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ABSTRACT OF THE THESIS  

 

Proteomic Study of Oral Cancer Stem-Like Cells and Bone Marrow Cell Treatment for  

Sjögren's Syndrome 

 

by 

 

Kaori Misuno 

 

Master of Science in Oral Biology 

University of California, Los Angeles, 2013 

Professor Shen Hu, Chair 

 

 Cancer stem cells (CSCs) are a small subset of cancer cells which have stem cell-like 

characteristics of self-renewal and differentiation [1, 2]. They have been identified from cultured 

cells based on the use of stem cell markers and also by their ability to form sphererogenic 

cellular aggregates in cell culture [3]. The presence of CSCs has been reported in oral 

squamous cell carcinoma (OSCC), however little is known about the underlying molecular 

events in the oral CSCs. Therefore, the objective of my first study is to isolate oral CSCs from 

cultured oral cancer cells and to identify activated signaling pathways and target proteins in oral 

CSCs using a quantitative proteomic approach. We have successfully isolated CSCs from UM1 

cells using sphere formation assay, and confirmed the over-expression of stem cell markers 

including OCT4, SOX2, CD44, and SOX9. Quantitative proteomic analysis of CSCs and non-

stem cells (NSCs) was performed using tandem mass tagging (TMT) and LC-MS/MS. In total, 

more than 900 proteins were quantified and ~ 350 proteins were differentially expressed (>1.2 

fold change) between CSCs and NSCs, including transcription factors, stem cell markers, G 
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proteins, and regulatory proteins involved in stem cell renewal/differentiation. In particular, we 

found CREB-binding proteins and phosphorylated CREB-1 were significantly over-expressed in 

the CSCs, suggesting CREB pathway is activated in the oral CSCs. 

 In the second study we conducted a quantitative proteomic analysis of the 

submandibular tissues from non-obese diabetic mice (NOD) treated with bone marrow cell 

extract (BMCE). NOD mice are often used as an animal model for studying Sjögren’s syndrome 

(SS) which is a systemic autoimmune disorder characterized by lymphocytic infiltration of the 

exocrine glands, in particular the salivary and lachrymal glands [4]. Currently, there are no 

treatments that completely reverse the symptoms in the SS patients. However, cell-based 

therapy has emerged as a promising approach to treat salivary gland dysfunction in SS mouse 

models, although little is known the underlying molecular mechanisms [5]. Therefore, my 

second study was focused on understanding the proteomic changes in the salivary glands of 

NOD mice associated with BMCE treatment. Using TMT labeling and LC-MS/MS, we found the 

up-regulation of salivary gland proteins and stem cell markers as well as the down-regulation of 

proteins involved in apoptosis and inflammation. These results suggest that BMCE stimulates 

the regeneration of salivary gland cells and suppresses the inflammation and apoptotic activity 

in salivary glands of NOD mice.  
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INTRODUCTION 

Cancer stem cells  

Stem cells are specific set of cells that possess two distinct properties, self-renewal and 

differentiation capability [6-8]. The infinite self-renewal of stem cells is their capacity to maintain 

a tissue and/or organism for an extended period time. The second property for stem cells is their 

ability to differentiate into a number of different daughter cell types [6].  

The first conclusive evidence about the existence of cancer stem cells (CSCs) was in a 

study done in isolated subpopulation of leukemic cells. The authors demonstrated that 

subpopulation possessed the differentiating and proliferative capacities and potential for self-

renewal. The expressed specific marker CD34 was capable of initiating tumors in non-obese 

diabetic mice with severe combined immunodeficiency disease (NOD-scid mice) [9]. Since then, 

this unique cancer cell subpopulation containing the same characteristics as normal stem cells 

have instigated researchers to study and identify CSCs in other types of solid tumors. 

Meanwhile, several CSC models have been proposed including the hierarchically fixed stem cell 

model [9], stochastic [10-12] and evolutionary models. The hierarchy model proposed that only 

one type of CSC can initiate tumors [9] while the stochastic model proposed that all cells within 

the tumor share similar properties but the CSC phenotype will develop due to intrinsic (e.g. 

activated signaling pathways etc.) and extrinsic factors (e.g. hypoxia, stress, drug treatments 

etc.) [10]. The evolutionary model proposes a dominant sub-clone with survival advantages; 

depending on intrinsic or extrinsic selection pressure, one such clone survives and becomes 

dominant [13].  

CSCs are defined as an undifferentiated subset of malignant tumor cells that are capable of 

self-renewal and differentiation [1]. Studies have shown that a hierarchical organization of cells 

within the tumor is responsible for sustaining tumor growth [13]. Moreover, in a number of solid 
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tumors, a small population of CSCs is believed to be involved in the maintenance of the tumor 

and in metastasis [13]. This unique population is highly resistive and may also be involved in the 

resistance to chemotherapy and radiation therapy.  Therefore, studying CSCs is important for 

developing novel cancer treatments, particularly for metastatic cancer patients. CSCs-like cells 

have been identified from cultured cell lines by sorting the cells based on the expression of 

certain cell surface markers by their ability to form spheres in cell culture [3]. Some researchers 

prefer to name CSCs as tumor initiating cells because it is believed that these cells have the 

ability to initiate and proliferate, giving rise to new tumors. 

Cell-based therapy 

 Stem cell therapy could be a potential way for reducing radiation-induced hyposalivation as 

demonstrated in recent studies with animal models [14-16]. To enrich “putative” salivary gland 

stem cells, salivary gland cells were isolated from murine glands, cultured in vitro as 

salispheres, and then subjected to flow cytometric sorting using c-Kit as a marker. In vitro, the 

enriched cells differentiated into amylase-producing acinar cells. In vivo, intra-glandular 

transplantation of a small number of c-Kit(+) cells into irradiated salivary glands of mice resulted 

in long-term restoration of salivary gland morphology and function [17-19]. A similar approach 

was used to isolate “putative” stem cell population expressing c-kit and capable of in vitro 

differentiation from human salivary gland biopsies [20]. Cell-based therapies represent a novel 

and promising strategy to Sjögren’s syndrome (SS) treatment because animal model studies 

have shown that transplants with bone marrow derived-cells or stem cells (e.g., hematopoietic 

or splenic stem cells) can functionally restore the damaged salivary glands in SS mouse 

models. Since these cells can be easily and safely harvested from patients and their 

transplantation methods are currently being used in clinic, cell-based transplants may one day 

become a reality for treating patients with SS. 
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Two specific aims are in place for my thesis studies on oral cancer stem cells and bone 

marrow cell treatment for SS. 

Specific aim 1: Quantitative proteomic analysis of oral cancer stem-like cells (CSCs) 

Our study confirmed the expression of stem cell markers and quantified the global protein 

expression between oral CSCs and non-stem oral cancer cells and revealed signaling pathways 

uniquely activated in oral CSCs, including the CREB pathway.   

Specific aim 2: Quantitative proteomic analysis of salivary glands of non-obese diabetic mice 

after bone marrow cell transplantation.  

Our study quantified the global protein expression between non-treated and treated NOD 

mice with bone marrow cell extract (BMCE) transplantation. This revealed the over-expression 

of salivary proteins and the down-regulation of inflammatory proteins in damaged salivary 

glands of NOD mice.  
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CHAPTER 1:  Quantitative proteomic analysis of oral cancer stem-like cells (CSCs) 

INTRODUCTION 

Oral squamous cell carcinoma (OSCC) 

OSCC arises in the oral cavity, oropharynx, larynx or hypopharynx and is considered as the 

sixth most common cancer worldwide [21]. In the United States there were 39,400 new cases of 

oral cancer and 7,900 related deaths in 2011 [22]. In addition, OSCC is considered an 

aggressive form of cancer, since 50% of patients have detectable lymph nodes involvement due 

to cancer metastasis, and less than 40% of these patients survive five years after metastasis 

compared to 90% of cancer patients who do not have lymph node metastasis [23].   

Cancer Stem Cells (CSCs) 

CSCs have the ability to undergo self-renewal and differentiation and these properties are 

also attributed to normal stem cells [2]. These properties are very important for stem cells which 

allow them to regenerate and develop into different types of cells. However, in the context of 

CSCs these properties are aberrant and uncontrolled. Thus, CSCs are predicted to show 

resistance to DNA damage, evasion of apoptosis, high tumorigenicity, low turnover and high 

invasion/migration potential resulting in resistance to drugs and radiation. It is therefore believed 

that CSCs might play an important role in the cancer metastasis process and also in resistance 

to chemotherapy and radiotherapy treatments.   

The identification of CSCs can be performed using various methods based on efflux of vital 

dyes by multi-drugs transporters (e.g., ABC transporters), enzymatic functions (e.g., aldehyde 

dehydrogenase), sphere-forming assays, and cell surface expression of specific stem cell 

markers. CSCs can be sorted out using cell surface stem cell markers that have been found in 

normal stem cells such as cluster of differentiation 44 (CD44), cluster of differentiation 133 
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(CD133), octamer-binding transcription factor 3/4 (OCT3/4), sex determining region Y- Box 2 

(SOX2), Nestin, Nanog and aldehyde dehydrogenase (ALDH1) (Table 1 ). For instance, CD44 

has become a commonly used CSC marker for isolating cancer stem cells in  head and neck 

squamous cell carcinoma (HNSCC) [24]. OCT4 is another well-established CSC marker in 

HNSCC that is a transcription factor involved in self-renewal of stem cells. CD133 has been 

described as a cell surface marker for identification of hematopoietic stem cells [25], and it has 

also been found in CSCs of several types of solid tumors, including HNSCC [26]. SOX2, and 

Nanog are transcription factors required to maintain pluripotency and self-renewal in embryonic 

stem cells (ESC) and have also been used as CSC markers [27, 28]. Another related stem cell 

marker is Nestin, which is known to be increased in HNSCC tumor spheres [29, 30]. Thus, the 

presence of these stem cell markers in CSCs may be due to their role in tumor formation, 

sphere formation, differentiation and self-renewal of cancer cells. 

Another common method used to identify CSCs is the sphere-forming assay. Sphere 

formation is widely used in stem cell biology due to easy evaluation of both self-renewal and 

differentiation at the single-cell level. Typically sphere-forming cells has the capacity of 

developing three-dimensional spherical structures or, in the context of CSCs, has the potential 

for tumor growth from one or several cell clones [31] in a serum free medium (SFM) containing 

epidermal growth factor (EGF) and fibroblast growth factor (FGF). EGF and FGF are essential 

to the maintenance and proliferation of CSCs at the undifferentiated state [32]. In a recent study, 

sphere-forming cancer cells were found in HNSCCs and demonstrated self-renewal and 

differentiation properties. These spheres were passaged as secondary and tertiary spheres and 

also demonstrate increased colony formation in soft agar [30].  In another study, sphere-forming 

cells were enriched in five HNSCC cell lines that expressed ALDH1 [33]. This CSC identification 

method was confirmed in squamous cell carcinomas (SCCs) based on the increased expression 

of Oct3/4, Nanog, and Sox2 mRNA and protein, which are stem cell markers [29, 30, 33]. 
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Cyclic-AMP response element binding protein (CREB) 

Recently, the cyclic-AMP response element binding (cAMP/CREB) signaling pathway 

was recognized to play a role in targeting genes important for stem cell survival and growth in 

neural stem cells (Figure1 ). CREB is a nuclear transcription factor and its family members 

include cAMP responsive element modulator (CREM) and activating transcription factor 1 (ATF-

1). CREB and ATF-1 are ubiquitously expressed in all tissues. Activation of CREB occurs 

through stimuli in response to peptide hormones, neurotransmitters, calcium influx and growth 

factors which in turn activate kinases such as protein kinase A (PKA), ribosomal protein S6 

kinase (PP90), MAP kinase-activated protein kinase 2 (MAPKAP-2) mitogen- and stress-

activated protein kinase (MSK-1), and they subsequently phosphorylate CREB (Figure 1 and 

Table 2 ) [34, 35]. The presence of growth factors EGF and FGF may promote the activation of 

certain kinases such as MAPKAP-2, MSK-1 and PP90, subsequently activating CREB pathway. 

When CREB is phosphorylated at Ser133, it recruits various transcriptional co-activators such 

as CREB-binding protein (CBP), p300 and the transducers of regulated CREB (TORC), leading 

to the assembly of the transcriptional machinery and transcription initiation [36]. 

A study was performed culturing adult hippocampal neural stem/progenitor cells 

(NSPCs) in basic fibroblastic growth factor (FGF-2) and demonstrated that growth factor 

signaling pathways modulate CREB-dependent mechanisms by activation of the 

phosphatidylinositol 3-kinase (PI3K)/Akt pathway resulting in increased CREB phosphorylation 

and  progenitor proliferation, and over-expression of wild-type CREB showed decreased 

differentiation [34, 35]. Thus, the FGF-2 signaling cascade initiates with the cell surface receptor 

FGFR-1 which will send intracellular signal through several downstream mechanisms, including 

Ras/MAPK, p38 MAP, protein kinase C (PKC), phospholipase C and PI3K/Akt pathways. Once 

PI3K gets activated, it will recruit Akt which will phosphorylate and activate CREB. PI3K is 

involved in the function of stem and neural progenitor cells during development and it seems to 
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be antagonized by phosphatase and tensin homologue deleted on chromosome 10 (PTEN), 

which in turn has been shown to limit the proliferative capacities of embryonic neural stem cells 

[37]. PTEN expression appears to affect glioblastoma growth as well as glioma-initiating cell 

proliferation and self-renewal [38]. Another important signaling pathway is epidermal growth 

factor receptor (EGFR) and its activation is able to induce CREB in NSPCs in vivo [39]. In 

addition, EGFR is important for glioma stem/progenitor cell growth and resistance to anti-cancer 

treatment [40]. CREB has been implicated in the progression of several tumour types. For 

instance, the expression levels of CREB and pCREB were elevated in non-small cell lung 

cancer compared to adjacent normal tissues, and increased CREB expression correlates with 

poor patient survival [41].  

In addition to assessing stem cell surface markers and sphere formation, analysis of global 

protein expression can give insight into signaling pathways uniquely activated in oral CSCs and 

may identify potential targets involved in self-renewal and differentiation of oral CSCs. 

Proteomic analysis is defined as methodology for global analysis of proteins expressed in a cell, 

tissue or organ. This is a very powerful approach because it generates the full profile of all 

proteins simultaneously [42]. One commonly used method to achieve proteomic analysis is 

quantitative mass spectrometry (MS). These methods have already allowed identification of new 

protein targets that may play an important role in the characterization of CSCs and could serve 

as future therapeutic targets [1]. 

Many studies have been performed to understand the role of individual molecules in 

regulating their stemness (self-renewal, multi-potentiality) and differentiation of CSCs. However, 

the overall mechanism underlying CSC biology is still elusive. In this study, our goal is to 

characterize and identify new functional pathways in oral CSCs by using quantitative proteomic 

analysis to compare global protein expression in CSC-like and NSC cancer cells. Three sub 

aims are in place to fulfill the planned studies.  
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Sub Aim 1: Isolation and enrichment of CSCs from cultured oral cancer cells. 

Sub Aim 2: Characterization of isolated CSCs by comparing the expression of stem cell 

markers. 

Sub Aim 3: Quantitative proteomic analysis of CSC-like and NSCs cancer cells. 

Sphere-forming assay was used in our study to identify CSCs from two cell lines UM1 

and UM2, which derived from tongue squamous cell carcinoma. The UM1 is known to have high 

motility, invasive and metastatic activity compared to UM2 [43]. The sphere-forming assay was 

performed with SFM containing growth factors. 

Next, we performed quantitative proteomic analysis by labeling the CSCs and NSCs with 

distinctive Tandem Mass Tags (TMT). The quantitative proteomic analysis indicated that CBP 

protein was over-expressed in CSC-like UM1 cells in comparison to NSC UM1 cells. We further 

demonstrated that CREB-1 is activated in CSC-like UM1 cells.  
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MATERIALS AND METHODS  

A. Cell culture 

 UM1 and UM2 cancer cells were cultured in DMEM/F-12 (Invitrogen Life Technologies, 

CA) supplemented with 10% Fetal Bovine Serum (FBS) (Gemini Bio-Products, CA) and 1% 

penicillin/streptomycin (Invitrogen Life Technologies, CA). The medium was changed every two 

days and the cells were maintained at 37°C in a hum id atmosphere of 5% CO2 in air.  

B. Sphere formation assay  

 UM1 and UM2 were cultured until they reached confluency and then washed three times 

with Dulbecco’s Phosphate-Buffered Saline (DPBS) (Invitrogen Life Technologies, CA) to 

eliminate the presence of serum. Afterwards, the cells were grown in medium containing 

DMEM/F-12 (Invitrogen Life Technologies, CA), 1% penicillin/streptomycin (Invitrogen Life 

Technologies, CA), human basic fibroblast growth factor (bFGF) 10ng/ml and human epidermal 

growth factor (EGF) 10ng/ml from Gemini Bio. The medium was replaced every 2 days with 

identical fresh medium for 5-6 weeks. 

C. Collection of spherical cell aggregates of UM1 cell line 

After 4-5 weeks of cell culture, only UM1 cells formed spherical cell aggregates. The 

UM1 cells were washed with DPBS to eliminate the presence of any debris. Next, the population 

was trypsinized to separate and collect spheres from non-spheres, and subsequently both 

subpopulations were washed three times with DPBS to quench the trypsin reaction.  

D. Western blot analysis 

The spherogenic and non-spherogenic were lysed in Radio-Immunoprecipitation Assay 

(RIPA) buffer containing 1% Nonidet P-40, 0.1% SDS, 50mM Tris-HCL (pH 7.4), 150mM NaCl, 

0.5% Sodium Deoxycholate and 1mM EDTA. The samples were homogenized for 50 seconds. 

The cell lysates were centrifuged at 15,000 rpm for 5 minutes at 4°C. The supernatants were 
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removed and the levels of proteins were quantified by micro BCA assay. Afterwards, equal 

amounts of cell lysate were loaded onto NUPAGE Novex 4-12% Bis-Tris gels and transferred to 

nitrocellulose membrane (Bio-Rad). The membranes were blocked with 5% non-fat milk in 

TBST with 10% Tween-20 for 1 hour. Primary antibodies at the pre-determined dilutions were 

added overnight at 4°C. Membranes were then incubat ed with secondary antibodies at pre-

determined dilutions using ECL anti-mouse IgG or ECL anti-rabbit IgG (GE healthcare). Blots 

were developed with ECL plus detection kit from GE healthcare. Afterwards, images were 

scanned and quantified with ImageJ (NIH). 

The following primary antibodies were used to perform western blot analysis: Rabbit 

polyclonal CD44 (Abcam), rabbit polyclonal Sox-2 (GeneTex), rabbit polyclonal hypoxia 

inducible factor 1 (HIF-1, GeneTex), rabbit polyclonal Transketolase (TKT, Santa Cruz), goat 

polyclonal OCT-3/4 (Santa Cruz), rabbit polyclonal sex determining region Y- box 9 (Sox-9) 

(Santa Cruz), and mouse monoclonal phosphoglycerate kinase (PGK, Santa Cruz), β-actin 

(Sigma), rabbit polyclonal CREB1 (Santa Cruz), rabbit polyclonal CREB-binding protein (CBP, 

from Santa Cruz) and rabbit polyclonal pCREB (Santa Cruz). Experiments were performed at 

least twice to confirm the results. The relative intensity levels were determined for each protein 

band normalized against β-actin.  

E. Tandem Mass Tagging (TMT) 

The CSC and NSC were lysed in 8M urea and left on ice. Then, the samples were 

homogenized and centrifuged at 15,000 rpm for 5 minutes at 4°C, the supernatants were 

removed and the levels of proteins were quantified by the Branford method. Afterwards, the 

lysed samples were labeled with TMT Mass Tagging Kit (TMT 6plex, Thermo Scientific). In brief, 

after removing amine-based buffers and thiol reagents, samples were reduced, alkylated and 

digested overnight. The CSC was labeled with TMT-126 and NSC was labeled with TMT-127. 

After, we combined the labeled samples and performed the strong-cation exchange. Using 
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VIVAPURE S mini H filter (Sartorius Stedim Biotech). The filter was pre-wet with sodium acetate 

(25mM) and centrifuged 2000xg for 10 minutes. The combined samples were added to the filter 

and centrifuged 2000xg for 10 minutes at room temperature. The first filtrated sample was 

collected and eight subsequent step elution (2.5mM, 5mM, 10mM, 20mM, 50mM, 100mM, 

250mM and 1M) were performed and fractions were vacuum dried. The dried samples were 

brought into solution with 0.1% formic acid before sending to LC-MS/MS. 

F. 2-D LC MS/MS 

Fractionated peptide samples were loaded on an Agilent nanotrap column (Santa Clara, 

CA) and washed for 10 minutes at 6µl/min. Chromatography was performed using Eksigent 2D-

LC nanoflow system operating at 400nl/min and a 90 minute gradient. Separation was 

performed on a Microm 100x0.1mm C18AQ column (200A, 3um) using solvent A (0.1% Formic 

Acid) and solvent B (99.9 % ACN, 0.1% formic Acid) over 90 minute gradient: (0-30% B (60 

min), 35-80% B (10 min), 80% B (5 min), and then the column was re-equilibrated). Data 

Dependent LC-MS-MS was performed using an Orbitrap LTQ XL mass spectrometer (Thermo 

Fisher, San Jose, CA) with the MS scan performed in the Orbitrap analyzer using 2 microscans 

of maximum time 50ms and an automatic gain control of 1E5. The top 3 ions of intensity greater 

than 5000 (excluding single charge states) were selected for MS-MS. In each cycle, a MS-MS 

fragmentation was generated using subsequent CID (collision energy 35) and HCD (collision 

energy 42) scans performed in the LTQ Iontrap and Orbitrap cell, respectively, which were then 

combined in data processing to obtain quantitative and qualitative data. 

G. Proteomic Discoverer Software 

 Database searching was performed using Proteome Discoverer 1.2 (Thermo Fisher 

Scientific) and a workflow created by the purpose of analysis of the raw data obtained from LC-

MS/MS. In brief, the files obtained from mass spectrometry were * .RAW file and all data were 

loaded into the Spectrum Files. The parameters for Spectrum Selector were set as default. 
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Next, the Reporter Ions Quantifier was set for TMT 6plex (using 126 and 127). The data 

searching parameters for SEQUEST IPI_Human_v3_18fasta were set as static modifications N-

terminus TMT6plex (+229.163Da), peptide-C terminus none and Carbamidomethyl 

(Rev1/+57Da).  Proteins with high confidence were selected. 

H. Data for annotation, visualization and integrated discovery (DAVID) 

 Gene ontology and functional pathway analysis were performed with the DAVID v6.7 by 

using IPI accession number and converting into ID gene by using UniGene.  
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RESULTS 

Isolation and collection of CSCs from cultured oral  cancer cells 

To investigate the existence of CSCs, UM1 and UM2 cells were cultured in serum free 

medium (SFM) containing bFGF and EGF. After being cultured for three weeks, a subset of 

UM1 cells gradually started to form spheres. Significant sphere formation was observed in week 

four for the UM1 cell line (Figure 2 ) whereas no sphere formation was observed in UM2 cell 

line, and after three weeks UM2 cells became apoptotic.  

Characterization of CSCs by comparing expression of  stem cells markers 

The expression levels of well-established stem cell markers, CD44, Oct3/4, Sox2, Sox9, 

as well as HIF1-alpha, PGK-1 and TKT were examined using western blot analysis. CD44, 

Oct3/4, Sox2 and Sox9 were found to be over-expressed in CSCs whereas HIF1-alpha was 

down-regulated in CSCs. In addition, metabolic enzyme PGK-1 was down-regulated in CSCs 

whereas for TKT no significant difference was observed between CSCs and NSCs (Figure 3 ). 

Quantitative proteomic analysis CSCs and NSCs. 

Quantitative proteomic analysis revealed more than 500 differentially expressed 

proteins, including a number of transcription factors, stem cell markers and regulatory proteins 

involved in stem cell renewal/differentiation which represents the number of proteins and the 

ratio between CSCs and NSCs (Table 3 ). The proteins were selected using different filters 

based on peptide confidence, the number of unique peptides, and the number of TMT-labeled 

peptides (Figure 4A and 4B ). A representative list is presented to show the up-regulated and 

down-regulated proteins in CSCs (Table 4A, 4B and 4C ).  
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Activation of CREB pathway in CSCs 

The quantitative proteomic analysis showed CREB-1 binding protein (CBP) was over-

expressed in CSCs (Figure 5 ). To confirm our finding that CREB pathway was activated in 

CSCs, western blot analysis was performed to compare the expression of CREB-1, 

phosphorylated CREB-1 (p-CREB-1) and CBP between CSCs and NSCs. The overall CREB-1 

level was not significantly different between CSCs and NSC whereas p-CREB-1 and CBP were 

over-expressed in CSCs (Figure 6 ). Also, by using DAVID, we found other functional pathways 

such as cell cycle and glycolysis in CSCs (Figure 7A and 7B ).  
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DISCUSSION 

One of the challenges in oral cancer research is the high resistance of oral CSCs to 

treatments available such as chemotherapy and radiotherapy. The objective of this study is to 

target oral CSCs in order to identify target proteins and related pathways in oral CSCs that 

might be used for therapeutic interventions.  

To study the properties of CSCs, we first cultured two cell lines, UM1 and UM2 and 

observed their capacity to form spheres. We found that a subpopulation of UM1 (Figure 2 ) oral 

cancer cells possessed stem-like properties supporting the hypothesis of CSCs. This agrees to 

a previous studies which indicated that cultured cancer cells under  SFM containing growth 

factors maintain CSCs in the undifferentiated state [44, 45]. 

Our study confirmed the over-expression of stem cell markers CD44, OCT3/4, SOX2 

and SOX9 (Figure 3 ), which are involved in dedifferentiation, proliferation and self-renewal of 

isolated CSCs. In fact, a previous study reported that CD44 is a well-known CSC marker 

involved in cell adhesion and migration and also plays an important role in tumor progression 

and poor diagnosis in HNSCC [46].  

In addition, this study showed that CBP and phosphorylated CREB-1 were significantly 

over-expressed in oral CSCs. These data suggest that CREB pathway is activated in CSCs 

(Figure 5 and 6 ) and may be required for maintain the stemness of oral CSCs. 

In our study, we demonstrated (Table 4A ) up-regulation of two proteins of the peptidyl-

prolyl cis-trans isomerase family, including cyclophilin A and a protein folding stereo-isomerase. 

Cyclophilin A, also known as peptidyl-prolyl isomerase A, appears to be produced by human 

embryonic stem cells (hESCs) and it is mediated by CD157 which seems to be important for the 

survival of hESCs and other human stem cells [47]. Additionally, most of cyclophilins possess 

peptidyl-prolyl isomerase activity which helps in the folding of proteins [48].  
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Our study also demonstrated that Notch1 induced protein is up-regulated in CSCs (Table 

3). Previous studies found Notch1 to be involved in the cell signaling system that plays an 

important role in cell fate determination, proliferation, apoptosis, stem cell maintenance during 

development and progression of many human malignancies [49]. In addition, nestin was found 

to be up-regulated in CSCs when compared to NSCs, which is congruent with previous finding 

that nestin was up-regulated in HNSCC-driven squamospheres (Table 3 ) 

 Phosphoglycerate kinase 1 (PGK1) is an ATP-generating enzyme of the glycolytic 

pathway. PGK is a down-stream target of hypoxia-inducible factor-1α (HIF-1α) [50, 51], which is 

a transcriptional factor that plays an important role in tumor progression [50]. In our study, HIF-

1α and PGK1 (Figure 3 ) were down-regulated in CSCs versus NSCs, which suggests that 

glycolysis might be inhibited in the CSCs when compared to NSCs. Transketolase belongs to a 

metabolic enzyme family encoded by transketolase genes Transketolase (TKT), Transketolase-

Like 1 (TKTL1) and Transketolase-Like 2 (TKTL2) [52]. It has been reported that TKTL1 has an 

important role in controlling the nonoxidative pentose-phosphatase pathway and is significantly 

over-expressed in several different tumors [52]. Also, TKTL1 can be correlated with poor patient 

outcome and tumor progression [53]. In our study, there was no significant difference in TKT 

expression between CSCs and NSCs and this was confirmed by Western blot analysis (Figure 

3).  

Overall, our data collectively suggest that the isolated oral CSCs exhibits stem cell like 

properties whereas the NSCs do not. Stem cell markers including CD44, OCT4, SOX2 and 

SOX9 were found to be highly expressed in the CSCs. Based on the quantitative proteomic 

analysis, we found a number of proteins are differentially expressed between CSCs and NSCs. 

Many of these proteins (and their related pathways), such as notch1-induced protein isoform B, 

nestin and CREB-1, may have very important function in cancer stem cell biology. 
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CONCLUSION 

We successfully isolated oral CSCs and confirmed the over-expression of stem cell 

markers in isolated CSCs. By comparing the global protein expression in oral CSCs and NSCs 

using quantitative proteomics, we found a number of transcription factors, stem cell markers and 

other regulatory proteins are differentially expressed between CSCs and NSCs. Specifically, we 

found that the CREB pathway is activated in oral CSCs. These novel targets found in CSCs 

may have therapeutic interventions in oral cancer.  
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FIGURES AND TABLES FOR CHAPTER 1  

Figure 1: A schematic diagram of the CREB pathway 

 

 

 

 
 
 
 
 
 

Figure 1. Several pathways that lead CREB phosphorylation/activation to promote cell 
survival, proliferation and differentiation. In addition, the dephosphorylation of CREB occurs 
via PTEN and PP1. 

Adopted from Mantamadiotis, T., N. Papalexis, and S. Dworkin, CREB signalling in neural 
stem/progenitor cells: Recent developments and the implications for brain tumour biology. 
Bioessays, 2012. 34(4): p. 295.  



Figure 2: Sphere formation 

 
 
 
 
 
 

  

Figure 2 . A subpopulation of UM1 cancer cells was spherogenic when cultured in serum 
free medium containing growth factors bFGF and EGF. 

Spherogenic cells  
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. A subpopulation of UM1 cancer cells was spherogenic when cultured in serum 
free medium containing growth factors bFGF and EGF.  

Adherent non -spherogenic 
cells  

Spherogenic cells

. A subpopulation of UM1 cancer cells was spherogenic when cultured in serum 

Spherogenic cells  



Figure 3: Spherogenic cells e xpress 

Figure 3 . Western blot analysis of stem cell markers and metabolic enzy
NSCs. It was observed that stem cell markers such as CD44,OCT4, SOX2 and SOX9 
were significantly over-expressed in CSCs 
regulated in CSCs compared to NSCs. No significant difference for TKT.
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xpress stem cell markers 

 

 

. Western blot analysis of stem cell markers and metabolic enzymes in CSCs and 
NSCs. It was observed that stem cell markers such as CD44,OCT4, SOX2 and SOX9 

expressed in CSCs whereas HIF-1α and PGK-1 was down
regulated in CSCs compared to NSCs. No significant difference for TKT. 

 

mes in CSCs and 
NSCs. It was observed that stem cell markers such as CD44,OCT4, SOX2 and SOX9 

1 was down-



Figure 4A: Quantitative p roteomic 

  

 

 

  
Stable Isotope Labeling

Figure 4A . Quantitative proteomic analysis of proteins in CSCs and NSCs using tandem 
mass tagging and 2-D LC-MS/MS. Ratios of 127 to 126 represent the relative levels of 
proteins between NSCs (TMT-
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roteomic analysis 

 

 

Stable Isotope Labeling  

Quantitative proteomic analysis of proteins in CSCs and NSCs using tandem 
MS/MS. Ratios of 127 to 126 represent the relative levels of 

-127) and CSCs (TMT-126).  

Quantitative proteomic analysis of proteins in CSCs and NSCs using tandem 
MS/MS. Ratios of 127 to 126 represent the relative levels of 



Figure 4B: Quantitative proteomic analysis of CSC

 

 

  

Figure 4B . The number  of protein IDs with one or two  confidently matched peptides 
(either with or without TMT labeling)  2 peptides with label.

Protein ID count based on the number of confidently matched 
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Quantitative proteomic analysis of CSC -like and NSC UM1 cells

 

 

The number  of protein IDs with one or two  confidently matched peptides 
(either with or without TMT labeling)  2 peptides with label. 

ount based on the number of confidently matched 
TMT-labeled peptides  

like and NSC UM1 cells  

The number  of protein IDs with one or two  confidently matched peptides 

ount based on the number of confidently matched or 
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Figure 5: CBP is over-expressed in oral CSCs 

 
 
 
 
 
 
 
 
 

  

CREB-binding protein (CBP) 

Figure 5. The overexpression of CBP protein in CSC compare with NSC, as observed by 
LC-MS/MS method 
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Figure 6: Expression of CREB -

 
 

 
 
 
 
 

  

Figure 6. Phospho-CREB-1 (p
expressed in CSCs when compared with NSCs.
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-1, p-CREB-1 and CBP between CSCs and NSCs.

 

1 (p-CREB1) and CREB-binding protein (CBP) were over
expressed in CSCs when compared with NSCs. 

1 and CBP between CSCs and NSCs.  

binding protein (CBP) were over-



Figure 7A: Cell cycle pathway 

 

 

 

 

 

  

Figure 7A: Quantitative proteomic analysis 
pathway (show in red stars).  
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pathway  

itative proteomic analysis revealed important target proteins present in cell cycle present in cell cycle 



Figure 7B: Glycolysis p athway

Figure 7B: Quantitative proteomic analysis 
glycolysis/gluconeogenesis pathway (show in red stars).
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athway

  
itative proteomic analysis revealed important target proteins

glycolysis/gluconeogenesis pathway (show in red stars). 

 
 present in 
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Table 1: A list of stem cell markers in HNSCC 

 

 

 

 

 

 

 

 

 

 

 

 

  

Positive Markers in HNSCC  Function  References  
CD44 Transcription factor [24, 54-57] 
OCT3/4 Transcription factor [30, 33, 58, 59] 
SOX2 Transcription factor [30, 33, 59] 
Nanog Transcription factor [33, 58] 
ALDH1 Enzyme  [33, 59-62] 
Nestin Transcription factor [30] 
CD133 Transmembrane 

glycoproteins 
[26, 45, 63] 
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Table 2: Stimuli and kinases implicated in CREB act ivation  

 
 

 

 

 
 
 
 

  

Table 2: The table shows several growth factors and stress signals that are known to 
promote phosphorylation of CREB at Ser133. The Signals that might be involved in our 
study are fibroblast growth factor and epidermal growth factor. 

Adopted from Mayr B. Montminy M.Transcriptional, Transcriptional Regulation by the 
Phosphorylation- dependent Factor CREB. Nature Reviews Molecular Cell Biology 2, 2001 
p.605  
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Table 3: A representative list of up-regulated prot eins in CSCs 

 

   
Accession
Number

Ratio
127/126

# of
Peptides Protein Name

IPI00893336.1 0.308 2 notch1-induced protein isoform b
IPI00023339.2 0.382 2 CREB-binding protein (CBP)
IPI00010800.2 0.469 3 Nestin
IPI00012028.2 0.538 3 Syntaxin-17
IPI00021828.1 0.542 4 Cystatin-B
IPI00031722.1 0.555 2 HOXA-9A
IPI00788826.1 0.559 2 Isoform 4 of Poly(U)-binding-splicing factor PUF60
IPI00295022.6 0.565 2 NK-tumor recognition protein
IPI00418471.6 0.587 3 Vimentin
IPI00302641.1 0.647 3 Protocadherin Fat 2
IPI00165587.3 0.652 2 galectin-8 isoform a
IPI00549516.3 0.684 2 Target of EGR1 protein 1
IPI00642575.4 0.699 2 G-protein-signaling modulator 2
IPI00017334.1 0.705 2 Prohibitin
IPI00383227.1 0.710 3 Calnexin (Fragment)
IPI00032063.7 0.721 2 tumor suppressor protein
IPI00909880.1 0.723 2 Transcription factor SOX-7
IPI00028382.3 0.737 3 Isoform 2 of Kalirin
IPI00022223.2 0.774 2 Protein Wnt-5b
IPI00220254.1 0.782 2 Isoform 3 of Fibroblast growth factor receptor 3
IPI00218918.5 0.786 19 Annexin A1
IPI00216984.5 0.794 3 Calmodulin-like protein 3
IPI00306290.5 0.805 5 Exportin-T
IPI00103552.4 0.806 8 Mucin-16
IPI00027201.1 0.812 3 Mucin-2
IPI00848184.2 0.817 2 Kinocilin
IPI00915279.1 0.823 2 fibroblast growth factor 13 isoform 3
IPI00020599.1 0.828 12 Calreticulin
IPI00876941.1 0.831 2 Caveolin (Fragment)
IPI00465431.8 0.834 3 Galectin-3
IPI00009329.2 0.836 3 Utrophin
IPI00218764.13 0.839 2 calpain 3 isoform f
IPI00015838.3 0.844 2 Cell growth-regulating nucleolar protein
IPI00010951.2 0.866 5 epiplakin 1
IPI00900324.1 0.866 2 Synaptopodin-2
IPI00845242.2 0.888 4 Isoform 2 of Tumor necrosis factor, alpha-induced protein 8
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Table 4A: A representative list of differentially e xpressed metabolic enzymes between 

CSCs and NSCs 

 

 

 

Accession
Number

Ratio 
127/126 

#  of
Peptides Protein Name

IPI00219568.3 1.389 5 Phosphoglycerate kinase, testis specific (PGK2)

IPI00289800.7 1.339 2 Glucose-6-phosphate dehydrogenase

IPI00005705.1 1.258 2
Serine/threonine-protein phosphatase 1, catalytic subunit, 
gamma isozyme

IPI00169383.2 1.247 11 Phosphoglycerate kinase 1

IPI00218353.3 1.210 3 Probable cation-transporting ATPase 13A1

IPI00654615.1 1.182 2
Dehydrogenase/reductase SDR family member 9, biosynthesis 
of retinoic acid from retinaldehyde

IPI00410344.2 1.132 2 Serine/threonine-protein kinase PLK4

IPI00419585.8 0.855 9 Peptidyl-prolyl cis-trans isomerase A (Cyclophilin A)

IPI00220143.2 0.845 2 Maltase-glucoamylase, intestinal

IPI00010796.1 0.838 5 Protein disulfide-isomerase precursor

IPI00440493.2 0.824 9 ATP synthase alpha chain, mitochondrial precursor

IPI00029144.1 0.818 2
Serine/threonine-protein phosphatase 2A 72/130 kDa regulatory 
subunit B

IPI00014375.1 0.790 2 Glutamyl aminopeptidase

IPI00513928.1 0.768 2 Acyl-coenzyme A thioesterase 2

IPI00018206.3 0.734 3 Aspartate aminotransferase, mitochondrial precursor

IPI00291006.1 0.732 8 Malate dehydrogenase, mitochondrial precursor

IPI00297084.7 0.731 2 Dolichyl-diphosphooligosaccharide-protein glycosyltransferase

IPI00303476.1 0.730 15 ATP synthase beta chain, mitochondrial precursor

IPI00022774.2 0.665 4 Transitional endoplasmic reticulum ATPase

IPI00438875.2 0.658 2
Channel kinase 2 (Isoform M6-kinase 2 of Transient receptor 
potential cation channel subfamily M member 6)

IPI00640240.1 0.648 2 Serine palmitoyltransferase, long chain base subunit 2-like

IPI00646947.1 0.626 3
highly similar to Sarcoplasmic/endoplasmic reticulum calcium 
ATPase 1

IPI00009634.1 0.546 4 Sulfide:quinone oxidoreductase, mitochondrial precursor

IPI00657779.1 0.492 2 Peptidylprolyl isomerase F

IPI00552972.2 0.473 3
Dolichyl-diphosphooligosaccharide-protein glycosyltransferase 
subunit 2

IPI00658151.1 0.465 3 Striated muscle preferentially expressed protein kinase

IPI00022314.1 0.400 5 Superoxide dismutase [Mn], mitochondrial precursor

IPI00007611.1 0.353 3 ATP synthase,subunit O, mitochondrial precursor
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Table 4B: A representative list of  transcription, translation regulatory proteins 

 

Accession
Number

Ratio
127/126

# of
Peptides Protein Name

IPI00410017.1 2.592 2 Poly(A)-binding protein 1

IPI00375141.1 1.456 5 Dystrophin

IPI00009771.5 1.440 2 Lamin-B2

IPI00291783.3 1.337 3 Gem-associated protein 5

IPI00183085.2 1.282 2 Highly similar to N-myc downstream regulated 1

IPI00179700.3 1.227 3 High mobility group protein HMG-I/HMG-Y

IPI00743912.1 1.189 9 Nucleolin

IPI00642422.1 1.170 2 Transcriptional regulatory protein Ash1

IPI00428056.1 1.151 2 Nucleic acid-binding BBF2H7/FUS protein

IPI00410344.2 1.132 2 Serine/threonine-protein kinase PLK4

IPI00396485.3 1.130 18 Elongation factor 1-alpha 1

IPI00002501.1 0.842 2 Cyclic AMP-dependent transcription factor ATF-1

IPI00651769.1 0.832 2 Myelin transcription factor 1-like protein

IPI00465070.6 0.812 8 Histone H3.1

IPI00141938.3 0.801 5 H2A histone family, member V isoform 2

IPI00328737.1 0.794 2 Zinc finger protein 598

IPI00006196.2 0.792 3
Nuclear mitotic apparatus protein 1, asymmetric division 
related

IPI00027252.6 0.789 4 Prohibitin-2, mediator of transcriptional repression

IPI00745230.1 0.788 2 REV3-like, catalytic subunit of DNA polymerase zeta

IPI00000897.1 0.779 2 Probable helicase with zinc-finger domain

IPI00220834.7 0.773 3 ATP-dependent DNA helicase 2 subunit 2

IPI00386211.3 0.760 3
Biorientation of chromosomes in cell division protein 1-like 
1

IPI00027107.5 0.760 5 Tu translation elongation factor, mitochondrial

IPI00021405.3 0.755 26 Isoform A of Lamin-A/C

IPI00020153.2 0.749 2 Zinc finger protein 231

IPI00219038.8 0.718 7 Histone H3.3

IPI00166612.9 0.711 2 Cardiomyopathy associated 5 protein

IPI00337766.5 0.705 3 zinc finger, CCHC domain containing 2

IPI00642900.2 0.697 3
Transcription repressor CCR4-NOT transcription complex 
subunit 1

IPI00401829.3 0.645 2 Coiled-coil domain-containing protein 175

IPI00216457.6 0.628 6 Histone H2A type 2-A

IPI00065310.2 0.626 3 Coiled-coil domain-containing protein 27

IPI00014213.1 0.617 2 Probable leucyl-tRNA synthetase, mitochondrial precursor

IPI00294575.7 0.577 2 Cell division cycle protein 27 homolog
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 Table 4B (continued): A representative list of tran scription, translation regulatory 

proteins 

 

  

Accession
Number

Ratio
127/126

# of
Peptides Protein Name

IPI00020991.2 0.568 2 CDKN2A interacting protein

IPI00171611.5 0.563 8 H3 histone family, member M

IPI00007928.4 0.550 2 Pre-mRNA-processing-splicing factor 8

IPI00021520.1 0.478 2 Glucocorticoid receptor AF-1 coactivator-1
IPI00619932.4 0.382 2 CREB-binding protein

IPI00024163.1 0.303 2 DNA-directed RNA polymerase III largest subunit

IPI00387050.3 0.216 2 BUD13 homolog, splicing factor

IPI00015557.3 0.097 2 Coiled-coil domain-containing protein 48
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Table 4C: A representative list of proteins related  to cell renewal or differentiation 

 

  

Accession
Number

Ratio
127/126

# of
Peptides Protein Name

IPI00005750.1 1.840 3 PKD and REJ homolog protein
IPI00414203.2 1.351 3 Predicted testis protein

IPI00410096.1 1.333 3
Selective LIM binding factor homolog
(hedgehog signaling)

IPI00021812.1 1.234 2 Neuroblast differentiation-associated protein AHNAK
IPI00179700.3 1.227 3 High mobility group protein HMG-I/HMG-Y
IPI00168913.1 0.738 2 Limbin (positive regulator of the hedgehog signaling pathway)
IPI00183085.2 1.282 2 Highly similar to N-myc downstream regulated 1

IPI00375141.1 1.456 5
Dystrophin (morphogenesis and DNA-dependent regulation of 
transcription)
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CHAPTER 2:  Quantitative proteomic analysis of salivary glands of non-obese diabetic mice 

after bone marrow cell transplantation 

INTRODUCTION 

Sjögren’s syndrome (SS) is a chronic autoimmune disease, with an estimated 

prevalence of ~ 4 million in the US [64, 65]. Patients with SS suffer from dry mouth (xerostomia) 

and eyes (xeropthalmia) caused by lymphocytic infiltration of salivary and lachrymal glands. SS 

primarily affects women, with a ratio of 9:1 over the occurrence in men. The disease is classified 

as primary SS when it exists by itself or secondary SS when it is associated with another 

autoimmune disease such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) or 

systemic sclerosis. In addition, patients with SS have a significant higher risk of developing 

lymphoma than both healthy population and patients with other autoimmune diseases [66]. The 

most common form is mucosa-associated lymphoid tissue (MALT) lymphoma that remains 

localized in the affected salivary glands.  

A typical pathological feature of SS is the presence of progressive lymphocytic infiltrates 

in the exocrine glands, such as salivary and lachrymal glands, where lymphocytes are not 

normally found [67]. Histopathological examination of the affected major salivary glands in 

patients with SS reveals a benign lymphoepithelial lesion, which is characterized by lymphocytic 

replacement of the salivary epithelium and accompanied by the formation of epimyoepithelial 

islands mainly composed of keratin-containing epithelial cells [68, 69]. The predominant cells in 

the salivary gland infiltrates are T cells, with a ratio of 3–5:1 between CD4+ and CD8+ 

phenotypes. SS is also associated with B cell hyperactivity as manifested by the production of 

autoantibodies, hypergammaglobulinemia, formation of ectopic lymphoid structures within the 

inflamed tissues, and enhanced risk of B cell lymphoma [70]. B cells constitute approximately 

20% of the total infiltrating population [69]. Various autoantibodies, such as anti-SS-A (Ro), anti-
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SS-B (La), anti-α-fodrin, anti-M3 muscarinic acetylcholine receptor (anti-M3R), anti-histone and 

anti-transglutamine are detected in serum or saliva fluids of patients with SS [67, 71-73].  

Nevertheless, the present level of mechanistic understanding of SS etiology and 

pathogenesis is inadequate, and accordingly there are no treatments that modify the evolution 

of SS in patients [74]. The efficacy of local treatments such as artificial tears or oral sprays is 

limited, whereas molecular-targeted therapies remain at early-stage clinical trials in SS patients. 

Cell-based therapies have shown promises to restore the function of damaged salivary glands 

in SS mouse models. Moreover, cell-based therapies, based on the use of bone marrow-derived 

cells (BMDCs), splenic stem cells or salivary gland (adult) stem cells, have shown promises to 

restore the function of damaged salivary glands in animal models with SS-like disease or under 

radiation treatment [14, 75, 76]. Transplantations of BMDCs are traditionally used for 

hematologic diseases, but there is an increasing interest in using BMDC treatments for non-

hematologic disorders, including autoimmune diseases such as SS [75, 77]. Tran et al. initially 

observed that BMDCs from healthy male donors can differentiate into buccal (oral) epithelial 

cells of female transplant recipients and, recently, confirmed that a small percentage of Y-

chromosome positive salivary cells (mean of <1%) are present in the biopsied salivary glands of 

five female patients, who received allogeneic BMDC or peripheral blood stem cells (PBSC) 

transplants from their brothers [78, 79]. This phenomenon of donor cell microchimerism 

demonstrated a therapeutic significance of using BMDCs for the treatment of salivary 

dysfunctions such as SS or radiation-induced salivary gland damage. The same research group 

has devoted significant efforts to demonstrating allogeneic BMDC transplants for treating SS in 

the NOD mice, which is an animal model displaying infiltrates of lymphocytes and a gradual loss 

of salivary function. In a recent study [79], they tested the long-term effects (52 weeks post-

therapy) of complete Freund's adjuvant (CFA, immunopotentiator) and MHC class I-matched 

normal BMDCs to 7-week old NOD mice prior to SS onset. At week 52 post-treatment, NOD 
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mice treated with CFA + BMDCs were normoglycemic compared to the control group, and had 

their salivary glands’ function restored both quantitatively and qualitatively. Saliva production 

was significantly higher in BMDC-transplanted mice when compared to control NOD mice who 

continued to have their saliva production deteriorated over time. Similar strategy using BDMC 

transplants was also used to functionally restore irradiated salivary glands in animal models [80-

82]. 

Tran et al. demonstrated that donor splenocytes can regenerate the salivary glands in 

NOD mice with SS-like disease. The therapy for treating the NOD mice was a combination of 

CFA injection and transplantation of MHC class I-matched normal splenocytes, which is 

analogous to the allogeneic hematopoietic stem cell transplantation. All treated NOD mice had a 

complete recovery of salivary flow whereas all untreated NOD mice showed a continuous 

decline in salivary flow, followed by hyperglycemia and death. Restoration of salivary flow could 

be the result of a combination of rescue and regeneration of the gland, as confirmed by 

immunohistochemistry (IHC) analysis in the study [76, 83]. 

Recently, proteomic analysis of salivary glands and saliva samples of SS patients have 

revealed a number of differentially expressed proteins in the disease phenotypes. This includes 

over-expression of β-actin, α-defensin, keratins, enolase, carbonic anhydrase VI, cyclophilin B, 

HSPC059, calmodulin, and calgranulin as well as 40S and 60S ribosomal proteins [84] [85] [86] 

[87] [88] [89]. Alteration of these proteins reflects acinar cell damage (e.g., keratin) and 

inflammation (e.g., calmodulin and calgranulin) that may mediate the pathogenesis of this 

disease. 

In my second study we aim to evaluate the functional restoration of salivary glands in 

NOD mice by bone marrow cell extract (BMCE) treatment. To understand the underlying 

mechanism, we conducted a quantitative proteomic analysis of proteins in control and BMCE-
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treated NOD mouse glandular tissues using TMT labeling and 2-D LC- MS/MS. Based on the 

proteomic studies, we have identified the functional pathways and important target proteins 

involved in the restoration of the submandibular gland tissue in the NOD mice treated with 

BMCE.  
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MATERIALS AND METHODS  

A. Mouse submandibular gland tissues 

 Seven-week old NOD female mice were divided in two groups: one group of the NOD 

mice was treated with PBS and the other group was injected with bone marrow cell extract. In 

brief, NOD mice were treated twice a week. At twenty to twenty-two-weeks old mice were 

sacrificed, and their submandibular glands immediately removed and then frozen at –80°C. 

B. Tandem Mass Tagging  

 The submandibular gland tissues of NOD mice without treatment or with BMCE 

treatment were lysed in 8M urea and leave on ice. Then, the samples were homogenized and 

centrifuged at 15,000 rpm for 5 minutes at 4oC, the supernatants were removed and the levels 

of proteins were quantified by the Bradford method. Afterwards, the lysed samples were labeled 

with TMT Mass Tagging Kit (TMT 6plex, Thermo Scientific). In brief, the submandibular gland 

tissue samples were precipitated overnight at -20oC with cold ethanol. Following centrifugation 

at 4oC, speed 13500 RPM for 15 minutes. After removing amine-based buffers and thiol 

reagents, samples were reduced, alkylated and digested overnight. The control tissue sample 

was labeled with reagent 130 whereas the BMCE-treated sample was labeled with reagent 131. 

Afterwards, we combined the labeled samples and performed the strong-cation exchange using 

the VIVAPURE S mini H filter (Sartorius stedim Biotech). The filter was pre-wet with sodium 

acetate (25mM) and centrifuged 2000xg for 10 minutes. The combined samples were added to 

the filter and centrifuged 2000xg for 10 minutes at room temperature. The first filtrated sample 

was collected and eight subsequent step elution (2.5mM, 5mM, 10mM, 20mM, 50mM, 100mM, 

250mM and 1M) were performed and fractions were vacuum dried. The dried samples were 

resuspended with 0.1% formic acid prior to LC-MS/MS. 

C. 2-D LC with MS/MS 
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 Fractionated peptide samples were loaded on an Agilent nanotrap column (Santa Clara, 

CA) and washed for 10 minutes at 6µl/min. Chromatography was performed using Eksigent 2D-

LC nanoflow system operating at 400nl/min and a 90 minute gradient. Separation was 

performed on a Microm 100x0.1mm C18AQ column (200A, 3um) using solvent A (0.1% Formic 

Acid ) and solvent B ( 99.9 % ACN, 0.1% formic Acid)  over 90 minute gradient: ( 0-30% B (60 

min), 35-80% B (10 min), 80% B (5 min), and then the column was re-equilibrated).Data 

Dependent LC-MS-MS was performed using an Orbitrap LTQ XL mass spectrometer (Thermo 

Fisher, San Jose, CA ) with the MS scan performed in the Orbitrap analyzer using 2 microscans 

of maximum time 50ms and an automatic gain control of 1E5. The top 3 ions of intensity greater 

than 5000 (excluding single charge states) were selected for MS-MS. In each cycle, a MS-MS 

fragmentation was generated using subsequent CID (collision energy 35) and HCD (collision 

energy 42) scans performed in the LTQ Iontrap and Orbitrap cell, respectively, which were then 

combined in data processing to obtain quantitative and qualitative data. 

D. Database searching with the Proteome Discoverer and informatics analysis  

 Database searching was performed using the Proteome Discoverer 1.2 (Thermo Fisher 

Scientific) and a workflow created by the purpose of analysis of the raw data obtained from LC-

MS/MS. In brief, the files obtain from mass spectrometry were * .RAW file and all data were 

loaded into the Spectrum Files. The parameters for Spectrum Selector were set as default. 

Next, the Reporter Ions Quantifier was set for TMT 6plex (using 130 and 131). The data 

searching parameters SEQUEST IPI_Mouse_v3_57 fasta were set as the static modifications 

were N-terminus TMT6plex (+229.163Da), peptide-C terminus none and Carbamidomethyl 

(Rev1/+57Da).  Proteins with high confidence were selected according to standard identification 

criteria. Gene Ontology and functional pathway analysis were performed with the DAVID v6.7 
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RESULTS 

Quantitative proteomic analysis of submandibular gl ands of control and BMCE-treated 

NOD mice. 

 Based on the TMT labeling and 2-D LC-MS/MS, we quantified 1,855 proteins in salivary 

gland tissues between control and BMCE treated NOD mice (Figure 8B ). The number of 

identified proteins but not labeled with TMT is also shown in Figure 8A . Among these identified 

proteins, a total of 534 proteins were found to be up-regulated (>1.2 fold) or down-regulated 

(<0.833 fold). A representative list of 25 proteins including inflammatory proteins, apoptotic 

proteins, or transcriptional factors, is shown in Table 6A. These proteins were down-regulated in 

submandibular gland tissue cells in BMCE-treated mice. A second list of 22 proteins, including 

transcription factors, stem cell-related proteins and salivary proteins that are up-regulated in 

submandibular tissue cells of BMCE treated NOD mice is  shown in Table 6B . 

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis 

 KEGG pathway analysis was performed on the quantified proteins based on the 

proteomic analysis to evaluate which pathways were significantly represented in BMCE treated 

salivary gland cells. Three pathways were found to be significant (p≤0.001) including calcium 

signaling pathway, inositol phosphate metabolism and focal adhesion. These three pathways 

play an important role in differentiation and apoptosis in different cell types including stem cells 

(Table 7 ). 
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DISCUSSION  

 Recent studies on cell-based therapies for the treatment of SS in mouse models have 

shown improvement of saliva flow rate, suggesting that these therapies may rescue the function 

of damaged salivary glands [14, 75, 76]. To understand the underlying mechanism of the bone 

marrow cell transplantation treatment, we have performed a quantitative proteomic analysis to 

identify potential targets of the treatment (Table 5). 

  Our proteomic analysis indicates that α-amylase was up-regulated in the salivary glands 

of BMCE-treated mice compared with untreated mice. Baldini et al. found that there was a 

significant decrease of α-amylase in SS patients compared to healthy and non-SS sicca 

syndrome subjects [90]. Also, previous reports suggested that the decrease of amylase in SS is 

due to acinar parenchymal damage [89], and the expression of acinar-specific markers such as 

α-amylase and cystatin could help differentiate into acinar cells [91-93]. This suggests that the 

expression of salivary α-amylase in NOD mice was restored by BMCE treatment, and the 

elevated levels of salivary α-amylase may help differentiate to acinar parenchymal cells. 

 This study also demonstrated that the up-regulation of aquaporin 1 (AQP1) in BMCE-

treated submandibular tissue cells. Aquaporins are water channel proteins that play an 

important role in salivary secretion. AQP1, AQP3, AQP4 and AQP5 are expressed and localized 

in human parotid, submandibular, sublingual and labial glands [94, 95]. In addition, AQP1 is 

expressed in salivary gland myoepithelial cells. It is believed that the presence of AQP1 in 

myoepithelial cells plays an important role in secretion, since myoepithelial cells embrace acinar 

cells; the aquaporin might ensure the water flow into the basal aspect of the acinar epithelial 

cells [96].  Furthermore, the expression of AQP1 was significantly decrease in SS [97]. Our 

study suggests that the BMCE treatment restores the expression of AQP1 in salivary glands, 

which may contribute to the improved saliva flow rate in NOD mice. 
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 BMCE treatment also led to the up-regulation of parotid secretory protein (PSP) in NOD 

mice, which is a secreted protein involved in binding and clearing various infectious agents [98, 

99]. Previous studies indicated that aberrant synthesis and processing of PSP in the 

submandibular glands of NOD-scid mice correlates to the time of appearance of lymphocytes in 

the parental NOD mice. It also correlates with a loss of acinar cells through time and an 

increase of a ductal cell population [98]. The elevated expression of PSP due to BMCE 

treatment may contribute to the decreased activity of infiltrating lymphocytes in the salivary 

glands. 

 Both vimentin and nestin were up-regulated in BMCE-treated mice versus untreated 

mice. Nestin is a stem cell marker expressed by many types of cells during development while 

vimentin is expressed in mesenchymal cells and involved organogenesis, wound healing and 

tumor invasion. In fact, vimentin appears as an important biomarker in epithelial-mesenchymal 

transition (EMT) which is responsible for generation of stem cells during the tissue repair [100]. 

In a previous study, You et al. found that vimentin and nestin were both up-regulated during 

repair of lacrimal glands in mice. Their results showed that there was a presence of a 

heterogeneous population of mesenchymal stem cells (MSCs) based on the expression of 

nestin and vimentin in the lacrimal glands [101]. Since MSCs are the major type of stem cells in 

bone marrow, our finding suggests that the factors present in BMCE induce the expression of 

nestin and vimentin, which may stimulate the tissue regeneration and repair in the salivary 

glands of NOD mice.   

Meanwhile, we found the down-regulation of caspase-8, Sjogren syndrome antigen B 

(SSB) and kallikrein-1 related peptidase in BMCE-treated mice versus the untreated control 

mice. Caspases play an important role in the initiation and execution of the apoptosis process. 

They are synthesized as inactive zygogens that become activated by cleavage via upstream 

proteases and, once activated, lead to cell death via extrinsic or intrinsic pathways [102]. The 



43 

extrinsic pathway involves the death receptor such as Fas and is initiated by the TNF-receptor 

family members, leading to the cleavage and activation of initiator caspase-8 [102]. Indeed, 

increased apoptosis of salivary gland epithelium was observed in SS patients, with elevated 

expression of Fas and FasL in glandular ductal and acinar cells [103]. Our result suggests that 

BMCE treatment inhibits the expression of caspase-8 and apoptosis of salivary glandular cells 

in NOD mice.  

 SSB (a.k.a, La) is an autoantigen associated with autoimmune disorders. It is manly 

associated with the precursor forms of RNA polymerase III transcripts [104]. In fact, Anti-SSB/La 

autoantibody commonly serves as a diagnostic marker for SS. Our previous studies indicated 

that salivary anti-SSB/La level was significantly higher in primary SS patients compared with 

systemic lupus erythematosus (SLE) and healthy control individuals [72]. Obviously, the BMCE 

treatment down-regulated the expression of SSB autoantigen in salivary gland cells, which may 

contribute to a decreased autoimmune activity.   

 Kallikreins are a group of serine proteases classified into two categories one called 

plasma klk (blood plasma) and another called tissue klk (glandular organs) [105]. kallikrein 

cascade play an important role in the initiation and maintenance of inflammatory responses 

[106]. Furthermore, both klk-1 and -13 were up-regulated in salivary glands from IQI/Jic mice at 

the age of 16 weeks [107]. Our results demonstrate that the BMCE treatment may contribute to 

the decrease of inflammatory response in NOD mice.  

The KEGG pathway analysis indicated that the differentially expressed proteins are 

related to the calcium signaling pathway, the inositol phosphate metabolism pathway and the 

focal adhesion pathway. In our study, calreticulin, inositol 1,4,5- trisphosphate 3-kinase B (IP3K) 

isoform 2 (Table 6A ), which are important elements of both calcium and inositol pathways, were 

down-regulated in BMCE treated NOD mice (Figure 9 and 10 ).  Calcium plays an important role 
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in biological signaling, protein secretion, exocytosis, and muscle contraction [108, 109]. 

Oscillations in Ca2+, in response to Ca2+ mobilizing stimuli are observed in many non-excitable 

cells, such as pancreatic acinar cells, oocytes, liver cell, and fibroblast [110]. Calmodulin, 

calreticulin, and other glycoproteins are protein calcium binding and they mediate the biological 

effects of Ca2+ [111]. The over-expression of calreticulin protein displayed a decrease in the rate 

of Ca2+ mobilization from the internal stores [112].  Our result implies that calreticulin expression 

is down-regulated in the treated salivary glands and may help increase the rate of Ca2+ 

mobilization in the salivary glands of BMCE-treated NOD mice.  

We found IP3K B isoform 2 and isoform 1 of membrane-associated phosphatidylinositol 

to be down-regulated in BMCE-treated NOD mice (Table 6A ). Inositol 1,4,5-trisphosphate (IP3) 

is a secondary messenger and responsible for the regulation of Ca2+ activation chloride efflux 

and also has a role in inositol phosphate metabolism pathway [113]. The phosphatases and 

kinases present in the metabolic cascade generate a range of inositol phosphate derivatives 

such as IP3 and phosphatidylinositol [114]. Our result proposes that IP3K and associated 

phosphatidylinositol may be associated with the homeostasis of calcium in the salivary glands in 

BMCE-treated NOD mice. 

Our studies also indicated that actin, talin-1 and extracellular matrix protein FRAS1 

precursor were down-regulated in BMCE treated mice (Table 6A ). These molecular are related 

to focal adhesion pathway (Figure 11 ). Focal adhesions (FAs) are complex plasma membrane-

associated macromolecular assemblies that serve to physically connect the actin cytoskeleton 

to integrins that engage with surrounding extracellular matrix (ECM) [115]. FA-related signaling 

networks dynamically modulate the strength of the linkage between integrin and actin and 

control the organization of the actin cytoskeleton [115].  
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CONCLUSION 

 Cell-based therapies represent a novel and promising strategy to SS treatment because 

animal model studies have shown that transplants with BMCE or stem cells (e.g., hematopoietic 

or splenic stem cells) can functionally restore the damaged salivary glands in SS mouse 

models. Our study confirmed the functional restoration of salivary glands through BMCE 

treatment by investigating the global protein expression in the submandibular gland tissues of 

the BMCE-treated NOD mice. The proteomic analysis indicated that BMCE treatment is 

effective due to inhibiting the apoptosis and inflammation whereas improving the differentiation 

and regeneration of salivary gland cells.    
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Figure 8B: Quantitative p roteomic 

 

  

Figure 8B . Quantitative proteomic analysis of proteins in control and BMCE treated using 
tandem mass tagging and 2-D LC
levels of proteins between BMCE treated (TMT
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roteomic analysis            

Quantitative proteomic analysis of proteins in control and BMCE treated using 
D LC-MS/MS. Ratios of 131 to 130 represent the relative 

levels of proteins between BMCE treated (TMT-131) and control (TMT-131). 

Quantitative proteomic analysis of proteins in control and BMCE treated using 
MS/MS. Ratios of 131 to 130 represent the relative 

131).  
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Table 5: A list of proteins that are differentially  expressed in BMCE-treated mice. 

 

Protein name  Current study  Previous  stud y References  

Inflammation-related 

Kallikrein 1- related 
peptidase 

Down-regulated in BMCE-
treated NOD mice 

Up-regulated in salivary 
glands of IQI/Jic mice [107] 

Calreticulin/ 
Calmodulin 

Down-regulated in BMCE-
treated NOD mice 

Up-regulated in salivary 
glands of IQI/Jic mice [24, 25] 

SS biomarker  

Sjogrens syndrome 
antigen B 

Down-regulated in BMCE-
treated NOD mice 

Up-regulated in SS 
patients [72, 104] 

Salivary gland biology  

α-amylase Up-regulated in BMCE-
treated NOD mice 

Down-regulated in SS 
patients [90-93] 

Aquaporin-1 Up-regulated in BMCE-
treated NOD mice 

Down-regulated in SS 
patients [94, 95, 97] 

Parotid secretory 
protein 

Up-regulated in BMCE-
treated NOD mice  

Down-regulated in SS 
patients  [98, 99] 

Stem-cell and bone marrow  

Nestin Up-regulated in BMCE-
treated NOD mice 

Up-regulated in repaired 
lacrimal glands [101, 116] 

Vimentin Up-regulated in BMCE-
treated NOD mice 

Up-regulated in repaired 
lacrimal glands [101, 116] 

Apoptosis  

CASP8-associated 
protein 2 

Down-regulated in BMCE-
treated NOD mice 

Up-regulated in SS 
patients [102, 103] 

Caspase-8  Down-regulated in BMCE-
treated NOD mice ___ ___ 

Caspase recruitment 
domain protein 12 

Down-regulated in BMCE-
treated NOD mice  ___ ___ 
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Table 6A: Representative list of down-regulated pro teins in BMCE treated NOD mice 

 

Accession 
Number 

Ratio 
131/130 

# of 
Peptides  Protein Name 

IPI00127754.1 0.399 2 Lacrimal androgen-binding protein  
IPI00751076.1 0.405 17 Actin, cytoplasmic 2 
IPI00120155.1 0.498 3 Interleukin-6 receptor beta chain precursor 

IPI00126055.1 0.591 2 
EGF-containing fibulin-like extracellular matrix protein 
2 precursor 

IPI00124675.1 0.622 2 Interferon-induced guanylate-binding protein 1 

IPI00116861.4 0.625 2 
Protein regulator of cytokinesis 1-like protein 
(Fragment) 

IPI00655076.1 0.631 5 Salivary protein 1 
IPI00221718.1 0.631 2 Polypeptide N-acetylgalactosaminyltransferase 12 
IPI00473603.1 0.632 3 Sjogren syndrome antigen B 

IPI00754562.1 0.644 2 
Isoform 1 of Membrane-associated 
phosphatidylinositol transfer protein 2 

IPI00124590.3 0.669 6 CASP8-associated protein 2 
IPI00319992.1 0.689 27 78 kDa glucose-regulated protein precursor 
IPI00668028.2 0.691 4 nucleoporin 210kDa-like 
IPI00411016.1 0.697 3 Lacrimal androgen-binding protein epsilon 
IPI00123639.1 0.699 12 Calreticulin precursor 
IPI00352163.3 0.706 2 fibronectin 1 
IPI00163011.2 0.736 4 Thioredoxin domain-containing protein 5 precursor 
IPI00652063.2 0.737 3 FAT tumor suppressor homolog 3 isoform 2 
IPI00131533.1 0.761 2 Caspase-8 precursor 
IPI00114342.1 0.782 2 Hexokinase-2 
IPI00129796.2 0.790 2 POU domain, class 3, transcription factor 1 
IPI004657896.3 0.795 3 Talin-1 
IPI00667941.1 0.800 3 inositol 1,4,5-trisphosphate 3-kinase B isoform 2 

IPI00410989.2 0.804 4 
ATP-binding cassette transporter sub-family A 
member 16 

IPI00223699.4 0.811 4 Extracellular matrix protein FRAS1 precursor 
IPI00113575.1 0.813 3 Kallikrein 1-related peptidase b16 precursor 
IPI00348451.5 0.818 2 Caspase recruitment domain protein 12 
IPI00658501.1 0.820 6 microtubule-associated protein 1 A isoform 5 

 

  
Table 6A : The list shows proteins down-regulated ≥1.2-fold in the BMCE treated 
population. 
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Table 6B: Representative table of up- regulated proteins in BMCE treated NOD mice  

 

Accession 
Number 

Ratio 
131/130 

# of 
Peptides  Protein Name 

IPI00121550.1 1.202 9 
Sodium/potassium-transporting ATPase subunit beta-
1 

IPI00128296.1 1.204 6 Creatine kinase, ubiquitous mitochondrial precursor 

IPI00122958.1 1.205 2 
Induced myeloid leukemia cell differentiation protein 
Mcl-1 homolog 

IPI00663736.1 1.205 3 similar to Ras GTPase-activating protein SynGAP 

IPI00466650.1 1.209 3 
Isoform 2 of Calcium/calmodulin-dependent 3',5'-
cyclic nucleotide phosphodiesterase 1C 

IPI00123183.2 1.234 2 Aquaporin-1 
IPI00129264.1 1.237 2 Vinexin 

IPI00114982.1 1.247 2 
Signal transducer and activator of transcription 5B 
(STAT5B) 

IPI00274030.3 1.247 4 splicing factor, arginine/serine-rich 8 isoform 1 

IPI00410905.1 1.250 2 
Isoform 5 of Calcium-activated potassium channel 
alpha subunit 1 

IPI00130116.1 1.303 2 
Transient receptor potential cation channel subfamily 
M member 2 

IPI00222042.1 1.328 3 Sorting nexin-14 
IPI00622013.2 1.334 2 RAS-like family 11 member B 
IPI00130920.1 1.363 2 Microtubule-associated protein 1B 
IPI00400329.2 1.385 2 NF-kappa-B-repressing factor 
IPI00380983.3 1.387 2 MRS2-like, magnesium homeostasis factor 
IPI00315893.1 1.537 10 Alpha-amylase 1 precursor 
IPI00453692.3 1.585 3 Nestin 
IPI00227299.5 1.610 6 Vimentin 
IPI00223523.1 1.980 3 Isoform 3b of Autoimmune regulator 
IPI00626585.2 2.301 2 Isoform 5 of Calcium-dependent secretion activator 2 
IPI00131763.1 2.445 7 Parotid secretory protein precursor 
IPI00122048.2 2.928 14 Sodium/potassium-transporting ATPase alpha-3 chain 

 

Table 6B : The list shows proteins up-regulated ≤0.833 fold in BMCE treated population. 

 



51 

Table 7:  A list of functional pathways generated by KEGG pat hways analysis  

 

 

 

 

 

 

 

 

 

  

Table 7: Based on DAVID informatics analysis of proteomic data, there signaling 
pathways were found to be significantly associated with the BMCE treatment (p value 
≤0.01). 

Functional pathway Protein Count p -value
Calcium signaling pathway 12 0.002
Inositol phosphate metabolism 6 0.004
Focal adhesion 11 0.006



Figure 9: Calcium signaling p athway

  

Figure 9 : Quantitative proteomic analysis 
calcium signaling pathway (show in red stars).
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athway  

itative proteomic analysis revealed important target proteins
calcium signaling pathway (show in red stars). 

revealed important target proteins present in 



Figure 10: Inositol- phosphate metabolism

  

Figure 10 : Quantitative proteomic analysis 
inositol phosphate metabolism pathway (show in red stars).
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phosphate metabolism  pathway 

itative proteomic analysis revealed important target proteins
inositol phosphate metabolism pathway (show in red stars). 

revealed important target proteins present in 



Figure 11: Focal adhesion pathway

  

Figure 11 :  Quantitative proteomic analysis 
focal adhesion pathway (show in red stars).
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pathway  

itative proteomic analysis revealed important target proteins
focal adhesion pathway (show in red stars).  

revealed important target proteins present in 
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FINAL CONCLUSION  

We successfully isolated oral CSCs from cultured oral cancer cells and characterized the 

expression of stem cell markers in oral CSCs. By using quantitative proteomics based on stable 

isotope labeling and LC-MS/MS, we quantified the global protein expression between oral CSCs 

and non-stem oral cancer cells and revealed signaling pathways uniquely activated in oral 

CSCs, including the CREB pathway which in the future might be used as novel therapeutic 

intervention.  

We also demonstrated that BMCE transplantation is an efficient approach to restore the 

salivary gland function in NOD mice. Using quantitative proteomics, we clearly indicated that 

BMCE transplantation up-regulates the expression  of salivary proteins whereas down-regulates 

the expression of inflammatory proteins in damaged salivary glands of NOD mice.   
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