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Abstract 

 

Title: Therapeutic Effect of Anti-Progranulin/GP88 Antibody AG01 in Triple Negative 

and  Letrozole Resistant ER+ Breast Cancer Cells 

Rupa Guha, Doctor of Philosophy, 2020 

 Dissertation Directed By: Ginette Serrero, Ph.D., Adjunct  Professor 

         School of Pharmacy, University of Maryland, Baltimore 

Progranulin (GP88, PCDGF, granulin/epithelin precursor, acrogranin) is a secreted 

autocrine growth/survival glycoprotein that functions as a biological driver of tumor cell 

proliferation, tumorigenesis, survival, invasiveness and drug resistance in several cancers, 

including breast cancer.  Progranulin is found in the serum of breast cancer patients at 

higher levels than in healthy subjects and pathological studies have shown that in ER+ 

tumor biopsies, progranulin/GP88 is an independent prognostic factor of recurrence. 

Although TNBC represents a small percentage (15-20%) of breast cancer diagnoses, it is 

clinically important because of its highly aggressive nature and the fact that the disease 

progresses to metastasis within an exceedingly shorter period. Higher progranulin levels 

have also been shown to be associated with TNBC cases. 

Progranulin represents a therapeutic and diagnostic target in breast cancer. We have 

characterized a recombinant neutralizing anti-human progranulin/GP88 monoclonal 

antibody AG01 that inhibits progranulin biological effect in vitro and in vivo. Since GP88 

is associated with poor outcomes in BC patients, we have investigated the effect of AG01 

to inhibit proliferation and enhance letrozole responsiveness of letrozole resistance breast 

cancer cell lines as well as inhibit proliferation and migration of TNBC cells, two breast 

cancer areas with unmet medical needs for targeted therapy.  We found that progranulin 



 

 

 

levels were sharply elevated in letrozole resistant cells as compared to the parent cell 

lines. Simultaneously, TNBC cells showed an increase in progranulin expression while it 

is undetectable in normal mammary cells.  This emphasized the importance of targeting 

PGRN to treat letrozole resistance in ACLRTUSM as well as provide a therapeutic agent 

in TNBC cells. We report here that treatment of ACLRTUSM with anti-PGRN antibody 

(AG01) not only reduced their proliferation but increased the sensitivity of ACLRTUSM 

cells towards letrozole treatment. In several TNBC models, AG01 treatment reduced cell 

proliferation, migration, and invasion. Taken together, the research work discussed here 

provides new information to better understand the targeting progranulin and the 

effectiveness of AG01 as a potential therapeutic agent in breast cancer. Future work 

continuing characterization of AG01 will provide further insight into its role in regulating 

cancer biology. 
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CHAPTER 1:  BACKGROUND AND SIGNIFICANCE 

1.1 Breast Cancer 

Uncontrolled growth of cells due to genetic or environmental factors can lead to the 

development of cancer. Cancer is a significant health problem, and one of the leading 

causes of death worldwide (Siegel et al., 2018). While lung cancer is the foremost cause 

of cancer deaths in both men and women, breast cancer stands amongst the leading 

causes of cancer deaths in women (SEER Cancer Stat Facts, 2019; DeSantis et al., 2019). 

Breast cancer alone accounts for 30% of new cancer diagnoses in women (Siegel et al., 

2018). For pathological screening and diagnosis at least five molecular subtypes of breast 

cancer, namely luminal A, luminal B, HER2 overexpressing, basal, and normal-like are 

particularly useful (Table 1). Each of these subtypes mapped to three classical 

immunohistochemistry molecular markers in breast cancer, namely estrogen receptor 

(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) 

along with other clinicopathological features (Dai et al., 2015). These clinicopathological 

features include parameters like tumor size, histologic grade, axillary lymph node 

involvement, proliferation marker expression, and age of the patient.  Tumor grading is 

one of the critical prognostic markers in breast cancer and estimates the aggressive 

potency of the tumor with low grade being less aggressive as compared to high-grade 

cancer (Rakha et al., 2010; Farwani, 2013). Table 1.1 represents the genotypic 

characteristics in each intrinsic subtype based on immunohistochemistry, grade, and 

overall clinical outcome, which affects prognosis and treatment options (Dai et al., 2015). 
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Each subtype has a different grade of tumor, prevalence, and survival after relapse (Table 

1.1). For example, breast cancer of luminal subtype metastasizes to bones whereas those 

with basal subtype more often metastasizes to the lung and brain (Al-Mahmood et al., 

2018).  

Summary of the breast tumor molecular subtypes 

Intrinsic 

subtype 

IHC status Grade Outcome Prevalence 

Luminal A [ER+|PR+] HER2-

KI67- 

   1|2 Good    23.7%   

Luminal B  [ER+|PR+] HER2-

KI67+ 

   2|3    Intermediate   38.8%   

[ER+|PR+] 

HER2+KI67+ 

|Poor   14%   

HER2 over-    

Expression 

[ER-PR-] HER2+    2|3 Poor   11.2%   

Basal [ER-PR-] HER2-, 

basal marker+ 

   3 Poor  12.3%   

Normal-like [ER+|PR+] HER2-

KI67- 

  1|2|3  Intermediate  7.8%   

Table 1.1  Subtypes of breast cancer. Table representing intrinsic subtypes of breast cancer displaying 

their differences in terms of genetic expression as demonstrated by IHC subtyping, grade, clinical outcome 

and their prevalence (Adapted from Dai et al., 2015). 
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Basal subtypes have IHC status ER-PR-HER2-, with low or no hormone receptor 

and Her2 expression but abundance in the expression of basal protein like keratins and 

EGFR (Dai et al., 2015). Their expression profile is similar to those of normal basal 

epithelial cells from other parts of the body and normal breast myoepithelial cells. Sixty 

to ninety percent of basal tumors account for triple negative cases (Fan et al., 2006). 

Normal –like subtype accounts for 7.8% of the lymph node-negative breast cancer cohort. 

Their IHC status is similar to those of Luminal A subtype and with normal breast tissue 

profiling (Dai et al., 2015). 

1.2 ER+ Breast Cancer and Endocrine Therapy 

Hormone therapy is a widely accepted treatment option in estrogen receptor (ER) 

and progesterone receptor (PR) positive breast cancer.  The biological activity of estrogen 

initiates upon binding of estrogen to the two variants of ER, namely nuclear receptors 

ERα and ERβ. This binding leads to conformational changes that result in genomic and 

non-genomic responses. ERα is overexpressed and is the main target for therapeutic 

interventions in ER + breast cancer (Muluhngwi and Klinge, 2015). Estrogen is the main 

factor that drives ER+ breast cancer proliferation. As a result, targeted endocrine therapy 

has been successful in treating hormone-dependent breast cancer. Anti-estrogen therapies 

include a) ER antagonists, b) ER down regulators, and c) Aromatase inhibitors (AIs) 

(e.g., Letrozole). ER antagonists, e.g., Tamoxifen, compete with estrogen for binding 

estrogen receptor and hence blocks ER related transcriptional activity. Aromatase 

inhibitors work on the principle of complete deprivation of estrogen synthesis by acting  
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on the enzyme aromatase, involved in the conversion of androgen to estrogen. ER 

downregulators like Faslodex (Fulvestrant) leads to ER down-regulation and not only 

inhibit the activation of the receptors but also interferes with ER nuclear localization and 

dimerization (Robertson, 2002).  

1.3 ER+ Breast Cancer and Development of Endocrine Therapy Resistance 

Long term breast cancer treatment needs a multidisciplinary approach due to the 

frequent development of drug resistance. The development of cancer treatment resistance 

is not limited to radiation and chemotherapy, as it also develops in targeted and hormonal 

therapy (Chumsri et al., 2011; Raguz and Yague, 2008). Even after remarkable 

achievement in reducing cancer-related mortality with endocrine therapy in ER + breast 

cancer patients, there are concerns for the development of drug resistance (Tremon et al., 

2017), resulting in the recurrence of tumors in 30-50% of early breast cancer patients 

(Szostakowska et al., 2019). Intrinsic resistance is indicated by a lack of initial treatment 

response in tumor cells, while acquired resistance results in relapse after an initial period 

of treatment response (Sunada et al., 2018; Kaemmerer et al., 2018). 

Recent advances in the understanding of these issues have focused on changes in the 

tumor cells as the leading cause of the development of drug resistance (Hanamura and 

Hayashi, 2017; Ma et al., 2015, Muluhngwi and Klinge, 2015). The genetic profile of 

breast cancer reported being more diverse in the case of AI resistance as compared to AI 

sensitive tumors (Miller et al., 2009). Various factors are involved in AI resistance, which 

could range from inherent estrogen insensitivity, the involvement of a mutant variety of 

aromatase gene making inefficient AI interaction, to ligand-independent activation of the  
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ER signaling pathway (Miller and Larionov, 2012; Masri et al. 2010). Treatment failure 

due to intrinsic resistance could be due to factors like alteration in drug efflux pumps or 

dysregulated apoptosis (Moulder, 2010).  Acquired resistance could result from the 

activation of regulatory pathways involved in cellular growth and crosstalk between 

different cell growth regulatory pathways (Kesmodel et al., 2014). Around 15-20% of 

cases of drug resistance to estrogen therapy are due to the development of ER 

independent cell proliferation mechanisms (Szostakowska et al., 2019).  That could be 

due to switching to alternative signaling pathways regulating cell survival or 

proliferation. Sabnis et al., 2009 demonstrated the role of Her2 signaling in the 

development of letrozole resistance in ER+ breast cancer cells. They presented evidence 

of Her2 crosstalk with the ER signaling pathway in a ligand-independent manner that 

could lead to cancer cell proliferation even in the presence of the aromatase inhibitor 

letrozole. The upregulation of other growth factors and their receptors are reportedly 

associated with the development of anti-estrogen resistance by increased activation of 

several growth factor pathways. For example, increased expression of epidermal growth 

factor (EGF) and its receptor EGFR, involved in the development of tamoxifen or 

fulvestrant resistance in breast cancer cells (Nicholson et al., 2004). Overexpression of 

growth factors like insulin-like growth factor (IGF)-II, transforming growth factor 

(TGFβ)-1 and fibroblast growth factor (FGF)-4 contributes to the development of 

resistance to endocrine therapy (Nicholson et al., 2004). Development of drug resistance 

could be a result of ER receptor inactivation by mutation in ER activation site or 

suppression of ER expression by microRNAs like miR-221/222 (Muluhngwi and Klinge,  
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2015, Szostakowska et al., 2019).  Almost one-third of early breast cancer patients treated 

with Tamoxifen experience relapse within 2-5 years of diagnosis (Fan et al., 2015). 

Aromatase inhibitors are known to have a more extended efficacy period, thus delaying 

the emergence of drug resistance in post-menopausal women (Kesmodel et al., 2014). 

Even after extended efficacious period of treatment, eventually, cancer cells can develop 

resistance to aromatase inhibitors as well. Understanding the etiology of breast cancer for 

the underlying mechanism of resistance, whether intrinsic or acquired resistance, would 

help in the development of novel targeted therapy. The identification of targets associated 

with anti-estrogen therapy resistance is necessary for the development of novel solutions 

to this medical need. 

1.4 Triple Negative Breast Cancer (TNBC) 

TNBC lack, or have low expression of all three breast cancer receptors ER-, PR- as 

well as HER2-, constitutes approximately 15-20% of breast cancer. According to 

PAM50 (Prediction Analysis of Microarray 50), subtyping TNBC are primarily of the 

basal subtype (77%), while only 23% of TNBC are consists of non-basal like tumors 

(Lehmann et al., 2016) (Figure 1.1 A).  Basal-like tumors can be further subtyped into 

seven categories based on cluster analysis done on 21 public microarray data sets of 

unique gene expression. As per original TNBC type subtyping it comprises of basal-like 

subtypes BL1 (18%), BL2 (11%); one immunomodulatory subtype (IM- 21%); a 

mesenchymal subtype (M- 21%); a mesenchymal stem-like subtype (MSL-8%), a 

luminal androgen receptor (LAR-9%) and an unclassified cluster (12%) (Figure 1.1 B) 
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Garrido-Castro et al., 2019; Lehmann et al., 2011; Bräutigam et al., 2016, Lehmann et 

al., 2016).  

 

 

Figure 1.1  Piechart representation of TNBC subtype. A) As stratified by PAM50 and B) As stratified 

by TNBC type (Adapted from Lehmann et al., 2016). 

 

TNBC is very difficult to treat clinically because of its higher tumor grade, high 

invasiveness, poor prognosis resulting in poor metastasis-free survival, and overall 

patient survival.   Targeted therapies, like anti-estrogen therapy or Her2 antagonists, are 

not an option in TNBC due to the lack of ER, PR, and HER2 receptor expression on the 

tumors. TNBC is highly sensitive to chemotherapies in adjuvant, neoadjuvant, and 

metastatic settings as compared to other breast cancer subtypes (Rassy et al., 2018). 

TNBC Standard of care (SOC) includes chemotherapies like anthracyclines, 

cyclophosphamide, taxanes, and radiation therapy (Borbála et al., 2017).  TNBC has an 

unmet need for novel targeted therapies with reduced toxicity, which can act on both 

TNBC proliferation and migration. An agent that can be used as monotherapy or in 



 

 

8 

 

combination with SOCs in TNBC to increase efficacy of SOCs is urgently needed. More 

detailed discussed is in the following sections.  

1.5 Chemotherapy in Triple Negative Breast Cancer 

The lack of defined, common biomarker in TNBC makes it challenging to design a 

rational approach for targeted therapy. Hence, non-specific and cytotoxic chemotherapy 

remains the primary approach to treat this aggressive subtype of breast cancer along 

with surgery and radiation therapy (Mayer and Burstein, 2016). TNBC is more common 

in the African-American population as well as in BRCA mutation carriers (Stover et al., 

2016). Tumors from this group are usually larger, more aggressive, and metastasize 

faster primarily to viscera (with poor prognosis) as compared to breast cancer with 

luminal subtypes that spread to the bone (Lee and Djamgoz, 2018). Dent et al., 2007 

represented breast cancer recurrence rates by incidence curves in TNBC and other breast 

cancers in women. Figure 1.2, points out to a remarkable difference in the hazard rate of 

distant recurrence in TNBC patients as compared to non-TNBC (Dent et al., 2007). The 

rate of recurrence was higher in TNBC patients who reached their peak within the first 

1-3 years after diagnosis (Dent et al., 2007). Additionally, the median survival time after 

recurrence was much shorter in TNBC patients (9 months) as compared to other breast 

cancer patients (20 months) (Dent et al., 2007). TNBC is highly chemosensitive and 

taxanes, anthracyclines are amongst the most effective chemotherapies for this subtype 

(Lee and Djamgoz, 2018; Borbála et al., 2017; Bignon et al., 2018; Mustacchi and 

Laurentiis, 2015).  
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Figure 1.2  Graphical representation of hazard rate in breast cancer. Graph showing recurrence within 

five years of surgery in TNBC as compared with other breast cancer cases (Adapted from Dent et al., 

2007). 

 

Neoadjuvant therapy is a therapy administered before primary cancer treatment and 

traditionally used to deal with unresectable tumors for better loco-regional control. 

Around 30% of studied TNBC patients showed a complete absence of residual disease 

or complete pathologic response, upon neoadjuvant treatment (Santonja et al., 2018). 

The patients with complete response had better prognosis with improved disease-free 

survival and overall survival, similar to patients with less histologically aggressive 

tumors. TNBC patients with residual disease had the worst prognosis even after 

chemotherapy as compared to other non-TNBC tumor-bearing patients (Santonja et al., 

2018). 

Amongst available targeted therapies for TNBC, PARP1 (Poly (ADP-ribose) 

Polymerase 1) inhibitors have shown better efficacy clinically in BRCA deficient TNBC. 
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Some of the other therapeutic targets include receptor tyrosine kinases like fibroblast 

growth factor receptor (FGFR), epidermal growth factor receptor (EGFR), vascular 

endothelial growth factor receptor (VEGFR) and non – receptor tyrosine kinases Like 

PI3- AKT- m TOR, MEK, Src have been targeted in TNBC for therapeutic interventions 

(Lee and Djamgoz, 2018) with minimal success clinically (Gonzalez et al., 2014; Infante 

et al., 2013; Duncan et al., 2013).  

1.6 PARP Inhibitors as Therapeutic Target in TNBC  

PARP (Poly ADP ribose polymerase- enzyme involved in single-stranded DNA 

repair) inhibitors are shown to be more effective in BRCA mutated TNBC compared to 

due to the concept of “synthetic lethality” (Lee and Djamgoz, 2018; Audeh , 2014; 

Farmer et al. 2005; Ashworth , 2008; Bryant et al., 2005). PARP inhibitor, which targets 

the DNA repair process, inhibit the ability of cancer cells to repair DNA damage, 

especially when it is already deficient in the BRCA DNA repair pathway and hence 

would help to enhance chemotherapy efficacy due to synthetic lethality. Various PARP 

inhibitors like veliparib, olaparib, rucaparib, talazoparib, niraparib  have been evaluated 

as monotherapies and combinational therapies in clinical trials and showed improved 

overall responses (Lee and Djamgoz, 2018; Farmer et al. 2005; Ashworth, 2008; Bryant 

et al., 2005, Rodler et al. 2014 ). PARP inhibitors in combination with chemotherapies 

were found to be effective in sensitizing wild type BRCA TNBC as well as BRCA 

mutated patients. The clinical study using a combination of PARP inhibitor and 

chemotherapies - veliparib + cisplatin (chemotherapy) + vinorelbine (chemotherapy) in 

https://www.sciencedirect.com/topics/medicine-and-dentistry/veliparib
https://www.sciencedirect.com/topics/medicine-and-dentistry/veliparib
https://www.sciencedirect.com/topics/medicine-and-dentistry/cisplatin
https://www.sciencedirect.com/topics/medicine-and-dentistry/vinorelbine
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wild type BRCA TNBC patients showed overall response of 53% in TNBC while 73% 

response in BRCA mutated TNBC patients (Lee and Djamgoz, 2018). There was an  

improvement in the overall survival of TNBC breast cancer patients with wild-type 

BRCA and mutated BRCA, who have undergone treatment with 

veliparib + cisplatin + vinorelbine combinational therapy (Figure 1.3).  

 

Figure 1.3  KM plot representing overall survival in TNBC patients. Plot representing overall survival 

with wild type BRCA versus mutated BRCA, treated with the combination of PARP inhibitor along with 

chemotherapy  - veliparib + cisplatin + vinorelbine (Adapted from Lee and Djamgoz, 2018). 

 

1.7 Receptor Tyrosine Kinases as Therapeutic Targets in TNBC 

    Receptor tyrosine kinases like fibroblast growth factor receptor (FGFR), epidermal 

growth factor receptor (EGFR), vascular endothelial growth factor receptor (VEGF) have 

https://www.sciencedirect.com/topics/medicine-and-dentistry/veliparib
https://www.sciencedirect.com/topics/medicine-and-dentistry/cisplatin
https://www.sciencedirect.com/topics/medicine-and-dentistry/vinorelbine
https://www.sciencedirect.com/topics/medicine-and-dentistry/triple-negative-breast-cancer
https://www.sciencedirect.com/topics/medicine-and-dentistry/veliparib
https://www.sciencedirect.com/topics/medicine-and-dentistry/cisplatin
https://www.sciencedirect.com/topics/medicine-and-dentistry/vinorelbine
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been investigated as potential therapeutic targets in TNBC. EGFR is involved in inducing 

tumorigenesis, metastasis, invasion, and is reported to be upregulated in 89% of TNBC 

(Sobande et al., 2015). Even though in vitro studies with several TNBC cell lines found 

EGFR inhibitor gefitinib to be efficacious in combination with chemotherapies like 

docetaxel and carboplatin, clinical study results have not been promising (Layman et al. , 

2013;Finn et al., 2009; Schuler et al., 2010; Baselga et al., 2013; Carey et al., 2012; 

Nabholtz et al., 2014). TNBC was the only breast cancer subtype that did not represent 

the benefit of event-free survival in a clinical trial with the combination therapy of anti-

EGFR/HER2 (Laptinib)   and chemotherapy  paclitaxel (Finn et al., 2009). 

VEGF is involved in angiogenesis, one of the critical hallmarks of cancer.  Amongst 

all classes in the VEGF family, VEGF-A is overexpressed in TNBC and is responsible 

for poor prognosis (Bahnassy et al., 2015). Even though VEGF-A is overexpressed in 

TNBC, clinical trials with bevacizumab (anti- VEGF-A) in combination with various 

chemotherapies did not show improvement in overall survival of TNBC patients 

(Cameron et al., 2013; Robert et al., 2011; Brufsky et al., 2011). 

The receptor tyrosine kinase c-Met is overexpressed in TNBC and is one of the 

factors associated with poor overall survival (Kim et al. 2014). Binding of the ligand 

hepatocyte growth factor to the c-Met receptor leads to phosphorylation of the c-Met 

cytosolic domain. Phosphorylation of c-Met leads to its interaction and activation of 

various downstream effector molecules like Akt, RAS, ERK, Src, which is associated 

with multiple tumor driving biological processes like proliferation, migration.  

Unfortunately, the c-MET inhibitor tivantinib failed to show efficacy in a clinical study. 
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MET inhibitors like crizotinib or foretinib showed to be more efficacious when used in 

combination with other therapies like EGFR inhibitors or PARP inhibitors in preclinical 

studies (Kim et al. 2014; Mueller et al., 2010; Du et al. 2016). 

1.8 Non-Receptor Tyrosine Kinases as Therapeutic Targets in TNBC 

    Essential non-receptor tyrosine kinases like PI3- AKT, MEK, and Src are 

overactive and have been targeted using inhibitors like ipatasertib, buparsilib in TNBC 

for therapeutic interventions (Lee and Djamgoz, 2018).  Unfortunately, most of these 

inhibitors used either did not show any improvement in responses or patients developed 

resistance, thereby limiting the efficacy of the therapy clinically (Gonzalez et al., 2014; 

Infante et al., 2013; Duncan et al., 2013).  Some inhibitors, like rapamycin/ everolimus 

(mTOR inhibitors), showed an increase in efficacy when used in combination with 

chemotherapy in TNBC cell lines. Introduction of mTOR inhibitor everolimus in 

combination with the chemotherapy paclitaxel downregulated mTOR level and showed a 

trend towards improvement in 12-week clinical response rate, however without 

improvement in pathological complete response rate in TNBC patients (Gonzalez et al., 

2014). 

    In conclusion, even though many efforts are devoted to developing targeted 

therapies in TNBC, clinical success remains limited. Although TNBC responds well to 

chemotherapies, there is a high risk associated with tumor relapse with chemotherapies 

due to multidrug resistance (Lee and Djamgoz, 2018). Hence, there is an unmet need for 

developing specific and non-cytotoxic targeted therapy in TNBC that can be used either 



 

 

14 

 

as an individual therapy or in combination with chemotherapy to enhance the overall 

efficacy of the treatment with delayed recurrence. 

1.9 Progranulin (GP88) 

Discovery and structure  

Progranulin has been given many names since it was discovered in different 

laboratories independently. It is a secreted glycoprotein conserved in most eukaryotes.  It 

is a product of a single gene on chromosome 17q21. It is also known as GP88, 

proepithelin, PC cell-derived growth factor (PCDGF), and acrogranin (Bhandari et al., 

1992; Baba et al., 1993; Zhou et al., 1993; Plowman et al. 1992; He and Bateman, 2003; 

Ahmed et al., 2007). Structurally it does not belong to any known growth factor family 

(Liu et al., 2012). 

The 88 KDa secreted Glycoprotein GP88 (Progranulin) is the largest member of the 

granulin/epithelin family of polypeptides, which contains 7.5 highly conserved cysteine-

rich 6 KDa GRN ( Granulins/ epithelin) repeats, in a 63 KDa core protein (Figure 1.4A, 

B and Figure 1.5). The granulin motifs are separated by a short linker sequence that can 

be proteolytically cleaved to release granulins (Figure 1.5) (Plowman et al., 1992; Zhou 

et al., 1993, Serrero, 2003; Damme et al., 2008; Halper, 2010, Zhang and Bateman, 2011, 

Palfree et al., 2015, Kim et al. 2016). Secretory leukocyte protease inhibitor (SLPI) is a 

small protein that plays a vital role in regulating progranulin proteolysis by inhibiting its 

cleavage to granulins. SLPIs secreted by leukocytes and neutrophils, assists in 

suppressing the inflammatory response from these cells by inhibiting progranulin 

cleavage to granulins (Ahmed et al. 2007). 
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 A 

 

  B 

                

            

Figure 1.4  Schematic of progranulin structure. A) Full-length progranulin consists of 7 (labeled A to G) 

and a half (labeled as P for paragranulin) granulin motifs. B) The spatial conformation of granulin repeat 

from teleost fish carp, as determined by two-dimensional nuclear magnetic resonance spectroscopy. 

Structure representing compact folds of β hairpins stacked up (red and green arrows) with six disulfide 

bridges (yellow bonds) (Palfree et al., 2015). 
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Figure 1.5  Protein sequence of full-length progranulin. Full-length progranulin protein sequence 

demonstrating proteolytically cleavable granulins separated by a linker sequence. Consensus sequences 

represented in bold with cysteine-rich parts indicated as CC (Ahmed et al. 2007). 

 

Role of progranulin in normal cell and function 

The name progranulin or granulin/epithelin precursor comes from the fact that it was 

initially thought to be an inactive precursor, which required cleavage into GRN to be 

activated (Plowman et al., 1992). Dr. Serrero’s laboratory was the first to show that the 

88 KDa glycoprotein was also a biologically active entity and hypothesized that the 

processing to 6KDa granulins might be a negative regulatory mechanism (Zhou and 

Serrero et al. 1993; Serrero, 2003). Progranulin is a pluripotent autocrine growth/survival 
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factor involved in cellular functions like cell cycle progression, motility, wound healing 

by neovascularization, neuronal development, inflammation, and embryogenesis. It is 

widely expressed in various mammalian cells, epithelia, immune cells, and in brain 

microglia neurons have elevated progranulin expression (Zhang and Bateman, 2011; 

Cenik et al., 2012). Mutation studies in progranulin have previously shown its role in the 

central nervous system and are associated with frontotemporal lobar degeneration 

(Ahmed et al., 2007). While progranulin is usually mitogenic, granulins have a very 

complicated regulatory role in growth of mammalian cells. Shoyab et al., 1990, showed 

granulin A/ epithelin 1 stimulates murine keratinocyte proliferation while it inhibits the 

growth of epidermoid carcinoma A431 cells. Granulins can have antagonistic effects on 

each other. Excess of granulin B/ epithelin 2 antagonizes the mitogenic effect of granulin 

A (Shoyab et al., 1990; Bateman and Bennett, 1998). Progranulin and granulins have a 

reverse role to play in inflammation. Progranulin inhibits whereas granulins induce 

inflammatory responses by attracting neutrophils. Neutrophils release elastase, which 

cleaves progranulin to promote inflammatory responses. Binding of progranulin to TNFR 

blocks the interaction of TNFα to TNFR and inhibits inflammatory responses (Wu and 

Siegel, 2011). Progranulin is shown to be associated with the stimulation of angiogenesis 

(He et al., 2003), required in CNS maintenance (Cenik et al., 2012) and also has a 

function in sex determination during embryonic development (Suzuki et al. 1998). 
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Role of progranulin in cancer 

 

Progranulin is reported to be a biological driver of tumor cell proliferation, 

tumorigenesis, cell survival, invasiveness, matrix metalloprotease activity, and 

development of estrogen independence and drug resistance in breast cancer (Serrero, 

2003; Koo et al., 2012; Serrero, 2016). While progranulin expression is negligible in 

benign breast epithelium, it increases in invasive ductal carcinoma. Proliferative marker 

Ki67 is positively correlated with progranulin expression and was shown to be 

significantly higher in progranulin positive human breast cancer lesions (Serrero and 

Ioffe, 2003). Figure 1.6A and 1.6 B show that in ER+  invasive ductal carcinoma, higher 

progranulin expression as evaluated by IHC, strongly correlated with reduced disease-

free (DFS) and poor overall survival (OS) ( Serrero et al., 2012). Elevated circulating 

levels of progranulin is a clinically significant prognostic marker to monitor the progress 

of breast cancer (Tkaczuk et al. 2011) as well as predicting recurrence in hormone 

receptor + (ER+ or PR+) breast cancer patients during tamoxifen adjuvant therapy (Koo 

et al., 2012). Table 1.2, represents the correlation between progranulin expressions to 

various clinic pathological features in breast cancer. Statistical examination showed a 

positive correlation between high progranulin expression to tumor size (P<0.038) and 

with grade of tumor (P< 0.001) (Elkabets et al. 2011). The statistical analysis showed a 

positive correlation of TNBC and basal-like breast cancer to high progranulin expression 

(P< 0.001) (Elkabets et al. 2011). Progranulin expression, as analyzed by 
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immunohistochemistry (IHC), has shown a significant positive correlation with the poor 

survival of breast cancer patients (P=0.038) (Figure 1.8) (Elkabets et al. 2011). 

 

 

 

Figure 1.6  Kaplan-Meier estimates for disease-free survival and overall survival by progranulin 

scores. IHC examined progranulin expression in ER+ IDC reported as GP88 scores of 0, 1+, 2+ and 3+. A) 

Kaplan-Meier estimates for disease-free survival –DFS. B) Kaplan-Meier estimates for overall survival- OS 

(Serrero et al., 2012). 
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Table 1.2  Table representing correlation between progranulin expression to the progression of 

tumorigenesis with respect to different clinicopathological features in breast cancer patients (Elkabets 

et al. 2011). 
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Figure 1.7  Kaplan-Meier analysis of the serum GP88 (progranulin) levels of metastatic breast cancer 

patients. Patients stratified into two groups based on serum progranulin level. Blueline represents serum 

progranulin level below or equal to 55 ng/mL and the red line represents patients with serum progranulin 

level higher than 55 ng/mL (Tkaczuk et al., 2019). 

 

In a prospective study from our lab, serum progranulin (GP88) level investigated 

from metastatic breast cancer patients, showed a positive correlation between the levels 

of serum progranulin to overall poor outcome (Figure 1.7). 
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Figure 1.8  Kaplan Meier analysis for survival of breast cancer patients with progranulin positive 

and progranulin negative in IHC staining (From Elkabets et al. 2011).  

 

     Our laboratory has demonstrated the role of progranulin/GP88 as an autocrine 

growth and survival factor in breast cancer (Serrero, 2003). In particular: 1) in ER+ breast 

cancer cells, GP88 stimulates proliferation and confers estrogen independence and 

resistance to anti-estrogen and AIs (Lu and Serrero, 2001; Tangkeangsirisin et al., 2004; 

Abrhale et al., 2011)); 2) GP88 is expressed in 80% of invasive ductal carcinoma (IDC) 

whereas it is negative in normal mammary tissue (Serrero et. 2012); 3) GP88 tumor 

expression is a prognostic indicator of recurrence in early-stage breast cancer patients 

(Serrero et al., 2012; Serrero et al., 2016); 4) Elevated circulating level of GP88 in 

metastatic BC patients is associated with disease progression (Tkaczuk, 2019, in press). 

While progranulin expression as shown by immunohistochemistry is negative in normal 

lung tissue, it was reported to be expressed in 70% of lung adenocarcinoma and 

squamous cell carcinoma (Edelman et al., 2014). .Antibody against progranulin was 
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shown to be efficacious in reducing growth of hepatocarcinoma xenograft (Ho et al., 

2008). These results point to GP88 as an ideal therapeutic and diagnostic, also known as 

a theranostic target in breast cancer. 

 

Progranulin receptors  

Progranulin is secreted as a glycosylated protein from the endoplasmic reticulum and 

released extracellularly. The characterization of progranulin receptor remains an open 

question, potentially because progranulin is a pleiotropic factor and may have multiple 

binding receptors.  Neill et al. have established one of the ephrin receptor tyrosine kinase 

family member, EphA2 receptor, as binding to progranulin (Neill et al. 2016). The  

physical binding of progranulin to EphA2 receptor leads to activation of downstream 

signaling molecule mitogen-activated protein kinase (MAP kinase ERK1/2) and 

phosphatidylinositol-3-kinase (PI3 kinase) and hence, induction of associated cell 

survival functions. Progranulin- EphA2 interaction could result in further amplification of 

PI3 kinase activity as a result of crosstalk between Progranulin- EphA2 with other 

surface receptor tyrosine kinases (Neill et al., 2016; Chitramuthu and Bateman, 2016). 

Tumor Necrosis Factor α (TNFα) is a cytokine involved in the inflammatory 

response. TNFα interaction with its receptor TNFR is involved in inducing a 

proinflammatory cytokine cascade associated with  disease progression like 

autoimmunity (Aggarwal, 2003). Previous reports have suggested that progranulin binds 

to TNFR and interferes with TNFα/TNFR interactions, mediating an anti-inflammatory 

effect (Tang et al., 2011). However, those reports have been disputed by Chen et al., 
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2013; as progranulin interaction with TNFR cannot be replicated by 

coimmunoprecipitation and surface plasmon resonance approaches. 

The neuronal receptor sortilin has also been considered as a putative progranulin 

receptor via its c-terminal region (Zheng et al., 2011). However, progranulin lacking the 

c- terminus is biologically active, thereby indicating that sortilin may not be the receptor 

mediating progranulin biological activity (De Muynck et al., 2013). Neuronal receptor 

sortilin is a vacuolar protein sorting receptor involved in endocytosis, regulating the 

extracellular level of progranulin by binding and internalizing it. Recent reports show that 

binding to sortilin receptors directs progranulin to the lysosome, which delivers it to the 

endolysosomal system (Figure 1.9) (Hu et al., 2010; Tanimoto et al., 2016, Kao et al.,  

2017). Sortilin is also involved in cellular functions like transport of protein to the trans – 

Golgi network or endosomes. Interestingly, sortilin has been shown to be overexpressed 

in breast cancer cell lines and reported to be associated with metastatic potential in breast 

cancer (Rhost et al., 2018).  Since sortilin (SORT1) is an essential regulator of 

extracellular progranulin level, it is being investigated as a therapeutic target in anti-

cancer development ( Lee et al., 2014; Rhost et al., 2018). 

Our laboratory has shown previously that progranulin induces Her2 activation in 

Her2 overexpressing breast cancer cells in a time and dose-dependent manner. The 

stimulation of Her2 phosphorylation is via the action of the ERK1/2 and Akt signaling 

pathway (Kim et al., 2006; Kim et al., 2016). Progranulin utilizes ERK1/2 and Akt 

signaling pathway in HER2 overexpressing breast cancer cells for cell proliferation, 

rendering them Herceptin (Anti- HER2 antibody) resistant. 
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Pathways regulated by progranulin 

Progranulin binding stimulates various downstream signaling molecules that regulate 

cellular proliferation, differentiation, growth, survival, migration, and invasion by 

activating signaling pathways through MAP kinase ERK1/2, PI3 kinase, and FAK, 

leading to activation of cell cycle regulatory proteins  (Figure 1.9) (Kim et al., 2016; 

Tanimoto et al., 2016). Src is a non-receptor tyrosine kinase, and its subcellular 

localization plays an essential role in activation.  It is inactive in the cytoplasm, until it 

translocates to the cell membrane where it is activated by autophosphorylation at Y416 

and thereby regulates many intracellular signaling pathway includes MAP kinase  

ERK1/2, PI3 kinase and FAK (Figure 1.9) (Frame, 2002; Jiang and Qiu, 2003; Bjorge, 

2011; Anbalagan et al., 2012). FAK and Src binding are involved in making dynamic 

complexes involved in cell adhesion, cell motility, and invasion functions. Activated Src 

can bind to the SH-2 binding site on FAK, which is an autophosphorylation site on FAK 

to regulate downstream signaling cascades. Activated Src is also involved in cell 

proliferation and cell cycle progression by interacting with Akt. Src regulates Akt activity 

by altering PTEN function, which is a negative regulator of the PI3/Akt signaling 

pathway (Lu et al., 2003). Src can trigger TGFβ induced MAPK signaling via 

Src/TβRII/Grb2/MAPK pathway involved in promoting EMT transition (Runa et al., 

2016). Signaling through progranulin regulates cellular motility with the help of FAK by 

the integrin pathway (Zhang and Bateman, 2011). Assembly and disassembly of these 

complexes at the leading and trailing edges of mesenchymal cells are associated with 

cellular migration (Sieg et al., 2000). Src interaction with FAK modulates cellular 
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motility, migration, and proliferation. Activated Src is elevated in various breast cancers 

(Verbeek, 1996; Wilson, 2006). Data reportedly showed involvement of Src and FAK 

linked activities are associated with cell migration. Cells lacking Src and FAK activities 

are shown to be less motile as compared to their parental counterparts (Frame, 2002). 

 

Figure 1.9  Progranulin regulatory pathways. Progranulin upon binding to cell surface receptor leads to 

activation of downstream signaling pathways by phosphorylation of MAP kinase ERK1/2 and 

phosphatidylinositol-3-kinase (PI3 kinase). These pathways are involved in cell survival and proliferation-

related activities. Focal adhesion kinase activation leads to the elevation of cell migration and invasion. Src 

regulates downstream signaling of MAP kinase ERK1/2, PI3 kinase, and FAK.  The internalization of 

progranulin by sortilin receptors regulates the extracellular progranulin level. 
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1.10 Progranulin as a Therapeutic Target in Triple Negative Breast Cancer 

  Extracellular signaling plays a pivotal role in cancer tumorigenesis and has been 

long recognized as a potential target for anti-cancer therapies. There is a need for anti-

cancer biological agents that prevent cell progression but also can act on other hallmarks 

of cancer like cell migration, invasion, and inhibiting crucial oncogenic signaling 

pathways in TNBC. Progranulin, an autocrine growth factor, plays a cardinal role in  

tumorigenesis (Palfree et al. 2015; Halper 2010). It is an external tumor regulator and is 

reportedly overproduced in various solid tumors to influence tumor progression (Serrero, 

2016).  Increased levels of progranulin positively correlate with more aggressive tumors 

in TNBC and overall poor survival of breast cancer patients (Serrero et al., 2012; 

Elkabets et al. 2011 ). Thus, progranulin represents a novel therapeutic anti-cancer target, 

which is known to influence oncogenic signaling pathways (Ho et al. 2008; Pizarro et al. 

2007). It has been shown to be involved in breast carcinoma angiogenesis by increasing 

vascular endothelial growth factor expression and elevated microvessel density 

(Tangkeangsirisin  and Serrero, 2004; Li et al. 2012).   

1.11 Anti-Progranulin Antibody (AG01) 

    A therapeutic neutralizing antibody AG01 against the theranostic target 

progranulin with two companion diagnostics was developed in-house to measure 

progranulin (GP88) in tumor tissue by immunohistochemistry and the circulation by 

ELISA (Edelman et al., 2014 ; Kimura et al., 2018; Tkaczuk et al., 2011; Serrero et al, 

2012). AG01 is a chimeric anti- human GP88 expressed in CHO cells. AG01 has shown 

anti-cancer efficacy in both in vitro and in vivo assays and completed all enabling studies 
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towards IND filing. In the current work, AG01 characterization is furthered to study its 

efficacy in TNBC and letrozole resistant breast cancer cells.  

1.12 Progranulin as a Therapeutic Target in ER+ Breast Cancer Drug Resistance 

    In ER+ breast cancer cells, progranulin/GP88 stimulates proliferation and survival, 

and its overexpression confers estrogen independence and resistance to anti-estrogen and  

aromatase inhibitors (Lu and Serrero, 2001; Tangkeangsirisin et al., 2004; Abrhale et al., 

2011; Tangkeangsirisin and Serrero, 2014). In ER+ invasive ductal carcinoma, 

progranulin tumor expression is an independent prognostic indicator of early recurrence 

and death with high progranulin tissue expression associated with a 4-fold increase in 

recurrence risk (Serrero et al., 2012; Serrero et al., 2016). With the help of IHC scores, a 

prognostic value of tumor tissue expression for disease-free and overall survival was 

obtained using 530 cases of ER+ Invasive ductal carcinoma (IDC) in correlation with 

clinical outcomes. Kaplan Meier and Cox proportional hazard (CPH) analysis established 

that progranulin score of 3+ was associated with a 5-fold increase in recurrence and a 2.5-

fold increase in mortality (Serrero et al., 2012). Moreover, elevation in progranulin 

expression can be estimated from serum samples of breast cancer patients when 

compared to healthy subjects (Tkaczuk et al. et al., 2011; Koo et al., 2012). Koo et al., 

2012, showed that the progranulin level is elevated in ER+ breast cancer patients who 

showed resistance to tamoxifen. Hence, progranulin represents a therapeutic and 

diagnostic target, also known as the theranostic target, in breast cancer.  

 In conclusion, progranulin expression under proper regulation is essential for various 

biological activities associated with normal cellular homeostasis. However, deregulation 
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of progranulin expression in progranulin secretion or loss of function mutations in 

negative regulatory factors such as sortilin, could result in oncogenesis. Importantly, 

persistent overexpression of progranulin is detrimental to breast cancer therapies and 

hence, is a potent biological target. Progranulin is associated with poor outcomes in 

breast cancer patients and recurrence, and we investigated the effect of progranulin  

neutralizing antibody AG01 on the proliferation, migration of TNBC cells as well as on 

increasing letrozole responsiveness of letrozole resistance breast cancer cell line, two 

areas with unmet medical needs. 

1.13 Hypothesis and Specific Aims 

An increase in progranulin expression is associated with various cancer types like 

glioblastoma multiform tumor, renal cell cancer, ovarian tumors, multiple myeloma, 

prostate cancer and breast cancers. Progranulin upregulation is associated  with activation 

of signaling pathways like MAP kinase ERK1/2, PI3 kinase, and Src, which are involved 

in driving tumorigenesis by inducing proliferation, survival, metabolism, migration, 

invasion, and angiogenesis. Hence overexpression of progranulin is involved in 

tumorigenicity and increased metastasis of breast cancer. Elevated Progranulin is 

reportedly associated with the development of drug resistance in endocrine therapy. 

Therefore it is hypothesized that prolonged exposure to endocrine treatment may lead to 

stimulation of progranulin expression resulting in increased cellular proliferation and 

survival in breast cancer cells, hence the development of drug resistance to 

chemotherapy. We postulate that controlling exogenous progranulin levels using 

progranulin antibody AG01 could inhibit cellular proliferation and resensitize drug-
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resistant cells. Triple negative breast cancer cells also showed an elevated level of 

progranulin resulting in increased proliferation and migration of the cancer cells. Hence, 

targeting progranulin using AG01, may be justified by the fact that decreasing 

progranulin level would inhibit cell migration and proliferation in TNBC cells. Since 

progranulin expression and activity have been implicated in aromatase inhibitors   

resistance in ER+ breat cancer(Abrhale et al., 2011), it is possible that AG01 treatment 

may be effective in resensitizing endocrine treatment-resistant breast cancer cells 

(aromatase inhibitor- Letrozole resistant cells) to letrozole. These hypotheses were 

examined by addressing the following specific aims.  

Specific Aim 1: To determine the role of progranulin in tumorigenesis and migration 

in triple negative breast cancer and examine therapeutic potential of AG01 on TNBC 

proliferation, signaling. 

Specific Aim 2:  To define the role of progranulin in the development of aromatase 

inhibitor- letrozole resistance and determine the effect of AG01 on letrozole response of 

letrozole resistant cells.  
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1 CHAPTER 2: PROGRANULIN IS ASSOCIATED WITH TRIPLE 

NEGATIVE BREAST CANCER INVASIVENESS AND PROLIFERATION 

2.1 Abstract 

Triple negative breast cancer (TNBC) which accounts for 15-20% of BC is an 

important clinical problem due to its high invasiveness and short metastasis-free survival. 

Since TNBC lacks ER, PR, and Her2 receptors, TNBC patients cannot be treated with 

anti-estrogen or Her2 targeted therapies. Standard of care (SOC) includes chemotherapies 

like anthracyclines, cyclophosphamide, taxanes, and radiation therapy. There is an unmet 

need for novel targeted therapies for TNBC that can be used as a single agent or in 

combination to potentiate SOC therapy and avoid or reduce toxicity, non-specific side 

effects, and unresponsiveness. Therefore it is important to identify biomarkers in TNBC 

that are overexpressed and/or playing a critical role in TNBC invasiveness that can be 

used as therapeutic and diagnostic targets.  Progranulin is a secreted glycoprotein 

autocrine growth/survival factor that functions as a biological driver of tumor cell 

proliferation, tumorigenesis, survival, invasiveness and drug resistance in several cancers, 

including breast cancer (BC). Progranulin (progranulin/ GP88) expression in ER+ tumor 

biopsies is an independent prognostic factor of recurrence. High progranulin found in 

30% of TNBC. Progranulin secreted in the serum of BC patients at an increased level 

relative to healthy subjects. GP88 represents an important potential therapeutic and 

diagnostic target in breast cancer. In our studies, we have observed that progranulin 

silencing significantly inhibited the proliferation and migration of TNBC. A recombinant 

neutralizing anti-human GP88 monoclonal antibody AG01 that inhibits GP88/progranulin  
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biological effect in vitro and in vivo was developed. Since GP88 is associated with poor 

outcomes in BC patients, we investigated the AG01 effect on the proliferation, migration, 

and invasion of TNBC cells overexpressing progranulin/GP88.  AG01 significantly 

reduced cell proliferation, migration, and invasion of TNBC cell lines MDAMB231 and 

HS578-T, in a dose-dependent fashion.  Western blot analysis showed evidence of 

regulatory changes upon AG01 treatment, such as decreased expression of protein 

kinases p-Src, p-AKT and p-MAPK as well as reduction in Ki67 expression as observed 

by immunohistochemistry. Anti progranulin/GP88, AG01 represents a potential 

therapeutic with companion diagnostic target to provide novel solutions in TNBC, which 

could address the issue of nonspecific cytoxicity due to chemotherapy and 

unresponsiveness often associated with SOC.  

2.2 Introduction 

Breast cancer is one of the most commonly diagnosed cancers in the United States 

and one of the leading causes of death in women. The relative 5-year survival rate of 

98.8% in localized disease drops to 27.4% in distant metastatic breast cancer (SEER 18, 

2009-2015). Due to its high metastatic nature with approximately 2.5 fold higher risk to 

metastasize than other breast cancer subtypes, triple negative breast cancer (TNBC) 

possesses greater aggressiveness resulting in poor overall survival (Lee et al. 2018). In a 

Brazilian cohort study, the 5-year overall and disease-free survival of TNBC patients 

were 62.1% and 57.5%  compared to non –TNBC patients at 80.8% and 75.3% , 

respectively(Gonçalves et al. 2018). TNBC is highly sensitive to chemotherapies in 

adjuvant, neoadjuvant, and metastatic settings (Lee and Djamgoz, 2018; Rassy et al.,  
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2018; Daniel et al. 2016). Clinical trials showed that the addition of carboplatin in the 

neoadjuvant setting improved pathological complete response from 36.9% to 53.2% in 

TNBC. Taxanes and anthracyclines are among the most effective chemotherapies for this 

group of breast cancer (Lee et al., 2018; Borbála et al., 2017; Bignon et al., 2017; 

Mustacchi and Laurentiis, 2015). However, there is a high risk of tumor relapse if 

pathological complete response is not achieved after neoadjuvant chemotherapy (Carey et 

al., 2007). One of the strategies available to deal with recurrence is the use of alternative 

chemotherapy, which eventually leads to multidrug resistance (Lee and Djamgoz, 2018). 

The issue with TNBC is the need for targeted therapies that can be used as individual 

therapy or in combination with chemotherapy to enhance the overall efficacy of the 

treatment with delayed recurrence and reduced side effects. 

Amongst some of the available targeted therapies for TNBC, PARP1 inhibitors have 

shown promise, particularly in BRCA deficient TNBC (Daniel et al. 2016; Lee and 

Djamgoz, 2018). Receptor tyrosine kinases like fibroblast growth factor receptor (FGFR), 

epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor 

(VEGFR) have also investigated as therapeutic targets in TNBC. EGFR is upregulated in 

89% of TNBC (Sobande et al., 2015). In vitro studies shown the EGFR inhibitor gefitinib 

to be efficacious in combination with docetaxel and carboplatin (Lee and Djamgoz, 

2018). However, clinical study results were not promising (Layman et al., 2013; Finn et 

al., 2009; Schuler et al., 2010; Baselga et al., 2013; Carey et al., 2012; Nabholtz et al., 

2014). VEGF-A is overexpressed in TNBC and associated with poor prognosis 

(Bahnassy et al., 2015). However, clinical trials with bevacizumab (anti- VEGF) in  
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combination with various chemotherapies did not show any difference in overall survival 

(Cameron et al., 2013; Robert et al., 2011; Brufsky et al., 2011). The receptor tyrosine 

kinase c-MET is overexpressed in basal-like breast cancer (57.5%) and correlated with 

poor overall survival (Kim et al. 2014). c-MET inhibitors like crizotinib or foretinib 

induce more cell inhibition when used as a dual therapy in combination with EGFR 

inhibitors or PARP inhibitors in preclinical studies (Kim et al. 2014; Mueller et al., 2010; 

Du et al. 2016).  Some of the critical non-receptor tyrosine kinases like PI3- AKT, MEK 

and Src are shown to be overactive and have been targeted in TNBC for therapeutic 

interventions (Lee and Djamgoz, 2018) with limited success (Gonzalez et al., 2014; 

Infante et al., 2013; Duncan et al., 2013).  

In spite of these efforts, the identification of the therapeutic targets for TNBC 

remains an open question. The lack of efficient, targeted therapies and high risk of tumor 

relapse associated with TNBC chemotherapy remains an issue (Lee and Djamgoz, 2018). 

Hence, there is a need for novel targeted therapies for TNBC that can be used as a single 

agent or in combination to potentiate SOC therapy in order to avoid or reduce toxicity, 

non-specific side effects, and unresponsiveness. One approach is to identify biomarkers 

overexpressed in TNBC that play a critical role in steps towards aggressiveness such as 

invasiveness and proliferation, which can be a potential therapeutic target. Therapy aimed 

at blocking such targets should be able to act on cancer cell progression as well as on 

other hallmarks of cancer like cell migration, invasion in TNBC.  

 Progranulin is an autocrine growth/ survival factor that plays an essential role in 

tumorigenesis (Serrero, 2003; He and Bateman, 2003; Palfree et al. 2015; Halper 2010;  
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Serrero, 2016). It is an 88 KDa glycoprotein (GP88) that functions as a biological driver 

of tumor cell proliferation, survival, invasiveness, matrix metalloprotease activity and 

drug resistance in several cancers, including breast cancer (Serrero,2003; He and 

Bateman, 2003; Arechavaleta-Velasco et al., 2017).  It is an external tumor regulator and 

is reportedly overproduced in various solid tumors to influence tumor progression 

(Serrero et al., 2016).  A higher progranulin expression correlates with poor overall 

survival of cancer patients (Elkabets et al., 2011; Edelman et al., 2014; Serrero et al., 

2012; Koo et al., 2012; Serrero et al., 2016). Thus, progranulin represents a novel 

therapeutic anti-cancer target, which also known to influence signaling pathways 

(Serrero, 2003; Ho et al. 2008; Pizarro et al. 2007).  

Our laboratory demonstrated the role of progranulin / GP88 as an autocrine growth 

and survival factor in breast cancer. In particular: 1) in ER+ breast cancer cells, GP88 

stimulates proliferation and confers estrogen independence and resistance to anti-estrogen 

and AIs (Lu and Serrero, 2001, Tangkeangsirisin et al, 2004; Abrhale et al., 2011); 2) 

GP88 is expressed in 80% invasive ductal carcinoma (IDC) whereas it is not detected in 

normal mammary tissue (Serrero and Ioffe, 2003); 3) GP88 tumor expression is a 

prognostic indicator of recurrence in early-stage breast cancer patients (Serrero et al., 

2012). 4) Elevated circulating level of GP88 in metastatic BC patients is associated with 

disease progression (Tkaczuk et al., 2011). 
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A neutralizing chimeric antibody AG01 was developed in our laboratory against the 

theranostic target progranulin, with two companion diagnostics (Edelman et al., 2014; 

Kimura et al., 2018; Tkaczuk et al., 2011; Serrero et al., 2012).  

In our current studies, we investigated whether the AG01 antibody could suppress 

cell proliferation and migration in TNBC.  

2.3 Materials and Methods 

Chemicals and reagents  

Dulbecco’s Modified Eagle’s Medium/ Nutrient Mixture F-12 Ham (DMEM/F-12) 

Sigma D6421, DMEM/high glucose from Hyclone, catalog # SH30022.02; bovine insulin 

from Sigma, catalog # I6634; fetal bovine serum (FBS) from Access cell culture; 

gentamycin sulfate from Corning catalog # 61-098-RF. Crystal violet from Fischer 

chemical. Cell titer Glo luminescent reagent from Promega. Micro BCA reagent from 

Thermo Scientific. Tween -20 from Acros (23336-2500) and Triton X-100 from Sigma 

(T8787). 

Collagen type I was from Corning, catalog # 354236; Corning matrigel matrix 

catalog #354234; Matrigel invasion chamber 24 well plate 8 microns; Corning, catalog # 

354480.Costar 96 well assay white plates, 3789A. Bolt 4-12% bis-tris plus gels for 

western blot from Invitrogen NW04120BOX. Coating plate high binding, Costar 3366; 

TMB Surmodics, product # TMBS-1000-01.Normal horse serum from Vector lab, S-

2012. Transwell 8µm pore size from Costar ref# 3464. CT-P4 (ChAG1or AG01) Lot # 

BP0401, doxorubicin hydrochloride from Fluka 44583. siGenome smart pool human 
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GRN from Dharmacon  ( Cat # M-009285-02-0005), siGenome ON-targetplus smart pool 

human GRN from Dharmacon  ( Cat # L-009285-00-0005) and lipofectamine RNAimax 

reagent from Invitrogen P/N 100014472.Antigen unmasking solution (H-3300, Vector 

Lab Inc.), ImmPRESS reagents for goat antibody (MP7405, Vector Laboratories,  

Burlingame, CA) and development with brown ImmPACT DAB HRP substrate, Vector 

laboratories catalog # SK-4105. Tissue fixative, neutral buffered formalin 10%, Harleco, 

catalog # 65346-85. Lucifen reagent from PerkinElmer, catalog number NC-NEN-

122799. Mayer’s hematoxylin, Sigma Alrich, catalog # MHS16-

500mL.Paraformaldehyde, Electron Microscopy Sciences, catalog# 15710.  

Cells and cell culture conditions  

The MDAMB231 cells obtained from ATCC (HTB-26) were cultured in complete 

medium containing DMEM/F12 medium supplemented with 5% FBS. HS578-T cells 

obtained from ATCC (HTB-126) were cultured in complete medium containing DMEM 

medium supplemented with 10% FBS and 0.01 mg/ml bovine insulin. MDAMB231 

Luc/GFP cells were kindly provided from Dr. Stuart Martin, University of Maryland, 

Baltimore, and were cultured in DMEM medium supplemented with 5% FBS. All the 

cells were grown in monolayer at 37°C with 95% air and 5% CO2. 

Mouse strain and animal care 

Animal care procedures followed as per A & G Pharmaceutical’s Institutional 

Animal Care and Use Committee (IACUC) guidelines. Five-six week old female athymic 

nude mice obtained from Charles River, USA, were used for the subcutaneous xenograft 

studies. Six-week-old female NSG mice from the University of Maryland, Baltimore, 
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were used for tail vein metastasis experiments. Tail vein metastasis experiments followed 

the University of Maryland, School of Medicine IACUC procedures and guidelines. 

Western blotting 

Cells were treated with PBS /human immunoglobulin (control) or AG01, as indicated 

in figures, after a 6-hour serum starvation period. The cells were harvested 24 to 72 hours 

after treatment, washed with cold phosphate-buffered saline, and lysed in RIPA buffer 

(EMD Millipore) supplemented with a cocktail of protease inhibitors and phosphatase 

inhibitors (Roche). Protein concentrations of lysates were determined by micro BCA. 

Total cell lysates (30-50 μg) were separated on SDS-PAGE on a 4-12% Bolt gel and 

transferred to PVDF membranes. After blocking in 3% non-fat milk solution in TBST 

(Tris Buffered Saline with 0.05% Tween -20), the membranes were incubated with the 

primary antibodies ( refer to Antibody details table) with a volume to cover the 

membranes entirely, overnight at 4°C in 3% milk in TBST and washed four times with 

TBST. Subsequently, the membranes were incubated with secondary antibodies (refer to 

Appendix I) conjugated with HRP (horseradish peroxidase) in 3% milk in TBST at room 

temperature for 1h. The membranes were washed four times with TBST, and the protein 

bands visualized by adding Haan / Behrmann ECL mix. Protein bands were visualized at 

various exposure times using UVP Bioimaging systems. 

      PDX samples generated from TNBC patients were obtained from Dr. Rena Lapidus, 

director, translational core facility, University of Maryland, Baltimore. For PDX tumor 

lysate, tumor samples minced in microfuge tube with RIPA buffer (supplemented with a 

cocktail of protease inhibitors and phosphatase inhibitors) kept on ice and homogenized 
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manually. A sonication followed by using Tekmar Sonic Disruptor and supernatant 

collected after centrifugation. Protein concentrations of lysates were determined using 

micro BCA. Total cell lysates 30 μg were loaded for western blot analysis. Western blot 

performed as discussed above. 

The proteins bands obtained from western blot were quantified using LabWorks 4 

software. The protein bands normalized against respective loading control β- actin (for 

PDX samples) or GAPDH (for cell lysates).       

Protein array 

Cell lysates from MDAMB231 cells AG01 and PBS treated for 72 hours with AG01 

were used to examine changes in oncogenic protein expression by using human XL 

oncology array kit (R&D Systems, catalog # ARY026). List of proteins from human XL 

oncology array kit as shown in Appendix II. Two hundred micrograms of protein added 

on the protein array membranes after a blocking step with blocking reagent provided in 

the kit. Membranes were incubated with the samples overnight at 4°C and washed three 

times with the buffer provided in the kit. Subsequently, the membranes were incubated 

with detection antibody cocktail (provided in the kit) at room temperature for 1h. The 

membranes were washed three times, and streptavidin-HRP added on the membranes. 

The dot blots were visualized at different exposure times after adding a chemiluminescent 

reagent mix (provided in the kit) using UVP Bioimaging systems.       

Cell proliferation assay by cell counting method 

Cells were seeded at 0.4 x 10
5
 – 1.3 x 10

5
 cells/ 60 mm dishes in FBS containing 

complete medium. The next day the cells were washed with PBS and kept for 6 hours in a 
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serum-free medium. The media was then replaced with various concentrations of AG01 

treatments in 1% FBS supplemented DMEMF12 or 0.1% FBS supplemented DMEM  

media depending on the cell line studied. 48-72 hours post-treatment, the cells were 

counted using a Luna cell counter. Conditioned media were collected centrifuged and 

supernatant stored at – 20
0
 C, until further analysis for progranulin by ELISA. 

Cell proliferation by cell Glo Assay 

Cells were seeded at 1000-4000 cells in FBS containing complete medium in 96 well 

plates. The next day, the cells were washed with PBS and kept for 6 hours in a serum-free 

medium. Medium then replaced with doxorubicin or doxorubicin + AG01 treatments in 

0.1%- 1% FBS supplemented medium, as described above. 24-48 hours post-treatment, 

media removed and replaced by adding 160 µL of 1:10 diluted in media cell Glo reagent 

(Promega), followed by 10 minutes incubation at RT. After incubation, 90 µL of sample 

+ cell Glo reagent mix transferred to a white 96 well plate and luminescence recorded 

using a spectrophotometer at 600 nm.  

Progranulin analysis by sandwich ELISA 

Cell supernatant were collected as discussed under cell proliferation assay by cell 

counting method and analyzed for the level of secreted progranulin by a Sandwich EIA 

developed in our laboratory and described previously (Tkaczuk et al., 2011). Progranulin 

concentrations in the samples were determined by using a progranulin standard curve. 

Data represented normalized to the cell number as mean Progranulin/ 10
6
 cells ± S.D. 
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GRN siRNA transfection assay 

MDAMB231 cells were seeded at 5 x 10
5
 cells/ 6 well in 2.5 mL complete media 

without antibiotics DMEM/F12 (phenol red-free). The next day, the medium was 

removed, cells washed with PBS, and a combined mixture of 5µL transfecting reagent  

(RNA iMax) in 250µL of DMEM/F12 (phenol red-free) + 12.5 to 50nM siRNA mix 

(20 µM stock) in 250µL of DMEM/F12 (phenol red-free), added onto the cells dropwise 

followed by 2.5 mL of DMEM/F12 (phenol red-free) addition. Sixteen hours post-

transfection, the medium replaced with original complete medium (5%FBS in 

DMEM/F12). Cells were trypsinized and harvested 48 hours post-transfection and split 

for proliferation assay (as discussed under Cell proliferation assay by cell counting 

method) and migration assay experiments (as discussed under migration assay). Cells 

collected for protein analysis by western blot lysed, as discussed under western blotting. 

Migration assay 

A day before starting the experiment, the required number of 24 well transwells and 

a 96 well plate were coated with collagen and kept at 4°C overnight.  Collagen at 

concentration 0.033mg/mL was loaded in transwells at 100 µL/ well and in 96 well at 50 

µL/ well. Transwells were used for the migration assay, whereas 96 well plates were used 

to generate a standard curve using different cell concentrations. Collagen coated 

transwells and 96 well plates were air-dried in aseptic condition, before use. 

Pretreatment: 

Cells were seeded at a density of 3 x 10
5
 cells per 60mm dish in complete medium 

and allowed to attach overnight. The next day, the cells were PBS washed twice, 
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followed by the addition of medium containing 0.1%BSA with either AG01 at 100 

µg/mL or control treatments ( PBS and human IgG)  for approximately 18 hours. On the 

third day, cells were detached using 5mM EDTA in PBS, resuspended in media with 

0.1%BSA, and diluted cells to 1.7 x 10
5
 cells/mL ( 300µL/ transwell). Diluted cells  

divided into 15 mL tubes as per the number of treatment groups used for the study. 

Specific treatment was added in each tube and incubated for 15 minutes at 37°C and 5% 

CO2. 

Assay: 

Followed by incubation, 300µL of cell+ treatment mixture added to the air-dried 

transwell’s upper chamber and 700µL media containing 0.2- 0.5% FBS plus 0.1%BSA, 

only in the bottom chamber. Cells seeded at different densities (50,000, 40,000, 30, 000, 

20,000, 10,000, 5000, and 2500 to 1250 cells/well) in air-dried 96 well. Transwell plates 

were kept for 5- 24 hours incubation, and 96 well plates were kept for 5 hours incubation 

at 37°C and 5% CO2 incubation.  At the end of the experiment, the inserts were collected 

and media removed from 96 well plates which were then fixed with freshly made 4% 

paraformaldehyde and stained with 0.5% crystal violet. After taking pictures of the 

transwell, the membranes from the transwells taken out. The transwell membranes and 96 

well stained with crystal violet were eluted by adding 150µL of elution buffer (50% 

ethanol, 0.1M citric acid in water) in a 96 well plate. Plates kept on rocking shaker for a 

few minutes and colorimetric analysis done at 590 nm by transferring 100µL in a new 96 

well plate.  Cell number calculated using the 96 well cell number standard graph and 

percent cell migration obtained as compared to corresponding vehicle controls.  
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Invasion assay 

A day before starting the experiment, a 96 well plate coated with 50 µL/ well 

0.033mg/mL collagen. The collagen-coated 96 well plate used to generate a standard 

graph using different cell concentrations. Commercially available matrigel containing  

transwells used for the invasion assays. The matrigel is containing transwells 

equilibrated at room temperature for 30 minutes, followed by the addition of serum-free 

media on the top and bottom of the chambers, to rehydrate.  

Pretreatment: 

Pretreatment procedure followed as discussed under migration assay. 

Assay:  

Followed by incubation, 300µL of cell+ treatment mixture added to the air-dried 

transwell’s upper chamber and 700µL media containing 0.5% FBS plus 0.1%BSA, only 

in the bottom chamber. Cells seeded at different densities (50,000, 40,000, 30, 000, 

20,000, 10,000, 5000, and 2500 to 1250 cells/well) in air-dried 96 well. Transwell plates 

were kept for 24 hours, and 96 well plates were kept for 5 hours incubation at 37°C and 

5% CO2.  At the end of the experiment, the inserts were collected and media removed 

from 96 well plate, which were then fixed with freshly made 4% paraformaldehyde, and 

stained with 0.5% crystal violet. After taking pictures of the transwell, the membranes 

from the transwells taken out. The transwell membranes and 96 well stained with crystal 

violet were eluted by adding 150µL of elution buffer (50% ethanol, 0.1M citric acid in 

water) in a 96 well plate. Plates kept on rocking shaker for a few minutes and 

colorimetric analysis done at 590 nm by transferring 100µL in a new 96 well plate.  Cell 
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number calculated using the 96 well cell number standard graph and percent cell 

migration obtained as compared to corresponding vehicle controls. 

MDAMB231 Subcutaneous Tumor Xenograft Model 

Cell preparation: 

MDAMB231 cells were cultivated in serum-containing medium until reaching 70-

80% confluency. The cells were detached using PBS-5mM EDTA, followed by a serum 

free media wash and resuspended in serum-free DMEM as single-cell suspension. Cells 

resuspended in media/matrigel 1:3   so that the final concentration of cells per 100µL is 

1.7 X 10
6
. 

Animal Injection 

Female Athymic nude 4-6 weeks old mice were used for the study. 100µL of cell and 

matrigel suspension containing 1.7 X 10
6
 MDAMB231 cells were injected per mouse 

subcutaneously on the right-side flank using 26 and a half gauge needle. Randomization 

was done when tumor volume reached approximately 100 mm
3
, and animals were 

divided into three study groups (PBS, Human IgG, and AG01 treatment groups) with 

eight animals per group. Dosing was initiated after randomization of the study groups – 

AG01 treatment group dosed with AG01 at 10mg/kg; Control groups- PBS injected 

100µL per animal and human IgG at 10 mg/kg).  Animals were treated twice weekly 

intraperitoneally with PBS, Human IgG or AG01. Bodyweight was determined and tumor 

size measured twice weekly with calipers. The tumor volume in mm
3
 was calculated by 

the formula: Volume = (short axis) 
2
 x long axis/2. Experiments terminated between day 

27-29, post-dosing with a collection of tumor, liver, lung, kidneys and cardiac blood. Sera 
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collected after cardiac bleed stored at -80°C until further analysis. Tumor/ organs were 

collected, weighed and fixed in 10% buffered formalin fixative. Fixative was replaced  

with 70% ethanol, 24 hours post-fixation. Fixed organs were processed for paraffin 

embedding, slide preparation (5-micron sections), and hematoxylin/ eosin (HE) staining 

performed at the University of Maryland, Baltimore histopathology facility. 

 Ki67 immunohistochemistry  

Adherent cell staining 

MDAMB231 and HS578-T cells were seeded at 1 x 10
5
 – 5 x 10

5
 cells/ 100 mm 

dishes. The following day, cells were PBS washed and serum starved for 6 hours. After 

serum starvation cells were either treated with AG01 (100 µg/mL) or PBS (control) for 

48 to 72 hours. Post-treatment, cells were trypsinized, and harvested in media with 

serum, after centrifugation and a PBS wash, the cells resuspended in PBS. Resuspended 

cells cytospinned at 1200g for 5 mins (1X 10
5
 cells/100 µL). After air drying, the cells 

were fixed using freshly made 4% paraformaldehyde for 45 mins. Fixed slides were 

permeabilized using 0.2% Triton X-100 in PBS at RT for 30mins. The slides were 

washed with PBS containing 0.05% tween-20 ( 3 minutes, for four times), blocked with  

100 -200 µL of 1%BSA in PBS, one hour, and incubated with 100 -200 µL of anti- Ki67 

antibody (Invitrogen-701198) 1:400 in dilution 1% BSA in PBS overnight at 4°C in a 

humidified chamber. After overnight incubation, the slides washed PBS having 0.05% 

tween-20 (3 minutes, for four times)and incubated with 1:400 diluted secondary  

antibody for 1 hour. After incubation, the slides washed PBS having 0.05% tween-20 (3 
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minutes, for four times). The slides stained with freshly prepared DAB solution, followed 

by a rinse in distilled water and counterstained by Mayer’s Hematoxylin solution for 4  

minutes. Rinse under tap water until the nuclei turn blue. Ki67 positive cells were 

counted from three different fields, normalized to the total number of cells counted 

(approximately 200).  Each data point represents a mean±S.D. 

Tumor Section Staining 

Ki67 immunohistochemistry staining of tumor sections were done to analyze the 

differences in % Ki67 expression between study groups. Method followed, as discussed 

in Blanchard et al. 2018.  Fixed tumor tissue from treated and control groups were 

paraffin-embedded and sectioned on slides, as discussed before. The sections were 

further processed to deparaffinized, followed by antigen retrieval by using unmasking 

antigen solution (citric acid-based buffer, pH=6) and blocking of endogenous hydrogen 

peroxidase by 3% hydrogen peroxide in PBS. Tissues sections were blocked by adding 

approximately 100 -200 µL of 2.5% horse serum per tissue section followed by overnight 

incubation with 100 -200 µL of anti-Ki67 (M-19) antibody 1:30 (Santa Cruz # sc-7846) 

diluted in 2.5% horse serum. The slides were washed in PBS (5mins for three times) and 

incubated with 100 -200 µL of ImmPRESS reagents for anti-goat antibody. Followed by 

a washing step in PBS (5mins for three times), slides were developed with ImmPACT 

DAB HRP substrate for 10 minutes. The images were captured and readings obtained 

from 5 different fields. Ki67 positive cells were counted from 5 fields using Image J 

software, and % Ki67 cell were calculated and compared between control groups (PBS 

and Human IgG) and AG01 treated sections. 
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Hematoxylin Eosin (HE) staining of tissue section 

The differences in mitotic index and microvessel density were evaluated from HE  

stained tumor sections. Paraffin-embedded tumor tissue and liver sections deparaffinized, 

rehydrated and stained with hematoxylin-eosin.HE staining of tumor tissue and liver 

sections done at Histopathology facility, University of Maryland, Baltimore. HE stained 

tumor section slides were analyzed microscopically for mitotic index quantification 

wherein dividing cells (any stage of cell division) were counted over the total number of 

cells in that field from five different fields. The percent relative mitotic index was 

calculated in all study groups relative to the PBS group.  Three animal slides evaluated 

from each study group. 

Similarly, microvessels were evaluated by counting the number of microvessels from 

three different fields. Tumor section slides evaluated from three animals in each study 

group. Percent relative microvessel calculated in all study groups relative to the PBS 

group. Microscopic images obtained using an Olympus BX53 microscope. 

MDAMB231 Luc/GFP tail vein metastasis animal models  

Cell preparation: 

MDAMB231luc/GFP cells were seeded in T-75 flasks with FBS containing medium, 

and once they reach around 50% confluency, they were PBS washed twice and treated 

with either Human IgG or AG01 at 100µg/mL concentration in DMEM +0.1% BSA for 

around 18 hours. 

On the day of cell injection, the cells were trypsinized, followed by a serum-free 

media wash and resuspended in PBS as single-cell suspension. Cells resuspended so that  
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the final concentration of cells per 100µL is 1.0 X 10
6
. 

Animal Injection 

Female NSG, 6 weeks old mice were used for the study. 100µL of cell suspension 

containing 1.0 X 10
6
 MDAMB231Luc/GFP cells were injected per mice intravenously in 

the tail vein using 30 and a half gauge needle. A few hours after cell injection, animals 

were imaged under PerkinElmer IVIS Spectrum Xenogeny machine for recording the 

basal level luminescence (lung flash) signal by injecting luciferin at a dose of 150 mg/kg 

dose. Based on this initial luminescence data, animals were randomized. Dosing of the 

animals were initiated on the same day by administrating either AG01 or human IgG 

(control) at 10 mg/kg, intraperitoneally. Animals were dosed twice weekly, imaged once 

weekly, and body weight recorded once weekly.  At termination, animals were 

euthanized and lungs were collected and imaged for both luminescence. 

Densitometry and statistical analysis  

Data obtained for the proliferation, migration, invasion, ELISA, Ki67 evaluation, and 

tumor volume/ Vt/V0 ratio from animal studies were analyzed using 2way ANOVA. 

Relative organ weight were analyzed using paired t-test using Graphpad prism Ver 7.  P < 

0.05 was considered significant. The quantification of the intensity of proteins bands 

from western blot was done using LabWorks 4 software. The protein bands were first 

normalized against respective loading control β- actin (for PDX samples) or GAPDH (for 

all other samples). In order to calculate phosphor protein / total corresponding protein 

ratio, the normalized density of phosphoprotein was divided by normalized total 

corresponding protein intensity. Western blot densitometry represented as % relative 
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change in AG01 treated groups as compared to its respective control and statistical 

significance calculated using student t-test.  

2.4 Results 

To analyze the involvement of progranulin in regulating cell proliferation and cell 

migration functions in TNBC, we examined the effect of silencing progranulin (GRN 

gene) in MDAMB231 cells which express progranulin and are an excellent TNBC model 

(Figure 2.5 A). 

2.4.1 Effect of progranulin silencing on TNBC cells   

A) Progranulin silencing resulted in reduction in progranulin expression in 

MDAMB231 

 Progranulin was silenced in MDAMB231 cells using two different pool of GRN 

siRNA (smartpool and ON- targetplus smartpool). The use of both siRNA pools resulted 

in a dose- dependent suppression of progranulin expression (Figure 2.1A and B), as 

compared with control siRNA. MDAMB231 cells transfected with smartpool GRN 

siRNA showed about 14-22% reduction between GRN siRNA concentrations of 12.5 – 

25nM, while it represented 45.8% reduction in the normalized progranulin densitometry 

at 50nM GRN siRNA concentration (Figure 2.1A). MDAMB231 cells transfected with 

ON target smartpoolplus GRN siRNA smartpool demonstrated 17.8 % reduction at 12.5 

nM GRN siRNA, while it represented almost complete reduction in the normalized 

progranulin densitometry at 50nM GRN siRNA concentration (Figure 2.1B). Upon 

progranulin silencing, MDAMB231 cell lost its mesenchymal-like morphology which is  
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a typical phenotype of mobile cells (Figure 2.1C). 

 

 

 

 

Figure 2.1  Progranulin silencing in MDAMB231 cells. (A) Western blot representing a GRN siRNA 

smartpool dose- dependent reduction in progranulin (PGRN) expression in GRN siRNA transfected 

MDAMB231 cell lysates as compared to control siRNA lysates. (B) Western blot representing a GRN 

siRNA ON-target smartpool dose- dependent reduction in progranulin (PGRN) expression in GRN siRNA 

transfected MDAMB231 cell lysates as compared to control siRNA lysates.  (C) Bright-field microscopic 

representative view (100X) of MDAMB231 cells 48 hours after siRNA transfection (smartpool GRN 

siRNA). GRN siRNA transfected cells lost mesenchyma like phenotype as compared to control siRNA 

transfected cells. 
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B) Progranulin silencing- Resulted in a reduction in cell proliferation and 

migration  in MDAMB231 

MDMB231 cells were transfected with GRN siRNA (smartpool and ON- targetplus 

smartpool) or control siRNA as described in the materials and methods section. Forty-

eight hours after GRN siRNA transfection, 2 six well plates were harvested using 5mM 

EDTA and split for proliferation and migration assay. Cells were seeded at 0.4 X 10
5
 

cells per 60 mm dishes for proliferation assay. The next day, cells were washed twice 

with PBS, serum-starved for 6-hour and then cultured in 1% serum containing medium. 

Cells were collected and counted 72 hours later. Progranulin silencing resulted in a dose-

dependent reduction in MDAMB231 cell proliferation (Figure 2.2A and 2.2B) with about 

1.5 fold decrease at 50nM GRN siRNA concentration as compared to control siRNA 

transfected cells.  
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Figure 2.2  Silencing progranulin levels resulted in inhibition in cell proliferation in TNBC. (A) 

Progranulin silencing done using GRN siRNA smartpool in MDAMB231 showed a dose dependent 

reduction in cell proliferation, done by cell counting method. (B)Progranulin silencing done using ON- 

targetplus GRN siRNA pool in MDAMB231 showed a dose dependent reduction in cell proliferation, done 

by cell counting method. Datapoint represents a mean of live cells / plate ± S.D. Graph Pad Prism, P-value 

0.01 to 0.05 (*), 0.001 to 0.01 (**). 

 

For migration assay, GRN siRNA (smartpool and ON- targetplus smartpool) 

transfected MDAMB231 cells for 48 hours were washed, harvested, and added to 

transwell migration chambers. Silencing progranulin in MDAMB231 showed a GRN 

siRNA dose-dependent reduction with an 85.6 ± 8.3 % and 81.6 ± 9.9 % reduction in  
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cellular migration in GRN siRNA smartpool and GRN siRNA On target smartpoolplus 

transfected cells at 50nM concentration, respectively (Figure 2.3 A-D) as compared with 

control siRNA transfected cells. The results obtained show the potency of targeting 

progranulin in inhibiting cell proliferation and migration in TNBC. 

 

 

 

Figure 2.3  Progranulin silencing resulted in inhibition of TNBC cell migration and invasion. (A) 

Progranulin suppression using GRN siRNA (smart pool) transfection in MDAMB231 cells resulted in a 

dose-dependent decrease in % migration (24 hours) as compared to control siRNA transfected cells by 

transwell migration assay. (B) Photomicrographs (100X) of migration transwells as obtained from GRN 

siRNA (smart pool) and control siRNA transfected MDAMB231 cells. (C) Progranulin suppression using 

GRN siRNA( ON-targetplus smart pool) transfection in MDAMB231 cells resulted in a dose-dependent 

decrease in % migration ( 24 hours) as compared to control siRNA transfected cells by transwell migration 

B 
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assay. Datapoint represents a mean of % migration ± S.D. (D) Photomicrographs (100X) of migration 

transwells as obtained from GRN siRNA (ON-targetplus smart pool) and control siRNA transfected 

MDAMB231 cells. 

C) Progranulin silencing - Resulted in a reduction of phosphorylation of 

essential protein kinases  in MDAMB231 

Progranulin silencing also resulted in decreased phosphorylation of Akt (43%) and 

Src (60%) protein kinases as compared to control siRNA (Figure 2.4), as analyzed by 

densitometry. While there was not much change in the phosphorylation status of FAK, 

there was an increase in phosphorylation of MAP kinase ERK1/2 upon progranulin 

silencing. Though there were not many differences in the level of intermediate filament 

vimentin and glycoprotein fibronectin expression. The levels of the E-cadherin, an 

epithelial cadherin protein that mediates cell-cell binding, were increased by about 164% 

upon progranulin silencing as compared to control, as analyzed by densitometry (Figure 

2.4). 

 

 



 

 

55 

 

 

Figure 2.4  Suppression of regulatory protein phosphorylation upon progranulin silencing. Western 

blot analysis from MDAMB231 cell lysate upon progranulin silencing. Western blots are representative of 

two replicates of the experiment. 

  

2.4.2 Effect of AG01 treatment on TNBC cells in vitro 

The data with silencing progranulin indicate that progranulin is essential for 

MDAMB231 cell proliferation and migration. Based on the results, we then examined the 

effect of neutralizing progranulin in MDAMB231 and HS578-T cells by antibody AG01 

treatment. 

A) Effect of AG01 treatment on cell proliferation of TNBC cells  

For this purpose, we used two TNBC cell lines MDAMB231 and HS578-T. We 

examined the level of secreted GP88/progranulin by sandwich ELISA. Both TNBC cell  
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lines showed detectable levels of progranulin, as shown in Figure 2.5A. It was reported 

from previous experiments that the level of progranulin expression was very low in non-

tumorigenic cells MCF10A and increased progressively in ER+ MCF-7 and ER- 

MDAMB468 (Lu and Serrero, 2000). We next examined the effect of the anti-GP88 

antibody AG01 on the cell proliferation of MDA-MB-231 and of HS578T cells. Cells 

treated with 0, 25, 50, 100, 200 and 300 µg/mL of AG01 for 48 – 72 hours. Proliferation 

measurements were done by the cell counting method.  All of the control and AG01 

treated cells grew with decreased proliferation in AG01 treated cells. Both TNBC cell 

lines – MDAMB231 and HS578-T treated by anti- progranulin AG01 resulted in a dose-

dependent inhibition of cell proliferation with around 45±6.6 % and 51± 11.7  % 

reduction at 300µg/mL AG01, compared with control in MDAMB231 and HS578-T cells 

respectively (Figure 2.6A and 2.6B). In contrast, data obtained from human IgG 

treatment in both MDAMB231 and HS578-T cell did not show any inhibitory effects and 

were comparable with parallel PBS vehicle control (Figure 2.6 C and 2.6 D). Progranulin 

was estimated per 10
6
  cells from conditioned media, as represented in  Figure 2.5B and 

2.5C, showing a great reduction in the level of progranulin upon AG01 treatment at 

different concentrations. Figure 2.5D, representing progranulin level per 10
6
  cells from 

MDAMB231 conditioned media obtained after 72 hours of AG01 treatment at different 

concentrations (1-300µg/mL). Results obtained suggested AG01 is effective in 

suppressing about 65 % progranulin level from cell supernatant at 5µg/mL concentration. 

The endogenous progranulin protein expression from MDAMB231 by western blot 

represented a 21.8 % reduction at 25µg/mL AG01 and a 35.9 % reduction at 100µg/mL  
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AG01 as compared to control, treated for 72 hours (Figure 2.5E). Even though there was 

a reduction in secreted progranulin level after AG01 treatment at 25µg/mL comparable to 

the reduction in progranulin level obtained with higher AG01 concentrations (Figure 

2.5B), the cell proliferation was higher at 25µg/mL than in AG01  treatment 100µg/mL 

onwards ( Figure 2.6A).   The higher endogenous level of progranulin at AG01 treatment 

25µg/mL as compared to AG01 treatment 100 µg/mL (Figure 2.5 E) is probably 

supporting cellular proliferation and is compensating for the progranulin loss from the 

cell supernatant.  
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Figure 2.5  AG01 treatment suppresses the progranulin level in TNBC. (A) Secreted progranulin level 

analyzed per 10
6
 cells from conditioned media of MDAMB231 and HS578-T cells, 72 hours post-seeding 

in their respective complete media.   (B)Secreted progranulin level of MDAMB231 cells obtained from 

conditioned media treated with different concentrations of AG01 (25-300µg/mL), treated for 72 hours. (C) 

Secreted progranulin level of HS578-T cells obtained from conditioned media treated with different 

concentrations of AG01 (25-300µg/mL), treated for 48 hours. (D) Secreted progranulin level of 

MDAMB231 cells obtained from conditioned media treated with different concentrations of AG01 (1-

300µg/mL), treated for 72 hours. (E) Western blot analysis from MDAMB231 cell lysate upon AG01 

treatment for 72 hours. Datapoint represents a mean of progranulin (ng/10
6
 cells) ± S.D. (E) Western 
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analysis Graph Pad Prism,P-value 0.01 to 0.05 (*),0.001 to 0.01 (**),0.0001 to 0.001 (***),< 0.0001 

(****). 

 

 

 

 

Figure 2.6  AG01 treatment resulted in inhibition in cell proliferation in TNBC. (A) Data representing 

the effect of AG01 treatment for 72 hours on TNBC- MDAMB231 cell proliferation by cell counting 

method. (B) Data representing the effect of AG01 treatment for 48 hours on TNBC-HS578-T cell 

proliferation by cell counting method. (C) Graph representing the effect of PBS, Human IgG, and AG01 

treatment for 72 hours on MDAMB231 cell proliferation by cell counting method. (D) Graph representing 

the effect of PBS, Human IgG, and AG01 treatment for 48 hours on HS578-T cells proliferation by cell 

counting method. Figure A and B; the data point represents a mean ± S.D. from two replicates of three 

independent experiments. Figures C and D, data point showing a mean of live cells per plate ± S.D. is a 
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representative of two independent experiments. Graph Pad Prism,P-value 0.01 to 0.05 (*),0.001 to 0.01 

(**),0.0001 to 0.001 (***),< 0.0001 (****). 

 

B) AG01 treatment inhibits Ki67 expression in TNBC cells 

We also determined the effect of AG01 treatment on the proliferation marker Ki67. 

Ki67 immunohistochemistry images obtained from MDAMB231 and HS578-T cells 

treated with AG01 at 100 µg/mL for 48-72 hours. Ki67 positive nuclei were counted out 

of at least 200 cells from three different fields (Figure 2.7A and 2.7B). Ki67 

quantification showed an approximately 70±11.3% reduction in Ki67 positive nuclei 

upon AG01 treatment in MDAMB231 and 65.5±16.7% in HS578-T cells. 

 

Figure 2.7   Treating TNBC with AG01. (A) Photomicrographs (100X) of MDAMB231 cells stained 

with Ki67 antibody. MDAMB231 cells obtained were treated with PBS or AG01 at 100 µg/mL for 72 

hours. Ki67 positive nuclear count evaluated by counting at least 200 cells from three different fields. Ki67 

positive nucleus count normalized with the total cell count. (B) Photomicrographs (100X) of HS578-T cell 

immunohistochemistry stained with Ki67 antibody. HS578-T cells obtained were treated with PBS or 

A 

B 



 

 

61 

 

AG01 at 100 µg/mL for 48 hours. Ki67 positive nuclear count evaluated by counting at least 200 cells from 

three different fields. Ki67 positive nucleus count normalized with the total cell count. Datapoint represents 

a mean ± S.D. from three replicates of two independent experiments. Graph Pad Prism,P-value 0.01 to 0.05 

(*),0.001 to 0.01 (**),0.0001 to 0.001 (***),< 0.0001 (****). 

 

C) AG01 combination treatment increased doxorubicin efficacy  

Since AG01 treatment inhibited cell proliferation as a single agent, we took a step 

further and examined the effect of AG01 in combination with doxorubicin in TNBC. 

Results obtained from AG01 combination treatment with the chemotherapy doxorubicin 

in MDAMB231 cells by cell glo assay showed enhanced inhibition of cell proliferation as 

compared to doxorubicin alone. Luminescence at O.D. 600nm recorded and plotted as a 

bar graph of MDAMB231 cells treated with doxorubicin only or doxorubicin in 

combination with AG01 at 50 and 100 µg/mL was evaluated (Figure 2.8). MDAMB231 

cells treated with doxorubicin at 0.00001µM (10 picoM)  in combination with AG01 at 

100 µg/mL showed approx. 50±3.8% cell viability, while doxorubicin at 0.00001µM (10 

picoM )  in combination with AG01 at 50 µg/mL showed cell viability around 60± 10.2  

% as compared to doxorubicin alone at 0.00001µM (10 picoM) showed 85± 10.2 % cell 

viability. 
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Figure 2.8  Results obtained from AG01 + Doxorubicin combination on MDAMB231 cells. Cell 

proliferation was measured by the cell Glo assay. Luminescence of MDAMB231 cells treated with 

Doxorubicin only or Doxorubicin in combination with AG01 (at 50 and 100 µg/mL) for 48 hours. 

Datapoint is a representation of at least two independent experiments, denotes a mean of absorbance at 

optical density 600nm ± S.D. from three replicates. Graph Pad Prism,P-value 0.01 to 0.05 (*),0.001 to 0.01 

(**),0.0001 to 0.001 (***),< 0.0001 (****). 

 

An increase in chemotherapy efficacy in the presence of AG01 was investigated with 

another TNBC cell line HS578-T, which was treated with doxorubicin only or 

doxorubicin in combination with AG01 (at 50, 100 and 150 µg/mL) (Figure 2.9). Results 

obtained from AG01 combination treatment with the chemotherapy doxorubicin in  
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HS578-T cells by cell glo assay showed enhanced inhibition of cell proliferation as 

compared to doxorubicin alone. HS578-T cells treated with doxorubicin (0.1µM) in 

combination with AG01 at 50, 100 and 150 µg/mL showed approximately a 50% 

reduction in cell viability, while doxorubicin alone at 0.1µM showed 82% cell viability. 

The AG01 + doxorubicin combination studies showed a trend and the possibility of 

considering AG01 for dual therapies in TNBC. 

 

Figure 2.9  Results obtained from AG01 + Doxorubicin combination on HS578-T cells. Cell 

proliferation was measured by the cell Glo assay. Luminescence of HS578-T cells treated with Doxorubicin 

only or Doxorubicin in combination with AG01 (at 50,100 and 150 µg/mL) for 24 hours. Datapoint is a 

representation of at least two independent experiments, denotes a mean of absorbance at optical density 
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600nm ± S.D. from three replicates. Graph Pad Prism,P-value 0.01 to 0.05 (*),0.001 to 0.01 (**),0.0001 to 

0.001 (***),< 0.0001 (****). 

 

D) AG01 treatment results in inhibition of cell migration and invasion in TNBC 

cells 

Since the progranulin silencing experiment (Figure 2.3) showed significant inhibition 

in cell migration, we examined here the effect of anti-progranulin/ GP88 antibody AG01 

on TNBC migration, by the transwell migration assay. The assay was performed by 

treating the TNBC cell lines MDAMB231 and HS578-T with different concentrations of 

AG01. Results showed a dose-dependent significant reduction in the migration of  AG01 

treated cells as compared to control PBS treated cells with an approximately 83 ± 16.7% 

and 77.5± 5.2 % reduction at the highest treated AG01 concentration of 100 µg/mL in  

MDAMB231 and HS578-T cell, respectively (Figure 2.10Aand 2.10B). Treatment with 

human IgG of both MDAMB231 and HS578-T cell did not show any inhibitory effect on 

migration and were comparable with PBS vehicle control (Figure 2.11A and 2.11B). 

AG01 treatment in MDAMB231 cells at different concentrations also resulted in a 

significant, dose-dependent reduction in the % cell invasion as compared to PBS control 

with the highest reduction of 78.2±13.7% at AG01 100µg/mL (Figure 2.12). 
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Figure 2.10  AG01 treatment inhibits TNBC cell migration. (A) AG01 treatment for 5 hours in 

MDAMB231 cells at 25, 50, and 100 ug/ml showed a dose-dependent reduction in % cell migration as 

compared to control cells. (B) AG01 treatment for 24 hours in HS578-T cells at 50, 75 and 100 ug/ml 

showed a dose-dependent reduction in % cell migration as compared to control cells. The left panel shows 

the photomicrograph (100X) of migrated cells through the collagen treated transwell membranes stained 

with crystal violet for MDAMB231 and HS578-T cells. Datapoint represents a mean of % migration ± S.D. 

from three replicates of three independent experiments. Graph Pad Prism,P-value 0.01 to 0.05 (*),0.001 to 

0.01 (**),0.0001 to 0.001 (***),< 0.0001 (****).  
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Figure 2.11  Human IgG does not inhibit TNBC cell migration.  Results representing Human IgG 

effects were similar to those obtained from PBS control. (A) Data representing PBS and Human IgG effect 

on TNBC- MDAMB231 cell migration by transwell method. (B) Data representing PBS, Human IgG, and 

AG01 treatment on TNBC- HS578-T cell migration by transwell method. Datapoint representing mean of 

% migration ± S.D. 

 

 

Figure 2.12  AG01 treatment inhibits TNBC cell invasion. AG01 treatment of MDAMB231 cells at 50 

and 100 ug/ml showed a dose-dependent reduction in the % cell invasion as compared to control, as shown 

by transwell invasion assay. The right panel shows the photomicrograph (100X) of invaded cells through 

the invasion of matrigel transwell membranes stained with crystal violet for MDAMB231 cells. Datapoint 
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represents a mean of % invasion ± S.D. from three replicates of three independent experiments. Graph Pad 

Prism,P-value 0.01 to 0.05 (*),0.001 to 0.01 (**),0.0001 to 0.001 (***),< 0.0001 (****). 

 

E) AG01 treatment acts on the phosphorylation status of  protein kinases 

The results obtained from AG01 treatment in TNBC, which showed inhibition of cell 

proliferation, migration, and invasion, led us to investigate changes in the activation 

status of several protein kinases upon AG01 treatment. MDAMB231 and HS578-T cells 

were treated with AG01 at 100µg/mL for 72 hours and 48 hours, respectively, before cell 

lysate collection. Thirty to fifty micrograms of protein loaded on 4-12% bis-tris gel and 

western blot analysis done. The results obtained from AG01 treated lysate were 

compared with PBS control lysate for early (24 hours) and late (48 hours) for changes in 

protein expression. We found that AG01 treatment resulted in a decrease in the 

phosphorylation of Src, MAPK, and Akt, (Figure 2.13 A, B, and Figure 2.14 A). AG01 

treatment of MDAMB231 cells resulted in a decrease in phosphorylation of Akt (14.8%), 

Src (23.6 %), and MAPK Erk1/2 (20.3%) within 24 hours of treatment which became 

more pronounced by 72 hours, Akt (63 %), Src (55.4 %) and MAPK Erk1/2 (55.2%), as 

compared to respective time point control (Figure 2.13 A, B, and Figure 2.14 A).FAK 

phosphorylation did not show any significant difference by 72 hours ( 22.7 %), while it 

increased initially within 24 hours of AG01 treatment as compared to respective time 

point controls (Figure 2.14 B). Phosphorylated to total expression for Akt (71.9), Src 

(49.8%), and MAPK Erk1/2 (62%)   showed a significant decrease by 72 hours (Figure 

2.13 A, B, and Figure 2.14 A). p-FAK showed an initial increase within the first 24 hours 
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of AG01 treatment, and so as the phosphorylated to total expression for FAK showed an 

increase within 24 hours, none of this increase was significant (Figure 2.14 B). 

 

 

Figure 2.13  Effect of AG01 treatment of MDAMB231 cells on the phosphorylation of regulatory 

proteins Akt and MAPK expression. (A) Western blot analysis of Akt and p-Akt from MDAMB231 cell 

lysate upon AG01 treatment for 24 and 72 hours as compared to respective PBS treated control cells. 

Graphs represent the densitometric analysis of the p-Akt and p-Akt/ Akt ratio. (B) Western blot analysis of 

Erk1/2 MAPK and p-Erk1/2 MAPK   from MDAMB231 cell lysate upon AG01 treatment for 24 and 72 

hours as compared to respective PBS control. Graphs represent the densitometric analysis of p-MAPK and 

p-MAPK/ MAPK ratio. Western blots are representative of at least two replicates of the experiment.   Data 

were analyzed as a % change in densitometry readings as compared to parallel control. The right panel is a 

graphical representation of % relative expression in phosphoprotein and phosphor protein/ total 

corresponding protein. Datapoint represents a mean ± S.E.M. P< 0.05 *, P< 0.009 **, P< 0.0009 ***. 

AG01 treatment at 100µg/mL   
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Figure 2.14  Effect of AG01 treatment of MDAMB231 cells on the phosphorylation of regulatory 

protein Src expression.  (A) Western blot analysis of Src and p-Src from MDAMB231 cell lysate upon 

AG01 treatment for 24 and 72 hours as compared to respective PBS treated control cells. Graphs represent 

the densitometric analysis of the p-Src and p-Src/ Src ratio.  (B) Western blot analysis of FAK and p-FAK 

from MDAMB231 cell lysate upon AG01 treatment for 24 and 72 hours as compared to respective PBS 

control. Graphs represent the densitometric analysis of the p-FAK and p-FAK/ FAK ratio. Western blots 

are representative of at least two replicates of the experiment. Data analyzed as a % change in densitometry 

readings as compared to parallel control. The right panel is a graphical representation of % relative 

expression in phosphoprotein and phosphor protein/ total corresponding protein.  Datapoint represents a 

mean ± S.E.M. P< 0.05 *, P< 0.009 **, P< 0.0009 ***. AG01 treatment at 100µg/mL   

 

HS578-T cell lysate protein expression was compared with PBS control lysate for 

early (24 hours) and late (48 hours) for changes in protein expression (Figure 2.15 A, B, 

and Figure 2.16 A, B). AG01 treated at 100µg/mL  HS578-T cell lysate showed decrease 

in phosphorylation in Akt (44.5%), Src (31.5%) and MAPK ( 35.5%), from as early as 24 

hours of treatment while decrease in FAK phosphorylation was more pronounced  (44.5  
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%) by 48 hours (Figure 2.15 A, B and Figure 2.16 A, B). The difference in the 

phosphorylation status of some of the protein kinases like Akt, Src, cannot be compared 

accurately at 48 hours due to the fact HS578-T cells reach confluency much faster due to 

an increase in their long elongated cell density. Because HS578-T cells reach towards 

confluency by 48 hours, the differences in the overall phosphorylation status of protein 

kinases like Src, Akt cannot be shown. The phosphorylation status of MAPK showed a 

38.6% reduction by 48 hours (Figure 2.15 B).  Phosphorylated to total protein expression 

also showed greater reduction by 24 hours as compared to 48 hours of AG01 treatment. 

pSrc/Src (44.3%), pAkt/Akt (47.3%), pMAPK/MAPK (46.0%) and pFAK/FAK ratio did 

not showed timewise change (Figure 2.15 A, B and Figure 2.16 A, B). 

 

Figure 2.15  Effect of AG01 treatment of HS578-T cells on the phosphorylation of regulatory proteins 

Akt and MAPK expression. (A) Western blot analysis of Akt and p-Akt from HS578-T cell lysate upon 

AG01 treatment for 24 and 48 hours as compared to respective PBS treated control cells. Graphs represent 

the densitometric analysis of the p-Akt and p-Akt/ Akt ratio. (B) Western blot analysis of Erk1/2 MAPK 

    A 
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and p-Erk1/2 MAPK from HS578-T cell lysate upon AG01 treatment for 24 and 48 hours as compared to 

respective PBS control. Graphs represent the densitometric analysis of p-MAPK and p-MAPK/ MAPK 

ratio. Western blots are representative of at least two replicates of the experiment. Data analyzed as % 

change in densitometry readings as compared to parallel control. The right panel is a graphical 

representation of % relative expression in phosphoprotein and phosphor protein/ total corresponding 

protein.   Datapoint represents a mean ± S.E.M. P< 0.05 *, P< 0.009 **, P< 0.0009 ***. AG01 treatment at 

100µg/mL. 

 

 

Figure 2.16  Effect of AG01 treatment of HS578-T cells on the phosphorylation of regulatory proteins 

Src and FAK expression.    (A) Western blot analysis of Src and p-Src from HS578-T cell lysate upon 

AG01 treatment for 24 and 48 hours as compared to respective PBS treated control cells. Graphs represent 

the densitometric analysis of the p-Src and p-Src/ Src ratio.  (B) Western blot analysis of FAK and p-FAK 

from HS578-Tcell lysate upon AG01 treatment for 24 and 48 hours as compared to respective PBS control. 

Graphs represent the densitometric analysis of the p-FAK and p-FAK/ FAK ratio. Western blots are 

representative of at least two replicates of the experiment.  Data analyzed as % change in densitometry 

readings as compared to parallel control. The right panel is a graphical representation of % relative 

expression in phosphoprotein and phosphor protein/ total corresponding protein. Datapoint represents a 

mean ± S.E.M. P< 0.05 *, P< 0.009 **, P< 0.0009 ***. AG01 treatment at 100µg/mL. 
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F) Changes in oncology-related protein expression of MDAMB231 cells upon 

AG01 treatment   

For a more in-depth insight into changes happening in oncology-related protein 

expression upon AG01 treatment, human oncology protein array (refer to Appendix II,  

for list of proteins in the array) was analyzed using cell lysate from MDAMB231 cells 

with and without AG01 treatment (72 hours) at 100µg/mL (Figure 2.17). The results 

obtained in duplicates and the proteins which showed a significant difference (P<0.05), 

were reported here. The results obtained showed a reduction in two crucial tyrosine 

kinases involved in cell proliferation and migration like Axl and c-MET by 23.7% and 12 

%, respectively (Figure 2.18). Though the reduction in c-MET expression upon AG01 

treatment was not significant by protein array, a significant difference by western blot 

analysis was observed (Figure 2.22B). Intercellular adhesion molecule-1 (ICAM-1) is 

reportedly involved in tumor cell progression in breast, liver, pancreas, and renal cancer. 

ICAM-1 is reported to get stabilized and is involved in cancer cell proliferation and 

metastasis (Kang et al. 2017). Here, we have shown a reduction in ICAM-1 by 48.2% 

upon AG01 treatment (Figure 2.18).  Proteins that are directly involved in cellular 

migration and epithelial to mesenchymal transition (EMT) metalloprotease MMP-2 and 

snail, were reduced by 55% and 49%, respectively (Figure 2.18).  Array results obtained 

also showed a significant reduction by around 32.2% and 36.7% for HIF-1 α and VEGF 

expression, respectively, upon AG01 treatment (Figure 2.20). HIF-1 α and VEGF are 

proteins involved in the stimulation of blood vessel formation.  Endogenous progranulin 
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expression showed 51.9% reduction, while SPARC which mediates cell proliferation, 

showed a 68% reduction upon AG01 treatment in MDAMB231 cells (Figure 2.19). 

 

Figure 2.17  AG01 treatment leads to suppression of cancer associated proteins in oncology array. 

Human XL oncology array was performed from MDAMB231 cell lysate upon AG01 treatment for 72 

hours as compared to parallel PBS control. Blot representing array results obtained from AG01 treatment 

versus control. Results are representative of two replicates of the experiment.   
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Figure 2.18  AG01 treatment leads to suppression of proteins associated with metastasis, as shown by 

oncology array. Graphs represent the densitometry analysis of proteins Axl, HGFR/ c-Met, MMP-2, Snail, 

and ICAM -1, obtained from protein array. The results are representative of two replicates of the 

experiment.  The data represented as relative change in densitometric readings as compared to control. 

Datapoint represents mean ± S.D. P< 0.05 *, P< 0.009 **, P< 0.0009 ***. 

 

 

Figure 2.19  AG01 treatment leads to suppression of SPARC and progranulin, as shown by oncology 

array. Graphs represent the densitometric analysis of proteins progranulin and SPARC, obtained from 

protein array. The results are representative of two replicates of the experiment.  The data presented as the 

relative change in densitometric readings compared to control. Datapoint represents a mean ± S.D.     P< 

0.05 *, P< 0.009 **, P< 0.0009 ***. 
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Figure 2.20  AG01 treatment leads to suppression of proteins associated with angiogenesis, as shown 

by oncology array.  Graphs represent the densitometric analysis of proteins progranulin and HIF-1α and 

VEGF, obtained from protein array. The results are representative of two replicates of the experiment.  The 

data are presented as the relative change in densitometric readings as compared to control. Datapoint 

represents a mean ± S.D. P< 0.05 *, P< 0.009 **, P< 0.0009 ***. 

 

The results obtained from the protein array were further validated by western blot 

analysis of some of the representative proteins (Figure 2.21).  Thirty micrograms of cell 

lysates of control and AG01 treated ) at 100µg/mL for 72 hours for MDAMB231 and 48 

hours for HS578-T cells, respectively were loaded on 4-12% bis-tris gel and western blot 

was performed as discussed under materials and methods. Snail was reduced by 23.3% 

and 89% in MDAMB231 and HS578-T cells, respectively upon AG01 treatment (Figure 

2.21 and Figure 2.22). ICAM-, a protein involved in cellular migration showed a 

reduction in MDAMB231 and HS578-T cells of 93.8% and 33.8%, respectively, upon 

AG01 treatment (Figure 2.21 and Figure 2.22). Axl protein represented a 13.2%   
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reduction in MDAMB231 cells, while a reduction of 33.4 % in HS578T cells upon AG01 

treatment (Figure 2.21 and Figure 2.22). Endogenous progranulin level displayed a time-

dependent reduction in both TNBC cells with MDAMB231 presenting a 37.7% reduction 

by 72 hours and HS578-T, presenting almost 100% reduction by 48 hours (Figure 2.24 A 

and B). Migratory protein like glycoprotein - fibronectin exhibited a time-dependent 

decrease of its expression by 25.4% after an AG01 treatment of MDAMB231 cells 

compared to corresponding control lysate (Figure 2.23). 
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Figure 2.21  AG01 treatment leads to suppression of proteins associated with metastasis in 

MDAMB231 cells, as shown by western blot analysis.  Western blot analysis of Snail, c-Met, ICAM-1, 

and Axl from MDAMB231 and HS578-T cell lysate upon 48-72 hours AG01 treatment at 100µg/mL as 

compared to respective PBS controls.  
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Figure 2.22  AG01 treatment leads to suppression of proteins associated with metastasis, graphical 

representation.  Graphs represent the densitometric analysis of Snail, c-Met, ICAM-1, and Axl expression. 

The results are representative of at least two replicates of the experiment.  The data were represented as % 

change in densitometric readings as compared to control. Datapoint represents mean of % relative 

expression ± S.E.M. P< 0.05 *, P< 0.009 **, P< 0.0009 ***. MDA- MDAMB231 cells. 
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Figure 2.23  AG01 treatment leads to suppression of fibronectin expression in MDAMB231. Western 

blot analysis of fibronectin from MDAMB231 upon AG01 treatment as compared to PBS control. Graphs 

represent the densitometric analysis. The results are representative of at least two replicates of the 

experiment. The data are prsented as a % change in densitometry readings as compared to control. 

Datapoint represent mean of % relative expression ± S.E.M. P< 0.05 *, P< 0.009 **, P< 0.0009 ***. 

 

 

Figure 2.24  AG01 treatment leads to suppression of progranulin expression in TNBC. (A) Western 

blot analysis of progranulin expression from MDAMB231 cell lysate upon AG01 treatment as compared to 

PBS treated control. The graphs represent the densitometric analysis. (B) Western blot analysis of 

progranulin from HS578-T cell lysate upon AG01 treatment as compared to PBS control. The graphs 

provide the densitometric analysis. The results are representative of at least two replicates of the 

experiment.  Data were analyzed as % change in densitometry readings as compared to control. Datapoint 

represent mean of % relative expression ± S.E.M. P< 0.05 *, P< 0.009 **, P< 0.0009 ***. 
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 2.4.3 Translational effect of AG01 treatment in vivo 

A) Effect of AG01 on subcutaneous tumor growth of MDAMB231 xenograft 

model 

I. Effect on tumor growth 

In vitro proliferation inhibition results obtained from MDAMB231 and HS578-T cell 

were further analyzed for testing the efficacy of AG01 in vivo in the MDAMB231 

subcutaneous tumor xenograft model in athymic nude mice. To further investigate the 

potency of AG01, treatments were performed at 10 mg/kg intraperitoneally twice weekly. 

The dose selected was based on previous AG01 in vivo efficacy data with other cancer 

cell lines obtained in our laboratory.  Treatment with AG01 was initiated when the 

tumors reached about 100 cubic millimeters and following randomization. AG01 

treatment showed indications of a reduction in the Vt/V0 ratio as early as day 7 after 

initiation of dosing. Control animals were injected intraperitoneally either with sterile 

phosphate buffer saline twice weekly or with human IgG at 10 mg/kg twice weekly  

Overall, there was a significant reduction in Vt/V0 ratio (P=0.0001) in AG01 treated 

group as compared to the control animal (PBS treated group) (Figure 2.25 A). The results 

obtained were reproducible from a previous AG01 pilot in vivo efficacy experiment 

(p=0.0006) with the MDAMB231 subcutaneous xenograft model (Figure 2.25 B). 

Animal tumors started showing signs of hemorrhagic lesion by day 18 post start of 

dosing. Animals with tumors showing hemorrhagic lesions were not considered for tumor 

measurement. Four animals from PBS control, three animals from Human IgG control, 

and three animals from AG01 treated group, were not included in the average tumor  
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measurements due to the occurrence of hemorrhagic lesions. Terminal sacrifice done 

between days 27 -29 post start of dosing when many animals started showing 

hemorrhagic lesions on tumors. After euthanasia, tumor, liver, lung, kidneys, spleen, and 

blood from cardiac bleed were prepared for analysis. Tumor weight showed a significant 

reduction in AG01 treated tumors as compared to PBS control tumors (P< 0.05) (Figure 

2.26).  
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Figure 2.25  AG01 is efficacious in controlling tumorigenicity in the MDAMB231 subcutaneous 

tumor xenograft athymic nude mice model. (A)The graphs represent the changes in Vt/Vo ratio for 25 

days post initiation of dosing. (B) The graphs represent the changes in Vt/Vo ratio for 34 days post 

initiation of dosing from the AG01 pilot efficacy experiment. Each data point represents mean ± S.E.M 
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Figure 2.26  Graph representing average tumor weight. Tumor weight of PBS, Human IgG, and AG01 

treated group. Each data point represents mean ± S.E.M of N=8. Graph Pad Prism,P-value 0.01 to 0.05 (*). 

 

II. Ki67 immunohistochemistry 

In agreement with the in vitro Ki67 immunohistochemistry data, Ki67 expression 

was examined in tumor sections of the AG01 and control groups by 

immunohistochemistry, as described in the materials and methods section (Figure 2.27A).  

The results were evaluated using Image J software of five different fields per animal slide 

(total of three animals from each study group). Relative percent average calculated as 

compared to the PBS control group. The results showed an average of around 52.5% 

reduction in relative Ki67 expression in AG01 treated tumor sections when compared to 

tumors from PBS control animals (Figure 2.27B). The differences in Ki67 

immunohistochemistry staining are in agreement with the previous in vivo MDAMB231 

xenograft results wherein AG01 treated tumor showed a significant reduction in Ki67  
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staining as compared to PBS control (Figure 2.30B). 

 

 

 

Figure 2.27  AG01 is efficacious in inhibiting Ki67 expression in tumor xenograft athymic nude mice 

model. (A) Photomicrograph of Ki67 immunohistochemistry staining of tumor sections of PBS, Human 

IgG control, and AG01 treated groups. Representing 200X and 400X magnification of images. (B) Graph 

representing changes in % relative Ki67 expression amongst the groups. Images were evaluated using 

Image J software of five different fields per animal for a total of three animals from each treatment group. 

Each data point represents mean ± S.E.M of % relative change as compared to average (from all three 
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animals) % PBS control. Graph Pad Prism,P-value 0.01 to 0.05 (*),0.001 to 0.01 (**),0.0001 to 0.001 

(***),< 0.0001 (****). 

 

III. Mitotic index  

HE stained tumor sections were examined for determining mitotic index in AG01 

and control tumors. The mitotic index is the total number of dividing cells over the total 

number of cells in a microscopic field. Evaluation of the mitotic index from five different 

fields (from three animals, each study group) gave further insight into AG01 effects on 

dividing cells.  Statistical analysis showed approximately 50 % reduction of the mitotic 

index in AG01 treated group as compared to control animals (Figure 2.28). The results 

observed were comparable to the % relative mitotic index, as observed in the previous in 

vivo tumor xenograft efficacy study (Figure 2.30B). 

 

Figure 2.28  AG01 is efficacious in suppressing the mitotic index in the subcutaneous tumor 

xenograft athymic nude mice model. (A) Photomicrograph images (400X) of dividing cells (at any stage 
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of cell division) obtained after hematoxylin-eosin (HE) staining of tumor sections of PBS, Human IgG, and 

AG01 treated groups. (B) Graph representing % relative mitotic index. Images were evaluated by obtaining 

the mitotic index by counting diving cells out of total cells from 5 different fields. Each data point 

represents mean ± S.E.M of % mitotic index. % relative mitotic index calculated as compared to the 

average (from all three animals) % mitotic index of PBS control. Graph Pad Prism,P-value 0.01 to 0.05 

(*),0.001 to 0.01 (**),0.0001 to 0.001 (***),< 0.0001 (****). 

 

IV. Microvessel count  

Microvessels are small blood vessels present within an organ to assist in blood 

circulation and to provide nutrition to the organ. Microvessels are also required for tumor 

growth. Thus, HE stained tumor sections were analyzed for the microvessel count of 

AG01 and control groups. Microvessels were counted from three different fields per 

animal from each study group for a total of three animals from each study group (Figure 

2.28 A).  Percent relative microvessels were calculated from each study group as 

compared to PBS control (Figure 2.28 B). Results obtained showed around 70 % on an 

average reduction in % relative microvessel in AG01 treated group as compared to PBS 

control animals (Figure 2.28 B ). The results observed were comparable to the % relative 

microvessel, as observed in the previous in vivo tumor xenograft efficacy study (Figure 

2.30B). 
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Figure 2.29  AG01 is efficacious in suppressing microvessel density in the MDAMB231 subcutaneous 

tumor xenograft athymic nude mice model. (A) Photomicrograph images (200X) of microvessels 

obtained after hematoxylin-eosin staining of tumor sections of PBS, Human IgG and AG01 treated groups. 

(B) The graph represents the % relative microvessel.  Images were evaluated by counting the number of 

microvessels from 3 different fields. Each data point represents a mean ± S.E.M. % Relative microvessel 

calculated as compared to the average (from three animals) % microvessel of PBS control. Graph Pad 

Prism,P-value 0.01 to 0.05 (*),0.001 to 0.01 (**),0.0001 to 0.001 (***),< 0.0001 (****).  

 

V. Relative organ weight 

Relative organ weight is a way to measure if there is any organ toxicity due to 

treatment. Calculated upon the terminal sacrifice of animals, which is the measure of 

organ weight over the bodyweight of the animal. While the relative weight of lung, 

kidney, and spleen weight (organ weight normalized to respective animal’s body weight) 

did not show any significant changes, liver weight showed a significant reduction in  



 

 

87 

 

AG01 treated group as compared to PBS control animals (Figure 2.30B). HE stained liver 

sections did not show any pathological lesion (Figure 2.31), suggesting the reduction in 

liver weight from AG01 treated group is not due to toxicity.  

 

 

 

  

Figure 2.30  Relative lungs, liver, kidneys, and spleen weight of AG01 treated animals. A) Organ 

weight normalized to animal body weight in AG01 treated and PBS, Human IgG control animals. Each 

data point represents a mean ± S.E.M. Student t-test P-value 0.01 to 0.05 (*). B) The table represents % 

relative Ki67 positive cells, % relative mitotic index, and % relative microvessel count, as obtained from 

immunohistochemistry and H& E staining of animal tumor sections, from previous tumor xenograft animal 

AG01 efficacy study. 
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Figure 2.31  HE stained liver sections from AG01 treated animals. Photomicrograph images (200X) HE 

stained liver sections from all the study groups. 

 

B) Effect of AG01 treatment in lung metastasis model in vivo 

Results from in vitro studies showed AG01 efficacy in inhibiting cell migration and 

invasion in TNBC. To further examine the physiological relevance of AG01 in inhibiting 

cell migration, an experimental metastasis study was performed.  One million 

MDAMB231 Luc/GFP breast cancer cells were injected intravenously into NSG mice. 

Such injection directly into the bloodstream leads to the implantation of breast cancer 

cells in the lungs.  A few hours after cell injection, animals were imaged under xenogen, 

and day 0 luminescence signals recorded from all animals. Animals were imaged once 

weekly until the conclusion of the experiment. During the period of the experiment, 

animals were dosed either with AG01 or Human IgG (control group) at 10 mg/Kg, twice 

weekly. Animals were euthanized and dissected open on day 18 of the study due to the  
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occurrence of liver metastasis. Lungs were collected upon the terminal sacrifice and 

imaged for luminescence (Figure 2.32) and the relative signal calculated in each case. 

Imaging did not show any difference in whole animal luminescence, while results 

obtained from lung luminescence ex- vivo showed a trend of reduction in signal in AG01 

treated animals (approximately 30% reduction) as compared to control animals. 

However, the difference in luminescence observed were not significantly different with 

these experimental conditions and mice numbers. Relative body weight in AG01 treated 

group calculated relative to human IgG did not show any change (Figure 2.33).  

 

 

  

Figure 2.32  Lung luminescent signal from the MDAMB231 tail vein metastasis model. Representative 

xenogen images of the lung from human IgG and AG01 treated animals for the luminescence signal. Graph 

representing relative changes in luminescence as compared to Human IgG control.  
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Figure 2.33  Relative body weight change from MDAMB231 tail vein metastasis study. Graph 

representing relative body weight change in AG01- 10mg/Kg, treated study group as compared to control-

human IgG (IgG)- 10mg /Kg. 

 

C) Progranulin expression from TNBC PDX samples  

Patient-derived xenografts or PDX models are generated using tumor sample 

collected from patients and implanted in immunodeficient mice. PDX is a vital 

translational research model to study human tumor biology. We obtained five PDX tumor 

samples (namely UMB01, HCI-016, HCI-015, HCI-02, and HCI-01) generated from 

TNBC patients, by Dr. Rena Lapidus, Director, translational core facility, University of 

Maryland, Baltimore. The tumor samples cut into small pieces, followed by manual 

homogenization and ultrasonication. Tumor lysate centrifuged and supernatant collected 

for protein analysis by western blot. Results obtained showed detectable progranulin 

expression in three out of five TNBC PDX samples (Figure 2.34), indicating that these 

models may be suitable to examine the effect of AG01 on some PDX models of breast 

cancer in the future. 
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Figure 2.34  Western blot analysis for progranulin expression from TNBC PDX samples. Five TNBC, 

PDX tumor sample (namely UMB01, HCI-016, HCI-015, HCI-02, and HCI-01) lysates analyzed for 

progranulin expression by western blot. 

 

2.5 Discussion  

Progranulin, an important autocrine growth factor that is expressed in various 

mammalian cells, is a neurotrophic factor and is involved in tissue repair and wound 

healing. It is expressed in neurons, immune cells, epithelial cells, and was shown to be 

chondrogenic and to contribute to the development of cartilage (Liu et al. 2012). 

Progranulin interferes with the binding of tumor necrosis factor TNFα and TNFR and 

hence possess anti-inflammatory properties. Progranulin mutation affects neuron survival 

and causes frontotemporal dementia (Cheung et al., 2011). While the loss of progranulin 

has been associated with various neurodegenerative diseases (Petkau and Leavitt 2014; 

Kao et al. 2017), this protein reportedly gets overexpressed in various cancers and drives 
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tumorigenesis. Progranulin expression is associated with various critical cellular activities 

like proliferation, migration, invasion, angiogenesis, and immune evasion in cancer cells.  

Treating T-47D breast cancer xenograft animals with progranulin was shown to induce 

metastasis, which was reversible due to suppression of the progranulin effect after sortilin 

inhibitor AF38469 treatment (Rhost et al., 2018). In further studies, shRNA knocking 

down of progranulin in colorectal cancer cell line SW1116 decreased the proliferative 

marker Ki67 expression, conversely progranulin overexpression increases Ki67, (Yang et 

al. 2015). Progranulin appeared to play a role in proliferation and angiogenesis by 

regulating Ki67 and VEGF-A proteins. Reports also sugget progranulin proliferative 

activities in various cancer cell types such as lung, prostate, multiple myeloma, and 

cervical (Arechavaleta-Velasco F et al. 2017). In another study, the effect of suppressing 

progranulin using progranulin neutralizing antibody in hepatocellular cancer was shown 

to be inhibiting proliferation by inhibiting MAPK and Akt pathways (Demorrow; 2013). 

Association of progranulin in regulating cell proliferation and migration has been 

demonstrated by Monami et al., 2009; in prostate cancer cells by siRNA studies. As 

discussed before, the progranulin level has reportedly shown association with aggressive 

TNBC subtype (Lu and Serrero, 2000). Overexpression of progranulin (GP88) in ER+ 

BC led to increased tumorogenic properties and tamoxifen and faslodex resistance in 

vitro and in vivo (Tangkeangsirsin and Serrero, 2004; Tangkeangsirsin et al., 2014). In 

Her2 overexpressing BC cells, progranulin/ GP88 stimulated the phosphorylation of Her2 

and conferred Herceptin resistance (Kim et al., 2006 and 2016).  
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The work presented in this dissertation here is the first report demonstrating the role 

of anti-progranulin antibody AG01 in inhibiting migration, invasion, and cell 

proliferation in triple negative breast cancer cells in a dose-dependent fashion. We have  

shown that neutralizing progranulin by AG01 treatment is associated with a reduction in  

proliferation both in vitro and in vivo studies. MDAMB231 cell subcutaneous tumor 

xenograft study showed a significant reduction in Vt/Vo ratio (P<0.0001), upon AG01 

administration in the animals. AG01 treatment also showed a decrease in Ki67 expression 

in both TNBC cell lines MDAMB231 and HS578-T. It is interesting to observe the effect 

of AG01 on the inhibition of Ki67 in the treated cells in vitro as well as in the tumor 

sections from treated mice. These results are in agreement with the pathological study, 

where our laboratory showed that progranulin (PCDGF) IHC expression and Ki67 

expression in invasive ductal carcinoma tumor tissue sections were correlated (Serrero 

and Ioffe, 2003).  

As tumor growth progresses, epithelial-mesenchymal transition (EMT) initiates 

wherein cancer cells leave the primary tumor and disseminate to other tissues after 

acquiring mesenchymal-like properties. Progranulin has been associated with tumor cell 

migration and invasion in various cancer cell lines like prostate, colorectal, breast, 

bladder, and hepatocellular (Yang et al. 2015; He and Bateman 1999; Wang et al. 2003, 

Tangkeangsirsin and Serrero, 2004). It could be due to the activation of protein kinases 

that are involved in regulating cell motility, migration.  

From our studies, treatment with the antibody AG01 resulted in a dose-dependent 

reduction in cell migration and cell invasion by transwell method in MDAMB231 cells as 
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well as a reduction in HS578-T cell migration. AG01 treatment resulted in decreased 

cellular protein expression of some of the essential tyrosine kinases like c-Met, Axl as 

well as other proteins like ICAM-1 and Snail, which are involved in cellular metastasis  

functions. Protein array results showed a significant reduction in VEGF and HIF-1α  

protein expression upon AG01 treatment, involved in stimulating angiogenesis. Tumor 

xenograft study in mice showed a significant reduction in microvessel count in AG01 

treated animals as compared to control groups (PBS and human IgG). 

Progranulin stimulates various downstream signaling molecules that regulate cellular 

proliferation, differentiation, growth, survival, migration, and invasion by activating 

signaling pathways through MAP kinase ERK1/2, PI3 kinase, and FAK leading to 

activation of cell cycle regulatory proteins. Progranulin utilizes ERK1/2 and Akt 

signaling pathways for cell proliferation and migration (Monami et al., 2009; Yang et al., 

2015; Kim et al., 2016; Neill et al., 2016; Zhang and Bateman, 2011). Src is a non-

receptor tyrosine kinase, and its subcellular localization plays a vital role in its activation.  

It is inactive in the cytoplasm until it translocates to the cell membrane where it gets 

activated by autophosphorylation at Y416 and regulates many intracellular signaling 

pathways including MAP kinase ERK1/2, PI3 kinase and FAK (Frame, 2002; Jiang and 

Qiu, 2003; Bjorge, 2011; Anbalagan et al., 2012). Our laboratory has previously shown 

the role of progranulin in regulating Src activation by phosphorylation of c-myc in Her-2 

overexpressing cells (Kim et al. in 2016). FAK and Src binding are involved in making 

dynamic complexes involved in cell adhesion, cell motility, and invasion functions. 

Activated Src can bind to the SH-2 binding site on FAK, which is an autophosphorylation 
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site on FAK and regulate downstream signaling cascade. Activated Src is also involved in 

cell proliferation, cell cycle progression by interacting with Akt. Src regulates Akt 

activity by altering PTEN function which is a negative regulator of PI3/Akt signaling  

pathway (Lu et al., 2003). Src can trigger TGFβ induced MAPK signaling via 

Src/TβRII/Grb2/MAPK pathway involved in promoting EMT transition (Runa et al., 

2016).  We have observed a reduction in phosphorylation of Akt and Src upon 

progranulin silencing by siRNA. AG01 treatment in TNBC showed a time-dependent 

reduction in phosphorylation of essential regulatory kinases like Akt, Erk1/2 MAPK as 

well as Src when compared to control.  The observed reduction in Src activation in 

TNBC cells upon AG01 treatment, may possibly lead to the reduced activation status of 

ERK1/2 and PI3K. 

FAK is a focal adhesion associated protein kinase required either independently or in 

concert with other protein complexes, regulating the formation of focal complexes at the 

site of attachment between the cells and the extracellular matrix. This interaction is 

involved in the adhesion at the leading and trailing edges of mesenchymal-like cells that 

are associated with cellular migration (Sieg et al., 2000). There is a significant reduction 

in phosphorylation status of p-FAK in HS578-T by 48 hours with AG01 treatment. In 

bladder cancer cells, progranulin promoted the formation of the paxillin/FAK/ERK 

complex by activating FAK, involved in cell migration and invasion functions (Monami 

et al., 2006). Activation of Src reportedly was found to be elevated in various breast 

cancer (Verbeek, 1996; Wilson, 2006). Reports showed that the involvement of Src and 

FAK linked activities are associated with cell migration (Frame, 2002). Cells lacking Src 
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and FAK activities are shown to be less motile as compared to their parental counterparts 

(Frame, 2002).  

Interestingly, AG01 treatment in combination with SOC chemotherapy agent  

doxorubicin showed an increased inhibitory effect on cell viability as compared to 

doxorubicin alone in TNBC MDAMB231, HS578-T cells in vitro. Results showed that in  

combination treatment with AG01, lower doxorubicin concentrations have higher 

inhibitory effects as compared to doxorubicin alone. AG01 combination with 

chemotherapy could result in a reduction in the chemotherapy dose and hence, associated 

cytotoxicity of the compound.AG01 is probably involved in increasing dose-dependent 

cell death by apoptosis with doxorubicin treatment (Lüpertz et al., 2010).  Cheung et al. 

in 2011 demonstrated the role of silencing progranulin by siRNA in hepatic carcinoma 

cells to sensitize the cancer cells to chemotherapeutics while elevated level of progranulin 

rendered the cancer cell chemotherapy-resistant.  

Interestingly, results obtained from the MDAMB231 subcutaneous xenograft model 

provide further insight into the physiological relevance of AG01 efficacy. AG01 

administration in the animals at 10 mg/kg twice weekly resulted in a significant reduction 

in tumor Vt/V0, Ki67 expression, mitotic index, and microvessel count. An in vivo 

metastasis experiment, also known as tail vein metastasis study was performed to extend 

the understanding of AG01 efficacy in inhibiting cell migration in vitro studies. Results 

obtained showed a trend in the decrease in lung metastasis upon AG01 treatment but 

were not significantly different. The experiment was performed once with a single dose 
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and will be repeated with higher AG01 dose groups since there were no signs of toxicity 

(no change in relative body weight) with AG01 at 10 mg/ kg dose group. 

Collectively, the results from our study confirm the importance of progranulin as a 

potent biological target and show that treatment with the antibody AG01 leads to 

suppression in cellular proliferation, migration, and invasion in TNBC. The novelty and  

significance of the current studies lie in understanding the mechanism by which AG01  

inhibits TNBC growth. These results could provide insight into clinical studies with 

AG01 as a single therapeutic agent or in combination therapy with current cytotoxic 

chemotherapies in TNBC patients. The results obtained demand further investigation in 

an in vivo system using AG01 in combination therapy along with standard 

chemotherapies to reduce its cytotoxic dose and possible chemotherapy-related 

resistance.  

To conclude, current studies reinforce the role and potency of targeting the autocrine 

growth factor progranulin for TNBC patients.  Progranulin levels showed a strong 

correlation with the progression of breast cancer disease. AG01 demonstrated its efficacy 

in inhibiting two critical characteristics of TNBC, namely cell proliferation, and cell 

migration. AG01 treatment targets phosphorylation of essential protein kinases involved 

in cellular proliferation, differentiation, and migration, highlights its capability to be used 

as a single therapeutic agent, or in combination with chemotherapies to control TNBC 

tumor progression. 
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3 CHAPTER 3: ROLE OF PROGRANULIN IN DEVELOPMENT OF 

LETROZOLE RESISTANCE 

3.1 Abstract 

Aromatase inhibitors (AI) are a widely accepted endocrine therapy and represent a 

significant success in the treatment of ER + breast cancer in postmenopausal patients.  

However, their persistent use can lead to AI resistance. Progranulin is a glycosylated 

autocrine factor reportedly shown to be involved in tumorigenesis, cell migration, 

invasion in various cancer types, including breast cancer. Increased progranulin levels 

showed a strong correlation with poor overall survival in ER + breast cancer patients. Our 

laboratory demonstrated the role of GP88 as an autocrine growth and survival factor in 

breast cancer; in particular, in ER+ BC cells, GP88 stimulates proliferation and confers 

estrogen independence and resistance to anti-estrogen and aromatase inhibitors such as 

letrozole.  

 To investigate the role and involvement of progranulin in letrozole resistant breast 

cancer cells, GRN (progranulin gene) was silenced in a letrozole resistant breast cancer 

cell line ACLRTUSM cells by siRNA. GRN silenced cells were used to evaluate their 

proliferation in the presence of letrozole as compared to empty vector control cells. The 

results showed a significant reduction in cell proliferation in GRN silenced ACLRTUSM 

cells as well as increased sensitivity towards letrozole treatment as compared to 

ACLRTUSM empty vector-transfected cells. These cells were analyzed for regulatory 

changes in signaling molecules upon GRN silencing by western blot. The results obtained 

from silencing experiments were followed by investigating the therapeutic efficacy of  
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anti- GP88 AG01 to resensitize ACLRTUSM cells to Letrozole. Progranulin level was 

determined and compared from conditioned media obtained from  MCF-7AC1, 

ACLRTUSM cells with those of ACLRTUSM cells treated with a combination of 

letrozole and AG01. Cell proliferation assays were then carried out to determine if AG01 

sensitizes ACLRTUSM to letrozole.  Immunoblots compared protein levels of protein 

kinases known to be activated by progranulin in letrozole- resistant cells (ACLRTUSM) 

with those of ACLRTUSM treated with the combination of letrozole and AG01. In 

conclusion, the results together suggested that persistent letrozole treatment upregulates 

progranulin level resulting in activation of MAP kinase ERK1/2 and Akt kinase pathways 

that led to increased cell proliferation. The identification of progranulin as a cause of 

drug resistance makes it a promising therapeutic target to inhibit in order to increase the 

sensitivity of AI resistant breast cancer cells towards AI treatment. 

3.2 Introduction 

Approximately seventy percent of breast cancers are estrogen receptor (ER) positive 

(Dai et al., 20015). Estrogen is one of the main factors stimulating breast cancer 

proliferation (Tian et al., 2018).  As a result, targeted endocrine therapy has been 

successful in treating hormone-dependent breast cancer. Anti-estrogen therapies include 

ER antagonists, ER down regulators, and Aromatase inhibitors (Chumsri et al., 2011; 

Masri et al., 2010). ER+ breast cancer cells overexpress cytochrome P450 enzyme 

aromatase involved in estrogen biosynthesis.  The related hormones in the estrogen 

family include three forms- estrone (E1), estradiol (E2), and estriol (E3). Ovaries are the 

primary source of estradiol production in premenopausal women. In postmenopausal  
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women, when ovaries are no longer a source of estrogen production, there are various 

sources of endocrine factor which are from extragonadal sites and act locally (Misso et al. 

2005; Simpson, 2003). Estrogen exposure at menopause increases the risk of cancer 

development. Some of the extragonadal sites involved in estrogen production in 

menopausal women are adipose, skeletal, vascular tissues, and brain (Cancer.net, 2019; 

Misso et al. 2005; Simpson, 2003). Although menopause is the time associated with the 

termination of ovarian estrogen production, this phase of life has increased estrogen-

related cancer development, namely breast, endometrial and uterine cancer. Extragonadal 

estrogen biosynthesis is different from ovarian synthesis as extragonadal estrogen 

secretion; it is mainly local and mainly in paracrine or intracrine fashion and hence 

results in more tissue accumulation. This capacity of extragonadal secretion in adipose 

tissues increases with age and hence increases in several estrogen-related malignancies. 

The development of drug resistance is one of the crucial impediments in successful 

treatment for ER+ breast cancer patients.   

There are three FDA approved aromatase inhibitors comprised of triazole 

derivatives, anastrozole, and letrozole, and one steroidal analog, exemestane (Dutta and 

Pant, 2008).  These AIs are recommended by the FDA as first-line drugs for the therapy 

of breast carcinoma. AIs Anastrozole and letrozole are non-steroidal derivatives that act 

by interaction of the triazole group with the prosthetic heme group of aromatase and are 

competitive inhibitors of androstenedione. Whereas steroidal analog of androstenedione – 

AI Exemestane binds and deactivates irreversibly the enzyme aromatase (Chumsri et al., 

2011]). AIs have shown greater efficacy in hormone-responsive postmenopausal breast  
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cancer patients over other endocrine therapies like tamoxifen (Miller et al., 2012). AIs 

demonstrated outstanding therapeutic efficacy over tamoxifen in the clinic; not all ER+ 

breast cancers respond to AI treatment. This impaired success of AI treatment is often 

limited by the development of resistance due to continued treatment (Dutta and Pant, 

2008; Amaral et al., 2018). The development of a therapy that could resensitize these 

resistant cells towards endocrine therapy is a much required medical need. AI resistance 

could be de novo when patients do not respond to treatment or acquired, which is 

developed over the treatment period when patients initially respond to treatment, but 

later, they stop responding (Fan et al., 2015).  There are various possible mechanisms for 

endocrine therapy resistance. Figure 3.1, depicting some of the possible mechanisms of 

drug resistance that could apply to endocrine therapy resistance in cancer cells.  Estrogen 

utilizes ER-dependent regulatory pathways for expression of ER controlled gene 

expression. Additionally, ER regulated genes can also be expressed in an estrogen-

independent pathway by phosphorylating specific sites on ER by kinases like c-SRC, 

PKA, or ER activation by p-MAPK, PI3K (Weimin et al., 2015). Essentially, ER 

regulated gene expression is pivotal for breast cancer development, and loss of ER 

function or mutation in ER are two fundamental aspects in the development of endocrine 

resistance. One of the mechanisms of AI resistance is the overexpression of growth factor 

and growth factor receptor expression (Wosikowski et al. , 1997). In particular, blocking 

of Her2 by trastuzumab leads to overexpression of the proteins ERα and aromatase, 

rendering MCF-7Ca cells resistant to trastuzumab therapy, but sensitizes them for 

endocrine therapy (Sabnis et al., 2009). 
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Figure 3.1  Diagram representing some of the principal mechanisms in the development of drug 

resistance in human cancer cells could apply to endocrine therapy resistance (From Housman et al., 

2014). 

 

The growth factor progranulin, which is involved in cell growth, proliferation, 

motility, and inflammation, are reportedly involved in breast cancer tumorigenesis. 

Progranulin expression is upregulated in various solid tumors and is positively correlated 

with the development of ER+ drug resistance (Tangkeangsirisin et al., 2004; Abrhale et 

al., 2011). Progranulin is also an excellent tissue and circulating prognostic marker to 

evaluate disease-free survival and overall survival in ER+ invasive ductal carcinoma 

(Tkaczuk et al. 2011; Serrero et al., 2012; Koo et al., 2012; Serrero et al., 2016). In vitro 

studies examined the role of progranulin in inducing tumorigenicity as well as AI 

resistance in breast cancer cells (Abrhale et al. 2011). Animal studies demonstrated the 

relevance of progranulin overexpression in the development of endocrine therapy 

resistance (Tangkeangsirisin et al. 2004; Tangkeangsirisin et al. 2014). A growing body 

of evidence implicates progranulin not only in breast cancer tumorigenesis but also in  
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drug resistance. Thus, Dr. Serrero’s laboratory has examined whether prolonged 

treatment with aromatase inhibitors towards AI resistance is associated with progranulin 

overexpression (Abrhale et al., 2011). AI-sensitive cell lines (MCF-7AC1) and resistant 

cell lines (ACLRTUSM) were used in this study to further investigate the possibility. The 

primary purpose of this study is to gain insights into molecular mechanisms mediated by 

progranulin in AI resistance and develop an effective therapy to improve breast cancer 

treatment by increasing the sensitivity of AI resistant cells towards treatment. The 

flowchart in figure 3.2, shows the generation of aromatase inhibitor-resistant cells- 

[ACLRTUSM from the aromatase overexpressing MCF-7 (MCF-7AC1), cells carried out 

in Dr. Serrero’s laboratory by Dong and Serrero]. Human aromatase introduced in MCF-

7 breast cancer cells were obtained from Dr. Angela Brodie’s laboratory. These cell lines 

were used to examine the effect of silencing or inhibiting the action of progranulin by 

siRNA or by AG01 treatment on the proliferation and letrozole responsiveness. 

 

Figure 3.2  ACLRTUSM cells generated in Dr. Serrero’s Laboratory 
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3.3 Materials and Methods 

 Chemicals and Reagents 

 The chemicals and antibodies were purchased from various companies, as indicated. 

Dulbecco’s Modified Eagle’s Medium/ Nutrient Mixture F-12 ham phenol red-free 

(DMEM/F-12, phenol red-free) Sigma D2906,  fetal bovine serum (FBS) from Access 

cell culture Lot # A17005, gentamycin sulfate, Corning reference # 61-098-RF. Letrozole, 

Sigma catalog # L6545;  4 androstane -3, 17-dione, Steraloids Inc. catalog # A6030-000; 

charcoal – dextran stripped fetal bovine serum, Corning catalog # 35-072-CV; cell 

detaching reagent Accutase, Innovation Cell tech, catalog # AT-104. 

Coating plate high binding, Costar 3366; TMB Surmodics, product # TMBS-1000-

01; Invitrogen prod# 31413. siGenome smart pool human GRN from Dharmacon  ( Cat # 

M-009285-02-0005) and lipofectamine RNAimax reagent from Invitrogen P/N 

100014472. 

Cells and Cell Culture Conditions 

The MCF-7AC1 were cultured in its complete medium containing DMEM/F12 

medium supplemented with 5% FBS and 650µg /mL G418. ACLRTUSM cells were 

cultured in its complete medium containing DMEM/F12 (Phenol red-free) medium 

supplemented with 5% charcoal dextran stripped, 600µg /mL G418, 25 nM 4 androstane 

-3, 17-dione and letrozole one µM. All the cells were grown in monolayer in their 

complete medium in an incubator at 37°C with 95% air and 5% CO2.  
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Western Blotting  

Cells treated with 1:1000 diluted DMSO (vehicle control), AG01, Letrozole, or  

AG01 + Letrozole as indicated in figures, post-6-hour serum starvation. The cells 

harvested 72 hours after treatment, washed with cold phosphate-buffered saline and lysed 

in RIPA buffer (EMD Millipore) supplemented with a cocktail of protease inhibitors and 

phosphatase inhibitors (Roche). Protein concentrations of lysates were determined using 

micro BCA. Total cell lysates (30 μg) were separated on SDS-PAGE by a 4-12% Bolt gel 

and transferred to PVDF membranes. After blocking in 3% non-fat milk solution in 

TBST (Tris Buffered Saline with 0.05% Tween -20), the membranes were incubated with 

the primary antibodies  ( refer to Appendix I for antibody list) with a volume to cover the 

membranes entirely, overnight at 4°C in 3% milk in TBST and washed four times with 

TBST. Subsequently, the membranes were incubated with secondary antibodies (refer to 

Antibody details table) conjugated with HRP (horseradish peroxidase) in 3% milk at 

room temperature for 1h. The membranes washed four times with TBST, and the protein 

bands visualized by adding Haan / Behrmann ECL mix. Protein bands visualized at 

various exposure times using UVP Bioimaging systems. 

 Cell Proliferation Assay 

Cells  seeded at 1.3 x 10
5
 cells/ 60 mm dishes.The next day cells washed with PBS 

and kept for 6-hour on serum-free medium for serum starvation. Post starvation, medium 

was replaced with respective combination treatments as discussed under results. The base 

medium used was 1% charcoal dextran stripped FBS in DMEMF12 (phenol red-free) for 

ACLRTUSM. For MCF-7AC1, post starvation, media was replaced with respective  
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combination treatments as discussed under results. The base media used was 1% FBS in 

DMEMF12. Seventy-two hours post-treatment the cells were counted using a Luna cell 

counter and recorded. Conditioned media collected from each treated plate were 

centrifuged and supernatant stored at – 20
0
 C, until further analysis for progranulin level 

determination. 

Progranulin analysis by sandwich ELISA  

The progranulin analysis was done to estimate the level of progranulin available  

from the cell supernatant, as described previously ( Tkaczuk et al., 2011). 

Progranulin concentrations in the samples were determined by using a progranulin 

standard curve. Data represented normalized to the cell number as mean Progranulin/ 10
6
 

cells ± S.D.      

GRN siRNA transfection assay 

ACLRTUSM cells were seeded at 5 x 10
5
 cells/ 6 well in 2.5 mL complete media 

without antibiotics DMEM/F12 (phenol red-free). The next day, the medium was 

removed, cells washed with PBS, and a combined mixture of 5µL transfecting reagent 

(RNA iMax) in 250µL of  DMEM/F12 (phenol red-free) +  12.5 – 50nM siRNA mix ( 20 

µM stock) in 250µL of  DMEM/F12 (phenol red-free),  added onto the cells dropwise 

followed by  2.5 mL of DMEM/F12 (phenol red-free) addition. Sixteen hours post-

transfection media replaced with complete media (5%CD FBB in DMEM/ F12 – phenol 

red-free). Cells were harvested using accutase 48 hours post-transfection and split for 

proliferation assay (as discussed under results and methods).  
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Statistical analyses  

The data obtained from proliferation, ELISA were analyzed by two way ANOVA 

using Graphpad prism Ver 7. 

3.4 Results 

        3.4.1 Comparison of letrozole responsiveness of MCF-7CA cells and 

ACLRTUSM cell 

  ACLRTUSM cells are letrozole resistant ER+ cells generated in our lab, as 

discussed before.  They were generated from the ER+ breast cancer cells MCF-7AC1, 

which are letrozole sensitive. MCF-7AC1 showed a dose-dependent response to 

letrozole. Cell number decreased with increasing concentrations of letrozole   (Figure 3.3 

A). After 72 hours, control showed 4 fold increase in cell number as compared to the 

seeded number of cells at the start of the experiment. Letrozole treatment at 7.5µM 

showed a 1.2 fold increase in cell number as compared to the seeded number of cells at 

the start of an experiment; this corresponds to a 70% inhibition of proliferation by 

letrozole as compared to control. ACLRTUSM were letrozole resistant since letrozole 

concentrations up to 7.5µM did not show much change in cell number as compared to 

control (Figure 3.3 B). We also looked at ERα status of both the cell lines by western blot 

analysis; it reduced by 83% (Figure 3.3 C). The result obtained needs to be further 

verified. Reduced ER status indicates the possibility of involvement of the ER 

independent pathway for the development of letrozole resistance in ACLRTUSM (Figure 

3.3 C). Possible mechanisms could be due to increased activation of cell surface receptors 
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like EGFR and Her2 due to progranulin overexpression, which results in enhanced breast 

cancer cell proliferation in the presence of letrozole rendering them drug-resistant (Sabnis 

et al., 2009; Kim et al., 2006, Fan et al., 2015). 

 

 

      

 

Figure 3.3  ACLRTUSM is resistant to letrozole.  (A) MCF7AC1 proliferation results as obtained upon 

treatment with different concentrations of letrozole for 72 hours. The treatment medium used was 1% FBS 

in DMEMF12.  (B) ACLRTUSM proliferation results as obtained upon treatment with different 

concentrations of letrozole for 72 hours. Data represented as live cells/ plate. The treatment medium used 

was 1% charcoal dextran stripped FBS in DMEMF12 (phenol red-free).   (C) Western blot representation 

of ER-alpha from MCF-7AC1 and ACLRTUSM cell lysates. 
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3.4.2 ACLRTUSM cells overexpress progranulin 

Various reports suggest the role of progranulin in mediating estrogen independence  

and drug resistance in ER + breast cancer cells (Serrero, 2003; Tangkeansirisin and 

Serrero, 2014; Serrero and Ioffe, 2003; Tangkeansirisin et al. 2004; Abrhale et al., 2011). 

Overexpression of progranulin makes ER + breast cancer cells independent of estrogenic 

mitogenic stimulation and able to proliferate even in the absence of estrogen. From our  

study results,  we have observed that the Letrozole resistant cell line ACLRTUSM 

showed a time-dependent increase by 17 fold in secreted progranulin as estimated by 

ELISA from conditioned media collected at 24, 48 and 72 hours, as compared to its 

parallel parental cell line MCF-7 AC1 (Figure 3.4).  The progranulin level in MCF7AC1 

ranged between 3.7 to 4.8 ng/ 10
6
 cells. 

 

Figure 3.4  Graph representing progranulin level from conditioned media. Progranulin analyzed from 

MCF-7AC1, and ACLRTUSM conditioned media seeded in their respective complete media, at 24, 48, and 

72 hours post cell seeding. Data represented as mean ± SD. 
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3.4.3 Silencing progranulin expression resulted in inhibition in cell proliferation and 

increased letrozole sensitization in Letrozole resistant ACLRTUSM cells  

Such a significant increase in progranulin level in the resistant ACLRTUSM cells, 

suggested a possible role of progranulin in underlying letrozole resistance. Thus, we 

examined the effect of silencing progranulin by siRNA transfection by two different 

GRN siRNA pools (smartpool and ON-target smartpoolplus) on ACLRTUSM. As shown 

in Figure 3.5 A, there was a great reduction of progranulin level upon GRN siRNA 

transfection using smartpool GRN siRNA at 50nM concentration, represented by western 

blot results. Progranulin silencing resulted in a 50 % reduction in ACLRTUSM cell 

proliferation (Figure 3.5B). Moreover, progranulin silenced cells showed increased 

sensitivity to letrozole treatment with an observed 75% reduction in cell proliferation in 

the presence of 2.5µM letrozole when compared to control siRNA transfected cells 

(Figure 3.5B). Figure 3.5A showed that progranulin silencing in ACLRTUSM led to a 

reduction in MAPK phosphorylation status while phosphorylation of Akt increased. 

Collectively, siRNA experiments indicated that progranulin is a potential therapeutic 

target in letrozole resistant ACLRTUSM to sensitize it for the treatment. 

Progranulin silencing using On-target smartpool plus GRN siRNA represented a 

dose-dependent reduction in its expression as demonstrated by western blot analysis 

(Figure 3.5C). The normalized densitometric analysis represented about 45- 54% 

reduction between 12.5nM to 25nM GRN siRNA concentrations, with a 66.4% reduction 

in progranulin expression at 50nM GRN siRNA concentration. Progranulin silencing 

demonstrated a 32 % and 43% reduction in ACLRTUSM cell proliferation at GRN  
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siRNA 25nM and 50nM concentrations, respectively (Figure 3.5D). Progranulin silencing 

at 50nM GRNsiRNSA resulted in an increased sensitivity of the cells towards letrozole 

treatment with a further 29.4% reduction in cell proliferation in the presence of 2.5µM 

letrozole when compared to 50nM GRN siRNA transfected cells alone (Figure 3.5D). 

 

 

Figure 3.5  Suppressing progranulin level resulted in inhibition in cell proliferation and the 

sensitization of letrozole resistant ACLRTUSM cells towards treatment. (A) Western blot representing 

progranulin expression from control siRNA and GRN siRNA cells transfected with smartpool GRN 

siRNA. (B) Effect of progranulin silencing by smartpool GRN siRNA in ACLRTUSM cell proliferation 

evaluated with and without letrozole at 2.5 µM. (C) Western blot representing progranulin expression from 

control siRNA and GRN siRNA cells transfected with ON-target smartpoolplus GRN siRNA. (D) Effect of 

progranulin silencing by ON-target smartpoolplus GRN siRNA in ACLRTUSM cell proliferation evaluated 

with and without letrozole at 2.5 µM.Data represented as mean ± SD. Graph Pad Prism,P-value 0.01 to 0.05 

(*),P-value Ò  0.01 (**),P-value Ò  0.001 (***),P-value Ò  0.0001 (****). 
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3.4.4 Neutralizing progranulin by AG01 treatment leads to a decrease in cellular 

proliferation and increased the sensitivity of ACLRTUSM towards letrozole 

The results obtained from progranulin silencing experiments supported investigating 

the therapeutic potency of anti- progranulin antibody on proliferation and letrozole 

responsiveness of ACLRTUSM cells. ACLRTUSM cells treated with anti- progranulin 

AG01 showed inhibition of proliferation in a dose-dependent fashion when compared 

with vehicle control (Figure 3.6A). AG01 + letrozole combination further showed  

increased sensitization to letrozole of ACLRTUSM cells (Figure 3.6A). While there was 

no inhibition by letrozole alone up to 5 µM, the addition of AG01 at 50 µg/mL showed a 

24.4 % inhibition, and AG01 at 100 µg/mL showed a 47.2 % inhibition of proliferation of 

ACLRTUSM cells. Data obtained from human IgG treatment at 100 µg/mL, did not show 

any inhibitory effect and was comparable to vehicle control (Figure 3.6B). As shown in 

figure 3.7, the level of progranulin from ACLRTUSM cell supernatant was determined 

upon treatment with AG01 at 100 µg/mL, letrozole alone, or in a combination of AG01 + 

letrozole. AG01 treatment resulted in a 50% reduction in progranulin level. AG01 

treatment resulted in a 50% reduction in progranulin level while letrozole treatment alone 

did not show any effect on progranulin level. Endogenous level of progranulin expression 

did not show much difference in ACLRTUSM cell lysate treated with either letrozole, 

AG01, or letrozole + AG01 as compared to the vehicle (Figure 3.7B).       
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Figure 3.6  Inhibition of progranulin activities upon AG01 treatment led to a decrease in cellular 

proliferation and increased sensitization in letrozole resistant ACLRTUSM cells towards treatment. 

(A) ACLRTUSM proliferation results as obtained upon treatment with either AG01 or Letrozole or 

combination of both. (B) Average % control for ACLRTUSM proliferation, as shown by PBS, human IgG, 

and letrozole 2.5 µM treatment. Graph Pad Prism,P-value 0.01 to 0.05 (*),P-value Ò  0.01 (**).  
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Figure 3.7  Secreted progranulin level estimation in conditioned media of ACLRTUSM cells treated 

by letrozole and AG01 alone and in combination. (A) Progranulin level was evaluated per 10
6
 cells 

obtained from ACLRTUSM cell supernatant treated with different concentrations of letrozole or AG01 

(100 µg/mL) + letrozole alone or in combinations. Graph Pad Prism,P-value < 0.0001 (****).(B) Western 

blot analysis representing progranulin expression in ACLRTUSM cell lysate treated with either letrozole, 

AG01, or letrozole + AG01 as compared to vehicle control. Let- Letrozole. 
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3.4.5 Changes in the phosphorylation status of protein kinases upon AG01 and 

letrozole treatment 

We next examined the effect of AG01 and letrozole alone or in combination on the 

signaling pathways activated by progranulin. Figure 3.8 represents western analysis 

performed on cell lysates obtained from ACLRTUSM cells treated for 72 hours with 

either vehicle, letrozole 2.5 µM, AG01 (100µg/mL) or combination of AG01 (100µg/mL) 

+ letrozole 2.5 µM. The results obtained indicated a reduction in the phosphorylation 

status of Akt and Erk1/2 MAPK in all treatments with the largest reduction observed with 

the AG01 and combination treatment, as compared to vehicle control. Densitometric 

analysis from normalized protein expression exhibited reduction in p-Akt by 77.5 % in 

letrozole treated, about 86.5 % in AG01 treated, and about an 87.3% reduction in its 

expression in AG01+ letrozole combination treatment as compared to vehicle control. P-

MAPK expression represented a 58.1 % reduction in letrozole treated, about 91.7 % in 

AG01 treated, and about a 90.3% reduction in AG01+ letrozole combination treatment as 

compared to vehicle control. The normalized  densitometry analysis of phosphor- protein 

over normalized  densitometry of total corresponsing protein represented a reduction of 

65.75, 89.4% and 84.5% reduction in p-Akt/Akt ratio of letrozole alone, AG01 treated 

and AG01 + letrozole treated, respectively as compared with vehicle control. P-

MAPK/MAPK ratio indicated a 52.7%, 93.1% and 92.4% reduction in letrozole alone, 

AG01 treated and AG01 + letrozole treated, respectively as compared to vehicle control. 

Results indicated suppression in activation status of Akt and MAPK is mainly due to 

AG01 treatment which might be responsible for increased sensitivity of ACLRTUSM  
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cells towards letrozole treatment in presence of AG01.  The phosphorylation status of Src 

did not show any change with any treatments, representing changes in the activation 

status of MAPK, and Akt with AG01 treatment is independent of Src activation. The 

protein P130 Cas also known as breast cancer anti-estrogen resistant protein 1 (BCAR1), 

is a member of Cas (Crk- associated substrate) family. This adaptor protein possesses 

various conserved motifs for protein-protein interactions, which assists in recruiting 

effector proteins. Various growth factor facilitated activation of receptor tyrosine kinases 

are regulated by P130Cas (Kumbrink et al. 2011). This eventually affects various 

downstream cellular processes like cell adhesion, proliferation and survival by regulating 

downstream signaling pathways like ERK1/2 and Akt (Kumbrink et al. 2011). We have 

observed a 44% reduction in its expression when ACLRTUSM cells treated with 

letrozole at 2.5 µM in the presence of AG01, suggesting the involvement of P130Cas in 

regulating ACLRTUSM cell proliferation. 
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Figure 3.8  Letrozole treatment, in combination with AG01, leads to decreased phosphorylation in 

regulatory protein expression.  Western blot analysis showing changes in regulatory protein expression 

MAPK and Akt in ACLRTUSM cell lysate treated with either letrozole, AG01, or letrozole + AG01 as 

compared to vehicle control. Let- Letrozole. 

 

3.5 Discussion 

Estrogen is one of the main factors stimulating breast cancer proliferation. As a result, 

targeted endocrine therapy has been successful in treating hormone-dependent breast 

cancer. The primary concerns that follow the successful treatment with endocrine drugs 

are the development of anti-estrogen therapy drug resistance in breast cancer cells. One 

of the significant concerns in breast cancer endocrine therapy research is how to deal with 

resistance developed with anti-estrogen therapy in hormone-sensitive breast cancer 

patients. Dr. Serrero’s laboratory has previously reported the role of progranulin in 

stimulating cellular proliferation and inducing letrozole resistance. AI sensitive breast  
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cancer cell line AC1 showed an increase in cellular proliferation upon the addition of 

GP88/ progranulin as compared to control (Abrhale et al., 2011). Progranulin 

overexpression renders the sensitive breast cancer cells MCF-7AC1 resistant to letrozole 

treatment and makes them estrogen-independent (Abrhale et al., 2011). In another report, 

our lab has shown the development of resistance to the endocrine therapy Fulvestrant in 

drug-sensitive MCF-7 breast cancer cell line in both in vitro and in vivo studies 

(Tangkeangsirisin and Serrero, 2014). Overexpression of progranulin made tamoxifen 

sensitive MCF-7 cells resistant and also rendered the cells the further mitogenic estrogen-

independent (Tangkeangsirisin et al., 2004). Progranulin upregulation is also associated 

with the development of Trastuzumab resistance in Her2 overexpressing breast cancer 

cells (Kim and Serrero, 2006).     

 The present study underlines the potential of targeting progranulin to increase the 

sensitivity to letrozole of resistant ER + breast cancer cells ACLRTUSM. We have 

shown that silencing progranulin results in a reduction in proliferation and increased 

sensitivity towards letrozole treatment. We further investigated the therapeutic potency 

by using chimeric anti- progranulin neutralizing antibody AG01. Treatment with AG01 

resulted in reduction in proliferation but also increased the sensitivity of the resistant cells 

towards letrozole treatment with no inhibition by letrozole alone up to 5 µM, while the 

addition of AG01 at 50 µg/mL indicated 24.4 40 % reduction and AG01 at 100 µg/mL 

showed around 47.2% reduction in fold increase of cell number as compared to control. 

AG01 treatment showed a reduction of the phosphorylation of protein kinases like Akt  
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and Erk1/2 MAPK with the greatest suppression in AG01 + letrozole combination. This 

showed involvement of Akt and Erk1/2 MAPK in regulating the resistance of 

ACLRTUSM cells, while AG01 treatment, especially in combination with Letrozole, 

assisted in increasing sensitivity of the cells towards the inhibitory effect of letrozole. 

Collectively, the results presented here led to the conclusion that progranulin is a 

potent biological target and neutralizing antibody AG01 treatment down-regulate 

phosphorylation of essential protein kinases like Akt and Erk1/2 MAPK resulting in the 

inhibition of cellular proliferation and increased sensitivity towards drug treatment in 

ACLRTUSM cells. The novelty and significance of current studies lie in understanding 

the role of targeting progranulin in dealing with drug resistance and its underlying 

mechanism which controls resistance in ACLRTUSM. These results can be extrapolated 

in clinical studies for AG01 in combination therapy to current endocrine therapies, to deal 

with drug resistance. The results obtained demand further investigation in understanding 

mechanisms involved in progranulin overexpression in ACLRTUSM and an in vivo 

system using AG01 in combination therapy along with letrozole to study the efficacy of 

treatment on inhibiting tumorigenicity of the resistant ACLRTUSM cells.   
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4 CHAPTER 4: IMPLICATIONS OF THE RESEARCH 

4.1 Main Findings 

The main goal of the current research was to characterize AG01 as a potential 

therapeutic agent in TNBC and ER+ drug resistance. TNBC is highly aggressive and 

possesses approximately 2.5 fold higher risk to metastasize as compared to other breast 

cancers (Lee at al., 2018). These resulting in poor overall survival and disease-free 

survival in TNBC patients (Lee et al., 2018; Goncalves et al. 2018). TNBC is very 

sensitive to chemotherapies, but again their recurrence hazard ratio is 2.6 as compared to 

the non- TNBC group (Dent et al., 2007). The risk of recurrence of distant metastasis 

increases sharply in TNBC as compared to non -TNBC patients, from the day of 

diagnosis (Dent et al., 2007).  Our laboratory was the first to demonstrate the tumorigenic 

property of progranulin and its association in disease progression of breast cancer. 

Elevation in serum progranulin levels is linked with disease progression in metastatic 

breast cancer patients (Tkaczuk et al., 2011).  

Anti-estrogen therapy is a significant success in ER+ breast cancer patients because 

estrogen is the driver of proliferation in ER+ BC. AIs act on the enzyme aromatase to 

inhibit the synthesis of estrogen. Persistent use of AIs can render breast cancer cells 

resistant to the treatment. Our laboratory has reported the importance of progranulin 

overexpression in the maintenance of ER+ resistance to anti-estrogen therapy. 

Progranulin level monitoring is a vital prognostic marker for determining disease-free 
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survival and overall survival in ER+ IDC breast cancer patients (Tkaczuk et al., 2011; 

Serrero et al., 2016). 

We hypothesized that controlling progranulin action using the neutralizing antibody 

AG01 could not only suppress tumorigenesis, migration in TNBC but also could increase 

the sensitivity of ER+ letrozole-resistant cells to letrozole. In chapter 2, we discussed the 

validation of progranulin as a potential target using GRN siRNA experiments in TNBC 

cell line-MDAMB231. Progranulin inhibition using siRNA showed a significant 

reduction in cell migration and cell proliferation as compared to control siRNA control. 

We also showed a decrease in phosphorylation of essential protein kinases Akt, and Src 

that are involved in critical cellular processes like proliferation, migration, motility, 

survival, and differentiation, upon progranulin silencing. The experimental results led us 

to investigate the efficacy of anti- progranulin antibody AG01 both in vitro and in vivo. 

AG01 treatment resulted in the inhibition of cellular migration, invasion, and 

proliferation in a dose-dependent manner in the tested TNBC cell lines. Neutralizing 

progranulin using AG01 also resulted in a time-dependent reduction in the 

phosphorylation status of protein kinases Akt, MAPK, and Src, that are involved in 

important cellular functions including proliferation, migration and invasion (Figure 4.1).  

We observed a reduction in the proliferative marker Ki67 in AG01 treated TNBC cell 

lines, which was also shown in Ki67 treated animal tumor sections by 

immunohistochemistry. AG01 treatment in the MDAMB231 tumor xenograft model also 

showed a reduction in mitotic index and microvessel count in HE stained animal tumor 

sections.  
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Interestingly, oncology protein array results obtained from AG01 treated and 

untreated TNBC cell line MDAMB231 cells showed a reduction in the expression of  

proteins involved in cellular migration, metastasis Axl, ICAM-1, MMP-2 and Snail. We 

also showed a reduction in protein expression of HIF-1α and VEGF, which is involved in 

blood vessel formation. 

 Results from AG01 and the chemotherapeutic agent doxorubicin, combination 

study, provided some essential observations. We observed that the addition of AG01 to 

doxorubicin could enhance the inhibitory effect in TNBC cells. Hence, we conclude that 

AG01 could be a potentially important single or combination therapeutic agent in TNBC. 

In Chapter 3, we aimed at investigating progranulin as a therapeutic target in ER+ 

letrozole resistance. Progranulin level from conditioned media of the lab generated 

letrozole resistant breast cancer cell ACLRTUSM, were found to be elevated as 

compared to the parental cell line MCF7AC1. Progranulin as a potent target was further 

validated by GRN siRNA experiments, which not only showed a decrease in proliferation 

but also sensitization of ACLRTUSM towards letrozole treatment upon progranulin 

silencing. Our laboratory has previously reported the role of progranulin overexpression 

in inducing tumorigenicity as well as the development of endocrine therapy resistance 

both in in vitro and in vivo studies (Abrhale et al., 2011; Tangkeangsirisin et al., 2004). 

This is for the first time we demonstrated the role of the therapeutic agent and 

progranulin neutralizing agent AG01 in sensitizing the resistant ACLRTUSM cells 

towards letrozole treatment. We also showed a decrease in phosphorylation of Akt and 

MAPK in the resistant cell line ACLRTUSM upon AG01 treatment, which further 
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decreases in the combination treatment with AG01 + letrozole. The changes in the 

regulation of protein kinases Akt and MAPK are involved in AG01 associated efficacy in 

vitro. 

 

 

Figure 4.1  AG01 suppresses phosphorylation of protein kinases. Diagrammatic depiction of inhibition 

of phosphorylation of protein kinases by anti-GP88 AG01 leads to inhibition of biological processes like 

proliferation, survival, migration, and invasion. 

 

4.2 Future Work Characterizing AG01 in TNBC        

Based on the results obtained with AG01 treatment in TNBC, it is essential to look at 

the in vivo efficacy of AG01 by performing a spontaneous metastasis assay and a 

multidose tail vein metastasis study in an in vivo animal model. The results obtained 

would give further insight into migration suppression upon AG01 treatment. Results 
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obtained in the current research work also support the possible role of AG01 in inhibiting 

angiogenesis, which can be further investigated by performing angiogenesis assay 

wherein the capability of endothelial cells to form a 3D tube-like structure can be  

evaluated with and without AG01 treatment at different doses. AG01 combination 

therapy results obtained from AG01 + doxorubicin can be explored further in 

combination with other known chemotherapies in the TNBC setup. It would be 

interesting to see the possible mechanisms associated with this efficacy by looking at the 

phosphorylation status of protein kinases involved in regulating cellular processes. A 

study performed for calculation of combination index to identify if the drug combination 

effects are additive or synergistic would be helpful to understand the effect of AG01 in 

potentiating TNBC response to chemotherapies. 

4.3 Future Work Characterizing AG01 in ER+ Breast Cancer Resistance to 

Endocrine Therapy 

While we have begun characterizing the effect of AG01 on potentiating letrozole 

effect on resistant breast cancer cells, further investigation is warranted. The next step is 

to conduct a combination index study to get further insight on AG01 role in potentiating 

the response of resistant cells towards letrozole treatment. Progranulin level increased by 

17 fold in ACLRTUSM as compared to its parental control MCF-7AC1. The mechanisms 

involved in higher progranulin expression needs to be further explored. Investigation of 

progranulin mRNA stability or protein stability data could highlight changes in 

progranulin stability at the transcriptional or translational level, respectively. We have 

observed ERα expression reduced in ACLRTUSM (result needs to be further verified). 
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This could be further investigated into understanding the alternative mechanisms that 

might be involved in the development of letrozole resistance in the cell line. An 

investigation of the increased activation status of cell surface growth receptors like Her2  

and EGFR could give further insight into determining the mechanism involved in the 

development of letrozole resistance. Sabnis et al., 2009 have found Her-2 implicated in 

letrozole resistance for LTLTCa cells, and we have shown in Her-2 overexpressing cells 

that progranulin (GP88) phosphorylates Her-2 (Kim et al., 2006). Such a possibility could 

be found in ACLRTUSM cells, and this needs to be explored further. AG01 could block 

this mechanism if it occurs. A proteomic and RNA seq analysis can give further insight 

into surveying functional protein networks associated with AG01+ letrozole combined 

effect as compared to letrozole or AG01 alone. In addition, a phospho receptor kinase 

protein array analysis would help to compare and comprehend the possible difference in 

the phosphorylation status of various receptor kinases in ACLRTUSM cells treated with 

AG01+ letrozole as compared to letrozole or AG01 alone.  We have also shown 

previously that bcl-2 was upregulated in tamoxifen-resistant cells, and this could be the 

case in letrozole resistant cells leading to increased survival and inhibition of cell death ( 

Tankkeangsirisin et al., 2004; 2014). It is possible that the same is observed in the 

letrozole resistant cells and that AG01 down-regulates bcl-2 expression leading to a 

decrease in cell survival and letrozole sensitization. Further, an animal study on the 

ACLRTUSM tumor xenograft model with AG01, vehicle, human IgG, just letrozole, and 

AG01 + letrozole combination could provide insight for the effect of AG01 shown in in 

vitro studies. 
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4.4 Closing Remarks 

Our research provides essential preclinical information on the therapeutic potential of 

targeting progranulin in both TNBC and ER+ letrozole-resistant breast cancer.  

Progranulin represents a potential therapeutic target to offer novel solutions in TNBC for 

cell proliferation, migration and could address the issue of toxicity, non-specific therapy, 

and unresponsiveness often associated with SOC by reducing the dose of chemotherapy 

to be used. After a significant success with anti-estrogen therapy in ER+ breast cancer, 

progranulin represents a critical target to deal with the development of drug resistance. 

Results obtained with AG01 on pre-clinical setup would eventually provide a complete 

full profile basis to extrapolate it into clinical trials representing AG01 as a single 

therapeutic agent in TNBC or combination therapy in both TNBC and ER+ drug-resistant 

BC. 
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APPENDIX I 

Antibody Details 

Antibody 

(Species) 

Make/ Catalog Number Dilution Remark 

Akt  

(Rabbit) 

Cell Signaling Technology/ 

9272 

1:1000 Western blot 

analysis 

anti-GP88 

(Rabbit) 

A & G Pharmaceutical final concentration 

1ug/ml 

ELISA detection 

antibody 

Anti-GP88 

(AG01) 

(Chimeric) 

A & G Pharmaceutical NA Therapeutic agent 

for the current 

research work 

Human Anti- 

GP88 6B3  

(Mouse) 

A & G Pharmaceutical / 4F10 1:500 Western blot 

analysis 

Beta – actin 

(Rabbit) 

Cell Signaling Technology/ 

4970 

1:3000 Western blot 

analysis 

E- cadherin  

(Rabbit) 

Cell Signaling Technology/ 

3195S 

1:500 Western blot 

analysis 

ERK1/2 

(Mouse) 

Santa Cruz Biotechnology/sc- 

514302 

1:200 Western blot 

analysis 

ERα 

(Mouse) 

Santa Cruz Biotechnology/sc- 

8005 

1:500 Western blot 

analysis 

FAK  

(Mouse) 

Santa Cruz Biotechnology/sc-

1688 

1:200 Western blot 

analysis 

Fibronectin Invitrogen /PA5-29578 1:500 Western blot 
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(Rabbit) analysis 

Gapdh  

(Rabbit) 

Cell Signaling Technology/ 

2118S 

1:10,000 Western blot 

analysis 

HRP-Goat anti-

mouse IgG  

BioRad/ 170-6516 1:2000 Secondary 

antibody 

HRP-Goat anti-

rabbit IgG  

Sera care/ 5220-0458 1:10,000; 1:400 Secondary 

antibody 

Human IgG Innovative research/ 

IHUIGGAPI000MG-719 

NA Control therapeutic 

agent for the 

current research 

work 

Ki67  

(Goat) 

Santa Cruz Biotechnology/sc-

7846 

1:30  for tissue IHC 

Ki67  

(Rabbit) 

Invitrogen/ 701198 1:400 for cell  IHC 

P130Cas Santacruz/sc 20029 1:500 Western blot 

analysis 

P-Akt (S473)  

(Rabbit) 

Cell Signaling Technology/ 

4060S 

1:3000 Western blot 

analysis 

PCDCF 6B3 A & G Pharmaceuticals final concentration 

10ug/ml 

ELISA capture 

antibody 

P-FAK  

(Rabbit) 

Cell Signaling Technology/ 

3283S 

1:1000 Western blot 

analysis 

P-p44/42 

MAPK (T202/ 

Y204)  

Cell Signaling Technology/ 

4370S 

1:2000 Western blot 

analysis 
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(Rabbit) 

P-Src Family 

(Tyr416)  

(Rabbit) 

Cell Signaling Technology/ 

6943S 

1:1000 Western blot 

analysis 

Src  

(Rabbit) 

Cell Signaling Technology/ 

2108S 

1:1000 Western blot 

analysis 

Vimentin  

(Rabbit) 

Cell Signaling Technology/ 

5741S 

1:1000 Western blot 

analysis 



 

 

130 

 

APPENDIX II                                                                                                             ER-

Cancer -related proteins detected from Proteome Profiler Human XL Oncology 

Array (R&D Systems, catalog # ARY026) 

 AFP ErbB4 MMP-2

Amphiregulin FGF basic MMP-3

Angiopoietin-1 FoxC2  MMP-9

ANGPTL4 FKHR MSP/MST1

ENPP-2/Autotaxin Galectin-3 MUC-1

AXL GM-CSF Nectin-4

BCL-X HCG Osteopontin

CA125/MUC-16 HGF R/c-Met p27/Kip1

E-Cadherin HIF-1alpha p53

VE-Cadherin HNF-3beta PDGF-AA

CAP-G HO-1/HMOX1 CD31/PECAM-1

CA-9 ICAM-1/CD54 Progesterone R

Cathepsin B CD25/IL-2 R alpha Progranulin

Cathepsin D IL-6 Prolactin

Cathepsin S CXCL8/IL-8 Prostasin

CEACAM-5 IL-18 Bpa E-Selectin

Decorin KLK-3/PSA Maspin

DKK-1 KLK-5 PAI-1/Serpin E1

DLL-1 KLK-6 SNAIL

EGF R/ErbB1 Leptin (OB) SPARC

Endoglin/CD105 Lumican Survivin

Endostatin CCL2/MCP-1 Tenascin-C

Enolase 2 CCL8/MCP-2 THBS-1

eNOS CCL7/MCP-3 TIE-2

EpCAM M-CSF UPA-1

ER-alpha Mesothelin VCAM-1

ErbB2 CCL3/MIP-1alpha VEGF

ErbB3 CCL20/MIP-3alpha Vimentin
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