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Abstract 

Title of Dissertation: Elucidation of the Role of CD44 Receptor and its Intracellular 

Domain in the Progression of Prostate Cancer 

Linda T. Senbanjo, Doctor of Philosophy, 2019 

Dissertation Directed by: Meenakshi A. Chellaiah, Professor, University of Maryland 

School of Dentistry, Department of Oncology & Diagnostic Sciences 

 

Prostate cancer (PCa) is the second leading cause of cancer-related death in men in the 

United States partially due to metastatic spread to secondary sites in the bone, brain, lymph 

nodes and visceral organs. Here, we examine the mechanisms that can facilitate PCa 

progression/metastasis. CD44 is a multifunctional receptor that functions in tumorigenesis 

and cancer progression. Recent studies point to CD44 cleavage product; CD44 Intracellular 

Domain (ICD) as the fragment responsible for transcription of metastasis-related genes 

(MRGs). Using knockdown and overexpression strategy, we 1) determine the effect of 

androgen receptor (AR) and CD44 expression on stemness characteristics of PCa cells 

(PC3), 2) characterize CD44-ICD interaction with RUNX2 in PC3 cells and 3) determine 

the specificity of interaction of CD44-ICD sequences with RUNX2 and its contribution to 

PCa progression. We show SOX2 expression is high at mRNA and protein levels of bone 

metastatic PC3 cells that are AR-negative. Additionally, CD44 regulates the expression of 

SOX2 and knockdown of SOX2, or CD44 resulted in decrease of cell migration which was 

reversed with the re-expression of AR. To examine the contribution of CD44-ICD to the 

tumorigenic potential of PCa cells, we characterized CD44-ICD expression in PCa cells 

then determined its interaction with RUNX2, a transcription factor also known to promote 



tumorigenesis. We show the interaction of CD44-ICD/RUNX2 in the nucleus and 

overexpression of RUNX2 resulted in increased cell migration and tumorsphere formation 

via the upregulation of MRGs. Consistently, generation and overexpression of CD44-ICD-

FL and CD44-ICD carboxyl-terminal deletion constructs resulted in increased interaction 

with RUNX2 in the nucleus with greater specificity for interacting with constructs: FL and 

D1 to D3. Likewise, these constructs show an increase in the expression of OPN and MMP-

9 genes. However, CD44-ICD-FL, as well as D1 to D3 constructs, shows more specificity 

to the promoter of MMP-9 in CHIP assay analyses. This also corresponds with the 

expression levels of MMP-9 protein. These findings not only suggest the specificity of 

CD44-ICD function towards the expression of MMP-9 but also metastasis relevant events 

including migration and tumorigenesis. These also implicate CD44-ICD as a novel 

therapeutic target in cancer cells that express CD44.   

  



Elucidation of the Role of CD44 Receptor and its Intracellular Domain in the Progression 

of Prostate Cancer 

 

 

 

 

 

by 

Linda Temilade Senbanjo 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dissertation submitted to the Faculty of the Graduate School of the 

University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 

Doctor of Philosophy 

2019 

 

 
 



 

© Copyright 2019 by Linda Temilade Senbanjo 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iii 

Dedication 

 

 
To my loving mother, Abidemi B. Are, thank you for your tireless efforts to give me 

everything and for your unconditional love, support, and encouragement. I admire your 

strength.  

  



 iv 

 Acknowledgments 

 

 I would like to thank several individuals who have supported me along the way and 

made this journey possible. First and foremost, I would like to express my heartfelt 

gratitude to my mentor, Dr. Meenakshi A. Chellaiah. You are truly one of a kind. From the 

very first day, I rotated in your lab, you have shown genuine interest and care not only in 

my research but also in my general well-being. Thank you for your patience, wise words 

and knowledge when it comes to analyzing my data. You have pushed me to think critically 

and encouraged me to become a better writer and scientist overall. I truly cannot thank you 

enough for your guidance, encouragement, and help throughout my graduate career. 

Without your constant support, this dissertation would not have been possible. I know the 

skills I have gained will be useful in my future career.  

 I would also like to thank my dissertation committee, Dr. Renty Franklin, Dr. 

Antonino Passaniti, Dr. Laundette Jones, Dr. Abraham Schneider, and Dr. Rania Younis. I 

am truly grateful for your valuable feedback and encouraging me to grow as a research 

scientist. Thanks for making scheduling easy, stress-free and timely. I especially thank my 

dissertation readers, Dr. Renty Franklin and Dr. Laundette Jones, thank you for your time, 

comments and feedback.  

 A special thank you to Drs. Hanan Aljohani, Sunipa Majumdar, Mohammed 

Alqranei, Tao Ma, Therwa Hamza, and Ashley Saint-Fleur. Thank you so much for the 

assistance you have provided me. I would not have made it this far without you all.  I would 

also like to thank my classmates Zalak Shah, Janelle Geist, and Nicole Snell who have been 

with me since day one of Core Course. I know I could not have made it this far without our 



 v 

late night studying or writing. Thank you to all my friends far and near that have supported 

me throughout this process.  

 To the coordinators of the Meyerhoff Graduate Fellows Program, Dr. Michael 

Summers, Justine Johnson, and Sharron Graves, and all my fellow Meyerhoff Scholars, 

thank you for the support system and your willingness to lend a helping hand whenever 

necessary. You have all been a great addition to this journey.  

 Last but certainly not the least, to my loving family, I would not be here today 

without your constant support and love. Your encouragement and prayers have brought me 

this far. Thank you to my husband, Opeyemi, for standing by me, motivating me, and 

encouraging me. Thanks for supporting me throughout the process and always believing in 

me. Thanks for also trying to understand my research topic. Thank you to my roommate 

and cousin, Khadijat, for your encouragement and laughs throughout this process. Thank 

you to my aunt, Oyindamola, who has always supported and encouraged me never to give 

up. To my mother, Abidemi, thank you for your prayers, encouragement, and support. 

Thank you for the values you instilled in me from a young age. Thank you for being my 

constant, from choosing a Ph.D. program to choosing a lab, until this very moment. Thank 

you to every one who has supported me along the way. I am eternally grateful.   

  



 vi 

Table of Contents 

Dedication ......................................................................................................................... iii 

Acknowledgments ............................................................................................................ iv 

List of Tables .................................................................................................................. viii 

List of Figures ................................................................................................................... ix 

List of Abbreviations ....................................................................................................... xi 

Chapter 1: Introduction ................................................................................................... 1 

1.1 Introduction to Prostate Cancer .......................................................................... 1 
1.2 Cancer Progression and Metastasis ..................................................................... 3 
1.3 Introduction to CD44 Transmembrane Receptor ................................................ 4 
1.4 Isoforms of CD44 ............................................................................................... 5 
1.5 CD44 Expression in Normal and Tumor Cells ................................................... 7 
1.6 CD44 Receptor-Ligand Interaction..................................................................... 8 
1.7 CD44 Role in Migration/Invasion, Angiogenesis and Bone Metastasis........... 10 
1.8 Role of Intracellular Domain of CD44-ICD as a Transcriptional Factor ......... 14 
1.9 Focus of this Thesis Work ................................................................................ 16 
1.10 Overall Hypothesis and Specific Aims ............................................................. 16 

Chapter 2: Androgen Receptor Expression Reduces Stemness Characteristics of 

Prostate Cancer Cells (PC3 Cells) by Repression of CD44 and SOX2 ...................... 19 

2.1 Abstract ............................................................................................................. 19 
2.2 Introduction ....................................................................................................... 20 
2.3 Materials and Methods ...................................................................................... 22 
2.4 Results ............................................................................................................... 29 
2.5 Discussion ......................................................................................................... 41 

Chapter 3: Characterization of CD44 Intracellular Domain Interaction with RUNX2 

in PC3 Human Prostate Cancer Cells ........................................................................... 47 

3.1 Abstract ............................................................................................................. 47 
3.2 Introduction ....................................................................................................... 48 
3.3 Materials and Methods ...................................................................................... 51 
3.4 Results ............................................................................................................... 55 
3.5 Discussion ......................................................................................................... 71 

Chapter 4: Elucidation of the Significance of CD44-Intracellular Domain Interaction 

with RUNX2 in PC3 Human Prostate Cancer Cells .................................................... 76 

4.1 Abstract ............................................................................................................. 76 



 vii 

4.2 Introduction ....................................................................................................... 77 
4.3 Materials and Methods ...................................................................................... 78 
4.4 Results ............................................................................................................... 87 
4.5 Discussion ....................................................................................................... 107 

Chapter 5: Summary and General Discussion of Research ...................................... 113 

5.1 Summary of Studies and Key Findings of Dissertation .................................. 113 
5.2 Strengths and Limitations of Research ........................................................... 115 
5.3 Future Directions ............................................................................................ 116 

References ...................................................................................................................... 119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 viii 

List of Tables 

Table 2.1 List of all Prostate Cancer Cell Lines, Derivative and Androgen Receptor 

Status. ................................................................................................................................ 23 

Table 3.1 List of all Prostate Cancer Cell Lines, Derivative and Androgen Receptor 

Status. ................................................................................................................................ 51 

Table 4.1 List of Prostate Cancer Cell Lines, Derivative and Androgen Receptor Status.

........................................................................................................................................... 79 

Table 4.2 List of deletion (truncation) constructs amino acid and PCR primer sequences.

........................................................................................................................................... 99 

 

 

 

  



 ix 

List of Figures 

Figure 1.1 CD44 Gene Structure. ....................................................................................... 6 

Figure 1.2 CD44 Transmembrane Receptor Function. ..................................................... 15 

Figure 2.1 Characterizing the expression of stemness factors in PCa cell lines. .............. 30 

Figure 2.2 The effect of SOX2 knockdown on the expression of EMT-related factors. .. 32 

Figure 2.3 The effect of SOX2 silencing on the migration and the tumorsphere formation 

in PC3 cells. ...................................................................................................................... 33 

Figure 2.4 Analysis of effects of CD44 knockdown on cell morphology, SOX2 

expression, and cell migration. ......................................................................................... 36 

Figure 2.5 Analysis of the effects of AR expression in PC3 cells on cell morphology, 

CD44, and SOX2 expression. ........................................................................................... 37 

Figure 2.6 Analysis of the effects of AR expression in PC3 cells on cell migration........ 38 

Figure 2.7 Elucidating the impact of AR silencing on tumorsphere formation in PCa2b 

cells. .................................................................................................................................. 40 

Figure 2.8 Specific Aim 1: Schematic diagram illustrating the proposed mechanism of 

AR-CD44-SOX2 signaling. .............................................................................................. 46 

Figure 3.1 Characterizing the expression of CD44 in PCa cell lines................................ 57 

Figure 3.2 Characterizing the expression of RUNX2 in PCa cell lines. ........................... 58 

Figure 3.3 Characterizing the expression of CD44-ICD in PCa cell lines. ...................... 62 

Figure 3.4 Analysis of the effect of γ-Secretase inhibitor, DAPT on PC3 cells. .............. 63 

Figure 3.5 Analysis of the interaction between CD44-ICD and RUNX2......................... 66 

Figure 3.6 Analysis of the localization of CD44 and RUNX2 in PC3 cells. .................... 67 

Figure 3.7 The effect of RUNX2 overexpression on the expression of metastasis related 

genes. ................................................................................................................................ 69 

Figure 3.8 Analysis of the effect of RUNX2 overexpression on migration, cell 

morphology, and tumorsphere formation in PC3 cells. .................................................... 70 

Figure 3.9 Specific Aim 2: Schematic diagram illustrating the proposed mechanism of 

CD44-RUNX2 interaction in PC3 cells. ........................................................................... 75 

Figure 4.1 Cloning Strategy to generate CD44-ICD untagged and CD44-ICD-EGFP. ... 82 



 x 

Figure 4.2 Confirmation of the expression of CD44, CD44-ICD and RUNX2 in PCa cell 

lines and localization of CD44-ICD and RUNX2 in PC3 cells. ....................................... 89 

Figure 4.3 Immunohistochemistry analysis of TMA sections with an antibody to CD44.

........................................................................................................................................... 91 

Figure 4.4 Immunohistochemistry analysis of TMA in adjacent normal prostate tissue and 

adenocarcinoma (stage IV). .............................................................................................. 92 

Figure 4.5 The generation of CD44-ICD .......................................................................... 95 

Figure 4.6 Analysis of CD44-ICD overexpression and its interaction with RUNX2. ...... 96 

Figure 4.7 Analysis of the effect of CD44-ICD overexpression on the expression of 

metastasis related genes and migration in PC3 cells. ....................................................... 97 

Figure 4.8 Schematic diagram of the generation of CD44-ICD-EGFP constructs. ........ 100 

Figure 4.9 Generation of CD44-ICD-EGFP plasmid constructs and transfecting into PC3 

cells. ................................................................................................................................ 102 

Figure 4.10 Analysis of the specificity of interaction of RUNX2/CD44-ICD del 

constructs. ....................................................................................................................... 104 

Figure 4.11 Analysis of mRNA expression of MMP-9 and OPN and the effect of 

sequence-specific interaction of CD44-ICD/RUNX2 on the promoter region of the MMP-

9 gene. ............................................................................................................................. 106 

Figure 4.12 Specific Aim 3: Schematic diagram illustrating the proposed mechanism of 

CD44-ICD-DelConstruct-RUNX2 interaction in PC3 cells. .......................................... 112 

Figure 5.1 Schematic diagram illustrating the proposed mechanism of CD44-signaling 

and CD44-intracellular domain interaction with RUNX2 in PC3 cells. ......................... 118 

 

  



 xi 

List of Abbreviations 

 
ADT    Androgen Deprivation Therapy 

AR    Androgen Receptor 

CD44    Cluster of Differentiation 44 

CD44-ICD   Cluster of Differentiation 44 Intracellular Domain 

CD44-EXT   CD44-External Truncation  

CD44v    CD44 variant 

CSCs    Cancer Stem Cells 

C-T    Carboxyl Terminal 

D1 – D5   Deletion Constructs 

EGFP    Enhanced Green Fluorescent Protein 

EMT    Epithelial Mesenchymal Transition 

FL    Full Length 

GAPDH   Glyceraldehyde 3-Phosphate Dehydrogenase 

GFP    Green Fluorescent Protein 

HA    Hyaluronan 

IB    Immunoblotted 

IP    Immunoprecipitated 

MET    Mesenchymal Epithelial Transition 

MMPs    Matrix Metalloproteases 

OPN    Osteopontin 

PCa    Prostate Cancer 

PSA    Prostate Specific Antigen 



 xii 

RT-PCR   Reverse Transcription-Polymerase Chain Reaction 

RANKL   Receptor Activator of Kappa B Ligand 

RUNX2   Runt-Related Transcription Factor 2 

SOX2    Sex Determining Region Y-Box 2 

OCT4    Octamer-Binding Transcription Factor 4 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 1 

 

Chapter 1: Introduction 
 
1.1 Introduction to Prostate Cancer 

 The prostate is a gland that makes up part of the male reproductive system. The 

major function of the prostate gland is to produce seminal fluid. Cancer starts when cells 

in the body begin to grow uncontrollably. Prostate cancer (PCa) is the second most 

common cause of cancer-related death in men. In 2019, an estimated 174,650 cases will be 

diagnosed, and 31,620 will die of PCa [1, 2]. The American Joint Committee on Cancer 

developed a standard way to determine the extent to which cancer has spread. By looking 

at the extent of which the primary tumor has spread (T), the spread to nearby lymph nodes 

(N), spread/metastasis to other parts of the body (M), levels of prostate-specific antigen 

(PSA),  and the grade group that is based on the Gleason score which determines the 

possibility of continuous growth and metastasis, the cancer team can determine the best 

course of action to take [2].  

 Detection of prostate cancer at an early stage often allows for more treatment 

options. Additionally, the type of treatment option also depends on the stage and grade of 

the cancer, age of the patient, medical and family history of the patient; there are different 

treatment options available.  If the disease is detected at an early stage often by checking 

the levels of prostate-specific antigen (PSA) a protein that is often elevated in PCa, patients 

can benefit from treatment options that include active surveillance, radiotherapy or surgery 

(prostatectomy). However, due to PCa being a disease that is often left unnoticed, most 

men often present with advanced stage disease that has metastasized beyond the primary 

site. Metastasis of prostate cancer cells to distant sites is often the cause of death. Advanced 

staged PCa is characterized by extensive metastases leading to secondary lesions in the 
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lungs, lymph nodes, bones and visceral organs such as the brain and liver [3]. However, 

the greatest percentage of metastases is bone metastasis. Clinically, bone metastasis is 

incurable and lethal [1].  

 Before the metastatic spread of prostate cancers, normal prostate cells and prostate 

cancers in the early stage require androgens for their growth and survival [4, 5]. Hormone 

therapy also known as androgen deprivation therapy (ADT) aims at reducing the overall 

levels of the male hormones, called androgens. Androgens regulate the ratio of 

proliferating and dying cells. There are several types of hormone therapy that can be used 

to treat prostate cancer. Treatment options can range from surgical castration to drugs that 

lower the levels of androgens or drugs that stop androgens from working [2].  Upon initial 

androgen ablation or ADT, cancer cells regress resulting in decreased cell proliferation and 

increased cell death. For many years now, androgen ablation has been the primary 

treatment option for hormone-sensitive prostate cancer. Though treatment is initially 

effective, eventually the cancers become androgen independent resulting in progression 

and metastasis or formally known as castration-resistant prostate cancer progression [4]. 

At this point of castration-resistance, cancer begins to progress and disseminate to distant 

organs. It is not fully understood why the disease progresses to an androgen-independent 

stage; however, few mechanisms have been postulated. Chemotherapy is often used when 

PCa becomes castrate-resistant. Some studies have also suggested the effectiveness of 

chemotherapy in conjunction with androgen deprivation therapy [2, 6]. In addition to 

androgen deprivation therapy and chemotherapy, vaccines have also been developed to 

treat prostate cancer. Nevertheless, none of these treatment options have been curative. 

Despite these known methods of treatment, cancer progression and metastasis appear to 
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develop in patients with advanced stage disease. There are many factors that appear to play 

a role in the process of progression. It is important to understand factors that regulate 

prostate cancer progression and metastasis to distant organs. 

 

1.2 Cancer Progression and Metastasis  

 Cancer cells have the ability to sustain proliferative signaling, evade growth 

suppressors, activate invasion and metastasis, enable replicative immortality, induce 

angiogenesis, and resist cell death. These fundamental hallmarks of cancers help tumors 

grow and disseminate to distant sites [7]. However multiple factors play a role in each step 

of the metastatic cascade. Cancer cells can spread from the primary tumor sites to organs 

at secondary sites. Metastasis to secondary sites is the principal challenge to effective 

treatment [8]. In a process called epithelial-mesenchymal transition (EMT), cells that are 

epithelial are able to acquire abilities that allow them to invade, resist apoptosis, and 

disseminate to distant sites [9, 10]. In cancers, EMT results in the loss of epithelial markers, 

e.g. Snail and Slug and epithelial properties such as cell-cell adhesion and baso-apical 

polarity, resulting in the gain of mesenchymal properties [8, 9]. Once these cancer cells 

have acquired mesenchymal properties that allow them to migrate and invade the 

extracellular matrix, they can recolonize and form the secondary tumor mass at the distant 

site in a process referred to as mesenchymal-epithelial transition (MET) [9, 11]. Metastasis 

involves a multistep process mediated by several factors that help cancer cells adhere to 

neighboring cells and move through circulation to reach distant sites where they colonize 

[12]. 
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One such factor that helps cancer cells to metastasize and recur after treatment is 

the presence of a small population of cells known as cancer stem cells (CSCs). CSCs make 

up a small percentage of the tumor; however, they have the capability of repopulating the 

primary tumor [13]. These cancer stem cells (CSCs) are not only capable of evading 

apoptosis and growth factor suppression but are also able to self-renew and differentiate 

[14]. CSCs possess characteristics of normal stem cells, but in addition, have the ability to 

give rise to all cell types found in cancer of interest. Therefore, these cells are tumorigenic, 

and they express a variety of markers known as CSC markers such as octamer-binding 

transcription factor 4 (OCT4), NANOG, sex-determining region Y (SRY)-box2 (SOX2) 

and a cluster of differentiation 44 (CD44)  [15, 16]. Particularly of interest, is 

multifunctional cell surface receptor CD44 that has been implicated as a CSC marker and 

is also responsible for regulating stemness characteristics, tumor initiation and overall 

cancer metastasis [15, 17]. Analysis of expression and characterization of some of the CSC 

markers in prostate cancer cell of interest is provided in chapter 2. 

 

1.3 Introduction to CD44 Transmembrane Receptor  

 CD44 is a transmembrane glycoprotein also referred to as P-glycoprotein 1. The 

gene for CD44 is located on chromosome 11 of humans and chromosome 2 of mice. CD44 

is ubiquitously expressed throughout the body and has a molecular weight of 85-200 kDa 

[18]. CD44 is encoded by a single gene on chromosome locus 11p13. The standard CD44 

(CD44s) is the conserved form with a molecular weight of about 85-90 kDa which is made 

of transcription of exons 1-5 and 16-20 that are spliced together [19, 20]. The primary 

domains of CD44 are the extracellular domain (or ectodomain), the transmembrane 
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domain, and the intracellular domain. The extracellular domain interacts with the external 

microenvironment and senses stimuli in the external microenvironment. The 

transmembrane domain is the platform for interaction with co-factors and adaptor proteins 

of CD44. CD44 intracellular domain (CD44-ICD) has a short-tail and long-tail 

configuration with functions in nuclear localization and transcription mediation [14]. 

 

1.4 Isoforms of CD44 

Multiple isoforms of CD44 can be generated due to the insertion of alternative 

exons at specific sites within the extracellular domain (Figure 1.1) [21]. The variant 

isoforms of CD44 (CD44v) comprises exon 6-15 spliced at various sites between exons 5 

and 16 of the standard isoform [22, 23]. The expression of distinct CD44 isoforms appears 

to be necessary for the progression of human tumors [24, 25]. One or multiple splice 

variants and standard CD44 may be expressed in cancer cells. There is an increased chance 

of expressing larger isoforms like that of CD44v8-10 in pancreatic cancers [19] and 

CD44v6 in colorectal cancer [26]. The expression of CD44v6 is well known as a useful 

marker of tumor progression and prognosis in colorectal cancer [26]. Additionally, in 

colorectal cancers, the expression of CD44v6 confers metastatic potential to colorectal 

cancer stem cells  [27]. In cultured supernatants from prostate cancer cell lines derived 

from bone metastasis (PC3), soluble CD44 and variant six isoform (v6) was identified. 

However, it was not identified in lymph node metastatic prostate cancer cell line (LNCaP) 

[28-30].  The switch from standard CD44 (CD44s) to CD44v6 improved survival and 

adhesion in prostate cancer PC3 cells [31].  
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Figure 1.1 CD44 Gene Structure.  

 

Diagrammatic picture of CD44 gene. CD44 consists of exons 1 to 20 with variant exons 

inserted between exon 5 and 16. Standard CD44 (CD44s) does not contain insertion of the 

variant exons (6-15). Yellow and purple denote the constant region while green denotes 

the variant exons.  
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1.5 CD44 Expression in Normal and Tumor Cells  

The ubiquitous transmembrane cell surface molecule CD44 is widely distributed in 

normal adult and fetal tissues. CD44 standard isoform was originally isolated from 

hematopoietic cells, but now it is found in a variety of tissues like those in the central 

nervous system, lung, epidermis, lymphocytes, and spleen. However, the distribution of 

CD44 variant isoforms is restricted and expressed on a selection of epithelial cells. This 

suggests that the process of alternative splicing that yields these variant isoforms must be 

tightly regulated. The isoforms with restricted distribution and exon sequence may have 

different functions as compared to the standard isoform of CD44. Keratinocytes, 

macrophages, and select epithelial cells express the variant CD44 (CD44v) isoforms. The 

CD44v isoforms are also present on tissues at various stages of development [32]. In 

normal tissues, CD44 is vital in the regulation of hyaluronan metabolism, activation of 

lymphocytes, and release of cytokines. When CD44 is targeted, the loss of CD44 was 

associated with disruption of hyaluronan metabolism, wound healing, and keratinocyte 

proliferation when an external stimulus was exerted. The increase in tumorigenicity and 

metastatic potential associated with CD44 induction is correlated with CD44’s ability to 

mediate cell attachment and degradation of HA [33].  

CD44 also has multiple functions in tumors and neoplasia. In neoplasia, CD44 is 

overexpressed, and the expression patterns vary in different cell types. Among many of 

CD44 functions, one is to make cell lines that are non-metastatic become more metastatic 

[34]. The details that confer CD44 metastatic potential in human malignancies is the 

subject of further elucidation. Prostate cells that are benign express higher CD44 variant 5 
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isoforms (CD44v5), whereas neoplastic prostate cells can express higher levels of CD44s 

[29, 35, 36]. In breast cancer cells, CD44 was found to be abnormally expressed. Also, the 

various breast cancer cell lines heterogeneously expressed CD44 isoforms [18]. 

 

1.6 CD44 Receptor-Ligand Interaction  

 CD44 is known to interact with various ligands, and this interaction is crucial for 

its many cellular functions. CD44 can undergo post-translational modification such as N-

and O-linked glycosylation. The ligand binding characteristics of CD44 can be affected by 

the degree of glycosylation, and therefore this can affect its function. Subsequently, more 

diversity can be added to CD44 isoforms due to regulation and the type of glycosylation 

that occurs [22].  Hyaluronan, osteopontin, collagens, and matrix metalloproteinases are 

predictable ligands for CD44. CD44 effects on cell migration and growth are dependent on 

its ligand specificity to ligands [37].  

1.6.1 Hyaluronan (HA) 

HA is a glycosaminoglycan that is a ubiquitous component of the extracellular 

membrane. It is considered the major ligand for CD44 and can bind vCD44 isoforms that 

are ubiquitously expressed. Through binding to CD44, HA can activate signaling involved 

in the modulation of the actin cytoskeleton and activation of matrix metalloproteinases 

(MMPs) which are crucial for tumor progression [38]. Multiple regions of the cytoplasmic 

domain of CD44 can promote enhancement of HA binding.  However, the role of the 

cytoplasmic domain in mediating the binding does not require a specific amino acid 

sequence in T-lymphoma cells [39]. HA can exist in high molecular weight or low 

molecular weight form due to cleavage into varying sizes. HA has size-specific biological 
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activities, as high molecular weight HA is known to inhibit tumorigenesis through the 

promotion of cell-cycle arrest, thereby inhibiting CD44-mediated cell invasion in breast 

tumor cell line (MDA-MB-231 cells) [40]. However, low molecular weight HA has been 

shown to promote cell motility, CD44 cleavage and angiogenesis in human pancreatic 

carcinoma cell line (PaCa-2) [41]. Therefore, the size of HA ligand is important for the 

biological function [40].  

1.6.2 Osteopontin (OPN) 

Several studies have demonstrated elevated expression of OPN in highly invasive 

metastatic cancer cells. Integrin αvβ3 and CD44 are receptors for OPN.  It is a secreted 

adhesive glycoprotein that can interact with αvβ3 through its functional arginine-glycine-

aspartic acid (RGD) cell binding sequence and cause malignant transformation. Prostate 

cancer growth and progression is shown to be mediated by paracrine and autocrine 

signaling of OPN [42]. It is also a cytokine ligand which is produced by immune cells and 

is involved in macrophage homing, cellular immunity, neovascularization, and prevention 

of apoptosis. CD44-OPN induces cell migration out of the bloodstream to sites of 

inflammation. The migration of cells and subsequent invasion at distant sites involves a 

complex sequence of events. OPN can regulate anchorage-independent growth through its 

chemo-attractant activity that is within the C-terminal domain of OPN [37]. Homing 

involves chemotaxis that is mediated through the C-terminal domain of OPN.  This is 

followed by the N-terminal domain cell crawling mediated through integrin αvβ3 [43]. 

Variant CD44 isoforms bind to OPN independent of RGD sequences present at the N-

terminal domain of OPN [44]. OPN binding to CD44 variants/beta1-containing integrin 

promotes cell spreading, motility, and chemotactic behavior in rat pancreatic carcinoma 
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[44]. OPN increases surface expression of sCD44 in osteoclasts and both sCD44 and 

variant isoforms in human melanoma and PC3 cells [45-47]. Osteopontin regulation of 

surface expression of v6 and sCD44 was observed in breast and hepatocellular cancer cells 

[48, 49].  

1.6.3 Matrix Metalloproteases (MMPs) 

When cancer cells have been subjected to the greatest concentration of ligands, they 

develop the ability to spread. This, in turn, alters the intracellular signal transduction 

allowing secretion of proteases that mediates invasion into target tissues [43]. Matrix 

metalloproteinases (MMPs) are important metalloendopeptidases that are involved in the 

degradation of the extracellular matrix. MMPs are considered an important aspect during 

the remodeling of tissue during development, wound healing, bone resorption, and 

angiogenesis [50]. There is evidence suggesting that MMP-9 and CD44 associate in mouse 

and human tumor cells resulting in MMP-9 activity localization on the cell surface [33, 

46]. The interaction of CD44 and proteolytic form of MMP-9 is particularly involved in 

the invasion of prostate cancer cells (PC3) derived from bone metastases [46]. 

CD44/MMP-9 interaction has also been associated with up-regulation of angiogenic 

factors that promote tumor growth and metastasis [33]. Therefore, the ability of CD44 to 

localize proteolytically active MMP-9 to the tumor cell surface is important for tumor 

invasion. 

 

1.7 CD44 Role in Migration/Invasion, Angiogenesis and Bone Metastasis 

 
1.7.1 Migration and Invasion 
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 CD44 receptor has the potential to integrate adhesive and signaling activities to 

modulate migration/invasion processes during cancer progression [51]. The mechanisms 

by which CD44 receptors mediate migration, proliferation, survival of tumor cells through 

HA-mediated signaling have been widely studied [25, 52-56].  

Changes in cell shape and the formation of adhesive structures are regulated by the 

dynamic regulation of the actin cytoskeleton. The dynamic regulation of the actin 

cytoskeleton and the specialized structures involved in migration are regulated by the 

temporal and spatial localization of actin-binding proteins [57-59]. The surface expression 

of CD44, along with its interaction with matrix metalloproteinase 9 (MMP-9) on the 

surface of the cell, results in the secretion of active MMP-9, migration, and invasion of 

PC3 cells [36, 46, 59]. Disruption of CD44/MMP-9 interaction on the cell surface reduces 

migration and invasion of PC3 cells. MMP-9 knockdown of PC3 cells is highly adhesive 

which is due to the expression of highly glycosylated CD44v6. These cells are less invasive 

due to the dearth of expression of sCD44 which resulted in failure in the organization of 

invadopodia [36]. 

CD44v6 expression inversely correlates with pathologic stage and disease 

progression and positively correlates with PSA-free survival in prostate cancer [60]. 

However, the expression of CD44v6 in non-metastatic rat carcinoma cells has been shown 

to convert them into metastatic cells and promote tumor progression [61, 62]. Furthermore, 

CD44v3 has been shown to upregulate the function of cytoskeleton through ankyrin to 

activate the actomyosin contractile complex in order to mediate cell migration in head and 

neck squamous carcinoma cell line (HNSCC). Transfection of v3 cDNA into non-

expressing cell lines also resulted in a significant increase in cell migration but not 



 12 

 

proliferation [63, 64]. CD44 variants have also been shown to function as a co-receptor for 

the activation of growth-promoting tumor receptor tyrosine kinases [65, 66].  

1.7.2 Angiogenesis 

 The formation of new blood vessels (angiogenesis) is required for a tumor cell to 

disseminate and migrate to distant organs. Past studies have identified CD44 expression on 

endothelial cells [67, 68] and this controls the formation of blood vessels [69, 70]. 

Inhibition of CD44, therefore, results in the impaired formation of vessel-like networks 

[70, 71]. Endothelial cells were found in increased numbers in prostate cancer tissues in 

relation to normal tissues [72]. When CD44-null mice were used to study in vivo 

angiogenic responses, wound healing and vascularization were both impaired in matrigel 

implants containing melanoma cells [71]. Therefore, metastasis formation is also linked to 

vascular CD44 expression.   

Adhesion of cancer cells to the vasculature and enhanced expression of CD44 

(CD44s and/or CD44v) by angiogenic factors (e.g., VEGF) produced by tumor cells might 

lead to facilitated extravasation via angiogenesis. Furthermore, the role of CD44 in tumor 

angiogenesis is enhanced by its binding to immobilized HA [73]. CD44 variants are shown 

to have binding domains for various growth factors including vascular endothelial growth 

factor (VEGF), heparin-binding basic fibroblast growth factor and heparin-binding 

epidermal growth factor [74]. Analysis of tissue microarray and lysates of prostatic tumor 

cells showed that OPN and VEGF expression was more pronounced in prostate cancer as 

compared to benign or normal prostate tissues. It was suggested that an increase in 

microvessel number and expression of CD44 might be useful diagnostic markers of 

metastasis of breast cancer [75].  
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1.7.3 Bone metastasis 

 

 The ability of breast and prostate cancer cells to metastasize to the bone is based on 

the properties that allow them to arrest on, adhere to, and extravasate across the bone 

marrow endothelium into the underlying bone matrix.  In prostate cancer cells, the selective 

adhesion of these cells to bone marrow epithelium is based on the adhesive properties of 

integrin receptors. Prostate cancer cells have been involved in strong interaction with the 

bone marrow endothelial cells [76]. There currently exists dissension between clinical and 

experimental data in the literature regarding the importance of CD44s in breast cancer 

disease progression. A recent study suggests that breast cancer models show the expression 

of CD44 standard and variant isoforms which increase disease-progressing and metastatic 

behavior [77]. HA and CD44 co-localize in the bone marrow of sinusoidal epithelium, 

which is a site of metastasis of breast cancer. This suggests the contribution of HA-CD44 

to the efficiency of distant metastasis to the bone by breast cancer cells [77]. Cells 

producing low levels of CD44 have lower ability to form tumor sphere in vitro.  

Furthermore, CD44 is a marker for cancer stem cells [78-80], and CD44 expressing 

cancer stem cells increases the likelihood of bone metastases through its interaction with 

HA. Therefore, CD44-HA interaction could be a potential target for reducing bone 

metastases. CD44 signaling in prostate cancer cells has also been shown to regulate key 

proteins (i.e., RANKL and MMP-9) involved in osteoclast differentiation and tumor 

metastasis [30]. RUNX2 is a master transcription factor with important roles in osteoblast 

differentiation. Transcription of many osteoblasts and bone formation related factors such 

as OPN, osteocalcin, and collagen type I are regulated by RUNX2.  
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1.8 Role of Intracellular Domain of CD44-ICD as a Transcriptional Factor 

Proteolytic cleavage that occurs at the extracellular domain releasing soluble CD44 

has long been recognized. However, recent studies have shown that CD44 can undergo 

further sequential proteolytic processing by membrane type 1 matrix metalloproteases 

(MT1-MMP) and presenilin-1/y-secretase to produce the extracellular domain and 

intracellular domain (ICD) fragments. Presenilin-1/y-secretase cleavage occurs at the 

intramembrane site releasing two cleavage products of ~25kDa and ~16kDa size. The ICD 

fragment translocates to the nucleus to activate transcription of several proteins involved 

in invasion and metastasis including CD44 itself [81-83]. Consequently, if this cleavage 

can be inhibited through metalloprotease inhibitors, it can serve as a therapeutic way of 

preventing tumor progression and metastasis [82].  The cleavage of the ectodomain is 

shown to be prevalent in human tumors. Additionally, the translocation of CD44-ICD to 

the nucleus initiates the process of transcriptional regulation via its binding to novel 

promoter response element thereby regulating transcription of several genes that are 

involved in cell survival during stress, inflammation, oxidative glycolysis and metabolism 

[81, 84]. This suggests a mechanism for the multifunctional role of CD44 in cancer cell 

metastasis and metabolism [84]. Nuclear translocation of the intracellular domain has also 

shown to interact with stemness factors [79]. CD44-ICD is linked with the regulation of 

MMP-9 gene in breast cancer cells through its interaction with the transcriptional factor 

RUNX2 [84].  Figure 1.2 below shows the multi-functionality of CD44 receptor.   
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Figure 1.2 CD44 Transmembrane Receptor Function1.  

 

CD44, a multifunctional receptor can control biological functions involved in cancer cell 

dissemination and metastasis. CD44 can be sequentially cleaved by membrane type 1 

matrix metalloprotease (MT1-MMP) and then presenilin-1/-secretase induced by ligands 

[osteopontin (OPN), hyaluronic acid (HA), etc.] binding. Cleavage produces (1) 

extracellular domain (ECD) fragment. (2) CD44 like peptide or transmembrane domain 

(TMD), and (3) CD44-intracellular domain (ICD) fragment. CD44-ICD translocates into 

the nucleus to activate transcription of genes important in metastasis and cell survival. 

(Adapted from Thorne 2004)  

 

 

                                                      
1Senbanjo LT and Chellaiah MA (2017) CD44: A Multifunctional Cell Surface Adhesion Receptor Is a 

Regulator of Progression and Metastasis of Cancer Cells. Front. Cell Dev. Biol. 5: 18.doi: 

10.3389/fcell.2017.00018 
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1.9 Focus of this Thesis Work  

 
This thesis focuses on the involvement of CD44 in the progression of prostate 

cancer. Previous studies from our lab demonstrated the role of CD44 in prostate cancer 

progression through activation of MMP-9 and actin cytoskeletal changes involved in 

migration/invasion [29, 36]. However, its role in CSC maintenance and the role of CD44-

ICD as a transcriptional factor have not been studied in our laboratory.  Moreover, the role 

CD44-ICD as a transcriptional factor has minimally been studied in breast cancer cells and 

not in prostate cancer cells. Therefore, I believed that it is an interesting area to pursue.  

1.10 Overall Hypothesis and Specific Aims 

 
My overall hypothesis is that “CD44 regulates the stemness property of prostate 

cancer cells and nuclear translocation of CD44-ICD regulates the transcription of genes 

involved in the maintenance of stemness features and tumorigenesis through its interaction 

with RUNX2 in the nucleus”. I tested my hypothesis in the following three specific aims.  

1.10.1 Specific Aim 1. Determine the Effect of Androgen Receptor and CD44 

Expression on Stemness Characteristics of Prostate Cancer Cells (PC3 cells).  

 Specific Aim 1 will be addressed in Chapter 2 of the thesis. The hypothesis in 

specific aim 1 is that CD44 regulates the expression of stemness factors independent of 

androgen receptor which has an antagonistic effect on the expression of CD44 and hence 

stemness factors.  

 Approach: The expression pattern of various stemness factors will be determined 

using real-time PCR and immunoblotting analysis. Also, the effect of SOX2 knockdown 

on the expression of EMT markers will be determined by immunoblotting analysis. When 

SOX2 is knockdown, cell migration changes and tumorsphere formation capabilities will 
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be determined using wound healing assay and in vitro tumorsphere formation assays. The 

role of CD44 signaling in modulating stemness characteristics will be accessed by using 

CD44 and SOX2 knockdown approach and assessing changes in morphology and cell 

migration. Finally, re-expression of androgen receptor (AR) into AR-negative PC3 cells 

will help elucidate the influence of AR on the expression of SOX2 and CD44. Overall, our 

goal will be to elucidate a mechanism of AR, CD44, SOX2 signaling in PCa.  

1.10.2 Specific Aim 2. Characterize CD44 Intracellular Domain (CD44-ICD) 

Interaction with RUNX2 in Prostate Cancer Cells (PC3 cells). 

 Specific Aim 2 will be addressed in Chapter 3 of the thesis. The hypothesis in 

specific aim 2 is that nuclear localization of CD44-ICD and its interaction with RUNX2 

has the potential to regulate the expression of metastasis-related genes 

 Approach: The expression of CD44, RUNX2, and CD44-ICD will be determined 

in prostate cancer cell lines by real-time PCR and immunoblotting analysis. 

Immunofluorescence and immunoprecipitation analyses will be used to observe the 

interaction of RUNX2 and CD44-ICD in bone metastatic PC3 cells. RUNX2 

overexpression will then be used as the working platform to determine the effect of 

RUNX2/CD44-ICD interaction on the expression of metastasis-related genes such as OPN 

and MMP-9. To further determine the effect of RUNX2 overexpression in PC3 cells on 

cell migration and tumorsphere forming capabilities, we will perform wound healing and 

tumorsphere formation assay. Ultimately, our goal is to determine the localization of 

RUNX2/CD44-ICD and its potential to regulate metastasis.  

1.10.3 Specific Aim 3. Determine the Specificity of Interaction of CD44-ICD 

sequences with RUNX2 and its contribution to prostate cancer progression.  
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 Specific Aim 3 will be addressed in Chapter 4 of the thesis. The hypothesis in 

specific aim 3 is that specific CD44-ICD C-terminal deletion construct will have greater 

specificity for interacting with RUNX2 and this interaction is responsible for regulating 

the expression of metastasis-related genes.  

 Approach: We will generate CD44-ICD deletion constructs also referred to as C-

terminal truncated constructs. These constructs will then be stably transfected into PC3 

cells to determine the sequence-specific interaction with RUNX2. The effect of 

overexpression of CD44-ICD full length (FL) construct in PC3 cells on cell migration will 

be determined. Additionally, the sequence-specific interaction of CD44-ICD and RUNX2 

will be studied using immunoblotting, immunoprecipitation and immunofluorescence 

analysis. Finally, the effect of CD44-ICD/RUNX2 interaction on the expression of MMP-

9 and OPN gene will be explored. Taken together, we hope to identify which sequence of 

CD44-ICD has the greatest specificity for interacting with RUNX2.  

1.10.4 Overall Thesis Structure 

 The specific aims put forward are divided into three chapters.  Chapter 2 will focus 

on specific aim 1, where we show the Androgen Receptor-CD44-SOX2 signaling axis. 

Chapter 3 will focus on specific aim 2, where we show the CD44-RUNX2-CD44-ICD 

signaling axis. Chapter 4 will focus on specific aim 3, where we combine our current 

understanding to show the specific CD44-ICD deletion construct with the greatest 

specificity for interacting with RUNX2. Finally, Chapter 5 we will summarize and discuss 

our current findings and aim to provide future directions of this research.  



 19 

 

Chapter 2: Androgen Receptor Expression Reduces Stemness Characteristics 

of Prostate Cancer Cells (PC3 Cells) by Repression of CD44 and SOX22 
 
2.1 Abstract  

 Studies have shown that a subgroup of tumor cells possess stemness characteristics 

having self-renewal capacity and the ability to form new tumors. We sought to identify the 

plausible stemness factor that determines the “molecular signature” of prostate cancer cells 

derived from different metastases (PC3, PCa2b, LNCaP, and DU145) and whether 

androgen receptor (AR) influences the maintenance of stemness features.  Here we show 

SOX2 as a putative stem cell marker in PC3 prostate cancer cells and not in DU145, PCa2b, 

or LNCaP cells. PCa2b and PC3 cells were derived from bone metastases. PCa2b cells 

which are positive for the AR failed to demonstrate the expression of either CD44 or SOX2. 

Knockdown of AR in these cells did not affect the expression of either CD44 or SOX2. 

Conversely, PC3 cells which are negative for AR, expressed both CD44 and SOX2. 

However, the expression of AR down-regulated the expression of both CD44 and SOX2 

in PC3 cells. CD44 regulates SOX2 expression as knockdown of CD44 reduces SOX2 

levels considerably. SOX2 knockdown attenuated not only the expression of SNAIL and 

SLUG but also the migration and tumorsphere formation in PC3 cells. Collectively, our 

findings underscore a novel role of CD44 signaling in the maintenance of stemness and 

progression of cancer through SOX2 in AR-independent PC3 cells. SOX2 has a role in the 

regulation of expression of SNAIL and SLUG. SOX2 could be a potential therapeutic 

                                                      
2 Srinivasan D*, Senbanjo L*, Majumdar S, Franklin RB, Chellaiah MA. Androgen receptor expression 

reduces stemness characteristics of prostate cancer cells (PC3) by repression of CD44and SOX2. Journal 

Cellular Biochemistry. 2019; 120:2413‐2428. D. Srinivasan and L. Senbanjo have contributed equally 

to this work (Co-First Author*). 
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target to thwart the progression of SOX2 positive cancer cells or recurrence of androgen-

independent prostate cancer.  

 

2.2 Introduction 

Prostate cancer (PCa) is the second leading cause of cancer-related death among 

men in the United States, behind only lung cancer [85]. It is a disease of extensive 

metastases with secondary lesions commonly occurring in lymph nodes, brain, bones, and 

sometimes in visceral organs such as the liver and lungs [46, 86]. While androgen-

deprivation therapy targeted towards androgen receptor (AR) signaling is widely employed 

for advanced prostate cancer, this therapeutic strategy has been marred by major clinical 

limitations. Patients who initially respond to androgen deprivation therapy progress to 

develop an androgen‐independent stage or castration-resistant prostate cancer, which is 

unresponsive to hormone deprivation resulting in relapse with more aggressive disease [87, 

88].  

Emerging evidence from various human tumors indicates the presence of 

heterogeneous populations of cells within tumor bulk that comprise tumor cells and a small 

subpopulation of somatic cells with stem-like properties termed as cancer stem cells 

(CSCs) [89, 90]. Cancer stem cells are considered to be major drivers of treatment failure 

and tumor recurrence due to their ability to resist and survive through conventional 

therapies and their dynamic self-renewal capabilities. Recent reports indicate the potential 

expansion of CSCs triggered by selection pressures imposed by androgen deprivation 

therapy in prostate cancer [11, 91, 92]. Therefore, we aim to understand the association 

between the CSC phenotype and the androgen receptor.  One of the potential mechanistic 
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explanations put forward involves the ability of the androgen receptor to regulate SOX2, 

OCT4, and NANOG transcription factors. These factors constitute the core embryonic 

transcription factor machinery [93-95]. Pivotal work by Takahashi et al. showed that SOX2 

and OCT4, together with KLF4 and c-MYC could reprogram human somatic cells to 

pluripotent stem cells [96, 97]. The ability of these factors to confer stemness would have 

major clinical implications, whereby their re-expression in adult CSCs could result in a 

more aggressive tumor phenotype. Dysregulated expression of these factors has been 

widely associated with enhanced tumorigenicity [16, 93, 98]. For instance, SOX2 

overexpression was found to promote extensive metastasis of breast and prostate cancer 

cells through Epithelial-Mesenchymal Transition (EMT) [99-101]. 

EMT is one of the key steps in the metastatic process whereby epithelial cells lose 

cell-cell contact and polarity, becoming more migratory and invasive. EMT demonstrates 

the expression of transcriptional factors (e.g., SNAIL and SLUG), down-regulation of the 

epithelial marker (e.g., E-cadherin), and upregulation of mesenchymal markers (e.g., N-

cadherin, vimentin, and fibronectin) [9, 102]. Cancer cells that undergo EMT are thought 

to acquire CSC-like features, making them more compatible for metastasis [11, 91]. Studies 

in pancreatic ductal adenocarcinoma and colorectal cancer have interrelated cancer stem 

cell phenotype and EMT and have implicated the core embryonic transcription factors to 

be critical in mediating their shared properties [103]. Interestingly, in prostate cancer, the 

androgen deprivation therapeutic approach has been shown to promote the acquisition of 

EMT phenotype [104]. Because androgen deprivation therapy also results in the expansion 

of CSCs, these findings suggest that a potential AR-CSC-EMT axis may be responsible for 

advanced prostate cancer progression. 
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CD44 is a transmembrane receptor that is known to have significant roles in cell-

cell interactions, cell adhesion and migration [105] CD44 signaling via extracellular matrix 

ligands such as hyaluronic acid (HA), osteopontin (OPN), collagens and matrix 

metalloproteinases (MMPs) has been shown to increase the metastatic potential of cancer 

cells [106]. Moreover, CD44 has also been recognized as a marker of cancer stem cells in 

breast and prostate cancer [79, 106]  

Our present study aims to characterize the expression patterns of stemness factors 

SOX2, OCT4, and NANOG in prostate cancer cell lines derived from different metastases, 

to identify the key stemness factor that determines the “molecular signature” of potential 

prostate cancer stem cells. Additionally, we also wanted to examine whether the androgen 

receptor has a role in the maintenance of stemness characteristics of these prostate cancer 

cells. Strikingly, we show here, a) the antagonistic effect of androgen receptor in the 

expression of SOX2 and CD44; and b) the vital role of CD44-SOX2 signaling axis in the 

expression of SNAIL and SLUG as well as cell migration. 

 

2.3 Materials and Methods 

 
Cell Lines 

Cell Lines Derivative Androgen Receptor 

PC3 Caucasian Bone Metastasis Androgen Receptor 

Negative/Insensitive 

LNCaP Caucasian Lymph Node 

Metastasis 

Androgen Receptor 

Positive/Sensitive 

MDA PCa2b 

(PCa2b) 

African American Bone 

Metastasis 

Androgen Receptor 

Positive/Sensitive 

DU145 Caucasian Brain Metastasis Androgen Receptor 

 Negative/Insensitive 

PC3/AR+ Caucasian Bone Metastasis stably expressing AR 

PC3/CD44- Caucasian Bone Metastasis stably knockdown of CD44 
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Table 2.1 List of all Prostate Cancer Cell Lines, Derivative and Androgen Receptor 

Status. 

 

Cell Culture 

 PC3 cell line stably expressing androgen receptor (PC3/AR+) was generated in Dr. 

Renty B. Franklin’s laboratory (University of Maryland, Dental School). Stable PC3 cell 

line knockdown of CD44 (PC3/CD44-) was generated as described [30] previously. PC3, 

LNCaP, DU145, PC3/AR+, and PC3/CD44- cells were cultured in Roswell Park Memorial 

Institute (RPMI) 1640 medium containing 10% fetal bovine serum (FBS), as previously 

described [30, 46]. Also, normal prostatic epithelial cells (HPR1) which are used as 

controls were cultured in keratinocyte medium supplemented with epidermal growth factor 

(EGF) (2.5 mg/500 ml) and bovine pituitary extracts (25 mg/500 ml) (Gibco, Life 

Technologies, Bethesda, MD) [107]. MDA PCa2b cells (referred to as PCa2b) were 

cultured in BRFF-HPC1 (AthenaES, Baltimore, MD) medium containing only 10% FBS, 

slight modifications from previously described specifications [108]. The FBS used in 

PCa2b culture media is non-heat inactivated (16000036; Gibco, Life Technologies, 

Bethesda, MD). All cell culture media were supplemented with penicillin and streptomycin 

(1%) and the cells were maintained at 37°C in a humidified incubator with 5% CO2.  

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

 RT-PCR was done as described previously [29]. Briefly, total RNA was extracted 

from different cell lines using the RNeasy Midi kit (Qiagen, Valencia, CA). cDNA was 

synthesized from RNA using SuperScript® III First-Strand Synthesis System (Invitrogen, 

Carlsbad, CA), with five μg of total RNA. RT-PCR for NANOG, OCT4, SOX2 and 

GAPDH was done with the cDNA generated, JumpStart REDTaq ReadyMix PCR 

Reaction Mix (Sigma-Aldrich, St. Louis, MO, USA), and the appropriate primer sets. 
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GAPDH level was used for normalization. Samples were electrophoresed on 1.5% agarose 

gel and stained with GelGreen™ (Biotium Inc., Hayward, CA). Primers (Forward (F) and 

Reverse (R)) and the expected product size (in bp) are provided below:  

NANOG (470bp):  F: 5’-ACCTATGCCTGTGATTTGTGG-3’  

   R: 5’-AAGAGTAGAGGCTGGGGTA GG-3;  

OCT4 (470bp):  F: 5’-GAGAATTTGTTCCTGCAGTGC-3’,  

   R: 5’-GTTCCCAATTCCTTCCTTAGT G-3;  

SOX2 (424bp):  F: 5’-ATGGGTTCGGTGGTCAAGTC-3’,  

   R: 5’-GTGGATG GGATTGGTGTTCTC-3’;  

GAPDH (452bp):  F: 5’-ACCACAGTCCATGCCATCAC-3’,  

   R: 5’-TCCACCACCCTGTTGCTGTA-3’. 

RNA Extraction and Quantitative Real-Time PCR 

 Total RNA was extracted from PC3 cells with SOX2 knockdown and control cells 

using RNeasy Midi kit (Qiagen, Valencia, CA). cDNA was synthesized from RNA using 

SuperScript® III First-Strand Synthesis System (Invitrogen, Carlsbad, CA), with three μg 

of total RNA. The cDNA generated was used for standard real-time PCR analysis to 

quantitate levels of SOX2, OCT4, NANOG, CD44 and GAPDH transcripts using custom 

primers and SYBR Universal Master Mix (Applied Biosystems, Foster City, CA). Each 

reaction was performed in triplicates in 20μl volume in 96-well plates in an ABI 7000HT 

thermocycler (2 mins at 50°C, ten mins at 95°C, 40 cycles of 15 s at 95°C and 1 min at 

60°C). The gene expression was calculated relative to that of control cells and normalized 

for GAPDH measured under the same conditions using the 2–ΔΔCT method [30, 109].  

The forward (F) and reverse (R) primers used for the genes are as follows: 
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NANOG:  F: 5′-ATGCCTCACACGGAGACTGT-3′  

  R: 5′-AAGTGGGTTGTTT GCCTTTG-3′ 

OCT4:  F: 5′-TCGAGAACCGAGTGAGAGG-3′  

  R: 5′-GAACCACACTCGGACCACA-3′ 

SOX2:  F: 5’-AACCCCAAGATGCACAACTC-3’  

  R: 5’-CGGGGCCGGTATTTATAATC-3’  

CD44  F: 5’-ACCGACAGCACAGACAGAATC-3’ 

  R: 5’-GTTTGCTCCACCTTCTTGACTC-3’ 

GAPDH:  F: 5’-TGCACCACCAACTGCTTAG-3’  

  R: 5’-GATGCAGGGATGATGTTC-3’ 

Lysis of Cells and Immunoblotting (IB) Analysis 

 Cells were washed three times with cold PBS and lysates were collected using cold 

RIPA lysis buffer. Lysis buffer was supplemented with EDTA- free complete mini protease 

inhibitor cocktail (1 tablet per 10 ml lysis buffer) immediately before use. After incubating 

on ice for 15 min, lysates were centrifuged for 15 mins at 18000rpm at 4°C. The 

supernatants were saved, and protein concentrations were measured. Protein lysates were 

subjected to SDS-PAGE and immunoblotting analysis as described previously with slight 

modification [30]. Samples were heated at 70 °C for 15 mins. SOX2 (3579S-CST), 

NANOG (3580S-CST), OCT4 (2750S-CST), SNAIL (3879S-CST), SLUG (9585S-CST), 

CD44 (3570S-CST), E-Cadherin (3195S-CST), N-Cadherin (14215S-CST) and 

Nucleoporin (2598S-CST) antibodies for immunoblotting analysis were purchased from 

Cell Signaling Technology, Inc (Danvers, MA). AR antibody (SC-7305) was obtained 
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from Santa-Cruz Biotechnology. Antibody to GAPDH (G9545) was purchased from 

Sigma-Aldrich, Inc (St.Louis, MO). HRP-conjugated secondary antibodies were obtained 

from Kirkegaard & Perry Laboratories (Anti-Rabbit; Gaithersburg, MD) and Santa-Cruz 

Biotechnology (Anti-Mouse; Santa Cruz, CA). Protein estimation reagent kit, molecular 

weight protein standards, and polyacrylamide solutions were purchased from Bio-Rad 

(Hercules, CA). Polyvinyl fluoride (PVDF) membrane for immunoblotting analysis was 

obtained from Millipore Corp. (Bedford, MA), and ECL reagent was purchased from 

Pierce (Rockford, IL). 

Human Prostate Lysates and Immunoblotting Analysis 

 Human prostate normal tissue lysates (normal; ab30304) and human prostate tumor 

tissue lysates (adenocarcinoma; ab30305) were purchased from Abcam (Cambridge, MA). 

Samples were heated at 70 °C for 15 mins and subjected to SDS-PAGE and 

immunoblotting analyses with SOX2 and GAPDH antibodies. 

Cytoplasmic and Nuclear Protein Fraction Preparation 

 Preparation of cytoplasmic and nuclear protein fractions was done as previously 

described [30]. Briefly, a lysis buffer comprising of 10 mM Tris pH 7.9, 1.5 mM MgCl2, 

10 mM KCl, 0.5 mM EGTA and protease inhibitor (1 tablet/10 ml buffer) was used to lyse 

cells. Lysates were then centrifuged at 500 × g for 5 mins at 4°C to separate the nuclear 

pellet from the supernatant. The supernatant which constitutes the cytosolic component 

was collected. The nuclear pellet was resuspended in nuclear lysis buffer containing 20 

mM Tris pH 7.5, 25% glycerol, 1.5 mM MgCl2, 400 mM NaCl and 0.5 mM EGTA. The 

suspension was centrifuged at 20,000× g for 15 min at 4°C, and the supernatant comprising 
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the nuclear component was collected. The lysates were analyzed by immunoblotting 

analysis as previously described [110].  

Knockdown of SOX2 in PC3 Cells Using Small Interfering RNA (Sirna) 

 PC3 cells were grown in 6-well plates overnight at 37°C and allowed to reach 

around 60% confluency. iRNA designed against SOX2 (GE Healthcare Dharmacon Inc., 

Lafayette, CO) was transfected into PC3 cells using Lipofectamine 2000. SMARTpool 

siRNA represents four pooled SMART-selected siRNA duplexes that target the SOX2 

gene. Scrambled non-targeting RNAi was used as a negative control (Thermo Fisher 

Scientific Inc., Waltham, MA). SOX2 scrambled RNAi and siRNA were used to a final 

concentration of 100 nM. Five hours after the knockdown, the media in the plates were 

changed to complete RPMI media. Twenty-four hours later, cell lysates were collected and 

subjected to SDS-PAGE and immunoblotting analysis to confirm the knockdown. 

Knockdown of Androgen Receptor in Pca2b Cells Using Small Interfering RNA (siRNA) 

 PCa2b cells were grown in 6-well plates overnight at 37°C and allowed to reach 

around 60% confluency. Human androgen receptor (AR) siRNA (Thermacon) was 

transfected into PCa2b cells using Lipofectamine 2000. Scrambled non-targeting siRNA 

was used as negative control (Thermo Fisher Scientific Inc., Waltham, MA). AR scrambled 

RNAi and siRNA were used to a final concentration of 100nM. Twenty-four hours after 

the knockdown, the media in the plates were changed to complete RPMI media. Twenty-

four hours later, cell lysates were collected and subjected to SDS-PAGE and 

immunoblotting analysis to confirm knockdown, and tumorsphere formation assay was 

performed.  

Wound Closure Assay 



 28 

 

 Uniform vertical streaks were made in the monolayer culture with 200 μl pipette 

tips. The cells were immediately washed three times with RPMI medium with 10% FBS to 

remove detached cells. Mitomycin C (10 μg/ ml; Sigma-Aldrich, Inc., St.Louis, MO) was 

added to the medium to inhibit proliferation so that migration can be effectively followed 

[46]. Mitomycin C is known to inhibit DNA synthesis forming covalent crosslinks between 

complementary strands of DNA. This ultimately prevents separation of complementary 

strands of DNA, thereby inhibiting DNA replication. Cell migration was monitored for 24 

h, and pictures were taken at 0h, 18h and 24h time points with a digital SPOT camera 

attached to an inverted Nikon phase contrast microscope. 

 For wound closure assay in PC3 cells with knockdown of SOX2, siRNA 

knockdown of SOX2 was first performed on PC3 cells as described above. Twenty-four 

hours post knockdown, the SOX2 siRNA transfected cells, and non-targeting control 

siRNA transfected cells were replated in 6-well plates, grown overnight at 37°C, and 

allowed to reach near-confluent levels. The wound closure assay was then performed as 

mentioned above. Parallel cultures were used to confirm SOX2 knockdown as compared 

with control siRNA treated cells 

Tumorsphere Formation Assay 

 Prostate cancer cells that were 80-90% confluent were detached with Trypsin-

EDTA solution. The cells were centrifuged for 3 minutes at 1200 rpm and the supernatant 

discarded. The cells were then resuspended in a small volume of StemXVivo-Serum-Free 

Tumorsphere Media (CCM012) containing 2 U/mL Heparin (Tocris 2812) and 0.8 µg/mL 

Hydrocortisone (Tocris, 4093). The cells were plated at 0.05 x 106 cells per well in a 6-

well ultralow adhesion culture plate and cultured at 37°C and 5% CO2 for seven days to 
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induce tumorsphere formation as described [111, 112]. After seven days tumorspheres 

were imaged using a Cytation-3 Imaging Reader from Biotek. 

Statistical Analysis 

All values presented as mean ± SEM. A value of p < 0.05 was considered significant. Two-

tailed Student's t-test determined statistical significance. All of the data were analyzed with 

GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). 

 

2.4 Results  

PC3 cells demonstrate a marked increase in SOX2 expression at protein and mRNA 

levels as compared with other prostate cancer cell lines  

 Here, our primary aim is to identify the expression of stemness factors at mRNA 

and protein levels in different prostate cancer (PCa) cell lines derived from the human bone 

(PC3), brain (DU145) or lymph node (LNCaP) metastases. Normal prostatic epithelial cells 

(HPR1) were used as controls. Immunoblotting, reverse transcription PCR and real-time 

PCR analysis were used to confirm the expression levels in the indicated cell lines. 

NANOG expression was more in PC3 and DU145 cells at the protein level (Figure 2.1A, 

lanes 2 and 4); however, its expression was considerably lower than HPR1 cells (Figure 

2.1A, lane 1). The expression of NANOG at mRNA levels was not significantly different 

in all the cell lines tested (Figure 2.1B). OCT4 is not expressed at the protein levels of all 

the cell lines tested (Figure 2.1A), but OCT4 mRNA levels were found to be more in 

LNCaP cells (Figure 2.1B) as compared with PC3 and DU145 cells (Figure 2.1B). 

Interestingly, SOX2 expression was more in PC3 cells at the protein (Figure 2.1A, lane 2) 

and mRNA levels (Figure 2.1B). SOX2 was not expressed in LNCaP and DU145 cells 
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(Figure 2.1A, lane 3 and 4). Furthermore, while there was more SOX2 expression at the 

mRNA level (Figure 2.1B), the protein level was considerably lower in HPR1 cells (Figure 

2.1A, lane 1). Since advanced PCa is known to metastasize to the bones in almost 85 –

100% of cases, we suggest that increased SOX2 could be a potential candidate to pursue 

in bone metastatic PC3 cells. 

 

 

 
 

 

Figure 2.1 Characterizing the expression of stemness factors in PCa cell lines.  

 

Immunoblotting analysis and real-time PCR analysis. A. An equal amount of protein 

lysates (40 μg) made from PC3 (lane 2), LNCaP (lane 3), DU145 (lane 4), and control 

HPR1 (lane 1) cells were immunoblotted with NANOG, OCT4 or SOX2 antibodies to 

detect total cellular levels of the respective proteins. Panel (A) performed by Deepa 

Srinivasan. B. The real-time PCR analysis of NANOG, OCT4, and SOX2 expression in 

PC3 (lane 1), LNCaP (lane 2), control HPR1 (lane 3), and DU145 (lane 4) cells. GAPDH 

was used as a loading control for immunoblotting and real-time PCR analysis. The results 

represent one of the three separate experiments performed with the same results. 
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Knockdown of SOX2 reduces expression of EMT-related factors such as SNAIL and 

SLUG in PC3 cells  

 To determine the functional role of SOX2, we used the knockdown strategy. Here 

our goal is to determine the following: 1) Does SOX2 regulate the expression of any EMT 

markers, and 3) Does it have a role in the migration and tumorsphere formation of PC3 

cells. SMARTpool siRNA to SOX2 was used to knockdown SOX2 expression in PC3 cells, 

and the knockdown was confirmed by immunoblotting analyses (Figure 2.2A). 

Loss of SOX2 has an impact on the expression of EMT regulatory factors such as SNAIL 

and SLUG: Immunoblotting analysis indeed revealed that SOX2 knockdown reduces the 

expression of SNAIL and SLUG (Figure 2.2A-D) [113].  

SOX2 knockdown reduces cell migration and tumorsphere formation: First, we sought 

to determine whether SOX2 influences migration. SOX2 scrambled RNAi and siRNA 

treated PC3 cells were subjected to wound closure assay. Wound closure was monitored 

for 18h (Figure 2.3A, middle panel) and 24h (Figure 2.3A, bottom panel). Scrambled RNAi 

treated cells displayed greater migration and wound closure capabilities (Figure 2.3B), with 

the wound almost closing up at 24h. A significant decrease in the migration was observed 

at 18h and 24h in PC3 cells transfected with the siRNA (Figure 2.3B; right). Cells 

pretreated with Mitomycin C ensures that the observed results on cell migration are 

independent of cell proliferation.  

 Secondly, we wanted to determine whether SOX2 influences tumorsphere 

formation. Cancer stem cells can form tumorspheres in vitro when plated in limited 

numbers and under serum-free condition supplemented with growth factors. The cells in a 

tumorsphere formation assay appear fused together, and they are indicative of the cancer 



 32 

 

stem/progenitor cell population within the culture [111, 112]. Scrambled RNAi and siRNA 

treated PC3 cells were subjected to in vitro tumorsphere formation. Scrambled RNAi 

treated cells displayed more tumorspheres (Figure 2.3B, left panel) in comparison to SOX2 

siRNA treated PC3 cells (Figure 2.3B, right panel) as seen by the formation of spheroids 

that are fused to form a solid cluster of cells. A significant decrease in wound closure and 

tumorsphere formation in PC3 cells knockdown of SOX2 suggests that SOX2 may play an 

important role in cell migration, self-renewal, and differentiation (Figure 2.3), which is a 

part of the EMT process.  

 

 

 
 

 

 

Figure 2.2 The effect of SOX2 knockdown on the expression of EMT-related factors.  

 

An equal amount of protein lysates (40 μg) made from PC3 cells transfected with 

scrambled RNAi (Sc; lane 1) and siRNA (Si; lane 2) targeting SOX2 were used for 

immunoblotting analyses (A-D). The Snail blot in (B) was stripped twice sequentially and 

blotted with a slug (C) and GAPDH (D) antibody. Experiment performed by co-first author 

Deepa Srinivasan in Srinivasan et al., 2018. GAPDH immunoblot demonstrates equal 

loading of proteins in each lane.  Data represent one of the three independent experiments 

with similar results.  
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Figure 2.3 The effect of SOX2 silencing on the migration and the tumorsphere 

formation in PC3 cells.  

 

PC3 cells transfected with scrambled (Sc) RNAi and siRNA to SOX2 were subjected to 

wound-closure and tumorsphere formation assays.  A-C. Phase contrast micrographs show 

migration at 0h, 18h, and 24h. D. Cell imaging in the multi-mode microscope (Cytation3) 

shows tumorsphere formation in indicated PC3 cells. Scale bar: 200µm. The results shown 

are representative of three independent experiments 
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CD44 has a potential role in the expression of SOX2 and migration of PC3 cells 

 We have previously shown that CD44 increases the invasive property of PC3 cells 

[36]. Here, we used PC3 cells and PC3 cells with stable knockdown of CD44 (PC3/CD44-

) to examine SOX2 expression levels. As shown previously [36], PC3/CD44- cells were 

more rounded and less adhesive compared with PC3 cells (Figure 2.4A). CD44 knockdown 

in PC3 cells resulted in significant downregulation of SOX2 expression (Figure 2.4B, lane 

2). Loss of cell adhesion corresponds with a decreased migration in PC3/CD44- cells 

(Figure 2.4C). These observations further highlight the ability of CD44 to influence SOX2 

expression and ultimately regulate the migration. SOX2 may be a potential downstream 

target of CD44, having an important role in cell migration.   

Expression of Androgen Receptor reduces SOX2 and CD44 expression, and cell 

migration in PC3 cells  

 Androgen/androgen receptor (AR) axis has been shown to modulate stemness 

characteristics [88, 114, 115]. PC3 cells are androgen receptor negative cells. Our aim here 

is to determine the following; 1) influence of AR on the expression of SOX2 and CD44, 

and 2) its impact on cell migration. In exploring the AR-CD44-SOX2 axis, we used PC3 

cells (negative for AR), and PC3 cells stably expressing AR (PC3/AR+).  

 We used phase-contrast microscopy to assess morphological changes in indicated 

prostate cancer cell lines.  PC3/AR+ cells are highly adhesive and have an elongated 

morphology with spindle-like long projections (Figure 2.5A). Both PCa2b and LNCaP 

cells are androgen-sensitive cells. PCa2b and LNCaP cells are positive for androgen 

receptors. PCa2b cells are derived from bone metastasis of African American patient. 

Phase contrast microscopy analysis demonstrates that PCa2b cells grow in clumps in 
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culture and LNCaP cells have an elongated morphology with spindle-like projections 

(Figure 2.5A). Androgen receptor expression in PC3 cells resulted in reduced levels of 

CD44 and SOX2 (Figure 2.5B, lane 2). Notably, the CD44 and SOX2 expression profile 

in PCa2b and LNCaP cells are very similar to that of PC3/AR+ cells (Figure 2.5C and D). 

Expression of CD44 and SOX2 are negligible in these cells (Figure 2.5D, lanes 2-3). 

Although real-time PCR analysis demonstrates the expression of CD44 at mRNA levels 

(Figure 2.5C) in PCa2b, the expression of the CD44 protein is repressed (Figure 2.5D, lane 

2). The direct impact of AR on the inhibition of CD44 protein expression remains unclear 

and needs further elucidation.  

 We next examined the relevance of AR-CD44-SOX2 axis on cell migration, using 

the wound closure assay. PC3 cells and PC3/AR+ cells were subjected to this assay, and 

wound closure was monitored for 24h. PC3/AR+ cells displayed lower migration 

capabilities as compared to PC3 cells (Figure 2.6). These results suggest that AR might 

impact the cell migration process via modulating CD44 and SOX2 expression. 
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Figure 2.4 Analysis of effects of CD44 knockdown on cell morphology, SOX2 

expression, and cell migration.  

 

Phase contrast micrograph shows the morphology of PC3 and PC3/CD44- cells at X100 

magnification (A). An equal amount of protein lysates (40 μg) made from PC3 (lane 1) and 

PC3/CD44- (lane 2) cells were used for immunoblotting analyses (B). Immunoblotting was 

done with an antibody to CD44 to confirm the knockdown (top panel). The blot was 

stripped twice sequentially and blotted with an antibody to SOX2 and GAPDH. GAPDH 

immunoblot demonstrates equal loading of proteins in each lane (bottom panel), and there 

was no loss of signal during stripping. C. Wound closure assay. Phase contrast micrographs 

show the migration of PC3 and PC3/CD44- cells at 0h and 24h. Panel (C) performed by 

Deepa Srinivasan (DS). The results shown are representative of three independent 

experiments. 
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Figure 2.5 Analysis of the effects of AR expression in PC3 cells on cell morphology, 

CD44, and SOX2 expression. 

 

Phase contrast micrograph shows the morphology of PC3, PC3/AR+, PCa2B, and LNCaP 

cells at x100 magnification (A). PCa2b cells grow in clumps in culture, and all the other 

cell lines have elongated morphology with spindle-like projections. Immunoblotting 

analysis of lysates (40 μg protein) from PC3 (lane 1) and PC3/AR+ (lane 2) cells with an 

antibody to AR (~110kDa), CD44 (~80kDa), SOX2 (~35kDa), and GAPDH (loading 

control; ~37kDa) is shown (B). AR and SOX2 immunoblots were stripped and 

immunoblotted with an antibody to CD44 and GAPDH, respectively. Immunoblotting 

analysis with an antibody AR confirms the expression of AR in PC3/AR+ cells. C. The 

real-time PCR analysis of CD44 expression in indicated cell lines. The expression was 

normalized relative to GAPDH expression. D. Immunoblotting analyses in AR-negative 

(PC3) and AR-positive (PCa2B and LNCaP) cells with antibodies to CD44 and SOX2. 

GAPDH immunoblot demonstrates equal loading of proteins in each lane (B and D). Panel 

(A) performed by both DS and Linda Senbanjo (LS).  
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Figure 2.6 Analysis of the effects of AR expression in PC3 cells on cell migration. 

 

Analysis of the effect of AR expression in PC3 cells on migration using a wound closure 

assay.  Phase contrast micrographs show the migration of PC3 and PC3/AR+ cells at 0h and 

24h. Panel performed by DS. Results represent one of three experiments performed.  
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Knockdown of Androgen Receptor reduces CD44/SOX2 expression and tumorsphere 

formation in PCa2b cells  

 We then proceeded to determine whether knockdown of AR in PCa2b increases the 

expression of CD44 and SOX2.  We performed western blot analysis to confirm 

knockdown of androgen receptor in PCa2b cells (Figure 2.7A, lane 2). Knockdown of AR 

in PCa2b did not upregulate either CD44 or SOX2 proteins (Figure 2.7B, lane 2). Lysates 

made from PC3 cells were used as a control (Figure 2.7B, lane 3). However, knockdown 

of AR in PCa2b resulted in decreased ability to form tumorspheres as compared with Sc 

RNAi treated cells (Figure 2.7C). Taken together these results suggest that tumorsphere 

formation occur independently of CD44-SOX2 signaling in PCa2b cells. Overexpression 

of AR in PC3 cells suppressed CD44 and SOX2 protein levels (Figure 2.7). AR may have 

a role in the repression of expression of CD44 in LNCaP and PCa2b cells. One would 

expect that knockdown of AR in PCa2b would increase CD44 and SOX2 expression. 

However AR knockdown did not influence the expression of CD44 and SOX2 proteins 

although CD44 is expressed at the mRNA level in PCa2b (Figure 2.7) and LNCaP cells 

[28]. Expression of CD44 seems cell type-specific and possibly depends on the unique 

physiological and pathological features of the metastatic organs.  Together, these results 

raise several new questions on AR-CD44-SOX2 signaling axis which need further 

investigation. 
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Figure 2.7 Elucidating the impact of AR silencing on tumorsphere formation in 

PCa2b cells. 

 

PCa2b cells transfected with scrambled RNAi (Sc) and siRNA (Si) were used for 

immunoblotting analyses (A and B) and tumorsphere formation (C). A. Immunoblotting 

analysis with an AR (~110kDa) and GAPDH (loading control; ~37kDa) antibody. B. 

Immunoblotting analyses with AR, SOX2, CD44, and GAPDH (loading control) antibody. 

Immunoblotting with an AR antibody confirms the knockdown of AR (B, Top) in PCa2b 

cells. Subsequently, same lysates proteins were used for the SOX2 (~35kDa) and CD44 

(~80kDa) immunoblotting analyses which were done together. The blot was stripped and 

reprobed with a GAPDH antibody. C. Tumorsphere formation assay. Cell imaging multi-

mode microscope (Cytation3) show tumorsphere formation in PCa2b cells. Scale bar: 

200µm 
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2.5 Discussion 

 While AR signaling is critical for the normal development, function, and 

homeostasis of the prostate gland, it is also thought to play a major role in PCa pathogenesis 

[116, 117]. There is accumulating evidence suggesting that the androgen deprivation 

therapy initial therapeutic approach aimed at modulating AR signaling, results in the 

expansion of CSCs [104, 118, 119]. This CSCs which survive through conventional 

therapies are thought to contribute towards treatment failure and tumor recurrence - clinical 

challenges associated with PCa therapy. The present study was performed to evaluate the 

expression of SOX2, OCT4, and NANOG transcription factors in PCa cell lines derived 

from different metastases, to identify the key stemness factor that determines the 

“molecular signature” of potential prostate CSCs. Moreover, we also wanted to examine 

the ability of AR to mediate stemness characteristics of PCa cells.  

 We first screened three cell lines from different metastases (PC3, DU145, and 

LNCaP) for stemness factor expression. LNCaP cells from lymph node metastasis are 

positive for AR, hormone-sensitive, and have low metastatic potential. PC3 and DU145 

cells from bone and brain metastasis, respectively, are negative for AR, hormone 

refractory, and have higher metastatic and malignant properties. Normal prostatic epithelial 

(HPR1) cells were used as controls [107]. Immunoblotting and RT-PCR analyses revealed 

a markedly increased SOX2 expression at both protein and mRNA levels in PC3 cells. 

These results are consistent with previous studies by others that indicate that SOX2 was 

significantly increased in more malignant cell lines [120, 121]. 

Moreover, the lack of substantial expression of OCT4 and NANOG in SOX2-

expressing PC3 cells suggest that SOX2 could potentially have a novel and significant role 
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in metastasis, independent of its association with other stemness factors. Our strategy to 

explore the role of SOX2 as a putative marker of prostate CSCs was further driven by the 

results of our immunoblotting analysis of human prostate tissue samples, whereby 

increased SOX2 expression was observed in tumor tissues as compared to normal tissues. 

Previous reports corroborate these observations, where SOX2 was found to be associated 

with tumorigenesis and its overexpression correlated with higher histologic grade and 

Gleason score [120]. These findings reinforce the clinical relevance of SOX2 expression 

and its potential role in PCa progression. We decided to use PC3 cell line for all further 

experimental manipulation as it has the highest CD44 and SOX2 expression, and advanced 

PCa is known to metastasize to the bones [122, 123]. 

 Nuclear localization of the SOX2 protein in PC3 cells suggests that it may function 

as a key transcriptional regulator in these cells. Bearing in mind the accumulating evidence 

emphasizing the existence of shared molecular characteristics between CSCs and EMT 

cells, we employed a SOX2 knockdown strategy to elucidate its functional role and 

potential downstream targets, with regards to EMT and cell migration. The prospect of a 

potential SOX2-EMT axis would not be surprising, considering that this axis is known to 

have central roles in the invasion and metastasis of several human cancers [103, 124, 125]. 

For instance, SOX2 silencing in colorectal cancer cells induced Mesenchymal-Epithelial 

Transition (MET), a reciprocal process to EMT, with marked changes in the expression of 

key drivers of EMT such as SNAIL [124]. Consistent with these observations, our analyses 

indeed revealed reduced expression of EMT regulatory factors SNAIL and SLUG with 

SOX2 silencing. These results corroborate the decrease in cell migration observed with the 

SOX2 knockdown. Our results suggest that SOX2 may have an important role in inducing 
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cell migration, an EMT process, acting though SNAIL and SLUG downstream targets. 

However, the underlying molecular mechanism by which SOX2 regulates SNAIL and 

SLUG expression needs further elucidation.  

 CD44 signaling has been shown to modulate the tumor microenvironment and 

promote EMT- related events through its involvement in processes like cell trafficking, 

lymph node homing, cell-ECM adhesion, and coordination of cytokine signaling [126]. 

Strikingly, there is also growing evidence projecting CD44 to be a marker of CSCs in the 

breast, prostate, pancreas, ovarian and colorectal cancers [127, 128]. While CD44 has been 

thought to have a strategic role in PCa progression, the exact mechanism involved is still 

largely unknown. Hence, in the present study, we examined the potential role of CD44, 

and its relationship with SOX2 using a knockdown approach. Our studies indeed reveal the 

ability of CD44 to modulate stemness characteristics of PCa cells, whereby the loss of 

CD44 reduced expression of SOX2. These observations are in line with reports in breast 

cancer, where they identified CD44, in particular, its intracellular domain to be critical in 

influencing the expression of stemness factors and the maintenance of breast CSCs [79]. 

The morphological changes and a decrease in cell migration witnessed in CD44 silenced 

cells further validate its role in the EMT process. Intriguingly, our results establish the 

presence of a reciprocal relationship between CD44 and SOX2. One likely explanation for 

CD44-regulated SOX2 expression in PC3 cells may be the vision of SOX2 being a 

potential downstream target of CD44. Additional investigations are required to understand 

the prospective association between CD44 and SOX2 further. 

 Suppressing AR signaling remains the primary focus of therapeutic strategies for 

advanced PCa. However, despite an initial favorable response this approach eventually 
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leads to more aggressive disease. With the exact mechanism for treatment failure and tumor 

recurrence still unclear, some potential explanations put forward include the acquisition of 

CSC phenotype and EMT following selection pressures imposed by androgen deprivation 

therapy. The present study was undertaken to determine the influence of AR on the 

expression of SOX2 and CD44, and to examine the functional consequence of AR-CD44-

SOX2 axis. The experimental strategy employed involves the expression of AR in PC3 

cells that are AR-negative. Our analyses revealed a significant decrease in the expression 

of CD44 and SOX2 in response to AR expression in PC3 cells, suggesting that AR 

signaling may have the potential to reduce stemness characteristics of these cells. Our 

results are in agreement with others that AR represses the expression of SOX2 and CD44 

[30, 129]. Strikingly, with the introduction of AR in androgen-independent PC3 cells begin 

to exhibit characteristics of androgen-dependent PCa2b cells and LNCaP cells, regarding 

SOX2-CD44 expression profiles. It is vital to note that both PC3 and PCa2b cells are 

derived from human bone metastasis, with AR being one of the key differentiating factors 

between them. However, knockdown of AR in PCa2b cells did not affect the expression of 

CD44 or SOX2.  One explanation for this observation could be that PCa2b cells may 

preserve both prostate-specific antigen (PSA) and androgen sensitivity in contrast to PC3 

cells which do not express AR and PSA [108]. The loss of CD44 expression could be 

compensated for by the secretion of PSA and androgen sensitivity. Further studies are 

needed to understand the molecular mechanism involved in the repression of CD44 in AR+ 

cells or the induction of CD44 expression in AR-negative cells.  

 Bone metastatic prostate cancer PC3 cells that are androgen receptor negative 

highly express CD44 and SOX2. Expression of CD44 and SOX2 results in the upregulation 
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of transcription factors SNAIL and SLUG which leads to epithelial-mesenchymal 

transition and hence migration. Snail and Slug have been shown to increase the migration 

of breast cancer cells [130]. SOX2 KD reduces the levels of snail and slug proteins but not 

cell junction molecules E- or N-Cadherin; however, decreases cell migration and 

tumorsphere formation. Our observations in prostate cancer PC3 cells substantiate the 

possible role of the CD44-SOX2-Snail/Slug axis in migration and tumor progression. 

Forced expression of AR in PC3 cells results in downregulation of CD44 and SOX2 

thereby preventing epithelial-mesenchymal transition and migration. Re-expression of 

androgen receptor in PC3 cells may have the potential to reduce the stemness 

characteristics of these cancer cells (Figure 2.8). Reduction in stemness characteristics 

witnessed with AR expression correlated with decreased migration in PC3 cells. Our 

current studies focus on identifying the molecular mechanisms involved in the regulation 

of SOX2 by CD44 signaling and the role of CD44-SOX2-SNAIL/SLUG axis in eliciting 

EMT and migration/tumor progression. 
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Figure 2.8 Specific Aim 1: Schematic diagram illustrating the proposed mechanism 

of AR-CD44-SOX2 signaling.    

 

Purple highlights CD44-SOX2 pathway leading to EMT and hence migration. Red 

highlights AR expression downregulates not only the expression of CD44 and SOX2 but 

also the processes of EMT and migration in prostate cancer PC3 cells.  
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Chapter 3: Characterization of CD44 Intracellular Domain Interaction with 

RUNX2 in PC3 Human Prostate Cancer Cells3 
 

3.1 Abstract  

 
 Expression of CD44 receptor is associated with the onset of several tumors. The 

intracellular domain of CD44 (CD44-ICD) has been implicated as a co-transcription factor 

for RUNX2 in the regulation of expression of MMP-9 in breast carcinoma cells. Previous 

studies from our laboratory demonstrated the role of CD44 in migration and invasion of 

PC3 prostate cells through activation of MMP-9. CD44 signaling regulates the 

phosphorylation and hence the localization of RUNX2 in the nucleus. The role of CD44-

ICD has not been studied in prostate cancer cells. This study explores the role of CD44-

ICD and RUNX2 in the regulation of expression of metastasis-related genes. We used 

RUNX2 overexpression strategy to determine the interaction of RUNX2 and CD44-ICD 

in PC3 cells. Immunoblotting and real-time PCR analyses were used to detect the 

expression levels in prostate cancer cells. Immunofluorescence and immunoprecipitation 

analyses measured RUNX2/CD44-ICD interaction. Wound healing and tumorsphere 

formation analyses were done in cells overexpressing RUNX2 protein. Expression of 

CD44 and RUNX2 was observed only in PC3 cells (androgen receptor positive) and not in 

LNCaP or PCa2b cells (androgen receptor negative). Therefore, CD44-ICD fragment (~15-

16kDa) was observed in PC3 cells. Moreover, localization of CD44-ICD was more in the 

nucleus than in the cytoplasm of PC3 cells. Inhibition of cleavage of CD44 with a γ-

secretase inhibitor, DAPT reduced the formation of CD44-ICD; however, accumulation of 

                                                      
3 Senbanjo LT, Aljohani H, Majumdar S, Chellaiah MA. Characterization of CD44 Intracellular Domain 

Interaction with RUNX2 in PC3 Human Prostate Cancer Cells. In review at Cell Communication and 

Signaling 
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CD44–external truncation fragments (~20 and ~25kDa) was detected. RUNX2 and CD44-

ICD interact in the nucleus of PC3 cells, and this interaction was more in PC3 cells 

transfected with RUNX2 cDNA. Overexpression of RUNX2 augments the expression of 

metastasis-related genes (e.g. MMP-9 and osteopontin) which resulted in increased 

migration and tumorsphere formation. We have shown here a strong functional relationship 

between CD44-ICD and RUNX2 in PC3 cells. RUNX2 forms a complex with CD44-ICD 

as a co-transcriptional factor, and this complex formation not only activates the expression 

of metastasis-related genes but also contributes to migration and tumorsphere formation. 

Therefore, RUNX2 and CD44-ICD are potential targets for anti-cancer therapy. 

 

3.2 Introduction 

 Prostate cancer (PCa) is the second leading cause of death in men and the leading 

cause of non-skin cancer to affect men. It is also most commonly diagnosed in older men 

over the age of 65 [30, 85, 131]. PCa is characterized by extensive metastases leading to 

secondary lesions in the bone, lung, liver, brain, and adrenal [46, 106, 113, 132]. Metastasis 

to secondary sites is often hard to treat partially due to the inadvertent failure of 

conventional androgen deprivation therapy (ADT) treatment [133, 134]. Specifically, ADT 

as a treatment for metastatic PCa demonstrated bone metastasis as well as osteopenia or 

osteoporosis [134, 135].  

 CD44, a cell surface receptor for hyaluronic acid (HA), osteopontin (OPN) and 

many other ligands has been shown to play a key role in prostate cancer (PCa) metastasis, 

migration, and invasion [21, 106, 136]. Interaction of CD44 with ligand(s) at the 

extracellular domain is responsible for controlling cellular signaling [18]. Expression of 
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CD44 (standard or variant isoforms), is considered a prognostic marker for the progression 

of PCa [137]. However, the underlying molecular mechanisms by which CD44 regulates 

PCa progression, invasion and metastasis still need further elucidation. In several types of 

cancers including prostate cancer, CD44 is also a known marker of cancer stem cells 

(CSCs) or cancer-initiating cells [137, 138]. Cells that are positive for CD44 are capable 

of enhancing metastasis. These cancer stem cells have also been speculated to be 

representative of the subset of tumor cells that are responsible for metastatic disease and 

progression. CSCs have been shown to drive treatment failure and lead to the recurrence 

of the tumors [139, 140].  

 Sequential proteolytic cleavage of CD44 by MMPs and -secretase generates 

CD44-ICD which then translocates into the nucleus to regulate gene expression [21, 81]. 

The sequential proteolytic cleavage is mediated by membrane-associated metalloproteases 

(MMPs) and subsequently by -secretase. The cleavage of the ectodomain fragment 

generates the amino-terminal fragment that can be released into culture supernatant as 

soluble CD44 and the membrane-bound carboxyl terminus fragment referred to as the 

CD44-EXT or extracellular truncation.  The further proteolytic intramembranous cleavage 

generates the intracellular domain (CD44-ICD) fragment that then translocates into the 

nucleus to initiate transcription [81, 106, 141, 142]. As a result of CD44 cleavage, CD44 

itself is one of the genes that can be transcribed [82] as well as MMP-9 [84] in breast cancer 

cells. CD44 is highly expressed in PC3 cells which are androgen receptor negative [29, 30, 

46, 76]. However, CD44 expression was not observed in androgen receptor-positive 

prostate cancer cells derived from lymph node metastasis (LNCaP) or bone metastasis 

(PCa2b). CD44 expression was reduced in PC3 cells transfected with androgen receptors 
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[113]. Androgen receptor modulates the expression of CD44 in prostate cancer cells. 

Studies by others have identified CD44 cleavage product (CD44-ICD) in complex with 

RUNX2 on the promoter of the MMP-9 gene in breast cancer cells [84].  The role of CD44-

ICD has not been studied in prostate cancer cells. The present study aims to characterize 

whether CD44-ICD is formed in androgen negative PC3 cells and has a role as a co-

transcriptional factor with RUNX2.  

 RUNX2, a transcription factor and master regulator of bone formation is highly 

expressed in tumor cells that metastasize to bone [143-145]. Specifically, RUNX2 has been 

shown to regulate genes (e.g., MMP2 and MMP-9) that are involved in metastasis-related 

events of prostate and breast cancer cells [30, 143]. Though RUNX2 is highly expressed 

in metastatic breast and prostate cancer cells, its expression in normal breast or prostate 

epithelial cells is negligible [144-146]. Dose-dependent knockdown of RUNX2 led to a 

decrease in MMP-9 expression but not MMP2 [30]. Our previous studies have shown that 

CD44 signaling in PCa cells regulates the phosphorylation of RUNX2 and knockdown of 

CD44 reduced RUNX2 phosphorylation [30]. However, CD44 interaction with RUNX2 

has not been studied in PCa cells. 

 In this study, we aimed to identify the role of CD44-ICD and its interaction with 

RUNX2 in metastasis and tumorigenesis. We found that CD44 and RUNX2 were highly 

expressed in PC3 cells as compared to LNCaP or PCa2b cells. CD44 was cleaved to 

generate CD44-ICD which interacted with RUNX2 in the nucleus. CD44-ICD/RUNX2 

interaction was not only more in PC3 cells overexpressing RUNX2 but also increased the 

migration and tumorsphere formation in vitro. Taken together, our observations suggest 
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that CD44-ICD may be an important co-factor for RUNX2-mediated transcriptional 

regulation. 

3.3 Materials and Methods 

Cell lines 

Cell Lines Derivative Androgen Receptor 

PC3 Caucasian Bone Metastasis Androgen Receptor 

Negative/Insensitive 

LNCaP Caucasian Lymph Node 

Metastasis 

Androgen Receptor 

Positive/Sensitive 

MDA PCa2b African American Bone 

Metastasis 

Androgen Receptor 

Positive/Sensitive 

Cell lines Derivative 

HPR1 Human Prostate Epithelial Cell  

RWPE1 Normal Human Epithelial Cell 

PC3/AR+ Caucasian Bone Metastasis stably expressing AR 

PC3/CD44- Caucasian Bone Metastasis stably knockdown of CD44 

PC3/RUNX2 Caucasian Bone Metastasis stably expressing RUNX2 

 

Table 3.1 List of all Prostate Cancer Cell Lines, Derivative and Androgen Receptor 

Status.  

 

Materials 

 Antibodies to CD44 (156-3C11), RUNX2 (D1L7F), SOX2 (D6D9), Ezrin (3145S) 

MMP-9 (D6O3H) and Nucleoporin (C39A3) were purchased from Cell Signaling 

Technology, Inc. (Danvers, MA). Androgen Receptor (sc-7305) and RUNX2 (sc-390351) 

antibodies were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). CD44-ICD 

antibody (KAL-KO601) was purchased from Cosmo Bio (Tokyo, Japan). Antibody to 

GAPDH (G9545) and other chemicals was purchased from Sigma-Aldrich, Inc (St.Louis, 

MO). HRP-conjugated Anti-Rabbit and anti-Mouse secondary antibodies were obtained 

from Kirkegaard & Perry Laboratories (Gaithersburg, MD) and Santa Cruz Biotechnology 

(Dallas, TX), respectively. Protein estimation reagent, molecular weight protein standards, 
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and reagents for polyacrylamide gel electrophoresis were purchased from Bio-Rad 

(Hercules, CA). Polyvinylidene difluoride membrane was obtained from Millipore Corp. 

(Bedford, MA). ECL reagent was purchased from Pierce (Rockford, IL). The 

fluorochrome-conjugated secondary antibody Alexa Fluor 488 (4412) and ProLong Gold 

Antifade DAPI (8961) were obtained from Cell Signaling Technology, Inc. (Danvers, 

MA). 

Cell Culture 

 PC3 and LNCaP cells were cultured in Roswell Park Memorial Institute (RPMI)-

1640 medium containing 10% fetal bovine serum (FBS), as previously described [29, 46]. 

HPR1 and RWPE1 cells were cultured in keratinocyte medium supplemented with 

epidermal growth factor (2.5 mg/500 mL) and bovine pituitary extracts (25 mg/500 mL) 

(Gibco, Life Technologies, Bethesda, MD). PCa2b was cultured in BRFF-HPC1 (Athena 

ES, Baltimore, MD) medium containing only 10% FBS, slightly modified from previously 

described [108]. Heat-inactivated FBS (16000036; Gibco, Life Technologies) was used to 

culture PCa2b cells. All cell culture media was supplemented with 1% penicillin and 

streptomycin and cells were maintained at 37°C in a humidified incubator with 5% CO2.  

RNA Extraction and Quantitative Real-Time PCR 

 Total RNA extraction from PC3, LNCaP, PCa2B, and PC3 cells overexpressing 

RUNX2 (PC3/RUNX2) and real-time RT-PCR analysis was performed as described [30, 

113].  SYBER Universal Master Mix (Applied Biosystems, Foster City, CA) was used 

along with custom PCR primers for CD44, RUNX2, MMP-9, SOX2, OCT4, and GAPDH. 

The forward (F) and reverse (R) primers used for the indicated genes are as follows: 

CD44  F: 5’-ACCGACAGCACAGACAGAATC-3’ 
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  R: 5’-GTTTGCTCCACCTTCTTGACTC-3’ 

RUNX2 F: 5′-CGGCCCTCCCTGAACTCT-3′ 

  R: 5′-TGCCTGCCTGGGGTCTGTA-3’ 

MMP-9 F: 5’-CTGTCCAGACCAAGGGTACAGCCT-3’ 

  R: 5’-GAGGTATAGTGGGACACATAGTGG-3’ 

OPN  F: 5’-CCACAGTAGACACATATGATGG-3’ 

  R: 5’-CAGGGAGTTTCCATGAAGCCAC-3’ 

OCT4:  F: 5′-TCGAGAACCGAGTGAGAGG-3′  

  R: 5′-GAACCACACTCGGACCACA-3′ 

SOX2:  F: 5’-AACCCCAAGATGCACAACTC-3’  

  R: 5’-CGGGGCCGGTATTTATAATC-3’  

GAPDH:  F: 5’-TGCACCACCAACTGCTTAG-3’  

  R: 5’-GATGCAGGGATGATGTTC-3’ 

Lysate Preparation and Immunoblotting Analysis 

 Cells were washed two times in cold 1X PBS and lysed in lysis buffer (62.5mM 

Tris-HCl ph 7.5; 10% glycerol, and 2% SDS). Lysates were collected, then sonicated for 

30 seconds and centrifuged for 5 minutes at 14,000 rpm at room temperature. The 

supernatants were used for protein estimation and immunoblotting analysis as previously 

described with the following modification [47]. The samples were heated at 70°C for 15 

minutes before loading on the gel.  

Cytoplasmic and Nuclear Protein Fraction Preparation  
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 Cytoplasmic and nuclear protein fractions were isolated from PCa cell lines using 

nuclear extraction kit (ab113474; Abcam Biotechnology, Cambridge, United Kingdom) 

according to the manufacturer’s recommendations.  

Immunoprecipitation Analysis 

 Equal amounts of protein lysates (50-150 μg) were used for immunoprecipitation 

analysis. Immunoprecipitation analysis was done as described previously [110, 147]. 

Overexpression of RUNX2 in PC3 cells 

 PC3 cells were grown in 6-well plates overnight at 37°C and allowed to reach ~80% 

confluency. HA-RUNX2 construct was transfected using Lipofectamine 2000 

(ThermoFisher Scientific). After 24 hours of transfection, cells were kept in RPMI media 

with 10%FBS. After 24h, cell lysates were collected and subjected to SDS-PAGE. 

Immunoblotting analysis was done to confirm the overexpression of RUNX2. Stable 

selection was done for three weeks with 100 μg G418 Sulfate (30-234-CR) Corning Inc. 

(Corning, NY)  

Immunostaining Analysis  

 Immunostaining and image analyses of cells were done as described [113]. 

Antibodies were used in the following dilutions in antibody dilution buffer (1× PBS/1% 

bovine serum albumin/0.3% Triton X‐100): RUNX2 (1:100 dilution), CD44 (1:1000 

dilution) and the fluorochrome-conjugated secondary antibody (1:500 dilution).  Stained 

cells were imaged on Zeiss LSM 510 META Confocal Laser Scanning Microscopes (Zeiss, 

Germany).  

Wound Closure and Tumorsphere Formation Assays  
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 Wound closure and tumorsphere formation assays were done as described [113]. 

Mitomycin C (10 μg/ ml) was added to the medium to inhibit proliferation of cells during 

migration in the wound closure assay [46, 113]. Wound closure was monitored by 

migration of cells for 24 h; pictures were taken at 0h, 8h and 24h time points with a digital 

SPOT camera attached to an inverted Nikon phase contrast microscope. Cells were 

incubated for seven days to induce tumorsphere formation as described [111-113]. 

Tumorspheres were imaged using a Cytation-3 Imaging Reader from Biotek. 

Statistical Analysis 

All values presented as mean ± SEM. A value of p < 0.05 was considered significant. Two-

tailed Student's t-test or one-way analysis of variance (ANOVA) determined statistical 

significance. All of the data were analyzed with GraphPad Prism (GraphPad Software, Inc., 

La Jolla, CA). 

 

3.4 Results  

CD44 is expressed both at the mRNA and protein levels in PC3 cells. 

Previous studies in our lab have identified varying expression levels of CD44 in 

PCa cell lines derived from different metastasis [30]. We sought to validate the expression 

levels of CD44 in indicated cell lines of interest before proceeding our studies. We used 

real-time PCR and immunoblotting analyses (Figure 3.1). As shown previously, CD44 

mRNA and protein levels were high in PC3 cells (Figure 3.1 A-C) but negligible or not 

observed in LNCaP cells (Figure 3.1 A-C). Also, CD44 protein was not observed in control 

normal prostatic epithelial cell lines such as HPR1 and RWPE1 (Figure 3.1B). 

Interestingly, androgen receptor positive PCa2b cells expressed CD44 at mRNA levels 
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(Figure 3.1A) but not at protein levels (Figure 3.1B and C, lane 3). We then used PC3 cells 

stably expressing androgen receptor cDNA (PC3/AR+). PC3/AR+ and LNCaP cells 

demonstrated significantly decreased levels of CD44 (Figure 3.1D, lane 2 and 3). Our 

results suggest that AR expression in PCa cell lines has differential effects on the 

expression of CD44.  

RUNX2 is expressed both at the mRNA and protein levels in PC3 cells. 

We have previously shown that knockdown of CD44 in PC3 cells (CD44-/-) 

decreased RUNX2 at mRNA and protein levels as well as RUNX2-mediated 

transcriptional regulation [30]. Therefore, we wanted to determine the expression levels of 

RUNX2 in PCa cells of interest. RUNX2 was highly expressed both at mRNA (Figure 

3.2A) and protein (Figure 3.2B, lane 1) levels in PC3 cells, but not in LNCaP cells (Figure 

3.2A and B; lane 2). Again surprisingly, RUNX2 level was elevated in PCa2b cells at 

mRNA levels but not expressed at the protein level (Figure 3.2A and B, lane 3). RUNX2 

expression was very low or not observed in PC3/AR+ cells (Figure 3.2C; lane 2). These 

results suggest the possibility that RUNX2 expression is dependent on CD44 mediated 

signaling. The present study aims to characterize the interaction of CD44-ICD with 

RUNX2. Our initial characterizations (Figures 3.1 and 3.2) demonstrated that PC3 cells are 

the only cells that express both CD44 and RUNX2 at mRNA and protein levels. Therefore, 

studies described below used PC3 cells.   
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Figure 3.1 Characterizing the expression of CD44 in PCa cell lines.  

 

A. Real-time PCR analysis of CD44 expression in PC3 (lane 1), LNCaP (lane 2), and 

PCa2b (lane 3) cells. B. Immunoblotting (IB) analysis with an antibody to CD44 (top 

panel) and GAPDH (bottom panel). Equal amounts of protein lysates (40 g) made from 

PC3 (lane 1), LNCaP (lane 2), PCa2b (lane 3), control HPR1 and RWPE1 (lane 4 & 5) 

cells were immunoblotted with CD44 antibody to detect total cellular levels. C. Equal 

amounts of PC3, LNCaP, PCa2b cells were immunoblotted with CD44 antibody. D. Equal 

amounts of PC3 (lane 1), PC3/AR+ (lane 2), and LNCaP (lane 3) were immunoblotted with 

CD44 antibody to detect total cellular levels. GAPDH was used as loading control for real-

time PCR and immunoblotting analysis (A-C). The results represent one of three separate 

experiments performed with the same results.  
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Figure 3.2 Characterizing the expression of RUNX2 in PCa cell lines.  

 

A. Real-time PCR analysis of RUNX2 expression in PC3 (lane 1), LNCaP (lane 2), and 

PCa2b (lane 3) cells. B. Immunoblotting analysis with an antibody to Runx2 (top panel) 

and GAPDH (bottom panel). Equal amounts of protein lysates (40 g) made from PC3 

(lane 1), LNCaP (lane 2), PCa2b (lane 3). C. Equal amounts of PC3 and PC3/AR+ were 

immunoblotted with RUNX2 antibody. GAPDH was used as loading control for real-time 

PCR and immunoblotting analysis (A-C). The results represent one of three separate 

experiments performed with the same results.  
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CD44 is sequentially cleaved by MMP2 and -secretase to generate the CD44-ICD 

fragment  

Sequential proteolytic cleavage of CD44 by MMPs and -secretase was shown to 

generate CD44-ICD which then translocates into the nucleus to regulate gene expression 

[21, 81]. As a requirement for studies on the interaction of CD44-ICD with RUNX2, we 

first tested for the antibody which recognizes correct CD44-ICD fragment and second the 

predominant localization of CD44-ICD in PC3 cells by immunoblotting analyses.  

We showed here that CD44-ICD antibody (Cosmo Bio) recognized CD44 protein 

fragments of ~20 kDa (indicated by an asterisk) and ~16kDa (CD44-ICD) (Figure 3A). 

Also, CD44 fragments were more in the nuclear fraction (Figure 3.3A, lane 2) than in 

cytoplasmic fraction of PC3 cells (lane 1). As anticipated, LNCaP and PCa2b cells were 

negative for CD44-ICD fragments (lanes 3-6). To corroborate the nuclear localization of 

CD44-ICD, we used total cellular lysate as well as cytoplasmic and nuclear fractions of 

PC3 cells. Immunoblotting analysis with a CD44-ICD antibody demonstrated a population 

of CD44 fragments which were more in the nuclear fraction (Figure 3.3B, lane 3) than in 

the cytoplasmic fraction or total cellular lysate (lanes 1 and 2) of PC3 cells. These 

observations again confirmed the predominant localization of CD44-ICD in the nucleus 

after cleavage (Figure 3.3B). Immunoblotting with a GAPDH and nucleoporin 

demonstrated the purity of the cytoplasmic and nuclear fractions. These were also used as 

loading controls (Figure 3.3A and B). 

To further identify the detectable levels of CD44-ICD fragment in total cellular 

fragment, we used more total cellular lysate proteins. CD44 protein fragments of ~20 kDa 

(indicated by an asterisk) and ~16kDa (CD44-ICD) were observed, but the levels were 
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considerably lower than the level observed in the nuclear fraction (Figure 3.3B, lane 3). 

Consistently, CD44-ICD fragment was observed only in PC3 cells (Figure 3.3C, lane 1). 

CD44-ICD has the ability to localize to the nucleus which is one of the basic principles for 

a protein to be a regulator of transcription.  

RUNX2 expression is regulated by the cleavage and formation of CD44-ICD  

We have previously shown the relationship of CD44 signaling to RUNX2 

expression. CD44-/- cells demonstrated reduced expression of RUNX2 at the mRNA and 

protein levels [30].  Therefore, we proceeded to determine whether CD44-ICD interacts 

with RUNX2 and whether abrogation of this interaction will reduce RUNX2 levels. Here, 

we blocked the cleavage of CD44 using an inhibitor to -secretase (DAPT). Dose-

dependent effects of DAPT on CD44-ICD formation is shown (Figure 3.4A).  

Immunoblotting analysis was done with an antibody to CD44-ICD in PC3 cells (Figure 

3.4A, lane 1), PC3 cells treated with DMSO (lane 2), PC3 cells treated with indicated 

concentrations of DAPT (lanes 3-7), LNCaP cells (lane 8) and CD44-/- cells (lane 9). A 

dose-dependent decrease in the cleavage and formation of CD44-ICD fragment was 

observed at 1µM, and 5µM DAPT (Figure 3.4, lanes 3 and 4) and this decrease were 

stabilized at 10, 15 and 20 µM DAPT (lanes 5-7). Formation of two extracellular truncation 

fragments (CD44-EXT) with molecular weight (MW) ~25kDa (**) and ~ 20kDa (*) was 

observed in PC3 cells treated with DAPT (lanes 3-7). Formation of these fragments was 

very minimal in untreated (lane 1) or DMSO-treated (lane 2) PC3 cells. CD44-ICD 

fragment was observed in these cells (lanes 1 and 2).  

To determine the effect of DAPT on the expression of RUNX2, we chose 1μM and 

5μM concentration of DAPT (Figure 3.4B, lanes 2 and 3). A dose-dependent decrease in 
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RUNX2 expression was observed in DAPT treated PC3 cells (Figure 3.4B, lanes 2 and 3) 

as compared to DMSO-treated PC3 cells (lane 1). A decrease in the levels of RUNX2 in 

DAPT-treated cells (Figure 3.4B) and CD44-/- cells [1] is interesting. Taken together, 

CD44 cleavage by γ-secretase appeared to have a role in the formation of CD44-ICD; 

subsequently, it may have a role in RUNX2 expression.  
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Figure 3.3 Characterizing the expression of CD44-ICD in PCa cell lines.  

 

A. Immunoblotting analysis with an antibody to CD44-ICD (top panel) and GAPDH 

(bottom panel). Equal amounts of protein lysates (40 g) made from PC3 (C) – cytoplasmic 

fraction (lane 1), PC3 (N) – nuclear fraction (lane 2), LNCaP (C) – cytoplasmic fraction 

(lane 3), LNCaP (N) – nuclear fraction (lane 4), PCa2b (C) – cytoplasmic fraction (lane 5), 

PCa2b (N) – nuclear fraction (lane 6) were immunoblotted with CD44-ICD antibody to 

detect cytoplasmic and nuclear levels. B. IB analysis of total (T), cytoplasmic (C) and 

nuclear (N) lysates (20ug) from PC3 cells with an antibody to CD44-ICD (~16.5kDa). C. 

IB analysis of total cellular lysates (40ug) from PC3 (lane 1), LNCaP (lane 2) and PCa2b 

(lane 3) cells were immunoblotted for antibody to CD44-ICD. GAPDH was used as loading 

control for immunoblotting analysis (A, lane 1, 3 & 5 and B, lane 1 & 2 and C). 

Nucleoporin (NP) was used as loading control for nuclear (N) lysates (A, lane 2, 4 & 6 and 

B, lane 3). The results represent one of three separate experiments performed with the same 

results. Two asterisks (**) represents the 25 kDa CD44 extracellular truncation (CD44-

EXT) while one asterisk (*) represents the 20 kDa CD44 extracellular truncation (CD44-

EXT). 
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Figure 3.4 Analysis of the effect of γ-Secretase inhibitor, DAPT on PC3 cells.  

A. Equal amounts of total lysates (40ug) was immunoblotted for CD44-ICD. IB analysis 

of PC3 cells untreated, PC3 cells treated with DMSO control, PC3 cells treated with 

increasing concentrations (1μM - 20μM) γ-secretase inhibitor (DAPT) lanes 3 – 7, LNCaP 

cells, and PC3 cells knockdown of CD44 was immunoblotted with an antibody to CD44-

ICD (top panel) and GAPDH (bottom panel). B. PC3 cells treated with DMSO control 

(lane 1), 1μM of DAPT (lane 2) and 5 μM of DAPT (lane 3) was immunoblotted with an 

antibody to RUNX2 (top panel), CD44-ICD (middle panel) and GAPDH (bottom panel). 

Two asterisks (**) represents the 25 kDa CD44 extracellular truncation (CD44-EXT) while 

one asterisk (*) represents the 20 kDa CD44 extracellular truncation (CD44-EXT). 
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RUNX2 interacts with CD44-ICD in the nucleus of PC3 cells 

To determine if RUNX2 and CD44-ICD interact in the nucleus of PC3 cells, we 

performed immunoprecipitation and confocal analyses (Figure 3.5). Immunoprecipitation 

analysis was performed in the cytoplasmic and nuclear fractions of PC3 cells with 

antibodies to CD44-ICD (Figure 3.5A, lane 1 and 2) and CD44 (Figure 3.5A, lane 3 and 

4). Immunoblotting with a RUNX2 antibody demonstrated co-precipitation of RUNX2 

(~56kDa) more in the nuclear fraction (Figure 3.5, lanes 2 and 4) than in cytoplasmic 

fractions (lanes 1 and 3). However, the amount of associated RUNX2 was more in the 

immunoprecipitate made with a CD44 antibody (lane 4). RUNX2 protein was not observed 

in the immunoprecipitates made with a species-specific non-immune (NI) serum (Figure 

3.5A, lane 5). 

To further elucidate CD44-ICD/RUNX2 interaction in the nucleus, we generated 

stable PC3 cells expressing HA-tagged RUNX2 cDNA (PC3/RUNX2). Using total cellular 

lysates, we confirmed the expression of HA-tagged RUNX2 by immunoblotting with an 

antibody to HA (Figure 3.5B) and RUNX2 (Figure 3.5C). Immunoblotting with an HA-

antibody showed expression of HA-tagged RUNX2 only in PC3/RUNX2 cells (Figure 

3.5B, lane 2) and not in control PC3 cells (lane 1). Immunoblotting with a RUNX2 

antibody substantiated this observation. It recognized both HA-tagged (~59-60kDa) and 

endogenous RUNX2 (~56kDa; Figure C, Lane 2). Only endogenous RUNX2 was observed 

in control PC3 cells (C, lane 1). The MW of HA-tag is ~1102.15 Dalton (~1.1kDa). A 3kDa 

shift in HA-tagged RUNX2 (~59-60kDa) may be due to reduced mobility of the fusion 

proteins in SDS-PAGE by HA-tag as shown by others [148]. Subsequently, RUNX2 

immunoprecipitates made from PC3 (lane 1) and PC3/RUNX2 cells (lane 2) were used for 
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immunoblotting with a CD44-ICD antibody (Figure 3.5E). Here we showed co-

precipitation of CD44-ICD (16kDa) and 20kDa (indicated by an asterisk) fragments of 

CD44 with RUNX2. While the levels of 20kDa fragment remain the same in both PC3 and 

PC3/RUNX2 cells, its association with RUNX2 is considerably lower than CD44-ICD 

fragment (Figure 3.5E, lanes 1 and 2).  An increase in the expression of RUNX2 

corresponded with an increase in the co-precipitation of CD44-ICD in PC3/RUNX2 cells 

(lane 2) as compared with PC3 cells (lane 1). Neither RUNX2 (Figure 3.5A, lane 5) nor 

CD44-ICD (Figure 3.5E, lane 3) was observed in the immunoprecipitates made with a 

species-specific non-immune serum (NI). 

RUNX2/CD44-ICD interaction was also confirmed in PC3 cells by 

immunostaining analysis with an antibody to CD44 (Figure 3.6A) and RUNX2 (Figure 

3.6B). DAPI staining (blue; Figure 3.6H’) was used to evaluate the nuclear localization of 

CD44 (green, A) and RUNX2 (red; B). Colocalization of DAPI and RUNX2 is shown in 

the nucleus (magenta; Figure 3.6H”). Although diffused cytoplasmic staining of CD44 was 

observed in PC3 cells (Figure 3.6A), intense staining of CD44 in the nucleus (indicated by 

arrows in A) represents the nuclear localization of CD44-ICD fragment. Interestingly, this 

is colocalized with RUNX2 in the nucleus (yellow; Figure 3.6D; indicated by arrows). No 

colocalization of cytoplasmic CD44 with RUNX2 again confirmed the specificity of 

interaction of fragments of CD44 with RUNX2. Based on the above observations, we 

propose that CD44-ICD/ RUNX2 interaction is well-maintained in the nucleus of PC3 

cells. 
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Figure 3.5 Analysis of the interaction between CD44-ICD and RUNX2.  

 

A. Equal amounts of PC3 cytoplasmic (lane 1 and 3) and nuclear lysates (lane 2, 4 and 5) 

were immunoprecipitated with CD44-ICD antibody (lane 1 and 2) or CD44 (lane 3 and 4) 

and subjected to immunoblotting (IB) analyses with an antibody to RUNX2 (lane 1-5). B. 

PC3 cells (lane 1) and PC3/Runx2 overexpressing cells (lane 2) were immunoblotted with 

HA-RUNX2 antibody, C. RUNX2 antibody and D. GAPDH loading control antibody. E.  

Equal amounts of PC3 (lane 1 and 3) and PC3/RUNX2 (lane 2) cells were 

immunoprecipitated with an antibody to RUNX2 and subjected to IB analyses with a 

CD44-ICD antibody. One asterisk (*) represents the 20 kDa CD44 extracellular truncation 

fragment (CD44-EXT). These results represent one of the three experiments performed 

with the similar results. 
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Figure 3.6 Analysis of the localization of CD44 and RUNX2 in PC3 cells.  

 

A. Confocal microscopy analyses of PC3 cells stained with CD44 (green), B. RUNX2 (red) 

C. Overlay H’ DAPI nuclear counterstain (blue) and H’’ DAPI/RUNX2 co-localization 

(magenta) D. CD44/DAPI/RUNX2 co-localization (yellow). Arrows point to CD44-ICD 

(A) and co-localization of CD44/DAPI/RUNX2 (D).  
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RUNX2 overexpression upregulates the expression of metastasis-related genes in PC3 

cells  

Here, our goal was to determine the effect of RUNX2 overexpression on the 

expression of metastasis-related genes (Figure 3.7). RUNX2 overexpression did not have 

any significant effect on the mRNA levels of OCT4 (Figure 3.7A), SOX2 (3.7B), and 

CD44 (3.7C) genes. However, an increase in osteopontin (OPN; Figure 3.7D) and MMP-

9 (Figure 3.7E) was observed at mRNA levels in PC3/RUNX2 cells, compared to PC3 

cells. Likewise, at protein levels, we did not observe a significant increase in the expression 

of ezrin or SOX2 (Figure 3.7F); but we observed a marked increase in the expression of 

OPN and MMP-9 in PC3/RUNX2 cells, compared to PC3 cells. These results are consistent 

with previous studies by others that RUNX2 overexpression increases the expression of 

genes that are crucial for metastasis of breast cancer cells [143]. 

RUNX2 overexpression promotes wound healing and tumorsphere formation in PC3 

cells 

To further define and highlight the impact of RUNX2 overexpression on metastasis, 

we performed wound healing and tumor sphere formation assays in vitro in PC3 and 

PC3/RUNX2 cells. Wound closure was monitored for 8 and 24 hours (Figure 3.8). 

PC3/RUNX2 cells displayed greater migration and wound closure capabilities (Figure 

3.8F) as compared to PC3 cells (Figure 3.8E) at 24h. While PC3 cells were fibroblastic and 

polygonal-shaped (Figure 3.8G), PC3/RUNX2 cells demonstrated rounded morphology. 

Also, some of them displayed polygonal well-spread morphology (Figure 3.8H). 

Then we sought to determine if RUNX2 overexpression influences tumorsphere 

formation in vitro in PC3 cells. PC3/RUNX2 cells had a greater capability of proliferating 
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and forming colonies as compared to PC3 cells. The round shaped morphology in 

PC3/RUNX2 cells could support aggregate and sphere formation.  

  

 

 

 

 

 

 

 
 

 

Figure 3.7 The effect of RUNX2 overexpression on the expression of metastasis 

related genes.  

 

A-E. Real time PCR analysis of OCT4, SOX2, CD44, OPN, and MMP-9 expression in 

PC3, PC3 cells transfected with RUNX2, and LNCaP cells. F. An equal amount of protein 

lysates (30g) made from PC3 (lane 1) and PC3 cells transfected with RUNX2 (lane 2) 

were immunoblotted with Ezrin, OPN, RUNX2, SOX2, MMP-9 antibodies to detect total 

cellular levels of the respective proteins. GAPDH was used as loading control for real-time 

PCR and IB analysis (A-G). The results represent one of three separate experiments 

performed with the same results. *p<0.05 or **p<0.01  
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Figure 3.8 Analysis of the effect of RUNX2 overexpression on migration, cell 

morphology, and tumorsphere formation in PC3 cells.  

 

A-F. PC3 and PC3/RUNX2 cells were subjected to wound closure assay. Phase contrast 

micrographs show migration at 0, 8, and 24 hours. G-H. Phase contrast micrographs show 

the morphology of PC3 and PC3/RUNX2 cells at x100 magnification. I-J. Cell imaging in 

multimode microscope (cytation3) shows tumorsphere formation in PC3 and PC3/RUNX2 

cells. Scale bar: 200μm. The results are representative of three independent experiments. 
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3.5 Discussion 

The mechanism of CD44 action has been studied extensively in cancer cells. It has 

been shown to be a key regulator of metastasis through its interaction with its several 

ligands [37, 38, 46, 136]. Additionally, recent studies have been directed towards CD44-

ICD as the main regulator of metastasis in cancer cells through its interaction with 

transcription factors that regulate expression of genes involved in metastasis [79, 81, 84]. 

However, the underlying molecular mechanisms by which CD44-ICD regulates prostate 

cancer metastasis has not been studied. There is a need for more definitive studies to better 

understand the factors responsible for the regulation of metastasis.  

More recently, studies have identified CD44 cleavage product to be an important 

factor regulating transcription of metastatic target genes. In breast cancer cells, sequential 

cleavage of CD44 resulted in nuclear accumulation of CD44-ICD [84]. Other studies in 

breast cancer also have shown cleavage of CD44 intracellular domain to be responsible for 

activation of stemness factors that promote tumorigenesis [79].  Our initial characterization 

in androgen receptor negative (AR-) PCa cells derived from bone metastasis (PC3 cells) 

demonstrated not only the expression of CD44 but also the formation of CD44-ICD 

fragments. Neither the expression of CD44 nor formation of CD44-ICD fragments were 

observed in AR+ cells (PCa2b and LNCaP) even though PCa2b cells are derived from bone 

metastasis. Androgen receptor seems to have an opposing role in the expression of CD44. 

To validate this statement, we used PC3 cells expressing AR.  Expression of AR reduced 

the levels of CD44 in PC3/AR+ cells. Expression of CD44 not only increases the metastatic 

potential of PC3 cells [29, 30, 149, 150] but also retain stemness characteristics by 

regulating the expression of stem cell factors (e.g., SOX2) [18, 79, 113]. CD44 expression 
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in PC3 cells provides metastatic and stemness properties that regulate the tumorigenic 

properties and targeting CD44 will reduce or overcome metastatic and recurring PCa.  

Several studies showed the association of RUNX2 with the progression of prostate 

and breast cancer [30, 143, 145, 151-153]. CD44 and RUNX2 expression was minimal or 

not observed in AR+ cells (LNCaP and PCa2b). It was shown that  AR has the potential to 

bind RUNX2 and prevents its transcriptional function [154]. CD44 seems to have a 

counter-regulatory role in the activation of RUNX2 mediated events in the absence of AR 

in PC3 cells. As shown previously [30, 144], CD44 and RUNX2 are highly expressed in 

AR-negative PC3 cells. AR expression in PC3 cells reduced the levels of RUNX2 which 

is in line with the CD44 levels. We have shown here and previously [30] that CD44 

regulates the expression of RUNX2 at mRNA and protein levels. Abrogation of CD44 

cleavage by DAPT or knockdown of CD44 in PC3 cells (CD44-/-) reduced the levels of 

RUNX2. It is not known whether CD44 has a role in the transcriptional regulation of 

RUNX2 which needs further elucidation. This is the limitation of this paper.   

RUNX2 has been implicated as a primary candidate to regulate adhesion and 

migration of cancer cells [143]. Expression of RUNX2 was observed in prostate tissue and 

PCa cells [143, 152, 153]. RUNX2 overexpression in breast or prostate cancer increases 

metastasis of these cancer cells to bone [145, 151]. It has been suggested that CD44 has 

been translocated into the nucleus to regulate gene transcription [81, 142]. CD44-ICD was 

shown to regulate the expression of several genes through its interaction with RUNX2 in 

breast cancer cells [81, 84]. CD44-ICD/RUNX2 interaction and their role in the regulation 

of transcription has not been studied in PCa cells. Therefore, we proceeded to determine 

whether there is any interaction between CD44-ICD and RUNX2 and this interaction has 
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any regulatory role in the expression of genes of interest in PC3 cells.  We used several 

approaches to confirm CD44-ICD/RUNX2 interaction.  

First, we determined CD44-ICD/RUNX2 interaction in the nucleus using 

PC3/RUNX2 cells. We showed that 20kDa EXT-CD44 fragment was coprecipitated with 

RUNX2 in PC3/RUNX2 and PC3 cells but to a lesser extent, compared with 16kDa CD44-

ICD fragment. This suggests that sequential cleavage of CD44 by γ-secretase and MMPs 

[21, 81] is essential and the formation of 16kDa fragment of CD44 has more binding 

specificity to RUNX2. We believe that further characterization by C-terminal truncation 

will elucidate the sequence of CD44-ICD fragment which has stronger binding capacity 

with RUNX2 than the16kDa CD44-ICD fragment.  

Secondly, we pursued the analyses on the expression of genes as a result of CD44-

ICD/RUNX2 interaction. RUNX2 has been identified as the key transcription factor for the 

expression of OPN and osteocalcin in osteoblasts [146, 155]. Runx2 and Ezrin expressions 

are closely correlative to postoperative recurrence and metastasis in patients with non-small 

cell lung cancer [156].We have previously shown that CD44-/- cells displayed reduced 

levels of SOX2 in PC3 cells [113]. RUNX2 and MMP-9 are considered as markers of 

breast [153] and prostate cancer cells which metastasize to bone [144]. Therefore, we 

proceeded to determine the RNA and protein levels of SOX2, OCT4, Ezrin, MMP-9, and 

OPN. RUNX2 overexpression in PC3 cells increases the mRNA and protein levels of OPN 

and MMP-9 but had no effects on the expression levels of SOX2, OCT4, and ezrin. It is 

possible that CD44 signaling and not CD44-ICD/RUNX2 interaction in the nucleus may 

regulate the expression of these proteins. An increase in OCT4 at mRNA level of LNCaP 

cells suggest that the expression is androgen-dependent.  
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Thirdly, overexpression of RUNX2 in PC3 cells promoted migration and 

tumorsphere formation via upregulating genes involved in metastasis. An increase in the 

expression of OPN and MMP-9 suggest that RUNX2 contributes to the metastatic property 

of cancer cells.  We also highlighted the importance of RUNX2/CD44-ICD interaction as 

inhibition of CD44 cleavage resulted in reduced RUNX2 expression. RUNX2 knockdown 

reduced the levels of MMP-9 and cell migration [144]. OPN has been implicated in the 

metastatic potential of various cancers. OPN-induced signaling regulates cell migration 

and tumor progression. This is considered as one of the novel targets for cancer therapy 

[42, 49, 157-162]. OPN expression and MMP-9 activity are linked to the progression and 

metastasis of prostate cancer [42, 161, 163]. OPN-overexpression in PC3 cells increased 

the expression of CD44 and MMP-9 [46]. Our findings in this paper provided a positive 

feedback loop which couples OPN expression to migration and invasion via MMP-9 [59]. 

OPN expression and secretion increase the levels of CD44; interaction of CD44 with 

MMP-9 increases the migration, colony formation, and invasion. CD44 expression 

regulates the expression of RUNX2, which is a key transcriptional factor for the expression 

of OPN and MMP-9 (Figure 3.9).  
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Figure 3.9 Specific Aim 2: Schematic diagram illustrating the proposed mechanism 

of CD44-RUNX2 interaction in PC3 cells. 

 

CD44 sequentially cleaved to generate CD44-intracellular domain (ICD) fragment. CD44-

ICD translocates into the nucleus and interacts with RUNX2 to activate transcription of 

genes (e.g., RANKL, MMP-9, OPN, etc.) that regulate tumor progression. 
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Chapter 4: Elucidation of the Significance of CD44-Intracellular Domain 

Interaction with RUNX2 in PC3 Human Prostate Cancer Cells 
 
 

4.1 Abstract 

Sequential proteolytic cleavage of the multifunctional cell surface receptor CD44 

first at the extracellular domain than at the transmembrane domain produces the CD44 

intracellular domain (CD44-ICD) fragment. CD44 extracellular domain is capable of 

binding to hyaluronan (HA) and other ligands, while CD44-ICD can interact with the actin 

cytoskeleton inside the cell. We have recently shown that CD44 can be proteolytically 

cleaved in prostate cancer, PC3 cells and this cleavage can be blocked using presenilin-

1/γ-secretase inhibitor.  Previous studies by others have shown that the CD44-ICD 

fragment is indeed capable of modulating the function of full-length CD44 and thus may 

have a feedback effect on its expression. In this study, we attempt to further our 

understanding of the biological consequence of cleavage and also determine the 

mechanism by which CD44 can promote tumorigenesis of prostate cancer cells. We used 

a combination of overexpression strategy of CD44-ICD and CD44-ICD-EGFP C-Terminal 

deletion constructs to determine the sequence-specific interaction of RUNX2/CD44-ICD 

capable of regulating the expression of metastasis-related genes. We show here that when 

CD44-ICD is overexpressed, we see a corresponding increase in RUNX2 interaction. The 

co-localization of CD44-ICD with RUNX2 was observed in the nucleus of PC3 cells. 

Expression of serial deletion constructs of CD44-ICD in PC3 cells demonstrated more 

interaction of CD44-ICD fragment with RUNX2 between amino acid sequences 671 and 

706. Interaction of these two may be responsible for upregulating genes MMP-9 and OPN. 

Preliminary results indeed showed greater expression of CD44-ICD-FL and D3 constructs 
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binding to the RUNX2 binding sites of the MMP-9 gene.  Our results indicate that CD44 

cleavage product may be one of the key biological factors which contribute to PCa 

progression. However, we will need to develop further the mechanisms involved and 

elucidate the effect of releasing the intracellular domain fragment of CD44.   

 

4.2 Introduction 

 As discussed extensively in the preceding chapters, prostate cancer (PCa) is cancer 

that occurs in the prostate; it is the second leading cause of death in men after lung cancer 

[1, 85]. Though treatment options for early-stage PCa are curative, metastatic prostate 

cancer treatment options are more challenging [164]. Metastasis of PCa to distant sites 

including bone, liver, lungs, lymph nodes, and adrenals is often hard to treat [133]. The 

main treatment option for men with advanced stage disease is androgen deprivation therapy 

(ADT). Though initially responsive to ADT, PCa eventually leads to progression to a 

castration-resistant state [165]. Many factors contribute to PCa progression and metastasis.  

CD44 is a multifunctional cell surface receptor that plays a key role in cancer 

progression and metastasis [46]. Its interactions with various ligands such as hyaluronic 

acid (HA), osteopontin (OPN), matrix metalloproteinases, and collagens [22, 37, 59] play 

a key role in cell migration and invasion of cancer cells. Specifically, CD44-OPN 

interaction is known to regulate cell migration and invasion at distant sites [37]. OPN has 

also been shown to increase both standard and variant CD44 expression in prostate cancer 

[47]. Additionally, the interaction of CD44 and proteolytic form of MMP-9 is involved in 

PCa, PC3 cells invasion [46].  

CD44 can be cleaved by sequential proteolytic cleavage. This process of sequential 

cleavage is mediated first by membrane-associated metalloproteases (MMPs), generating 
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soluble CD44 fragment or membrane-bound CD44 extracellular truncation (CD44-EXT), 

followed by intramembranous cleavage by γ-secretase resulting in the release of  CD44 

intracellular domain (CD44-ICD) fragment [81, 141, 166]. CD44-ICD can translocate into 

the nucleus where it is known to regulate transcription of genes, e.g. MMP-9 and CD44 

[84]. Recently, CD44-ICD has been shown to interact with the master regulator of 

osteoblastogenesis, RUNX2, in the nucleus of breast cancer cells [84]. RUNX2 

transcription factor plays multiple roles in cancer progression. It is highly expressed in 

bone metastatic prostate and breast cancer cells [30, 143]. RUNX2 has also been shown to 

regulate metastasis-related genes like MMP2 and MMP-9, and dose-dependent knockdown 

of RUNX2 led to a decrease in the expression of MMP-9 but not MMP2 [30, 143]. Previous 

studies in our lab have also identified that signaling through CD44 regulates RUNX2 

phosphorylation [30]. Preliminary characterization has also shown that CD44-ICD and 

RUNX2 interact in the nucleus of PC3 cells. To our knowledge, this is the first time to 

show CD44-ICD/RUNX2 interaction in the nucleus of PCa, PC3 cells.  

In this study, we aimed to determine the biological consequence of CD44 cleavage 

into CD44-ICD and further investigate its interaction with RUNX2, transcription factor by 

generating serial deletion constructs of CD44-ICD. The ability of CD44-ICD sequence to 

activate transcription of a metastatic protein of interest through its interaction with RUNX2 

would provide a mechanism for increasing its different functional potential.  

 

4.3 Materials and Methods 

Cell lines 

Cell Lines Derivative Androgen Receptor 

PC3 Caucasian Bone Metastasis Androgen Receptor 

Negative/Insensitive 
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LNCaP Caucasian Lymph Node 

Metastasis 

Androgen Receptor 

Positive/Sensitive 

MDA PCa2b African American Bone 

Metastasis 

Androgen Receptor 

Positive/Sensitive 

Cell lines Derivative 

HPR1 Human Prostate Epithelial Cell  

RWPE1 Normal Human Epithelial Cell 

PC3/CD44- Caucasian Bone Metastasis stably knockdown of CD44 

PC3/RUNX2 Caucasian Bone Metastasis stably expressing RUNX2 

PC3/CD44-ICD 

constructs 

Caucasian Bone Metastasis stably expressing CD44-ICD C-

Terminal deletion constructs 

 

Table 4.1 List of Prostate Cancer Cell Lines, Derivative and Androgen Receptor 

Status. 

 

Materials 

We purchased antibodies to CD44 (156-3C11), RUNX2 (D1L7F), SOX2 (D6D9), 

MMP-9 (D6O3H), GFP (D5.1) and Nucleoporin (C39A3) from Cell Signaling 

Technology, Inc. RUNX2 (sc-390351) antibody was purchased from Santa Cruz 

Biotechnology, Inc. CD44-ICD antibody (KAL-KO601) was purchased from Cosmo Bio 

(Tokyo, Japan). CD44-ICD antibody (ab157107) and GFP (ab1218) purchased from 

(Abcam). Antibody to GAPDH (G9545) and other chemicals was purchased from Sigma-

Aldrich, Inc (St.Louis, MO). HRP-conjugated Anti-Rabbit and anti-Mouse secondary 

antibodies were obtained from Kirkegaard & Perry Laboratories (Gaithersburg, MD) and 

Santa Cruz Biotechnology (Dallas, TX), respectively. Protein estimation reagent, 

molecular weight protein standards, and PAGE reagents were bought from Bio-Rad 

(Hercules, CA). PVDF membrane was obtained from Millipore Corp. (Bedford, MA). ECL 

reagent was purchased from Pierce (Rockford, IL). The fluorochrome-conjugated 

secondary antibody Alexa Fluor 488 (4412) and ProLong Gold Antifade DAPI (8961) were 

obtained from Cell Signaling Technology, Inc. (Danvers, MA). 
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Generation of CD44-ICD and EGFP-CD44-ICD Deletion Constructs 

We used cloning approach to generate untagged CD44-ICD and tagged with EGFP 

CD44-ICD C-Terminal deletion (truncated) constructs. Figure 4.4 shows the schematic 

diagram of the fusion proteins generated. PCR primers were designed to amplify the human 

sequence corresponding to CD44-ICD, CD44 Ala288 to the stop codon following Val361, 

using primer pairs: 

Forward: 5’-CCGGAATTCAGGATGGCAGTCAACAGTCGAAGAAGGTGTGG-3’ 

Reverse:  5’-CCGGAATTCCACCCCAATCTTCATGTCCACATTC-3’ 

 To generate CD44-ICD construct, we first PCR-amplified CD44-ICD by using CD44H 

(CD44-Human; UniProt identifier number – P16070-1) sequence as a template, 

introducing the Xho1 and EcoR1 sites in the process. The PCR product was sub-cloned 

into a pcDNA3.1 (-).  

To generate CD44-ICD containing EGFP at the C-terminal (3’end), the PCR-

amplified untagged CD44-ICD sequence above was PCR amplified including the start site 

and Kozak sequence from the pcDNA3.1 (B) vector and sub-cloned into a pcDNA3-EGFP 

(Enhance Green Fluorescent Protein) vector (Addgene). It was crucial to ensure the CD44-

ICD insert be properly sub-cloned in frame. Hence, primers were designed carefully to 

include the appropriate restriction sites for directional cloning into pcDNA3-EGFP vector 

(Addgene). The forward primer was engineered to include a HindIII site, and reverse 

primer included an EcoR1 site. The primer pairs were:  

Forward: 5’-CCCAAGCTTGCAGTCAACAGTCGAAGAAGGTGTGG-3’ 

Reverse:  5’- CCGGAATTCCACCCCAATCTTCATGTCCACATTC-3’ 
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Amplified PCR product was subcloned into pcDNA3-EGFP vector digested with Hind III 

and EcoR1 enzymes (Figure 4.1). The primers used in generation of C-Terminal deletion 

(truncations) will be discussed in Chapter 4 results section.  
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Figure 4.1 Cloning Strategy to generate CD44-ICD untagged and CD44-ICD-EGFP.  

 

PCR product amplified using primers with Xho1 and EcoR1 sites and cloned into 

pcDNA3.1 (-) vector (A). Double restriction digest using HindIII and EcoRI restriction 

enzymes removed the untagged CD44-ICD from pcDNA3.1 (-) vector. The insert was 

subcloned into an open pcDNA3-EGFP vector to generate a CD44-ICD-EGFP (Enhanced 

Green Fluorescent Protein) tag at the C-terminus, the CD44-ICD-EGFP (B).  
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Conventional Polymerase Chain Reaction (PCR) 

The QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies cat # 

200522) was used to perform PCR reaction. A typical reaction consisted of 1μl each of the 

125ng stock solution oligonucleotides forward primer and reverse primer, 5μl dsDNA 

template (CD44-ICD), 5μl 10x reaction buffer, 1μl of dNTP mix, 1μl polymerase and 33 

μl sterile water. The cycling conditions were an initial denaturation for 1 minute at 95°C, 

followed by twenty-five amplification cycles, each of cycles of 50 secs denaturation at  

95°C, 50 secs annealing at 62°C and 1 minute extensive at 68°C. A final extension step 

was done for 7 minutes at 68°C. The amplification products were analyzed by agarose gel 

electrophoresis on 2% gel with products detected by Gel Green.  

Agarose Gel Electrophoresis 

 Agarose gel electrophoresis was used to analyze plasmid DNA, PCR products and 

restriction digests. 1.5% agarose gel was prepared by adding 1.5 g of agarose in Tris-

Acetate EDTA (TAE) (Quality Biological) buffer containing 10 μl of Gel Green solution.  

The gel was run for 1 to 3 hrs at 65 – 70 volts. The stained products were scanned with G-

Box imager (Syngene).  

Cell Culture 

PC3, LNCaP, and PC3 expressing CD44-ICD constructs cells were cultured in 

Roswell Park Memorial Institute (RPMI)-1640 medium containing 10% fetal bovine serum 

(FBS), as previously described [29, 46]. Cell culture media was supplemented with 1% 

penicillin and streptomycin and cells were maintained at 37°C in a humidified incubator 

with 5% CO2.  
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RNA Extraction and Quantitative Real-Time PCR 

Total RNA was extracted from PC3 and PC3 expressing CD44-ICD constructs 

using RNeasy Midi kit (Qiagen, Valencia, CA) and real-time RT-PCR analysis was 

performed as previously described [30, 113].  SYBER Universal Master Mix (Applied 

Biosystems, Foster City, CA) was used along with custom PCR primers for CD44, 

RUNX2, MMP-9, OPN, SOX2, OCT4, and GAPDH. The forward (F) and reverse (R) 

primers used for the indicated genes are as follows: 

CD44  F: 5’-ACCGACAGCACAGACAGAATC-3’ 

  R: 5’-GTTTGCTCCACCTTCTTGACTC-3’ 

RUNX2 F: 5′-CGGCCCTCCCTGAACTCT-3′ 

  R: 5′-TGCCTGCCTGGGGTCTGTA-3’ 

MMP-9 F: 5’-CTGTCCAGACCAAGGGTACAGCCT-3’ 

  R: 5’-GAGGTATAGTGGGACACATAGTGG-3’ 

OPN  F: 5’-CCACAGTAGACACATATGATGG-3’ 

  R: 5’-CAGGGAGTTTCCATGAAGCCAC-3’ 

SOX2:  F: 5’-AACCCCAAGATGCACAACTC-3’  

R: 5’-CGGGGCCGGTATTTATAATC-3’  

GAPDH:  F: 5’-TGCACCACCAACTGCTTAG-3’  

R: 5’-GATGCAGGGATGATGTTC-3’. 

Lysate Preparation and Immunoblotting Analysis 

Cells were collected as previously described in Chapter 3 using lysis buffer 

(62.5mM Tris-HCl ph 7.5; 10% glycerol, and 2% SDS) or RIPA buffer as described in 

Chapter 2. Lysates were collected, then sonicated for 30 seconds and centrifuged for 5 
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minutes at 14, 000 rpm at room temperature. The supernatants were used for protein 

estimation and immunoblotting analysis as previously described with the following 

modification [47].  

Cytoplasmic and Nuclear Protein Fraction Preparation  

Cytoplasmic and nuclear protein fractions were isolated from PCa cell lines using 

nuclear extraction kit (ab113474; Abcam Biotechnology, Cambridge, United Kingdom) 

according to the manufacturer’s recommendations.  

Immunoprecipitation analysis 

Equal amounts of protein lysates (50-150 μg) were used for immunoprecipitation 

analysis. Immunoprecipitation analysis was done as described previously [110, 147]. 

Immunostaining Analysis  

Immunostaining and image analyses of cells were done as described [113]. 

Antibodies were used in the following dilutions in antibody dilution buffer (1× PBS/1% 

bovine serum albumin/0.3% Triton X‐100): RUNX2 (1:100 dilution), GFP (1:1000 

dilution) and the fluorochrome-conjugated secondary antibody (1:500 dilution).  Stained 

cells were imaged on Zeiss LSM 510 META Confocal Laser Scanning Microscopes (Zeiss, 

Germany).  

Immunohistochemistry 

Prostatic adenocarcinoma tissue microarray (TMA) sections containing 10 cases of 

prostate adenocarcinoma with two adjacent normal prostate tissues in duplicate cores per 

case were purchased from the US Biomax, Inc (Rockville, MD). The sections were 

processed as previously described [30, 167]. Briefly, antigen retrieval was done in a 

microwave for 20 minutes using a buffer containing 10 mM Tris base pH 9, 1 mM EDTA 
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and 0.05% Tween 20. Sections were incubated in 3% hydrogen peroxide in PBS for 30 

minutes, washed with PBS and blocked in 2.5% BSA PBS for one hour at RT. Sections 

were then incubated with the primary antibodies diluted in blocking solution overnight at 

4°C. The next day, slides were washed in PBS then incubated with biotinylated secondary 

antibodies (1:500 dilutions) for one hour, followed by the avidin-biotin complex (ABC) 

method using ABC kit (Vector Laboratories, Burlingame, CA) for 30 minutes. Slides were 

washed and developed in 3,3-diaminobenzidine (DAB) for 2–3 min. Sections were 

counterstained with hematoxylin, dehydrated and mounted with Permount (Fisher 

Scientific). Immunostained sections were scanned using an Aperio ScanscopeW CS 

instrument (Aperio scanscope CS system, Vista, CA). Relative distribution of interested 

proteins in immunostained TMA sections was semi-quantitatively analyzed by two other 

investigators as well. 

Wound Closure 

Wound closure was done as described [113]. Mitomycin C (10 μg/ ml) was added 

to the medium to inhibit proliferation of cells during migration in the wound closure assay 

[46, 113]. Wound closure was monitored by migration of cells for 24 h; pictures were taken 

at 0h and 24h time points with a digital SPOT camera attached to an inverted Nikon phase 

contrast microscope.  

Chip Assay 

Chromatin immunoprecipitation was performed using a ChIP assay kit (17-295) 

and (17-371) purchased from Millipore Sigma (Burlington, MA) following the 

manufacturer's protocol. RUNX2 antibody (sc-390351), IgG mouse as a negative control 

and anti-polymerase II as a positive control was used to perform ChIP assay. Primers used 
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to amplify DNA fragments corresponding to a region on the human MMP-9 promoter were: 

5’-AGGTACCACAGTTCCCACAAGCTCTGC-3’ (Forward)  

5’ TTAAGCTTGGAGCACCAGGACCAGGG-3’ (Reverse) 

Statistical Analysis 

 All values presented as mean ± SEM. A value of p < 0.05 was considered 

significant. Two-tailed Student's t-test or one-way analysis of variance (ANOVA) 

determined statistical significance. All of the data were analyzed with GraphPad Prism 

(GraphPad Software, Inc., La Jolla, CA). 

 

4.4 Results  

PC3 cells highly express CD44-ICD and RUNX2 at protein levels and they localize 

together in the nucleus of the cell.  

 The ubiquitous transmembrane receptor CD44 has been extensively studied in our 

lab. We have previously shown CD44 expression in prostate cancer cell lines [29, 30, 46, 

113]. Also, in Chapter 3 we show that CD44 is cleaved into CD44-ICD. This cleavage 

can be inhibited by gamma-secretase inhibitor, DAPT. Here we first want to re-confirm 

our previous findings. We used immunoblotting analysis (Figure 4.2A-C) and 

immunostaining (Figure 4.2D) to validate the expression of CD44 (A), CD44-ICD (B) and 

RUNX2 (C) in PCa cell lines. CD44, CD44-ICD, and RUNX2 are highly expressed in bone 

metastatic PCa, PC3 cells (Figure 4.2, lane 2) as compared to LNCaP (Figure 4.2, lane 1) 

and PCa2b (Figure 4.2, lane 3) cells. This result is consistent with our previous 

observations. Thus far, we have shown that CD44 proteolysis occurs in PCa cells; however, 

the biological consequence of proteolysis needs further elucidation. We hypothesize that 
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CD44 cleavage results in nuclear translocation and co-localizing with RUNX2 (green) in 

areas with intense CD44-ICD staining (red). We have hence been able to corroborate our 

initial observation that CD44 cleavage results in nuclear translocation of the ICD fragment 

where it is then able to interact with RUNX2 as can be seen in (Figure 4.2D, overlay).   
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Figure 4.2 Confirmation of the expression of CD44, CD44-ICD and RUNX2 in PCa 

cell lines and localization of CD44-ICD and RUNX2 in PC3 cells.  

 

Immunoblotting analysis and confocal microscopy analysis of the distribution of RUNX2 

(green), CD44-ICD (red) and DAPI nuclear counterstain (blue) in PC3 cells.  

A-C: An equal amount of protein lysates (40 μg) made from LNCaP (lane 1), PC3 (lane 2) 

and PCa2b (lane 3) cells were immunoblotted with CD44 (A), CD44-ICD (B) and RUNX2 

(C) antibodies to detect total cellular levels of the respective proteins. Two asterisks 

represent the 25kDa CD44-EXT (external truncation) fragment, one asterisks represents 

the ~20kDa EXT fragment while CD44-ICD is ~16.5kDa. GAPDH was used as a loading 

control for immunoblotting analysis. D. Immunostaining analysis of the distribution of 

RUNX2 (green), CD44-ICD (red), and DAPI (blue). Regions of co-localization was shown 

in yellow. Scale bar-50µm. The results represent one of the three separate experiments 

performed with the same results. 
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Expression of CD44s and CD44-ICD is high in prostatic adenocarcinoma tissue 

microarray sections 

Next, to further validate our immunoblotting findings, we checked the expression 

levels of CD44s and CD44-ICD in prostate cancer tissue microarray. We performed 

immunohistochemical analyses in prostate cancer tissue microarray (TMA) sections with 

adjacent normal prostate tissue, containing 10 cases of adenocarcinoma, plus two adjacent 

normal prostate tissue (Figure 4.3 [36] and Figure 4.4). Our lab has previously shown 

positive staining for CD44s in the cytoplasm and nuclei of luminal epithelial and basal cells 

of normal prostate tissue (Figure 4.3A and A’), as well as overexpression of CD44s in 

tumor cells (Figure 4.3B and B’) [36]. Here we performed immunohistochemical staining 

with an antibody to CD44-ICD (brown). Immunostained sections were counterstained with 

hematoxylin stain (blue) as described in the Methods section. Normal and cancerous 

prostate tissue (indicted as A and B) in lower magnification view of the TMA section 

(Figure 4.4, top panel) is sequentially magnified in the bottom panel (Figure 4.4). 

Rectangles in A, A’, B, and B’ indicate areas of magnifications.  The red asterisk in A” 

represents stroma. Basal cells in the lumen of prostatic tissue (indicated by red arrow heads) 

and some of the cells in stroma (black arrow heads) demonstrate dark brown nuclear and 

light brown perinuclear staining (A”). Immunostaining was not observed in luminal cells. 

Blue staining was observed in these cells (indicated by wavy arrows). Tissue section of 

prostatic cancer (stage IV) is shown in Figure B. Expression of CD44s was seen in most of 

the cancerous cells present in the lumen of the prostate cancer tissue (Figure 4.3B and B’). 

Although a few of the cancerous cells present in the lumen are positive for CD44-ICD, 

staining was mostly observed in the nuclei. Most of the scattered cell types were positive 
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for CD44-ICD (Figure 4.4; B’). These scattered cell types were not confined within the 

lumen and also displayed migratory phenotype (Figure 4.4B”-indicated by black arrows). 

Enrichment of CD44-ICD in the nuclei of scattered type of cancerous cells suggest that 

this may assist in tumor progression via regulation of transcription of metastasis-related 

genes (e.g., MMP-9, OPN, etc.) 

 

 

Figure 4.3 Immunohistochemistry analysis of TMA sections with an antibody to 

CD44.  

 

TMA sections containing 24 cases were stained with an antibody to CD44s and then 

scanned in using an Aperio Scanscope® CS instrument (Aperio Scanscope CS system, 

Vista, CA). CD44s stained normal tissue (A and A’) and adenocarcinoma tissue (grade 2-

3) sections (B and B’) of a tissue microarray is shown from one of our previous lab 

publications [36]. Immunostained sections (brown) with CD44 antibody was 

counterstained with hematoxylin stain (blue). Scale bar represents 500µm (A and B) and 

100µm (A’ and B’). 
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Figure 4.4 Immunohistochemistry analysis of TMA in adjacent normal prostate tissue 

and adenocarcinoma (stage IV). 

 

Lower magnification view of tissue microarray (TMA) of normal prostate tissue and 

different stages of adenocarcinoma (prostate cancer) (top panel). TMA sections containing 

24 cases were stained with an antibody to CD44-ICD and species specific non-immune 

serum (NI-IgG). Then sections were scanned in using an Aperio Scanscope® CS 

instrument (Aperio Scanscope CS system, Vista, CA) (bottom panel). A and B in CD44-

ICD panels represent normal prostatic and adenocarcinoma (stage IV) tissue sections, 

respectively. These sections are magnified in figure 4.4 (bottom panel). Staining was 

repeated two times. Scale bar represents 500µm (A and B), 100µm (A’ and B’), and 25 µm 

(A” and B”). 
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Overexpression of CD44-ICD-untagged constructs in PC3 cells increases cell migration 

possibly by interacting with RUNX2 to upregulate metastasis-related genes.   

 Upon successful ligation of CD44-ICD-untagged sequence into pcDNA3.1/myc-

His (-) sequence, we performed sequential restriction digest with the same enzymes as 

listed in the methods, yielding our expected product size of ~230bp (CD44-ICD-untagged) 

and ~5.5kb (vector) (Figure 4.5). We verified CD44-ICD-untagged sequence by 

sequencing at the University of Maryland Sequencing Core Facility. We proceeded to 

determine the expression of CD44-ICD first by transient transfection of CD44-ICD-

untagged construct into PC3 cells followed by stable transfections over three weeks. 

Immunoblotting was done with an anti-CD44-ICD antibody (Cosmo Bio) (Figure 4.5A) to 

determine the overexpression of CD44-ICD in PC3 cells. PC3 lysates were made with 

RIPA buffer (Figure 4.7A, lane 1) or SDS/Glycerol buffer (Figure 4.7A, lane 2 and 3) as 

described in the Methods section above. SDS/Glycerol appeared to be a better-suited cell 

lysate buffer as indicated by the appearance of cleaner and purer bands. There appears to 

be overexpression of CD44-ICD as can be seen in the ~16.5kDa, ~20kDa and ~25kDa 

fragment sizes (Figure 4.6A, lane 3).  

Next, we wanted to study the potential effect of overexpressing CD44-ICD in PCa, 

PC3 cell line. This cell line was chosen because as shown in Chapters 2 and 3, CD44 and 

RUNX2 proteins are highly expressed in PC3 cells. We also showed overexpression of 

RUNX2 in PC3 cells corresponded with an increase in the co-precipitation of CD44-ICD 

in PC3/RUNX2 cells (Chapter 3) as compared with PC3 cells alone. We wanted to utilize 

the same strategy to determine the impact of CD44-ICD overexpression. Overexpression 
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of CD44-ICD did have an effect on the levels of RUNX2 which was confirmed by 

immunoblotting of RUNX2 immunoprecipitates with a CD44-ICD antibody.  

We observed an increase in co-precipitation of RUNX2 in CD44-ICD 

overexpressing cells (Figure 4.6B, lane 4) as compared to PC3 cells alone (lane 2 and 3).  

CD44-ICD expression was not observed in the immunoprecipitates made with a species-

specific non-immune serum (NI) (Figure 4.6B, lane 1). Again, this supports our hypothesis 

that CD44-ICD and RUNX2 interact in the nucleus. Furthermore, we wanted to take the 

initial steps in elucidating the effects of this interaction in mediating cancer cell metastasis. 

As previously stated, CD44 is associated with cancer progression and metastasis, and its 

interaction with RUNX2 may further highlight the mechanism involved in mediating these 

processes. We, therefore, aimed to check the expression levels of key proteins involved in 

migration. Our initial characterization did indeed show that CD44-ICD overexpression 

increased mRNA expression of SOX2 (Figure 4.7A), MMP-9 (Figure 4.7B) and OPN 

(Figure 4.7C). Thus, indicating the potential role CD44-ICD in mediating the processes of 

migration, tumorigenesis, and maintenance of stemness features.  

To determine the functional role of CD44-ICD overexpression, we performed 

wound closure assay. PC3 and PC3/CD44-ICD overexpression cells were subjected to 

wound closure assay. Wound closure was monitored for 24hrs after which pictures were 

taken with a phase contrast microscopy. We observed a significant increase in wound 

closure capabilities of PC3-CD44-ICD (PC3/ICD) as compared to PC3 cells alone (Figure 

4.7D). Cells were pre-treated with Mitomycin to ensure that observed changes in cell 

migration are independent of cellular proliferation. The observed findings suggest that 



 95 

 

CD44-ICD may play a key role in CD44-mediated signaling and/or CD44-RUNX2 

mediated migration and tumorigenesis.  

 

 

 

 

 

 

 

 
 

 

Figure 4.5 The generation of CD44-ICD  

 

CD44-ICD untagged construct was generated by cloning strategy discussed above in 

Methods. Left panel shows the CD44-ICD inserts at ~230bp (lanes 1, 2, 3). Lane 4 shows 

the uncut vector while lanes 5 and 6 show the cut pcDNA3.1 (-) vector. Sequential cloning 

process leading to ligation and vector digestion followed. Right panel shows the PCR 

product of the vector pcDNA3.1 and CD44-ICD insert. Seven clones were generated.  
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Figure 4.6 Analysis of CD44-ICD overexpression and its interaction with RUNX2.  

 

An equal amount of protein lysates (40 μg) made from PC3 cells transfected with CD44-

ICD or PC3 alone was used for immunoblotting analysis with a CD44-ICD antibody (A).  

Equal amounts of PC3 total (lane 1, 2 and 3) were immunoprecipitated with RUNX2 

antibody (lane 2 -3) and subjected to immunoblotting (IB) analyses with an antibody to 

CD44-ICD (lane 1-4) (B). One asterisk (*) represents the ~ 20 kDa CD44 extracellular 

truncation fragment (CD44-EXT) or (**) representing the ~25kDa fragment. 

Immunoprecipitation analysis was performed using 200ug of total cellular lysates. Total 

input was used as the control for loading in the IP experiment and GAPDH for the IB 

experiment. 
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Figure 4.7 Analysis of the effect of CD44-ICD overexpression on the expression of 

metastasis related genes and migration in PC3 cells.   

 

Real-time PCR analysis of SOX2 (A), MMP-9 (B) and OPN (C) expression in PC3 (lane 

1) and PC3-CD44-ICD (lane 2) cells. GAPDH was used as a loading control for real-time 

PCR analysis. PC3 (left panel) and PC3 cells transfected with CD44-ICD (right panel) were 

subjected to wound-closure assay.  Phase contrast micrographs show migration at 0h and 

24h (D). Scale bar: 200µm. The results shown are representative of three independent 

experiments. *p<0.05 or **p<0.01  
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Overexpression of CD44-ICD-EGFP deletion (truncated) constructs in PC3 cells 

increases its specificity for interacting with RUNX2. 

Thus far, we have been able to show CD44-ICD/RUNX2 interaction in the nucleus 

of PC3 cells. Here, our goal was to: 1) generate sequential Carboxyl Terminal (C-Terminal) 

deletions (truncations) using our CD44-ICD-untagged plasmid construct (Figure 4.8 and 

4.9); 2) identify which of the constructs has the greatest specificity for interacting with 

RUNX2 (Figure 4.10); 3) determine the sequence-specific deletion construct that have a 

greater affinity for interacting with RUNX2 on the promoter region of two metastasis-

related genes (OPN or MMP-9) (Figure 4.11).  

Generate sequential Carboxyl Terminal (C-Terminal) deletion (truncations) 

using our CD44-ICD-untagged plasmid constructs and transfect into PC3 cells. 

Successful cloning of FL/CD44-ICD-untagged construct was helpful in the generation of 

the C-Terminal EGFP tagged deletion constructs of CD44-ICD. We generated this plasmid 

constructs by sequential ~12 amino acid (corresponding to ~36 nucleotides) deletions of 

the full length (FL) ICD fragment as seen in Table 4.2. We show a diagrammatic figure of 

the CD44 in Figure 4.8A. Extracellular, transmembrane protein and the intracellular 

domains are indicated. Intracellular domain (CD44-ICD/671-742) was used to generate the 

deletion (truncated) constructs (Figure 4.8B). Using specific primers with HindIII and 

EcoR1 restriction sites (Table 4.2), we were able to successfully subclone the deletion 

(truncations) into pcDNA3-EGFP vector (expressing enhanced green fluorescent protein). 

Figure 4.8B shows the overall design of the constructs.  
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Table 4.2 List of deletion (truncation) constructs amino acid and PCR primer 

sequences. 

 

 

 

 

Construct Amino Acid Sequence Primer Sequence 

CD44-ICD-

FL (FL) 
AVNSRRRCGQKKKLVINSG

NGAVEDRKPSGLNGEASKS

QEMVHLVNKESSETPDQFM

TADETRNLQNVDMKIGV 

F: 5’-

CCCAAGCTTGCAGTCAACAGTCGAAG

AAGGTGTGG-3’ 

R: 5’-

CCGGAATTCCACCCCAATCTTCATGTC

CACATTC-3’ 

CD44-ICD-

D1 (D1) 
AVNSRRRCGQKKKLVINSG

NGAVEDRKPSGLNGEASKS

QEMVHLVNKESSETPDQFM

TADET 

F: 5’-

CCCAAGCTTGCAGTCAACAGTCGAAG

AAGGTGTGG-3’ 

R: 5’-  

CCGGAATTCCCTTGTCTCATCAGCTGT

CATAAA-3’ 

CD44-ICD-

D2 (D2) 

AVNSRRRCGQKKKLVINSG

NGAVEDRKPSGLNGEASKS

QEMVHLVNKESSE 

F: 5’-

CCCAAGCTTGCAGTCAACAGTCGAAG

AAGGTGTGG-3’ 

R: 5’-  

CCGGAATTCAGTTTCTGACGACTCCTT

GTTCACCAAA-3’ 

CD44-ICD-

D3 (D3) 

AVNSRRRCGQKKKLVINSG

NGAVEDRKPSGLNGEASKS

QE 

F: 5’-

CCCAAGCTTGCAGTCAACAGTCGAAG

AAGGTGTGG-3’ 

R: 5’- 

CCGGAATTCCATTTCCTGAGACTTGCT

GGC-3’ 

 

CD44-ICD-

D4 (D4) 
AVNSRRRCGQKKKLVINSG

NGAVEDRKPS 

F: 5’-

CCCAAGCTTGCAGTCAACAGTCGAAG

AAGGTGTGG-3’ 

R: 5’- 

CCGGAATTCTCCACTTGGCTTTCTGTC

CTCCAC-3’ 

CD44-ICD-

D5 (D5) 

AVNSRRRCGQKKKLVINS F: 5’-

CCCAAGCTTGCAGTCAACAGTCGAAG

AAGGTGTGG-3’ 

R: 5’-

CCGGAATTCGCCACTGTTGATCACTAG

CTTTTT-3’ 
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Figure 4.8 Schematic diagram of the generation of CD44-ICD-EGFP constructs.  

 

We generated C-Terminal CD44-ICD-Deletion (ICD-Del) constructs by step-wise cloning 

of the intracellular domain (A) of CD44 into a plasmid containing the enhanced green 

fluorescent protein (EGFP) vector (B). Thus, creating a FL-CD44-ICD-EGFP, D1-CD44-

ICD-EGFP, D2-CD44-ICD-EGFP, D3-CD44-ICD-EGFP, D4-CD44-ICD-EGFP, and D5-

CD44-ICD-EGFP.  
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We first verified our cloning results by double digestion with HindIII and EcoR1 

restriction enzymes (Figure 4.9A). We observed a corresponding size decrease of the 

constructs. We show in Figure 4.9 the ladder (lane 1, 10kb log), FL-ICD (lane 2, ~240bp), 

D1 (lane 3, ~204bp), D2 (lane 4, ~171bp), D3 (lane 5, ~138bp), D4 (lane 6, ~105bp), D5 

(lane 7, ~72bp) and pcDNA3-EGFP linearized vector (lane 8 and 9, ~6kb). Our cloning 

was then verified by University of Maryland Sequencing core. 

Following verification of our cloning results, we transiently and stably transfected 

the constructs into PC3 cells and checked the cellular morphology using a phase contrast 

micrograph and verified the expression of proteins of interest by immunoblotting. We 

observed slight morphological differences in each of the constructs structure (Figure 4.9B). 

However, cell adhesion was not perturbed. Cells spread well, and spindle-shaped structure 

of the PC3 cells was not observed. CD44-ICD-EGFP fusion protein expression was also 

verified by immunoblotting with an anti-GFP antibody. We observed an approximately 45 

– 49kDa band corresponding to our ICD-EGFP-FL (Figure 4.9C, lane 2) and size wise 

decrease corresponding to D1 – D5 constructs (Figure 4.9C, lane 3 – 7). Also, we observe 

a lower band just below the fusion protein (CD44-ICD/EGFP) which corresponds with the 

molecular weight of free EGFP protein. Untransfected PC3 cells did not express GFP and 

was used as a control (Figure 4.9C, lane 1).  
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Figure 4.9 Generation of CD44-ICD-EGFP plasmid constructs and transfecting into 

PC3 cells. 

 

Agarose gel of a double restriction digest with HindIII and EcoR1 to verify successful 

cloning of CD44-ICD insert into pcDNA3-EGFP vector (A). Insert size varied from 

~230bp to ~70bp depending on the deletion construct. Phase contrast micrograph shows 

the morphology of PC3 transfected with CD44-ICD-EGFP deletion plasmid or EGFP 

plasmid at X100 magnification. Immunoblotting analysis using anti-GFP antibody shows 

the band at ~45 – 49 kDa corresponding to the size of the CD44-ICD fusion proteins with 

EGFP tag.  
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Identify which of any of the constructs has the greatest specificity for interacting with 

RUNX2 

 Our goal thus far has to been to determine the biological consequence of CD44 

cleavage into CD44-ICD and further determine the effect of its interaction with RUNX2. 

Having generated the C-Terminal deletion constructs and stably transfected it into PC3 

cells, we performed immunoprecipitation analysis to determine the sequence that has the 

greatest specificity for interacting with RUNX2. We show here when we 

immunoprecipitated (IP) with an anti-GFP antibody and immunoblotted (IB) with a 

RUNX2 antibody, we observe increased co-precipitation with RUNX2 in FL (Figure 

4.10A, lane 1), D1 (lane 2) and D3 (lane 4) cells, but a decrease in D2 (lane 3), D4 (lane 

5), D5 (lane 6) cells. We know RUNX2 and CD44-ICD interact as seen in (Figure 4.6) and 

Chapter 3; however, here we showed a greater specificity for interacting with specific 

constructs (Figure 4.10). We used nucleoporin immunoblots as a loading control for the IP 

samples. There appears to be less nuclear protein in D2 construct so this may be the reason 

for reduced overall interaction with RUNX2 (Figure 4.10A, bottom panel). To further 

confirm our findings, we performed immunostaining analysis with an antibody to GFP and 

RUNX2. We observed that RUNX2 and ICD interaction only in the nucleus of the cells 

expressing deletion constructs of interest. It is important to note here that we hypothesize 

that there is a fraction of the CD44-ICD-EGFP tag that may not completely enter the 

nucleus and this fraction when stained with a GFP antibody can be localized on the 

perinuclear surface or along the plasma membrane. However, the fraction that is in the 

nucleus accounts for the fusion protein i.e. CD44-ICD/EGFP fragment of interest. 

Ultimately, we observed more specific interaction of RUNX2 and CD44-ICD-D3 
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construct. White arrows point to areas of co-localization.  More colocalization was 

observed in the nuclei of cells transfected with CD44-ICD-D3 construct (Figure 4.10B; 

D3). 

 

 

 

Figure 4.10 Analysis of the specificity of interaction of RUNX2/CD44-ICD del 

constructs. 

 

Nuclear lysates of deletion constructs were immunoprecipitated with an antibody to GFP 

(lane 1 – 6) and subjected to immunoblotting (IB) analysis with an antibody to RUNX2 

(lane 1 – 6) (A). Nucleoporin was blotted to determine nuclear fraction present in IP 

samples. Confocal microscopy analyses of CD44-ICD del construct cells stained with GFP 

(green), RUNX2 (red) and DAPI nuclear counterstain (blue) (B).  
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Sequence-specific interaction of CD44-ICD/RUNX2 on the promoter region of the 

MMP-9 gene.  

Here, we aimed to answer the question based on our results shown in Chapter 3: 

does the sequence-specific deletion construct have a greater affinity for interacting with 

RUNX2 on the promoter region of two metastasis-related genes (MMP-9 or OPN?). Recent 

reports have identified the interaction of RUNX2 with CD44-ICD on the promoter of the 

MMP-9 gene in breast cancer [84]. We first show that CD44-ICD deletion constructs 

indeed have higher mRNA expression of MMP-9 and OPN (A) genes. We further observed 

RUNX2 binding to the MMP-9 promoter region with a greater specificity for binding 

observed in the FL-ICD and between D1-D3 construct. MMP-9 protein levels corroborate 

this observation (C) CD44-ICD sequences between 694-706 have more binding specificity 

towards RUNX2. Deletion of these sequences in D4 and D5 do not have any transcriptional 

regulation towards the expression of MMP-9. This may potentially have a significant 

impact on regulating the expression of MMP-9 at mRNA and protein levels.  
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Figure 4.11 Analysis of mRNA expression of MMP-9 and OPN and the effect of 

sequence-specific interaction of CD44-ICD/RUNX2 on the promoter region of the 

MMP-9 gene. 

 

The real-time PCR analysis of MMP-9 and OPN expression in CD44-ICD deletion 

constructs (lanes 1 – 6) (A).  GAPDH was used as a loading control for real-time PCR 

analysis. CHIP assay was performed for MMP-9 promoter (B), and the expression of levels 

of MMP-9 protein (C) was characterized in cells expressing different constructs. Total 

CD44 (CD44s) was used as loading control (C). *p<0.05, **p<0.01 or ***p<0.001 
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4.5 Discussion 
 
 Although CD44 signaling has been studied by us and others, not much is 

understood about the mechanisms involved or relating to the progression of cancer when 

CD44 undergoes proteolytic processing into CD44 intracellular fragment (CD44-ICD). 

However, a few interesting studies have shown that proteolytic cleavage of CD44 is 

associated with cancer progression and metastasis. Studies by these groups have shown 

that the liberation of CD44 is associated with presenilin-dependent γ-secretase and 

membrane-associated metalloprotease activity. As a result of these proteolytic activities, 

CD44-ICD is formed which has the potential to induce transcriptional activation of genes 

of interest. Genes which are regulated by CD44-ICD as a transcriptional or co-

transcriptional factor could regulate tumor progression. CD44-ICD was shown to regulate 

the expression of several genes through its interaction with RUNX2 in breast cancer cells. 

One such consequence of CD44-ICD cleavage is the generation of several fragments. 

Soluble CD44 (sCD44) can be generated from the proteolytic release of CD44. The release 

of the extracellular domain of CD44 into serum was possibly identified as an indicator of 

tumor progression and metastasis in colon cancer. sCD44 is shown to be a valuable 

indicator of tumor growth in colorectal and gastric cancers [21, 81, 84, 141, 142, 166, 168, 

169].  

The role of CD44-ICD as a co-transcriptional factor for RUNX2 has been identified 

in breast cancer [84]. However, cleavage of CD44 and the role of cleavage product (CD44-

ICD) as a transcriptional/co-transcriptional factor has not been studied in PC3 cells. PC3 

cells are androgen receptor negative cells but express CD44 as an 

adhesion/migratory/invasion receptor. Previous studies from our lab and present studies 
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shown in Chapters 2 and 3 have shown CD44 as an important regulator of tumor 

progression in prostate cancer [29, 30, 46, 113]. Consistent with the findings of others, we 

have also found that CD44 cleavage occurs in prostate cancer cells (PC3) which highly 

express CD44 (Chapter 3). We are the first one to show the cleavage of CD44 in prostate 

cancer cells. Our primary characterization in Chapter 3 shows, a) cleavage of CD44 and 

formation of CD44-ICD; b) Interaction with RUNX2; c) Colocalization with RUNX2 in 

the nucleus which may possibly regulate the transcription of metastasis-related genes.  

Ultimately, it is important, to identify a) if interactions occur between RUNX2 and CD44-

ICD which could affect the promoter activity of genes of interest (e.g., MMP-9 and OPN); 

and b) specificity of CD44-ICD sequence involved in this interaction.  Therefore, our goal 

here was to generate CD44-ICD truncation/deletion constructs using conventional 

recombinant DNA techniques and identify the CD44-ICD constructs which demonstrate 

interaction with RUNX2 and transcription of genes of interest. We used appropriate 

transfection method in PC3 cells to test the effect of expression of full-length CD44-ICD 

and deletion constructs of CD44-ICD as described in Chapter 4.  

Prior to proceeding with our goal, we first reconfirmed the expression levels of 

CD44, CD44-ICD, and RUNX2 in three of the major PCa cell lines (LNCaP, PC3, and 

PCa2b cells). Expression of CD44 and RUNX2 was observed in PC3 cells and interaction 

of CD44-ICD with RUNX2 was observed in the nuclei of PC3 cells which are AR-

negative. Secondly, we determined the expression levels of CD44-ICD in tissue microarray 

sections containing normal prostatic tissues and adenocarcinoma tissue at stages 1-4. 

RUNX2 functions as a key transcription factor in osteoblastogenesis, and it is highly 

expressed in cancers as well as human tissue microarray in both adenocarcinoma and 
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metastasis [143]. Also, we have shown previously that RUNX2, CD44, and MMP9 are 

highly expressed in the tumor tissue. Prostatic adenocarcinoma at stages 1-4 showed 

expression of these metastasis-related proteins at a higher level although expression of 

these proteins was also observed in normal prostatic tissue to a lesser extent. The observed 

higher expression was partly due to that the lumen of the prostatic tumor tissue was filled 

with adenocarcinoma cells [30, 36].  

Immunohistochemistry analyses with a CD44-ICD antibody demonstrated an 

interesting distribution in adenocarcinoma cells. Not all the cancerous cells present in the 

lumen demonstrated staining for CD44-ICD. In contrast to the distribution of total CD44 

(CD44s), CD44-ICD was distributed only in a few of the cancerous cells which were 

existing in the lumen. These cancerous cells also demonstrated EMT-like phenotype (i.e., 

cells were about to come out of lumen). Staining of CD44-ICD has observed perinuclear 

and predominantly nuclear regions of these cells. Staining was also observed in the nuclei 

of some of the basal and stromal cells. Localization of CD44-ICD and RUNX2 in the nuclei 

of adenocarcinoma further highlighting a potential role for these proteins in transcriptional 

regulations and tumor progression [30].   

As per our goal, we first cloned full-length CD44-ICD into pcDNA vector which 

does not have any tag. This construct was later used to generate EGFP tagged deletion and 

full-length constructs of CD44-ICD.  First, we determined the significance of expression 

of FL/CD44-ICD in over expressing cells using wound healing and qPCR analyses.  PC3 

cells transfected with FL/CD44-ICD demonstrated an increase in the expression of CD44-

ICD fragment. This increase corresponds with its increased interaction with RUNX2 in the 

nuclei. Furthermore, overexpression of CD44-ICD increased the expression of metastasis-
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related genes SOX2, MMP-9 and OPN as well as wound healing capabilities. These results 

further highlighting the overall impact of CD44-ICD in mediating tumorigenesis.  

Above observations incited us to continue with the generation of deletion constructs 

using the FL/CD44-ICD generated in pcDNA vector described above. We had to overcome 

some technical challenges in our cloning strategy to obtain the expression of proteins in 

expected molecular weight.  We cloned and expressed full length and elements of CD44-

ICD in expression vector containing EGFP and transfected into PC3 cells. Lysates from 

theses transfectants were immunoblotted with an antibody to GFP. PC3 cells stably and 

transiently transfected with the deletion constructs of CD44-ICD and FL/CD44-ICD 

demonstrated expression of CD44-ICD as GFP-fusion proteins at the expected molecular 

weight. Surprisingly these fusion proteins retain their specificity towards binding to 

RUNX2. 

Furthermore, we show here that CD44-ICD/RUNX2 interaction is greatest in cells 

expressing FL-ICD and D1 to D3 constructs of ICD. A similar trend was observed on the 

expression levels MMP-9 and OPN at mRNA levels by real-time PCR analyses. Chip assay 

and immunoblotting analyses also corroborate this observation. Although further 

characterizations are indeed necessary, we believe that CD44-ICD sequences which reside 

between 694-706 are a good therapeutic target to reduce the expression of metastasis-

related events.  

 Taken together, to our knowledge this is the first time to show a sequence-specific 

interaction of RUNX2 with ICD on perhaps the promoter region of the MMP-9 gene. We 

have proposed that the release of CD44-ICD into the cytoplasm, and subsequent 

translocation to the nucleus has the potential to regulate the transcription of key genes 
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involved in metastasis. Further studies in other metastasis-related genes will need to be 

done to corroborate our findings. Additionally, a closer look at the CD44-ICD-D3 amino 

acid sequence may be important in understanding which region is responsible for 

interacting with RUNX2 as perhaps a co-factor (Figure 4.12). Much is still yet to be 

elucidated in terms of CD44-ICD signaling, interactions, and contribution to tumorigenesis 

which are indicated as future studies below. 
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Figure 4.12 Specific Aim 3: Schematic diagram illustrating the proposed mechanism 

of CD44-ICD-DelConstruct-RUNX2 interaction in PC3 cells. 

 

CD44 is sequentially cleaved to generate CD44-intracellular domain (ICD) fragment. 

CD44-ICD-FL, D1, D2, D3 fragment interacts with RUNX2 in the nucleus of PC3 cells to 

activate transcription of MMP-9 to regulate tumor progression. Their role in the 

transcription of the OPN gene is yet to be determined.  
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Chapter 5: Summary and General Discussion of Research 

 
 
5.1 Summary of Studies and Key Findings of Dissertation  

CD44, the ubiquitously expressed cell surface protein is primarily involved in 

aggregation, migration, and activation of cells. These functions are mediated through the 

adhesive properties of CD44. Initially described for hematopoietic stem cells, it has since 

been confirmed as a marker of cancer stem cells. CD44 interacts with a variety of ligands, 

with its major ligand being hyaluronic acid or hyaluronan (HA). The multifunctional 

glycoprotein CD44 can also undergo alternative splicing events to produce CD44 variant 

isoforms that are more restricted in their distribution as compared to the standard CD44 

isoforms. From the CD44 standard isoforms (CD44s), the CD44-ICD tail can be generated. 

This sequential proteolytic processing resulting in the generation of CD44-ICD has 

recently been a topic of great interest as not much is known about it. In a Notch-ICD like 

manner, CD44-ICD is known to translocate into the nucleus to activate gene transcription 

[84, 170]. Emerging evidence suggests that CD44-ICD shares characteristics with stemness 

factors such as NANOG, SOX2, and OCT4. There is also evidence of direct interaction of 

CD44-ICD with these factors leading to coordinated nuclear translocation in breast cancer 

cells [79]. The multitude of functions of CD44-ICD is yet to be elucidated. The summary 

presented in Chapter 1 is a framework for a better understanding of the dual and 

multifunctional role of CD44 and its effect in mediating prostate cancer (PCa) progression 

and metastasis. To this end, our lab has extensively studied CD44 as it relates to to the 

progression of the disease. We aimed to understand the factors that play a role in PCa 

survival, growth, and metastasis to distant organs. The overall goal of this dissertation work 

was to investigate the multifunctional role of CD44 as a signaling molecule and its cleavage 
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product as a co-factor for transcription of metastasis-related genes. Elucidation of the 

mechanism involved in CD44-mediated and CD44-ICD regulated functions may help us 

develop therapeutic options for the treatment of advanced stage PCa diseases, perhaps by 

looking at preventing cleavage of CD44-ICD.  

 As a multifunctional receptor, CD44 is particularly of interest to us because of its 

dual roles in cancer progression. While some have shown CD44 expression to be correlated 

with favorable outcomes in breast cancer, others have also identified its expression to be 

associated with unfavorable outcomes [40]. However, the majority of in vitro data supports 

CD44’s role in cancer progression. Specifically of interest to us is its role in PCa 

progression. Despite the treatment options available to patients with advanced staged PCa 

disease, it remains one of the leading causes of death in men. Therefore, our specific aims 

look at the differential expression of factors that appear to be key in the metastatic cascade. 

In Chapter 2, we characterize the expression of CD44 in PCa. Here, we focused on 

the role of the androgen receptor (AR) along with CD44 and SOX2. The results of our 

study provided significant clinical implications regarding enhancing our understanding of 

prostate CSCs. Here, we show the presence of an AR-CD44-SOX2 axis and recognize 

SOX2 as a putative CSC marker that can define the “molecular signature” of prostate 

cancer stem cells. Our observations provide critical knowledge that would enable us to 

work towards designing a more comprehensive therapeutic approach for advanced PCa. 

SOX2 could also be a potential therapeutic target to impede the progression of SOX2 

positive cancer cells or recurrence of androgen-independent prostate cancer.   

In Chapter 3, we characterize the expression of CD44, CD44-ICD, and RUNX2 in 

PC3 cells. Expression of CD44 and RUNX2 proteins were seen only in AR- PC3 cells and 
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not in AR+ LNCaP and PCa2b cells. CD44 regulates the expression of RUNX2. RUNX2 

interaction with CD44-ICD regulates the expression of metastasis-related genes such as 

osteopontin (OPN) and MMP-9 which had the potential to increase migration, invasion, 

and colony formation.  

 In Chapter 4, we focus on the significance of CD44-ICD and RUNX2 interaction 

in cancer progression. We performed detailed studies involving truncating CD44-ICD-FL 

sequences to further elucidate the significance of its cleavage and its possible interaction 

with RUNX2 as perhaps a cofactor. We show here that CD44-ICD-FL and deletion 

constructs (D1-D3) which have RUNX2 binding domains indeed have greater specificity 

for interacting with RUNX2 and hence interaction at the promoter region of the MMP-9 

gene.  

 

5.2 Strengths and Limitations of Research  

 
 In prostate cancer, the three most commonly used cell lines have been PC3, LNCaP 

and DU145. Though multiple other cell lines are available, they are derivatives of these 

major cell lines. Of great importance, these cancer cell lines though derived from various 

metastasis, e.g. bone, lymph nodes, and brain, they do not recapitulate the range of 

phenotypes seen in PCa. Culturing of cell lines for long periods can affect the biological 

properties of said cell lines which is a limitation of using cell lines in studies. Our cell 

culture model was one of the three major methods available to us to study our hypothesis. 

Future studies will require animal models and possibly patient samples to further 

corroborate our findings. Nevertheless, though these in vitro models provide valuable 

insights and contributions, they also pose significant limitations. Though other studies have 
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suggested the use of primary cells as opposed to cell lines, these primary cells also posed 

great limitation in studies as well [171]. Secondly, due to the limitations in availability of 

models specifically, primary PCa cells, we used PC3 cells as our major cell line because it 

is derived from bone metastasis and it is also androgen receptor negative and expresses 

high levels of CD44. Initially, this was great because we wanted a cell line that expresses 

enough CD44. However, overexpression of CD44 and RUNX2 in the PCa cells was 

initially challenging. Upon successful generation of our ICD deletion constructs, we were 

able to fully characterize its effects in PC3 cells.  

 Additionally, in setting up our overall study design, we found that as with many 

researchers, we sought to determine one thing and we found fascinating insights in other 

things. Our initial approach was to study CD44-ICD and RUNX2 interaction in mediating 

the transcription of receptor activator of nuclear factor  B ligand (RANKL) as it is a 

known RUNX2 target gene. However, upon initial characterizations, we saw a variable 

expression pattern that needs to be further elucidated. Also, the generation of osteoclasts 

from the conditioned medium of deletion constructs proved difficult as the secreted levels 

of RANKL in these stably transfected cells was lower. However, there remains some 

possibility here as we have moved to further study these secreted levels of RANKL proteins 

with ELISA assay and studying osteoclast differentiation with mouse bone marrow or 

RAW cells.  

 

5.3 Future Directions 

 
 Taken together, our study highlighted the role of CD44 signaling in the 

maintenance of PCa stemness through the AR-CD44-SOX2 signaling axis. Additionally, 
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we show for the first time in PCa the consequence of CD44 intracellular domain cleavage 

on tumorigenesis, and the sequence-specific interaction with RUNX2. We also showed an 

increase in metastasis-related genes as a result of this interaction.  For our future directions, 

to further corroborate our findings of CD44-ICD/RUNX2 interaction we will confirm the 

specificity of interacting with the promoter region of OPN, then we will generate TAT-

fused small molecular weight CD44-ICD peptides that have amino acid mutations in the 

proposed interacting sites of CD44-ICD/RUNX2 (schematic diagram Figure 5.1). 

Additionally, we will perform intra-cardiac injection of PCa cells expressing CD44-ICD 

deletion construct of interest to determine the impact of expression in athymic nude mice.  
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Figure 5.1 Schematic diagram illustrating the proposed mechanism of CD44-

signaling and CD44-intracellular domain interaction with RUNX2 in PC3 cells. 

 

 

CD44 signaling through SOX2 regulates the expression of stemness factors Snail and Slug 

leading to EMT and hence migration (Chapter 2). CD44 can be cleaved to generate CD44-

intracellular domain (ICD) fragment. CD44-ICD translocates into the nucleus and interacts 

with RUNX2 to activate transcription of genes (e.g., MMP-9) that regulate tumor 

progression (Chapters 3 and 4). 
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