

pathway and nominate pS134-GR as a therapeutic target in aggressive TNBC. 

Additionally, we identified that PTK6 (SH2-domain), a downstream gene of GR, is 

a potent effector of advanced cancer phenotypes in TNBC. We identified both 

RhoA and AhR as novel therapeutic targets in PTK6+ breast tumors since these 

two proteins are downstream effectors of PTK6 functions in TNBC. 
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Chapter 1 Introduction
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Breast Cancer: An overview and current state of the field 

 Breast cancer affects up to 12.5% of American women in their lifespan (1). 

It is the second leading cause of cancer-associated deaths in women in the 

United States (1). Many years of research have significantly improved outcomes 

for breast cancer patients (2). Namely, the discovery of how steroid hormone 

receptors contribute to pathogenesis and disease progression have provided 

insightful information about how to target and decrease progression of different 

breast cancer subtypes. Clinicians mainly rely on the subtyping of breast cancer 

by identification of receptors that are targetable with Federal Drug Administration 

(FDA) approved agents. As of right now, treatment is mainly dictated by using the 

following breast cancer subtyping: hormone receptor (HR) positive/Human 

Epidermal Growth Factor Receptor 2 (HER2) amplification negative, 

HR+/HER2+, HR-/HER2+ and HR-/HER2- (3, 4). The HR-/HER2- cohort is often 

known as Triple Negative Breast Cancer (TNBC).  

  

Approaches to breast cancer treatment are multidisciplinary and require 

the integration of surgery and different modalities of oncological therapies (i.e. 

hormone action regulation, cytotoxic chemotherapy, immunotherapy, and others). 

Breast cancer patients that are classified as HR+/HER2- are treated with agents 

that target and diminish the actions of the steroid HR called estrogen receptor 

(ER). Most recently, patients that are ER+ may receive CDK4/6 inhibitors in 

addition to ER modulators. Patients that are classified as HER2+ are treated with 

agents that target the actions of the HER2 such as trastuzumab or pertuzumab 
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(5). In contrast, treatment of HR-/HER2- cases is mainly limited to cytotoxic 

chemotherapeutic agents (anthracyclines, alkylators and taxane-based 

chemotherapy) (6-8). Recent reports have provided some insight about the use 

of immunotherapy (pembrolizumab), polyadenosine diphosphate-ribose 

polymerase (PARP) inhibitors and topoisomerases inhibitors (Sacituzumab) in 

the HR-/HER2- subtype (9-11). Although this provides, in part, a “way to fill” the 

gap-in-knowledge of how to treat TNBC more adequately, we are still far from 

closing the gap between relatively good prognosis for HR+ patients when 

compared to those with HR- disease. Interestingly, the nomenclature we use to 

classify HR- breast cancer patients is somewhat erroneous because we 

nominate these cancer patients as HR- based solely on the measurement of 

expression of either ER or progesterone receptor (PR). Few research projects 

have addressed the possible actions of other steroid hormone receptors in 

TNBC. However, exploring the actions of other steroid hormone receptors have 

proven to be fruitful. For example, the androgen receptor (AR) has been show to 

be expressed in breast cancer. Interestingly, AR was found to indicate good 

prognosis in some ER+ patients and worst prognosis for ER- patients (reviewed 

in (12)).Further studies are needed to better understand the role of AR in ER+ 

and ER- breast cancer. Identifying the roles of these other receptors in TNBC 

could be of great importance since there are existing therapeutics that can 

abrogate the actions of steroid HRs such as the glucocorticoid receptor (GR) or 

mineralocorticoid receptor (MR).  
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Glucocorticoid receptor: general introduction 

The GR is a well-studied member the steroid hormone receptor 

superfamily (13, 14). Similar to other steroid hormone receptors, the structure of 

the GR is composed of: N-terminal transactivation domain (NTD), DNA binding 

domain (DBD) and ligand binding domain (LBD) in the C-terminus. In the 

absence of cortisol or agonist ligand, the GR mostly resides in the cytoplasm of 

the cell. There is an activating-function (AF1) motif in the NTD region which is 

essential for the binding of cofactors and other components that are required for 

transcription and translocation of GR to the nucleus (reviewed in (15)). In the 

presence of its natural ligand, cortisol, GR translocates to the nucleus of the cell 

and interacts with DNA to regulate the transcription of numerous gene sets 

important for cellular homeostasis such as reduction of inflammation, 

immunomodulation, and execution of the circadian rhythm (reviewed in (15, 16)). 

GR utilizes glucocorticoid response elements (GRE) in the DNA containing two 

pseudo-palindromic repeats of six bases: AGAACAnnnTGTCCG (17). However, 

the mechanism by which GR modulates gene transcription is complex and does 

not only depend on interacting directly with DNA. Recently, it was described that 

GR utilizes three main mechanisms to regulate the expression of genes: (1) it 

can bind to GR binding sites that have little agonist dependency for accessibility 

to chromatin (ligand-independent), (2) GRs also bind to sites occupied by 

pioneering factors, such as BRG1, and with either the presence or absence of 

agonist can bind to DNA, and (3) agonist treatment induces an extensive 
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chromatin remodeling event that allow GRs to bind and regulate gene expression 

(15, 18, 19). 

 

Although the GR depends on agonist ligand for many of its activities, there 

is growing evidence indicating that the GR functions beyond agonist activation. 

GR can also signal through non-genomic signaling. Notably, GR has been shown 

to interact with c-SRC and influence its tyrosine kinase activity in the cytoplasm 

(20). It is likely that this happens with other proteins that reside in the cytoplasm. 

Ultimately, a combination of both non-genomic and genomic actions of GR may 

occur in cancer tissues. 

 

Glucocorticoid receptor expression in breast cancer 

The GR is a ubiquitous HR that is overexpressed in many types of cancer 

(21). Notably, GRs are highly expressed in endocrine-related neoplasia such as 

prostate, ovarian, pancreas and breast cancer (21). Much work is needed to 

better define the role of GR in these cancer types. However, there is substantial 

evidence that implicates GR in breast cancer prognosis. Importantly, GR has a 

dichotomous role in breast cancer depending on its subtype. Recent studies 

have suggested that expression of GR has a positive impact (i.e. predicts good 

outcome) on prognosis in breast cancer patients whose tumors are ER-positive 

(22). We hypothesized that in this context, GR may compete with ER at the 

genomic level for the expression of genes that fuel ER-positive breast cancer 

progression.  
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In contrast, overexpression of GR has a negative impact on prognosis in 

ER-negative breast cancer patients (22). GR-driven actions in the context of ER-

negative breast cancer are poorly understood. Several reports have established 

that GR is essential for chemotherapy resistance and growth of triple negative 

breast tumors in the presence of chemotherapeutic agents such as paclitaxel 

(taxane-based chemotherapeutic agent) (23). Recently, an activated-GR gene 

signature was identified in ER-negative breast cancer patients. Interestingly, this 

GR gene signature modulated the expression of genes that are essential for 

processes such as invasion of tumors, cell survival, cell transformation, epithelial-

mesenchymal transition of breast cell lines and metastasis of tumor cell lines 

(24). Thus, GR activation may modulate cancer metastasis in addition to 

chemotherapy resistance. In fact, a recent report has demonstrated that GR 

activation with the artificial ligand Dexamethasone (Dex) can increase metastasis 

in mouse models (25). Interestingly, these models also showed increased 

expression of kinases that may be involved in breast cancer progression (25). 

Another report demonstrated that Epithelial Mesenchymal Transition (EMT) is 

regulated by GR via suppressing the actions of the insulin-receptor substrate-1 

(IRS1) and by increasing the oncogenic activity of the ERK2 Mitogen Activated 

Protein Kinase (MAPK) (26). Thus, it is clear that some actions of the GR in ER-

negative breast cancer are mediated via the actions of protein kinases.  
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Another important report in ER-negative breast cancer has revealed 

interactions of GR with other steroid hormone receptors such as the androgen 

receptor (AR) (27). Interestingly, many ER-negative breast cancers express 

either the AR or the GR. Co-expression of these receptors correlate with 

improved overall and disease free survival in patients. However, high expression 

of GR and low expression of AR correlate with decreased overall survival in ER-

negative patients. It is possible that when AR is present, GR is not able to 

influence the expression of genes relevant for cancer progression (i.e. EMT, 

invasion, chemoresistance, etc) in ER-negative breast cancer patients (27). This 

would be a similar process to the limitation (i.e. by competition) of ER functions 

by co-expressed GR in ER-positive breast cancer (mentioned above).  

 

Post-translational modifications to the glucocorticoid receptor 

One aspect of GR action that has not been clearly defined is the influence 

of post-translational modifications to GR in ER-negative breast cancer. Our 

studies have shown that phosphorylation of GR on S134 is elevated in the breast 

tumors of TNBC patients relative to other subtypes of breast cancer. Thus, it is 

possible that GR actions in TNBC are dictated by the presence or absence of 

post-translational modifications to GR (23). Mechanisms of GR activation are 

important to define in the context of breast cancer, given that other steroid 

hormone receptors actions in breast cancer have been shown to be modulated 

by post-translational modifications such as phosphorylation (reviewed in (28)).  
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GR is susceptible to many types of post-translational modifications. 

Importantly, post-translational modifications can influence the genomic activity of 

GR. Mainly, GR is modified by phosphorylation, ubiquitylation, sumoylation, 

acetylation and nitrosylation (reviewed in (15)). A few examples of how these 

post-translational modifications alter GR activity will be given in the following 

section.  

 

Ubiquitylation mainly influences protein turnover. When liganded GR is 

ubiquitylated on Lys419, it is exported from the nucleus and tagged for 

degradation via the proteasomal degradation system. This process induces an 

accelerated ligand-dependent turnover of the GR (29). Sumoylation modifications 

are mainly responsible for decreasing the transcriptional activity of GR (reviewed 

in (15)). For example, sumoylation of GR on Lys293 leads to transrepression of 

the GR activity by inducing recruitment of corepressors such as the Silencing 

Mediator for Retinoid or Thyroid hormone receptor (SMRT) or the Nuclear 

receptor Corepressor 1 (NCoR1) (30). The acetylation status of the GR has been 

shown to alter GR sensitivity to agonists such as Dex. Histone Deacetylase 2 

(HDAC2) is responsible for deacetylating GR. This deacetylation process induces 

its interaction with Nuclear Factor Kappa Beta (NFkB) and subsequently 

regulates gene expression (31). Ligand insensitivity can be caused by GR 

nitrosylation as well. Specifically, nitrosylation of GR can cause the Zinc 

molecules in the two zinc finger domains to displace. Consequently, this inhibits 

ligand interaction with GR (reviewed in (15)).  
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The most studied post-translational modification on GR is phosphorylation. 

Phosphorylation of GR has been reported in at least seven residues (S113, 

S134, S141, S203, S211, S226, and S404) (Figure 1.1). All of these residues are 

in the NTD region of the GR which may suggest that recruitment of cofactors 

may be mediated via phosphorylation of these residues. These cofactors may be 

responsible of the transcriptome defined by GR in different cellular contexts. In 

1997, Cidlowski et al. showed that the transcriptional activity of mouse GR 

largely depends on these phosphorylation sites. More importantly, that same 

report showed that these sites influence the half-life of the GR (32). 
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Figure 1.1 Glucocorticoid Receptor structure, domains and relevant post-translational 
modifications.  

Cartoon image showing the different domains of the glucocorticoid receptor. To the left, we have 
the N-terminal domain and the associated AF-1 region. Depicted in this region are potential 
phosphorylation residues. Highlighted with arrows and in red is the residue S134 which is of 
seminal importance for the work presented in this dissertation because of the ability to be 
phosphorylated even in the absence of GR ligand. DNA binding domain is also depicted as DBD. 
The DBD has a double zinc-finger that assist with DNA interaction. The hinge region assists in 
conformational changes of the GR. Finally, the Ligand Binding Domain (LBD) is towards the C-
terminal of the GR structure and as the name reflects it is important for ligand binding and 
possible transcriptional activation of GR. The post-translational modifications indicated alter many 
of the functions of the GR including its ability to interact with DNA or ligand. The “S” and the “U” 
stand for sumoylation and ubiquitination.  
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Diverse signaling inputs have been shown to be responsible for the 

phosphorylation of GR on multiple sites. Interestingly, most of these sites are not 

phosphorylated at low levels or in the absence of glucocorticoids. However, when 

glucocorticoids are present, these residues are highly phosphorylated (reviewed 

in (15)). An exception to this is the S134 residue. It was reported that 

phosphorylation on S134 occurs in the absence of GR agonists. More 

importantly, phosphorylation of GR on S134 is essential for its interaction with 

scaffolding proteins such as 14-3-3ζ (Figure 1.1) (33).  

 

Interestingly, using a tissue microarray with 281 samples of primary breast 

cancer, it was identified that phosphorylated S134-GR (pS134-GR) is elevated in 

TNBC patients when compared to non-TNBC patients. More importantly, 

chemotherapy and other forms of cellular stress (hypoxia, radical oxygen 

species, nutrient deprivation) promote phosphorylation of GR on S134 in breast 

cancer tissue and cell lines (23).  

 

Thus, it is critical to dissect the specific functions of pS134-GR in TNBC. It is 

possible that cellular stress mediators (i.e. chemotherapy, radical oxygen species 

– ROS) induce post-translational modifications on GR. More importantly, 

therapies that are often provided to patients to decrease tumor burden in TNBC, 

such as paclitaxel and other cytotoxic chemotherapeutic agents, may be able to 

increase GR phosphorylation. In fact, it is known that paclitaxel and 5-florouracil 

induce phosphorylation of GR on S134. Another form of cellular stress that 



 12 

promotes pS134-GR is ultra-low attachment treatment (23). These findings point 

to the possibility that GR is phosphorylated on S134 in response to a diverse 

array of inducible inputs that are involved in cellular responses to stress and 

relevant to cancer processes such as EMT, formation of stem cells, metabolism 

and ultimately metastasis.  

 

Finally, phosphorylation of GR enhances recruitment of co-factors and 

ultimately modulates the transcription of genes. Importantly, two co-factors are 

known to interact with GR when phosphorylated on S134. The first co-factor that 

was identified to bind pS134-GR was 14-3-3ζ. The 14-3-3 family of proteins 

mainly act as molecular chaperones and are known to bind numerous proteins 

that modulate cellular signaling (33). Often, these proteins are essential for 

survival and importantly they are known to modulate the action of MAPKs. 

Notably, 14-3-3 proteins have been implicated in breast cancer progression. 

Specifically, studies nominate 14-3-3ζ as an important promoter of early stage 

progression of breast cancer. 14-3-3ζ has been found to modulate and promote 

anchorage independent growth and halts apoptosis in human breast cancer (34). 

Additionally, 14-3-3ζ is an important mediator of Transforming Growth Factor 

β1(TGFβ1) signaling in breast cancer. It has been shown that TGFβ1 in 

cooperation with 14-3-3ζ stabilized GLi2, and in turn promoted the action of 

SMAD partners via direct binding to drive metastasis from breast tissue to bone 

in response to TGFβ (35). 
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Target genes of the glucocorticoid receptor  

Several genes have been identified as influential and key for actions of 

GR in TNBC. Many of these genes are important for cancer processes 

associated to chemotherapeutic resistance. SGK-1 and MKP-1 have been 

identified as Dex-responsive genes that are important in resistance to 

chemotherapy. Ectopic expression of either SGK-1 or MKP-1 enables resistance 

to paclitaxel (taxane-based chemotherapy) or doxorubicin in different breast 

cancer cell lines. Specifically, both SGK-1 and MKP-1 are important for inhibiting 

apoptosis when cancer cells are exposed to chemotherapeutic agents (36). 

Notably, both of these proteins are tightly involved with the MAPK family of 

proteins. SGK-1 is a serine/threonine kinase that is a downstream target of the 

PI3K pathway. The PI3K pathway has been shown to modulate the action of 

MAPKs modules (reviewed in (37)). Additionally, recent data indicate that GRs 

mediate metastasis via the expression of ROR1. ROR1 is a transmembrane 

protein tyrosine kinase that modulates cellular growth, especially in the central 

nervous system. However, in the context of breast cancer, it was found that GR 

is activated with Dex ligand and in turn GR increases the expression of ROR1 in 

TNBC in vivo. Interestingly, it was also found that ROR1 correlated with 

decreased survival when amplified (25).  

 

Evidently, the work that has been done in elucidating the role of GR in 

TNBC has led to the discovery of many kinases that may be involved in breast 

cancer progression. Importantly, many of these kinases have been highlighted as 
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essential proteins to respond to cellular stress. Another kinase that has been 

implicated in GR signaling of TNBC is the Protein Tyrosine Kinase 6 (PTK6). 

PTK6 is an intracellular soluble tyrosine kinase that promotes phosphorylation of 

signaling molecules as well as factors involved in both transcription and RNA 

splicing. PTK6 has both cytoplasmic and nuclear actions and its structure is 

closely related to the c-Src kinase family (38). Interestingly, PTK6 is key for 

mediating chemotherapeutic resistance in TNBC. Recently, it was demonstrated 

that when paclitaxel or 5-FU promotes phosphorylation of GR on S134, GR is 

able to induce the expression of PTK6 (23).  

 

Another way that GR induces PTK6 expression is via direct or indirect 

interaction with the Hypoxia Inducible Factor 1 (HIF1), Hypoxia Inducible Factor 2 

(HIF2) and Aryl Hydrocarbon Receptor (AhR) (23, 39). Specifically, when cell 

lines are treated with either hypoxia or Dex, GR and HIFs protein interactions 

ensue and cooperate to induce the transcription of PTK6 (39). On the other hand, 

GR preferentially interacts with AhR to promote its activity in TNBC when 

phosphorylated on S134, specifically when treated with chemotherapeutic agents 

(i.e. paclitaxel) (23). Surprisingly, although it is known that PTK6 is a kinase and 

has a significant role in breast cancer progression, very little research has been 

done to dissect the specific role of PTK6 protein domains in TNBC.  

 

PTK6 expression in breast cancer and its structure 
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PTK6 is expressed in normal breast tissue but in relatively low levels (40). 

However, moderate to high expression in breast cancer tissue has been shown 

relative to normal tissue. It has been reported that up to 86% of all breast cancer 

tumors overexpress PTK6 (41). Notably, PTK6 is localized in close proximity to 

the plasma membrane in mammary cancer cells when compared to normal 

human mammary models. It is important to note, that in some cases PTK6 is 

present in the nucleus as well (42). Thus, it is possible that PTK6 influences the 

activity of different transcription factors or GR itself in the context of TNBC. 

Further research is needed to better understand this. Finally, PTK6 expression 

correlated with higher histological grade (41). Because of this, it is important to 

dissect the specific role and the signaling context of PTK6 in TNBC.  

 

As stated above, PTK6 is closely related to SRC family kinases. Similar to 

c-SRC, it contains a Src homology (SH) domain 2, an SH3 domain and a kinase 

domain. However, contrary to c-SRC, PTK6 is not myristolated or palmitolated to 

anchor it in the plasma membrane region of cells (Figure 1.2) (38). In addition, 

PTK6 diverges in the SH2 domain. Contrary to c-SRC, which can assume an 

inhibited or “closed” structure via internal SH2/p-Tyr interactions, the SH2 domain 

of PTK6 does not have high affinity for the autoinhibition tyrosine of PTK6 itself 

(Y447) (43). Another important protein residue for PTK6 activity is found in the 

kinase domain, Y342. This residue promotes kinase activation via conformational 

changes that depend on autophosphorylation of Y342 (44). In addition, although 

PTK6 is a kinase, its kinase domain is dispensable for many of its actions in 
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Figure 1.2 PTK6 protein domain organization.  

In the N-terminal region, there is a Src homology 3 (SH3) domain that is known to mediate the 
interactions of PTK6 with proline-rich proteins. The SH2 domain may bind Y447 and can cause  
auto-inhibition. Auto-phosphorylation of Y342 located in the kinase domain can cause a 
conformational change that could lead to activation of the kinase domain.  
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cancer progression. Somatic mutations to the PTK6 gene have been reported in 

renal cell carcinoma and gastric cancers. These mutations are not limited to the 

kinase domain but include the SH2 and SH3 domains as well. These mutations 

have been reported to have profound effects in substrate recognition and 

enzymatic activity (45). Similar reports have been found in colorectal cancer (46).  

 

In support of the conclusion that the kinase domain of PTK6 is 

dispensable, breast cancer cells expressing kinase-dead PTK6 were still equally 

able to migrate when compared to cells expressing the wild-type version of 

PTK6. These data suggest that PTK6 largely depends on its scaffolding actions 

(i.e. SH2 and SH3) for enhancing progression in breast cancer. In addition to 

migration, PTK6 was found to be essential in mediating survival of cells and 

promoting anchorage-independent growth in non-cancerous mammary cells (47, 

48). Taken together, these data clearly suggest that PKT6 depends on its SH2 

and SH3 domains for its oncogenic activity in breast cancer.  

 

PTK6 signaling and biology in breast cancer 

PTK6 is an important mediator of many signaling pathways. It is upstream 

of proteins such as Rac1, CrkII and paxillin and its kinase domain is essential for 

its effects in these proteins (49). Similarly, PTK6 activates the stress-related p38 

MAPK. In fact, there is a strong relationship between cellular stress and PTK6 

expression. Different inputs to the tumor (intrinsic or extrinsic) may increase 

cellular stress signaling and subsequently induce the transcriptional activity of 
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HIFs and GR, which are both highly dependent on cellular stress, with the final 

product of inducing expression of PTK6 (39, 40).  

 

PTK6 is known to be activated by epidermal-growth factor (EGF), 

hepatocyte growth factor (HGF), and Heregulin. In turn, activation of PTK6 

increases ERK5 and p38 MAPK activity in breast cancer. Ultimately, the increase 

in activity of this signaling axis causes an increase in the expression of cyclin D1 

and these events lead to breast cancer cell survival in both non-TNBC and TNBC 

cell lines (41). Importantly, Castro and Lange reported in 2012, that HGF induces 

activation of PTK6 and ERK5 via the Met receptor (HGF receptor) in both TNBC 

cellular models (MDA-MB-231) and non-TNBC cellular models (T47D). This 

activation event is essential for cellular migration (50). Similarly, p38 MAPK is a 

key regulator of the expression of cyclin D1. Specifically, inhibition of breast 

cancer cells with SB203580, halts the induction of cyclin D1 by more than half. 

Additionally, when activated by Heregulin, migration is inhibited if PTK6 

expression is diminished via siRNAs. In a similar fashion, Heregulin-mediated 

migration is highly dependent on p38 MAPK activation (as measured via 

phosphorylation of active site residues) (41).  

 

PTK6 is also relevant in the context of HER2+ breast cancer. Recent 

discoveries have shown that when crossing PTK6-/- mice with mice expressing 

an activated version of ERBB2, ERBB2-driven tumor formation was halted (51). 

The mechanism of this is based in the PTK6-dependent activation of the Signal 
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Transducer and Activator of Transcription 3 (STAT3). In fact, proliferation of pre-

tumorigenic tissue was dependent on PTK6 in these mouse models (51). Taken 

together, it is clear that PTK6 is essential for both survival and migration of 

different breast cancer subtypes. More importantly, this leads to the hypothesis 

that PTK6 assists in the metastatic cascade by promoting both of migration and 

survival of cancer cells. 

  

Recent studies have demonstrated that PTK6 expression is in part 

dependent on AhR (23). The AhR is a ligand activated transcription factor that is 

part of the basic Helix-Loop-Helix/Per-ARNT-Sim (bHLH/PAS) subfamily of 

transcription factors (52). The ligands for the AhR can be various but most of 

them fall under the category of Polycyclic Aromatic Hydrocarbons (PAH). Once 

liganded, the AhR will dimerize and act as a transcription factor. Interestingly, 

AhR has been shown to be relevant in embryogenesis and early proliferation of 

cells (53, 54). Both of these processes overlap with hallmarks of cancer (55). 

More importantly, this receptor has been found to be essential for the 

development of the mammary gland (56, 57). The AhR has recently been 

established as a novel mediator of cancer cell survival. Recent studies 

demonstrated that AhR binds directly to the GR in response to chemotherapeutic 

treatment (paclitaxel) and this interaction is likely needed for the transcriptional 

functions that AhR exerts in target genes such as CYP1B1 and CYP1A (23).  

Similarly, to HIFs, GR, PTK6 and p38 MAPK, AhR is tightly involved in 

cellular stress. For example, AhR is known to generate ROS because it 
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modulates the expression of monooxygenases and xanthine oxidase/xanthine 

dehydrogenase. In turn, this action decreases the activity of glutathione 

peroxidases, which subsequently increases the availability of hydrogen peroxide 

(H2O2) (58). In normal physiology, this would help to induce inflammation in the 

case of local injury or presumed infection. In the context of cancer signaling, 

H2O2 can increase the activity of kinases that are key for cellular stress such as 

p38 MAPK. In fact, ROS increases invasion and migration through p38 MAPK in 

breast cancer (59). 

 

Inhibition of GR or PTK6 and its potential actions in halting disease 

progression 

Pharmacological targeting of PTK6 and GR (and other key players of their 

actions) may be of importance in TNBC. GR inhibition with mifepristone (RU486) 

in the context of TNBC is already being tested in clinical trials. A phase I clinical 

trial had nine women that were treated with mifepristone. All of these women had 

either metastatic or locally advanced breast cancer. In this cohort both HR+ and 

HR- breast cancer patients were included. HR+ criteria established that the 

patients must have progressed even if treated with hormonal therapy. Some 

tumors showed response in this phase I clinical trial. There were two patients 

with a complete response, three patients with partial response, one patient with 

stable disease and three with progression of disease. Although these are 

preliminary results, Conzen and colleagues discuss encouraging findings in that 

the response for the TNBC patients were all either complete or partial responses. 
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No progression of disease was found in TNBC patients. Also, patients that had 

either complete or partial responses were strongly GR-positive when evaluated 

for the presence of GR using immunohistochemistry. Neutropenia was the most 

significant side effect (60). Other encouraging results that support the use of 

mifepristone in the clinic, is that mifepristone was found to decrease migration 

and invasion of cancer cells. The latter is not limited to breast cancer cell lines 

but also includes prostate cancer cell lines (61). 

 

On the contrary, PTK6 (downstream of GR) inhibition has been more 

challenging. Many studies have tried to identify if inhibition of the kinase domain 

is effective against cancer progression. Small molecule inhibitors of the PTK6 

kinase domain decreased tumor cell growth without inhibiting PTK6 kinase 

activity. Thus, these small molecule inhibitors of PTK6 decreased tumor cell 

growth independently of their activity in the kinase domain of PTK6 (62). To our 

knowledge, no inhibitors of PTK6 have been utilized in clinical trials yet.  

 

Stress in the context of cellular cancer signaling 

 Physiological stress and the circadian rhythm regulate the GR via the 

hypothalamus-pituitary-adrenal axis. Cortisol is synthesized in response to both 

stress and the circadian rhythm. The Adrenocorticotropic Hormone (ACTH) is 

synthesized in the anterior pituitary and travels via bloodstream to the adrenal 

glands where cortisol is produced (adrenal cortex). Response to cortisol is tissue-

specific and it is possibly determined by cofactors and post-translational 



 22 

modifications that alter GR activity (as explained above). Aberrant changes to 

this tightly regulated homeostatic machinery can induce pathogenesis. Cancer 

cell signaling parallels with cellular stress signaling for many of the pathways that 

are important in cancer progression. Glucocorticoid receptor mediates in part the 

regulation of how cells and the body respond to stress. Thus, it could act as a 

sensor and linker between physiologic stress and cellular stress. In the context of 

cancer, this could have impactful implications. Cellular stress is regulated by 

many factors that contribute to cancer progression such as solid tumor core 

necrosis, angiogenesis, oxygen tension, metabolism and the presence of multiple 

cytokines that contribute to activation of cellular stress pathways (63). 

Interestingly, p38 MAPK and JNK MAPK are activated in many cancer subtypes 

including breast cancer (59, 64, 65). These two kinases are often termed stress-

activated protein kinases (SAPKs). They are also important in immunological 

process and can respond to many cytokines that are available in the tumor milieu 

(reviewed in (66)). Additionally, they have been shown to modulate the activity of 

the GR (33, 67). Ultimately, cellular stress sensing could be activating GR 

transcriptional activity and/or modulating GR promoter selection, thus increasing 

the expression of PTK6 which is also associated to cellular response to stress.  

 

One way that external stimuli could promote rapid GR responses is 

possibly via post-translational modifications. To date, very little is known about 

how post-translational modifications affect GR functions in the context of cellular 

stress or altered signaling in the context of cancer. Improved understanding of 
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how cellular stress modulates GR could have potential implications in the way we 

treat breast cancer. Dex is widely used to alleviate gastrointestinal-related 

symptoms that patients under cytotoxic chemotherapeutic regimen (another form 

of cellular stress) suffer from (68). Activation of GR via Dex may inadvertently 

contribute to disease progression in a subset of TNBC patients (and possibly 

other solid neoplasia). There is an urgent need to investigate how different 

signaling inputs impact GR activity in TNBC so that better treatments may be 

developed and deployed.  
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Chapter 2 Materials and Methods 
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Cell lines and culture conditions 

Parental (unmodified) MDA-MB-231 cells are a gift from Dr. Ronald 

Wegener and were maintained in 10% FBS and 1% P/S. Cells that were used for 

generation of CRISPR/Cas cell line were authenticated on April 27, 2017 by the 

University of Arizona Genetics Core and were compared to the ATCC short-

tandem repeat (STR) database. Additionally, cells tested negative for 

Mycoplasma. U2OS cell lines were obtained from Dr. John Cidlowski. These 

cells were maintained in 10% FBS, 1% P/S, 1% glutamax, .2mg/mL Hygromycin, 

and 200µg G418. The TNBC cell lines: Hs578T, MDA-MB-468 and HCI-10 cells 

were maintained in 10% FBS and 1% P/S.  

 

MDA-MB-231 PTK6 clone 27 knockout (KO) cells were generated as 

described previously and were cultured in DMEM (HyClone Thermo Fisher 

Scientific (Waltham, MA USA) supplemented with 10% FBS (Gibco, Invitrogen 

(Carlsbad, CA USA)), 1% penicillin/streptomycin and 4 µg/mL puromycin (Fisher 

Scientific (Hampton, NH USA)) (23). The PTK6 KO admixture was generated by 

co-transfecting MDA-MB-231 cells with a gRNA to PTK6 (#CM-003166-01-0002) 

or to a non-targeting control (NTC; # U-007503-01-05), a Cas9-expressing 

plasmid (#U-005300) and transfection reagent (DharmaFECT Duo) using the 

manufacturer’s recommendations (Dharmacon Inc. (Lafayette, CO USA)). 

Seventy-two h post-transfection, cells were selected with 1 µg/mL of puromycin 

and then maintained with 0.3 µg/mL of puromycin. To generate the clone 

admixture, 3 individual PTK6 KO clones with the highest deletion frequency of 
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PTK6 were admixed 1:1:1 with each other and expanded for fewer than 4 

passages before use in vitro or in vivo. cHCI-10 Luc2+ cells (abbreviated cHCI-

10) were cultured in modified M87 media as described in (69): DMEM/F12, 2% 

FBS, 1% antibiotic/antimycotic (Sigma), 1x insulin-transferrin-selenium (ITS, 

Corning (Corning, NY USA)), 5 ng/mL EGF (Life Technologies), 0.3 µg/mL 

hydrocortisone (Sigma), 0.5 ng/mL cholera toxin (Sigma), 5 nM 3,3’,5-Triiodo-L-

thyronine (T3, Sigma), 0.5 µM (±)-Isoproterenol hydrochloride (Sigma), 50 nM 

ethanolamine (Sigma), and 50 nM O-phosphorylethanolamine (Sigma). Hs578T 

cells were maintained in DMEM with 10% FBS and 1% penicillin/streptomycin. 

Cells were authenticated by short-tandem repeat (STR) profiling in December 

2015 (ATCC) and in 2017 (Arizona Genetics Core), or by comparing gene 

expression profiles of the cHCI-10 primary cell line to the original HCI-10 PDX 

tumor material at the Huntsman Cancer Institute (HCI).  

 

In the case of the generation of the stable cell lines for PTK6 domain 

mutants, re-expression of different mutants of PTK6 was done by transfecting 

MDA-MB-231 PTK6-KO (clone 27) cells with pFB-neo vector containing FLAG-

tagged wild-type (WT) PTK6, truncated PTK6 missing N-terminal domain (SH3-del 

PTK6), PTK6 with SH2-domain deleted (SH2-del PTK6, kinase-inactive (KM-

PTK6) or constitutively active PTK6 containing point mutation at Tyr447 (YF-PTK6) 

using FuGENE HD (Roche Applied Sciences (Basel, Switzerland)). Stable pool 

populations were selected in and maintained as described above with 0.2 mg/mL 

G418 sulfate (Thermo Fisher Scientific). HIF-1/HIF-2 double knockout (DKO) cells 
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created by CRISPR/Cas9n-mediated deletion were created and propagated as 

described in Regan Anderson et al. 2018 (23).To generate wild type PTK6 over-

expressing cells, MDA-MB-231 parent cells or HIF DKO cells were transduced with 

lentiviruses expressing either empty vector (pFB-neo) or pFB-PTK6; cells were 

then selected with 2 mg/mL of G418 and maintained with 1 mg/mL G418. All cell 

lines tested negative for mycoplasma before use in experiments. 

 

Materials and Reagents 

Name Source or reference 
Distributors 
and versions 
used 

DESeq2 PMID:25516281 v. 1.22.2 

Pheatmap 
https://cran.r-
project.org/web/packages/pheatmap/ind
ex.html 

v 1.0.12 

FastQC https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/ v 0.11.7 

HISAT2 PMID:25751142 v 2.1.0 

Subread https://bioconductor.org/packages/releas
e/bioc/html/Rsubread.html 

 

fgsea https://bioconductor.org/packages/releas
e/bioc/html/fgsea.html v 1.8.0 

R Studio https://www.rstudio.com v 3.5.2 

R https://cran.r-project.org v3.5 
Adobe Illustrator Adobe v23.0.5 
PRISM GraphPad v7/v8 

pGR 
 
Custom made - Pierce Biotechnology 
PMID: 26825173 

 
Custom made - 
Pierce 
Biotechnology 
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PMID: 
26825173 

GR Cell Signaling Technology, Danvers, MA 
Sigma Aldrich 

4511p 
sc-1003 

p-p38 Cell Signaling Technology, Danvers, MA 9211S 
p38 Cell Signaling Technology, Danvers, MA 9212S 
YWHAZ (14-3-3ζ) Millipore, St. Louis, MO AB9746 
ASK1 (MAP3K5) Santa Cruz sc5294 
pERK1/2 Cell Signaling Technology, Danvers, MA 9101S 
ERK1/2 Cell Signaling Technology, Danvers, MA 9102S 
pJNK Cell Signaling Technology, Danvers, MA 9251S 
JNK Cell Signaling Technology, Danvers, MA 9252S 
FLAG Sigma Aldrich F1804 
PTK6 D-6 Santa Cruz sc166243 
GAPDH Santa Cruz sc0411 
RhoA Cytoskeleton Inc ARH04 
AhR Cell Signaling Technology, Danvers, MA 83200 
goat anti-rabbit 
IgG-HRP BioRad  

goat anti-mouse 
IgG-HRP BioRad  

SB203580 Calbiochem 559389 
LY294002 Millipore Sigma 440202 
UO126 Millipore Sigma 662009 
SB202190 Cell Signaling Technology, Danvers, MA 8158S 
Selonsertib Thermo Fisher, Waltham, MA 501365910 
Puromycin VWR International AC22742-0100 
G418 Corning, Corning NY 61-234-RG 
Glutamax Fisher Scientific, Waltham, MA 35050061 
Hygromycin B Thermo Fisher, Waltham, MA 10687010 
mini tablet 
protease 
inhibitors 

Roche 11836153001 

PhosStop Roche 4906837001 
Agarose Invitrogen 16500500 
Dexamethasone Sigma Aldrich, St. Louis, MO D4902 
MTT Sigma Aldrich, St. Louis, MO M2128 
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TGFβ1 R&D 240B010 R&D 
HGF Sigma Aldrich, St. Louis, MO H9661 
MDA-MB-231 PMID:23928995  

Hs578T PMID:23928995  

U2OS models PMID: 21930780  
HCI-10 PDX 
models PMID:26825173  

sh14-3-3ζ TRCN0000029404 CMV-Neo 
lentiviral vectors 

sh14-3-3ζ TRCN0000029406 CMV-Neo 
lentiviral vectors 

8µm transwell 
inserts Corning, Corning NY 353097 

IMEM Fisher Scientific, Waltham, MA A1048901 
DMEM Fisher Scientific, Waltham, MA 10-013-CV 
CT04 Cytoskeleton Inc. CT04-A 
CH223191 Stem Cell Technologies 72732 
HGF Millipore and Life Technologies  

FuGENE HD Roche Applied Sciences, Basel, 
Switzerland ?? 

 

Table 2.1 Material and Reagents used for this dissertation. 

 

Generation of MDA-MB-231 NR3C1 (GR) S134A knock-in cells (CRISPR). 

Generation of Customized Guide RNA Expression Construct. In order to 

genetically modify MDA-MB-231 cells to express NR3C1 containing an S134A 

mutation, CRISPR/Cas9 mediated gene targeting was implemented. This was 

accomplished using an HDR donor vector along with a CRISPR/Cas9-GFP 

expression vector; an anti-sense gRNA sequence (NR3C1-S134A-AS1-sgRNA) 

targeting the coding sequence of NR3C1 was cloned into a CRISPR/Cas9-GFP 

expression vector (PX458). For the generation of the CRIPSR/Cas9-GFP vector, 

a sense oligo 5’-CACCGCTTGGGGTTCTCTGGAACAC-3’ and an anti-sense 
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oligo 5’-AAACGTGTTCCAGAGAACCCCAAGC-3’, containing four base-pair 

overhangs compatible with PX458 BbsI restriction enzyme digestion sites, were 

annealed and ligated into PX458. In addition, a second anti-sense sgRNA 

sequence (NR3C1-S134A-AS2-sgRNA) 5’-CAGTGGATGCTGAACTCTTG-3’ 

was incorporated in an identical way into a separate PX458 plasmid. Correct 

incorporation of both sgRNA sequences was confirmed by Sanger sequencing 

(Genewiz). 

 

Generation of a dsDNA Plasmid Donor for the Incorporation of S134A 

Mutation in the Coding Sequence of NR3C1. The donor vector used to 

incorporate the S134A mutation into the NR3C1 (Glucocorticoid Receptor) 

coding region was generated using a golden-gate strategy. Briefly, pAAV-GG-

MCS-SEPT-Neo, a kind gift from the Hendrickson Laboratory at the University of 

Minnesota, was used to incorporate a 2100 bp sequence that spans the coding 

sequence of NR3C1 and contains the S134A (AGT – GCT) mutation as well as a 

single silent mutation within the sgRNA sequence to interrupt the protospacer 

adjacent motif (PAM) for both sgRNAs (i.e. to prevent repeated Cas9 cleavage 

after successful incorporation of the donor by homology directed repair). 

Conveniently, the AGT to GCT S134A mutation also generates a unique PvuII 

restriction enzyme site (CAGCTG) that was used for screening for desired 

clones. The left homology arm was generated using primers LArmF 5’-

GACGCTCTTCACCGGGCACATCCAGTCAGAAGTATGGGT-3’ and LArmR 5’-

GACGCTCTTCTCTCTGGAACAgctGTCGACCTATTGAG-3’ while the right 



 31 

homology arm was generated using primers RArmF 5’-

GACGCTCTTCCGAGAAtCCCAAGAGTTCAGCATCCAC and RArmR 5’-

GACGCTCTTCGATGAATAAAATCCTCACCGTTGGCCAATGG-3’. The left and 

right homology arms were cloned into pAAV-GG-MCS-SEPT-Neo using BspQI 

golden gate cloning. 

 

MDA-MB-231 Transfections and Screening for NR3C1 S134A Knockin 

Clones. 

The PX458-NR3C1-S134A-AS1-sgRNA or PX458-NR3C1-S134A-AS2-sgRNA 

plasmids along with the pAAV-GG-NR3C1-S134A donor vector were transfected 

into MDA-MB-231 cells using Lipofectamine 3000 (Invitrogen), and allowed to 

recover for at least two days. GFP positive cells were then collected by FACS 

sorting, expanded and sub-cloned by limited dilution into 96 well plates. Single 

cell clones were identified and expanded further into 24 well plates for genomic 

DNA collection and PCR screening. In order to identify CRISPR/Cas9 edited 

cells, two primers that span the CRISPR/Cas9 cut sites for NR3C1 S134A AS1 

and AS2 NR3C1_S134A_ScrF2 5’- GGCTGTCGCTTCTCAATCA-3’ and 

NR3C1_S134A_ScrR2 5’- GGACTCTCATTCGTCTCTTTACC-3’ were used to 

produce a 492 bp amplicon by PCR. Clones that had correctly incorporated the 

S134A mutation were identified by performing PvuII restriction enzyme digestion 

on the resulting amplicons. Amplicons that exhibited PvuII cleavage by gel 

electrophoresis were sequenced using the NR3C1_S134A_ScrF2 primer. 
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Two independent clones were identified as having incorporated the intended 

S134A mutation as well as the PAM mutation in a bi-allelic fashion. To control for 

off target cutting by CRISPR/Cas9 during the generation of these clones a non-

targeted clone, 34A was also recovered from the population (wt-GR cells). 

 

Generation of MDA-MB-231 shcontrol and sh14-3-3ζ cells 

Stable sh14-3-3ζ (TRCN0000029404 and TRCN0000029406) were 

generated by transducing MDA-MB-231 models with CMV-Neo lentiviral vectors 

containing target gene shRNA sequences (MISSION TRC library - Sigma). Pools 

were selected and maintained through culture with .75 mg/mL of G418 sulfate 

(Corning). 

 

Scratch wound migration assay 

Cells were plated in a 6-well plate at a density of 1.5x105 cells to achieve 

monolayer growth at 100% confluency. Pre-treatment (hormone, growth-factor) 

was performed at various times before the scratch was created, as indicated. 

Experiments that required hormone (Dex), growth factor (Hepatocyte Growth 

Factor - HGF) or cytokine (Transforming Growth Factor Beta β1 – TGFβ1) 

treatment, cells were starved for 18-24 hrs in Modified Improved Minimum 

Essential Media (IMEM) containing 1% DCC. A 200µL sterile pipette tip was used 

to create each scratch. After scratching was performed, cells were maintained in 

37°C, 5% CO2 with their respective treatments (see legends). Three independent 

wells per group were imaged by taking three images of each well at 10X 
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magnification. Image J was used for quantification of the area of the wound and 

three biological replicates were used per cell line. Data are shown as a 

representative of three experimental replicates. 

 

Cell proliferation assay 

Proliferation assays were measured via MTT ((3-[4,5-dimethylthiazol-2-yl]- 

2,5-diphenyltetrazolium bromide). Using 24-well plates, 2.5x104 cells/well were 

plated. At days 0, 1, 3 and 7 cell proliferation were determined. Sixty microliters 

of MTT was added per well for a final concentration of 5mg/mL. Plate was 

incubated at 37°C for 3 hrs. At this point, the medium was removed and 

solubilization solution (90% v/v dimethyl sulfoxide (DMSO)/PBS) was added to 

lyse the cells. Absorbance was measured in plate reader at 650 and 570nm. The 

650nm measurements were subtracted from the 570nm measurements. Sample 

means were normalized to day zero and plot ± Standard Deviation (SD) using a 

linear plot.  

 

Western blot 

Cells were plated and for experiments that required hormone (Dex), 

growth factor (HGF) or cytokine (TGFβ1) treatment, cells were starved for 18-24 

hrs in Modified Improved Minimum Essential Media (IMEM) containing 1% DCC. 

Whole cell lysates were prepared using RIPA lite supplemented with 1 mmol/L 

PMSF, 5 mmol/L NaF, 0.05 mmol/L Na3VO4, 25 mmol/L beta glycerophosphate 

(BGP), 20 μg/mL aprotinin. 1 complete mini tablet protease inhibitors (Roche) 
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and 1 tablet of PhosSTOP (Roche). Electrophoresis in an SDS page gel was 

used to resolve and separate the proteins. 50µg of protein per lane was loaded. 

After electrophoresis, proteins were transferred to polyvinylidene difluoride 

membranes and probed with the following antibodies: pGR (1:750 - custom 

made, Pierce Biotechnology), GR (1:1000 - Santa Cruz Biotechnology, sc-1003), 

p-p38 (1:1000 - Cell Signaling Technology, 4511p), p38 (1:1000 - Cell Signaling 

Technology, 9212), YWHAZ (14-3-3ζ – 1:3000 – Millipore, AB9746), 

MAP3K5/ASK1 (1:1000 – Santa Cruz Biotechnology, sc5294), pERK1/2 (1:1000 

– Cell Signaling Technology, 9101S), ERK1/2 (1:1000 – Cell Signaling 

Technology, 9102S), pJNK (1:1000 – Cell Signaling Technology, 9251S), JNK 

(1:1000 – Cell Signaling Technology, 9252S), FLAG (Sigma #F1804), PTK6 (D-

6; 1:1000 - Santa Cruz Biotechnology, sc166243), GAPDH (1:5000 - Santa Cruz 

Biotechnology sc0411), RhoA (Cytoskeleton Inc #ARH04), AhR (D5S6H; Cell 

Signaling Technology #83200), goat anti-rabbit IgG-HRP (BioRad), and goat anti-

mouse IgG-HRP (BioRad). Blots were developed using an ECL reagent (Super 

Signal West Pico PLUS; Thermo Fisher Scientific) and imaged by film. For 

densitometric calculations, Fiji software version 2.0 was used to quantify bands 

representing total and phosphorylated proteins. All samples were normalized to 

respective controls and fold-change calculated relative to the vehicle condition. 

Densitometric data were collected for at least 2-3 independent experiments and 

relative values were plotted as the mean ± SEM; the one-way ANOVA post-hoc 

Fisher test was utilized to assess statistical significance. 
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Cell migration and invasion transwell assays 

Cell migration was measured using 8 µm transwell Boyden Chamber 

inserts (Corning). Cells were pre-treated as indicated by the figure legends. After 

pre-treatment, cells were trypsinized and plated at a density of 5x104 cells in the 

upper chamber of the transwell system in IMEM media. Chemoattractant agents 

that were added to the lower-well are indicated in the figure legends in addition to 

1% DCC. Cells were incubated for the time indicated in figure legends and 

maintained in 37°C, 5% CO2. Cellular invasion assays were done in a similar 

fashion with the exception that Matrigel (Corning) transwell inserts were utilized; 

Matrigel inserts were placed for at least 2 hours in the incubator before plating 

the cells. Transwell inserts were imaged using a light microscope. Four pictures 

per transwell were taken at 10X magnification. Cells were allowed to migrate for 

6-18 hrs (MDA-MB-231) or 24hrs (cHCI-10) before fixation with 4% 

paraformaldehyde (Sigma Aldrich (St. Louis, MO USA)) or methanol and staining 

with 0.5% crystal violet (Sigma Aldrich). The number of migrated cells was 

counted for 4 representative fields per sample at 10X magnification, and results 

were normalized to the number of migrated control cells. 

 

Colony formation assay 

Six-well plates were prepared, and a base agarose layer (Invitrogen) was 

created in the surface of the wells. Cells were trypsinized, counted, and 4x104 

cells were plated in the top agarose layer in triplicate per treatment condition 

(indicated in figure legends). Plates were kept at 4°C for 10 mins to allow the 
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agar to solidify. Incubation of plates occurred at 37°C and 5% CO2 for 15 days. 

To quantify colonies, 1mL of PBS containing 4% formaldehyde and .005% crystal 

violet was added to each well. Cells were incubated for 1hr at room temperature. 

Four images were taken in each well. Results are reported as colonies counted 

per field and using mean ± SD.  

 

Co-immunoprecipitation assays 

Cells were lysed in ELB lysis buffer containing the following: 50 mmol/L 

HEPES, 0.1% nonidet P-40 (NP-40), 250 mmol/L NaCl, 5 mmol/L EDTA, 1× 

complete protease inhibitors (Roche), 1× PhosSTOP (Roche), 1 mmol/L PMSF, 

1mmol/L NaF, 0.5 mmol/L Na3PO4, 25 mmol/L BGP, and 20 μg/mL aprotinin]. 

1000µg of lysate was incubated with 1µg of specific antibodies overnight at 4°C 

in a rotator. Protein G agarose was used to isolate the complexes for 1 hour at 

4°C. SDS-Page and western blot analysis were used to analyze the 

immunocomplexes.  

 

Tumorsphere Assay 

A single cell solution was obtained after enzymatic dissociation in 0.25% 

trypsin-EDTA and strained through a 40 µm sieve (BD Falcon). Cells were plated 

in ultra-low attachment plates (Corning) at 1x103 cells per well and grown in a 

serum-free DMEM/F12 phenol-free medium (Corning) containing 1% 

methylcellulose (Sigma Aldrich),  1% B27 proprietary supplement (Invitrogen), 

1% penicillin-streptomycin, 20 ng/ml EGF (Sigma Aldrich), 20 ng/ml basic-FGF 
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(Gibco), and 10 µg/ml Heparin (Sigma Aldrich). After 5-7 days, generate 

secondary tumorspheres were generated; primary spheres were collected and 

dissociated enzymatically in 0.25% trypsin-EDTA. Single cells were plated as 

described in conditioned media, which consisted of a 1:1 mixture of DMEM/F12 

tumorsphere media (as above) and media from cultured parental cells. The 

tumorspheres were allowed to grow for 5-7 days before manual counting. Data 

are presented as the average ± SD of two or three independent measurements. 

 

RNA expression analysis for METABRIC samples. 

Molecular Taxonomy of Breast Cancer International Consortium 

(METABRIC) data (via cBioPortal – http://www.cbioportal.org/) were obtained for 

patients who had the 3-gene classifier and microarray data available for MAP3K5 

and 14-3-3ζ (70-72). After that, we log2 transformed all of the mRNA expression 

values. Boxplot was utilized to plot the data and compare the expression across 

groups. Statistical significance was calculated based on one-way ANOVA and 

Tukey post-hoc.  

 

RNA library preparation and sequencing 

MDA-MB-231 expressing either wt-GR or S134A-GR were serum starved 

in IMEM containing 1% DCC for 18 hrs. Cells were treated with vehicle 

treatment, 10 ng/mL of TGFβ, or 1µM Dex for 6 hrs. Total RNA was extracted 

using the Qiagen RNAeasy kit. RNA quality and concentration were assessed by 

nanodrop. A TruSeq RNA kit was utilized to prepare and generate the mRNA 
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libraries that were sequenced at the National Institute of Environmental Health 

Sciences on the Illumina HiSeq2500 in a 75-base paired-end mode. Forty million 

reads were sequenced on average per sample. 

 

RNA-seq data processing  

Quality of raw RNA-seq sequences for each sample was assessed with 

FastQC. Trimmommatic was used to remove low quality bases and trim 

adapters. FastQC was used again on each filtered FASTQ files to generate a 

sequence quality plot. Alignment to the hg38 genome was performed using 

HISAT2 (73). Abundance of transcript was estimated with the featureCounts 

program in the SubRead package. DESeq2 (Version 1.22.2) was used to 

evaluate differential expression across groups and generate Principal 

Component Analysis (PCA) plots (74). For analyses of data using the 

generalized linear model framework we utilized the EdgeR package (v3.26.8). 

Generation of heatmaps was performed with the pheatmap package (Version 

1.0.12) using log2 normalized read counts from DESeq2 analysis. The package 

that was used to perform the gene set enrichment analysis was fgsea (Version 

1.8.0). Ingenuity Pathway Analysis was also used to evaluate pathway 

significance. To do this, we uploaded the differential expression gene analysis 

obtained from the DESeq2 and EdgeR (Generalize Linear Model) analysis. All 

packages were used in the R environment (Version 3.5.2) and through R Studio 

(Version 1.1.383). In general, the cutoff for differential expression were an 
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absolute log2 fold-change of 1.5 and a Benjamini-Hochberg p-adjusted value of 

0.05. Figure legends include the criteria for gene selection.  

 

Quantitative RT-PCR 

Quantitative real-time PCR (qRT-PCR) experiments were conducted as 

previously described (40). The cDNA was generated from total RNA extracted 

from cell lines indicated in figure legends. Cells were plated at 5x104 cells/well in 

6-well plates. After their respective treatments, media was removed, and cells 

were washed twice with cold 1X PBS. RNA was isolated with trizol, as per the 

manufacturer’s protocol. The cycling conditions by qPCR were as followed: 10 

mins of initial denaturation at 95°C, 10 seconds denaturation at 95°C, 10 

seconds at 60°C for annealing of primers and extension at 72°C for 5 seconds for 

45 cycles. Relative target gene expression was normalized to the expression of 

internal control genes, either TATA-binding protein (TBP), Actin (beta-actin), or 

18S rRNA and they are shown as the mean value of three biological replicates ± 

SD. The primers used were MAP3K5-F 5’-AGGTGGTACTCTTTGGTTTTCAAG-

3’ and MAP3K5-R 5’-GATACTGTCTAAGGCAAACATCCAG-3’; LEFTY2-F 5’-

CTGGACCTCAGGGACTATGG-3’ and LEFTY2-R 5’-

TCCCCTGCAGGTCAATGTAC3’; PIK3IP1-F 5’-CCTGGTGCTACGTCAGTGG-3’ 

and PIK3IP1-R 5’-TCCTGGATTTCTGTCGTGAAG-3’, AhR-F 5’-

ATATGTCGTCTAAGGTGTCTGCTG-3’, AhR-R 5’-

AGTATTGATCCATCTTTCCCTTTC-3’, CYP1A1-F 5’-

GCTGACTTCATCCCTATTCTTCG-3’, CYP1A1-R 5’-
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TTTTGTAGTGCTCCTTGACCATCT-3’, CYP1B1-F 5’-

GGCATTAGAGTCAACTACACAAAGC-3’, CYP1B1-R 5’-

GAATGGCAAGTGCCAAAAA-3’, PTK6-F 5’-GGACCCCGTGTACATCATCAC-3’, 

PTK6-F 5’-ACGGGCAGGACTTTCTCATC-3’. 

Correlation of GR (NR3C1) and MAP3K5 in TNBC patients 

RNA-Seq data available as RSEM was downloaded for patients with 

negative status for ER, PR and HER2 for the TCGA breast cancer provisional 

dataset using cBioPortal (70, 71). All expression data were log2 transformed for 

both genes. PRISM (Graphpad) was employed to plot each value and to execute 

the Pearson analysis of correlation.  

 

Chromatin Immunoprecipitation Assay (ChIP) 

ChIP assays were performed as per manufacturer instruction (ChIP-IT 

express – Active Motif). Following respective treatments as indicated in figure 

legends, 37% formaldehyde was used for fixation (5 mins) and sonication was 

utilized to shear chromatin for 30 mins. Lysates were immunoprecipitated for 

4hrs with the following antibodies: 2µL of GR (sc-1003), 2µL of AhR, and equal 

amount of rabbit IgG. QPCR was used to analyze the resulting DNA and the data 

is represented as a percentage of input DNA. The primers used were LEFTY2 

ChIP F 5’-CCCTCTAGTGGTTACAGGAAGACTC-3’ and LEFTY2 ChIP R 5’-

AAAATCTGAGAGCAACTGAAGTGAG-3’; PIK3IP1 CHIP F 5’-

GTACAAGTGCCCTGATAGGATTG-3’ and PIK3IP1 CHIP R 5’-

CACTTCCCAGAACTGTTTTCAAC-3’. These primers were designed based on 
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previous ChIP-Seq studies that focus on bindings sites of the GR (75, 76). In the 

case of the ChIP primers for CY1B1, the primers used were: CY1B1 CHIP F 5’-

TTATCGGGT TGAAGTTTCTGC-3’ and CY1B1 CHIP R 5’-

ATATGACTGGAGCCGACTTTC-3’.  

 

Survival analysis for METABRIC and TCGA (SurvExpress) samples. 

The METABRIC microarray expression data and survival data were 

downloaded for the following genes via cBioPortal – http://www.cbioportal.org/: 

YWHAZ(14-3-3ζ), DLEU7, JUNB, LBH, SNAI1, C1orf106, CCL20, NRP2, 

PIK3IP1, SYT8, KRT16, NLRC3, LEFTY1, NKD1, KPNA7, LTBP3, MDFI, 

SYN1, LEFTY2, MYOZ1, GPR183, MATK, STK19, HRAS, and COL8A2 as 

available for subjects. First, we log2 transformed all of the mRNA expression 

values. In the case of the survival analysis for 14-3-3ζ (Figure 3.7B), we 

classified patients into upper 50th percentile and bottom 50th percentile based 

on the median cutoff for the log2 mRNA expression of 14-3-3ζ across all 

patients. For our gene-signature, R programming was used to calculate the 

average gene expression of all genes from each patient and stratify groups 

based on the median of the average expression into upper 50th percentile or 

bottom 50th percentile. Kaplan-Meier plots and logrank test was used to assess 

the differences in overall survival between the cohorts using PRISM (Graphpad).  

 

SurvExpress was used to analyze survival data for the TCGA cohort. The 24 

TGFβ-induced pS134-GR-dependent gene signature (DLEU7, JUNB, LBH, 
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SNAI1, C1orf106, CCL20, NRP2, PIK3IP1, SYT8, KRT16, NLRC3, LEFTY1, 

NKD1, KPNA7, LTBP3, MDFI, SYN1, LEFTY2, MYOZ1, GPR183, MATK, 

STK19, HRAS, and COL8A2) was utilized for the SurvExpress analysis. Data 

was downloaded and analyzed locally in R. PRISM (Graphpad) was used to 

generate the Kaplan-Meier plots. Logrank test was used to assess the 

differences in survival between expression cohorts.  

 

IncuCyte S3 Live Cell Imager Wound Healing Assays.  

MDA-MD-231 cells were plated into 96-well format ImageLock microplates 

(Essen BioScience (Ann Arbor, MI USA)) at a density of either 4.5 x 104 cells/well 

or  6 x 104 cells/well (HIF DKO), such that cells would be at 100% confluence 18 

hrs after plating. The WoundMaker tool was used to create a uniform 800 µm 

scratch/well, the wounds were gently washed and growth media re-applied. Cells 

were cultured up to 50 additional hours. Images were obtained every 2 h and 

data analyzed using the IncuCyte total wound area algorithm. 

 

Public Data Mining for PTK6, AhR and NR3C1.  

Datasets were analyzed using KM Plotter (77) and SurvExpress (78). For 

TCGA survival analysis (KM plotter -  http://kmplot.com/), overall survival was 

stratified by PTK6 mRNA expression in ER- patients (downloaded October 

2018). SurvExpress 

(http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp) analysis of 
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grouped PTK6, AHR and NR3C1 (GR) expression was performed on the TCGA 

breast cancer recurrence database and includes all patients (ER+ and ER-). 

 

Tail Vein Assay  

To study gain of PTK6 function, 8-10-week old female Nod/Scid/Gamma 

(NGS) mice were injected via the tail vein with MDA-MB-231 +Vector or +PTK6 

cells (2.5 x 105) or HIF DKO +Vector or HIF DKO +PTK6 cells (5 x 105 cells); 

more HIF DKO cells were injected due to the reduced metastatic potential of 

MDA-MB-231 cells lacking both HIF transcription factors (9). All animals were 

harvested at day 28 post-injection. To determine the effects of PTK6 KO, MDA-

MB-231 parent, NTC or PTK6 KO admixture cells (200,000) were injected. All 

animals were harvested at day 19 post injection. The lungs were inflated with 

formalin and post-fixed with formalin. Paraffin sections were stained with an anti-

human specific mitochondrial marker ((AbCAM #ab92824) as in El Ayachi, et al. 

2012 (79)). Whole stained slides were digitally scanned at high resolution with a 

3DHISTECH PANORAMIC slide digitizer and the staining intensity analyzed by 

pixel counts using the densitometry algorithm, leading to generation of a percent 

“positive area” of metastasis score for each slide. Digital images of whole lungs 

representative of the mean value of each genotype are also shown. 

 

Mammary fat pad transplantation 

All animal studies were carried out in adherence to the NIH Principles of 

Laboratory Animal Care and protocols approved by the Institutional Animal Care 
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and Use Committee at the University of Tennessee Health Science Center 

(protocol 18-045). Approximately 5-6-week old female NSG mice were surgically 

inoculated via the left and right inguinal mammary gland fat pads with tumor cells 

(250,000) suspended in 10 μl of HBSS. Tumor size was measured twice a week 

using digital calipers and the body weight of the mice was recorded at the same 

time. The tumor volume was calculated as (width2 x length)/2. All mice were 

necropsied at day 30 post-inoculation, tumors were excised and measured ex 

vivo via calipers, and weighed. 

 

Reverse Phase Protein Array  

Cells were stimulated with HGF (50 ng/mL) for 30 min and then lysed with 

RPPA lysis buffer (1% Triton X-100, 50mM HEPES, pH 7.4, 150mM NaCl, 

1.5mM MgCl2, 1mM EGTA, 100mM NaF, 10mM Na pyrophosphate, 1mM 

Na3VO4, 10% glycerol, freshly added protease and phosphatase inhibitors from 

Roche Applied Sciences #05056489001 and 04906837001, respectively). After 

clearing by centrifugation, lysates were denatured in Sample Buffer (40% 

Glycerol, 8% SDS, 0.25M Tris-HCl, pH 6.8, beta-mercaptoethanol at 1/10 

volume). RPPA was performed by MD Anderson RPPA Core. Briefly, lysates 

were manually serial-diluted in 5 two-fold dilutions with lysis buffer and printed on 

nitrocellulose-coated slides (Grace Bio-Labs (Bend, OR USA)) using Aushon 

2470 Arrayer (Aushon BioSystems (Billerica, MSA USA)). Slides were probed 

with validated primary antibodies followed by detection with appropriate 

Biotinylated secondary antibodies (Goat anti-rabbit IgG, Goat anti-Mouse IgG, or 
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Rabbit anti-Goat IgG). Only antibodies with a Pearson correlation coefficient 

between RPPA and western blotting of greater than 0.7 were used for RPPA.   

The signal obtained was amplified using a Dako Cytomation-Catalyzed system 

and visualized by DAB colorimetric reaction. The slides were scanned, analyzed 

and quantified using a customized software to generate spot intensity. Dilution 

curves were fitted with a logistical model (“Supercurve Fitting” developed by the 

Department of Bioinformatics and Computational Biology in MD Anderson 

Cancer Center, http://bioinformatics.mdanderson.org/OOMPA). This fits a single 

curve using all the samples on a slide with the signal intensity as the response 

variable. The fitted curve was plotted with signal intensities on the y-axis and the 

log2-concentration of proteins on the x-axis. The concentrations of each set of 

slides were then normalized for protein loading. Correction factor was calculated 

by both median-centering across samples of all antibody experiments, and 

median-centering across antibodies for each sample.   

 

Rho activation assay 

Activated Rho assays were performed according to the manufacturer’s 

instructions (Cytoskeleton Inc). Briefly, sub-confluent cell cultures were starved 

for 16 h in IMEM (10% DCC, 1% P/S) and then stimulated with HGF (50 ng/mL) 

for 30 min before rinsing with ice-cold PBS and lysing in 200 µl lysis buffer. Equal 

volumes of supernatant were incubated with GST-Rhotekin-RBD affinity beads 

for 1 h at 4°C, followed by two washes in 25 mM Tris pH 7.5, 30 mM MgCl2, 40 
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mM NaCl. Bound proteins were eluted in sample buffer and examined by SDS-

PAGE in a 7.5% gel and western blotting.  

 

Patient sample processing  

De-identified tumor samples and normal adjacent tissue samples in 

excess of diagnostic requirements were obtained from University of Minnesota’s 

Biorepository and Laboratory Services program (IRB approval protocol 

#0305M47681). The organoid procedure was initiated within hours of surgery. 

Briefly, sliced pieces of tissue were incubated at 100 rpm for 30 min at 37°C in 

Collagenase A solution (Advanced DMEM/F12 [Gibco; Thermo Fisher Scientific] 

supplemented with 1x GlutaMax [Gibco; Thermo Fisher Scientific], 1X HEPES 

[Gibco; Thermo Fisher Scientific], 1% penicillin/streptomycin [Life Technologies]; 

AdDF+++, and 2 mg/mL Collagenase type IV [Gibco; Thermo Fisher Scientific] 

for tumor samples or 1 mg/mL Collagenase for normal breast tissue). The 

digested tissue suspension was sequentially sheared using 10 mL, 5 mL and 

flamed glass Pasteur pipettes. After every shearing step the suspension was 

strained over a 100 µm filter with retained tissue pieces entering a subsequent 

shear step. 2% FBS was added to the strained suspension before centrifugation 

at 2,000 rpm. The pellet was resuspended in 10 mL AdF+++ and centrifuged 

again, then seeded for organoid culture.  
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Organoid culture  

Neutralized rat tail Collagen I (Fisher Scientific #CB354249) was used to 

make a thin underlay on 24 or 96-well ultra-low attachment plates (Corning), 

which was allowed to solidify at 37°C until ready for plating. The tissue pellet was 

resuspended in a mixture of 3:7 Matrigel (Fisher Scientific #08774552) to 

Collagen I, and the desired amount of matrix/organoid suspension was plated on 

top of the pre-prepared underlay. Plated organoids were incubated at 37°C, 5% 

CO2 for 45-60 min. After gelation, pre-warmed AdF+++ supplemented with R-

Spondin 3 (250 ng/mL; PeproTech (Rocky Hill, NJ USA)), Neuregulin (5 nM; 

PeproTech), EGF (5 ng/mL PeproTech), Noggin (100 ng/mL; PeproTech), and 

1% B27 (Invitrogen) was added to the wells. Sterile PBS was added to empty 

wells to prevent desiccation. Organoid morphology was examined under phase 

contrast after 10 d, and the number of branching organoids counted. For qPCR 

analysis, organoids were collected from Matrigel/Collagen by addition of ice-cold 

AdF+++ and mixing with Pasteur pipettes. After collection by centrifugation, 

organoids were resuspended in TriPure Isolation Reagent (Roche Applied 

Sciences) and processed for qRT-PCR as described above.   

 

Growth inhibition assays following chemotherapy treatment using the 

IncuCyte S3 live cell imager 

To compare cell growth inhibition curves, cHCI-10 (1.5 x 104) or MDA-MB-

231 (5 x 103) cells were seeded per well in a flat-bottom 96-well plate and 

allowed to adhere for 24 h. Appropriate working dilutions of paclitaxel (Sigma), 
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CT04 or CH223191 were prepared in M87 (cHCI-10) or DMEM-Hi (MDA-MB-

231) growth media containing the fluorescent nuclear marker Miami Green to 

enumerate cells (Kerafast (Boston, MA USA), 1 µM final concentration). A dose 

range was tested for each individual drug to determine the IC30, IC50 and IC70 

values (CT04: 0.01 µg/mL to 1 µg/mL, ~ equivalent to 0.4 nM to 40 nM, or 

CH223191: 1 µM to 7575 µM for cHCI-10 and 100 nM to 50 µM for MDA-MB-

231). Paclitaxel was added in combination with the approximate IC30 dose of 

either CT04 for cHCI-10 cells (0.1 µg/mL) or the dose used in transwell assays 

for MDA-MB-231 cells (1 µg/mL) or paired with CH223191 (8 µM, cHCI-10; 2.5 

µM, MDA-MB-231). Each drug dose/condition was tested in triplicate, including 

untreated controls or vehicle-only controls. After addition of fresh growth medium 

containing each concentration of each drug to the cells, all bubbles were 

removed, and the plate incubated in the Incucyte S3 live-cell imager for a 

minimum of 48-96 h. Wells were scanned every 2-4 h to report cell density as 

measured by phase contrast and by green nuclear signal to enumerate cell 

number. The media was not changed over the course of the experiment. All data 

were normalized well-to-well to corresponding individual initial t=0 images and re-

expressed as the mean ratio in the change of growth over time ± SEM. Data 

were exported and input into Prism 8 (GraphPad) and the non-linear regression 

algorithm with sigmodal graphing used to generate representative dose curves. 

The reported IC50 values are the mean ± SEM of three independent biological 

replicate experiments. Combination indices were calculated in Excel using the 
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isobole method in Excel; values for the combination index (CI) < 1.0 indicate drug 

synergy. 

 

Statistics 

All statistic information is disclosed in the legends. In general, for 

experiments that involve two groups, one-paired Student’s t-test was performed. 

For experiments that involved more than two groups, one-way or two-way 

ANOVA were utilized. Post-hoc tests within the vehicle or control treatment was 

performed using Dunnett’s statistical testing. However, if comparison within 

different groups was required, Tukey’s post-hoc test was utilized. For 

densitometric analysis, one-way ANOVA and Fisher Least Significant Difference 

(LSD) post-hoc. Statistical tests were performed using either PRISM v7/v8 and R 

v3.5. 
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Chapter 3 Glucocorticoid Receptors are Required 

Effectors of TGFb1-Induced p38 MAPK Signaling to 

Advanced Cancer Phenotypes in Triple Negative Breast 

Cancer 
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Introduction 

Although TNBC is intensely studied, molecular targeted-therapies are still 

largely unavailable for TNBC patients, who suffer from higher disease 

recurrence, more frequent metastasis, and a worse prognosis relative to patients 

with other breast cancer (BC) subtypes (80). Appropriate biomarkers of driver 

pathways and new therapeutic targets are urgently needed. Approximately, up to 

40% of TNBC tumors express elevated GR levels (22, 36, 81-83). Recently, a 

GR gene-signature was employed to stratify patients by prognosis; patients who 

expressed high/low levels of the 74 GR-target gene mRNAs experienced 

shortened disease-free survival (24). As with other HRs, GR is subject to 

posttranslational modifications that impact its function. Similar to ER (84) and 

both PR isoforms (85), phosphorylation events dramatically alter GR target gene 

selection (33). Previously, it was shown that phosphorylation of GR on serine 134 

is elevated in TNBC relative to other breast cancer subtypes (86); this p38 

MAPK-dependent event was insensitive to GR ligands, but induced in response 

to cellular stress, including ROS/H2O2, hypoxia and nutrient starvation (39), as 

well as loss of attachment (i.e. cell suspension) and stress-inducing 

chemotherapies (86) such as paclitaxel (paclitaxel), a taxane microtubule 

stabilizing drug routinely used as adjuvant or neoadjuvant chemotherapy in 

TNBC patients (86, 87). Upon ligand (i.e. Dex, cortisol) binding, pS134-GR 

upregulated HIF2, AhR, and PTK6. These ligand-dependent pS134-GR-target 

genes are known mediators of pro-survival and metastasis in TNBC (39, 86). 
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The metastatic cascade is a multi-step process that is regulated by both 

intrinsic and extrinsic factors (55, 88, 89). Cancer cells must detach from the 

primary tumor mass, migrate and invade through surrounding local tissues, 

intravasate to the lymph or blood vessels, survive in the circulation as individual 

cells or as collective cell clusters, and extravasate from the vessels to the target 

tissue in order to finally colonize a new metastatic lesion (89). The tumor 

microenvironment (TME) contributes to many of these steps (90). Stromal cells 

within the primary tumor express cytokines and growth factors that modulate the 

invasive potential of breast epithelial carcinoma cells. Notably, TGFβ1 promotes 

cancer cell migration/invasion and is associated with poor outcome in TNBC 

patients (91). Inhibition of TGFβ signaling in pre-clinical models attenuated cell 

migration and blocked EMT in TNBC (92, 93). TGFβ1 activates the TGFβ Ser/Thr 

kinase receptors (types I and II), resulting in phosphorylation and activation of 

SMAD transcription factors (94). Phospho-SMADs enter the nucleus and induce 

the expression of genes that promote both migration and invasion (94). 

Importantly, SMAD-independent pathways are also regulated by TGFβ; stress-

activated protein kinases, including p38 MAPKs are rapidly activated 

downstream of TGFβ receptors (95). Emerging data support a role for p38 MAPK 

signaling in advanced breast cancer biology. For example, p38 MAPK is 

essential for promoting lung metastasis in response to TGFβ (96). Namely, HRs, 

including GR, PR, and androgen receptor (AR), are important substrates for 

MAPKs (39, 97, 98).  
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Herein, we sought to determine the intersection of GR-driven actions with 

the TGFβ1 signaling pathway in TNBC. Although molecular cooperation between 

GR and TGFβ1 has been studied in other fields, its relevance to TNBC is under-

explored. We show that TGFβ1 induces robust p38 MAPK-dependent GR S134 

phosphorylation; this event is critical for TGFβ1-induced TNBC cell anchorage 

independent growth and migration. TGFβ1-mediated migration requires pS134-

GR, but not exogenously added GR ligands and is blocked by GR antagonists. 

Remarkably, we find that pS134-GR is essential for the expression of MAP3K5, a 

key upstream regulator of MEK3/6 and p38 MAPK required for pathway 

activation. Finally, a novel gene signature composed of 24 pS134-GR-regulated 

transcripts predicts rapid disease progression in BC patients. We conclude that 

pS134-GR is both a major effector of the p38 MAPK signaling pathway 

downstream of the TME-derived factor TGFβ1 and required for a functionally 

intact p38 MAPK module (i.e. MAP3K5 - MEK3/6 - p38 MAPK). The amplification 

of p38 MAPK signaling by pS134-GR represents a feed-forward signaling loop 

that may be disrupted to halt TNBC progression. Phospho-GR species represent 

novel biomarkers for co-targeting GR and p38 MAPK in TNBC. 

 

Results 

Dexamethasone promotes biphasic migration in TNBC models 

Previous studies demonstrated that GR activation has anti-migratory 

effects (99). Conversely, West and colleagues recently reported that GR induces 

the expression of genes that are essential for migration and invasion (24, 25). 
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Similar to other steroid hormone receptors, signaling context and the hormonal 

milieu (i.e. time and concentration of exposure to either agonist or antagonist) 

may dictate distinct receptor actions in the same biological system (100). We 

tested whether GR differentially responds to acute and chronic effects of Dex by 

exposing GR+ MDA-MB-231 TNBC cells to a range of pharmacologically relevant 

Dex concentrations at two different time points: 15 mins (“acute”) and 6 hrs 

(“chronic”) (Figure 3.1A). Our data demonstrate that when cells are pre-treated 

with Dex in charcoal-stripped serum-containing media (i.e. steroid hormone free, 

but growth factor rich) for 15 mins and then subjected to scratch wound assays, 

subsequent Dex-induced migration is inhibited (Figure 3.1B). Conversely, when 

the same cells are instead pre-treated with Dex for 6 hrs in charcoal-stripped 

serum-containing media, subsequent treatment with Dex stimulates migration 

(Figure 3.1C). A biphasic response of acute vs. chronic Dex treatment was also 

observed in Hs578T cells (Figure 3.2A-C). 

 

To explore signaling pathways that may be altered upon chronic (i.e. 6 

hrs) Dex treatment in TNBC cells, we probed existing microarray data from the 

GSE113571, in which MDA-MB-231 cells were treated with 100nM Dex for 4 hrs 

(24). Ingenuity Pathway Analysis was used to determine which pathways were 

significantly upregulated or downregulated by liganded GR. Notably, the TGFβ1 

pathway was among the most significantly upregulated (Figure 3.1D). We thus 

evaluated the requirement for GR in TGFβ1-induced MDA-MB-231 cell migration. 

Cells were pretreated for 18 hrs with vehicle, RU486 (i.e. a GR antagonist) alone,
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Figure 3.1 Dexamethasone either inhibits or promotes breast cancer cell migration in a 
time-dependent manner. 

(A) Schematic of protocol used for B and C. MDA-MB-231 cells were pretreated with increasing 
doses of Dex for either 15 mins (B) or 6 hrs (C) and Dex-induced cell migration was measured by 
the degree of scratch-wound closure at 18 hrs. The mean of three field images from each of the 
three biological replicates experiments is shown ± standard deviation (SD). Fraction of wound 
area closure of MDA-MB-231 cells was determined image J. Statistical significance was 
assessed by One-way ANOVA and Dunnett’s post-hoc for comparison within groups vs. vehicle 
treatment. (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). (D) Ingenuity Pathway 
Analysis (IPA) for MDA-MB-231 cells treated with 100nM Dex from GSE113571 (24). P-value plot 
shows GR-mediated activation of cancer-relevant signaling pathways and their respective z-
scores of activation/inhibition, including the TGFβ1 and p38 MAPK pathways. The top 10 most 
significant pathways for cytokine/growth factor (GF) signaling are shown. Red dotted line 
indicates the significance value of 1.3 (P < .05). (E) Fraction of wound area closure of MDA-MB-
231 cells treated (18 hrs) with vehicle control, TGFβ1 (10 ng/mL), Dex (1µM), TGFβ1+Dex, 
RU486 (1µM), RU486+TGFβ1 or RU486+Dex. The mean of three fields from each of the three 
biological replicates experiments is shown ± SD. Statistical significance was assessed by One-
way ANOVA and Tukey post-hoc for comparison within groups. (*, P < 0.05, **, P < 0.01, ****, P < 
0.0001).
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Figure 3.2 Dexamethasone either inhibits or promotes HS578T breast cancer cell migration 
in a time-dependent manner. 

(A) Schematic of protocol used for B and C. Hs578T cells were pretreated with increasing doses 
of Dex for either 15 mins (B) or 6 hrs (C) and cell migration was analyzed by measuring scratch-
wound closure at 18 hrs in the presence of their respective treatments. The mean of three field 
images from each of the three biological replicates is shown ± SD. Fraction of wound area 
closure of MDA-MB-231 cells was determined using ImageJ. Statistical significance was 
assessed by One-way ANOVA and Dunnett’s post-hoc for comparison within groups vs. vehicle 
treatment (*, P < 0.05, **, P < 0.01 ****, P < 0.0001). (D) Fraction of wound area closure of 
Hs578T cells treated with vehicle control, TGFβ1 (10 ng/mL), Dex (1µM), TGFβ1+Dex, RU486 
(RU; 1µM), RU+TGFβ1 or RU+Dex. The mean of three field images from each of the three 
biological replicates is shown ± SD. Statistical significance was assessed by One-way ANOVA 
and Tukey post-hoc for comparison within groups (**, P < 0.01, ****, P < 0.0001).
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Dex alone, TGFβ1 alone, or either agent (Dex or TGFβ1) in combination with 

RU486. Cells were then subjected to scratch wound assays in the presence of 

the respective treatments. As expected, we observed pro-migratory effects on 

cells that were chronically treated with 1µM Dex (18 hrs). Cells that were treated 

for 18 hrs with 10 ng/mL of TGFβ1 were also more migratory relative to vehicle 

controls. Surprisingly, RU486 abrogated the pro-migratory effects of either Dex or 

TGFβ1 (Figure 3.1E). Similar results were observed in Hs578T TNBC cells 

(Figure 3.2D). Our results suggest that TGFβ1-induced TNBC cell migration is 

mediated by GR. Notably, TGFβ1-induced cell migration occurred in steroid 

hormone-free conditions in the absence of exogenously added GR ligands. 

 

TGFβ1 induces TNBC cell migration via phosphorylation of GR S134 

Previously, we reported that cellular stress (i.e. H2O2, hypoxia, nutrient 

starvation) and stressful growth conditions such as growth in low 

attachment/suspension and chemotherapeutic agents (i.e. Paclitaxel) increase 

phosphorylation of GR on S134, leading to the increased ligand-induced 

expression of selected GR target genes (e.g. BRK, HIF2, AhR) that are essential 

for advanced cancer phenotypes in TNBC (39, 86). Additionally, we reported that 

pS134-GR species are elevated in TNBC relative to luminal breast cancer 

subtypes (86). Since TGFβ1 expression is also elevated in TNBC and associated 

with poor outcome, we predicted tight linkage between TGFβ1 signaling and 

phosphorylation of GR S134 (101, 102). MDA-MB-231 cells were treated with 10 

ng/mL TGFβ1 for 30 mins, 1 hr, and 2 hrs; phosphorylation of GR S134 was 



 58 

induced by TGFβ1 at 1 hr and 2 hrs. Additionally, p38 MAPK activity, as 

measured by active site phosphorylation, was also elevated at these timepoints 

(Figure 3.3A and see densitometric analyses of aggregated data from multiple 

repeats in Figure 3.4A). Dose-response curves demonstrated robust GR S134 

phosphorylation over a wide range of TGFβ doses (0.1-10 ng/ml) (Figure 3.3B 

and see densitometric analyses of aggregated data from multiple repeats in 

Figure 3.4B). We then tested the requirement for p38 MAPK in GR S134 

phosphorylation in TNBC models; MDA-MB-231 cells were pre-treated with either 

vehicle control (DMSO) or SB203580 (p38 inhibitor) for 30 mins prior to TGFβ1 

exposure for 1 hr. While basal levels of p38 MAPK activity remained somewhat 

elevated, inhibition of p38 MAPK completely blocked TGFβ1 dependent 

phosphorylation of GR S134 (Figure 3.3C and see densitometric analyses of 

aggregated data from multiple repeats in Figure 3.4C). The specificity of GR 

S134 phosphorylation by p38 MAPK was further explored using SB203580 and 

SB202190 (p38 inhibitors), LY294002 (Akt inhibitor), or UO-126 (MEK1/2 

inhibitor). MDA-MB-231 and Hs578T TNBC cells were pre-treated for 30 minutes 

with each kinase inhibitor prior to TGFβ1 treatment; TGFβ1-induced GR 

phosphorylation was exclusively blocked upon inhibition of p38 MAPK, while 

inhibition of either AKT or ERK1/2 was without effect (Figure 3.4D and 3.4E). 

Similar to MDA-MB-231 and Hs578T cells, TGFb1 induced robust 

phosphorylation of GR S134 in a TNBC Patient-Derived Xenograft (PDX) model 

(HCI-10) (Figure 3.3D).
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Figure 3.3 TGFβ1 induces p38 MAPK-dependent phosphorylation of GR S134. 

(A) Representative Western blot analysis of phosphorylated GR (pS134-GR), total GR, 
phosphorylated p38 MAPK (p-p38 MAPK), and total p38 MAPK protein levels in MDA-MB-231 
cells treated with either vehicle control or 10 ng/mL TGFβ1 for 0.5, 1, or 2 hrs. Representative 
images of at least three independent experiments is shown (Densitometry of aggregated data 
from multiple experiments is shown in Figure 3.4); total p38 serves as a loading control. (B) MDA-
MB-231 cells were treated with increasing concentrations of TGFβ1 for 1hr. Western blot analysis 
shows pS134-GR, total GR, p-p38, and total p38 protein levels (Densitometry of aggregated data 
from multiple experiments is shown in Figure 3.4). (C) Representative Western blot analysis of 
pS134-GR, total GR, p-p38, and total p38 in MDA-MB-231 cells pre-treated with either 10µM 
SB203580 (p38 inhibitor) or DMSO control for 30 mins followed by either vehicle control or 10 
ng/mL of TGF for 1hr. Representative images of at least two independent repeats are shown 
(Densitometry of aggregated data from multiple experiments is shown in Figure 3.4); total p38 
serves as a loading control. (D) Patient-derive xenograft (PDX) HCI-10 cell line and were treated 
with 10 ng/mL of TGFβ1 and evaluated for expression of pS134-GR, total GR and total p38 
(loading control) by Western blotting. Densitometry for pS134-GR levels are shown relative to 
vehicle-control. (E) Western blot analysis of pS134-GR, total GR, p-p38 MAPK, and total p38 
MAPK protein levels in MDA-MB-231 cells treated with either vehicle control or HGF (50ng/mL) 
for 0.5, 1, 2, 24 and 48 hrs. Equal amounts of protein were loaded (Densitometry of aggregated 
data from multiple experiments is shown in Figure 3.4); total p38 serves as a loading control. 
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Figure 3.4 Phosphorylation of pS134-GR in TNBC models. 

(A) Densitometric analysis for pS134-GR levels and p-p38 levels of two independents 
experiments representative of Figure 3.3A. Values are relative to the vehicle-control of the wt-GR 
group and are presented as the mean ± SEM. One-way ANOVA and Fisher’s LSD test posthoc 
were used to evaluate statistical significance (**, P < 0.01,*** P < 0.001, ****, P < 0.0001). (B) 
Densitometric analysis for pS134-GR levels and p-p38 levels of two independents experiments 
representative of Figure 3.3B. Values are relative to the vehicle-control and are presented as the 
mean ± SEM. One-way ANOVA and Fisher’s LSD test posthoc were used to evaluate statistical 
significance (*, P < 0.05, **, P < 0.01,*** P < 0.001, ****, P < 0.0001). (C) Densitometric analysis 
for pS134-GR levels and p-p38 levels of two independents experiments representative of Figure 
3.3C. Values are relative to the vehicle-control and are presented as the mean ± SEM. One-way 
ANOVA and Fisher’s LSD test posthoc were used to evaluate statistical significance (***, P < 
0.001). The difference in the levels of p-p38 did not reach statistical significance but an upward 
trend was observed. (D) Representative Western blot analysis of pS134-GR, total GR, p-p38, and 
total p38 in MDA-MB-231 cells pre-treated with either 10µM SB203580 (p38 inhibitor) SB203580 
(p38 inhibitor), SB202190 (p38 inhibitor), LY294002 (Akt inhibitor), and UO-126 (MEK1/2), or 
DMSO control for 30 mins followed by either vehicle control or 10 ng/mL of TGF for 1hr. 
Densitometric analysis is shown with the values of either pS134-GR or p-p38 MAPK relative to 
vehicle-control of each inhibitor. (E) A similar approach was taken using Hs578T cells. (F) 
Densitometric analysis for pS134-GR levels and p-p38 levels of two independents experiments (1 
hr) representative of Figure 3.3E. Values are relative to the vehicle-control and are presented as 
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the mean ± SEM. One-way ANOVA and Fisher’s LSD test posthoc were used to evaluate 
statistical significance (*, P < 0.05).
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In addition to TGFβ1, Hepatocyte Growth Factor (HGF) is a TME factor 

known to promote cell migration and metastasis (103). HGF has also been 

shown to activate p38 MAPK (104). Given the requirement of p38 MAPK for 

TNBC motility, we tested the ability of HGF to induce regulated GR 

phosphorylation (105). Thus, MDA-MB-231 cells were treated with 50 ng/mL 

HGF for 0.5-48 hrs. Robust and persistent phosphorylation of GR S134 was 

observed after 1-2 hrs (Figure 3.3E and Figure 3.4F). These findings suggest 

that the TME induces ligand-independent GR S134 phosphorylation, nominating 

GR as an important sensor not only of host/life stress in the form of elevated 

corticosteroid levels, but for both cellular and local (i.e. TME-derived) cytokine-

mediated stress signaling in TNBC cells. 

 

To test the requirement for GR S134 in TGFb1-regulated TNBC cell 

migration, we employed a CRISPR/Cas9 approach to create MDA-MB-231 cells 

expressing either wt-GR (control) or a point mutant GR in which S134 has been 

changed to Alanine (S134A-GR clone #1 and clone #2). We confirmed 

expression of either endogenous wt or S134A-GR via western blotting following 

treatment of cells with 10ng/mL of TGFβ1. Predictably, we observed equal levels 

of total GR in all cell lines, but no signal representing GR S134 phosphorylation 

in TNBC cells harboring S134A-GR (Figure 3.5A). Using MTT assays as a 

readout of cell viability and proliferation, we compared wt-GR and S134A-GR cell 

lines; cells harboring S134A GR remained viable and proliferated at similar rates 

relative to wt-GR+ controls (Day 1). However, CRISPR knock-in of S134A GR 
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Figure 3.5 GR S134 is required for TGFβ1-mediated migration of TNBC cells. 

(A) Phosphorylation of GR at S134 by 10ng/mL of TGFβ1 in wt-GR and S134A-GR MDA-MB-231 
CRISPR models was examined by Western blot. Densitometry values of the pS134-GR levels are 
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indicated relative to vehicle-control. (B) Proliferation of MDA-MB-231 cells expressing either wt-
GR or S134A-GR was examined using MTT growth assays. The mean of three biological 
replicates ± SD is shown. (C) MDA-MB-231 cells expressing either wt-GR or S134A-GR clone #1 
were treated with veh, 10 ng/mL TGFβ1, or 10% FBS overnight and then analyzed by scratch 
wound assay. Cells were exposed to respective treatments during the course of the migration 
assay to stimulate migration. The fraction of wound area closure was determined by tracing 
images in ImageJ. The mean of three field images from each of the three biological replicates is 
shown ± SD. Significance was assessed by Two-way ANOVA and Tukey post-hoc for 
comparison within groups (**, P < 0.01 and ****, P < 0.0001). (D) Transwell migration assays 
were used to test the migratory activity of wt-GR and S134A-GR (clone #1 and clone #2) MDA-
MB-231 cells with either vehicle or TGFβ1 (10 ng/mL) as the chemoattractant in the bottom 
chamber. Cells were allowed to migrate for 18 hrs. The mean of three biological replicates is 
shown ± SD. Significance was assessed by Two-way ANOVA and Tukey post-hoc for 
comparison within groups (****, P < 0.0001). (E) Soft-agar colony formation assays were used to 
test the effect of TGFβ1, Dex, RU486, and their respective combinatorial treatment on MDA-MB-
231 cells expressing either wt-GR or S134A-GR (clone #1 and clone #2). The mean of four field 
images from each of the three biological replicates is shown ± SD. Significance was assessed by 
Two-way ANOVA and Tukey post-hoc for comparison within groups relative to veh wt-GR cells 
(****, P < 0.0001). (F) Secondary tumorsphere of wt-GR or S134A-GR MDA-MB-231 cells. Cells 
were treated with either Vehicle or 1µM Dex. Data are presented as the average ± SD of three 
biological replicates. Significance was assessed by Two-way ANOVA and Tukey post-hoc for 
comparison within groups (****, P < 0.0001). (G) Transwell migration assays were used to test the 
migratory activity of U2OS cells expressing either wt-GR or S134A-GR with either vehicle or 10 
ng/mL TGFβ as the chemoattractant. The mean of the percentage of three biological replicates is 
shown ± SD. Significance was assessed by Two-way ANOVA and Tukey post-hoc for 
comparison within groups (****, P < 0.0001). (H) Secondary tumorsphere of wt-GR or S134A-GR 
U2OS cells. No treatment was added. Data are presented as the average ± SD of three biological 
replicates. Statistical significance was assessed by unpaired Student’s t-test (*, P < 0.05).
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resulted in reduced cell numbers evident at days 3-5 relative to wt-GR+ controls 

(Figure 3.5B). The migration of these models in response to 10 ng/mL TGFβ1 (18 

hrs) was then measured using scratch wound assays. Fetal Bovine Serum (FBS) 

(10%) was included as a positive control that contains multiple soluble factors 

capable of stimulating cancer cell migration. Cells harboring either wt-GR or 

S134A-GR (clone #1) were pretreated with vehicle control, 10 ng/mL TGFβ1, or 

10% FBS overnight; cells were then subjected to scratch wounds, re-treated with 

their respective treatments and allowed to migrate for 18 hrs. TGFβ1-mediated 

migration was significantly impaired in cells expressing S134A-GR (Figure 3.5C) 

relative to wt-GR. These findings were replicated in transwell migration assays 

(Figure 3.5D). Migration was stimulated with either vehicle or 10 ng/mL TGFβ1 

as the chemoattractant (i.e. added to the bottom chamber). Again, robust TGFβ1-

induced migratory activity occurred in wt-GR cells cultured in steroid hormone-

free media lacking exogenously added GR ligands (i.e. Dex). However, cells 

harboring S134A-GR (i.e. two independent CRISPR clones) were significantly 

less migratory (18 hrs) relative to cells harboring wt-GR (Figure 3.5D). Similarly, 

we tested the invasive ability of wt-GR and S134A-GR clones. Cells were seeded 

and allowed to invade through Matrigel inserts towards either vehicle or 10 ng/mL 

TGFβ1 as the chemoattractant. Predictably, the invasive ability of both S134A 

GR clones was significantly impaired relative to cells expressing wt-GR (Figure 

3.6).
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Figure 3.6 Invasive ability of MDA-MB-231 cells. 

Cells were plated and allowed to invade through Matrigel transwell for approximately 18 hrs with 
either vehicle or 10 ng/mL of TGFβ1.
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Anchorage independent growth in soft agar (i.e. an in vitro measure of cell 

transformation) is a hallmark of cancer cells that is indicative of the ability to grow 

and survive independently of basement membrane attachment. TNBC cells 

expressing S134A-GR exhibited impaired soft-agar colony formation relative to 

cells expressing wt-GR (Figure 3.5E). TNBC cells harboring wt-GR, but not 

S134A-GR (two clones), formed colonies in media containing steroid hormone-

free fetal bovine serum (DCC) with either vehicle control or GR-agonists (e.g. 

Dex). However, while Dex or TGFβ1 did not appreciably increase basal soft-agar 

colony formation over that observed in DCC alone, the GR antagonist, RU486, 

blocked soft-agar colony formation, demonstrating the GR-dependence of this 

cancer cell biology in 3D conditions (Figure 3.5E). Similar results were observed 

in tumorsphere assays in which TNBC cells were plated at limiting dilution in 

ultra-low attachment dishes as an in vitro readout of cancer stem-like cell 

behavior (106); while addition of Dex to sphere media was without effect, MDA-

MB-231 cells harboring S134A mutant GR failed to form tumorspheres relative to 

cells expressing endogenous wt-GR (Figure 3.5F). Impaired cell migration as 

measured by chemotaxis in transwell migration assays (Figure 3.5G) as well as 

attenuated tumorsphere formation (Figure 3.5H) were also observed using the 

previously described GR-null/low U2OS osteosarcoma cell line engineered to 

stably express S134A-GR relative to wt-GR (33). These data demonstrate that 

pS134-GR is critical for TGFβ-mediated cell migration and basal growth in 

suspension/3D (anchorage-independent growth and tumorsphere formation), 

even in the absence of exogenously added GR agonists. 
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 The pS134-GR binding partner, 14-3-3ζ mediates TNBC cell migration 

14-3-3 proteins are a conserved family of regulatory molecules that bind to 

diverse signaling proteins in eukaryotic cells. Galliher-Beckley et. al, first reported 

that 14-3-3ζ interacts with GR in a pS134-GR-dependent manner in U2OS 

osteosarcoma cells (33). To evaluate the role of 14-3-3ζ in GR+ TNBC, we 

probed 14-3-3ζ mRNA expression levels across breast cancer subtypes in the 

TCGA dataset and stratified patients based on the expression levels of ER, PR 

and HER2 receptors as determined by clinical immunohistochemistry analyses of 

primary tumors. Data from METABRIC were obtained from cBioPortal. The 

expression of 14-3-3ζ mRNA in patients with ER-/HER2- (TNBC) or Her2+ breast 

cancer was higher when compared to patients with ER+/HER2- breast cancer 

(Figure 3.7A). Similarly, high levels of 14-3-3ζ mRNA, as separated by the 

median cutoff of mRNA expression, correlate with poor overall survival in patients 

within the METABRIC cohort (Figure 3.7B). Accordingly, we observed abundant 

expression of 14-3-3ζ in several breast cancer cells lines, including MDA-MB-

231, Hs578T and MDA-MB-468 (TNBC) cells as well as U2OS osteosarcoma 

cells (positive control). Weak 14-3-3ζ expression was observed in non-

tumorigenic MCF10A cells (Figure 3.7C). To test the requirement for 14-3-3ζ in 

TGFβ1-mediated migration, we generated MDA-MB-231 cells stably expressing 

two distinct 14-3-3ζ-targeted shRNAs or a non-targeting vector control 

(shcontrol); 14-3-3ζ knockdown was confirmed in two separate pools by Western 

blotting (Figure 3.7D; upper panel). TGFb1 induced robust cell migration in 

shcontrol but not sh14-3-3z TNBC models (Figure 3.7D). We confirmed that 
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Figure 3.7 14-3-3ζ is required for TGFβ1-induced TNBC cell migration. 

(A) Expression of 14-3-3ζ in breast cancer patients was analyzed using the METABRIC database 
(n=1700). Significance was assessed by One-way ANOVA and Tukey post-hoc for comparison 
between groups (****, P < 0.0001). (B) Survival Analysis for patients from the METABRIC cohort 
and with mRNA microarray profiling for 14-3-3ζ were stratified into two groups: expression higher 
than median mRNA expression of 14-3-3ζ (Upper 50th percentile) or lower than median (Bottom 
50th percentile). The results were analyzed for significance with a logrank p-value of P < 0.0001 
(n=1981). (C) Western blot analysis for 14-3-3ζ of different cell lines indicated. Densitometry 
values for the 14-3-3ζ levels are indicated relative to non-tumorigenic MCF10A cells. (D) Western 
blot analysis of 14-3-3ζ protein levels in MDA-MB-231 cells expressing either shcontrol or sh-14-
3-3ζ; two pools of each respective shcontrol are shown. Densitometry values for the 14-3-3ζ 
levels are shown relative to shcontrol #1. Transwell migration assays were used to test the 
migratory activity of shcontrol and sh14-3-3ζ MDA-MB-231 cells. TGFβ1 (10 ng/mL) was used as 
the chemoattractant and cells were allowed to migrate for 18 hrs. The mean of three independent 
biological replicate experiments is shown ± SD. Statistical significance was assessed by Two-way 
ANOVA and Tukey post-hoc corrections (****, P < 0.0001). (E) Western blot analysis was 
performed on immunocomplexes and whole-cell lysates to evaluate the interaction of 14-3-3ζ with 
GR in response to vet, TGFβ1 (10 ng/mL), Dex (1µM), TGFβ1+Dex and H2O2 (100µM; positive 
control for GR phosphorylation). Densitometry values for the 14-3-3ζ levels in the GR IP groups 
are shown relative to vehicle-control. IgG was used as a negative control. 
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14-3-3ζ/GR interaction occurs in TNBC models (Figure 3.7E); MDA-MB-231 cells 

were subjected to treatment with either veh, TGFβ1, Dex, TGFβ1+Dex or H2O2 (a 

potent inducer of GR S134 phosphorylation). Similar to that observed in H2O2-

treated U2OS osteosarcoma cells (33) co-immunoprecipitation assays revealed 

modest TGFb or Dex-regulated interaction between GR and 14-3-3ζ that was 

further enhanced following combinatorial treatment of cells with both TGFβ1 and 

Dex. These data suggest that 14-3-3ζ and pS134-GR function in the same 

signaling pathway and/or cooperate to induce altered gene expression and 

subsequent migration of TGFβ1-responsive TNBC cells.  

 

The GR transcriptome implicates MAPK-driven signaling in TNBC migration 

Our data suggest that significant ligand-independent gene expression 

occurs via phosphorylation of GR S134. To further expand our understanding of 

the impact of pS134-GR on TNBC cell behavior, we performed RNA-seq studies 

in MDA-MB-231 cells expressing either wt-GR or S134A-GR (clone #1). Cells 

were treated with either vehicle, to capture basal homeostatic (i.e. ligand-

independent) GR actions or with TGFβ1, as a regulated input to p38 MAPK 

activation and subsequent GR phosphorylation (6 hrs). Principal component 

analysis demonstrated intrinsic differences between both vehicle-treated and 

TGFb1-treated models (Figure 3.8A). Remarkably, in the absence of a specific 

stimulus, the basal transcriptome of cells expressing S134A GR differs 

dramatically from that of cells expressing wt-GR. These data suggest that GR 

S134 acts as a homeostatic “sensor” of numerous cell-intrinsic and -extrinsic 
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Figure 3.8 WT vs. pS134-GR transcriptomes in TGFβ1-treated MDA-MB-231 cells. 

(A) Principal component analysis plot derived from RNA-seq shows the differences in 
transcriptomes between MDA-MB-231 cells expressing either WT or S134A-GR cells and treated 
with vehicle or 10 ng/mL TGFβ for 6 hrs. (B) Volcano plot showing differential expression of 
genes in wt-GR+ compared to S134A-GR+ TNBC cells treated for 6 hrs with either Vehicle (left) 
or 10 ng/mL of TGFβ1 (middle). Volcano plot using the generalized linear model approach in 
EdgeR (comparisons of wt-GR and S134A-GR in response to TGF) to illustrate the effects of 
TGFβ1 treatment of cells expressing wt-GR relative to cells expressing S134A-GR (right). Red 
dots indicate genes with an absolute log fold-change of 1.0 or more and a false discovery rate of 
less than .05. Genes for GLM are detailed in Table 3.1A (C) Supervised heatmap shows 
significant differences in gene expression as measured by RNA-seq in TGFβ1-treated MDA-MB-
231 cells expressing either wt-GR or S134A-GR. Rectangle indicates a cluster of interest in which 
genes are upregulated in response to TGFβ1 in wt-GR cells but not in the S134A-GR cells. All 
genes that were used for differential expression analysis are represented in this heatmap 
(n=19,760). (D) DUSP1 and SGK1 mRNA levels in were assessed using qRT-PCR following 
normalization to 18S expression. Mean expression of three independent replicates ± SD is 
shown. (E) Cell function and mechanism analyses of pathways via IPA of differentially expressed 
genes with an absolute log fold-change of 1.5 or more and a p-adjusted value of less than .05 in 
wt-GR relative to S134A-GR TNBC cells treated for 6 hrs with either Vehicle or TGFβ1 (10 
ng/mL). (F) Upstream regulator analyses via IPA of differentially expressed genes with an 
absolute log fold-change of 1.5 or more and a p-adjusted value of less than .05 in wt-GR relative 
to S134A-GR TNBC cells treated with wither Vehicle or 10 ng/mL of TGFβ1. Activation/inhibition 
z-scores are shown as well. Red dotted line indicates the significance value of 1.3 (P < .05).
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signaling inputs to p38 MAPK, accounting for significant ligand-independent or 

“basal” differences between vehicle treated models. Volcano plots were used to 

further illustrate the effect of S134A-GR single point mutation in vehicle or 

TGFβ1-treated cells. Namely, vehicle-treated models clearly exhibited a broad 

array of transcription-wide differences, while fewer changes in mRNA expression 

were attributed to TGFβ1 treatment between wt and S134A GR+ models, as 

measured using the generalized linear model framework (GLM) in EdgeR (Figure 

3.8B). GLM analysis identified a limited number of differentially expressed genes 

in response to TGFβ1 when comparing wt-GR+ and S134A-GR+ models. 

Notably, LEFTY1, COL1A1, and OLFM2, known mediators of TGFβ signaling, 

were identified as differentially expressed (red dots) using the GLM approach 

(Table 3.1A) (107, 108). Ingenuity Pathway Analysis (IPA) of this limited gene 

subset identified ERBB2 as well as TGFBR1/TGFβ1 (i.e. both receptor and 

cognate ligand) signaling as potential S134A GR-regulated pathways (Table 

3.1B). Consistent with these results, comparison of the response to TGFb1 

between wt and S134A GR models also revealed a subset of ~80 TGFb1-

induced genes in cells harboring wt-GR that were not regulated by TGFb1 in 

cells expressing S134A-GR (Figure 3.8C green rectangle and Figure 3.9A). 

Importantly, ligand-dependent GR activation (i.e. in Dex-treated cells) remained 

similar across these models as measured by qPCR analysis of two well-

characterized GR-target gene (DUSP1 and SGK1) mRNAs, indicating that 

ligand-bound S134A-GR is not transcriptionally impaired (Figure 3.8D). Further 

studies are needed to evaluate the role of S134 in the global transcriptional 
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Figure 3.9 GR regulates the expression of cell movement related pathways. 

(A) Volcano plot showing differential expression of genes in wt-GR+ and S134A-GR+ TNBC cells 
treated for 6 hrs with 10 ng/mL of TGFβ1. The number for differentially expressed upregulated 
genes is included (absolute log2 fold-change of 1 and a p-adj (Benjamini-Hochberg) <0.05). (B) 
IPA migration-related pathways in wt-GR vs S134A-GR cells treated with TGFβ (10 ng/mL); p-
values and activation z-scores are indicated for each pathway. Genes included for this analysis 
are based on the following criteria: absolute log2 fold-change of 1.5 and a p-adj (Benjamini-
Hochberg) <0.05. (C) Upstream regulators analysis via METACORE of genes that are compared 
between wt-GR and S134A-GR
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Table 3.1 Ingenuity Pathway Analysis of GLM approach to compare responsiveness to 
TGFβ1 for wt-GR and S134A-GR cells. 

(A) Differentially expressed genes with their respective false discovery rate and log2 fold change 
as retrieved from our EdgeR analysis for Figure 3.8B (right). Red rectangles indicate TGFβ1-
regulated genes. (B) Genes included for IPA analysis are based on the following criteria: absolute 
log2 fold-change of 1.0 and a p-adj (Benjamini-Hochberg) <0.05. Because of the limited number 
of genes, no predictive z-score was reported by IPA. 
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response of liganded GR. Ingenuity Pathway Analysis and Gene Set Enrichment 

Analysis (GSEA) tools were then used to evaluate the impact of GR S134 

modification on ligand-independent basal (vet) and TGFβ1-induced cellular 

pathways/behaviors. IPA analysis revealed that cellular migration is strongly 

represented in the genes that are primarily regulated in cells expressing wt-GR, 

but not in cells expressing S134A GR (i.e. gene sets associated with cell 

migration are decreased in S134A-GR TNBC cells regardless of treatment; 

Figure 3.8E and Figure 3.9B). This finding further strengthens our hypothesis that 

phosphorylation of GR on S134 is critical for migration of TNBC cells. 

Interestingly, the TGFβ1 pathway itself is significantly downregulated in S134A-

GR cells, and consistent with these results, this is also readily apparent in 

TGFb1-treated cells, as was independently identified via both the upstream 

regulator analysis in the IPA platform and METACORE (Figure 3.8F and Figure 

3.9C). In sum, the transcriptomes of cells harboring either wt-GR or S134A-GR 

are remarkably different basally, perhaps because GR S134 acts as an important 

ligand-independent sensor of multiple homeostatic intrinsic (basal) and extrinsic 

(TME-derived factors) cellular stress inputs to the p38 MAPK pathway (33, 86).  

 

Using GSEA analysis for the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways study, we identified the MAPK pathway as significantly 

downregulated in cells harboring S134A-GR (Figure 3.10A and Table 3.2). 

Interestingly, we found that there are also basal differences in the MAPK KEGG 

module (Figure 3.10A). This indicates that one or more key components of the 
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Figure 3.10 Phosphorylation of GR S134 is critical for MAPK signaling. 

(A) Gene Set Enrichment Analysis and associated MAPK gene heat map reveal a dramatic loss 
of expression of genes important for MAPK signaling in TNBC cells expressing S134A-GR 
compared to wt-GR. (B) Representative Western blot analysis of pS134-GR, total GR, p-p38 and 
total p38 protein levels (loading control) in MDA-MB-231 cells expressing either wt-GR or S134A 
GR clone #1 (upper panel), and (C) either shcontrol or sh-14-3-3ζ . Cells were treated with 10 
ng/mL TGFβ1 at the indicated timepoints. Representative experiments of at least three 
independent repeats are shown. (D) WT-GR or S134A GR clone #1 and clone #2 were treated 
with 10ng/mL TGFβ1 to confirm previous findings with regards to p38 MAPK phosphorylation. 
Densitometry values for the p-p38 levels are shown relative to vehicle-control in wt-GR. (E) 
MAP3K5 protein expression is shown for wt-GR, S134A clone #1 and S134A clone #2. 
Densitometry values for the MAP3K5 levels are shown relative to wt-GR. (F) TCGA normalized 
data was log2 transformed for TNBC patients. Correlation between MAP3K5 and GR was 
calculated by Pearson’s correlation. (G) Western blot analysis of pS134-GR, total GR, p-p38, and 
total p38 in MDA-MB-231 cells pre-treated with either 10µM Selonsertib (MAP3K5) or DMSO 
control for 30 mins followed by either vehicle control or 10 ng/mL of TGF for 1hr. Total p38 serves 
as a loading control. Densitometry values for pS134-GR and p-p38 levels are indicated relative to 
vehicle-control of each cell line. (H) Transwell migration assays were used to test the migratory 
activity of MDA-MB-231 cells in response using either vehicle or TGFβ1 (10 ng/mL) as the 
chemoattractant in the bottom chamber. Additionally, cells were treated with either 10µM 
SB203580 (SB) or 10µM Selonsertib (Sele) in both the upper and lower chamber. Cells were 
allowed to migrate for 18 hrs. The mean of the percentage of three biological replicates is shown 
± SD. Significance was assessed by Two-way ANOVA and Tukey post-hoc for comparison within 
groups (***, P < 0.001,****, P < 0.0001).  
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Table 3.2 pS134-GR regulates pathways related to cell migration and other advanced 
cancer behaviors. 

The top 15 pathways identified in the GSEA analyses for the KEGG molecular signatures are 
shown with p-values and respective FDR, determined by the R fgsea package. 
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MAPK pathway are likely to be regulated by GR S134 phosphorylation. Indeed, 

TGFβ1-induced activation of p38 MAPK, as measured by via active-site 

phosphorylation, appears to be arrested in cells expressing S134A GR relative to 

cells expressing wt-GR (Figure 3.10B and see densitometric analyses of 

aggregated data from multiple repeats in Figure 3.11A). Similarly, 14-3-3ζ knock-

down resulted in greatly decreased TGFβ1-induced p38 activation with no 

change in total p38 expression levels (Figure 3.10C and see densitometric 

analyses of aggregated data from multiple repeats in Figure 3.11B). 

Consequently, sh14-3-3ζ cells also exhibited less pS134-GR. To confirm these 

findings, we tested for phosphorylation of p38 MAPK in response to TGFβ1 and 

found that it is greatly attenuated in both S134A GR+ clones (Figure 3.10D). 

These data suggest that pS134-GR is an important regulator of one or more 

kinases upstream of p38 MAPK (i.e. that are required for p38 activation). We 

thus probed our RNA-seq data within the MAPK pathway KEGG signature, 

thereby nominating the mitogen-activated protein kinase kinase kinase 5 

(MAP3K5, also called MEKK5 or ASK1) as a possible factor that integrates these 

pathways. MAP3K5 interacts with 14-3-3ζ to facilitate activation of downstream 

kinases MEK3/6 and p38 MAPK (109). Indeed, MAPK3K5 protein levels were 

significantly downregulated in two clones harboring S134A-GR relative to wt-GR 

(Figure 3.10E). Moreover, in an independent experiment using S134A-GR clone 

#1, we observed downregulation of MAP3K5 at both the mRNA and protein 

levels (Figure 3.11C). Although known to be associated with other cancer types, 

to our knowledge, MAP3K5 has not been implicated in breast cancer. Similar to 
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Figure 3.11 MAP3K5 expression is elevated in TNBC relative to other breast cancer 
subtypes. 

(A) Densitometric analysis for pS134-GR levels and p-p38 levels of two independents 
experiments representative of Figure 3.10B. Values are relative to the vehicle-control of the wt-
GR group and are presented as the mean ± SEM. One-way ANOVA and Fisher’s LSD test 
posthoc were used to evaluate statistical significance (*, P < 0.05, **, P < 0.01). (B) Densitometric 
analysis for pS134-GR levels and p-p38 levels of two independents experiments representative of 
Figure 3.10C. Values are relative to the vehicle-control of the shcontrol vehicle group and are 
presented as the mean ± SEM. One-way ANOVA and Fisher’s LSD test posthoc were used to 
evaluate statistical significance (*, P < 0.05, **, P < 0.01). (C) MAP3K5 mRNA levels were 
assessed using qRT-PCR following normalization to TBP expression; inset shows MAP3K5 
protein expression (densitometric levels relative to wt-GR). Mean expression of three 
independent replicates ± SD is shown. (D) Relative mRNA expression of MAP3K5 in different 
breast cancer subtypes from the METABRIC cohort (n=1700). One-way ANOVA and Tukey post-
hoc corrections were used to evaluate statistical significance (****, P < 0.0001). (E) pERK1/2 and 
pJNK levels were assessed as well as total ERK1/2 and JNK levels. Timepoints are shown for 
10ng/mL of TGFβ1 treatment. Densitometric levels for pS134-GR are shown relative to vehicle-
control. (F) Western blot analysis of pSMAD2 and SMAD2 levels in MDA-MB-231 cells treated 
with 10ng/mL of TGFβ1. Densitometric values for phospho-SMAD2 are indicated relative to 
vehicle-control in wt-GR+ cells.
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expression of pS134-GR and 14-3-3ζ (above), MAP3K5 mRNA levels are 

elevated in TNBC relative to other breast cancer subtypes represented in the 

METABRIC (Figure 3.11D) and MAP3K5 and GR mRNA expression levels are 

strongly correlated in TNBC patients (Figure 3.10F) (86). Notably, inhibition of 

MAP3K5 with the selective inhibitor, Selonsertib, blocked phosphorylation of GR 

(Figure 3.10G) and inhibited TGFβ1-induced migration (Figure 3.10H) in both 

MDA-MB-231 and Hs578T cells. Similarly, inhibition of p38 MAPK using 

SB203580, halted TGFβ1-mediated migration in both TNBC models (Figure 

3.10H). Taken together these results indicate that phosphorylation of GR on 

S134 is critical for the expression of key MAPK pathway intermediates. 

Specificity controls indicated that serum-induced activation of JNK and p42/p44 

MAPKs (ERK1/2) were unaffected in TNBC cells harboring S134A GR (Figure 

3.11E), suggesting that pS134-GR is a highly selective regulator of the p38 

MAPK “module” characterized by the three kinase cascade initiated by MAP3K5 

in TNBC cells. While the TGFb1-induced activation of SMADs is thought to occur 

independently of p38 MAPK, we observed a slight attenuation of TGFb1-induced 

SMAD2 phosphorylation (i.e. primarily apparent after 2 hrs) in cells harboring 

S134A-GR (Figure 3.11F). These data suggest that pS134-GR may potentiate 

sustained SMAD2 phosphorylation and activation, perhaps in part via regulation 

of the signaling components required for intact p38 MAPK signaling (Figure 

3.10). Further studies are needed to address weather GR crosstalk with the 

TGFb1 signaling occurs at the level of SMAD regulation.  
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Liganded global transcription is altered in S134 GR mutant cells 

To interrogate transcriptional consequences of liganded GR S134 

mutation, cells containing either WT or S134A GR were treated with vet or Dex (1 

µM) for 6 hours and processed for RNA-seq. As seen previously, hierarchical 

clustering revealed differences in basal (irrespective of ligand) gene expression 

between the models (Figure 3.12A). Principal component analysis determined 

47% of the variance between samples was due to GR status (Figure 3.12B). In 

contrast, 38% of variance was because of differences in the Dex-stimulated 

transcriptome of these two models (Figure 3.12A, B) as visualized by cluster 3. 

Differential expression analysis revealed a large number of genes that were lost 

in S134A + Dex samples compared to wild-type + Dex (Figure 3.12C). A total of 

80 genes, were differentially expressed when treating wt-GR models with Dex. 

Notably, these genes were exclusively upregulated in the context of wt-GR but 

not S134A GR. 
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Figure 3.12 Liganded glucocorticoid receptor transcriptome in wt-GR and S134A-GR cells.  

(A) Heatmap showing differences in gene expression of wt-GR and S134A-GR. All genes are 
shown (n=). (B) Principal component analysis plot derived from RNA-seq shows the differences 
in transcriptomes between MDA-MB-231 cells expressing either WT or S134A-GR cells and 
treated with vehicle or 1µM Dex for 6 hrs. (C) Volcano plot showing differential expression of 
genes in wt-GR+ compared to S134A-GR+ TNBC cells treated for 6 hrs with Dex. (D) Venn 
Diagram showing the upregulated genes (log FC > 1.5 and BH <.05) in both wt-GR and S134A-
GR. (E) Table with results from IPA analysis of genes that are differentially express. (F) Table 
with results from Gene Set Enrichment Analysis for differentially expressed genes between wt-
GR and S134A-GR. 
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S134A GR mutation alters TNBC cell metabolomics 

We next performed metabolic experiments using the Seahorse platform to 

examine the functional consequences of GR S134A mutation. Mitochondrial 

respiration was measured using oxygen consumption rate (OCR); TNBC cells 

expressing S134A-GR displayed significant defects in both basal and maximal 

mitochondrial respiration suggesting mitochondrial dysfunction (Figure 3.13A-B). 

These findings are in agreement with our previous findings with regards to the 

wt-GR and S134A-GR transcriptome. Furthermore, ATP production and 

mitochondrial coupling efficiency were significantly decreased in S134A GR+ 

cells (Figure 3.13B-C), irrespective of ligand treatment. Additionally, comparative 

analysis of the ‘KEGG Oxidative Phosphorylation’ pathway gene list revealed 

global differences between cells expressing either WT or mutant GR (Figure 

3.13D). We next expanded bioenergetic analyses to include extracellular 

acidification rate (ECAR) as a readout of glycolysis using the energy phenotype 

test. Profiling demonstrated that Dex-treated MDA-MB-231 cells expressing wt-

GR displayed a more glycolytic/energetic phenotype compared to veh-treated 

cells (Figure 3.13E, F). This metabolic response was not maintained in cells 

expressing S134A GR (Figure 3.13E). Together, these studies suggest that GR 

phosphorylation is critical for both normal mitochondrial respiration, and Dex-

induced bioenergetics phenotypes. 
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Figure 3.13 Metabolomics associated to wt-GR and S134A-GR cells.  

(A) OCR and ECAR rates as measured by Seahorse Cell Energy Phenotype test in wt-GR and 
S134A-GR cells treated with either vet or Dex. (B and C) OCR rates as measured by the 
Seahorse Mito Stress Test. (D) OCR and ECAR in stress as measured by the Seahorse Mito 
Stress Test. (E) Heatmap showing analysis of KEGG-Oxidative Phosphorylation genes and its 
expression in wt-GR and S134A-GR cells treated with either veh or Dex in triplicates. 
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To further explore Dex-mediated changes to the pS134 GR transcriptome, 

we compiled a list of differentially expressed genes (815 genes) for further 

analysis. Quantitative PCR validation confirmed that Dex-induced expression of 

key metabolic genes (PDK4, PGK1, PFKFB4) is lost in S134A GR-expressing 

cells (Figure 3.14A). GR activation by Dex was recently shown to encourage 

tumor cell migration and metastasis in vitro and in vivo (25) and our RNA-seq 

data implicate S134 phosphorylation in this readout of advanced cancer biology. 

Some key motility genes lose Dex responsiveness in S134A GR mutant cells 

(NEDD9, RUNX3), while others (CSF1) are not responsive to Dex treatment but 

are similarly decreased in S134A mutant cells (Figure 3.15A). 
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Figure 3.14 PDK4 is regulated by phosphorylation of GR on Ser134. (A) qPCR analysis of 
the following genes: PDK4, PGK1 and PFKB4. 
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Figure 3.15 Other motility genes are responsive to phosphorylation of GR on Ser134. (A) 
qPCR analysis of the following genes: NEDD9, CSF-1 and RUNX3.
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A pS134-GR gene signature predicts poor survival in breast cancer patients 

After evaluating the actions of liganded-GR, we then focus on exploring 

ways to measure unliganded pS134-GR activities in TNBC. We speculated that 

pS134-GR-regulated gene sets important for TGFβ1 signaling may predict 

prognosis and disease progression in patients with breast cancer. Using our 

transcriptome (RNA-seq) data, we further evaluated all genes that were uniquely 

upregulated in cells expressing wt-GR but not S134A GR (i.e. those genes 

whose TGFβ1-induced regulation requires an intact GR S134). Thus, we 

compared the expression of genes between the vehicle and TGFβ1-treated 

groups for each TNBC cell line. Using a cutoff of log2 fold-change of +1.5 and a 

Benjamini-Hochberg p-value of 0.05, we identified all TGFβ1-upregulated genes 

relative to vehicle controls. A total of 90 genes were upregulated by TGFβ1 in 

MDA-MB-231 cells expressing either wt-GR or S134A GR. Of these TGFβ1-

induced genes, 38 were upregulated only in cells harboring wt-GR, and 8 were 

significantly upregulated only in cells expressing S134A-GR, while 44 genes 

were upregulated in both cell lines (Figure 3.16A). A heatmap approach was 

used to plot the log2 normalized expression values of the 38 genes upregulated 

by TGFβ1 in cells expressing wt-GR but not S134A-GR (Figure 3.16B,Table 3.3 

and 3.4). We further identified a 24-gene cluster of TGFβ1-regulated genes that 

require GR S134 using the same threshold of log2 fold-change of >1.5 and a 

Benjamini-Hochberg p-value of 0.05 (Table 3.3 and 3.4). Representative genes 

(LEFTY2, PIK3IP1) were further validated by qPCR in TGFβ1-treated (10 ng/mL; 

6 hrs) cells. As predicted by our RNAseq data, we observed TGFβ1-induced 
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Figure 3.16 P-S134-GR promotes the expression of a 24-gene signature that correlated 
with poor prognosis in BC. 

(A) Venn diagram showing genes that are upregulated by TGFβ1 in MDA-MB-231 cells 
expressing either wt-GR or S134A-GR. The cutoffs used to define upregulation were a Benjamini-
Hochberg value of less than .05 and a log2 fold-change of at least 1.5. (B) Supervised clustering 
of the 39 genes significantly upregulated in wt-GR cells by TGFβ1. (C) LEFTY2 and PIK3IP1 
mRNA levels were assessed by qRT-PCR following normalization to Actin. Wt-GR and S134A-
GR MDA-MB-231 cells were treated with either vehicle or TGFβ1 (10 ng/mL) for 6 hrs. Mean 
expression of three independent replicates ± SD is shown. Statistical significance was assessed 
by Two-way ANOVA and Tukey post-hoc for comparison within groups (*, P < 0.05 ) (D) Either 
wt-GR or S134A-GR MDA-MB-231 cells were treated with either vehicle or TGFβ1 (10 ng/mL) for 
1 hrs. ChIP assays for the LEFTY2 and PIK3IP1 promoters to evaluate recruitment of GR were 
performed. The mean of three independent biological replicates are shown ± SD. Statistical 
significance was assessed by Two-way ANOVA and Tukey post-hoc for comparison within 
groups (*, P < 0.05; ****, P < 0.0001). (E) Kaplan-Meier curves are shown for the METABRIC 
dataset (n=1904). Patients were separated by calculating the median expression of the previously 
identified GR S134-dependent 24-gene signature. This analysis was limited to five years of 
survival data. The results are significant with a logrank p-value of P = .0008. (F) SurvExpress (78) 
was used to stratify TCGA breast cancer cohort based on their median prognostic index as 
determined by SurvExpress with the TGFβ1 pS134-GR 24-gene signature. The results were 
analyzed for significance with a logrank p-value of P = .0030. 
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Table 3.3 Twenty-four genes are upregulated by TGFβ1-induced pS134-GR. 

The log2 fold change and p-values and p-adj (Benjamini-Hochberg) associated with the pS134-
GR gene-signature are shown in the wt-GR cells. 
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Table 3.4 Log2 Fold Change and p-adjusted values for genes illustrated in the heatmap for 
the wt-GR cells. 
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upregulation of both LEFTY2 (~4.3 fold increase) and PIK3IP1 (~200 fold 

increase) in cells expressing wt-GR, but not in cells expressing S134A-GR 

(Figure 3.16C).  

 

Additionally, using ChIP assays, we demonstrated robust recruitment of 

wt-GR species to Glucocorticoid Response Elements (GRE)-containing promoter 

regions of both LEFTY2 and PIK3IP1 in response to TGFβ1 alone. However, 

consistent with our qPCR results, recruitment of S134A GR to these regions was 

significantly diminished (LEFTY2) or failed to occur (PIK3IP1) in CRISPR models 

expressing phospho-mutant GR (Figure 3.16D). These data indicate that in the 

absence of ligand, pS134-GR is recruited to both LEFTY2 and PIK3IP1 in 

response to TGFβ1. Further studies are needed to evaluate the impact of pS134-

GR on the global cistrome in the context of TNBC. 

 

To further evaluate the importance of the pS134-GR gene signature in breast 

cancer patients, we used the METABRIC dataset to calculate the average 

expression of the above defined 24 pS134-GR-induced genes for each patient 

tumor and stratified patient populations based on a median-cutoff for the average 

expression of the gene signature. Using Kaplan-Meier curves for analyses of 

overall survival, we observed that patients whose breast tumors exhibited an 

average expression of the gene signature within the upper 50th expression 

percentile experienced poor survival relative to patients whose tumors fell within 

the lower 50th percentile (Figure 3.16E). This difference was significant with a log 
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rank p-value of 0.0008 (Figure 3.16E). To confirm our findings in the METABRIC 

dataset, we employed the SurvExpress tool with the TCGA breast cancer dataset 

(78) and observed similar results with significant separation based on overall 

survival (Figure 3.16F). These results suggest that the presence of pS134-GR, 

as measured using a 24-gene signature, confers poor prognosis in breast cancer 

patients, regardless of subtype. More studies are needed to further explore the 

utility of tracking either pS143-GR or pS134-GR gene-signatures as potential 

biomarkers of advanced cancer behaviors (i.e. p38 MAPK-mediated tumor cell 

dissemination) in breast cancer patient subpopulations. 

 

Discussion 

Herein, we report that TGFβ1 promotes p38 MAPK-dependent 

phosphorylation of GR S134 in TNBC models. Our studies demonstrate that 

ligand-independent but p38-driven activation of pS134-GR represents a 

convergence of stress-activated signaling pathways with cellular homeostatic 

responses, including to local pro-inflammatory cytokines and growth factors 

(Figure 3.3 and 3.4). We conclude that pS134-GR is a critical effector of 

migratory and invasive TNBC cell behaviors linked to TGFβ1 signaling in TNBC 

models, in part explaining why high GR expression predicts poor outcome in 

women diagnosed with TNBC (22). Our results suggest that pS134-GR promotes 

basal TNBC cell survival and TGFb1-induced migration/invasion even in the 

absence of exogenously added GR ligands, but rather in response to intrinsic or 

TME stressors; a pS134-GR gene signature distinct from that induced by Dex 
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(24) predicts poor outcome across all breast cancer subtypes. Additionally, we 

explore the effects of phosphorylation on S134 in liganded GR. We found that 

pS134-GR is essential for metabolic reprogramming of MDA-MB-231 cells. 

Taken together, our data suggest that targeting pS134-GR and associated p38 

MAPK signaling pathway effectors (MAP3K5) downstream of TGFb1 or related 

factors in TNBC patients could be highly beneficial.  

 

Breast cancer patients are frequently treated with Dex (i.e. a potent GR 

agonist) to alleviate common side effects of chemotherapy. However, in the 

context of cancer, Dex can promote migration and importantly, pS134-GR 

(activated-GR) dramatically alters basal and cytokine-induced gene expression in 

the absence of abundant GR ligands (Figure 3.8). Namely, pS134-GR (but not 

Dex) is required for TNBC cell migration (Figure 3.5C and Figure 3.5D), invasion 

(Figure 3.6), anchorage-independent growth (Figure 3.5E) and tumorsphere 

formation (Figure 3.5F), in vitro readouts of advanced cancer behaviors that track 

with metastatic potential (90). Our findings are clinically relevant since GR 

appears to have an active role in the progression of TNBC (24). Our data 

suggest that TNBC patients may have high expression of functionally active 

pS134-GR even when GR agonists are limiting. The presence of elevated 

pS134-GR levels in TNBC relative to luminal BC cases (86) may explain why GR 

expression correlates with poor prognosis in TNBC but tracks with good 

prognosis in luminal BC (22). Interestingly, GR S134 contributes to basal 

anchorage-independent cell growth (Figure 3.5E), a measure of both survival and 
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proliferation. We were surprised that in the presence of TGFβ1 (or other cell 

intrinsic or extrinsic agents that activate p38), exogenously added Dex was not 

required/dispensable for pS134-GR-driven gene expression and TNBC cell 

migration/invasion in vitro. Further studies are needed to test if TNBC cells (in 

vitro) or tumor/stromal tissues (in vivo) produce measurable GR ligands and if so, 

at what intracellular or intratumoral concentrations. Additionally, although our 

data showed that both wt-GR and S134A-GR respond similarly to Dex at well-

characterized GR-target genes (SGK1 and DUSP1), additional Dex-regulated 

genes are likely to be highly sensitive to modification of GR S134 (33). 

Accordingly, we found that the PDK4 is responsive to Dex-liganded activation of 

pS134-GR. Importantly, we identified that the regulation of PDK4 is essential for 

the promotion of metabolic reprogramming of MDA-MB-231 cells using Seahorse 

assays. Further studies are needed to explore if there are other phenotypes that 

are regulated by liganded pS134-GR.  

 

Post-translational modifications of SRs expressed in breast cancer cells 

are predicted to have tremendous impact on the clinical course and tumor 

characteristics (110). For example, S294-phosphorylated PRs regulate gene 

expression that modulates luminal breast cancer stem/stem-like cell properties 

and promotes tumor cell plasticity and therapeutic resistance (85). GR is closely 

related to PR within the HR superfamily. GR and PR recognize the same DNA 

binding sites in chromatin, regulate many of the same genes, and even bind 

many of the same ligands such as RU486 (mifepristone) with similar affinities 
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(111). Interestingly, pS134 GR-driven anchorage-independent growth was 

insensitive to Dex but was blocked by RU486 (Figure 3.5E). Similarly, we 

previously described ligand-independent but MAP kinase-dependent actions of 

pS294-PR in luminal BC models and tumor tissues (112). Our RNA-seq studies 

revealed that intact GR S134 is required for the expression of genes that 

promote MAPK activity in TNBC (Figure 3.10). A growing body of literature 

implicates MAPK signaling in cellular processes required for dangerous breast 

cancer progression, including EMT, stemness and resistance to chemotherapy 

(113). Importantly, inhibition of p38 MAPK activity has led to decreased migration 

in breast cancer cell lines (105) including MDA-MB-231 and Hs578T herein 

(Figure 3.10H) . Our studies revealed that MAP3K5 expression is regulated by 

pS134-GR. MAP3K5 is essential for the activation of downstream MEK3/6 

(MKK3/6) which in turn activates p38 MAPK in the 3-kinase cascade or module 

required for phosphorylation of GR S134 (109, 114). Notably, because MAP 

kinase kinase kinase (MKKK) expression is typically limited (i.e. protein 

expression is low relative to that of MKKs or MAPKs) (115), a relatively modest 

change in MKKK (i.e. the top of the 3-kinase cascade; MAP3K5) abundance may 

confer large changes in activation of MAP kinase (i.e. the bottom of the 3-kinase 

cascade; p38) (Figure 3.17). Overall, our data support the existence of a potent 

feedforward loop in response to TGFβ1 and other TME-derived agents that 

activate p38 MAPK; p38 MAPK-dependent GR S134 phosphorylation promotes 

increased expression of MAP3K5, thereby reinforcing robust MEK3/6 and p38 

MAPK pathway activation (95, 116, 117). Thus, when tumor cells experience 
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Figure 3.17 GR S134 phosphorylation creates a feed-forward signaling loop that 
potentiates further activation of the p38 MAPK pathway downstream of TGFβ1 in TNBC 
models. 

Schematic of the conserved three kinase cascade that represents the p38 MAPK module (i.e. 
MAP3K5, MEK3/6, and p38 MAPK) and known cooperation between 14-3-3ζ and MAP3K5 (109). 
Cellular stress as well as TME-derived factors (TGFβ1) input to activation of SMADs and p38 
MAPK signaling, resulting in phosphorylation of GR on S134. Ligand-independent pS134-GR 
target genes include key components of the p38 MAPK pathway (MAP3K5) needed for intact p38 
signaling. Potential cooperation of 14-3-3ζ and pS134-GR with the SMAD-dependent arm of the 
TGFb1 signaling pathway is shown (dotted two-way arch under question mark).
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Cellular stress and/or when TGFβ1 is abundant in the TME, pS134-GR 

self-perpetuates its own phosphorylation by inducing the expression of MAP3K5 

which in turns activates p38 MAPK in cooperation with 14-3-3ζ. Finally, this 

signaling axis enables sustained biological responses such as anchorage-

independent growth or persistent cell migration of TNBC cells (Figure 3.17). 

 

 S134 phosphorylation is known to promote GR interaction with 14-3-3ζ 

(33). A growing body of evidence has implicated 14-3-3ζ in breast cancer 

progression (35). The 14-3-3 family of proteins function as important scaffolds for 

MAPK modules and numerous other signaling molecules. Relevant to our studies 

on TNBC cell migration herein, 14-3-3ζ mediates increased invasion of ER- 

breast cancer cells (118). We find that like pS134-GR, 14-3-3ζ is required for 

TGFβ-mediated migration of TNBC models. Interestingly, TNBC cells expressing 

phospho-mutant S134A GR phenocopy wt-GR cells expressing sh14-3-3ζ 

models; cell migration is profoundly impaired upon loss of this MAP3K5-

dependent arm of the p38 signaling pathway. Accordingly, 14-3-3ζ has been 

shown to be important for the activity of MAP3K5 and p38 in other models (119). 

Taken together, we conclude that 14-3-3ζ orchestrates p38-dependent 

phosphorylation of GR S134 and interacts with pS134-GR; co-IP assays 

confirmed regulated GR/14-3-3ζ interaction in TNBC cells (Figure 3.7E). The 

precise role(s) of 14-3-3ζ interaction with pS134-GR is unknown. All HRs rapidly 

and dynamically shuttle between the cytoplasmic and nuclear compartments. 

Similar to other HR family members (ER, PR, AR), pS134-GR may interface with 
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rapidly activated cytoplasmic signaling pathways at or near the cell membrane. 

Via cytoplasmic interaction with 14-3-3ζ, pS134-GR may help nucleate or 

stabilize functional p38 MAPK modules thereby enabling ultrasensitive signal 

transduction. Additionally, nuclear 14-3-3ζ proteins may contribute to pS134-GR 

transcriptional activity or gene promoter selection, perhaps via sustained 

recruitment of required kinases or other signaling molecules into pS134-GR-

containing transcription complexes. These are topics for future study. 

 

The role of post-translational modifications of GR and their impact on 

breast cancer prognosis have not yet been elucidated. Herein, we identified 

genes that are dependent on pS134-GR for their expression; this gene signature 

may be exploited to more accurately predict which breast cancer patients are 

more likely to succumb to metastatic disease. For our analysis, we included data 

for all breast cancer patients from both METABRIC and TCGA. We determined 

that our 24-gene signature is able to stratify BC patients according to their overall 

survival. Because we used all breast cancer patients for our analysis, it is 

possible that pS134-GR has detrimental effects for prognosis in breast cancer 

patients overall (i.e. this observation is not limited to TNBC). ChIP assays (Figure 

3.16D) show recruitment of GR to TGFβ-induced genes via pS134-GR, PIK3IP1 

and LEFTY2, in the absence of exogenously added Dex. Future studies aim to 

confirm genome-wide occupancy of unliganded pS134-GR at novel target genes 

defined by our signature. Finally, TNBC patients are routinely treated with 

corticosteroids to alleviate the side effects of chemotherapy. Notably, taxane 



 102 

chemotherapies (e.g. Paclitaxel) activate a cellular stress response that induces 

robust p38 MAPK activation and sustained GR S134 phosphorylation (86). In 

future, in addition to standard-of-care approaches, co-targeting pS134-GR and 

p38 MAPK could provide a better way to limit disease progression in TNBC and 

other BC subtypes that express pS134-GR. 
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Chapter 4 Breast tumor kinase (Brk/PTK6) mediates 

advanced breast cancer phenotypes via SH2-domain 

dependent activation of RhoA and aryl hydrocarbon 

receptor (AhR) signaling 
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Introduction 

Endogenous ligands (cortisol) or exogenous ligands (Dex) can activate 

GR transcriptional activity. When activated, the GR promotes the expression of 

gene programs that are essential for cancer phenotypes such as migration, 

invasion and anchorage-independent growth (120). We previously identified that 

GR interacts with the AhR, a bHLH/PAS domain transcription factor related to the 

hypoxia inducible factors (HIFs) (121). We also reported cross-talk between 

stress hormone-driven GR signaling and HIF-regulated stress response 

pathways in TNBC (122). The interaction of GR and AhR promotes cancer pro-

survival phenotypes in response to cellular stressors, including hypoxia and 

chemotherapy treatment (e.g., paclitaxel) in TNBC cell lines (121). Notably, the 

interaction of GR and AhR/HIF1α is essential for the inducible expression of 

PTK6 (121).  

 

PTK6 is an intracellular tyrosine kinase overexpressed in approximately 

86% of invasive ductal breast cancer cases, whereas it is weakly expressed or 

undetectable in normal breast tissues (123). Furthermore, PTK6 expression is 

correlated with tumor grade in invasive ductal carcinoma in situ patients (123). 

PTK6 is essential for EGF- and HGF-mediated tumor cell migration in breast 

cancer models (124). PTK6 mediates its oncogenic actions in part by modulating 

the actions of Rac1, Ras and Rho GTPases in luminal breast cancer models 

(123, 125). Additionally, PTK6 is essential for the phosphorylation and 

subsequent activation of p38 MAPK and ERK5, serine/threonine kinases that 



 105 

have been implicated in migratory phenotypes and cancer stem cell (CSC) 

generation (124, 126, 127). Similarly, PTK6 expression has been associated with 

induction of anchorage-independent growth in prostate and breast cancers (48, 

128, 129). Therefore, targeting PTK6 is attractive as a treatment strategy in 

breast and other cancers.  

 

PTK6 protein structure is closely related to that of c-Src tyrosine kinase, 

although it lacks a myristoylation site responsible for plasma membrane 

anchoring (130). In addition to a kinase domain, it contains the Src-homology 

domains SH2 and SH3 (62). Unlike other kinases that are overexpressed in 

cancer, it is not clear whether the kinase domain is the principal domain 

mediating PTK6’s tumorigenic activity. Recent reports indicate that inhibition of 

kinase activity is not sufficient to block the oncogenic actions of PTK6 in breast 

cancer. For example, in luminal breast cancer, HGF- or EGF-mediated migration 

requires PTK6 expression but not the kinase domain (124). More importantly, 

inhibiting the kinase domain with various small molecules that only inhibit the 

unphosphorylated form of PTK6 (Type II inhibitors), does not appreciably 

decrease tumor growth or proliferation in either luminal or triple-negative breast 

cancer models (62). These observations suggest that PTK6 structural domains 

other than the kinase domain, are critical for cancer cell biology. Both the SH3 

and SH2 domains play an important role in protein-protein interactions (131-133) 

via proline-rich or 105hosphor-tyrosine motifs, respectively. Specifically, the 

sequence pY-(D/E)-(D/E)-Y was identified as a binding site for the SH2 domain 
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of PTK6 (134). There is evidence of PTK6 somatic mutations in renal cell 

carcinoma and gastric cancers that not only span the kinase domain, but also 

involve the SH2 and SH3 domains (45). These mutations have profound effects 

on PTK6 kinase activity and substrate binding by modulating 

autophosphorylation or substrate activation (62). Therefore, before considering 

PTK6 as a viable pharmacological target for TNBC, it is essential to dissect the 

domain-specific functions of PTK6.  

 

Herein, in vivo studies demonstrated that PTK6 has little effect on primary 

tumor growth, but significantly contributes to TNBC metastasis to lungs. To test 

the requirement of PTK6 kinase, SH2, and SH3 domains for TNBC phenotypes, 

we stably expressed wild-type (wt), kinase-dead (KM), or different domain mutant 

constructs of PTK6 in a previously characterized MDA-MB-231 PTK6 knockout 

(KO) cell line (121). A screen for domain-dependent signaling revealed that the 

PTK6 SH2-domain mediates activation of RhoA and AhR transcriptional activity; 

chemical inhibitors to either pathway repressed cell motility or migration. 

Moreover, pairing RhoA with paclitaxel enhanced growth inhibitory effects in 

TNBC models. Together, our data reveal that the PTK6 SH2 domain serves as a 

hub to coordinate two key downstream signaling pathways, RhoA and AhR, that 

mediate stemness, cell migration and/or chemotherapy sensitivity in TNBC.  

 

Results 
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Enriched PTK6 expression is associated with tumor progression in vivo 

We previously demonstrated that PTK6 is highly expressed in human 

breast carcinomas as compared to normal breast tissue and that PTK6 

expression in the normal mouse mammary gland is HIF-dependent and induced 

following a single dose of GR agonist (dexamethasone; Dex). Similarly, PTK6 

mRNA and protein is robustly induced following Dex treatment of primary human 

TNBC explants cultured ex vivo (39). Building on these observations, analysis of 

The Cancer Genome Atlas (TCGA) invasive breast cancer database 

(SurvExpress – (135)) indicated that higher PTK6 expression is correlated with 

decreased survival in high-risk breast cancer patients (ER+ and ER- cases) 

(Figure 4.1A). SurvExpress risk groups are defined by estimating a prognostic 

index using the Cox model algorithm (27). We then analyzed PTK6 mRNA 

expression in ER-negative patients using KM Plotter tool restricted to the TCGA 

database and found that high PTK6 expression is also correlated with decreased 

overall survival in this patient cohort (Figure 4.1B).  

 

Patients with TNBC have the highest rate of recurrence and succumb to 

metastatic disease sooner post-diagnosis than ER+ patients (80, 136). 

Metastasis occurs according to a series of sequential steps including local 

invasion, intravasation, survival in circulation, extravasation, and finally 

colonization, believed to be the rate-limiting step (137). We have shown PTK6 is 

required for survival in non-adherent conditions in TNBC cells (121) and that 

GR/HIF regulates cellular stress-dependent up-regulation of PTK6, such that loss 
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Figure 4.1 Elevated PTK6 expression is correlated with lower overall survival of breast 
cancer patients and promotes cell motility, invasion and lung metastasis. 

(A) SurvExpress was used to examine the prognostic index of patients in the TCGA Invasive 
Breast Cancer cohort based on PTK6 expression. (B) Overall survival of ER-negative patients 
stratified on PTK6 mRNA expression using KM plotter (TCGA database). (C) A high-throughput 
scratch wound assay was used to measure wound width over time (n=4 wells/genotype; data 
representative of three replicate experiments). (D) Transwell assays were used to chemoattract 
serum-starved HIF-1/HIF-2 double knockout (DKO) MDA-MB-231 cells to 10% FBS that were 
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stably transfected with vector only (+Vector) or re-expressed PTK6 (+PTK6) to compare migration 
or cell invasion; bar graphs represent the grand mean ± SEM of three biological experiments; NS 
= not significant. I MDA-MB-231 HIF DKO + vector or HIF DKO + PTK6 cells were injected into 
the tail vein of 8-10-week old female NSG mice and metastatic burden measured by densitometry 
analysis following immunostaining for an anti-human mitochondrial marker (brown staining). 
Whole immunostained lung sections representative of the mean percent positive area of 
metastasis are included. (F) A high-throughput scratch wound assay was used to compare the 
time elapsed to wound filling when a mixture of Cas9-deleted PTK6 KO cells are compared to 
parent or non-targeting control (NTC) gRNA transfected cells (n=4 wells/genotype; data 
representative of three replicate experiments). (G) Parent, NTC or PTK6 KO cells were injected in 
the mammary fat pad and tumor volume ± SEM compared over time. At experiment endpoint, 
tumors were excised and the tumor volumes ± SEM compared ex vivo. (I-J) MDA-MB-231 NTC 
or PTK6 KO (I) or parent + Vector or +PTK6 (J) cells were injected into the tail vein of 8-10-week 
old female NSG mice and the extent of metastatic colonization measured by densitometry 
analysis as described in I. All metastasis data are expressed as ± SD; at least 5 
animals/genotype were compared.  
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of HIF-1 and HIF-2 significantly decreases PTK6 expression (122). To test the 

functional relevance of PTK6 expression in promoting invasion and colonization, 

MDA-MB-231 cells lacking HIF-1 and HIF-2 (HIF double knockout, DKO) and 

parent MDA-MB-231 cells were modified to over-express PTK6 (Figure 4.2A and 

4.2B). Forced expression of PTK6 in HIF DKO cells rescued wound healing 

defects observed for HIF DKO + Vector cells, however forced expression of 

PTK6 had no effect on HIF-intact parental cells (231 +Vector, Figure 4.1C). Add-

back of PTK6 to HIF DKO cells did not impact basal migratory capacity 

stimulated by complete media in transwell assays. However, invasion through 

Matrigel was enhanced 2.7-fold (Figure 4.1D). When tested in an experimental 

metastasis tail vein assay, PTK6 expression enhanced colonization compared to 

HIF DKO + Vector cells (Figure 4.1E). To test the effects of loss of PTK6, we also 

generated an admixture of CRISPR-Cas9 deleted PTK6 knockout (KO) clones, to 

minimize clonal heterogeneity effects in vivo. By western blotting, we confirmed 

that this mixture of Cas9-deleted PTK6 KO clonal lines lacked detectable PTK6 

protein, as we previously reported for PTK6 KO clone 27 (Figure 4.2C) (121). 

Cells lacking PTK6 had minor, albeit statistically significant defects, in wound 

healing relative to either parent (non-transfected) MDA-MB-231 cells or cells 

transduced with a non-targeting control gRNA (NTC) (Figure 4.1F). Of note, 

neither forced expression of PTK6 nor deletion of PTK6 affected cell proliferation 

in vitro (Figure 4.2D-F). Next, parent, NTC or PTK6 KO cells were injected into 

the cleared, inguinal mammary gland to generate tumors. Interestingly, there 

were no significant differences in mean tumor volume among all genotypes at the
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Figure 4.2 Characterization of PTK6 genetically modified MDA-MB-231 TNBC cell lines. 

(A) PTK6 expression levels in parental (non-transfected; parent), Vector (Vec)-transduced 231 
cells or HIF DKO 231 cells transduced with Vector or wild type PTK6 were compared using cells 
grown to 80% confluence and then exposed to normoxia (N) or hypoxia (Hyp, 0.5% O2) for 24h 
prior to harvest and protein extraction. ß-tubulin serves as a loading control. (B) PTK6 expression 
levels in parental, parental + Vec or HIF DKO 231 cells transduced with either Vec or wild type 
PTK6 using cells grown to 80% confluence and then exposed to normoxia (N) or hypoxia (Hyp, 
0.5% O2) for 24h prior to harvest and protein extraction. ß-tubulin serves as a loading control. (C) 
PTK6 expression following CRISPR-Cas9-mediated deletion. PTK6 levels were compared among 
parent, non-targeting gRNA and Cas9-only control transfected MDA-MB-231 cells, and either a 
PTK6 clonal KO line (clone 27) or an admixture of PTK KO clones created using the Dharmacon 
Edit system as described in the materials and methods. PTK6 was not detectable in either KO 
model. GAPDH serves as the loading control. (D-F) Cell proliferation in genetically modified cells 
shown in panels A-C was measured over time using the phase percent confluence algorithm of 
the IncuCyte S3 live cell imager. MDA-MB-231 and HIF DKO cells were plated in 96 well plate 
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(Corning) at 1 x 104 cells/well in 200 µL growth media. Cells were allowed to grow from 20% 
confluency one day post-plating to 100% confluency (~80 h of imaging). Images were obtained 
every 2 h. The mean ± SEM is shown; the error bars were frequently too small to be plotted using 
Prism software. Data are representative of at least three independent replicate experiments. 
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study endpoint (Figure 4.1G). In contrast, in experimental metastasis assays, 

deletion of PTK6 reduced the area of lungs occupied by metastasis by ~2.3-fold 

(Figure 4.1I) whereas the over-expression of PTK6 more subtly enhanced lung 

metastatic burden (Figure 4.1J). Together, these results confirm the biological 

relevance of our PTK6 data mining observations since poor survival is typically 

driven by metastatic growth following onset of chemotherapeutic resistance. 

These data implicate a direct role for PTK6-mediated oncogenic signaling in 

TNBC cell invasion and lung colonization, properties of cancer cells that confer 

poor prognosis.  

 
The PTK6 SH2 domain is critical for motility of TNBC cells 

PTK6 is an important mediator of TNBC cell migration (121); however, the 

kinase domain is not required for migration (124), suggesting that other PTK6 

domains related to its scaffolding actions are important. To elucidate the 

contribution of specific PTK6 domains, we stably re-expressed FLAG-tagged wild 

type (WT), kinase inactive (KM), constitutively active (C-terminal Y447 point-

mutation to F447; YF), SH2 deleted (SH2-del), or SH3 deleted (SH3-del) PTK6 in 

previously characterized MDA-MB-231 PTK6 knock-out (KO) cells (121) (Figure 

4.3A, B). We first performed soft agar assays using cells treated with EGF to 

stimulate anchorage-independent proliferation. Either PTK6 KO cells or cells 

expressing KM-PTK6 formed decreased numbers of colonies compared to cells 

expressing WT PTK6, indicating that PTK6 kinase activity contributes to 

anchorage-independent cell proliferation in this assay (Figure 4.3C). In contrast,
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 Figure 4.3 PTK6 SH2 domain is critical for TNBC motility. 

(A) PTK6 domain structure schematic. (B) Western blot of MDA-MB-231 PTK6 KO cells re-
expressing FLAG-tagged PTK6 domain mutant constructs. (C) Anchorage-independent growth 
was assessed in soft agar supplemented with EGF.  (D) Transwell migration of MDA-MB-231 
PTK6 domain mutants was examined in response to an HGF gradient (50 ng/mL).  Data is shown 
as grand mean ± SD of n = 3 experiments with 3 replicate transwells each.  I PTK6 knockout 
models. Inset confirms knockout of PTK6 using CRISPR/Cas9n (F) Tumorsphere-forming assays 
were performed in domain mutant and (G) PTK6 knockout models. Inset confirms knockout of 
PTK6 using CRISPR/Cas9n.  Graphed data were analyzed by one-way ANOVA with multiple 
comparisons tests and are representative of n = 4 independent experimental repeats; *** p < 
0.001. 
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deletion/inactivation of the other PTK6 domains had no effect on soft agar colony 

formation.  

 

We next examined TNBC motility by transwell migration using HGF. HGF, 

a chemokine produced by immune cells in the tumor microenvironment, 

stimulates cancer cell migration via activation of the Met receptor (138). MDA-

MB-231 cells expressing SH2-del PTK6 failed to migrate, while KM-PTK6 cell 

motility was equal to that of cells expressing WT PTK6 (Figure 4.3D). Since 

PTK6 is required for TNBC survival in non-adherent conditions (121), we next 

examined growth of PTK6 domain mutant models in tumorsphere self-renewal 

assays. This assay measures the ability of single cells to form multicellular 

spheres in non-adherent conditions in defined medium containing bFGF and 

EGF. Sphere formation is a property of tumor cells with cancer stem cell (CSC)-

like potential. Notably, clonal PTK6 KO cells formed fewer spheroids relative to 

cells expressing WT PTK6. Surprisingly however, SH2-del PTK6-expressing cells 

formed increased numbers of spheroids relative to cells expressing either WT, 

SH3-del, KM, or YF PTK6 (Figure 4.3E). These observations were confirmed in 

pooled CRISPR/Cas9 PTK6 silenced (KO) MDA-MB-231 models (Figure 4.3F) 

and a Dharmacon PTK6 KO model generated by admix of 3 clones (Figure 4.2). 

Together, these data suggest that the PTK6 SH2 domain, rather than the kinase 

domain, is most critical to TNBC motility, but that this domain also negatively 

regulates tumorsphere formation.  
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PTK6 SH2-dependent signaling pathways in TNBC 

To identify relevant signaling pathways in TNBC cells expressing WT, KM, 

or SH2-del PTK6, we performed a reverse phase protein array (RPPA) screen. A 

panel of 296 antibodies was used to profile and compare global changes in total 

protein content as well as specific posttranslational modifications. Supervised 

hierarchical clustering revealed a distinct cluster of proteins that are differentially 

expressed in WT compared to SH2-del PTK6 expressing cells (Figure 4.4A; 

bottom box, solid line), while some proteins remain unchanged (Figure 4.4A; top 

box, broken line). Unsupervised clustering of protein expression data revealed 

that SH2-del PTK6 expressing cells segregated independently from both WT and 

KM PTK6 cells, suggesting that kinase inactive PTK6 does not differ from WT 

PTK6 with regard to activation of the well-characterized signaling proteins 

represented on the array (Figure 4.4B). To identify changes in signaling 

pathways, we performed Ingenuity Pathway Analysis (IPA) using only probed 

proteins that were determined to be PTK6-dependent by their absence in PTK6 

KO samples. These proteins were profiled for changes between the SH2-del and 

WT PTK6 samples (Table 4.1). The top down-regulated (i.e. decreased/absent in 

SH2-del models) pathway was AhR signaling (Table 4.1). This finding is 

interesting in light of our previously reported interaction between AhR and GR 

(121). Notably, RhoGDI signaling was increased in SH2-del PTK6 expressing 

cells (Table 4.1). The GDP dissociation inhibitors of Rho proteins (RhoGDI) are a 

family of proteins that sequester motility effector Rho GTPases in the cytoplasm, 

thus preventing their activation at the membrane (139). 
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Figure 4.4 SH2-dependent pathways in MDA-MB-231 cells. 

(A)Heatmap by unsupervised consensus clustering of protein lysates analyzed for protein 
expression by RPPA. Broken line box indicates protein staining intensities unchanged between 
samples. Solid line box highlights RPPA intensities that appear different in SH2-del PTK6 
expressing cells. (B) Supervised clustering dendrogram of samples. (C) Immunoblot analysis of 
p38 MAPK activation by HGF (50 ng/mL). Phospho-p38 densitometry (indicated underneath) was 
calculated by first normalizing to total p38 MAPK, then calculating fold change over vehicle for 
each cell line. Data is representative of n = 3 independent repeats. (D) Primary tumorsphere 
assays in MDA-MB-231 PTK6 domain mutant models. Cells were treated with DMSO (vehicle) or 
SB203580 (10 mM) for 7 days. Data were analyzed by one-way ANOVA with posthoc corrections 
(n = 3); *** p < 0.001, ** p < 0.01. 



 118 

Vehicle   
Pathway z-score log p-value 
AhR Signalling -2.4 17.4 
p38 MAPK Signalling 1.134 5.18 
ERK/MAPK Signalling 1.219 32.8 
   
HGF   
Pathway z-score log p-value 
RhoGDI Signalling 2.7 5.41 
Wnt/b-catenin 
Signalling 1 8.21 
p38 MAPK Signalling 1.134 5.18 

 

Table 4.1 PTK6 dependent pathways (i.e. lost in PTK6 KO cells) were examined in PTK 
SH2-del expressing MDA-MB-231 cells. 

IPA was performed for these pathways in WT vs SH2-del models. Top significant canonical 
pathways are listed. 
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As such, RhoGDI proteins are negative regulators of Rho GTPases. IPA also 

revealed a modest increase in p38 MAPK signaling in SH2-del PTK6 expressing 

cells (Table 4.1). Together, these data suggest that the PTK6 SH2 domain could 

regulate oncogenic signaling in TNBC via AhR, Rho GTPases, and/or p38 

MAPK. We therefore performed subsequent studies to explore the functional 

effect of these signaling pathways in PTK6 SH2-del TNBC cells. 

 

PTK6 SH2 domain mediates p38 MAPK signaling in TNBC cells 

To confirm IPA results that p38 MAPK signaling is upregulated in SH2-del 

PTK6 breast cancer cells, we used immunoblotting to examine p38 

phosphorylation induced by exposure to HGF. Densitometry analysis showed 

that 119hosphor-p38 was increased in SH2-del PTK6 TNBC cells (Figure 4.4C). 

The p38 MAPK pathway is a canonical stress pathway, and because growth in 

suspension mimics a stressful condition for epithelial cells, we again grew PTK6 

domain mutant cells in forced suspension using spheroid conditions. Inhibition of 

p38 MAPK with SB203580 dramatically reversed the growth advantage in SH2-

del PTK6 MDA-MB-231 cells cultured in suspension (Figure 4.4D). These 

findings suggest that while PTK6 clearly contributes to spheroid growth (Figure 

4.3E), the SH2 domain of intact PTK6 limits the cellular stress-induced activation 

of p38 MAPK signaling associated with stemness properties in TNBC cells. 
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PTK6 SH2 domain mediates Rho activation in TNBC cells 

Given that IPA analysis suggested decreased Rho activation in PTK6 KO 

and SH2-del PTK6 expressing cells, we performed pull-down assays in HGF-

stimulated MDA-MB-231 cells expressing either WT or SH2-del PTK6 in order to 

observe changes in Rho activation. RhoA was strongly activated by HGF in WT 

PTK6 TNBC cells (Figure 4.5A). In contrast, RhoA was not activated in SH2-del 

PTK6 cells after HGF stimulation (Figure 4.5A). This result is supported by 

decreased migration of SH2-del PTK6 expressing cells and suggests that the 

PTK6 SH2 domain is required for activation of RhoA. We then confirmed that 

RhoA was expressed in two conventional TNBC cell lines (MDA-MB-231 and 

Hs578T) and in a TNBC taxane-refractory cell line isolated from patient-derived 

xenograft (PDX) model, cHCI-10 (Figure 4.5B) (79). We next used a Rho-specific 

inhibitor to assay migration potential in a panel of TNBC cells. Consistent with 

Rho pull-down results, transwell migration to HGF was significantly decreased in 

all Rho-inhibited cells (Figure 4.5C). In contrast, RhoA inhibition had no effect on 

soft agar colony formation of MDA-MB-231 cells expressing either WT PTK6 or 

SH2-del PTK6 (Figure 4.5D). Together, these data suggest that PTK6 is an 

important upstream regulator of RhoA via its SH2 domain; however, negative co-

immunoprecipitation data suggest that this may occur via an indirect mechanism. 
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Figure 4.5 PTK6 SH2 domain is required for RhoA activation. 

(A) RhoA activation assay using GST-Rhotekin-RBD pull down in MDA-MB-231 cells expressing 
WT or SH2-del PTK6. (B) Expression of Rho and AhR was examined in a panel of TNBC models 
by immunoblotting. (C) Rho inhibition by CT04 (1 µg/mL) in a panel of TNBC cell lines. Transwell 
migration (MDA-MB-231 and Hs578T) was stimulated by HGF (50 ng/mL). Significance was 
determined by one-way ANOVA with multiple comparisons testing; ** p < 0.01, *** p < 0.001. (D) 
Soft agar colony formation of WT and SH2-del PTK6 expressing cells in the presence of Rho 
inhibitor CT04 (1 µg/mL). Graphed data are representative of at least n = 3 independent 
replicates. 
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Rho inhibition sensitize TNBC cells to paclitaxel 

 Since PTK6 mediates paclitaxel chemoresistance (121), we next 

determined if Rho or AhR inhibitors (CT04 and CH223191, respectively) also 

mediate cell growth inhibition in combination with paclitaxel (Paclitaxel) in MDA-

MB-231 or cHCI-10 PDX cells, which are refractory to paclitaxel (79). Cells were 

seeded into 96- well dishes, allowed to adhere overnight and then treated with 

increasing doses of each inhibitor alone, or in combination with paclitaxel. Each 

well was imaged over time in the IncuCyte S3 live cell imager. The IC30 and IC50 

doses ± SEM for each drug are summarized in Table 4.2. IC values for the Rho 

inhibitor, CT04, could not be determined for MDA-MB-231 cells since only the 1 

µg/mL dose of CT04 exposure significantly inhibited cell growth by the assay 

endpoint of 96 h (Figure 4.6A); the same dose (1µg/mL) was used in migration 

assays. Example dose-dependent effects of each drug on growth inhibition are 

shown in Figure 4.6A-D.
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Figure 4.6 Dose-dependent effects of CT04 or CH223191 on growth inhibition in MDA-MB-
231 and cHCI-10 TNBC cells. 

One day after plating, cells were incubated in the presence of MiamiGreen and exposed to 
increasing doses of each drug and then imaged over time using the IncuCyte S3 live cell imager. 
Growth inhibition was measured by comparing green object counts normalized to t = 0 values and 
expressed as a fold change (fold change over T0 of RCU x µm2/Image). (A) 231 + CT04, (B) 231 
+ CH223191, (C) cHCI-10 + CT04, (D) cHCI-10 + CH223191. 
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DRUG cHCI-10 IC30 cHCI-10 IC50 MDA-MB-231 

IC30 

MDA-MB-

231 IC50 

PACLITAXEL 80.49 ± 15.86 

nM 

188.00 ± 

37.90 nM 

4.22 ± 1.80 nM 9.87 ± 4.19 

nM 

CH223191 11.51 ± 3.22 

µM 

26.17 ± 6.76 

µM 

6.85 ± 1.16 µM 12.05 ±- 1.62 

µM 

CT04 3.76 ± 0.81 

nM 

8.81 ± 1.84 

nM 

N.D. N.D. 

 (0.009 ± 0.02 

µg/ml) 

(0.22 ± 0.05 

µg/ml) 

  

 
Table 4.2 Calculated IC30 and IC50 doses of Paclitaxel, CT04 or CH223191 in taxane-
sensitive MDA-MB-231 and taxane-refractory cHCI-10 TNBC cells 

Calculated IC30 and IC50 doses of Paclitaxel, CT04 or CH223191 in taxane-sensitive MDA-MB-
231 and taxane-refractory cHCI-10 TNBC cells as determined in Prism 8.0 using a best-fit 
algorithm (the log of inhibitor versus normalized response model). Data are shown as the grand 
mean IC value ± SEM calculated from at least three independent biological replicate experiments. 
The IC values were not determined (N.D.) in MDA-MB-231 cells for CT04 since there was minimal 
effect of CT04 on growth inhibition up to a 1 µg/mL dose (refer to Figure 4.6). 
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We next performed isobole testing using the Loewe additivity formula to 

determine a combination index (CI) for growth inhibition. In MDA-MB-231 cells, 

CT04 (1 µg/mL) was paired with increasing doses of paclitaxel, which induced a 

synergistic repression of cell growth, producing a combination index (CI) of 0.51; 

data are shown in the presence of 5 nM Paclitaxel (Figure 4.7A) (140). In 

contrast, there was no additive benefit in MDA-MB-231 cells of enhancing 

inhibition of cell growth when CH223191 (2.5 µM) was added to increasing doses 

of Paclitaxel. The growth curve of combination therapy overlapped with the curve 

of Paclitaxel alone; data shown are in the presence of 5 nM paclitaxel (Figure 

4.7B).  

 

In taxane-refractory cHCI-10 cells, when cells were exposed to 0.1 µg/mL 

CT04 and to increasing concentrations of paclitaxel, CT04 strongly synergized 

with paclitaxel. A combination index of 0.59 was calculated; data shown are in 

the presence of 75 nM paclitaxel (Figure 4.7C). In contrast, the AhR inhibitor, 

CH223191, was more effective as a single agent (5 or 10 µM) in cHCI-10 cells as 

compared to either paclitaxel alone or when paired with paclitaxel (Figure 4.7D). 

When CH223191 was held constant (8 µM), treatment with paclitaxel produced 

either neutral (CI close to 1.0) or antagonistic effects (CI>1.0) in a dose-

dependent manner. For example, when paclitaxel levels were lowered from 190 

nM to 80 nM, the CI value increased from 1.33 to 2.15, whereas the CI was 

calculated to be 0.91 at a dose of 440 nM paclitaxel. Near the IC50 value of 

paclitaxel (75 nM) for cHCI-10 cells, there was no benefit of adding CH223191; 
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Figure 4.7 Pairing CT04 of CH223191 with paclitaxel is synergistic in TNBC models. 

(A-D). Tumor cell growth was measured over time using the IncuCyte S3 live-cell imager as 
described in the materials and methods. Holding either CT04 or CH223191 constant near each 
cell-line’s specific IC50 value, increasing concentrations of paclitaxel were added to the cells and 
the change in the growth ratio relative to time after drug was added (t = 0) was plotted over time 
(hours). All data are shown as the mean ± SEM for technical replicates at each time point; each 
line graph shown is representative of at least 3 independent experiments. # indicate significant 
differences in the growth ratio among treatments. I A representative cartoon model of the 
oncogenic activities of PTK6 in TNBC. PTK6 expression is regulated by the AhR/GR/HIFs 
transcriptional complex (39, 121, 122). In turn, PKT6 is a key signaling node of HGF-mediated 
oncogenic signaling in TNBC. Specifically, the SH2 domain of PTK6 is integral in the regulation of 
both RhoA and p38 MAPK. As shown, deletion of the SH2 domain, promotes tumorsphere 
formation via activation of the p38 MAPK. However, deletion of the SH2 domain decreased RhoA 
and AhR oncogenic activity in our TNBC models (i.e. cellular migration, cellular growth and 
chemoresistance). 
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data shown are in the presence of 75 nM paclitaxel (Figure 4.7D). Therefore, 

treatment of cHCI-10 cells with the Rho inhibitor (CT04) appeared to restore 

sensitivity to taxanes, but there was no benefit to adding CH223191 to a 

paclitaxel regimen in this TNBC model. However, these data suggest that TNBC 

patients who progress on taxanes may remain sensitive to AhR inhibition as a 

monotherapy.  

 

AhR/PTK6 association via the PTK6 SH2 domain is required for TNBC 

motility 

We next sought to delineate the mechanism underpinning the observed 

loss of AhR signaling in SH2-del PTK6 cells. Further analysis of AhR-regulated 

signaling molecules from our RPPA dataset revealed a number of differentially 

regulated proteins (Figure 4.8A, purple box) including cyclin D1, cyclin E1, and 

127hosphor-p65 NF-KB. These proteins have been implicated in cell motility and 

adhesion (141-143), as well as cell cycle regulation (144, 145). AhR has 

traditionally been studied as a regulator of environmental toxins and carcinogens 

(146, 147). AhR is well-known to partner with the aryl hydrocarbon receptor 

nuclear translocator (ARNT), which is also the obligated heterodimeric partner of 

HIF1a and HIF2a to form the HIF1 or HIF2 transcription factors. More recently, 

AhR has been implicated in epithelial cell survival, promotion of EMT, and motility 

(148-150). Additionally, AhR has been reported to contain phosphotyrosine 

motifs (151). We showed previously that HGF (i.e. MET receptor signaling) 

stimulates PTK6 auto-phosphorylation on tyrosine and kinase activation. 
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Figure 4.8 AhR activity requires PTK6 SH2 domain. 

(A) Unsupervised heatmap of RPPA dataset identified by IPA “AhR Signaling”. (B) MDA-MB-231 
cells expressing WT or SH2-del PTK6 were starved and treated with veh or HGF (50 ng/mL; 
30 min). AhR-containing complexes were isolated using AhR-specific antibodies and protein G-
agarose beads. Western blots were performed on immunocomplexes and whole-cell lysates (FL; 
full length). Representative blot of n = 3 experimental repeats are shown. (C) TNBC migration was 
examined with AhR inhibitor CH223191 (10 µM). Data were analyzed by Student’s t-test for 
significance; ** p < 0.01, *** p < 0.001 (n = 4). (D) Colony formation with AhR inhibitor CH223191 
(10 µM). Data was analyzed by two-way ANOVA with post-hoc corrections; *** p < 0.001 (n = 3). I 
mRNA levels of AhR and canonical target genes CYP1A1 and CYP1B1 in MDA-MB-231 cells stably 
expressing WT or SH2-del PTK6. Data was analyzed by Student’s t-test; * p < 0.05 (n = 3). (F) 
Recruitment of AhR to the CYP1B1 promoter region was examined by ChIP-PCR. Data are shown 
as fold recruitment over vehicle control of combined n = 3 experiments and two-way ANOVA with 
post-hoc corrections was used to test significance; * p < 0.05, ** p < 0.01. 
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Therefore, the presence of co-immunoprecipitated PTK6 and AhR was examined 

in HGF-treated WT and SH2-del PTK6 expressing MDA-MB-231 cells by 

immunoblotting. Strikingly, whereas AhR strongly associated with WT PTK6 

independent of HGF stimulation, its association with SH2-del PTK6 was 

diminished to background levels upon HGF stimulation (Figure 4.8B). These data 

suggest that the PTK6 SH2-domain is needed to support sustained PTK6/AhR 

interaction when PTK6 is autophosphorylated/activated.  

 

We next turned to AhR antagonism (CH223191) in a panel of TNBC 

models that expressed AhR (Figure 4.5B) and discovered that AhR inhibition 

reduced HGF-directed TNBC cell migration in transwell assays (Figure 4.8C). 

AhR inhibition also decreased anchorage independent colony formation (Figure 

4.8D). However, as shown in Figure 4.3C, there was no difference in 

proliferation/survival as measured by soft agar colony formation between WT and 

SH2-del PTK6 expressing cells. Given that migration assays were performed 

over the course of 24 h, it is unlikely that the effect on TNBC migration is due to 

inhibition of the cell cycle. These data indicate that a sustained AhR/PTK6 

interaction predominantly dependent upon the intact PTK6 SH2 domain is 

required for TNBC motility signaling. In contrast, AhR appears to regulate soft 

agar growth independently of the PTK6 SH2 domain. 

 

Phosphorylation of AhR tyrosine 9 residue is required for DNA binding 

(151). To investigate whether AhR target gene expression is impacted in SH2-del 
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PTK6 cells, we performed qRT-PCR for two AhR target genes CYP1A1 and 

CYP1B1, two extrahepatic enzymes responsible for metabolism of drugs, 

carcinogens, and endogenous compounds (148, 150). Interestingly, although 

AhR mRNA itself was unchanged, CYP1A1 and CYP1B1 expression was 

significantly reduced in SH2-del PTK6 MDA-MB-231 cells (Figure 4.8E). To 

examine AhR recruitment to CYP1B1 promoter regions, we conducted ChIP 

assays in WT and SH2-del PTK6 MDA-MB-231 cells. Robust recruitment of AhR 

to the CYP1B1 promoter site was observed with HGF stimulation in both WT and 

KM PTK6 cells (Figure 4.8F). However, AhR recruitment was strikingly reduced 

in SH2-del PTK6 cells (Figure 4.8F) indicating that the PTK6 SH2 domain, and 

not its kinase activity, is required for AhR localization to CYP1B1 DNA. These 

data hint at a novel role for PTK6 in the transcription of AhR target genes.  

 
AhR and PTK6 co-expression are associated with poor prognosis 

On the basis of our findings that AhR plays an important role in both 

TNBC motility and colony formation, we next examined whether this is 

recapitulated in patient specimens following isolation of primary organoids from 

human breast tumor samples. Three-dimensional epithelial organoid cultures are 

representative of central breast cancer features and facilitate high-throughput 

drug screening (152). We first performed qRT-PCR on organoids derived from 

both normal and malignant tissues to determine whether AhR expression was 

altered. Indeed, we found that AHR mRNA levels were increased in invasive 

DCIS tumor-derived organoids compared to organoids from normal breast tissue 

(Figure 4.9A). Consistent with previous reports, PTK6 transcript levels were also 
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Figure 4.9 AhR and PTK6 expression promote aggressive breast cancer phenotypes. 

(A) AhR and (B) PTK6 mRNA expression was analyzed in organoids isolated from human breast 
tumor samples or normal adjacent tissue. Data were analyzed by Student’s t-test; * p < 0.05. Data 
represents the mean ± SD (n = 2). (C) Organoids were grown from human malignant tissue and 
treated with vehicle or CH223191 (10 µM). Representative images of two separate experiments 
are shown. Branching organoids were quantified by manual counting in ImageJ (n = 5 
fields/sample) and expressed as a percentage of total organoid number. Significance was 
determined by Student’s t-test; * p < 0.05. (D) SurvExpress was used to stratify recurrence-free 
survival (left) and distant metastasis free survival (right) based on median expression of PTK6, 
AhR, and GR (NR3C1) across all breast cancer subtypes.
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higher in tumor samples than normal tissue (Figure 4.9B) (123). We next 

examined tumor-derived organoid invasion into a Matrigel/Collagen I matrix and 

found that CH223919 reduced organoid branching (Figure 4.9C). To investigate 

the relationship between AhR, PTK6, and GR (known to induce PTK6 

transcription) in the context of patient outcomes, we employed the SurvExpress 

tool to analyze survival data using publicly available datasets. Interestingly, co-

expression of PTK6, AhR, and GR correlated with a decrease in relapse-free and 

distant metastasis-free survival (Figure 4.9D). These data demonstrate that the 

relationship between AhR and PTK6 and metastatic burden is not limited to our 

cell line models, but also extends to human tumor samples, suggesting that 

targeting AhR in PTK6+, and likely GR+, TNBC may be useful in the treatment of 

stage IV metastatic disease. In summary, our data indicate that in TNBC GR/HIF-

induction of PTK6 results in a feed-forward signaling cascade dependent on 

PTK6 SH2 domain-mediated activation of AhR and Rho pathways, leading to 

increased cell migration, whereas synergy with paclitaxel chemotherapy was 

observed upon inhibition of Rho (CT04), but not AhR (CH223191) in the TNBC 

models tested herein (Figure 4.9E). 

Discussion 

Herein, we have generated PTK6 KO, kinase-dead, and domain-specific 

cell lines in order to dissect the roles of the different functional domains of PTK6 

and their actions in breast cancer. We previously showed that PTK6 is directly 

regulated by the HIF transcription factors. Our studies clearly show that PTK6 

expression negatively correlates with overall survival and that re-expression of 
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PTK6 in the context of HIF DKO cells rescues cell motility, invasion and lung 

metastasis (Figure 4.1). Likewise, whereas deletion of PTK6 does not impair 

primary tumor growth, deletion of PTK6 represses lung metastasis in a tail vein 

assay, whereas the forced expression of PTK6 slightly enhances lung 

metastasis. Using a variety of PTK6 domain mutants, we now show that the 

kinase domain of PTK6 is dispensable for TNBC migration and tumorsphere 

formation and that these activities are instead regulated by the SH2-domain of 

PTK6 (Figure 4.3). Additionally, we report that the SH2-domain of PTK6 is 

essential for the HGF-induced activation of RhoA (Figure 4.5 and Table 4.1) and 

is strongly associated with AhR binding to phosphorylated/activated PTK6 

(Figure 4.8). The SH2 domain is known to bind substrate phosphotyrosine motifs; 

these scaffolding actions appear to be central to execution of PTK6-mediated 

CSC phenotypes and to cell migration in TNBC cells. Together, our results 

indicate PTK6 acts as a key hub/integrator of oncogenic signaling pathways for 

these biological activities. This conclusion is supported by our RPPA studies, 

which confirmed the regulation of distinct cellular signaling pathways by either 

the PTK6 kinase domain, which impacted proliferation/survival, relative to the 

PTK6 SH2 domain, which mediates migration potential and stemness properties.  

 

Specifically, we observed that deletion of the SH2 domain promoted 

tumorsphere formation but decreased chemotactic migration of TNBC cells. This 

dichotomy reflects the complexity of PTK6 signaling in cancer. The PTK6 SH2 

domain mediates substrate interactions that are weaker than those of c-Src, and, 
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therefore, were thought to be primarily responsible for regulating catalytic activity 

(45). It is therefore possible that removal of the SH2 domain also alters PTK6 

kinase activity. However, mutation of the C-terminal Y447 residue, which results 

in a constitutively active PTK6 protein, did not mimic SH2-del biology (Figure 

4.3). Furthermore, p38 phosphorylation was increased in SH2-del PTK6 

expressing TNBC cells. Along with results showing that WT and kinase-dead 

(KM) PTK6+ cancer cell behaviors are indistinct in the context of migration and 

tumorsphere formation, we can conclude that the SH2 domain is primarily 

responsible for mediating PTK6 oncogenic signaling. This novel observation is 

highly relevant to PTK6 drug design as previous efforts have focused on 

targeting PTK6 kinase activity (62).  

 

Therapeutic strategies targeting PTK6 to date have largely focused on 

targeting the kinase domain with small molecule inhibitors that recognize the 

ATP-binding pocket of the kinase domain (153). While PTK6 kinase inhibition 

appears useful in colon cancer models, this strategy failed to decrease 

tumorigenesis in vitro in either luminal and TNBC models of breast cancer (46, 

62), stalling their progress to successful clinical trials. To our knowledge PTK6 

SH2 domain-specific inhibitors do not yet exist. Lack of chemical inhibitors to this 

domain is likely due to the challenging nature of designing such inhibitors to large 

non-enzyme domains (154). However, our data clearly demonstrate that 

inhibition of two downstream effectors of PTK6 that are mediated by the SH2 

domain (RhoA, AhR) are effective in decreasing PTK6 oncogenic activity in 
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TNBC. However, since CT04 (RhoA inhibitor) is a ~24 kDa protein, targeting AhR 

via the small molecular inhibitor CH223191 may be more amenable for future 

pre-clinical studies in rodents as an anti-metastatic agent. In taxane-sensitive 

MDA-MB-231 cells and in taxane-refractory cHCI-10 PDX cells, CT04 was 

synergistic with paclitaxel, suggesting that adding a Rho inhibitor to a paclitaxel 

regimen may benefit patients who are progressing on taxanes alone. These data 

also demonstrate that PTK6-mediated chemoresistance to paclitaxel can be 

reversed by co-treatment with paclitaxel and a Rho inhibitor. In contrast, 

CH223191 did not enhance paclitaxel-induced growth inhibition in MDA-MB-231 

cells and it was neutral or antagonistic to paclitaxel in the cHCI-10 model. 

Interestingly, CH223191 alone inhibited cHCI-10 cell growth, suggesting its use 

as a monotherapy in taxane-resistant patients may be beneficial. Even if 

CH223191 is not additive to paclitaxel to enhance tumor cell growth inhibition, it 

clearly represses cell motility and invasion, at least in vitro. Additional studies are 

required to validate PTK6 and GR as valuable biomarkers that may predict Rho 

or AhR inhibition response in combination with taxanes, or other cytotoxic 

agents, in TNBC. PTK6 has been shown to directly bind to and activate Rac1 

GTPase in luminal breast cancer models (123, 125, 155). Our RPPA data 

identified increased RhoGDI signaling in SH2-del expressing TNBC cells (Table 

4.1). Here, we demonstrate that the PTK6 SH2 domain is required for the 

activation of RhoA in TNBC cell lines (Figure 4.8). These data suggest that the 

PTK6 SH2-domain is critical for RhoA-signaling mediation of motility in TNBC. 

However, no direct protein interactions were found between RhoA and PTK6 in 
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TNBC cells. It is possible that PTK6 interacts with RhoGDIs instead of directly 

interacting with RhoA through the SH2-domain since proteomic analyses have 

identified RhoGDI as tyrosine-phosphorylated proteins in cancer cells (156). In 

addition, the mechanism by which RhoGDIs negatively regulate Rho GTPases 

remains largely undefined. Taken in the context of our current data, we propose 

that PTK6 sequesters RhoGDIs via the SH2 domain, allowing for increased 

RhoA activation. Alternatively, PTK6 activation of RhoA may occur via paxillin 

phosphorylation as was reported previously for Rac1 (75). Further studies are 

needed to dissect the role of PTK6 in the activation of the Rho pathway.  

 

Similarly, another candidate pathway that is regulated downstream of 

engagement with PTK6, in part via the SH2 domain, is the stress kinase p38 

MAPK, which has been implicated in EMT, a process resembling stemness in 

cancer cells (157, 158). MAPK activation occurs after dual phosphorylation of 

their Thr-Gly-Tyrosine motifs by upstream MEK (MAP kinase kinase) family 

members (159). Notably, PTK6 expression was previously shown to amplify 

EGF-stimulated p38-driven pro-survival phenotypes, and mammary gland-

specific expression of PTK6 in WAP-PTK6 transgenic mice resulted in greatly 

elevated p38 MAPK activity in mammary tissues, delayed involution, and latent 

mammary tumor formation (126). These findings support our data showing that 

inhibition of p38 MAPK decreased PTK6-induced TNBC cell growth in 

suspension. Conversely however, our data show that loss of the PTK6 SH2 

domain increases p38 phosphorylation. Taken together, these results suggest 
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that PTK6 activates p38 MAPK via other PTK6 domains and that this activity is 

further elevated upon deletion of the SH2 domain. Consistent with this 

hypothesis, the PTK6 SH2 domain may regulate p38 MAPK signaling by 

modulating protein-tyrosine phosphatase (PTP) activity. PTP enzymes are 

themselves phosphorylated on tyrosine residues, providing binding sites for SH2-

containing proteins (155). Alternatively, access to downstream effector pathways 

may be altered upon loss of the PTK6 SH2 domain (i.e. via altered competition 

for PTK6 binding), thereby favoring activation of the p38 pathway via the PTK6 

kinase or SH3 domains. Further studies are required to elucidate the complex 

mechanisms of PTK6-mediated activation/inactivation of p38 MAPK and 

regulation of cancer cell stem-like properties.  

 

Pathway analysis of RPPA antibody intensity data also nominated AhR 

signaling as a critical signaling pathway downstream of the PTK6 SH2 domain. 

We find that AhR inhibition reduces both TNBC cell motility and chemotaxis-

mediated migration (Figure 4.8C, 4.8D). We were surprised to note that when 

PTK6 and AhR were unable to interact in SH2-del PTK6 expressing cells, AhR 

target gene expression was also disrupted (Figure 4.8B, 4.8E), implicating PTK6 

in AhR-dependent regulation of transcription. In support of this, the AhR 

137hosphor-tyrosine 9 motif was shown to be critical for AhR transcriptional 

activity (151). AhR target genes CYP1A1 and CYP1B1 are members of the 

CYP450 enzyme family and are responsible for the metabolism of polycyclic 

aromatic hydrocarbons found in both endogenous and exogenous compounds 
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(160). Furthermore, these enzymes are known to be involved in carcinogenesis 

via production of carcinogenic metabolites (148). Increased levels of these 

enzymes are found in colon, bladder, and breast cancer (161, 162). Interestingly, 

PTK6 and AhR are both overexpressed in colon and bladder cancers (163-165), 

indicating that this phenomenon is not exclusive to breast neoplasia. GR has also 

been implicated in bladder and colon cancer (75); recent literature linking AhR 

signaling with GR in hypoxic conditions suggests that GR-regulated HIF-1a 

dimerizes with ARNT (166, 167) leading to cross-talk between the AhR/ARNT 

and GR/HIF pathways. Furthermore, activation of GR with glucocorticoids was 

shown to promote breast cancer metastasis (25). Taken in the context of our 

previous data reporting hypoxia-induced PTK6 expression (122) and the results 

described herein, we suggest that PTK6 simultaneously orchestrates GR and 

AhR signaling pathways to promote disease progression and overall poor 

prognosis in these patients (Figure 4.9) (75, 122). The interdependence of these 

molecules may mediate a sustained signaling response, resulting in tumor cell 

dissemination and survival in circulation.     

 

In conclusion, we propose that inhibition of PTK6 should not be limited to 

targeting the PTK6 kinase domain but should also target the PTK6 SH2-domain. 

Our data show that Rho or AhR inhibition reduces both TNBC motility and soft 

agar growth in vitro. Targeting PTK6 via these SH2 domain interactors could 

increase overall survival and decrease metastatic spread in TNBC patients, 

which warrants further investigation. Despite our results that implicate Rho and 
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p38 MAPK as important effector proteins of PTK6, targeting these ubiquitous 

proteins clinically will be challenging and will require targeting their effector 

proteins for clinical efficacy (152, 168, 169). Conversely, AhR is an attractive 

targetable mediator of carcinogenesis/transformation of epithelial cells (170). As 

a ligand-activated transcription factor and nuclear receptor, useful small molecule 

receptor antagonists would need to be optimized for future use in pre-clinical 

studies aimed at treating breast and other PTK6+ cancers.  
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Chapter 5 Conclusions 
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Summary and Conclusions 

We conclude that GR is a key mediator of TNBC progression. We 

identified that ligand-independent but p38 MAPK-induced phosphorylation of GR 

on S134 is essential for its deleterious actions as a driver of TNBC migration, 

invasion, anchorage-independent cell growth, and tumorsphere formation. At the 

molecular level, pS134-GR is required for basal expression of MAP3K5, a 

required MAP kinase-kinase-kinase component of the intact p38 MAPK module. 

These are key discoveries for identifying how cellular stress-mediated events 

may increase progression of breast cancer. Our work demonstrates how GR is 

the integrator of cellular stress, local cytokines (TGFβ1) and growth factors 

(HGF). Cellular stress in the context of cytokines and growth factors can induce 

phosphorylation of GR on S134 and this acts as an input signaling process to 

activate GR. Glucocorticoid receptor then acts in a “more malignant” manner by 

direct regulation of genes that mediate advanced cancer phenotypes. Although 

more research is required, it is thought provoking to believe that GR acts 

differently in non-TNBC and TNBC, because of post-translational modifications 

such as phosphorylation that predominate in TNBC. These phosphorylation 

events alter GR actions in cellular signaling profoundly. In a similar manner, 

these GR modifications are mediated by different forms of cellular stress (i.e. 

hypoxia, ROS, inflammation). Notably, as demonstrated in our work, TGFβ1 

increases phosphorylation of GR in multiple TNBC models. These 

phosphorylation events on GR are mediated by the p38 cellular stress-induced 

MAPK. P38 MAPK is regulated by a diverse array of stress processes including 
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chronic inflammation (reviewed in (66)). For example, when chronic inflammation 

ensues in esophageal tissue, this increases the TGFβ1 levels which in turn leads 

to fibrosis (i.e. “wound that never heals”) (171). In a similar manner, these events 

and the analogous cellular signaling axis (i.e. signaling inputs to 142hosphor-GR) 

are highly relevant to breast cancer progression (Figure 3.13).  

 

Additionally, we also identified that phosphorylation of GR on S134 is 

required for the ligand-mediated expression of PDK4, an important gene required 

for metabolic homeostasis in TNBC. Metabolic reprogramming is required for 

many processes that are essential for EMT such as migration and stem-cell like 

behavior (172). PDK4 has been previously identified to be essential in the 

regulation of EMT, metabolic programming, apoptosis, and stemness. In a recent 

report, it was shown that miR-211 decreases the expression of PDK4 in breast 

cancer cell lines (TNBC and non-TNBC). Moreover, high expression of PDK4 

correlated with lower overall survival in both ER-positive and ER-negative breast 

cancer. Similar to our results, miR-211 was shown to suppress the glycolytic 

pathway, thus high levels of PDK4 promote glycolysis (173). By increasing 

aerobic glycolysis, breast cancer cells sustain the Warburg effect and in turn can 

induce EMT (reviewed in (172)).  

 

MAP3K5/ASK1 is another cellular stress-related protein that is 

understudied in the context of cancer. Notably, MAP3K5/ASK1 actions in TNBC 

are not yet fully understood in breast cancer, specifically in TNBC. We identified 
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that its expression is increased in TNBC. Additionally, we identified that it is an 

important mediator of TGFβ1-induced GR phosphorylation and cancer cell 

migration. However, due to its importance in apoptosis in non-cancer cellular 

signaling, it is possible that MAP3K5 is involved in inducing oncogenesis of 

TNBC in various ways. For example, it is well known that 14-3-3ζ is important for 

the activity of MAP3K5/ASK1 in various models. Because 14-3-3ζ has been 

implicated in many processes of breast cancer, it is possible that ASK1/MAP3K5 

is also an important factor for pathogenesis of breast cancer (34, 35, 174) .  

 

Glucocorticoid receptors are a tremendously complex steroid hormone 

receptor that responds differently depending on the cellular context as seen in 

Chapter 3. Thus, in future studies, we plan to better define how post-translational 

modifications such as phosphorylation on S134 alter GR occupancy of DNA. 

Recent studies have shown that using single cell RNA-Seq dissects several 

population subtypes even in the presence of the same conditions (175). These 

findings highlight the highly specific context-dependent mechanisms of GR in cell 

signaling and cancer biology. 

 

GR is essential for the expression of PTK6 and yet the specific role of 

PTK6 in TNBC remains unknown; we decided to explore PTK6-dependent 

actions in TNBC. Using MDA-MB-231 cells, we expressed different mutant 

versions of PTK6. We identified that the SH2 domain is important for various 

phenotypes in TNBC. Specifically, using an in vivo approach we identified PTK6 
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as a major player in promoting TNBC metastasis to the lungs. Domain-

dependent functions were identified by screening different important phenotypes 

for TNBC such as growth, migration, and tumorsphere formation. We identified 

that the SH2-domain is essential for promoting migration in TNBC, yet its loss 

induces cells to form more tumorspheres. In the context of metastasis and 

possible TNBC dissemination, this has many implications. First, it is possible that 

PTK6 is relevant for the integration of both stemness and metastasis signaling 

pathways. Thus, when SH2-specific functions are activated, TNBC cells are able 

to migrate. However, upon losing SH2-specific activity, TNBC cell functions will 

skew towards forming more tumorspheres (stem-cell like behavior). When PTK6 

is not promoting migration, it is promoting stem-cell like behavior via engagement 

with separate signaling pathways. Both migration and stemness are essential 

processes for EMT.  

 

Significance 
We identified a pS134-GR 24-gene signature induced by TGFβ1 that may 

serve as a valuable paired diagnostic with which to identify patients who have 

GR-driven breast tumors and are thus at high risk of succumbing to metastatic 

disease. As GR is a ubiquitous steroid hormone receptor, pS134-GR may 

function similarly in other endocrine-related and/or highly metastatic forms of 

neoplasia (i.e. prostate cancer, ovarian cancer, melanoma). More work is needed 

to explore these avenues for clinical translation. 
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Further studies are needed to better understand how to inhibit cellular-

stress and glucocorticoid-mediated processes in the context of breast cancer. 

Many of these processes are required for cellular homeostasis and more 

importantly for immunological response to pathogens. Accordingly, 

immunotherapy has become a possible way to treat TNBC. Recent reports have 

shed light about the use of these agents, such as pembrolizumab, in TNBC 

patients (11). Inhibition of GR signaling will potentially further promote the actions 

of immunotherapy in solid tumors. It has been well established that GR and its 

ligands are immunosuppressive (13). Thus, inhibition of GR could induce 

immune activation and further potentiate the action of the adaptive and innate 

immune system against TNBC. On the other hand, few research projects have 

investigated the role of GR in the mesenchymal/hematopoietic-derived cells of 

the tumor microenvironment such as macrophages, T-cells, B-cells, fibroblasts 

and others. It is becoming increasingly important to understand what the role of 

GR in these types of cells is and what is the state of post-translational 

modifications of GR. Single-cell sequencing could be used to better understand 

GR in these contexts.  

 

Additionally, in terms of potential treatments for TNBC, our data show that 

RhoA inhibition with paclitaxel may enhance growth inhibition. Further studies are 

needed to evaluate the interface between RhoA pathways and GR. We speculate 

that there is some interaction between these key players of migration. Potentially, 

co-inhibition may potentiate inhibition of oncogenesis in GR+ tumors. Further 
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studies will aim to better define this potential interaction in TNBC and its possible 

role in therapeutic approaches.   
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