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ABSTRACT 

Resistance to endocrine therapies remains a major challenge for patients with estrogen 

receptor-positive (ER+) breast cancer. Adaptive reprogramming of cellular metabolism in 

response to treatment is one feature of this resistance. Solute carriers (SLCs) transport 

sugars, amino acids, and other nutrients, regulating their intracellular abundance. We 

found 109 SLC mRNAs to be differentially expressed between endocrine sensitive and 

resistant breast cancer cells. In univariate analyses, 55 of these SLC mRNAs were 

associated with poor outcome in ER+ breast cancer patients treated with an endocrine 

therapy. Data from tandem mass tag (TMT) and stable isotope labeling with amino acids 

in cell culture (SILAC) studies identified 20 SLC proteins that were upregulated and 35 

that were down regulated in resistant compared with sensitive human breast cancer cells. 

TMT and SILAC also found an upregulation of heat shock proteins HSPB8 and BAG3 in 

endocrine resistant cells. We concluded that HSPB8 was upregulated by estrogen in 

sensitive cells; BAG3 decreased with estrogen treatment. Genetic targeting of HSPB8 

reduced S phase, but we could not determine the mechanism by which HSP8 influenced 

autophagy. We focused our mechanistic studies on SLC7A5 (LAT1) which, in complex 

with SLC3A2 (CD98), is the primary transporter of large, neutral amino acids including 

leucine and tyrosine. LAT1 expression was estrogen-regulated in endocrine sensitive 

cells but this regulation was lost, and basal expression was increased, in resistant cells. 
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Of two EREs we identified in the LAT1 gene, ChIP-qRT-PCR confirmed site Ch16: 

87868314-87868373 where levels of H4 acetylation increased, while levels of H3K9 

dimethylation decreased, with estrogen treatment. Pharmacologic inhibition or genetic 

depletion of LAT1 each suppressed global protein translation as measured by total 

puromycinylated protein levels and cell proliferation in endocrine resistant cells. 

Overexpression of the LAT1 cDNA increased protein synthesis in cells. This study 

uncovers a novel LAT1-mediated adaptive response that contributes to the development 

of endocrine resistance and illuminates a possible role for LAT1 activity, and that of other 

SLCs, as potential rate limiting steps in determining the proliferative capacity of ER+ 

breast cancer cells. Blocking LAT1 function may offer a new avenue for effective 

therapeutic intervention against endocrine resistant ER+ breast cancers. 

.       
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Chapter 1: Introduction 

Breast cancer overview 

Breast cancer is the most frequently diagnosed cancer and the second leading cause of 

cancer death in women worldwide (Torre et al., 2017). In the United States, over 260,000 

new diagnoses will be given and over 41,000 women will succumb to this disease in 2020  

(Siegel, Miller and Jemal, 2019). Breast cancer is not a single disease, with many 

subtypes and factors to consider when determining the optimal treatment regimen. The 

three biomarkers used to assess a woman’s treatment options include the presence or 

absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal 

growth factor 2 (HER2) (Cardoso et al., 2017). The presence or absence of these 

receptors is used to determine which clinical treatment strategy is applied. The main 

subtypes for treatment include hormone positive (ER±, PR±), human epidermal growth 

factor positive (HER2+), and triple negative (ER-, PR-, and HER2-) (Senkus et al., 2015). 

Luminal A classified tumors are ER+, HER2-, and low tumor grade. Luminal B tumors are 

also ER+ and may be HER2±; these tumors generally exhibit high Ki67 expression 

indicating a more actively proliferative phenotype. All these factors, along with age, tumor 

histology, size, grade, and the presence of vascular invasion or regional lymph node 

involvement, are used to guide the course of a patient’s treatment.  

Breast cancer treatments and therapeutic strategies 

Approximately 80% of all breast cancers express the estrogen receptor (Lumachi et al., 

2013). To treat this subtype of breast cancer, several therapies have been developed. 

Endocrine therapies target the estrogen receptor and today there are many options 

(discussed later in this section) for which endocrine therapy a clinician can prescribe as 
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a first-line therapy (Senkus et al., 2015; Cardoso et al., 2017). A first-line therapy is the 

initial treatment a woman receives. Should this therapy fail, a second- or third-line therapy 

can be used to reduce tumor volume. First-line therapy usually follows surgical resection 

of the primary tumor and, where appropriate, any likely involved local lymph nodes.  

Finally, if the tumor is also HER2+, a targeted HER2 therapy such as trastuzumab is 

recommended. If these interventions fail, then the patient is usually offered cytotoxic 

chemotherapy.  

The estrogen receptor is a nuclear hormone receptor that, following the binding of its 

ligand, can regulate many functions within a cell. This ligand is generally a naturally 

occurring estrogen including 17β-estradiol (the most potent ligand), estrone, and estriol 

(Weis et al., 1996; Nilsson et al., 2001). ERα and ERβ are two distinct genes with varying 

downstream targets in specific tissues (Lee, Kim and Choi, 2012).  Stimulating a cell with 

estrogen can regulate cell survival or death. ER can regulate signals from the cell surface 

to mitochondrial functions to nuclear signaling (Marino, Galluzzo and Ascenzi, 2006). This 

regulation occurs through signaling via ligand-dependent or ligand-independent pathways 

(Nilsson et al., 2001). In a ligand-dependent or direct pathway, estrogen can bind ER on 

the membrane and induce ER dimerization to activation functions (AFs) which translocate 

to the nuclear to an estrogen response element (ERE). These EREs can be the entire 

consensus sequence 5’-GGTCAnnnTGACC-3’ or a portion of that sequence (Klinge, 

2001). Ligand-independent or indirect signaling occurs through growth factor kinases that 

phosphorylate ER. Activated ER can also bind activating protein-1 (AP1) or stimulating 

protein-1 (SP1) and regulate signaling at AP1 or SP1 sites. The AP1 complex contains 

Jun protein timers and Jun/Fos heterodimers which can be used by ER to enhance 
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transcription at AP1 containing sites (Gaub et al., 1990). After stimulation with estrogen, 

ER can enhance binding of SP1 to GC rich regions of DNA and recruit coactivators to 

enhance transcriptional activity at SP1 containing sites (Porter et al., 1997; O’Lone et al., 

2004).  

For treatment of ER+ breast cancer, ERα has been targeted with several pharmacological 

strategies. Selective estrogen receptor modulators (SERMs) such as tamoxifen (referred 

to as TAM or T in figures) are commonly used as a first-line therapy, particularly for 

premenopausal patients. Tamoxifen has consistently been found effective in the 

metastatic setting. A review of over 80 clinical trials showed an overall response rate 

(ORR) of 34% for single agent tamoxifen (Verschoor et al., 2016). In addition, tamoxifen 

is used in the chemoprevention setting for women at high risk to develop ER-positive 

metastatic breast cancer. Tamoxifen is more often prescribed to premenopausal women 

as a first-line therapy and for postmenopausal women as second- or third-line treatment. 

Bilateral ovariectomy can also be performed to reduce total estrogen levels in the body. 

Five to ten years of a systemic endocrine treatment is currently standard of care, generally 

beginning after surgery to remove the primary tumor mass. Ovarian ablation in 

combination with tamoxifen was found to produce a higher overall survival (OS) rate 

(Senkus et al., 2015; Cardoso et al., 2017). Tamoxifen acts as an antineoplastic drug by 

blocking activity of the estrogen receptor. However studies have shown partial agonist 

activity for tamoxifen in some tissues (Müller, Jensen and Knabbe, 1998). Partial agonist 

activity occurs due to tamoxifen restricting the activation function 2 (AF2) domain of ER 

from activating ER target genes but leaving the activation function 1 (AF1) domain intact 

(Figure 1A). Partial agonist activity can be detrimental to long term tumor ablation and 
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can increase the risk of endometrial cancer (Hu, Hilakivi-Clarke and Clarke, 2015). Newer 

therapies without partial agonist activity have been developed to target the estrogen 

receptor.  

Selective estrogen receptor down-regulators, such as fulvestrant, are common for 

second-line endocrine therapies should first-line therapy fail. Fulvestrant blocks the 

estrogen receptor and has no detectable partial agonist activity. As an antagonist, 

fulvestrant affectively blocks both AF1 and AF2 domains, furthering limiting activation of 

ER target genes (Figure 1A). Ubiquitination of ERα, which leads to ERα protein 

degradation, also occurs with fulvestrant. Degradation and blockage effectively stops ER 

signaling (Dauvois et al., 1992). Fulvestrant has been increasingly studied in combination 

with a CDK4/6 inhibitor such as palbociclib or ribociclib. CDK4/6 inhibitors prevent cell 

growth by restricting the cell cycle progression from G1 to S phase (Lam, Liu and Lee, 

2020). There are many new generations of CDK4/6 inhibitors such as abemaciclib being 

used in ongoing clinical trials (Nathan and Schmid, 2017). Recently, ribociclib in 

combination with fulvestrant showed a significant OS benefit over placebo with fulvestrant 

(Harbeck et al., 2020; Slamon et al., 2020).  

If a woman is postmenopausal, she is most likely to be treated with an aromatase inhibitor 

(steroidal or non-steroidal) as the first-line endocrine intervention. Aromatase inhibitors 

block the conversion of precursor estrogens to estrogen (Figure 1B). Steroidal aromatase 

inhibitors include exemestane, while nonsteroidal aromatase inhibitors include letrozole 

and anastrozole. Exemestane binds irreversibly to aromatase. Letrozole and anastrozole 

are reversible inhibitors (Buzdar et al., 2002). Aromatase inhibitors have been shown to 

have an improved overall response rate (ORR), and time to progression compared with 
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tamoxifen (Ferretti et al., 2006; Goetz et al., 2020; Lee et al., 2020). However, there is no 

evidence to suggest that one aromatase inhibitor is superior to another. Also, there is little 

evidence that aromatase inhibitors have a better effect on OS than tamoxifen (Cuzick et 

al., 2010; Dowsett et al., 2010; Aihara et al., 2014). Ovarian estrogen production will 

cease after menopause, but the brain, muscle, and adipose tissues (including adipose in 

the breast) can continue to make estrogens. If a patient is postmenopausal at diagnosis, 

she could receive either an aromatase inhibitor or tamoxifen. A CDK4/6 inhibitor in 

combination with an aromatase inhibitor or fulvestrant is becoming more widely used as 

a first-line endocrine intervention.  
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Figure 1: The mechanism of action of endocrine therapies. A) Tamoxifen (T) and 

fulvestrant (F) both target the estrogen receptor (ER). The AF domains 1 and 2 both 

interact with estrogen response elements (ERE) and co-activators or co-repressors to 

regulate transcription. The pie charts show which percentage of transcription is 

antagonist, agonist, or partial agonist/antagonist. For ER gene signaling, tamoxifen has 

partial agonist activity while fulvestrant is only an antagonist. B) Aromatase inhibitors 

block the conversion of androgens (androstenedione or testosterone) to estrogens 

(estrone or 17β-estradiol). Adapted from: (Lumachi et al., 2013; Nathan and Schmid, 

2017). 
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Endocrine therapies have been proven to be both safe and effective for treating ER+ 

disease. Nonetheless, several side effects are associated with each therapy. For 

example, one side effect of tamoxifen is hot flashes, which creates adherence problems 

when used in prevention because these are otherwise healthy subjects (Heery, Corbett 

and Zelkowitz, 2018). Additional side effects of both tamoxifen and fulvestrant include 

fatigue, headaches, nausea, bone weakness (Fulvestrant only), and mood swings or 

depression (Nathan and Schmid, 2017). The side effects of aromatase inhibitors mimic 

menopause with joint or muscle pain as well as osteoporosis (Ferretti et al., 2006). These 

side effects are considered when selecting an individualized treatment regimen for 

patients. Dose schedule can also affect tumor growth and drug effectiveness, which is 

why choosing the first endocrine therapy treatment regimen is critical.   

The development of endocrine resistance 

Endocrine therapies have substantially improved overall survival for patients, but 

unfortunately, endocrine resistance remains a serious clinical challenge (Reinert and 

Barrios, 2015; Ballinger, Meier and Jansen, 2018; Hanker, Sudhan and Arteaga, 2020). 

Some ER+ tumors never respond to frontline endocrine therapies (de novo resistance), 

and others develop resistance during therapy or recur after an apparently successful 

treatment (acquired resistance) (Clarke, Tyson and Dixon, 2015; Hanker, Sudhan and 

Arteaga, 2020). 30% of ER+ tumors never respond to endocrine therapy treatment. Most 

ER+ tumors that initially respond to an endocrine therapy will lose effectiveness over time 

even while continuing to express ER. ERα expression is tightly regulated and can 

fluctuate spatially and temporally within a tumor. These tumors could have mutations in 

ER that render it constitutively active or result in a loss of regulation of downstream 
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targets. This phenomenon could explain how some tumors lose responsiveness to 

aromatase inhibitor therapies. There is no single answer to the initial development of 

endocrine resistance; however, many studies have implicated ER mutations, ER 

coregulators, and growth factors that aid in the progression of resistance (Hanker, 

Sudhan and Arteaga, 2020). Patients with de novo or acquired resistance generally 

require systemic treatment with cytotoxic chemotherapies. Chemotherapy often induces 

serious side effects (Condorelli and Vaz-Luis, 2018) but is rarely curative in advanced 

disease. It is critical to understand how resistance to endocrine therapy develops and to 

design more effective treatments for patients. Ideally, this can be achieved while 

minimizing toxicity.  

Models to study endocrine resistance 

There are many in vitro and in vivo models available to study the complexity of endocrine 

resistant disease. The most commonly used in vitro models include cell lines derived from 

hormone positive breast tumors such as MCF-7, T47D, and ZR-75-1. The MCF-7 and 

T47D cell lines came from pleural effusions in breast cancer patients (Brooks, Locke and 

Soule, 1973; Keydar et al., 1979). The ZR-75-1 cell line was derived from a malignant 

effusion treated with antiestrogen therapy (Engel et al., 1978). From these cell lines 

resistant models have been developed through clonal selection or long-term estrogen 

deprivation. The resistant ZR-75 model differs from MCF7 and T47D models as it has lost 

ER expression. The Clarke laboratory established models of endocrine resistant breast 

cancer to assess changes in the patterns of protein expression of LCC1 ( (Brunner, Fojo, 

et al., 1993); estrogen independent, tamoxifen and fulvestrant sensitive); LCC2 ((Brunner, 

Frandsen, et al., 1993); estrogen independent, tamoxifen resistant, and fulvestrant 
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sensitive), and LCC9 ((Brunner et al., 1997); estrogen independent, tamoxifen and 

fulvestrant cross-resistant) cells.  

The Jordan lab established T47D variants T47D:A18 (Murphy et al., 1989) (estrogen 

dependent, tamoxifen sensitive), T47D:A18-4HT (Murphy et al., 1989) (estrogen 

independent, tamoxifen resistant) and T47D:C42 (Pink et al., 1996) (estrogen receptor 

negative, tamoxifen resistant). Together, these models reflect several of the endocrine 

therapy sensitive and resistant phenotypes that often exist in patient cohorts.  

Relatively few in vivo models exist to study endocrine resistance. The most commonly 

used model is utilizing the compound 7, 12-dimethylbenzanthracene (DMBA) to induce 

mammary tumors in nude mice or Sprague-Dawley rats (Russo, Wilgus and Russo, 1979; 

Medina et al., 1980). Genetically engineered mouse models have allowed for induction of 

mammary tumors that exhibit various phenotypes that mimic features of the human 

disease. However, many of these genetic models are more representative of triple 

negative breast cancer (negative for ER, PR and HER2). Mammary tumors in mice can 

be driven by altering the expression of transforming growth factor alpha (TGF-α) (Otten, 

Sanders and McKnight, 1988; Jhappan et al., 1990; Matsui et al., 1990), p53 (Donehower 

et al., 1992; Jacks et al., 1994), Wnt-1 (Tsukamoto et al., 1988; Kwan et al., 1992; 

Donehower et al., 1995), amplified in breast cancer 1 (AIB1) (Osborne et al., 2003; 

Torres-Arzayus et al., 2004), or the estrogen receptor (Davis et al., 1994; Tilli et al., 2003), 

but many of these tumors lose ER expression resulting in triple negative breast cancer 

(TNBC) (Mohibi et al., 2011; Özdemir, Sflomos and Brisken, 2018). There are few models 

that can aid in determining the progression of ER positive tumor development. For 

example, Stat1-/- mice develop mammary tumors with strong ER positivity, but the tumor 
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latency is 6 months which makes them difficult to use (Chan et al., 2012). More often 

xenografts of human cell lines into a mammary fat pad are utilized to understand how 

ER+ tumors grow. MCF7, T47D, and ZR-75-1 cells can be studied in these mice to 

explore the additional complexities of human disease that are lacking in 2-D or even some 

3-D in vitro model systems.  

More recently, human patient derived xenografts (PDXs) are being used to study 

endocrine disease. These PDXs are mostly ER- and few PDXs have strong, sustained 

ER+ expression (Matthews and Sartorius, 2017). A major problem in this endeavor is low 

engraftment rate from the patient tumor sample to the mouse host. From recent PDX 

models, 6 new cell lines were derived from pleura, primary tumor, or lymph node disease 

(Finlay-Schultz et al., 2020). These PDXs express ER, although three express ER at low 

levels and are PR-. Another set of new PDXs from breast cancer brain metastasis, in a 

separate study, gave rise to two ER+ lines that sustained ER expression (Contreras-

Zárate et al., 2017). One benefit of new cell line models, in addition to the established 

models, is that they can give robustness to the effect of hormone treatments on receptor 

levels as well as to validate previous studies. Several cell lines depend on estrogen for 

growth, while others grow independently. Estrogen and other factors modulate ER 

expression and can influence endocrine therapy responsiveness.  

Role of UPR and autophagy in endocrine resistance 

Previous studies in the Clarke laboratory have focused on the unfolded protein response 

(UPR) and autophagy as critical features of the endocrine-resistant phenotype. The 

unfolded protein response is an endoplasmic reticulum stress response pathway that 

signals when misfolded or unfolded proteins accumulate within the cell (Cook, Shajahan 
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and Clarke, 2011; Clarke et al., 2012; Clarke and Cook, 2015). The heat shock protein 

GRP78 (BiP, HSPA5) can signal to three pathways that activate various downstream 

signaling cascades to address the cellular stress. If this cellular stress is sustained, 

autophagy or cell self-recycling can occur. When breast cancer cells respond to an 

endocrine therapy, they generally either growth arrest and eventually acquire resistance 

or initiate a cell death process. Clarke and colleagues showed that the duration of stress 

can affect how this cell death is processed. Heat shock proteins and B-cell lymphoma-2 

(BCL2) family members can suppress apoptosis and initiate autophagy (Clarke et al., 

2009, 2012). Signaling networks were explored that revealed changes in metabolism 

induced by cellular stress are key to this regulatory system. Endocrine-resistant cells 

overexpress MYC. Shajahan-Haq et al. (2014) found that MYC up-regulation allowed for 

endocrine-resistant cells to better respond to conditions of glucose deprivation by utilizing 

glutamine. IRF1 and ATG7 can influence the switch between autophagy and apoptosis 

(Schwartz-Roberts et al., 2015). The heat shock protein GRP78 (BiP/HSPA5) can 

modulate lipid metabolism and fatty acid oxidation to affect cellular metabolism (Cook et 

al., 2016).  

To understand these changes and explore additional pathways that allow cells to become 

endocrine resistant, we utilized two unbiased proteome sampling approaches with in vitro 

models that represent endocrine therapy-sensitive and -resistant tumors. Two 

quantitative unbiased proteome analyses were used to study differential protein 

expression of LCC1 and LCC9 cells: 1) tandem mass tag (TMT) and 2) stable isotope 

labeling with amino acids in cell culture (SILAC). Detailed descriptions of these 

methodologies can be found in the Methods section (Figure 2 shows the experimental 
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design). These two approaches use stable isotope labeling followed by mass 

spectrometry to identify peptide fragments using the increase in mass (Ong et al., 2003; 

Mertins et al., 2018). For TMT, a mass reporter section is separated from a mass 

normalization portion via a breakable linker. The TMT method was able to detect many 

differentially expressed proteins, whereas SILAC was able to detect changes with greater 

magnitude. SILAC utilizes stable isotope-containing amino acids that get synthesized into 

new proteins. This method is more practical because incorporation of the isotope can 

happen early in the experiment and variation due to sample preparation or purification 

losses is effectively eliminated. Within the limits of detection of these technologies 

(Chahrour, Cobice and Malone, 2015), we discovered many differentially regulated 

genes. In Figure 3, we compared the most upregulated proteins in endocrine therapy 

resistant LCC9 cells compared to endocrine therapy sensitive LCC1 cells. Of these, we 

noted that two solute carriers that are linked and several members of a heat shock 

complex were upregulated. These were SLC3A2 and SLC7A5 (indicated with red arrows), 

and HSPB8, BAG3, and HSPA4L (indicated with blue arrows). Much of the study covered 

in this thesis focuses on the solute carrier research. Additional work on the differentially 

regulated heat shock proteins added additional insight into endocrine resistance.  
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Figure 2: The two proteomic workflows incorporated A) SILAC and B) TMT methods 

to determine differences in LCC1 and LCC9 protein expression. Further details are 

provided in the methods section. 
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Figure 3: Significantly upregulated proteins in the LCC9 cells compared with the 

LCC1 cells at least 1.5-fold with a p value of 0.05. TMT reflects n of 3 and SILAC 

reflects n of 2 with labels switched (See Figure 2 for experimental designs). Range of the 

fold change indicated by various colors in the color key. Red arrows identify solute carriers 

of interest. Blue arrows identified heat shock proteins of interest. See Methods section for 

details on TMT and SILAC methodologies.  
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Solute carriers in cancer 

SLCs are transport proteins that can act as exchangers, cotransporters, facilitated 

transporters, or orphan transporters for key nutrients such as amino acids or sugars 

(Hediger et al., 2004). In our initial analysis we found that the solute carrier family 7 

(SLC7) has several members upregulated in resistant compared with sensitive cells. 

SLC7s can transport amino acids into cells to feed intermediate metabolism (Lin et al., 

2012; Fotiadis, Kanai and Palacín, 2013). For example, some amino acids can be 

modified to enter the citric acid cycle (Krebs cycle; tricarboxylic acid cycle), such as the 

conversion of leucine into acetoacetate or ketone bodies (Coon and Gurin, 1949; Xu et 

al., 2016). SLC7A5 (also known as LAT1) and/or its interacting partner SLC3A2 (CD98) 

are upregulated in a variety of cancers (Shennan et al., 2002; Verrey et al., 2004; Poncet 

et al., 2014; Yue et al., 2016; Hayashi and Anzai, 2017; Ansari et al., 2018; Alfarsi et al., 

2020); this regulation is critical for cell growth and survival. Amino acids including the 

essential amino acid leucine and the non-essential amino acid tyrosine are transported 

into the cell by LAT1 (Bollu et al., 2017). Upregulation of LAT1 during androgen therapy 

can drive prostate cancer progression (Xu et al., 2016), whereas homozygous knockout 

of LAT1 is embryonic lethal in mice (Poncet et al., 2014).  

Differential mRNA expression analysis of endocrine-sensitive (LCC1) and endocrine-

resistant (LCC9) cells implicated multiple solute carriers (SLCs) in acquired endocrine 

resistance (Shajahan-Haq et al., 2017). At the mRNA level, we found significantly altered 

expression of 109 members of the SLC gene family (Table 3). We confirmed 16 proteins 

from among the 109 SLC mRNAs to be differentially expressed by both TMT and SILAC 

(Table 4). We hypothesized that changes in the expression of solute carriers and nutrient 
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uptake may supplement autophagy to support the adaptations in cellular metabolism 

needed to drive an endocrine resistant phenotype.  

Varying the levels of SLCs can allow for the development of growth advantages for 

endocrine therapy resistant cells that are otherwise inhibited by treatment in sensitive 

cells. Of these SLCs, we focused here on LAT1 because it was significantly upregulated 

in the LCC9 compared with the LCC1 cells in the unbiased transcriptome analysis and in 

both the SILAC and TMT proteome analyses (Table 5). We confirmed the regulation of 

LAT1 in endocrine sensitive cells and showed the loss of this regulation in resistant cells. 

We then established mechanistically a critical role for LAT1 overexpression in enabling 

the growth of endocrine resistant breast cancer cells. 

Heat shock proteins in cancer 

Another proposed mechanism of endocrine resistance in breast cancer is the induction 

of autophagy (Cook, Shajahan and Clarke, 2011). Autophagy is a cellular process in 

which the cell digests its own cellular organelles and misfolded or unfolded proteins in 

response to stress in an attempt to restore metabolic homeostasis. Prolonged exposure 

to high levels of autophagy can leave a cell without the necessary organelles to function, 

leading to cell death, whereas adequate recovery of energy can allow the cell to survive. 

Pro-survival autophagy can allow some breast cancer cells to overcome the stress 

induced by endocrine therapies leading to drug resistance (Clarke, 2011). The specificity 

required to recognize substrates and deliver them to the appropriate autophagy 

machinery is of critical importance to the autophagy pathway and evidence points to heat 

shock proteins and their co-chaperones playing a central role (Gamerdinger, Carra and 

Behl, 2011; Dokladny, Myers and Moseley, 2015). 
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Heat shock proteins (HSPs) are a highly conserved family of molecular chaperones that 

are upregulated in response to cellular stress (e.g., extreme temperature changes, 

nutrient deprivation, toxic chemicals) allowing cells to survive otherwise lethal conditions 

(Li and Srivastava, 2003). The role of these proteins is primarily a quality control function 

to bind to non-native proteins and initiate refolding (Carra et al., 2009; Gamerdinger, 

Carra and Behl, 2011; Dhamad et al., 2016; Ganassi et al., 2016). If the damage is too 

great, HSPs can mediate protein degradation. The heat shock response can be cell 

compartment-specific, including the cytosolic stress response and the unfolded protein 

response (UPR) of the endoplasmic reticulum. UPR has been shown to play a key role in 

breast cancer cell survival and endocrine resistance (Clarke and Cook, 2015). Different 

arrangements of chaperones and co-chaperones combine to form functionally distinct 

chaperone complexes involved in protein assembly, secretion, transportation, or 

degradation (Chatterjee and Burns, 2017; Klimek et al., 2017). 

The multiprotein complex consisting of HSPB8, BAG3, and HSP70 was shown to play an 

essential role in protein quality control and the overexpression of the complex stimulated 

autophagy and facilitated protein degradation in the context of neurodegenerative 

diseases (Carra, 2009; Ganassi et al., 2016). HSPB8 is a small heat shock protein that 

binds to misfolded proteins and was found to be regulated by estrogen and highly 

expressed in tamoxifen-resistant breast cancer cells (Gonzalez-Malerva et al., 2011). 

HSPB8 was also shown to modulate cell growth and migration of breast cancer cells 

(Piccolella et al., 2017). The co-chaperone BCL2-associated athanogene 3 (BAG3) is a 

multi-domain protein that serves as a platform to connect several chaperones together 

and regulates various protein quality control functions. BAG3 binds to HSPB8 through 
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two conserved isoleucine-proline-valine motifs and binds to the N-terminal ATPase 

domain of HSP70 through its BAG domain (Rosati et al., 2011). HSP70 is a versatile 

chaperone that assists in detecting misfolded proteins (Hageman et al., 2011). The 

majority of cancers overexpress HSP70 which is a marker for poor prognosis (Murphy, 

2013). BAG3 is expressed in several tumor types and is reported to sustain cell survival 

and resistance to therapy. Given its ability to maintain protein homeostasis and its 

prevalence in breast cancer, HSPB8-BAG3-HSP70 complex members could play an 

important role in overcoming the cellular stress of endocrine therapies leading to 

resistance.  

Unknowns of SLCs and HSPs in endocrine resistance 

From our initial research and analysis of the known functions of SLCs and HSPs, we 

sought to further explore their role in the context of endocrine therapy resistance. First, 

the response to estrogen and endocrine therapies was assessed at the mRNA and 

protein levels. The levels of LAT1 and HSPB8 were manipulated to assess their effect on 

cell proliferation and survival. Studies of SLCs are discussed in Chapter 3 while studies 

of HSPs are discussed in Chapter 4. A working hypothesis model is shown in Figure 4 

and outlines how the upregulation of these proteins may aid in survival despite endocrine 

therapy treatment or cellular stress. LAT1 and CD98 upregulation could allow for the 

enhanced uptake of essential amino acids while the upregulation of HSPB8 and BAG3 

could enhance protein quality control mechanisms within the cell. The two factors 

combined would enhance pro-survival mechanisms to evade pressures that should result 

in cell death. Further study of SLCs and HSPs may provide new avenues for treatment of 

endocrine therapy resistant breast cancer.   
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Figure 4: A simplified working hypothesis model for upregulation of LAT1, CD98, 

HSPB8, and BAG3 in endocrine resistance. An increase in essential amino acids 

(eeAA) through LAT1 and CD98 can lead to increased proliferation, autophagy, and 

protein synthesis. An increase in members of the HSPB8-BAG3-HSP70 complex can, 

potentially through kinase cross talk with the unfolded protein response (UPR signaling 

stimulates IRE1, PERK, and/or ATF6), enable cells to evade apoptosis despite cellular 

stress. We did not focus on HSPA4L as little is known about the role of this heat shock 

protein. 
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Chapter 2: Methods 

Cell lines  

LCC1 cells (antiestrogen sensitive; (Brunner et al., 1993)) and LCC9 cells (antiestrogen 

resistant; (Brunner et al., 1997)) were obtained from stocks maintained by the 

Georgetown University Tissue Culture Shared Resource. LCC1 and LCC9 cells were 

cultured in 5% charcoal stripped calf serum (CCS) in phenol red free modified IMEM 

media (Life Technologies). The MCF-7:WS8 cells and T47D cell variants were a gift from 

Dr. V.C. Jordan at MD Anderson. MCF-7:WS8 cells (Sweeney et al., 2012) were 

maintained in 5% fetal bovine serum in modified IMEM media (Life Technologies). 

T47D:A18 and T47D:A18-4HT cells (Murphy et al., 1989) were grown in 5% fetal bovine 

serum (FBS) in RPMI 1640 (Life Technologies). T47D:C42 cells (Pink et al., 1996) were 

grown in 5% charcoal stripped calf serum in phenol red free modified RPMI media (Life 

Technologies). Together, this series of cell lines represent the key features of acquired 

estrogen independence and endocrine resistance that defines ER+ breast cancer. All 

cells grown in FBS media were estrogen deprived in CCS media for 72 hours before use. 

For the essential amino acid normalization experiments, 1X solution contained leucine at 

0.4 mM and tyrosine at 0.2 mM. This specialized media contained Earle’s Balanced Salt 

Solution (Sigma-Aldrich, #E7510), 2 mM L-glutamine (Gibco, #25030149), non-essential 

amino acids (Gibco, #11140050), Minimal Essential Medium (MEM) vitamin solution 

(Gibco, #11120052), and the appropriate concentration of MEM amino acid solution 

(Gibco, #11130051). All experiments were done in triplicate (or more) to validate results.  

Stable isotope labelling by amino acids in cell culture (SILAC)   



22 
 

MCF-7:LCC1 and MCF-7:LCC9 cells were double labelled in the presence of heavy (13C) 

or light (12C) arginine and lysine amino acids. Cells were cultured for at least five doublings 

before being harvested and snap frozen. Replicates were collected using the label switch 

approach to assess robustness (Sap and Demmers, 2012). MS Bioworks (Ann Arbor, MI, 

USA) carried out the SILAC experiments. Incorporation of labelled amino acids into 

peptides was confirmed in both cell lines at 98% or more. Samples were then washed 

with PBS and lysed with RIPA. Ten microgram total protein of light and heavy labelled 

samples were combined and processed by SDS-PAGE. For each sample, the mobility 

region was excised into 20 equal sized segments. Each segment was processed by in-

gel digestion. Each gel digest was analyzed by nano LCMS with a Waters NanoAcquity 

HPLC system interfaced to a ThermoFisher Q Exactive mass spectrometer. Data were 

processed using MaxQuant version 1.5.3.17 (Max Planck Institute for Biochemistry) that 

incorporates the Andromeda search engine. Figure 2 depicts the heavy and light tag 

labeling, sample mixing, and fractionation. Once analyzed by mass spectrometry, the 

ratios of heavy to light variants can be used to determine differences in protein or peptide 

relative abundance. 

Tandem mass tag (TMT)  

Quantitative proteomic comparisons were based on Isobaric Tag for Relative and 

Absolute Quantification (iTRAQ) reporter ion intensities (Ross et al., 2004). Currently, the 

National Cancer Institute Clinical Proteomic Tumor Analysis (CPTAC) consortium uses 

two major LCMS based methods for quantitative proteomics, label-free quantification 

(Zhang et al., 2014) and isobaric stable isotope labeling approaches such as iTRAQ 

(Mertins et al., 2014). Compared to label-free quantification, iTRAQ is widely used to 



23 
 

reduce the variation in quantification attributable to differences in instrument 

performances and to provide simultaneous, integrated measurements of protein and PTM 

levels. In addition, the multiplexed analysis of multiple independent samples possible with 

iTRAQ results in deeper quantification of particularly the phosphoproteome. Desalted 

peptides were labeled with 4-plex iTRAQ reagents according to the manufacturer’s 

instructions (AB Sciex). At PNNL, peptides (500 μg) from each of the LCC1 and LCC9 

cells were dissolved in 150 μL of 0.5 M triethylammonium bicarbonate (TEAB), pH 8.5 

solution, and mixed with 5 units of iTRAQ reagent that was dissolved freshly in 350 μL of 

ethanol. A reference sample was created by pooling an aliquot from each cell sample, 

and Channel 117 was used for labeling the pooled reference sample throughout the 

TCGA sample analysis. After 1 h incubation at RT, 1.5 mL of water was added and 

incubated for 30 min at RT to stop the reaction and hydrolyze the unreacted iTRAQ 

reagents. Peptides labeled by different iTRAQ reagents were then mixed and 

concentrated to ~500 μL and were desalted on C18 SPE columns.  

Pharmacological agents  

17β-estradiol (Cat# E-8875) was purchased from Millipore Sigma (Burlington, MA, USA). 

4-hydroxytamoxifen (Cat# 3412) and fulvestrant (Cat# 1047) were purchased from Tocris 

(Bristol, United Kingdom) and used at pharmacologically relevant concentrations (500 nM 

for in vitro studies) (Brunner et al., 1997; Clarke et al., 2001). JPH203 (Cat# 406760) was 

purchased from MedKoo Biosciences Inc. (Morrisville, NC, USA) and Puromycin was 

purchased from Thermo Fisher (A1113803). 

Plasmids, viral particles, and transfections  
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SLC7A5 siRNA, plasmid DNA, and viral particles were obtained from OriGene. Products 

used were SLC7A5 (ID 8140) Trilencer-27 Human siRNA, SLC7A5 (NM_003486) Human 

cDNA ORF Clone, Lenti ORF Particles pLenti-C-mGFP-P2A-Puro Control (CAT# 

PS100093V), and Lenti ORF particles, SLC7A5 (mGFP-tagged) (CAT# RC207604L4V). 

GRP78 (HSP5A) siRNA was purchased from Dharmacon (L-008198-00-0005). 

Transfections for siRNA used Invitrogen’s Lipofectamine RNAiMAX and for plasmid DNA; 

Lipofectamine LTX Plus (ThermoFisher, MA, USA) was used. Cells were treated for 24 

hours then refed with fresh growth medium for another 48 hours before collection for 

protein or growth assay in knockdown experiments. For gene overexpression 

experiments, cells were transfected with the appropriate cDNA construct for 4 hours in 

serum free media before the media was changed to 5% CCS IMEM for an additional 44 

hours. For viral particle experiments, MCF-7 and LCC1 cells were transduced with 6 

g/mL polybrene (Sigma-Aldrich CAT# TR-1003-G) with multiplicity of infection (MOI) of 

5, 2.5, and 1.25 of control or SLC7A5 viral particles. Selection of cells with viral particle 

uptake was done with puromycin.  

Crystal violet cell assay  

To measure changes in cell growth, 10,000-15,000 cells were plated into each well of a 

24-well plate. Treatments were started after 24 hours of seeding (Day 0) and the initial 

plate was collected as the baseline measurement. At the time of harvest, cells were 

washed with 1X PBS and rocked in 200 µL crystal violet solution (2.5 g crystal violet, 125 

mL methanol, 375 mL water) for 30 minutes. Plates were rinsed in deionized water and 

allowed to air-dry for 48 hours. Once all time points were collected, citrate buffer was used 

to extract dye. Analysis of the intensity of staining, which directly reflects cell number, was 
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then measured at 570 nm using a VMax® kinetic microplate reader (Molecular Devices 

Corp., Menlo Park, CA) (Shajahan-Haq et al., 2014; Feoktistova, Geserick and Leverkus, 

2016). 

Western blotting  

Western blotting was used to determine changes in protein expression. Total protein was 

collected in radioimmunoprecipitation buffer (RIPA) with PhosSTOP (Roche Diagnostics, 

Mannheim, Germany) and Complete Mini protease inhibitor cocktail tablets (EMD 

Chemicals Inc. San Diego, CA). Quantification was done using the Pierce BCA protein 

assay (Thermo Fischer Scientific) and 20 µg were size fractionated by NuPAGE 4-12% 

Bis-Tris gels (Invitrogen). Primary antibodies used can be found in Table 4 Puromycin 

labeling was performed by adding 10 μg/mL puromycin for the last 10 minutes before 

harvest to assess global protein translation (Schmidt et al., 2009). Changes in total 

puromycinylated protein were assessed by Western blotting analysis. Western blot 

images were scanned and quantified using Image J software. Table 1 lists all antibodies 

used in this study. 

RNA isolation and qRT-PCR  

RNA was isolated using the trizol reagent (Invitrogen, CA, USA) and Qiagen RNeasy mini 

kit (CA, USA) according to the manufacturer’s instructions. 1 mL of trizol was used per 

well of a 6-well plate, mixed with 200 µL of chloroform, and incubated at room temperature 

for 15 minutes. The solution was spun at 15,000 rpm for 15 minutes and the top aqueous 

layer removed and mixed with an equal volume of 70% ethanol before loading onto the 

column of the RNeasy kit and processed as described by the manufacturer. Quantification 

was done using a nano-drop ND-1000 Spectrophotometer. cDNA was made using High 



26 
 

Capacity cDNA Reverse Transcription Kit (Thermo Fischer Scientific) to prepare cDNA 

from 1000 ng RNA. PowerUp SYBR Green Master Mix from Life Technologies was used 

for qRT-PCR. Primers used can be found in Table 5. Analysis of the data followed the 

delta-delta CT method (Sengupta et al., 2015). Table 2 lists all primer sequences used in 

this study.  

Immunofluorescence staining  

10,000-50,000 cells were plated onto glass cover slips 24 hours before treatment. 

Immunofluorescence experiments were performed on cells after 24 hours of either vehicle 

or 1 nM 17β-estradiol exposure. Cells were fixed with PBS containing 3.2% 

paraformaldehyde (Cat# 15714, PA, USA) with 0.2% Triton X-100 (Cat# T8532-500mL, 

SIGMA, MA, USA) for 5 minutes before being washed with PBS. Cells were incubated in 

methanol in the -20 oC for 20 minutes. Cells were washed again before being exposed to 

primary antibody in the presence of an antibody block containing 10% goat serum. 

Primary antibodies were as described in the western blotting protocol above; the 

concentration of LAT1 was 1:100 and was 1:50 for CD98. Secondary antibodies used 

were Alexa Fluor 594 anti-rabbit (Cat# A-11012, Life Technologies) and Alexa Fluor 488, 

anti-mouse (Cat # A-11001, Life Technologies). 

Cell cycle analysis  

Cells were fixed in 75% ethanol and analyzed by FACS analysis (Georgetown University 

Flow Cytometry/Cell Sorting Shared Resource). Cell sorting of GFP-positive cells was 

done in 5% CCS Media by the Georgetown University Flow Cytometry/Cell Sorting 

Shared Resource then collected for protein or analyzed for cell cycle analysis. Data were 
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acquired using flow cytometry (BD LSRFortessa; BD Biosciences) and data analysis was 

performed using FCS express 6 software (De Novo Software, Glendale, CA)  

Chromatin Immunoprecipitation sequence analysis  

Bed files were download from GSE23893 and GSE68356, peaks and summits were 

aligned to hg18 and hg19 respectively then imported to integrated genomics viewer (IGV) 

for visualization. 

Chromatin Immunoprecipitation assay  

The ChIP assay was performed as mentioned in an earlier study (Sengupta et al., 2015). 

Briefly, cells were treated with indicated treatments for 45 minutes followed by washing 

with 1X PBS before cross-linking using 1.2% formaldehyde for 10 minutes at room 

temperature. Subsequently, 2 M glycine was added for 5 minutes at room temperature. 

Cells were then washed with PBS and collected in collection buffer (PBS containing 

protease and phosphatase inhibitors (Sigma) and 10mM DTT). The cells were 

centrifuged, and the cell pellets were snap frozen in liquid nitrogen and stored at -80°C 

until further use. Pellets were thawed on ice and nuclei were isolated using nuclei isolation 

buffer and re-suspended in SDS-lysis buffer followed by sonication using a Bioruptor 

plus™ (Diagenode Inc., Denville, NJ) at 4 X 10 cycles of sonication (each cycle 

comprising of 30 sec on and 30 sec off). After sonication, samples were centrifuged at 

12,000 X g for 15 minutes. The supernatant was collected and diluted 1:10 fold using 

ChIP dilution buffer (Millipore, cat# 20-153). The diluted sheared chromatin was 

precleared with pre-bound rabbit IgG to Magna ChIP protein A magnetic beads (Millipore, 

cat# 16-661). Twenty-five micro-liters of pre-cleared chromatin was used as input for each 

pull down. Chromatin was incubated over-night at 4°C with protein A magnetic beads 
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bound to H3K9me2 (Cell Signaling, #4658) or H4-acetylated (Cell Signaling, #2594) to 

immuno- precipitate the chromatin complexes. The chromatin complexes were 

magnetically separated and sequentially washed with wash buffer I (Tris-HCl 20 mM, 

EDTA 2 mM, Triton X-100 1%, SDS 0.1%, and NaCl 150 mM), buffer II (SDS 0.1%, Triton 

X-100 1%, EDTA 2 mM, Tris-HCl 20 mM, NaCl 500 mM), and buffer III (LiCl immune 

complex wash buffer, Millipore cat# 20-156), buffer IV (Tris-HCl 10 mM, EDTA 1 mM). All 

the buffers contained protease and phosphatase inhibitors.  The precipitates were 

subsequently extracted using freshly made elution buffer (1% SDS and 0.1M NaHCO3) 

followed by overnight de-crosslinking at 65°C in the presence of 200 mM NaCl. De-cross-

linked chromatin were subjected to RNAse and proteinase K treatment before isolating 

the DNA fragments. QIAquick PCR purification kit was used to isolate the DNA fragments.  

Clinical correlation analyses  

We studied only data from invasive ER+ breast cancers that received at least one 

endocrine therapy from the following publicly available datasets (GSE2990 (Sotiriou et 

al., 2006), GSE6532-a (Loi et al., 2008), GSE6532-p (Loi et al., 2008), GSE9195 (Loi et 

al., 2019)) and one unpublished data set (GSE46222). Data were analyzed as described 

by Pearce et al. (Pearce et al., 2018). For each probe of interest, the dataset was sorted 

by the normalized expression value in ascending order. Within each sorted sub-dataset, 

a cursor was set to move up one sample per iteration through the entire dataset starting 

from the sample with the smallest expression value. At each iteration, survival analysis 

was performed by comparing the samples on either side of the cursor. The resulting 

statistics including hazard ratio and log rank test p-value provided one measure of 

significance for every division in a dataset. In this study, we used 5 independent clinical 
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datasets and 119 genes (some with multiple probeset_ids). Results are shown in Table 

3.  

General statistics  

All protein and mRNA expression data were represented as mean ± standard deviation. 

Statistical analysis was performed by one-way analysis of variance (ANOVA) followed 

by the Holm-Sidak Method, Mann-Whitney Rank Sum Test, or by the Student’s t-test 

using the Sigma Plot program. A one-way ANOVA was used to determine statistically 

significant differences between means of two or more independent groups. Holm-Sidak 

Method was used to compare the mean to the mean of every other group. Additionally, 

Dunnett or Sidak was used to compare multiple experimental means to the same 

control. Mann-Whitney Rank Sum test was used first to rank all the values from low to 

high, then generate a p-value that depends on the difference between the mean ranks 

of two groups. A Student’s t-test was used to compare the differences in two groups to 

determine statistical significance. Asterisks on graphs indicate p-values as follows: * 

p<0.05, ** p<0.01, *** p<0.001. Experiments were done in triplicate, unless otherwise 

noted. 
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Table 1: Primary and secondary antibodies used in this study.  

Antibody  Company Catalog # Dilution 

Anti-mouse 
IgG Cell Signaling 7076 1/2,000 

Anti-rabbit IgG Cell Signaling 7074 1/2,000 

ATF4 Cell Signaling 11815 1/1,000 

ATF6 Imgenex IMG-273 1/1,000 

BAG3 Protein Tech 
10599-1-

AP 1/1,000 

beta Actin Protein Tech 66009-1-Ig 1/10,000 

BiP (GRP78) Cell Signaling 3177 1/1,000 

CHOP Cell Signaling 2895 1/1,000 

eIF2 alpha Cell Signaling 2103 1/1,000 

HSBP8 Protein Tech 
15287-1-

AP 1/1,000 

HSP70 StressMarq 130409 1/1,000 

HSP90 Cell Signaling 4875 1/1,000 

IRE1 alpha Cell Signaling 3294 1/1,000 

LC3B (D11) Cell Signaling 3868 1/1,000 

p62 
BD 

Biosciences 610832 1/1,000 

PERK Cell Signaling 3192 1/1,000 

p-eIF2 alpha Cell Signaling 3597 1/1,000 

Puromycin 
Millipore 
Sigma MABE-343 1/2,000 

SLC3A2 
(CD98) Santa Cruz sc-376815 1/1,000 

SLC7A5 
(LAT1) Cell Signaling 5347 1/1,000 

XBP1 abcam ab37151 1/1,000 
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Table 2: Primer sequences for qRT-PCR performed in this study. 

Gene Forward Reverse 

SLC7A5 mRNA 
CGA GGA GAA GGA AGA 
GGC  

GTT GAG CAG CGT GAT GTT 
CC 

SLC3A2 mRNA 
GTC GCT CAG ACT GAC TTG 
CT 

GTT CTC ACC CCG GTA GTT 
GG 

BiP mRNA 
CAC TCC TGA AGG GGA ACG 
TC 

TCA AAG ACC GTG TTC TCG 
GG 

HSBP8 mRNA 
TGT CCA GCA CGT TCT CAA 
AG 

CAC AGG GGA CAG AAG AAA 
GG 

BAG3 mRNA 
CTC AGC CAG ATA AAC AGT 
GTG G 

GTC AGA GGC AGC TGG 
AGA CT 

36B4 mRNA GTG TTC AAT GGC AGC AT 
GAC ACC CTC CAG GAA GCG 
A 

SLC7A5 
promoter 

GCG AGC AAG GTC CAG AAT 
GA 

GTC AGA ATC CCT GTC GTG 
CT 
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Chapter 3: Solute Carriers 

Introduction 

Solute carriers are critical for transporting nutrients into a cell (Closs et al., 2006). As 

discussed in Chapter 1, many SLCs are upregulated in the context of cancer. The SLC7 

family are cationic amino acid transporters and glycoprotein-associated amino acid 

transporters (Verrey et al., 2004). Transportation of amino acids is particularly important 

in cellular metabolism. If a cell is experiencing nutrient deplete conditions, such as a 

poorly vascularized region of a tumor, SLCs are critical for feeding intermediate 

metabolism. Some amino acids can be altered to enter the citric acid cycle (Krebs cycle; 

tricarboxylic acid cycle) or utilized in protein synthesis (Coon and Gurin, 1949; Xu et al., 

2016).  

SLC7A5 (LAT1) was found in a differential mRNA expression analysis of endocrine 

sensitive (LCC1) and endocrine resistant (LCC9) cells (Shajahan-Haq et al., 2017). At the 

mRNA level, we found altered expression of 109 members of the SLC gene family (Table 

3); several appear more than once because they have multiple probset identification 

numbers (Shajahan-Haq et al., 2017). All 109 SLC mRNAs were either upregulated or 

downregulation significantly (p-value less than 0.05) in the LCC9 cells compared with 

expression in the LCC1 cells. Three different clinical data sets, GSE46222 (unpublished), 

GSE9195 (Loi et al., 2019), and GSE2990 (Sotiriou et al., 2006) were used to study 

correlations between mRNA expression and clinical outcomes. All data were obtained 

from samples of patient tumors that were hormone receptor positive and treated with an 

endocrine therapy. The p-value of each SLC is shown with the fold change (FC) next to 

the clinical data (Table 3, FDR not shown). The clinical sets are shown as high, low, 
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nonsignificant (NS), or invalid gene symbol (due to the use of different Affymetrix 

genechips). The level of SLC expression that is associated with a worse prognosis is 

shown with the corresponding p value. Of the 109 differently expressed SLC mRNAs, 55 

have a matching upregulation or downregulation at the mRNA with poor clinical outcome. 

We confirmed 16 proteins from among the 109 SLC mRNAs to be differentially expressed 

the proteomic data (Table 4). These initial analyses lead us to focus on SLC7A5 (LAT1) 

and SLC3A2 (CD98). 

More differentially regulated SLCs were detected by TMT, whereas SILAC detected 

greater fold-changes. Hence, some SLCs were not detected (ND) in Table 4. Table 4 

shows the values for an increase (+) or decrease (-) in expression of that SLC in LCC9 

cells compared with LCC1 cells. The fold change cut off was 1.5 in either direction (+ or 

-). We compared the list of SLCs from the mRNA and KM analysis with the two proteomic 

approaches and found only a few SLCs upregulated in all three analyses (Table 5), from 

which we selected SLC7A5 (LAT1) and SLC3A2 (CD98) for further study.  
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Table 3: SLCs from mRNA and KM analysis. 

gene probeset_id p.value FC GSE46222 GSE9195 GSE2990 

SLC1A2 208389_s_at 0.0233 1.4278 NS 
High, 
p=0.019 NS 

SLC1A2 225491_at 0.0010 2.6490 
Low, 
p=0.033 

High, 
p=0.041 

Invalid 
Gene 
Symbol 

SLC1A4 209610_s_at 0.0297 1.0911 NS NS NS 

SLC1A4 212810_s_at 0.0378 1.2090 NS NS NS 

SLC1A4 212811_x_at 0.0065 1.1596 NS NS NS 

SLC2A1 201250_s_at 0.0059 1.6059 
Low, 
p=0.039 

High, 
p=0.0038 NS 

SLC2A4RG 1555500_s_at 0.0248 -1.2367 
High, 
p=0.024 

High, 
p=0.043 

Invalid 
Gene 
Symbol 

SLC2A4RG 218494_s_at 0.0058 -1.4224 NS NS 
High, 
p=0.048 

SLC2A8 218985_at 0.0382 1.1018 
High, 
p=0.023 

High, 
p=0.039 NS 

SLC2A10 221024_s_at 0.0008 -2.0632 NS 
High, 
p=0.047 NS 

SLC2A11 1558540_s_at 0.0263 1.1925 
High, 
p=0.0023 NS 

Invalid 
Gene 
Symbol 

SLC3A2 200924_s_at 0.0003 2.1198 
High, 
p=0.047 NS 

High, 
p=0.047 

SLC4A7 209884_s_at 0.0117 -1.3357 
Low, 
p=0.044 

Low, 
p=0.047 

Low, 
p=0.039 

SLC4A8 207056_s_at 0.0046 1.8075 
Low, 
p=0.048 

High, 
p=0.05 

Low, 
p=0.045 

SLC4A8 228175_at 0.0065 1.6405 
Low, 
p=0.047 

High, 
p=0.013 

Invalid 
Gene 
Symbol 

SLC4A8 228935_at 0.0003 2.8066 
Low, 
p=0.05 NS 

Invalid 
Gene 
Symbol 

SLC6A8 202219_at 0.0092 1.7745 NS 
High, 
p=0.039 NS 

SLC6A8 210854_x_at 0.0004 1.7508 
High, 
p=0.015 

High, 
p=0.043 NS 

SLC6A8 213843_x_at 0.0020 1.6845 
High, 
p=0.047 

High, 
p=0.03 NS 

SLC6A8 /// 
SLC6A10P 215812_s_at 0.0021 1.7102 

High, 
p=0.049 NS NS 
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SLC6A14 219795_at 0.0000 52.6856 NS NS 
Low, 
p=0.029 

SLC7A1 212290_at 0.0354 -1.1547 
High, 
p=0.0086 NS NS 

SLC7A1 212295_s_at 0.0087 -1.1744 NS 
High, 
p=0.048 NS 

SLC7A2 225516_at 0.0069 1.6746 
Low, 
p=0.046 NS 

Invalid 
Gene 
Symbol 

SLC7A5 201195_s_at 0.0000 2.3831 
High, 
p=0.045 

High, 
p=0.048 

High, 
p=0.043 

SLC7A5P1 
/// 
SLC7A5P2 208118_x_at 0.0034 -1.1175 

High, 
p=0.011 NS NS 

SLC7A6OS 229153_at 0.0103 1.3386 
Low, 
p=0.031 NS 

Invalid 
Gene 
Symbol 

SLC7A6OS 232057_at 0.0014 1.2478 NS NS 

Invalid 
Gene 
Symbol 

SLC7A11 207528_s_at 0.0003 2.7331 
Low, 
p=0.04 

High, 
p=0.03 NS 

SLC7A11 209921_at 0.0007 4.6943 NS NS NS 

SLC7A11 217678_at 0.0008 4.5607 NS NS NS 

SLC9A3R1 201349_at 0.0000 -1.8937 NS 
High, 
p=0.044 

High, 
p=0.036 

SLC9A6 203909_at 0.0006 5.2472 NS 
Low, 
p=0.048 NS 

SLC9A7 1558105_a_at 0.0065 1.9449 NS NS 

Invalid 
Gene 
Symbol 

SLC9A7 226550_at 0.0011 1.6601 NS NS 

Invalid 
Gene 
Symbol 

SLC10A7 235143_at 0.0026 1.1957 
High, 
p=0.029 NS 

Invalid 
Gene 
Symbol 

SLC11A2 203124_s_at 0.0368 1.0765 NS NS NS 

SLC12A2 204404_at 0.0008 -3.4558 NS NS 
Low, 
p=0.037 

SLC12A2 225835_at 0.0019 -3.0361 NS NS 

Invalid 
Gene 
Symbol 

SLC12A7 218066_at 0.0104 -1.4232 
Low, 
p=0.044 NS NS 
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SLC15A4 225057_at 0.0073 -1.1487 NS NS 

Invalid 
Gene 
Symbol 

SLC16A4 205234_at 0.0044 2.5969 
Low, 
p=0.026 NS 

Invalid 
Gene 
Symbol 

SLC16A5 206599_at 0.0157 1.4869 
Low, 
p=0.033 NS 

High, 
p=0.046 

SLC16A5 206600_s_at 0.0001 1.5801 
Low, 
p=0.043 

Low, 
p=0.039 NS 

SLC16A5 213590_at 0.0072 1.3393 
Low, 
p=0.046 

Low, 
p=0.041 NS 

SLC16A6 207038_at 0.0097 -1.1526 
High, 
p=0.043 

Low, 
p=0.047 

Low, 
p=0.046 

SLC16A6 230748_at 0.0013 -1.3048 
High, 
p=0.047 

Low, 
p=0.041 

Invalid 
Gene 
Symbol 

SLC16A14 238029_s_at 0.0006 -4.9824 
Low, 
p=0.026 

Low, 
p=0.028 

Invalid 
Gene 
Symbol 

SLC17A5 223441_at 0.0281 1.2096 NS 
Low, 
p=0.021 

Invalid 
Gene 
Symbol 

SLC18B1 226301_at 0.0017 2.4456 NS NS 

Invalid 
Gene 
Symbol 

SLC19A1 1555952_at 0.0028 1.1396 NS 
High, 
p=0.018 

Invalid 
Gene 
Symbol 

SLC19A1 1555953_at 0.0152 1.1894 
High, 
p=0.0023 

High, 
p=0.012 

Invalid 
Gene 
Symbol 

SLC19A1 209776_s_at 0.0182 1.2509 NS 
High, 
p=0.039 NS 

SLC19A1 211576_s_at 0.0298 1.0612 
High, 
p=0.036 NS NS 

SLC20A1 230494_at 0.0005 -2.2575 NS NS 

Invalid 
Gene 
Symbol 

SLC22A4 205896_at 0.0006 -1.6334 NS NS 
Low, 
p=0.044 

SLC22A5 205074_at 0.0046 -1.2658 NS 
High, 
p=0.04 

Low, 
p=0.04 

SLC22A17 218675_at 0.0136 -1.4322 
Low, 
p=0.048 

Low, 
p=0.0082 NS 
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SLC22A23 223194_s_at 0.0489 -1.1705 
High, 
p=0.047 

Low, 
p=0.049 

Invalid 
Gene 
Symbol 

SLC22A25 1561093_at 0.0490 1.1629 NS 
High, 
p=0.041 

Invalid 
Gene 
Symbol 

SLC24A3 219090_at 0.0009 
-
14.2258 NS NS NS 

SLC24A3 57588_at 0.0001 -8.3483 NS NS NS 

SLC25A1 210010_s_at 0.0056 -1.2367 
High, 
p=0.045 

High, 
p=0.043 

High, 
p=0.046 

SLC25A3 200030_s_at 0.0001 1.1545 NS NS NS 

SLC25A4 202825_at 0.0406 1.0911 NS 
High, 
p=0.027 NS 

SLC25A5 200657_at 0.0068 1.0722 NS 
High, 
p=0.05 NS 

SLC25A6 212085_at 0.0432 -1.0764 
High, 
p=0.039 NS 

Low, 
p=0.027 

SLC25A14 211855_s_at 0.0133 1.1082 NS 
High, 
p=0.044 NS 

SLC25A19 223222_at 0.0428 1.1528 
High, 
p=0.037 

High, 
p=0.018 

Invalid 
Gene 
Symbol 

SLC25A21 220474_at 0.0557 -1.8249 
Low, 
p=0.0041 

Low, 
p=0.027 NS 

SLC25A23 226010_at 0.0105 -1.3244 
Low, 
p=0.046 

High, 
p=0.027 

Invalid 
Gene 
Symbol 

SLC25A25 225212_at 0.0158 1.3256 NS 
High, 
p=0.036 

Invalid 
Gene 
Symbol 

SLC25A29 225305_at 0.0218 -1.1724 NS 
Low, 
p=0.043 

Invalid 
Gene 
Symbol 

SLC25A29 225306_s_at 0.0258 -1.1234 NS NS 

Invalid 
Gene 
Symbol 

SLC25A30 226782_at 0.0048 -1.7330 NS 
High, 
p=0.043 

Invalid 
Gene 
Symbol 

SLC25A32 221020_s_at 0.0437 1.1849 
High, 
p=0.019 

High, 
p=0.04 

High, 
p=0.03 

SLC25A33 223296_at 0.0007 1.3985 
High, 
p=0.044 NS 

Invalid 
Gene 
Symbol 
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SLC25A36 201917_s_at 0.0003 -1.4330 
High, 
p=0.043 NS 

High 
p=0.046 

SLC25A36 201918_at 0.0018 -1.6016 NS NS NS 

SLC25A36 201919_at 0.0011 -1.4116 
Low, 
p=0.039 NS NS 

SLC25A38 217961_at 0.0051 1.2479 NS NS 
Low, 
p=0.021 

SLC25A40 205716_at 0.0059 -1.4040 NS 
High, 
p=0.024 

Low, 
p=0.036 

SLC25A40 227012_at 0.0270 -1.3769 
Low, 
p=0.035 

High, 
p=0.039 

Invalid 
Gene 
Symbol 

SLC25A44 212683_at 0.0042 -1.1960 NS NS NS 

SLC25A44 32091_at 0.0110 -1.2507 NS 
Low, 
p=0.035 NS 

SLC26A2 205097_at 0.0001 3.1804 
Low, 
p=0.023 NS NS 

SLC26A2 224959_at 0.0001 3.1740 
High, 
p=0.049 

Low, 
p=0.045 

Invalid 
Gene 
Symbol 

SLC26A2 224963_at 0.0009 3.0609 NS 
Low, 
p=0.035 

Invalid 
Gene 
Symbol 

SLC27A2 205768_s_at 0.0003 -2.0384 NS NS NS 

SLC27A2 205769_at 0.0000 -1.9484 NS NS NS 

SLC27A3 222217_s_at 0.0022 -1.8146 
High, 
0.012 

High, 
p=0.043 

High, 
p=0.028 

SLC27A5 219733_s_at 0.0046 1.2184 NS NS NS 

SLC27A6 219932_at 0.0010 -2.2238 NS 
Low, 
p=0.0037 NS 

SLC29A1 201801_s_at 0.0010 1.4323 NS NS NS 

SLC29A3 219344_at 0.0002 2.1634 NS NS 
High, 
p=0.044 

SLC30A1 228181_at 0.0235 1.3390 
Low, 
p=0.045 

Low, 
p=0.036 

Invalid 
Gene 
Symbol 

SLC30A5 220181_x_at 0.0411 1.2611 
High, 
p=0.049 

High, 
p=0.0015 NS 

SLC30A7 226601_at 0.0119 1.3699 
Low, 
p=0.017 

Low, 
p=0.036 

Invalid 
Gene 
Symbol 

SLC30A9 202614_at 0.0316 -1.2033 
Low, 
p=0.024 

Low, 
p=0.048 NS 

SLC31A1 203971_at 0.0259 1.2233 
High, 
p=0.017 

Low, 
p=0.048 NS 
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SLC31A2 204204_at 0.0246 1.3875 
Low, 
p=0.04 NS 

Low, 
p=0.041 

SLC35A1 203306_s_at 0.0133 -1.2577 NS NS NS 

SLC35A2 209326_at 0.0132 1.2460 
High, 
p=0.024 NS NS 

SLC35A3 206770_s_at 0.0119 -1.2475 
Low, 
p=0.035 NS NS 

SLC35B1 202433_at 0.0035 1.1643 NS 
High, 
p=0.031 

High, 
p=0.046 

SLC35B2 
/// MIR4647 224716_at 0.0042 1.3221 NS 

High, 
p=0.033 

Invalid 
Gene 
Symbol 

SLC35B4 225881_at 0.0012 1.2182 
Low, 
p=0.02 NS 

Invalid 
Gene 
Symbol 

SLC35B4 225882_at 0.0082 1.2016 NS NS 

Invalid 
Gene 
Symbol 

SLC35C1 222647_at 0.0021 1.1455 
High, 
p=0.042 NS 

Invalid 
Gene 
Symbol 

SLC35C2 219447_s_at 0.0215 1.2041 NS NS NS 

SLC35C2 225037_at 0.0237 1.1989 NS NS 

Invalid 
Gene 
Symbol 

SLC35D2 213083_at 0.0302 1.1107 
High, 
p=0.038 NS 

Low, 
p=0.036 

SLC35E2 
/// 
SLC35E2B 217122_s_at 0.0261 -1.1945 

High, 
p=0.034 

Low, 
p=0.0031 

Low, 
p=0.01 

SLC35E3 218988_at 0.0246 1.1742 NS 
High, 
p=0.048 NS 

SLC35F1 228060_at 0.0016 -1.3019 NS NS 

Invalid 
Gene 
Symbol 

SLC35F5 225872_at 0.0331 -1.2378 NS NS 

Invalid 
Gene 
Symbol 

SLC35F6 
/// CENPA 204962_s_at 0.0001 1.6174 

High, 
p=0.0034 

High, 
p=0.029 

High, 
p=0.05 

SLC36A1 213119_at 0.0079 -1.1134 NS 
High, 
p=0.049 NS 

SLC36A4 234978_at 0.0282 1.4506 NS NS 

Invalid 
Gene 
Symbol 
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SLC37A1 218928_s_at 0.0006 -1.2523 NS NS 
Low, 
p=0.05 

SLC37A3 223304_at 0.0265 1.1824 NS 
Low, 
p=0.048 

Invalid 
Gene 
Symbol 

SLC38A1 218237_s_at 0.0002 -1.8776 NS NS 
Low, 
p=0.042 

SLC38A1 224579_at 0.0003 -1.7348 NS NS 

Invalid 
Gene 
Symbol 

SLC38A1 224580_at 0.0020 -1.9474 
Low, 
p=0.047 NS 

Invalid 
Gene 
Symbol 

SLC38A7 218727_at 0.0393 1.3750 NS NS NS 

SLC38A7 228951_at 0.0389 1.7103 
High, 
p=0.049 

High, 
p=0.037 

Invalid 
Gene 
Symbol 

SLC38A7 56821_at 0.0129 1.2291 
High, 
p=0.045 NS NS 

SLC38A9 235241_at 0.0346 -1.0781 NS 
Low, 
p=0.039 

Invalid 
Gene 
Symbol 

SLC38A10 212890_at 0.0006 -1.4539 
High, 
p=0.045 

Low, 
p=0.031 

Low, 
p=0.047 

SLC39A14 212110_at 0.0375 1.1252 
Low, 
p=0.028 

Low, 
p=0.031 

Low, 
p=0.048 

SLC39A3 223917_s_at 0.0005 1.2329 NS NS 

Invalid 
Gene 
Symbol 

SLC39A6 1555460_a_at 0.0072 1.7719 
Low, 
p=0.034 NS 

Invalid 
Gene 
Symbol 

SLC39A6 1556551_s_at 0.0237 1.5952 NS 
High, 
p=0.036 

Invalid 
Gene 
Symbol 

SLC39A6 202088_at 0.0029 1.3914 
Low, 
p=0.039 NS NS 

SLC39A6 202089_s_at 0.0029 1.6803 NS NS NS 

SLC39A8 209267_s_at 0.0001 -2.3929 
Low, 
p=0.043 

Low, 
p=0.043 NS 

SLC39A8 219869_s_at 0.0001 -1.8356 NS 
Low, 
p=0.048 NS 

SLC41A1 225570_at 0.0251 1.2206 
High, 
p=0.036 NS 

Invalid 
Gene 
Symbol 
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SLC41A2 223798_at 0.0119 -1.3730 
High, 
p=0.039 

Low, 
p=0.04 

Invalid 
Gene 
Symbol 

SLC41A2 235299_at 0.0259 -1.4923 NS 
Low, 
p=0.047 

Invalid 
Gene 
Symbol 

SLC41A2 243894_at 0.0054 -1.5868 NS NS 

Invalid 
Gene 
Symbol 

SLC44A1 224595_at 0.0238 -1.2188 NS NS 

Invalid 
Gene 
Symbol 

SLC44A1 224596_at 0.0326 -1.3036 
Low, 
p0.036 NS 

Invalid 
Gene 
Symbol 

SLC44A2 224609_at 0.0003 -1.4193 NS 
High, 
p=0.013 

Invalid 
Gene 
Symbol 

SLC44A2 225175_s_at 0.0111 -1.3963 
High, 
p=0.049 NS 

Invalid 
Gene 
Symbol 

SLC44A3 228221_at 0.0007 -1.9086 NS 
Low, 
p=0.027 

Invalid 
Gene 
Symbol 

SLC46A1 1558703_at 0.0454 -1.1887 NS 
High, 
p=0.038 

Invalid 
Gene 
Symbol 

SLC47A1 219525_at 0.0035 -1.4560 NS NS 
Low, 
p=0.037 

SLC48A1 218417_s_at 0.0198 -1.0964 
High, 
p=0.034 NS NS 

SLC50A1 219125_s_at 0.0018 -1.3923 
High, 
p=0.044 

Low, 
p=0.018 NS 

SLC52A2 218151_x_at 0.0451 1.1252 
High, 
p=0.045 

High, 
p=0.034 

High, 
p=0.049 

SLC52A2 222155_s_at 0.0072 1.1474 
High, 
p=0.0076 

High, 
p=0.037 

High, 
p=0.027 

SLC52A3 228236_at 0.0377 -1.8417 
High, 
p=0.037 NS 

Invalid 
Gene 
Symbol 

SLCO3A1 219229_at 0.0013 -1.7026 NS NS NS 

SLCO3A1 227367_at 0.0093 -1.4452 NS NS 

Invalid 
Gene 
Symbol 
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Table 4: SLCs from TMT and SILAC analysis.  

 
TMT SILAC 

gene_symbol pvalue FC FC 

SLC1A4 0.044864 1.109365 ND 

SLC2A1 0.000163 1.44852 3.950227 

SLC3A2 4.31E-06 1.943877 3.711815 

SLC6A6 0.000245 -1.30711 ND 

SLC6A14 2.95E-05 3.130629 ND 

SLC7A1 0.000488 1.329583 ND 

SLC7A2 3.01E-05 2.331094 ND 

SLC7A5 2.08E-05 1.932236 5.132416 

SLC7A6 0.000877 1.238831 ND 

SLC7A6OS 0.001458 1.476103 ND 

SLC9A3R1 7.79E-05 1.450885 2.767477 

SLC9A3R2 0.005014 -1.13448 ND 

SLC12A2 5.80E-06 -1.93546 ND 

SLC12A7 0.064324 -1.04982 ND 

SLC12A9 0.006265 -1.10975 ND 

SLC16A1 0.003812 1.482897 ND 

SLC16A3 0.000386 -1.38539 ND 

SLC19A2 0.047833 -1.09348 ND 

SLC22A18 0.014774 -1.12254 ND 
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SLC25A1 0.015287 -1.10484 ND 

SLC25A3 ND ND 2.121926 

SLC25A4 ND ND 2.097403 

SLC25A5 0.001924 -1.15712 ND 

SLC25A6 0.003772 -1.17834 1.563159 

SLC25A10 0.00172 -1.18955 2.670227 

SLC25A11 0.034406 -1.07384 1.841824 

SLC25A12 0.007808 -1.1202 ND 

SLC25A13 0.008485 -1.09822 3.445424 

SLC25A15 0.00204 -1.15409 ND 

SLC25A17 0.064525 -1.07439 ND 

SLC25A20 0.002258 -1.17047 ND 

SLC25A22 0.070554 -1.05035 ND 

SLC25A24 0.023465 1.06917 ND 

SLC25A25 0.004716 1.663419 ND 

SLC25A29 0.001768 -1.2394 ND 

SLC25A40 0.002057 -1.26151 ND 

SLC25A44 0.000864 -1.2065 ND 

SLC25A46 0.016512 -1.11534 ND 

SLC27A1 0.000169 -1.4667 ND 

SLC27A3 0.001266 -1.4445 ND 

SLC27A4 0.00029 -1.39748 ND 

SLC29A1 3.47E-05 1.694463 ND 
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SLC30A5 0.024002 1.266419 ND 

SLC30A6 0.014985 -1.15966 ND 

SLC30A7 0.045311 -1.16268 ND 

SLC33A1 0.002429 -1.22095 ND 

SLC37A1 0.000367 -1.36091 ND 

SLC38A1 0.022269 -1.17582 ND 

SLC38A10 0.007274 -1.1384 ND 

SLC39A7 0.000315 -1.2566 ND 

SLC39A10 0.059369 1.086952 ND 

SLC39A11 0.003192 1.12755 ND 

SLC39A14 5.49E-05 1.521259 ND 

SLC44A2 0.035377 -1.17405 ND 

SLC50A1 0.004684 -1.12709 ND 
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Results  

Transcriptome and proteome analysis identified SLC7A5 (LAT1) and SLC3A2 

(CD98) as genes of interest 

From the previous gene expression microarray analysis of LCC1 and LCC9 mRNA 

(Zhang et al., 2016; Shajahan-Haq et al., 2017), we identified 109 differentially regulated 

solute carriers (SLCs). Of these 109 solute carriers (SLCs), 55 were associated with poor 

clinical outcome (Table 3). Unbiased proteomic approaches can generally identify up to 

10,000 protein isoforms with greater accuracy on higher abundance species. Moreover, 

TMT and SILAC have different sensitivities and specificities for detecting individual 

proteins (Ong et al., 2003; Mertins et al., 2018). As expected, we did not detect many of 

the SLC proteins in these analyses. In the TMT analyses we detected 53 SLCs; only 10 

were detected in the SILAC analysis (Table 4). When we compared the results from both 

methods, three SLCs: SLC2A1, SLC3A2, and SLC7A5 (Table 5) were each significantly 

upregulated at least 1.5-fold in TMT and SILAC. When the transcriptomic and proteomic 

data were mapped together (TMT and SILAC), three SLCs - SLC2A1, SLC3A2, and 

SLC7A5 (Table 5) - were each significantly upregulated at least 1.5-fold. We had 

previously studied SLC2A1 (GLUT1) in the context of endocrine resistance and found 

that glucose and glutamine uptake are regulated by MYC (Shajahan-Haq et al., 2014). 

Here, we have focused on SLC7A5 (LAT1) and its protein partner SLC3A2 (CD98) to 

determine their role in endocrine therapy resistance as they were significantly upregulated 

in all three analyses.  
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Table 5: Differentially regulated SLCs in mRNA, TMT, and SILAC analyses of LCC9 cells 

compared to LCC1 cells.  

SLC TMT SILAC mRNA 

SLC1A4 UP ND UP 

SLC2A1 UP UP UP 

SLC3A2 UP UP UP 

SLC6A6 DOWN ND ND 

SLC6A14 UP ND UP 

SLC7A1 UP ND DOWN 

SLC7A2 UP ND ND 

SLC7A5 UP UP UP 

SLC7A6 UP ND ND 

SLC7A6OS UP ND UP 

SLC9A1 DOWN ND ND 

SLC9A3R1 UP DOWN DOWN 

SLC12A2 DOWN ND DOWN 

SLC12A7 NS ND ND 

SLC12A9 DOWN ND ND 

SLC16A1 UP ND ND 

SLC16A3 DOWN ND ND 

SLC19A2 DOWN ND ND 

SLC22A18 DOWN ND ND 

SLC25A1 DOWN ND DOWN 

SLC25A3 ND UP UP 
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SLC25A4 ND NS DOWN 

SLC25A5 DOWN ND UP 

SLC25A6 DOWN NS DOWN 

SLC25A10 DOWN NS ND 

SLC25A11 DOWN NS ND 

SLC25A12 DOWN ND ND 

SLC25A13 DOWN NS ND 

SLC25A15 DOWN ND ND 

SLC25A17 NS ND ND 

SLC25A20 DOWN ND ND 

SLC25A22 NS ND ND 

SLC25A24 UP ND ND 

SLC25A25 UP ND UP 

SLC25A29 DOWN ND DOWN 

SLC25A40 DOWN ND DOWN 

SLC25A44 DOWN ND DOWN 

SLC25A46 DOWN ND ND 

SLC27A1 DOWN ND ND 

SLC27A3 DOWN ND DOWN 

SLC27A4 DOWN ND ND 

SLC29A1 UP ND UP 

SLC30A5 UP ND UP 

SLC30A6 DOWN ND ND 

SLC30A7 DOWN ND UP 
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SLC33A1 DOWN ND UP 

SLC37A1 DOWN ND DOWN 

SLC38A1 DOWN ND DOWN 

SLC38A10 UP ND DOWN 

SLC39A7 DOWN ND ND 

SLC39A10 NS ND ND 

SLC39A11 UP ND ND 

SLC39A14 UP ND UP 

SLC44A2 UP ND DOWN 

SLC50A1 DOWN ND DOWN 
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LAT1 is regulated by estrogen in endocrine therapy response cells and 

upregulated in endocrine therapy resistant cells 

We used MCF-7, LCC1, LCC9 (Brunner et al., 1997), T47D:A18, T47D:C42, and 

T47D:4HT (Pink et al., 1996) cells as models to study the role of LAT1 in endocrine 

resistance. From the unbiased transcriptome and proteome analyses, we found that LAT1 

was significantly upregulated in the endocrine resistant LCC9 compared with endocrine 

sensitive LCC1 cells. Previously, Shennan et al. reported increased leucine uptake in 

MCF-7 cells after treatment with 17β-estradiol (Shennan et al., 2004). We discovered an 

estrogen-induced increase in LAT1 protein in MCF-7 cells and found a similar induction 

in LCC1 and T47D:A18 cells after a 24-hour treatment with 17β-estradiol (Figure 5A). 

Endocrine resistant LCC9 and T47D:4HT cells expressed significantly higher basal levels 

of total LAT1 and CD98 protein than their respective (sensitive) parental cell lines but 

lacked any further induction by estrogen. While non-catalytically active, the increase of 

CD98 expression is necessary to maintain structural support for the increased levels of 

its protein partner (LAT1) (Cormerais et al., 2016). LAT1 and CD98 mRNA and protein 

expression increased significantly in response to estrogen over time in both MCF-7 and 

LCC1 cells (Figure 5B-D). After 12 to 24 hours of estrogen treatment, LAT1 mRNA levels 

were significantly upregulated 2-fold (p<0.05). In contrast to the endocrine sensitive 

models, LCC9 and T47D:C42 cells both showed a higher basal expression of LAT1 

protein expression but no further increase of LAT1 was seen over time with estrogen 

treatment.  

Estrogen treatment enriches recruitment of estrogen receptor alpha and 

histone markers for transcriptional activation at SLC7A5 gene 
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We analyzed ChIP sequencing data reported by Mohammed et al. (2016) and Joseph et 

al. (2010) to identify two ERE sites and estrogen induction at both sites (Figure 5E) 

(Joseph et al., 2010; Mohammed et al., 2016). In the Mohammed et al. study, MCF-7 cell 

lines were treated with vehicle or estrogen for 3 hours before the triplicate samples were 

collected. In Joseph et al., samples were also treated with vehicle and estrogen but only 

for 45 minutes before being collected and analyzed. From the summary data, we found a 

2-3-fold induction of ER binding on LAT1 ERE sites. LAT1 is located on Chromosome 

16q24.2. Estrogen induction is seen at two distinct sites on the LAT1 gene within an intron 

and exon (Ch 16: base pair regions 87868314-87868373 and 87894310-87894393).  We 

confirmed activation at the site near the 3’ end through ChIP-qRT-PCR at site Ch16: 

87868314-87868373 as there were higher levels of peak intensity at this ERE. H4 

acetylation (residue K16) and H3K9 dimethylation are markers of transcriptional activation 

and repression, respectively (Suzuki et al., 2009; Zhao et al., 2016). Levels of H4 

acetylation were increased significantly, while levels of H3K9 dimethylation decreased 

significantly, indicating an increase in transcriptional activity at this site (Figure 5F-G). H4 

acetylation increased two-fold with 45 minutes of 17β-estradiol (1 nM) or 4-hydroxy-

tamoxifen treatment (500 nM). H3K9 dimethylation decreased by 70% with the same 

treatment when compared with vehicle. We did not study acetylation or demethylation at 

the other site.  
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Figure 5: LAT1 is estrogen regulated in endocrine therapy sensitive cell lines. A) 

LAT1 and CD98 are upregulated in endocrine therapy resistant cells (LCC9s and 

T47D:4HTs (4HTs)) compared with sensitive cells (MCF-7, LCC1s and T47D:A18s 

(A18s)). Cells were treated with vehicle (V) or estrogen (E) for 24 hours. B) Increasing 

the time (hours) of estrogen treatment (1 nM) increases LAT1 and CD98 mRNA in both 

MCF-7 and LCC1 cells. * indicates p value less than 0.05 by paired t-test at each time 

point (hours) of estrogen (E2) compared to vehicle (Veh). C) MCF-7 and D) LCC1 cells 

show increased protein levels of LAT1 with estrogen treatment. E) Analysis of the ChIP-

Sequencing data analysis from Mohammed et al. (2016) and Joseph et al. (2010) show 

two ERE peaks on the LAT1 gene that increase with estrogen treatment. F) H4 acetylation 

significantly increased while G) H3K9 dimethylation significantly decreased from ChIP-

qRT-PCR analysis after 45 minutes of treatment with estrogen (E2) or tamoxifen (4OHT) 

compared to vehicle (Veh). * indicates p value less than 0.05 by one-way ANOVA Holm-

Sidak method. (n=3, mean shown with standard deviation) 
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Figure 6: LAT1 is not upregulated by estrogen in endocrine resistant LCC9 cells. 

A) neither LAT1 nor CD98 mRNAs are changed significantly with estrogen treatment. 

Each time point in hours shows the fold change of estrogen compared to vehicle at each 

time point (hours). B) Western blot hybridization also detected no difference at the protein 

level with vehicle (V) or estrogen (E) with increasing hours of treatment. C) MCF-7 and 

D) LCC9 cells appear similar in immunofluorescent images as LAT1 and CD98 co-localize 

in both cell lines. Images were taken with a 63X lens on a Leica microscope. DAPI is in 

blue, CD98 is in green, and LAT1 is in red. (n=3, mean shown with standard deviation) 
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E2 regulation of LAT1 is lost in endocrine resistant LCC9 cells 

Since we observed an estrogen-induced increase of LAT1 protein and mRNA expression 

in sensitive cell lines, we next studied an extended estrogen time course treatment in 

resistant cells. Levels of LAT1 mRNA and protein did not change in response to estrogen 

over time (0-48 hours) in the resistant LCC9 cells (Figure 6A-B), whilst LAT1 mRNA 

expression was increased in MCF-7 cells (positive control). The loss of regulation in 

resistant cells did not affect membrane subcellular co-location of either the LAT1 or CD98 

proteins. Protein co-localization was measured by immunofluorescence in experiments 

where both MCF-7 and LCC9 cells were treated with either vehicle or estrogen (Figure 

6C-D respectively).  

LAT1 is differentially regulated in response to endocrine therapy treatment 

To determine the effect of endocrine therapies on LAT1 expression, combinations of 

estrogen and either tamoxifen or fulvestrant were used to determine how LAT1 was 

regulated in response to antiestrogen treatment. MCF-7 (Figure 7A), LCC1 (Figure 7B), 

and LCC9 cells (Figure 7C) express both mRNA and protein for LAT1 and CD98, yet the 

level of expression varies with treatment. Estrogen alone, tamoxifen alone, and estrogen 

and tamoxifen cotreatment each significantly increased LAT1 mRNA (p<0.05) in both 

sensitive models. Tamoxifen in this context did not act solely as an antagonist for ER and 

exhibited partial agonist activity (Müller, Jensen and Knabbe, 1998). The antagonist 

fulvestrant decreased LAT1 expression in MCF-7 and LCC1 cells treated with E2 or 

tamoxifen, suggesting that ER inhibition negatively affects LAT1 expression. In MCF-7 

cells, the addition of fulvestrant with tamoxifen did not return LAT1 mRNA levels fully to 

baseline (upregulation p<0.05). In the MCF-7 cells, the classical estrogen-regulated 
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GREB1 mRNA was not upregulated in response to tamoxifen but increased in response 

to estrogen (Figure 8A-B). Similar to LAT1 and CD98 regulation in the LCC9 cells, GREB1 

mRNA was unchanged in response to endocrine treatments (Figure 8C). In the T47D 

models, the patterns of LAT1 and CD98 expression showed regulation similar to that seen 

in the MCF-7 variants. The levels of LAT1 and CD98 expression were regulated in the 

endocrine sensitive T47D:A18s, but not in the resistant T47D:4HT cells (Figure 9). This 

was additional evidence that estrogen regulation of LAT1 is lost during the development 

of endocrine therapy resistance.  
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Figure 7: Endocrine therapies differentially regulate LAT1 expression in sensitive 

but not resistant cells. A) MCF-7, B) LCC1, and C) LCC9 cell lines show differential 

LAT1 and CD98 protein or mRNA expression with endocrine treatment for 24 hours. 

Treatments included Vehicle (Veh), Estrogen (E2 or E), Tamoxifen (4OHT or T), 

Fulvestrant (ICI or I), or combinations of the drugs. Endocrine therapy sensitive cells 

upregulate LAT1 and CD98 in response to estrogen and tamoxifen treatment. * indicates 

p value less than 0.05 and ** indicates p value less than 0.01 by one-way ANOVA Holm-

Sidak method. (n=3, mean shown with standard deviation) 
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Figure 8: GREB1 is induced in response to endocrine therapy treatment in MCF-7 

but not LCC9 cells.  A) GREB1 mRNA expression increases with estrogen treatment. 

B) GREB1 mRNA does not change in response to endocrine therapy treatment showing 

loss of estrogen regulation in LCC9 cells. Treatments included Vehicle (Veh), Estrogen 

(E2 or E), Tamoxifen (4OHT or T), Fulvestrant (ICI or I), or combinations of the drugs. 

(n=3, mean shown with standard deviation). 
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Figure 9: Endocrine therapy modulates LAT1 expression in A) endocrine therapy 

sensitive T47D:A18s but not resistant B) T47D:4HT cells. Cells were treated for 24 

hours with the indicated drug or combinations of drugs. Western blots representative of 

n=3. 
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Pharmacological inhibition and genetic depletion of LAT1 restricts cell 

growth and induces G1 arrest 

Since basal expression of LAT1 was increased and had lost estrogenic regulation in 

resistant cells, we targeted LAT1 function using JPH203, a tyrosine analog and inhibitor 

of LAT1 function (Cormerais et al., 2016; Yothaisong et al., 2017). We applied a time and 

dose-dependent study design (6 days, 12.5 - 50 M) to determine how MCF-7 and LCC9 

cells respond to JPH203 treatment (Figure 10A-B). Growth was significantly inhibited by 

~50% with 50 M JPH203 in both cell lines in the presence or absence of estrogen 

(p>0.05). We also used two individual siRNAs to knock-down LAT1 expression. 72 hours 

after transfection, LAT1 protein expression was decreased by 40-60% as confirmed by 

Western blot hybridization (Figure 10C). Cell growth was significantly decreased with two 

individual siRNAs targeting LAT1 (Figure 10D, p<0.05) after 3 or 6 days compared with 

control. To determine how LAT1 inhibition affected cell cycle distribution, we performed 

cell cycle analysis of MCF-7 and LCC9 cells treated with either 50 M JPH203 or with 

siLAT1. While JPH203 inhibition did not change cell cycle phase distribution of the MCF-

7 or LCC9 cells, treatment with siLAT1 decreased the proportion of cells in S phase 

(Figures 10E-G). This was likely due to the excess of essential amino acids in growth 

medium. In a dose-dependent manner, the effect of JPH203 treatment increased when 

the concentration of essential amino acids in the media was reduced. The antiproliferative 

activity of JPH203 (Figure 10H) increased, as did the percentage of cells in G1, while the 

proportion in S-phase decreased (Figure 10I). Targeting LAT1 either pharmacologically 

or genetically was effective in reducing growth of the resistant cell line.  
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Figure 10: LAT1 inhibition reduces MCF-7 and LCC9 proliferation. A) MCF-7 and B) 

LCC9 growth curves treated with increasing doses (µM) of JPH203 for 6 days. Black 

asterisk is comparison with DMSO alone, while red asterisk is comparisons with DMSO 

and E2 treatment.  C) siRNA targeting of LAT1 (quantified in graph on the right) effectively 

reduced protein expression with 72 hours of treatment. D) Growth curve of siLAT1 cells 

showed a consistent decrease in cell growth at 3 and 6 days. Cell cycle analysis of E) 

MCF-7 and F) JPH203 treatment did not affect LCC9 cells, however G) siLAT1 produced 

a significant reduction in the proportion of cells in S phase collected after 72 hours. H) 

Normalization of essential amino acids to levels in human serum produced a significant 

reduction in cell growth with treatment of JPH203 in LCC9 cells (1.0X medium contained 

0.4 mM  leucine and 0.2 mM tyrosine). I) Cell cycle analysis of essential amino acid 

normalized conditions showed a decrease in the proportion of cells in S phase with 

JPH203 treatment when compared with conditions with higher concentrations of essential 

amino acids representative of cell culture media. * indicates p value less than 0.05 by 

one-way ANOVA Holm-Sidak method (n=3, mean shown with standard deviation).  
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Figure 11: LAT1 Overexpression leads to a proliferative advantage in MCF-7 and 

LCC1s. LAT1 plasmid was transfected into cells with a GFP tag. A) MCF-7 cells and B) 

LCC1 Empty Vector (EV) or LAT1 transfected cells were sorted for GFP positivity 

confirmed LAT1 overexpression through western blot. C) Microscopy image shows LAT1 

overexpression in MCF-7s. D) Cell cycle analysis shows a trend increase of S phase in 

LCC1 cells. LTX- lipofectamine, EV- empty vector, and LAT1 with the µg concentration of 

plasmid. Comparing percent of cells in S phase of EV to LAT1 at each concentration of 

plasmid results in insignificant p values from a paired t test: 0.5 = 0.102, 1.0 = 0.828, and 

2.5 = 0.469. (n=3, mean shown with standard deviation).  
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Overexpression of LAT1 increases S phase and global protein translation 

MCF-7 and LCC1 cells were transfected with plasmids containing either a GFP-empty 

vector (control) or a GFP-LAT1 cDNA expression vector. Overexpression of LAT1 protein 

was confirmed in MCF-7 and LCC1 cells (Figure 11A and 11B respectively). 

Fluorescence imaging of the GFP tag (Figure 11C) also confirmed plasmid expression. 

We observed an increased trend for cells to be in S phase in LCC1 cells (Figure 11D).  

Global protein correlates with LAT1 expression 

Puromycin is an inhibitor of global protein synthesis and can be used to assess translation 

by treating cells with a high dose followed by detecting the puromycinylated proteins using 

a western blot (Schmidt et al., 2009). When LAT1 was overexpressed in MCF-7 cells, the 

levels of puromycinylated proteins increased (Figure 12A). LCC9 cells treated with siLAT1 

followed by puromycin treatment exhibited a decrease in global protein translation (Figure 

12B). LCC9 cells grown in various concentrations of essential amino acids also showed 

a decrease in global protein translation when treated with 50 M JPH203 (Figure 12C). 

Increased LAT1 expression in endocrine sensitive cells produced an increase in global 

protein translation, whereas this was reduced by blocking LAT1 activity.  

Increased autophagy is a key feature of endocrine resistant cells (Cook and Clarke, 2014; 

Cook et al., 2014). Autophagy may cooperate with increased nutrient scavenging by SLCs 

to support the restoration of metabolic homeostasis and block an induction of apoptosis 

driven by metabolic imbalance. Autophagic flux can be estimated by measuring the 

expression of two key proteins: LC3 and p62 (Ohsumi, 2014). Apoptosis can be measured 

by western blot hybridization of the cleavage of poly(ADP-ribosyl) polymerase (PARP) 

(Nosseri, Coppola and Ghibelli, 1994). Expression of both the LC3 and p62 proteins was 
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increased following siRNA knockdown of LAT1 (Figure 13A). These data are consistent 

with an induction of autophagy but incomplete autophagic flux. Neither PARP cleavage 

nor phosphorylation of eIF2a was observed, suggesting that apoptosis and the PERK 

pathway within the unfolded protein response (UPR) are not required for this process. 

Knockdown of GRP78 (BiP) in LCC9 cells (GRP78 controls all three pathways within the 

UPR including PERK) produced a significant increase in LAT1 mRNA expression but not 

LAT1 protein expression (Figure 13B and 13C). These data imply either an increased rate 

of GRP78 protein turnover or a delay in increasing mRNA translation; determining the 

precise mechanism is beyond the scope of the current study.  

Higher LAT1 expression correlates with poor clinical outcome 

To determine the clinical relevance of LAT1 in endocrine-treated ER+ breast cancer, we 

established the association of LAT1 mRNA expression with clinical outcomes in four gene 

expression data sets (Figure 14, see Materials and Methods). We studied only invasive 

ER+ breast cancers that had received at least one endocrine therapy. For GSE2290 and 

GSE9195, patients were treated for hormone positive disease with an endocrine therapy 

(Sotiriou et al., 2006; Loi et al., 2008). Data sets were analyzed as described by Pearce 

et al. (Pearce et al., 2018). Higher LAT1 expression correlates significantly with a poor 

disease-free survival in all five datasets (log rank test: GSE2290 p=0.007, GSE6532-a 

p=0.005, GSE6532-p p=0.037, GSE9195 p=0.01 and Table 3). 
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Figure 12: Relative level of LAT1 expression affects global protein translation. A) 

Western blot of MCF-7 cells transfected with a LAT1 cDNA expression plasmid show an 

increase in global protein translation as shown by the increase in puromycinylated 

proteins. B) Western blot of puromycinylated proteins showed a reduction in global 

protein translation with LAT1 knock down after 72 hrs. C) Western blot of LCC9 cells in 

normalized levels of essential amino acid media with JPH203 treatment show a reduction 

of global protein translation with inhibition of LAT1. (Western blots were done in triplicate). 
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Figure 13: Autophagy initiates but does not complete with LAT1 inhibition. A) 

Western blot hybridization of several markers indicating the initiation of autophagy, but 

not its completion, as well as an upregulation of UPR proteins. B) knockdown of GRP78 

increased LAT1 protein after 72 hours. C) LAT1 mRNA levels increased with GRP78. 

(n=3, mean shown with standard deviation). 
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Figure 14: Analysis of 4 publicly available clinical data sets show that high LAT1 

mRNA expression correlates with poor disease-free survival in patients with ER+ 

breast cancer treated with an endocrine therapy. 

  



68 
 

Discussion 

Using matched sensitive (LCC1) and endocrine therapy resistant (LCC9) cell lines, we 

performed global transcriptomic (Affymetrix genechips) and proteomic (TMT and SILAC) 

analyses of differentially regulated genes and proteins. We identified several key players 

associated with the development of acquired resistance (Tables 1 and 2). Our study 

establishes SLC7A5 (LAT1) as a key regulator of growth in resistant breast cancer cells 

and a correlate of poor outcomes in patients with ER+ breast cancer and treated with an 

endocrine therapy. LAT1 was significantly upregulated in resistant LCC9 cells compared 

with their sensitive LCC1 parental cells in all three analyses (Table 3). This observation 

led to our focus on LAT1 to determine its role in the development or maintenance of 

endocrine therapy resistance. 

LAT1 has recently been proposed as a biomarker for progression in breast cancers (Liang 

et al., 2011). Our study showed that LAT1 overexpression in endocrine resistant breast 

cancer cells contributes to their survival and growth. For example, we established that 

LAT1 mRNA and protein expression are increased in endocrine resistant breast cancer 

cells compared with their genetically related but endocrine sensitive parents (Figure 5). 

In sensitive cell lines, leucine uptake was increased with estrogen treatment (Shennan et 

al., 2004); this uptake is consistent with an estrogenic regulation of LAT1 in ER positive 

MCF-7 and T47D breast cancer cells. We found two sites on the LAT1 gene that are 

transcriptionally activated upon treatment with estrogen (Figure 5E). Constitutive 

activation of the ER, whether by phosphorylation or mutation (Weis et al., 1996) is one 

component of endocrine resistance that results in the dysregulation of a number of 

downstream genes (Cook, Shajahan and Clarke, 2011). Notably, the basal expression of 
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LAT1 was higher, and its estrogenic regulation was lost, in endocrine resistant cells 

(Figure 6). A drug-induced reduction of amino acid uptake in sensitive cells, and 

particularly for essential amino acids, could lead to metabolic stress and cell death. 

Resistant cells must find a way to address this limitation. Upregulation of SLCs including 

LAT1 could improve a cell’s ability to scavenge nutrients from the tumor 

microenvironment, a function that is critical for cell survival (Martinez-Outschoorn et al., 

2017). LAT1 is responsible for the uptake of leucine and tyrosine for protein synthesis or 

as intermediates to enter the TCA cycle (Devés, Angelo and Chávez, 1993; Shennan et 

al., 2003; Fotiadis, Kanai and Palacín, 2013). Increased LAT1 expression has been 

reported in several cancers including prostate cancer (Xu et al., 2016), pleural 

mesothelioma (Kaira et al., 2011a), multiple myeloma (Isoda et al., 2014), and non-small 

cell lung cancer (Kaira et al., 2011b). Since homozygous knockout of LAT1 in embryonic 

lethal (Poncet et al., 2014), LAT1 function appears to be critical for growth and survival in 

a manner that is not adequately compensated by any altered expression or activation of 

other transporters.  

While LAT1 is under estrogenic regulation in MCF-7 and LCC1 cells, this was lost in 

endocrine resistant cells. LAT1 expression was increased by tamoxifen treatment in both 

MCF-7 and LCC1 cells; this increase was reduced by fulvestrant (Figure 7). These 

observations likely reflect the partial agonist activity of tamoxifen, which is weak relative 

to estrogen, and further imply that LAT1 expression is under estrogenic regulation (Clarke 

et al., 2012). MYC, which is also under estrogenic regulation in breast cancer cells (Dubik 

and Shiu, 1988), can regulate glucose and glutamine uptake and metabolism in part 

through its ability to affect the unfolded protein response in endocrine resistant cells 
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(Shajahan-Haq et al., 2014). LAT1 upregulation in endocrine resistance may cooperate 

with the MYC-induced increases in glucose and glutamine metabolism to contribute to 

cell survival in the face of the stress induced by endocrine therapies. The ability of GRP78 

to affect LAT1 expression implies some level of LAT1 regulation by the UPR that requires 

further investigation. 

Targeting solute carriers has not been widely explored in breast cancer. JPH203 was less 

effective than a targeted siRNA knockdown to restrict cell growth and induce G1 arrest 

(Figure 10). However, the high concentrations of free tyrosine, leucine, and phenylalanine 

in the cell culture media likely influenced the efficacy of JPH203. These and other amino 

acids also may be accessible within the tumor microenvironment (Figure 10H-I). In 

addition, the overexpression of LAT1 in endocrine sensitive cells increased the proportion 

of cells in S phase (Figure 11), implying that an enhanced uptake of essential amino acids 

through LAT1 could confer a proliferation advantage to resistant cells relative to other 

tumor cells. These data further imply that the level of LAT1 expression may be partly rate-

limiting in determining the proliferative capacity of some breast cancer cells. 

Overexpression of the LAT1 cDNA in endocrine sensitive MCF-7 cells enhanced global 

protein translation. In contrast, inhibition of LAT1 mRNA expression through siRNA 

knock-down or pharmacological inhibition of LAT1 protein activity each decreased global 

protein translation in endocrine resistant LCC9 cells (Figure 12). These observations may 

begin to explain how LAT1 is partly rate-limiting for proliferation, since it may also limit the 

ability to make the proteins necessary to support rapid cell replication. The decrease in 

global protein translation could reflect activation of the UPR (Guan et al., 2014) and/or a 

coordinated regulation of autophagy by the UPR (Cook and Clarke, 2014; Cook et al., 
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2014). Inhibiting LAT1 would reduce amino acid uptake that could result in an activation 

of autophagy to restore metabolic homeostasis. While LAT1 inhibition lead to an initiation 

of autophagy, flux did not complete. Knocking down GRP78, the primary regulator of the 

UPR (Cook et al., 2016), increased LAT1 expression after 72 hours (Figure 13). Increased 

uptake of amino acids and the ability of UPR to regulate global protein translation are 

likely connected, perhaps by activating features within the UPR.  

Dysregulation of cellular energetics, a key hallmark of cancer, is apparent in the altered 

metabolism seen in cancer cells compared with their normal cell counterparts (Hanahan 

and Weinberg, 2011; DeBerardinis and Chandel, 2016). Unique aspects of cancer cell 

metabolism can use pro-survival mechanisms, such as autophagy, to survive under 

stress or in a nutrient-poor tumor microenvironment such as that induced by endocrine 

therapy (Clarke et al., 2012). Autophagy is an intracellular process in which the lysosomal 

degradation of proteins and organelles can release amino acids, sugars, and other 

essential nutrients to support cell metabolism (White, Mehnert and Chan, 2015) and help 

to meet cellular energy demand (Mathew et al., 2012). If autophagy remains active at a 

high level and yet is unable to mitigate the cellular stress, autophagy can switch, or appear 

to switch, from being pro-survival to activating cell death. Previously, we have shown that 

endocrine resistant cells exhibit a higher autophagy efficiency than sensitive cells (Cook 

et al., 2014). Differential expression of proteins involved in metabolism likely contributes 

to maintaining the balance between pro-survival autophagy and pro-apoptotic responses 

to endocrine therapies (Shajahan-Haq et al., 2014).  

JPH203 showed antineoplastic activity and safety for biliary tract and colorectal cancer in 

a recent Phase I clinical trial (Okana et al., 2018). While LAT1 inhibitors have not yet been 
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tested in breast cancer patients, this appears to be a viable strategy worthy of further 

study. Targeting LAT1 limits the amount of amino acids, particularly leucine and tyrosine, 

that can enter the TCA cycle or maintain the production of new proteins (Shennan et al., 

2002, 2004). Using JPH203 in combination with endocrine therapies and/or mTOR 

inhibitors (Ueno et al., 2016) could prove beneficial. For example, the combination of 

JPH203 and mTOR inhibitors could result in decreased amino acid uptake and protein 

translation to restrict tumor cell growth; the first restricts leucine uptake while the second 

inhibits serine/threonine kinase activity which ultimately would starve the cells. Further 

exploration into the metabolic fate of the increased uptake of pre-formed amino acids 

could provide useful insights into the metabolic adaptations required to maintain 

endocrine resistance. Imaging of leucine or tyrosine with positron emission tomography 

(PET) (Sundaram et al., 2006) could be clinically informative as a potential biomarker of 

endocrine responsiveness in ER+ breast tumors.  

Finally, we show that LAT1 overexpression is consistently associated with poor relapse 

free survival in four independent clinical datasets from ER+ patients that received an 

endocrine therapy (Figure 14). This observation is consistent with other reports that LAT1 

may be an indicator of poor prognosis (Isoda et al., 2014; Ansari et al., 2018; Alfarsi et 

al., 2020). A recent study showed that LAT1 and LGLL2 may play a role in upregulating  

leucine uptake in endocrine resistance (Saito et al., 2019). Taken together with the 

detailed mechanistic outcomes reported here, further study of LAT1 and its role in 

endocrine therapy resistance may lead to novel therapeutic alternatives to improve overall 

survival for patients. 
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Chapter 4: Heat Shock Proteins 

Introduction 

Heat shock proteins (HSPs) have long been studied in cancer as they are a part of an 

extensive signaling network responsible for maintaining homeostasis in a cell (Li and 

Srivastava, 2003; Clarke and Cook, 2015; Chatterjee and Burns, 2017). When this 

regulation is lost, unregulated cell proliferation can occur. The unfolded protein response 

(UPR) responds to stress through extrinsic or intrinsic signals. Three arms of UPR include 

ATF6, PERK, and IRE1 that are interconnected to regulate cell fate (Hetz, 2012). In breast 

cancer cells antiestrogen therapies can result in dysfunctional ERα in the cytosol, while 

endocrine therapies can inhibit ERα activity resulting in formation of autophagosomes 

(Clarke and Cook, 2015).  Previous work in the Clarke lab focused on GRP78 (also known 

as BiP and HSPA5) that is upregulated in LCC9 cells compared with LCC1 cells. GRP78 

regulates the UPR signaling cascade leading to activation of its three pathways that can 

then influence cell fate.  

HSPB8 and BAG3 were found to be upregulated in the endocrine resistant LCC9 cells 

compared with the endocrine therapy sensitive LCC1 cells (Figure 2). HSPB8 expression 

was upregulated 15-fold in the SILAC study and 2-fold in the TMT study. BAG3 

expression was upregulated 1.5-fold in the SILAC study and 2-fold in the TMT study. 

These two proteins exist in a complex with HSP70 to target misfolded or unfolded proteins 

for degradation (Carra et al., 2009; Ganassi et al., 2016). HSPB8 and BAG3 have been 

found to induce phosphorylation of eIF2 alpha to stimulate autophagy (Carra et al., 2009). 

UPR may aid in survival despite cell stress due to a reduction in the total load of proteins 

for the quality control system in a cell, leading to general translational arrest. Additionally, 
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HSPA4L was found to be upregulated 1.5-2-fold in the proteomic studies, but little is 

known about this protein. Since two members of a complex were upregulated and there 

was previous literature on their role in cancer, we chose to focus on HSPB8 and BAG3. 

We hypothesized that in the development of endocrine therapy resistance, there is an 

upregulation of these heat shock proteins that target misfolded proteins for degradation 

to support surviving cell stress. 
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Results 

Basal protein and mRNA expression of HSPB8 and BAG3 are elevated in 

endocrine resistance 

To confirm the upregulation of these genes seen in the proteomic studies, we analyzed 

western blots of HSPB8, BAG3, and HSP70 in endocrine therapy sensitive and estrogen 

dependent MCF-7, endocrine therapy sensitive and estrogen independent LCC1, and 

endocrine therapy resistant and estrogen independent LCC9 cells. Basal protein 

expression was increased in the LCC9 cells compared with MCF-7 and LCC1 cells 

(Figure 14A). The basal mRNA levels also confirmed the upregulation of HSPB8 and 

BAG3 in LCC9 cells compared to MCF7 or LCC1 cells (Figure 14B) (Shajahan-Haq et al., 

2017).  

HSPB8 mRNA and protein expression are regulated by estrogen in endocrine 

therapy sensitive cell lines but less so in the resistant cell line 

Since the endocrine resistant cells had upregulated HSPB8 and BAG3, the next step was 

to assess the ability of estrogen to regulate their expression. Figure 15 is a time course 

of estrogen (17β-estradiol) treatment in MCF-7, LCC1, and LCC9 cells. HSPB8 mRNA 

expression was significantly increased in MCF-7 and LCC1 cells with only 2 hours of 

treatment, while LCC9 cells had a more modest decrease. BAG3 mRNA expression was 

decreased with estrogen treatment at 24 hours in all three cell lines. We did not measure 

HSP70 mRNA expression. Protein expression of HSPB8, BAG3, and HSP70 were 

measured in three cell lines, MCF-7 (Figure 16A), LCC1 (Figure 16B), and LCC9 cells 

(Figure 16C). HSPB8 protein was significantly increased in LCC1 cells but was not 

significant in MCF-7 cells. HSBP8, BAG3, and HSP70 protein expression was unchanged 
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in LCC9 cells in response to estrogen treatment. This observation differs from the 

significant decrease in HSPB8 mRNA in LCC9 cells that may not yet be seen at the time 

point at which protein expression was measured (24 hours).  
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Figure 15: Basal expression of HSPB8 and BAG3 in endocrine therapy resistance 

models. A) Western blot analysis of HSPB8, BAG3, and HSP70 in MCF-7, LCC1, and 

LCC9 cells. B) mRNA expression of HSPB8 and BAG3 in MCF-7, LCC1, and LCC9 cells. 

Data are representative of n=3.  
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Figure 16: HSPB8 and BAG3 mRNA expression is regulated by estrogen in a time 

dependent manner. Statistical analysis was performed using the Student’s T-test 

comparing 17β-estradiol (E2, 1 nM) to vehicle (VEH, ethanol) at that time point (n=3, 

mean shown with standard deviation). * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 17: HSPB8 is significantly upregulated by estrogen in LCC1 cells but is not 

significantly upregulated in LCC9 cells. MCF-7 (A), LCC1 (B), and LCC9 (C) cells 

were analyzed at different time points (2, 6, 12, and 24 hours of treatment with VEH 

(ethanol) or E2 (17β-estradiol, 1 nM) for expression of HSPB8, BAG3, and HSP70. 

Quantifications of relative protein expression of E2 treated normalized with vehicle 

treatment at each time point is shown to the right of a representative blot (n=3, mean 

shown with standard deviation). Statistical analysis was performed using the Student’s T-

test comparing 17β-estradiol (E2) to vehicle (VEH) at that time point. * p<0.05, ** p<0.01, 

*** p<0.001  
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Figure 18:  HSPB8 and BAG3 mRNA levels were measured by qRT-PCR in MCF-7, 

LCC1, and LCC9 cells after treatment with vehicle (ethanol, VEH), 1 nM 17β-

estradiol (E2, E), 500 nM 4-hydroxytamoxifen (4-OHT, T), 500 nM fulvestrant (ICI, I), 

and other combinations of these compounds for 24 hours (n=3, mean shown with 

standard deviation). Statistical analysis was performed using by one-way ANOVA 

followed by Holm-Sidak multiple comparisons testing. * p<0.05, ** p<0.01, *** p<0.001 

when compared with VEH treatment.  
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HSPB8 and BAG3 mRNA and protein expression are differently regulated in 

endocrine therapy sensitive compared to resistant cell lines  

MCF-7, LCC1, and LCC9 cells were treated with estrogen, tamoxifen, and/or fulvestrant 

to determine their effects on HSPB8, BAG3, and HSP70 expression. mRNA analysis of 

cells treated for 24 hours with 1 nM 17β-estradiol (E2), 500 nM 4-hydroxytamoxifen (4-

OHT), and 500 nM fulvestrant (ICI) is shown in Figure 17. Due to tamoxifen’s partial 

agonist activity, combinations of estrogen, tamoxifen, and fulvestrant were used to 

determine if partial agonism affected expression of the complex partners. When 

compared with vehicle, E2, 4-OHT, and E2+4-OHT each induced a significant increase 

in HSPB8 mRNA expression in MCF-7 cells (Figure 17A). MCF-7 BAG3 mRNA 

expression levels also decreased with E2 treatment.  In LCC1 cells compared to vehicle, 

E2, 4-OHT, and E2+4-OHT resulted in a significant increase in HSPB8 mRNA expression 

(Figure 17B). There was no change in HSPB8 mRNA expression with endocrine therapy 

treatment in LCC9 cells (Figure 17C). At the protein level, E2, 4-OHT, and E2+4-OHT 

treatment increased HSPB8 expression in MCF-7 cells and LCC1 cells compared with 

vehicle (Figure 18A-B). BAG3 protein expression was not significantly affected by 

endocrine therapies in any cell line. HSP70 protein expression was not significantly 

affected by endocrine therapies. Treatment with combinations of either estrogen or 

tamoxifen with fulvestrant reduces HSBP8 expression to the levels seen in the vehicle 

controls, which confirmed the partial agonist activity of tamoxifen in the endocrine therapy 

sensitive MCF-7 and LCC1 cells.  
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Figure 19: Western blot analysis of HSPB8, BAG3, and HSP70 protein expression 

in MCF-7 (A), LCC1 (B), and LCC9 (C) cell lines after treatment with treatment with 

vehicle (ethanol, VEH), 1 nM 17β-estradiol (E2, E), 500 nM 4-hydroxytamoxifen (4-

OHT, T), 500 nM fulvestrant (ICI, I), and other combinations of these compounds for 

24 hours (n=3, mean shown with standard deviation). Statistical analysis was 

performed using by one-way ANOVA (comparing to VEH, vehicle) followed by Holm-

Sidak multiple comparisons testing. * p<0.05, ** p<0.01, *** p<0.001. 
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Genetic depletion of HSPB8 induces G1 arrest in LCC9 cells 

Since HSBP8 appeared to be the key component of the HSPB8-BAG3-HSP70 complex 

regulated by estrogen, this complex member was targeted with siRNA. There are 

currently no drugs or small molecules that specifically inhibit HSBP8 function. Western 

blot analysis was used to assess the effectiveness of three unique siRNA duplexes for 

HSPB8. Two were effective; siB-HSPB8 silenced HSPB8 expression by 70% and siC-

HSPB8 silenced HSPB8 expression by 90% when compared with the scramble control 

(Figures 19A-B). siB-HSPB8 and siC-HSPB8 were used to silence HSPB8 by siRNA 

transfection and to measure the distribution of LCC9 cells throughout the cell cycle by 

FACS analysis (Figure 19C). HSPB8 silencing with siB-HSPB8 did not affect cell cycle 

progression. However, siC-HSPB8 increased the number of cells in the G1 phase 

(Scramble-64.68%, siC-75.6%). Conversely, the number of cells progressing in the S 

phase was decreased substantially (Scramble- 25.12%, siC- 14.92%). The difference 

between the two siRNAs likely is from the ability of siC to decrease HSPB8 expression 

twice as well as siB. The increase of G1 and decrease of S phase cells when HSPB8 was 

significantly knocked down suggests that the protein quality control function contributes 

to endocrine therapy resistant cell growth.   

Genetic depletion of HSPB8 has varied effects on autophagy 

As autophagy had been studied intensively in the context of endocrine resistance, we 

also studied how targeting HSPB8 affected this pathway. Utilizing siRNA, we lowered 

HSPB8 protein expression at 24, 48, and 72 hours. A western blot for the following 

markers of UPR and autophagy were run: ATF4, ATF6, BAG3, CHOP, eIF2α, GRP78 

(BiP), HSPB8, HSP70, HSP90, IRE1α, p-eIF2α, p62, PERK, and XBP1. However, every 
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experiment produced different and inconsistent results, likely due to the poor knock down 

of HSPB8 in these set of experiments (Figure 20). There was no trend in which proteins 

were upregulated consistently in any of the UPR or autophagy genes. Clearly further 

understanding is needed of how the HSPB8-BAG3-HSP70 complex changes in the 

context of endocrine resistance.  

Higher expression of HSPB8 correlates with poor prognosis 

Finally, we assessed HSPB8 expression in two of the available clinical data sets 

(GSE2990 and GSE9195, additional data sets were not analyzed). Figure 21 shows 

overexpression of HSPB8 correlates with poor overall survival. Below the KM plots are 

graphs showing the ways in which the data can be stratified (see Methods: Clinical 

correlation analyses). There are several cutoff points that have a significant log rank test 

p value, but the point that is closest to the median cutoff point is the optimal cutoff point.  

A black dot indicates where a cutoff point exists for the KM plot above. Red dots 

indicate the other cutoff points that can be made into higher or lower with a significant 

separation while blue dots indicate the non-significant cutoff points.  
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Figure 20: siRNA targeting HSBP8 effectively reduced protein level and induced G1 

arrest in LCC9 cells. A) Western blot of HSPB8, BAG3, HSP70 after treatment for 72 

hours with siRNA which is quantified in B). C) siC reduced HSPB8 most effectively and 

was seen to best induce G1 arrest by cell cycle analysis (n=3, mean shown with standard 

deviation). Statistical analysis was performed by one-way ANOVA (comparing to 

Scramble) followed by Holm-Sidak multiple comparisons testing. * p<0.05, ** p<0.01, *** 

p<0.001.



 

 

Figure 21: A time course of siHSPB8 transfections analyzed by western blot and quantified in this bar graph. Each 

time point is normalized to siScramble control. Proteins assessed in these western blots were: ATF4, ATF6, BAG3, CHOP, 

eIF2α, GRP78 (BiP), HSPB8, HSP70, HSP90, IRE1α, p-eIF2α, p62, PERK, and XBP1. Bars are representative of three 

separate experiments with the mean and standard deviations shown. 
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Figure 22: Kaplan-Meier survival curves from two of the clinical data sets show that 

higher HSPB8 is poor for overall survival. The KM plots show p value and confidence 

intervals for the two data sets. The bottom graphs represent the hazard ratio and cut off 

points which are optimal, significant, and non-significant to stratify the data.   
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Discussion 

Proposed mechanisms of resistance have focused on the enhanced ability of breast 

cancer cells to regulate protein homeostasis and respond to cellular stresses through 

autophagy, UPR, and other pathways. This chapter explored the potential role of the heat 

shock protein complex consisting of HSPB8, BAG3, and HSP70 in promoting resistance, 

as the complex was previously studied to play a major role in protein quality control and 

was also shown to facilitate autophagy (Carra, 2009; Carra et al., 2009; Ganassi et al., 

2016; Piccolella et al., 2017).  

Expression of HSPB8, BAG3, and HSP70 were assessed at the basal level and in 

response to estrogen in MCF-7 derived cell lines. We showed that basal mRNA and 

protein levels of HSPB8 and BAG3 are highest in the endocrine resistant LCC9 cells, 

which suggests that these proteins could play a role in endocrine resistance. In 

agreement with previous data, we also confirmed that estrogen enhances HSPB8 

expression. Estrogen induced a slight decrease in BAG3 expression in MCF-7, LCC1, 

and LCC9 cell lines at the mRNA level, but these changes were not seen at the protein 

level. Additional time point data may add to our understanding of this regulation with 

shorter time points or extending the time of estrogen treatment to determine the long-term 

effects on the protein complex partners. Further, treatment with tamoxifen also produced 

a modest increase in HSPB8 expression in MCF-7 cells that could be due to tamoxifen’s 

partial agonist activity in ER+ cells. Lastly, we found that HSPB8 silencing contributed to 

an increased number of cells in G1 arrest and a decreased number of cells in S phase, 

showing that the role of HSPB8 as a quality control protein is necessary to maintain cell 

growth. We hypothesize that the reduced ability of the cells to clear aggregated proteins 
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may by causing the cells to enter G1 arrest and reduce their proliferation, but a robust 

reduction of HSPB8 is necessary. 

Future studies are needed to better characterize the potential role of the HSPB8-BAG3-

HSP70 complex in the acquisition of endocrine resistance. The relationship between the 

protein complex and the facilitation of autophagy also needs to be further analyzed by 

exploring the effects of overexpression and silencing of HSPB8 on various members of 

the autophagy machinery. As the role of the HSPB8-BAG3-HSP70 complex is further 

elucidated in relation to endocrine resistance, targeting the complex members may 

provide a potential treatment option to combat endocrine therapy resistance. 

Limitations 

While the initial work in this chapter shed insight to the estrogen regulation of HSPB8 and 

BAG3, there are limitations to this study. Autophagy and UPR within endocrine resistance 

have been studied previously in the Clarke Laboratory (Clarke and Cook, 2015). Due to 

the complexity of these pathways, the specific role of HSPB8 and BAG3 is not clear. 

There are redundancies for clearing misfolded proteins as BAG3 can also interact with 

other small HSPs (Gamerdinger, Carra and Behl, 2011; Rosati et al., 2011; Klimek et al., 

2017; Fang et al., 2019). HSPB8-BAG3-HSP70 complex can interact with p62 in 

autophagy to target misfolded proteins for degradation (Gamerdinger et al., 2009). In this 

study we focused on HSPB8 and BAG3, however there are many small HSPs and other 

BAG proteins that maintain protein folding within a cell. For example, BAG1 and BAG3 

have been studied in the context of aging as BAG3 expression increases relative to 

BAG1. The Gamerdinger et al. study also found an increase in LC3 indicating an increase 

in autophagy. The HSPB8 knock down in Figure 21 was not as robust as previous figures, 
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which could be why the affect on autophagy was so varied. Additional assessment of 

HSPB8’s affect on UPR and autophagy could provide a clearer understanding of why this 

protein is upregulated in endocrine resistance.  

Many kinases can influence the protein quality control within a cell as UPR is a complex 

and tightly regulated process. One critical component of UPR is the PERK pathway which 

includes the phosphorylation of eIF2α. HSPB8 and BAG3 have been found to act 

independently of HSP70 and can target fully folded substrates through p-eIF2α (Carra et 

al., 2009). This HSP70 independent pathway was unexplored in the context of endocrine 

resistance. Furthermore the kinase GCN2 is important for sensing amino acid starvation 

and inhibiting eIF2α phosphorylation when starvation occurs (Xia et al., 2018). In the 

context of endocrine resistance, we do not know if the upregulation of HSPB8 and BAG3 

are acting in a canonical or non-canonical manner. From the cell cycle data in Figure 20, 

we determined targeting HSPB8 with siRNA resulted in a G1 arrest, however this was not 

significant for both siRNAs. Further studies are required to assess which kinases are 

working with HSPB8 and BAG3 to affect UPR in endocrine resistance.  
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Chapter 5: Future Directions 

Previous research published from Dr. Clarke’s laboratory has characterized the 

differences in endocrine therapy resistant cells compared with sensitive cells. Taking a 

systems biology approach, it was determined that endocrine resistant cells have 

upregulated the unfolded protein response and exhibit a higher basal autophagy 

phenotype (Cook et al., 2014). Upregulation of specific SLCs, as seen in LCC9 compared 

with the LCC1 cells, may support the increased autophagy efficient phenotype through 

amino acid recycling. Of the solute carriers in the mRNA, TMT, and SILAC analyses, 

SLC7A5 (LAT1) expression was significantly increased in all three studies. Our first step 

in understanding the role of SLC7A5 (LAT1) in endocrine resistance was to determine its 

regulation by estrogen or endocrine therapies in a series of matched endocrine sensitive 

and resistant cell lines.  

We determined that LAT1 is estrogen regulated in endocrine therapy sensitive models 

and tamoxifen functions as a partial agonist as it upregulates LAT1 mRNA and protein 

expression. To target LAT1’s ability to transport amino acids into the cell, we used the 

tyrosine analog, JPH203 (Wempe et al., 2012). Both the JPH203 compound and siRNA 

were used to inhibit LAT1 in LCC9 cells. Inhibition of LAT1 with siRNA induced a larger 

percentage of cells in G1 arrest than JPH203, but neither reach statistical significance. 

We believe this was due to the high concentration of essential amino acids in the media 

as compared with serum concentrations in patients (Johnson and Bergeim, 1951). We 

formulated media with more physiologically relevant concentrations, which increases the 

potency of JPH203 at much lower concentrations. In the 1.0X condition (leucine = 0.4 

mM, tyrosine = 0.2 mM), only 50 M JPH203 significantly (p<0.01) decreases cell growth 
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compared with vehicle. When grown in amino acid depleted conditions, JPH203 can 

reduce cell growth by 80% compared with vehicle and is significant at lower 

concentrations (leucine at 0.2 or 0.1 mM and tyrosine at 0.1 or 0.05 mM). The lower 

concentrations of amino acids mimic the nutrient deprivation that can arise in the tumor 

microenvironment. The tumor receives nutrients from the vascular system and these latter 

conditions are often reflective of poorly vascularized regions of a tumor.  

We hypothesized that endocrine therapy resistant cells have an altered cellular 

metabolism phenotype that allows for increased cellular fitness when compared with 

sensitive cells. Using several paired models of endocrine therapy sensitive (MCF-7, 

T47D, ZR75-1) and their endocrine therapy resistant variants, and normal mammary 

epithelial cells, we can determine what initial metabolic phenotypes exist with the 

Seahorse method. This technique measures the dissolved oxygen and free protons in a 

“transient microchamber” of cells plated in a monolayer. We will obtain measurements of 

the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). 

Measurements at a baseline of respiration and in response to drug treatment will provide 

dynamic data that reflect metabolic perturbations. Cells must first be optimized for cell 

density and then plated for experimental analysis. Initial drugs to target the mitochondria 

such as oligomycin and trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) will 

determine a general metabolic phenotype.  

The seahorse technique required several optimization experiments with endocrine 

sensitive LCC1 and endocrine resistant LCC9 cells and these experiments are continuing 

in the Clarke laboratory. From the initial analyses we believe that the LCC1 cells exhibit 

a more ‘aerobic metabolism’ than the LCC9 cells. Resistant cells appear to have a more 
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‘Warburg metabolism’ phenotype through dependence on aerobic glycolysis rather than 

oxidative phosphorylation and anaerobic glycolysis. Further analysis will be done using 

the Seahorse XF “Cell Mito Stress Test Kit” or “Glycolysis Stress Test Kit”. The “Cell Mito 

Stress Test” first measures baseline respiration, followed by sequential treatment with 

oligomycin, FCCP, and rotenone + antimycin A. Oligomycin inhibits complex V of the 

electron transport chain, FCCP uncouples the proton gradient of the mitochondria 

membrane, rotenone inhibits complex I and antimycin A inhibits complex III of the electron 

transport chain. This approach allows for OCR assessment of ATP-linked respiration, 

maximal respiration, and the spare capacity of mitochondrial respiration. The “Glycolysis 

Stress Test” also measures baseline respiration before sequential treatment and 

measurements with glucose, oligomycin, and 2-deoxy-D-glucose (2-DG) that inhibits 

glycolysis. These experiments will provide ECAR data on the level of glycolysis, glycolytic 

capacity, and glycolytic reserve. Results will provide more detailed information on cellular 

respiration. These experiments will be done in the presence and absence of estrogen, 

selective estrogen receptor modulators (SERMS), and selective estrogen receptor down-

regulators (SERDS) to determine how these endocrine therapies lead to changes in 

cellular metabolism in paired sensitive and resistant cells.  

Another research avenue to pursue is amino acid metabolism changes with the 

development of endocrine resistance. We observed an increase in the efficacy of JPH203 

to restrict cell growth with a decrease in amino acid concentration in the media. LAT1 

transports leucine, which is an essential amino acid that can enter the citric acid cycle 

following conversion to acetoacetate (Coon and Gurin, 1949). We do not know how 

inhibition of additional SLCs, such as SLC1A5 (ASCT2), SLC7A11 (xCt) or SLC2A1 
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(GLUT1), in combination with SLC7A5 could change the metabolic phenotype of 

endocrine resistant cells. In response to nutrient depleted conditions or cellular stress 

such as endocrine therapy, we hypothesize that the cells become more dependent on 

glycolytic metabolism rather than mitochondrial metabolism. Upregulation of SLCs would 

provide an abundance of amino acids that could replenish the TCA cycle to drive cell 

metabolism. An additional way to test this will be through in vivo studies using nude mice 

to assess how JPH203 restricts endocrine resistant tumor growth. We could also analyze 

the metabolite levels of the tumors to determine the effectiveness of amino acid restriction 

in addition to endocrine treatment.  

To validate the results from the experiments described above, we could use glucose 

uptake and lactate production assays to further characterize the metabolic phenotype of 

the cells. If the metabolic phenotypes are not clear from the Seahorse assays, these 

experiments can add further information to help build the phenotype profiles. An increase 

in lactate production would suggest a more ‘Warburg’-like phenotype. Once the critical 

phenotypes have been identified, liquid chromatography mass spectrometry (LCMS) or 

gas chromatography mass spectrometry (GCMS) could measure levels of the metabolites 

in preferred metabolic pathways and these can then be compared across different cell 

line phenotypes. Differentially regulated pathways or key metabolites could be targeted 

to induce cell death in endocrine therapy-resistant cells.  

Proliferating cells require amino acids to be taken in from the surrounding environment to 

drive protein translation and folding and other features of cellular metabolism. In nutrient 

deplete conditions, some amino acids can be used as fuel for the TCA cycle. In endocrine 

therapy resistance, we have determined that upregulation of solute carriers can drive cell 
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survival by increasing their ability to scavenge nutrients. Restricting how cancer cells get 

access to metabolites may offer novel therapeutic strategies to exploit dependencies in 

their adapted metabolic profiles.  

We hypothesized that cancer cells adapt their metabolism in endocrine therapy resistance 

to upregulate solute carriers for increased nutrient uptake. Since LAT1 was the most 

consistently upregulated and is easily targeted with siRNA or JPH203, we can study the 

intake of leucine or tyrosine in endocrine therapy resistance. Amino acids such as leucine, 

tyrosine, and cysteine can enter the TCA cycle to fuel cellular metabolism. SLC7A11 (xCt) 

is an antiporter for glutamate (out) and cystine (in), while LAT can transport leucine and 

tyrosine into the cell. Initially, liquid chromatography–mass spectrometry (LCMS) could 

be performed to determine the relative enrichment of metabolites in endocrine resistant 

compared with sensitive cells. We can determine which specific metabolic pathway(s) is 

preferred by screening in an unbiased manner to uncover global metabolite changes. This 

assessment can be performed in a variety of conditions with sensitive and resistant cell 

lines including treatment with JPH203 with and without endocrine therapy.  

Through stable isotope labeled amino acids, we could track the conversion of different 

metabolites under various conditions to delineate their preferential pathways. For 

example, labeling leucine will allow for a quantitative assessment of its conversion to 

acetoacetate and acetyl coA, to determine how these intermediates may be preferentially 

fed into the TCA cycle in endocrine resistant cells. Inhibition of LAT1 with siRNA or 

JPH203 followed by LCMS of labeled leucine or tyrosine will identify which pathways are 

critical for growth when their intake is limited. Amino acid deprivation within the cell should 
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restrict cell growth and treatment with JPH203 will allow for an understanding of which 

direction cellular metabolism shifts in response.  

Immunofluorescence experiments can also be performed to study the sub-cellular 

localization of SLCs and, where appropriate, any critical protein partners such as LAT1 

and CD98. The localization of the SLCs is critical to their function. We could also explore 

whether an upregulation of specific solute carriers, including LAT1, alters cell morphology 

and induces features associated with a resistant and more progressed phenotype often 

seen with an epithelial-to-mesenchymal transition (EMT). Staining for SLCs (such as 

LAT1) and organelles (such as mitochondria) could determine if the increase in amino 

acid uptake alters protein localization or expression. These experiments will also be done 

with endocrine resistant cells that have LAT1 or xCt knock down to determine if amino 

acid restriction results in morphological changes within the cell. Isolation of the 

mitochondria from endocrine sensitive and resistant cells followed by protein isolation will 

allow for assessment of any role for mitochondrial SLCs. This information could provide 

a map of changes in endocrine resistant compared with sensitive cell lines.  

We can also determine if inhibition through blocking another solute carriers’ expression 

is effective at restricting endocrine resistant cell growth. In my thesis work, I observed 

that targeting LAT1 with siRNA decreased global protein translation when assessed by 

puromycin incorporation in newly synthesized proteins. When cells are in a nutrient 

depleted microenvironment, they need to increase uptake of essential amino acids, and 

make up for a limitation in the production of non-essential amino acids to continue protein 

translation and/or as fuel for the TCA cycle, to provide energy to fold any translated 

proteins. Upregulation of LAT1 in response to nutrient deprivation can also activate 
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autophagy (Chen et al., 2014)c.  Autophagy can recycle amino acids by degrading 

proteins (micro-autophagy) and subcellular organelles (macro-autophagy) under 

conditions of stress, processes that could alter how translation is also controlled through 

regulators like mTOR. There was an initiation of macro-autophagy in siRNA mediated 

LAT1 depleted cells in a time dependent manner. After 72 hours of siRNA treatment, LC3 

is increased yet there was no corresponding decrease of p62, suggesting autophagic flux. 

With a knock down of LAT1 expression, there was an increase in GRP78 (regulator of 

UPR) expression and of both phosphorylated eIF2α and ATF4. The increase in these 

PERK pathway genes, following LAT1 inhibition, could explain the cell death seen by an 

increase in the subG1 peak of cell cycle analysis.  

Global protein translation can be affected by the availability of amino acids for the cell to 

use to best enable overall metabolic homeostasis. We can discover how, during the 

process of becoming endocrine resistant, cells change their metabolism (metabolic flux 

experiments) and alter the production of specific proteins to meet the increased metabolic 

needs of the tumor. Specifically, we can measure changes in the mTOR pathway and in 

downstream unfolded protein response signaling. mTOR is a regulator of autophagy and 

can stimulate this response in conditions of nutrient deprivation (Chen et al., 2014). We 

have previously described an upregulation of autophagy proteins in endocrine resistance 

(Cook, Shajahan and Clarke, 2011). Next we can determine how the upregulation of 

solute carriers specifically affects global protein translation, likely through altered mTOR 

expression and autophagic flux (Button et al., 2016; Rebsamen and Superti-Furga, 2016). 

One method is to use western blot hybridization to measure the levels of proteins within 

the mTOR pathway in response to inhibition of LAT1 or xCt. mTOR can be targeted with 
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everolimus (Ballinger, Meier and Jansen, 2018), and solute carriers such as LAT1 can be 

targeted with JPH203 (Wempe et al., 2012) or xCt can be targeted with erastin (Sato et 

al., 2018). These will likely induce apoptosis and one could assess how this metabolic 

stress occurs, e.g., using Seahorse analyses. 

Additionally, we can seek to identify the essential components of UPR that HSPB8 and 

complex partners interact with to trigger degradation of proteins to drive autophagy for 

cell survival instead of cell death. A co-immunoprecipitation of HSPB8 and its partners 

BAG3 and HSP70 could assist in determining which UPR factors it associates with in 

endocrine resistance. We found an upregulation of HSPB8 mRNA and protein with 

estrogen treatment, however BAG3 mRNA decreased with the same duration of 

treatment. HSBP8 and BAG3 could be functioning with other partners to assist in 

overcoming cellular stressors. For example, p62/sequestosome-1 (SQSTM1) can interact 

with HSPB8-BAG3 to modulate mitotic spindle dynamics (Fuchs et al., 2015). The 

relationship between the HSPB8-BAG3 complex and p62 in the context of endocrine 

resistance is unknown. Previous research has confirmed the role of p62 in autophagy and 

p62 protein expression was measured after HSPB8 silencing in Figure 21 of this study. 

Due to the inconsistent knockdown of HSPB8 expression, there was no clear relationship 

between p62 and HSPB8 in endocrine resistant LCC9 cells.  

One method to identify how HSPB8 is aiding in endocrine resistant cell survival is to 

determine which of the essential kinases that interact with HSPB8 to phosphorylate eIF2a 

drive an autophagy response. For example, we could focus on GCN2. This kinase is a 

serine/threonine-protein kinase that can sense amino acid deficiency through binding to 

uncharged transfer RNA (tRNA)(Xia et al., 2018). GCN2 plays a key role in modulating 
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amino acid metabolism as a response to nutrient deprivation (Cormerais et al., 2016). 

Studying these HSP interactions in the conditions described for nutrient deprivation in the 

previous SLC work, could also provide information on how these nutrient sensing proteins 

and transporters for the essential nutrients are co-upregulated in endocrine resistant 

breast cancer. 
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Figure 23: Conclusions from the study. In endocrine resistant cells basal levels of 

LAT1, CD98, HSPB8, and BAG3 mRNA and protein are increased and estrogen 

regulation is lost. The amount of essential amino acids (eeAA) taken into the cell through 

LAT1 and CD98 can affect the proportion of cells in S phase as well as global protein 

translation and autophagy. Targeting HSPB8 had an extremely varied effect on 

autophagy and UPR but resulted in a decrease in the proportion of cells in S phase. 

Further study on targeting LAT1 to induce nutrient uptake as well as HSPB8 to reduce 

capacity to remove misfolded proteins may provide new therapeutic avenues for 

endocrine therapy resistant breast cancer.  
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Conclusions 

From previous mRNA and publicly available clinical data sets, we compiled a list of 109 

SLCs that were differentially regulated in the context of endocrine resistance. Two 

proteomic approaches provided a list of proteins upregulated in the endocrine therapy-

resistant LCC9s compared to the endocrine therapy-sensitive LCC1s. SLCs and HSPs 

were found to be upregulated in the TMT and SILAC data comparing protein expression 

patterns in LCC9 cells with those in LCC1 cells. SLC7A5 (LAT1) and SLC3A2 (CD98) 

were found to be upregulated in endocrine resistant LCC9 cells in all three TMT, SILAC, 

and mRNA data sets. HSPB8 and BAG3 were also found to be upregulated in LCC9 cells. 

Figure 23 depicts a schematic of the following conclusions. LAT1 and HSPB8 were both 

regulated by estrogen in the endocrine sensitive cell lines, but this regulation was lost in 

endocrine resistance. Endocrine therapies had varied effects on LAT1 and HSPB8 

expression. Tamoxifen showed partial agonist activity and resulted in upregulation of both 

LAT1 and HSPB8. LAT1 was significantly upregulated by estrogen and tamoxifen in 

endocrine therapy sensitive cell lines, but fulvestrant was able to reduce this effect. LAT1 

inhibition reduces cell growth either with pharmacological inhibition through JPH203 or 

genomic targeting with siRNA. Endocrine sensitive cells with an overexpression of LAT1 

protein gained a proliferative advantage. Global protein translation was decreased with 

LAT1 inhibition in endocrine resistant LCC9 cells. Autophagy was initiated but not 

completed when LAT1 function was inhibited. More studies should be done to assess 

how restricting essential amino acid uptake could aid in restricting tumor growth in 

endocrine resistance. HSPB8 knockdown with siRNA resulted in G1 arrest, however the 

knockdown when assessing autophagy was less efficient and did not provide a clear 
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indication of a method of cell death. Nevertheless, LAT1 and HSPB8 upregulation in 

endocrine resistance provides a biomarker for poor overall survival. Understanding the 

mechanisms of endocrine resistance will provide better therapeutic strategies for patients 

in the future.  
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