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Carbohydrate Receptors, Preterm Labor, and Periodontitis 

 

By Wenge Ma 

Thesis Mentor: Susan J. Fisher, Ph.D. 

 
ABSTRACT: Epidemiological studies suggest that pregnant women with 

periodontitis experience a moderate risk of preterm labor and low-birth-weight 

infants. However, the molecular mechanisms underlying this association remain 

unknown. Bacterial infections and host inflammatory responses initiated by 

invading bacteria, such as those observed in the pathogenesis of periodontitis, 

are strongly associated with preterm labor. Various carbohydrate structures 

assembled by an array of glycosyltransferases mediate bacterial attachment and 

leukocyte trafficking. I hypothesized that mucin-coated oral and uterine cavities 

present similar carbohydrate motifs that specify bacterial ecology and leukocyte 

recruitment in both regions. As a corollary to this theory, I proposed that certain 

individuals express oligosaccharides that make them susceptible to both 

periodontitis and preterm labor. I chose laboratory mice as a model system in 

which to test these suppositions. The first part of the project profiled 

glycosylation-related genes in the mouse uterus and major salivary glands. I 

conducted a global analysis of glycosylation-related gene expression patterns in 

these regions. The study design took into consideration potential effects from the 

ovarian hormones estrogen and progesterone. The results revealed that both the 

uterus and the salivary glands contained comprehensive glycosylation machinery 

enabling the construction of a complex glycome. Significantly, I noted about 300 
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glycosylation-related genes that were differentially regulated by estrogen and/or 

progesterone in the mouse uterus, but not in major salivary glands. For a subset 

of genes, I confirmed the glycoarray data at the mRNA level by quantitative PCR 

and at the protein level by immunolocalization. In the second part of the project, a 

bank of lectins and antibodies that recognize specific oligosaccharide structures 

was used to characterize the glycans expressed in mouse uterine and salivary 

tissues. Specialized carbohydrate structures that govern bacterial and leukocyte 

adhesion were detected in both regions. Many of these carbohydrate motifs were 

differentially regulated by estrogen and/or progesterone in the mouse uterus, as 

well as in major salivary glands. The information obtained from this project 

serves as an important prerequisite for developing the mouse as a powerful 

model system to study the association of periodontitis and preterm labor in the 

context of carbohydrate-mediated cell-cell adhesion.  
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PART I. INTRODUCTION AND BACKGROUND 
 
 
A. INTRODUCTION 
 

For centuries, preterm labor and delivery of low-birth-weight (PLBW) infants has 

been a leading cause of perinatal morbidity and mortality worldwide (Goldenberg 

et al., 2008; Hack and Fanaroff, 1993; Han et al., 2010; Philip, 1995; Rush et al., 

1976; Shapiro et al., 1980). Due to improvements in neonatal intensive care 

methods and surfactant therapy, the survival rate of these preterm neonates has 

improved greatly in the past decades. However, compared with term infants of 

normal birth weight, PLBW infants are still 40 times more likely to die in the 

neonatal period (Hack and Fanaroff, 1993; Philip, 1995; Rush et al., 1976; 

Shapiro et al., 1980). They also face a much higher risk of several 

neurodevelopmental disturbances, congenital anomalies, and health problems in 

later life, such as vascular diseases and diabetes (Hack and Fanaroff, 1993; 

Philip, 1995; Rush et al., 1976; Shapiro et al., 1980). In the United States, the 

cost of caring for these preterm newborns has been estimated at $5-6 billion 

annually (Rogowski, 1998). As we do not understand at a fundamental level the 

processes that lead to birth at term, the etiology of preterm birth is even more 

enigmatic, one reason that the rate of this devastating pregnancy complication 

has not changed for the last 40 years (Goldenberg et al., 2008; Hamilton BE, 

2006; Rogowski, 1998).  
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It is now clear that preterm labor is actually a syndrome with many different 

causal associations (Goldenberg et al., 2008; Romero et al., 1994). Reproductive 

tract infections are considered to be one of the major initiating factors in preterm 

labor. Although the mechanism(s) underlying this phenomenon are unknown, 

infection may be responsible for 30-40% of preterm births (Andrews et al., 2000; 

Goldenberg et al., 2000; Goncalves et al., 2002; Terzidou and Bennett, 2002). A 

growing body of evidence clearly indicates an association between periodontal 

infection and the birth of PLBW infants (Agueda et al., 2008; Alves and Ribeiro, 

2006; Boggess et al., 2006; Bosnjak et al., 2006; Goepfert et al., 2004; Jarjoura 

et al., 2005; Jeffcoat et al., 2001; Konopka et al., 2003; Lopez et al., 2002a; 

Marin et al., 2005; Mitchell-Lewis et al., 2001; Mokeem et al., 2004; Moreu et al., 

2005; Offenbacher et al., 1996; Oittinen et al., 2005; Radnai et al., 2006; Romero 

et al., 2002; Sembene et al., 2000; Toygar et al., 2007). However, a number of 

other studies failed to identify an association between periodontal disease and 

births of PLBW infants (Bassani et al., 2007; Davenport et al., 2002; Gomes et 

al., 2006; Holbrook et al., 2004; Lunardelli and Peres, 2005; Mitchell-Lewis et al., 

2001; Moore et al., 2004; Moore et al., 2005; Rajapakse et al., 2005; Sanchez et 

al., 2007; Srinivas et al., 2009; Vettore et al., 2008; Wood et al., 2006). Although 

the standards used to diagnose and categorize periodontal disease varied 

among these studies, systematic differences in approach did not appear to 

explain the discrepancies. As yet, no definitive causal relationship at a molecular 

level has been established between these two conditions. The many similarities 

between the bacterial ecologies of the oral cavity and the reproductive tract may 
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provide important clues to explain this correlation (Sections B8 and B9), as well 

as insights into the mechanisms that underlie a subset of both pathologies. 

 

With regard to the oral cavity, previous studies demonstrated that adhesion of 

bacteria that normally colonize this region (e.g., Actinomyces naeslundii and 

several streptococcal strains) and certain periodontal pathogens (e.g., 

Fusobacterium nucleatum), is mediated by carbohydrate receptors that are 

carried by salivary mucins (Section B4) (Gillece-Castro et al., 1991; Murray et al., 

1982; Prakobphol et al., 1999; Prakobphol et al., 1998; Prakobphol et al., 2000). 

For example, salivary mucin MG2 carries different sets of carbohydrate receptors 

that can mediate adhesion with both bacteria and neutrophils (Prakobphol et al., 

1999; Prakobphol et al., 1998). As these and other carbohydrate structures are 

critical for the maintenance of a healthy oral environment, the 

glycosyltransferases that synthesize them have been well studied in oral mucosa 

and salivary glands under normal and malignant conditions (Section B4) 

(Dabelsteen, 2002; Dabelsteen and Gao, 2005; Dabelsteen and Jacobsen, 1991; 

Liu et al., 1999; Liu et al., 1998; Nita-Lazar et al., 2009). As for the human 

reproductive tract, ABH blood group antigens and related carbohydrate 

structures are detected in cervical and uterine endometrium (Stubbe Teglbjaerg 

et al., 1991), and change under malignant conditions (Skovlund, 1997).  

Moreover, the cancer-related glycan alterations are related to the ovarian 

hormones estrogen and progesterone (Skovlund, 1997). It has been shown that 

special fucosylated and sulfated carbohydrates that facilitate rolling and tethering 
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of leukocytes along vasculature, the first event in leukocyte extravasation, were 

also detected on human uterine epithelial cells, human salivary mucins and 

mouse major salivary glands (Genbacev et al., 2003; Prakobphol et al., 2005) 

(Ma and Fisher, unpublished data). The principal goal of this thesis project is 

to test the hypothesis that the mucin-coated oral and uterine cavities 

present similar carbohydrate structures that specify the bacterial ecology 

and leukocyte recruitment of both regions.  This theory also suggests that 

certain individuals express carbohydrate motifs that make them susceptible to 

both periodontal disease and preterm labor. The approach is to develop a 

mouse model for testing this hypothesis. The research plan consists of the 

following specific aims:  

Aim 1. Profile the glycosylation machinery expressed by the mouse major 

salivary glands and uterus. In contrast to humans, little is known about 

glycosylation-related gene expression patterns in the mouse oral and uterine 

cavities. A combination of microarray and immunolocalization approaches will be 

utilized to describe the expression of glycosyltransferases and related enzymes 

involved in carbohydrate synthesis. As sulfation of certain carbohydrate 

structures plays critical role in many biological events, sulfotransferases will also 

be studied. The effects of the ovarian hormones estrogen and progesterone on 

the expression pattern of these genes will also be investigated.  

Aim 2. Characterize the oligosaccharide structures that are carried by 

mouse salivary and uterine glycoproteins and glycolipids. The carbohydrate 

structures presented by the major human salivary glycoproteins have already 
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been described (Gillece-Castro et al., 1991; Prakobphol et al., 2005; Prakobphol 

et al., 1993; Prakobphol et al., 1999; Prakobphol et al., 1998; Thomsson et al., 

2002). In addition to presenting oligosaccharide bacterial receptors, human 

salivary mucins carry a different set of structures that serve as the carbohydrate 

ligands for L-selectin (Prakobphol et al., 2005; Prakobphol et al., 1999; 

Prakobphol et al., 1998), a molecule that initiates leukocyte-endothelial cell 

interactions. We already know that reagents specifically recognizing these highly 

specialized structures react with human salivary and uterine mucins (Genbacev 

et al., 2003; Prakobphol et al., 2005). Many of these reagents also react with 

oligosaccharides carried by mouse vascular endomucins, the sialomucins 

expressed in high endothelial venules (Bistrup et al., 1999; Mitoma et al., 2009; 

Tu et al., 1999b). A bank of antibodies and lectins that specifically react with 

these and other carbohydrate structures will be used to determine whether 

similar structures are presented by mouse oral and uterine cavities. The effects 

of estrogen and progesterone on the oligosaccharides will also be examined.  

 

In summary, these experiments will test the relationship between carbohydrate 

features expressed in the murine oral cavity and reproductive tract as one way to 

gain insights into the bacterial colonization of both regions, as well as leukocyte 

recruitment. This important information will improve our understanding of the 

pathogenesis of both periodontal disease and preterm labor. Eventually, 

knowledge of the glycoforms found in both locations will be used to design 
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mechanistic tests and novel therapies for the prevention or treatment of preterm 

labor and periodontal disease. 

 

B. BACKGROUND AND SIGNIFICANCE  

 

B.1. The biological implication of carbohydrates at the cell surface. 

Glycobiology, a branch of biology that studies the structure, biosynthesis, and 

function of the complex carbohydrates, is a rapidly growing field, and for good 

reason. The surface of all cells and many macromolecules is decorated with an 

array of monosaccharides joined together via specific linkages to form 

oligosaccharides, or glycans. These diversified structures are covalently attached 

to their protein carriers by various glycosyltransferases in a step-wise fashion co- 

or post-translationally, a process termed glycosylation. The modified proteins (or 

lipids) are referred to as glycoproteins (or glycolipids). The carbohydrate portions 

of these glycoconjugates are positioned distally at the cell surface, where they 

mediate a variety of cell-cell, cell-matrix, and cell-molecular interactions critical to 

the development and function of complex multicellular organisms (Marth and 

Grewal, 2008; Sperandio et al., 2009; Varki, 1999a). Because of this important 

role, alterations in glycosylation result in many diseases. A group of severe and 

multi-systemic disorders, collectively termed congenital disorders of glycosylation 

(CDG), represents a large and rapidly expanding category of diseases that 

illustrate the biological importance of carbohydrates (Haeuptle and Hennet, 

2009). In addition, aberrant glycosylation is a hallmark of certain inflammatory 
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diseases, such as cystic fibrosis (Scanlin and Glick, 1999), inflammatory bowel 

disease (Campbell et al., 2001; Rhodes JM, 1996), rheumatoid arthritis (Parekh 

et al., 1988; Rademacher et al., 1988), and cancer (Ohyama, 2008; Reis et al., 

2010; Szajda et al., 2008). Recent advances in the study of glycosyltransferases, 

particularly via the genetic modification of these enzymes in mice, have clearly 

demonstrated many unexpected in vivo biological functions for complex 

carbohydrate structures. These range from processes such as 

embryonic/neonatal development and spermatogenesis, through neurological 

and immunological functions, to pathologies such as oncogenesis (Furukawa et 

al., 2001).  

 

B.2. Mucins and cellular recognition: Both the oral and uterine cavities in 

humans and mice are coated with glycoproteins, of which mucins are the major 

component. These molecules are characterized by a high level of O-linked 

oligosaccharides attached to serine or threonine residues along the peptide 

backbone. As oligosaccharide side chains generally carry negative charges, 

even simple motifs composed of only a few sugar residues exhibit a very large 

hydration volume that influences glycoprotein structure. For example, the densely 

O-glycosylated regions of mucins have a “bottle brush” conformation in which the 

protein stem is buried beneath a forest of carbohydrate residues (Jentoft, 1990).  

 

Commonly, mucins are categorized as secretory or membrane-associated 

(Corfield, 1992; Kufe, 2009; Strous and Dekker, 1992; Van Klinken et al., 1995). 



 8	  

The secretory mucins are the principal protein components of the mucous layer 

that coats epithelial surfaces of the gastrointestinal, respiratory, and reproductive 

tracts. The mucous layer forms a selective physical barrier, protecting underlying 

tissue from mechanical, chemical, and microbial assaults while governing 

interactions between the epithelium and its milieu (Corfield, 1992; Kufe, 2009; 

Strous and Dekker, 1992; Van Klinken et al., 1995). The membrane-associated 

mucins have sufficient length to stick out well above the cell’s glycocalyx. 

Therefore, in addition to serving as a selective, protective barrier, mucin-type 

oligosaccharides are ideally placed to mediate interactions with extracellular 

matrices and adjacent cells or pathogens. For example, attachment of microbial 

proteins to host cell-surface carbohydrates is considered an essential step for a 

successful infection (Karlsson, 1995). Thus, mucins play important roles in 

maintaining epithelial health and homeostasis. Due to their strategic locations 

and critical functions, aberrant mucin expression is observed in many 

pathological conditions such as inflammatory diseases and cancer (Beatty et al., 

2007; Heazlewood et al., 2008; Kufe, 2009).  

 

The human epithelial mucins and the genes that encode them have been studied 

extensively. Currently, 21 human epithelial mucin genes have been cloned and 

named in the order of their discovery as follows: MUC1-2, MUC3A, MUC3B, 

MUC4, MUC5AC, MUC5B, MUC6-8, MUC11-13, MUC16, to MUC21 (Dekker et 

al., 2002; Kufe DW, 2009). Among these, MUC2, MUC5AC, MUC5B, and 

MUC6—the large, secretory, gel-forming mucins—are located at chromosomal 
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locus 11p15.5 (Dekker et al., 2002; Kufe, 2009). MUC7 is a small soluble 

secreted mucin whose expression is restricted to the oral cavity (Offner and 

Troxler, 2000). MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC13 and MUC16 

encode mucins whose C termini span the plasma membrane (Dekker et al., 

2002; Kufe, 2009). Several other mucins (MUC8 and MUC11) are not easily 

assigned to the aforementioned groups (Dekker et al., 2002). Given the current 

rapid rate of advancements in mucin biology, this list will likely grow. 

B.3. Endothelial mucins and sulfation: In terms of their cell type of origin, 

mucins exist in two classes: epithelial and endothelial/leukocyte. The structures 

and roles of epithelial mucins are described in Section B2. The endothelial and 

leukocyte mucins are adhesion molecules that are critical for leukocyte 

extravasation, the first step in inflammation and lymphocyte homing (Van Klinken 

et al., 1995). L-selectin, a protein that binds carbohydrate motifs presented by 

endothelial mucins, initiates leukocyte tethering and rolling adhesion, the first 

step in the extravasation process (Puri et al., 1998). Additionally, it is well 

documented that the bioactivity of endothelial ligands for L-selectin requires 

sulfation of the carbohydrate side chains (Hemmerich et al., 1994; Imai et al., 

1993; Imai et al., 1991; Shailubhai et al., 1997). Although the exact nature of the 

oligosaccharide structures that comprise the high-affinity, sulfated L-selectin 

binding partners remains unclear, two specific modifications, Gal-6-SO4 and 

GlcNAc-6-SO4, which are carried by Lewisx (Lex) and sialyl Lex (sLex) epitopes, 

are important aspects of the biological ligands (Hemmerich et al., 1995). 

Furthermore, two antibodies (G72 and G152) that are specific for the 6-sulfo-sLex 
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epitope inhibit L-selectin-mediated binding (Mitsuoka et al., 1998). In contrast, 

antibodies directed against 6ʹ′-sulfo-sLeX or 6,6ʹ′-sulfo-sLeX do not (Mitsuoka et 

al., 1998). This observation was further confirmed using MECA-79, an antibody 

that recognizes an extended core 1 glycan that contains GlcNAc-6-SO4. MECA-

79 immunostains high endothelial venules (HEV), specialized regions where 

lymphocytes exit the vasculature and enter lymph nodes. Addition of this 

antibody blocks L-selectin-dependent lymphocyte attachment to HEV (Streeter et 

al., 1988). Currently, MECA-79 reactivity is accepted as a predictor of L-selectin 

ligand activity (Clark et al., 1998; Fuhlbrigge et al., 1996; Uchimura and Rosen, 

2006; Wagner et al., 1996). A recent study, which combined affinity 

chromatography and mass spectrometry, revealed that 6-sulfo-sLex on core-2 

and extended core-1 O-glycans are the major epitopes for L-selectin recognition 

(Hernandez Mir et al., 2009).      

 

Seven human carbohydrate sulfotransferases that generate the aforementioned 

sulfation modifications (Gal-6-SO4 and GlcNAc-6-SO4) have been characterized 

at the molecular level (Bowman and Bertozzi, 1999; Fukuda et al., 2001; 

Grunwell and Bertozzi, 2002; Hemmerich and Rosen, 2000; Uchimura and 

Rosen, 2006). Thus far, six murine carbohydrate sulfotransferases have also 

been identified and characterized. Previous studies showed that while 

chondroitin 6-sulfotransferase (Chst3), keratan sulfate Gal-6 sulfotransferase 

(Chst1), N-acetylglucosamine 6-O-sulfotransferase (GlcNAc6ST-1, also known 

as Chst2), and chondroitin 6-O-sulfotransferase 2 (GlcNAc6ST4, also known as 
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Chst7) have broad tissue expression patterns (Fukuta et al., 1997; Hiraoka et al., 

1999; Uchimura et al., 1998c; Uchimura et al., 1998a; Uchimura et al., 1998b), 

high endothelial cell N-acetylglucosamine 6-O-sulfotransferase (HEC-

GlcNAc6ST, GlcNAc6ST-2), also known as L-selectin ligand sulfotransferase 

(LSST, or Chst4) is restricted to HEV endothelial cells. Accordingly, this enzyme 

is likely to be the L-selectin ligand sulfotransferase (Bistrup et al., 1999; Hiraoka 

et al., 1999). In contrast, Intestinal GlcNAc6-sulfotransferase (I-GlcNAc6ST, 

GlcNAc6ST-3, also known as Chst5), is detected only in intestinal tissues (Lee et 

al., 1999). Whether or not this enzyme plays a role in lymphocyte homing in this 

region remains to be determined.  

 

Accumulating evidence suggests that HEV-like vessels have been observed in 

several types of human inflammatory lesions (Kirveskari et al., 2000; Pablos et 

al., 2005; Salmi et al., 1997; Toppila et al., 2000; Toppila et al., 1999; Turunen et 

al., 1995), and in mouse models of collagen-induced arthritis (Yang et al., 2006). 

The HEC-GlcNAc6ST was detected in HEV-like vessels within ectopic lymphoid 

aggregates in mice (Bistrup et al., 2004). These data indicate that selectins and 

their specialized carbohydrate receptors are also involved in leukocyte 

recruitment to chronically inflamed non-lymphoid tissues. 

 

B.4. Salivary mucins—important determinants of the oral ecology: Human 

salivary glands secrete two prototypical mucins: high-molecular-weight mucin 

MG1, encoded by MUC5B, and low-molecular-weight mucin MG2, encoded by 
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MUC7. As the major constituents of the mucous coating of the oral mucosa and 

tooth surface, MG1 and MG2 are essential for oral health, performing many 

diverse roles in the oral cavity (Amerongen et al., 1995; Offner and Troxler, 2000; 

Tabak, 1995; Tabak et al., 1985). Broadly, mucin oligosaccharides function in 

two ways—generally protecting epithelial surfaces by hydrating and lubricating, 

and specifically mediating adhesive interactions with leukocytes, bacteria, and/or 

viruses by binding particular receptors. With respect to the latter process, 

bacteria adhere to MG2 via T and sialyl-T carbohydrate antigens, as well as 

lactosamine sequences (Prakobphol et al., 1998). MG2 also carries Lex and sLex 

carbohydrate structures that mediate interactions with neutrophils under 

conditions of shear stress (Karlsson and Thomsson, 2009; Prakobphol et al., 

1999; Prakobphol et al., 1998). MG1, a product of the MUC5B gene with a 

molecular weight of over 1 million, carries a repertoire of unique oligosaccharides 

that is large and diverse (Thomsson et al., 2002). Interestingly, MG1 

carbohydrate motifs (Lewis blood antigens) serve as microbial receptors for 

Helicobacter pylori (Bosch et al., 2000; Prakobphol et al., 2005). Additionally, 

MG1 carries MECA-79–reactive, high-affinity, sulfated L-selectin epitopes 

(Prakobphol et al., 2005), suggesting that this mucin may play important roles in 

leukocyte trafficking in the oral cavity. Furthermore, these highly specialized 

MECA-79 epitopes on MG1 appear to be under the regulation of the ovarian 

hormones estrogen and progesterone in humans (Prakobphol et al., 2005). 

MUC1 and MUC4 are expressed by the epithelial cells lining striated and 

excretory ducts and in some serous acinar cells of parotid and submandibular 
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glands, and MUC1 is also detected in ducts of minor salivary glands (Liu et al., 

2002; Sengupta et al., 2001). Taken together, these data suggest that human 

salivary mucins play important roles in specifying the oral ecology through the 

carbohydrate structures they carry.  

 

The glycosyltransferases that synthesize blood group antigens ABO(H) and 

Lewis antigens in oral tissue and saliva are well studied (Dabelsteen, 2002; 

Dabelsteen and Gao, 2005; Mandel et al., 1992; Ravn and Dabelsteen, 2000; 

Ravn et al., 1992). In oral epithelial cells, ABO(H) blood group antigen synthesis 

begins with fucosyltransferase 2 (FUT2, or secretor gene) that adds an α-1,2-

fucose to the precursor glycans to form the H epitopes. Subsequently, A or B 

determinants are constructed on H epitopes by either an α-1,3-GalNAc 

transferase (A transferase) or an α-1,3-Gal transferase (B transferase), 

respectively. The Lewis blood group antigens are the products of the concerted 

actions of a structurally similar set of α-1,3/4-fucosyltransfereases (Lowe, 

1999a). All of these enzymes are detected in human oral epithelial cells and their 

activities are correlated to the expression pattern of ABO(H) and Lewis blood 

group antigens in oral mucosa and saliva (Dabelsteen, 2002; Dabelsteen and 

Gao, 2005).          

 

B.5. Mucins in the female reproductive tract: Many studies demonstrate that 

uterine mucins constitute a large portion of the mucous coating of the female 

reproductive tract (Carson et al., 1998; DeSouza et al., 1999; Gipson et al., 



 14	  

1997). They play important barrier roles in reproductive processes and provide 

protection from bacterial infections (Carson et al., 1998; DeSouza et al., 1999). 

Interestingly, MUC5B, found in saliva, is a major gel-forming, oligomeric mucin of 

the human endocervix (Wickstrom et al., 1998). Other secretory mucins, such as 

MUC2, MUC5AC, and MUC6, are also detected in the reproductive tract at the 

mRNA and/or protein levels (Audie et al., 1995; Gipson et al., 1997; Gollub et al., 

1993; Zhao et al., 2003). Additionally, the endocervical epithelium expresses 

other membrane-bound mucins, such as MUC1, MUC4, and MUC8 (Audie et al., 

1995; Gipson et al., 1997; Gollub et al., 1993; Zhao et al., 2003). A study using 

semi-quantitative PCR determined that human endocervical mucins MUC5B and 

MUC4 mRNA level change during the menstrual cycle, with transcripts peaking 

right before or at midcycle (Gipson et al., 1999). Using an antibody to MUC5B 

and a quantitative ELISA technique, the highest level of MUC5B protein was 

detected also at midcycle in cervical mucus plugs of women (Gipson, 2001). 

Recently, the Fisher laboratory showed that uterine mucins carry high-affinity, 

sulfated L-selectin ligands (Genbacev et al., 2003). Furthermore, they found that 

expression of the specific carbohydrate structures that serve as selectin 

recognition determinants is strongly upregulated as the uterus becomes 

receptive.  Interactions between these oligosaccharide motifs and L-selectin 

expressed on trophoblasts likely mediate the initial attachment step in human 

implantation (Genbacev et al., 2003). These data also suggest that sulfation is 

hormonally regulated, a hypothesis that will also be tested. MUC1 is the likely 

candidate scaffold for L-selectin ligands (Carson et al., 2006). To my knowledge, 
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human uterine mucins and salivary MG1 represent the only published examples 

of functional L-selectin ligands outside of the vascular system. Together, these 

data suggest that L-selectin ligands may be important candidates in our search 

for carbohydrate epitopes that govern infection in both the oral and uterine 

cavities.  

 

The expression of ABO(H) and Lewis blood group antigens in the human 

reproductive tract has been well characterized (Ravn and Dabelsteen, 2000). 

The relevant glycosyltransferases have also been detected in these tissues 

(Ravn and Dabelsteen, 2000). The variable expression of these histo-blood 

group antigens in the endometrium during the menstrual cycle suggests that the 

corresponding glycosyltransferases are regulated by estrogen and progesterone.  

 

B.6. Murine epithelial mucin biology: With genetic and physiological 

similarities to humans and facile genetic manipulation, the laboratory mouse has 

become the premier mammalian model system to study the pathogenesis of 

various human diseases, their therapy and prevention.	  However, in contrast to 

humans, murine epithelial mucins and the genes that encode them have not 

been extensively studied. Four mouse orthologs to human gel-forming mucins 

(Muc2, Muc5AC, Muc5B, and Muc6) have been cloned and sequenced (Aslam et 

al., 2001; Desseyn and Laine, 2003; Escande et al., 2002; Inatomi et al., 1997; 

Jonckheere et al., 2004; van Klinken et al., 1999). All are located on mouse 

chromosome 7 band F5, which is equivalent to human chromosome 11p15.5, 
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where the human orthologs are located. These data suggest that mucin genes 

may have been conserved among different species during evolution. Gene 

deletion studies in mouse models have revealed critical functions for these 

molecules in epithelial homeostasis. For example, Muc2-/- mice display aberrant 

intestinal crypt morphology and alterations in cell maturation and migration 

(Velcich et al., 2002). Notably, these transgenic mice frequently developed small 

intestine adenomas that progressed to invasive adenocarcinomas, as well as 

rectal tumors (Velcich et al., 2002). These results confirm that mucins play 

important roles in epithelial cells.    

 

With the exception of Muc1, the mouse membrane-bound epithelial mucins are 

poorly studied. Muc1 expression by mouse uterine epithelia was confirmed both 

in vitro (Pimental et al., 1996) and in vivo (Braga and Gendler, 1993; Surveyor et 

al., 1995). Intensive research on this molecule shows important functions in 

reproductive processes (Carson et al., 1998). This mucin appears to be down-

regulated before implantation occurs (Surveyor et al., 1995). The expression of 

Muc1 mRNA and protein is regulated by ovarian hormones during early 

pregnancy in mice (Surveyor et al., 1995). Furthermore, Muc1-null mice are 

highly susceptible to reproductive tract bacterial infection involving the cervix and 

vagina (Carson et al., 1998; DeSouza et al., 1999), an observation that correlates 

well with the known functions of mucins.     
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Likewise, the nature of mouse salivary mucins is less well understood. Although 

high-molecular-weight mucins were isolated from the mouse sublingual and 

submandibular glands (Amerongen et al., 1983; Denny and Denny, 1982; Denny 

et al., 1980; Roukema et al., 1976), little is known about these molecules. 

Recently, mouse salivary gland Muc6 mRNA expression was detected by RT-

PCR (Desseyn and Laine, 2003). A few studies explored the oligosaccharide 

structures that mouse salivary mucins carry. Amerongen and co-workers showed 

that mouse submandibular mucins contain mannose, galactose and sialic acid 

residues (Nieuw Amerongen et al., 1987). Several high mannose-type 

oligosaccharide structures were also detected in the same study. Denny and 

colleagues described N-linked oligosaccharides on mucins isolated from mouse 

submandibular glands (Denny et al., 1995). In a recent mass spectrometry-based 

analysis of major sublingual mucins from the rat, O-glycans were dominated by 

sialylated core 3- and 4-type structures, while N-glycans featured non-bisected 

hybrid structures bearing sialylated type II lactosamine units (Yu et al., 2008).   

 

During the last decade, a great deal of knowledge about glycosyltransferases 

has been generated from studies using laboratory mice (Lowe, 1999b). Novel 

functions of complex carbohydrates have been discovered from studies of mice 

with mutations of various glycosyltransferase genes (Furukawa et al., 2001). For 

example, Fut2 null mice display an altered glycan profile (Magalhaes et al., 

2009). Moreover, these mice also have impaired Helicobacter pylori adhesion 

mediated by fucosylated carbohydrate receptors (Magalhaes et al., 2009) and 
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increased susceptibility to experimental vaginal candidiasis (Hurd and Domino, 

2004). The Fut2-LacZ transgenic mice clearly demonstrate that their mRNA is 

expressed in uterine luminal and glandular epithelial cells and its abundance is 

regulated by estrogen (Domino and Hurd, 2004).        

 

B.7. Preterm labor and delivery: Preterm births are defined as those that occur 

prior to 37 weeks gestational age. Approximately 50% of all preterm births result 

from the spontaneous onset of preterm labor, and 30% follow premature rupture 

of the membranes. Births attributable to these two events are collectively referred 

to as spontaneous preterm births. The remaining 20% follow a decision by the 

physician to deliver the pregnancy for specific maternal or fetal indications and, 

consequently, are referred to as elective or indicated preterm births. Due to 

advances in neonatal intensive care methods and surfactant therapy, the survival 

rate of preterm infants has dramatically improved over the last 20 years. 

However, the rate of long-term morbidity among survivors has not decreased 

(Goldenberg et al., 2008; Hack and Fanaroff, 1993; Philip, 1995; Rush et al., 

1976; Shapiro et al., 1980). In the USA, the preterm delivery rate has been rising 

for the past two decades, increasing from 9.5% in 1981 to 12.7% in 2005 

(Hamilton BE, 2006).	  Although growing numbers of indicated preterm births and 

preterm delivery of in vitro fertilized multiple pregnancies predominantly 

contribute to this rise (Goldenberg et al., 2008), the trend is alarming. Despite 

enormous financial investments and massive clinical prevention efforts, preterm 

delivery of PLBW infants still remains the number one challenge in obstetrics 
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today (Goldenberg et al., 2008; Hamilton BE, 2006; Iams et al., 2008; Rogowski, 

1998; Saigal and Doyle, 2008). 

 

B.8. Reproductive tract infection and spontaneous preterm birth: It is clear 

that preterm labor is a syndrome with a variety of different potential causes 

(Goldenberg et al., 2008; Romero et al., 1994). Known factors that are 

associated with preterm labor and delivery include maternal conditions (medical 

illnesses, anemia and uterine malformations), past medical events (prior obstetric 

complications, previous preterm labor, cervical surgery), intrinsic factors 

(reproductive tract infections, multiple fetuses, maternal age, short 

interpregnancy interval) and maternal behaviors (smoking and drug abuse) 

(Goldenberg et al., 2008; Robinson et al., 2001). Demographic variables such as 

race, employment and socioeconomic status can also associate with preterm 

labor (Goldenberg et al., 2008; Robinson et al., 2001).   

 

In 1977, the first report was published describing the isolation of bacteria from 

the uterine cavities of 70% of women in preterm labor prior to membrane rupture 

(Bobitt and Ledger, 1977). Since that time, substantial data have accumulated 

indicating that reproductive tract infections, especially silent infections involving 

the upper tract, are the major initiating factor in spontaneous preterm birth, 

correlated with 30-40% of the cases (Andrews et al., 2000; Goldenberg et al., 

2000; Goncalves et al., 2002; Terzidou and Bennett, 2002). The bacteria isolated 

from the upper reproductive tracts of women who have preterm births are 
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generally representative of the normal, low-virulence microbial flora of the cervix 

and vagina, such as Ureaplasma urealyticum, Fusobacterium species, 

Mycoplasma hominis, Gardnerella vaginalis, Peptostreptococci and Bacteroides 

species (Table 1.1) (Andrews et al., 1995a; Gibbs et al., 1992; Hauth and 

Andrews, 1998; Hillier et al., 1988; Krohn et al., 1995).  

 

The ascending route from the lower reproductive tract is the most common 

pathway for intrauterine infections (Mazor et al., 1994). Only 12.5% of women 

with preterm labor, intact membranes and positive amniotic fluid cultures have 

clinical symptoms of chorioamnionitis (Romero et al., 1989). Consequently, 

clinical diagnosis of intra-uterine infections proves to be a very difficult task. 

Moreover, among women who have spontaneous preterm labor, the percentage 

of infections increases as the gestational age at delivery decreases (Andrews et 

al., 1995b; Watts et al., 1992). Although the subset of spontaneous preterm 

births that occur before 32 weeks of gestational age comprises only 1-2% of total 

affected pregnancies, this group accounts for the majority of adverse outcomes 

in terms of infant morbidity and mortality (Rogowski, 1998). 

 

B.9. Periodontal disease and preterm labor: Periodontal disease, or 

periodontitis, the number one cause of tooth loss in adults, occurs in 

approximately 15% of the U.S. population (Williams, 1990). Periodontal disease 

is initiated by oral pathogens that induce host-mediated tissue destruction, which 

likely represents an excessive immune response to bacteria or bacterial products 
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that penetrate the periodontal tissues (Kornman and Van Dyke, 2008; Van Dyke, 

2008; Williams, 2008). The periodontal pathogens are normal habitants of oral 

surfaces with low virulence, such as Fusobacterium species, Peptostreptococci, 

and Bacteroides species (Table 1.1) (Haffajee and Socransky, 2005; Socransky 

and Haffajee, 2005).   

 

Periodontal disease takes various forms (Armitage, 2003). Chronic periodontitis, 

the most common type, is defined as an inflammatory disease of the supporting 

tissues around teeth, i.e., periodontal ligament, cementum, and alveolar bone. It 

is most prevalent in adults in their late thirties and beyond. Chronic periodontitis 

is probably caused by specific microorganisms or groups of specific 

microorganisms, resulting in progressive destruction of the periodontal 

supporting tissues, and leading to periodontal pocket formation, gingival 

recession, and eventually tooth loss. Aggressive periodontitis (AP) is 

characterized by rapid attachment loss and bone destruction. Patients with AP 

are generally healthy and the amount of microbial deposits does not correlate 

with disease severity. There appears to be a heritable component that confers 

susceptibility to this form of periodontitis, which typically develops in 

prepubescent or pubescent children and adults under 30 years of age.   

 

The etiology of AP remains poorly understood. Certain cases of periodontitis 

appear to represent manifestation of systemic diseases (Armitage, 2003). The 

identified risk factors for periodontal diseases include smoking, diabetes mellitus 
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and other systemic conditions, the presence of specific pathogenic bacteria in the 

subgingival flora, and poor oral hygiene (Irfan et al., 2001; Nunn, 2003; Page, 

2002; Page and Beck, 1997; Papapanou, 1999). Strikingly, African Americans 

are 15 times more likely to develop AP than their Caucasian peers (Brown et al., 

1989; Saxby, 1987). Considering the relationship of infection to periodontitis, and 

the roles of carbohydrate receptors in bacterial adhesion, it is not surprising that 

a glycosyltransferase gene, GLT6D1, was identified as a susceptibility locus for 

aggressive periodontitis in a genome-wide association study in a German 

population (Schaefer et al., 2010). Although GLT6D1 appears to catalyze the 

formation of an α-1,3-Gal/GalNAc linkage, the function of this enzyme needs to 

be confirmed (Schaefer et al., 2010).   

 

Recent studies in periodontal medicine strongly suggest a mild to moderate 

association between human periodontal disease and certain systemic disorders 

such as diabetic mellitus (Nishimura et al., 1998; Salvi et al., 1997), pneumonia 

(Scannapieco, 1999; Scannapieco and Ho, 2001), heart and vascular disease 

(Arbes et al., 1999; Chiu, 1999; Meyer and Fives-Taylor, 1998; Morrison et al., 

1999), and preterm labor/delivery of PLBW babies (Agueda et al., 2008; Alves 

and Ribeiro, 2006; Boggess et al., 2006; Bosnjak et al., 2006; Goepfert et al., 

2004; Jarjoura et al., 2005; Jeffcoat et al., 2001; Konopka et al., 2003; Lopez et 

al., 2002a; Marin et al., 2005; Mitchell-Lewis et al., 2001; Mokeem et al., 2004; 

Moreu et al., 2005; Offenbacher et al., 1996; Oittinen et al., 2005; Radnai et al., 

2006; Romero et al., 2002; Sembene et al., 2000; Toygar et al., 2007). After 
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adjusting for all other risk factors, Offenbacher and colleagues determined that 

mothers with periodontal infections have a more than a seven-fold elevation in 

the risk of delivering a PLBW infant (Offenbacher et al., 1996). Furthermore, 

compared to the mothers with normal-birth-weight infants, the mothers with 

PLBW infants have much more severe periodontitis and a higher level of 

periodontal pathogens (Offenbacher et al., 1998). 

 

Animal studies suggest that exposure to periodontal pathogens at a distant 

location can induce deleterious pregnancy outcomes. For example, in golden 

hamsters, a single intravenous challenge of endotoxin from Porphyromonas 

gingivalis (a potential periodontal pathogen) on day 8 of pregnancy reduces fetal 

weight and increases fetal resorption in a dose-dependent manner (Collins et al., 

1994a). In a related study, live or heat-killed Porphyromonas gingivalis were 

introduced into a subcutaneous chamber before golden hamsters were mated. 

Then, the animals were challenged by inoculation with the same bacteria on day 

8 of pregnancy. This treatment increased the inflammatory mediators 

prostaglandin E2 (PGE2) and tumor necrosis factor α (TNF-α) in the 

subcutaneous chamber, reduced fetal weight and increased fetal resorption and 

embryolethality (Collins et al., 1994b).  

 

Two pilot intervention studies suggest that periodontal therapy may reduce 

preterm births in pregnant women with periodontal disease (Jeffcoat et al., 2003; 

Lopez et al., 2002b). These studies suggest that systemic host inflammatory 
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responses triggered by periodontitis may also stimulate the labor process, a 

theory supported by others (Madianos et al., 2001; Offenbacher et al., 1998). In 

addition, a hypothetical model in which periodontal pathogens that disseminate 

systemically in maternal blood gain access to the fetal compartment has been 

suggested (Champagne et al., 2000). In support of this scenario, an oral strain of 

Bergeyella was detected by PCR in amniotic fluids from a preterm labor patient 

(Han et al., 2006). Furthermore, in mice, diverse oral bacteria were able to 

transfer to the placenta through a hematogenous route (Fardini et al., 2010), 

indicating that periodontal pathogens might be able to translocate to and colonize 

the intrauterine cavity during pregnancy.   

 

Despite the growing body of positive evidence, a number of other studies failed 

to find an association between periodontal disease and PLBW (Bassani et al., 

2007; Davenport et al., 2002; Gomes et al., 2006; Holbrook et al., 2004; 

Lunardelli and Peres, 2005; Mitchell-Lewis et al., 2001; Moore et al., 2004; 

Moore et al., 2005; Rajapakse et al., 2005; Sanchez et al., 2007; Srinivas et al., 

2009; Vettore et al., 2008; Wood et al., 2006). Although no mechanistic 

explanations have been offered to explain this discrepancy, it is noteworthy that 

the populations under study varied widely. For example, 58% of the subjects in 

the Offenbacher study that first identified the association were African American 

(Offenbacher et al., 1996). In contrast, in a study that did not detect any 

association between periodontal disease and preterm births, 53% of the subjects 

were of Bangladeshi origin (Davenport et al., 2002). In the context of our central 
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hypothesis, it is possible that these differences could be due, in part, to 

ethnic/racial differences in glycosyltransferase activities (Watkins et al., 1995).   

 

In an attempt to clarify the conflicting data, several epidemiologists have 

conducted systematic reviews and meta-analyses to summarize the literature 

(Khader and Ta'ani, 2005; Scannapieco et al., 2003; Vergnes and Sixou, 2007; 

Vettore et al., 2006; Xiong et al., 2006; Xiong et al., 2007). A majority of these 

analyses identified maternal periodontal disease as a possible risk factor for 

adverse pregnancy outcomes, including preterm births. In the meta-analysis 

conducted by Vergnes and Sixou, which included 17 epidemiological surveys 

and enrolled 7151 women, the pooled odds ratio (OR) for pregnant women with 

periodontal disease to experience preterm births was 2.83 (Vergnes and Sixou, 

2007). The authors recommended that further studies on this topic are needed, 

including ones to investigate the molecular mechanisms behind this association.   

 

Because of the severe impact of periodontal disease and preterm births on 

society and the tremendous potential benefit if periodontal treatment reduces 

preterm birth rates, the National Institute of Dental and Craniofacial Research 

(NIDCR) sponsored three multi-center randomized clinical trials to study the 

effects of periodontal treatment on preterm births. All three studies recently 

published their results. Although periodontal treatment during pregnancy 

improves the periodontal health of pregnant women and is safe, the therapies 

failed to reduce the preterm birth rate (Macones et al., 2010; Michalowicz et al., 
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2006; Offenbacher et al., 2009). As we do not understand the link between 

periodontal disease and adverse pregnancy outcomes at the molecular level, it is 

difficult for clinicians to design the appropriate strategies with regard to the timing 

and treatment methods for periodontal disease in pregnant women, a possible 

reason that the clinical trials failed to reduce preterm births.  

B.10. Significance: The oral cavity and the reproductive tract are both coated 

with mucins presenting specialized oligosaccharide structures that function as 

receptors for leukocytes and bacteria. Provocatively, periodontal and uterine 

infections share similar bacterial ecologies with respect both to normal flora and 

pathogenic conditions. In both locations, pathogenic bacteria tend to be 

facultative or anaerobic, gram-negative species, that arise from normal flora with 

relatively low virulence (Table 1.1). Previous studies identified specific 

carbohydrate motifs carried by salivary mucins and other glycoproteins that 

mediate adhesion of both normal colonizers of the oral cavity and certain 

periodontal pathogens (Bosch et al., 2000; Edgerton et al., 1993; Gillece-Castro 

et al., 1991; Murray et al., 1992; Prakobphol et al., 1999; Prakobphol et al., 2000; 

Veerman et al., 1995). In parallel, a study using mice genetically deficient in 

Muc1 showed that this mucin plays an important role in reproductive tract 

infection (DeSouza et al., 1999). Furthermore, the highly specialized fucosylated 

and sulfated carbohydrate structures that mediate the initial attachment of 

leukocytes during inflammation and lymphocytes homing are present in both oral 

and uterine tissues (Genbacev et al., 2003; Prakobphol et al., 2005). Therefore, I 

hypothesize that carbohydrate receptors with similar structures govern adhesion 
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of bacterial pathogens in both the oral and uterine cavities, as well as recruitment 

of leukocytes into these locations, and that this correlation explains the enigmatic 

connection between periodontal disease and birth of PLBW infants. In the work 

described here, I explored this association using a mouse model as the 

experimental system. The resulting information describing the general feature of 

mouse oral and uterine glycomes will provide a valuable adjunct to studies in 

humans. In the future, with this basic knowledge in hand, I can use transgenic 

animals as a powerful method for continuing my studies designed to elucidate 

the connection between periodontal disease and preterm labor with the eventual 

goal of designing treatment and/or prevention strategies.   

Previous work from Dr. Fisher’s group showed that individual salivary 

components, unlike plasma/serum proteins, are glycosylated very differently. 

Although more research is needed to confirm whether uterine glycoproteins 

share this feature with their counterparts in the oral cavity, I determined that 

uterine and salivary glycoproteins of mice shared certain very specialized 

carbohydrate structures that can function as bacterial and leukocyte receptors. It 

is already well established that a subset of individuals who express the Leb 

antigen on their gastric mucins are more susceptible to chronic Helicobacter 

pylori infection. As a consequence, these individuals are more prone to 

developing gastric ulcers and cancer (Ilver et al., 1998; Jones et al., 2001). 

Similarly, I propose that certain individuals express carbohydrates that make 

them susceptible to both periodontal disease and preterm labor. As glycan 

structure is dictated, in part, by heritable components, (e.g., the ABH blood 
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groups), this concept could explain the discrepancy among the different 

epidemiological studies that have investigated this association. The results of 

these and future studies could serve as the basis of an important method for 

identifying pregnant women with a high risk of preterm labor, therefore enabling 

physicians to provide special preventative treatments, such as antibiotic 

therapies, to this subgroup. 
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Part II.  MURINE GLYCOSYLATION-RELATED GENES ARE 

DIFFERENTIALLY REGULATED BY THE OVARIAN HORMONES ESTROGEN 

AND PROGESTERONE IN THE UTERUS BUT NOT THE MAJOR SALIVARY 

GLANDS 

 

INTRODUCTION 

Microarray-based gene expression profiling has been used to simultaneously 

monitor the transcription of thousands of genes, and to follow changes in 

expression correlated with development, pathology, or various treatment 

regimens (Lashkari et al., 1997; Schena et al., 1995). Unfortunately, genes 

relevant to the synthesis and function of various carbohydrate structures are not 

well represented and are poorly annotated on commonly available commercial 

array chips (Comelli et al., 2006). Recently, the Consortium for Functional 

Glycomics (CFG) has developed a focused and well-annotated glycogene-chip 

using highly-vetted Affymetrix technologies. Versions of this chip have been used 

to examine human and murine glycosylation-related gene expression through 

various developmental stages and under specific disease conditions (Comelli et 

al., 2006; Diskin et al., 2006; Saravanan et al., 2009, 2010). In collaboration with 

CFG, I used microarray CFG Glycov2 chips to examine the glycosylation-related 

gene expression patterns in the mouse uterus and major salivary glands. I also 

tested the effects of treatment with the ovarian hormones estrogen and 

progesterone on gene expression in terms of glycosylation-related pathways. As 

immune tissues present the most complete profile of glycogenes (Comelli et al., 



 30	  

2006), submandibular lymph nodes were included as positive controls. I then 

confirmed the glycoarray results for a subset of genes at both the mRNA and 

protein levels using Quantitative PCR (Q-PCR) and protein-level techniques. The 

data demonstrated that the mouse uterus and major salivary glands contain a 

comprehensive set of glycosylation machinery, enabling the construction of 

diverse sets of carbohydrate structures. Interestingly, many of these 

glycosylation-related genes were differentially regulated by the ovarian hormones 

estrogen and/or progesterone in mouse uterine tissues.  

 

RESULTS 

The mouse uterus and major salivary glands contain comprehensive and 

tissue-specific glycosylation machinery.  

Using a global approach, I analyzed the glycosylation-related gene profiles of the 

mouse uterus, major salivary glands, and submandibular lymph nodes by the 

CFG GLYCOv2 array. In addition, to address the effects of the ovarian hormones 

estrogen and progesterone with respect to their impact on glycosylation in the 

reproductive tract, I ovariectomized the mice and supplemented them with 

estrogen and/or progesterone emulsified in sesame oil. The control group of mice 

received 0.1 ml oil subcutaneously. I chose dosages of estrogen (100 

ng/mouse/day) and progesterone (2 mg/mouse/day) that are widely used in the 

studies of mammalian reproduction. These dosages are considered to be 

physiological because they induce a variety of reproductive events, such as 

implantation, decidualization, and uterine angiogenesis (Dey, 1996). Mice were 
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ovariectomized and treated with or without hormone(s) for 4 days. Then, uteri, 

major salivary glands (parotid, submandibular, and sublingual glands), and 

submandibular lymph nodes were collected. As additional controls for the 

hormonal treatments, major salivary glands and submandibular lymph nodes 

were also harvested from adult male mice (10 – 12 weeks old).  

 

The mouse uterus becomes very thin after ovariectomy. Distinct morphological 

changes, such as uterine edema and tissue growth following ovariectomy and 

estrogen and/or progesterone supplementation were observed, which confirmed 

the effectiveness of the hormone treatments. No corresponding changes were 

observed in the major salivary glands and submandibular lymph nodes after 

hormone treatments (Ma and Fisher, data not shown).  

 

For each treatment or control group, triplicate RNA samples were included for 

hybridization. A total of 42 array datasets were generated, and the expression 

signal values were calculated by using the RMA algorithm (Irizarry et al., 2003). 

The raw data can be accessed at the Consortium for Functional Glycomics 

website under CFG Data 

(http://www.functionalglycomics.org/publicdata/microarray.jsp; “Susan Fisher 1: 

Effects of estrogen and progesterone on glycosyltransferases expression in 

mice”).   
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Among the 925 mouse glycosylation-related genes included in this array, 

approximately 700 were detected in at least one tissue type (major salivary 

glands, submandibular lymph nodes, or uterus). These included 

glycosyltransferases, lectins, growth factors and receptors, chemokines, 

adhesion molecules, and molecules involved in nucleotide synthesis. For 

example, glycosyltransferases were well-represented in mouse uteri and major 

salivary glands. The enzymes involved in the synthesis of the core regions of N- 

and O-linked glycoproteins were ubiquitously expressed in all three tissue types 

and all treatment groups, with a few exceptions (Table 2.1). As for the enzymes 

that construct the highly versatile sub- and terminal carbohydrate structures (e.g., 

sialyltransferases, fucosyltransferases, and sulfotransferases), expression 

patterns were more tissue-specific (Table 2.2). These data were in accord with 

prior reports documenting similar expression patterns in various tissues (Comelli 

et al., 2006; Fukui et al., 2002; Sutton-Smith et al., 2002; Wang et al., 2002). 

 

As expected, lymph nodes yielded the most comprehensive set of terminal 

glycosyltransferases. The profile of these enzymes in the mouse uterus was 

reduced, but similar to that of lymph nodes, while major salivary glands had the 

simplest set of glycosyltransferases that add terminal sugar residues among the 

three tissue types. Interestingly, hormonal treatment differentially affected 

expression of the enzymes involved in creating terminal structures as compared 

to the glycosyltransferases involved in core assembly (Table 2.6), an observation 

that will be discussed in detail in later sections. Together, these data supported 
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the concept that differential expression of the enzymes that specify 

oligosaccharide termini, which confer their major functional activities, is a major 

factor in determining cell type- and tissue-specific glycosylation, as well as local 

responses to environmental cues such as hormones.   

 

Lectins are proteins that specifically bind carbohydrates through recognition of 

particular structural motifs. Two major categories of animal lectins, the C-type 

(calcium dependent) and I-type (sialic acid immunoglobulin superfamily), play 

critical roles in protein-carbohydrate interactions involved in many immune 

functions, including inflammation, tumor surveillance and viral immunity (Varki, 

1999). The expression data in Table 2.3 show that these proteins are expressed 

in a highly tissue-specific manner (Table 2.3). Most of the lectins included in the 

array were detected in the submandibular lymph nodes of all experimental and 

control groups. These expression patterns correlated well with the known 

immune-related functions of these carbohydrate-binding molecules (Cummings, 

1999b; Varki, 1999c). In contrast, lectin expression patterns in the uterus and 

major salivary glands differed among the treatment groups, indicating that 

estrogen and/or progesterone differentially regulated their expression, a topic 

that will be discussed further in later sections.   

 

Next, I examined the expression of glycoproteins including mucins, 

proteoglycans and other heavily glycosylated adhesion molecules (Tables 2.4 

and 2.5). The expression patterns of these glycoproteins were highly tissue-
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specific, with submandibular lymph nodes again expressing the highest number 

of the genes in question. A few glycoproteins displayed notable expression 

patterns. For instance, membrane-bound mucin, Muc1, was detected only in the 

mouse uterus, while two other membrane-bound sialomucins, Muc10 (Prol1, 

proline rich, lacrimal 1), and Muc14 (endomucin, Emcn), were observed in all 

three tissues. In contrast, the only two secretory mucins included in this array, 

Muc5AC and Muc5B, were not found in any of the tissues under study by this 

Glycov2 microarray system.         

 

In summary, using a focused microarray chip, CGF Glycov2, I demonstrated that 

comprehensive tissue-specific glycosylation machinery is present in the mouse 

uterus, major salivary glands, and submandibular lymph nodes. The repertoire of 

expressed enzymes enables the construction of complex, functional glycans in 

mouse oral and uterine tissues.   

 

Glycosylation-related genes are differentially regulated by the ovarian 

hormones estrogen and/or progesterone in the mouse uterus, but not in 

major salivary glands and submandibular lymph nodes. 

To better understand the relationship among data sets, an unsupervised 

hierarchical clustering strategy using centered correlation and average linkage 

was used to compare the similarity or differences between expression profiles. 

As a result of this effort, a dendrogram was produced (Fig.2.1). Clusters that are 

merged low on the dendrogram are similar, whereas clusters merged high on the 
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dendrogram may be very heterogeneous. This analysis clearly showed distinct 

separation of the uterine data from different treatment groups (Fig.2.1). Neither 

the lymph node nor the major salivary gland datasets were separated  

based on hormonal treatment (Fig.2.1). These results indicate that there are true 

organ- and tissue-specific differences in the global gene expression profiles of 

the glycosylation machinery. We can confidently conclude that the ovarian 

hormone estrogens and/or progesterone differentially regulate the expression of 

glycosylation-related genes in the mouse uterus. 

 

To identify specific genes differentially regulated by estrogen and/or 

progesterone, I performed a class comparison by using a two-tailed Student’s t-

test. A number of comparisons (E2 vs. Oil, P4 vs. Oil, E2+ P4 vs. Oil, E2 vs. E2+ 

P4, P4 vs. E2+ P4) were performed at the univariate significance level of 0.001. 

While the overall comparisons for major salivary glands and submandibular 

lymph nodes did not produce significant results even at the univariate 

significance level of 0.05, the comparison for uterine samples again generated a 

long list (~ 300) of genes that were significantly different according to distinct 

treatments (Fig. 2.2). Although both hormones differentially affected the 

expression levels of the genes that were interrogated, estrogen generally 

demonstrated a much greater impact. More than 260 genes were regulated by 

estrogen, whereas only about 50 genes were governed by progesterone 

(Fig.2.2). Co-administering both hormones reduced the number of regulated 

glycogenes to around 170 (Fig.2.2), indicating that progesterone can antagonize 

	  



 36	  

the effects of estrogen on glycosylation-related gene expression. A heatmap was 

constructed of the 90 genes that were differentially regulated with a fold change ≥ 

2 (Fig.2.3). A detailed list of more than 300 differentially regulated genes is 

presented in Supplemental Table 1.   

 

The expression of mouse uterine genes involved in N- and O-glycosylation, 

glycosphingolipid biosynthesis, and many other glycosylation-related 

pathways are profoundly influenced by estrogen and/or progesterone. 

To understand the effects of estrogen and/or progesterone on the expression of 

the glycogenes in a pathway context, I mapped the differentially regulated genes 

using Ingenuity Pathways Analysis software, which identifies biological pathways 

that are influenced by specific gene products (Ingenuity Systems, Palo Alto, CA, 

USA). The analysis revealed that a variety of canonical pathways, such as O-

glycosylation and N-glycosylation, were affected by estrogen and/or 

progesterone treatment. The major pathways in the uterus that were governed by 

estrogen supplementation are shown in Figure 2.4. A detailed list of all affected 

pathways is provided in Supplemental Table 2. Furthermore, the 

glycosyltransferases that were differentially regulated by estrogen and/or 

progesterone, along with a description of their donor and acceptor specificities, 

are listed in Table 2.6. Information on glycosyltransferase function described in 

the table was obtained from the National Center for Biotechnology Information  

(NCBI) gene database and the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) Pathway analysis database.   
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Clearly, many enzymes involved in N-glycosylation were differentially regulated 

by estrogen and/or progesterone (Table 2.6). The glycosyltransferases that add 

the first two core N-acetyl-glucosamine (GlcNAc) monosaccharides (Dpagt1 and 

Alg13) to the dolichol oligosaccharide precursor were upregulated 1.6- (Dpagt1) 

and 1.5-fold (Alg13) by estrogen. After synthesis of the precursor, the N-

oligosaccharyl transferase complex (OST) on the ER membrane transfers the 

precursor en bloc to asparagine residues in nascent proteins inside the ER. The 

mRNA levels of three OST complex subunits, Rpn2, Dad1, and Ddost, increased  

(fold difference of 1.3- to 1.9-fold) with estrogen alone and estrogen + 

progesterone treatments. Finally, several enzymes involved in the processing of 

high mannose N-glycans to hybrid and complex types, including mannoside N-

acetylglucosaminyltransferase IV c (Mgat4c), UDP-Gal:β GlcNAc β 1,4-

galactosyltransferase 1 (β4galt1) and UDP-Gal:β GlcNAc β 1,4-

galactosyltransferase 3 (β4galt3) were also upregulated by estrogen and 

progesterone. An exception to this trend was mannoside N-

acetylglucosaminyltransferase III (Mgat3) and mannoside N-

acetylglucosaminyltransferase IV b (Mgat4b). Mgat3 was down-regulated by 

estrogen and estrogen + progesterone and Mgat4b was down-regulated by 

estrogen + progesterone. The possible implications of down-regulating Mgat3, a 

key glycosyltransferase that adds the important “bisecting” GlcNAc to the core N-

glycan will be discussed below. Together, these data suggested that the 
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complexity of N-glycans in the mouse uterus increased as a consequence of 

estrogen and/or progesterone treatment.  

 

As for O-glycosylation, the transfer of the monosaccharide β-D-N-

acetylgalactosaminyl (GalNAc) from the UDP donor sugar to a serine or 

threonine residue in the protein backbone initiates this pathway. A group of UDP-

GalNAc:polypeptide N-acetylgalactosaminyltransferases (Galnt), known as 

ppGalNAcTs, catalyzes this critical step. To date, nearly 20 ppGalNAcTs have 

been cloned and functionally expressed from various mammalian species (Ten 

Hagen et al., 2003). The isoforms of this family display tissue-specific patterns in 

adult mammals (Ten Hagen et al., 2003). In my studies, 7 uterine ppGalNAcTs 

were upregulated by estrogen, while one (Galntl2) was downregulated (Table 

2.6). Strikingly, one member of this family, Galnt3, was upregulated 8.4-fold by 

estrogen. In general, progesterone had a negative influence on ppGalNAcT 

expression, however, transcripts of Galnt1 increased 1.5-fold after progesterone 

treatment. In a few cases (e.g., Galnt3), the hormone combination down-

regulated mRNA expression that had been upregulated by estrogen treatment 

alone. In aggregate, although ppGalNAcTs are differentially regulated by 

estrogen and/or progesterone stimulation, the synthesis of O-glycans will likely 

increase with hormonal treatments, a theory that is supported by the results of 

total carbohydrate staining by the Periodic Acid-Schiff’s (PAS) method on uterine 

tissue sections, as described below. 
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Following the initiation of O-linked carbohydrate structures by ppGalNAcTs, the 

glycans can be elaborated into different core subtypes categorized according to 

the monosaccharides (and their linkages) appended to GalNAc-Ser/Thr. Core 

types 1-4 comprise the majority of O-glycan structures. Interestingly, two core-1 

galactosyltransferases, C1GalT1 and C1GalT1c1, were affected by hormone 

treatment—upregulated by estrogen 1.6- and estrogen + progesterone 1.8-fold, 

respectively (Table 2.6). In contrast, the core 2 enzyme N-acetyl-glucosaminyl 

transferase 3 (Gcnt3) was downregulated 1.6-fold at the mRNA level by estrogen 

+ progesterone (Table 2.6). Several important oligosaccharide motifs are 

preferentially constructed on core 1 or 2 glycans. For example, the major L-

selectin ligand, 6-sulfo-sLeX, has been identified predominantely on core-2 

structures and also on extended core-1 branchs of GlyCAM-1 in mouse HEV and 

CD34 in human tonsils (Hernandez Mir et al., 2009; Kawashima et al., 2005). 

Considering the functional importance of these glycoforms, the possible impact of 

the differential regulation of core 1 and 2 carbohydrate structures by estrogen 

and/or progesterone deserves further investigation.   

 

After the core structures are in place, both N- and O-oligosaccharides are 

elaborated by the addition of specific monosaccharides to yield mature glycans 

bearing highly diversified sub-terminal and terminal structures. Various 

fucosyltransferases, sialyltransferases, and sulfotransferases perform these 

additions. The subterminal and terminal monosaccharides are positioned on the 

“outer” facets of glycoproteins and cell surfaces, and are thus critically important 
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to glycoconjugate function (Varki, 1999). For example, a recent study determined 

that ulcerative colitis, a chronic, relapsing inflammatory disorder of the digestive 

tract, is not regulated by the expression of MAdCAM-1, a mucin that carries 

carbohydrate-based ligands for lymphocyte adhesion. Rather, it is the expression 

of GlcNAc6ST-1, a carbohydrate sulfotransferase that installs a sulfate group 

onto select MAdCAM-1 glycans that controls the severity of the inflammatory 

disease. This effect is due to the fact that sulfation greatly increases the binding 

of particular carbohydrate structures to their selectin receptors, which mediates 

leukocyte extravasation and thus regulates inflammation (Kobayashi et al., 

2009).  

 

Fucose is a key element of the oligosaccharide motifs recognized by selectins. 

Therefore, structures containing this monosaccharide, such as the Le blood 

group antigens, have important biological functions. My study showed that four 

fucosyltransferases, including Fut2, 8, and 9 were upregulated at the mRNA level 

by estrogen (Table 2.6). Fut9, an enzyme that likely adds terminal fucose to 

carbohydrates in non-immune tissues, was upregulated 6-fold by estrogen and 

3.8-fold by estrogen + progesterone. Fut8, the enzyme that mediates core 

fucosylation on N-glycans, was also upregulated by estrogen + progesterone 

(Table 2.6).    

 

In mammals, sialic acids usually cap carbohydrate side chains in terminal α−2,3-

or α−2,6-linkages to β-D-galactose (Gal) residues, or α−2,6- linkages to a 
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GalNAc residue or a GlcNAc residue. Sialic acids are also found α−2,8-linked to 

other sialic acid residues in gangliosides and as part of the specialized 

oligosaccharide termed polysialic acid. A family of sialyltransferases catalyzes 

these additions (Harduin-Lepers et al., 2001). In my datasets, the α−2,3 

sialyltransferases were differentially regulated by estrogen and/or progesterone 

in the mouse uterus (Table 2.6). For example, ST3 β-galactoside α-2,3-

sialyltransferase 1 (St3gal1) was upregulated 1.4-fold by progesterone and 2-fold 

by estrogen + progesterone. In contrast, ST3 β-galactoside α-2,3-

sialyltransferase 3 (St3gal3) was downregulated 1.4-fold by estrogen. 

Interestingly, ST3 β-galactoside α-2,3-sialyltransferase 6 (St3gal6), the 

sialyltransferase that likely contributes to the synthesis of sLeX structures on core 

2 glycans was downregulated 2.4-fold by estrogen and upregulated 1.4-fold by 

progesterone.   

 

Sialyltransferases that synthesize α-2,6-linkages were also differentially 

regulated by estrogen and progesterone in the uterus (Table 2.6). In general, 

progesterone had an inhibitory effect on transcription of these enzymes, whereas 

estrogen alone tended to induce their expression. For instance, both 

β galactoside α-2,6-sialyltransferase 1 (St6gal1) and ST6 (α-N-acetyl-

neuraminyl-2,3-β-galactosyl-1,3-N-acetylgalactosaminide α-2,6-sialyltransferase 

2 (St6galnac2) were upregulated 2-fold by estrogen and downregulated 1.8- and 

1.5-fold, respectively, by estrogen + progesterone. In contrast, ST6 α-N-acetyl-

neuraminyl-2,3-β-galactosyl-1,3-N-acetylgalactosaminide α-2,6-sialyltransferase 
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5 (St6galnac5) was downregulated by all treatments, decreasing 1.9-, 1.5-, and 

1.7-fold with estrogen, progesterone, and estrogen + progesterone, respectively. 

Finally, the polysialyltransferases responded differently to ovarian hormones. 

ST8 α-N-acetyl-neuraminide α-2,8-sialyltransferase 2 (St8sia2) was 

downregulated 1.7-fold by estrogen, while ST8 α-N-acetyl-neuraminide α-2,8-

sialyltransferase 4 (St8sia4) was upregulated 1.8-fold by progesterone.  

 

Several sulfotransferases were also differentially regulated by estrogen and/or 

progesterone (Table 2.6). Heparan sulfate 3-O-sulfotransferase 1 (Hs3st1) 

mRNA was upregulated 1.7- and 1.9-fold by estrogen and progesterone, 

respectively. Another broadly expressed carbohydrate sulfotransferase, Chst7, 

was also upregulated by estrogen 1.8-fold. However, heparan sulfate 6-O-

sulfotransferase 1 (Hs6st1) was down-regulated 1.5-fold by estrogen + 

progesterone. My study showed that Chst5, N-acetylglucosamine 6-O-

sulfotransferase (I-GlcNAc6ST), which may contribute to L-selectin ligand 

synthesis and whose expression is generally considered to be restricted to the 

intestine, was detected in the mouse uterus and was upregulated 1.7-fold by 

estrogen (Table 2.6).  

 

Together, these data strongly indicated that the density and structure of 

fucosylated, sialylated, and/or sulfated terminal sugar species is likely under the 

influence of estrogen and/or progesterone. Compared to the various enzymes 

that synthesize the core structures of N- and O-glycans, hormonal regulation of 
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the enzymes that construct sub- and terminal carbohydrates structures was more 

complex. Considering the importance of these terminal glycan motifs in 

specifying glycoprotein functions, regulation by estrogen and/or progesterone 

could critically influence many biological and pathological events.    

   

The glycosylation of lipids and sphingolipids requires ceramide-specific glucosyl- 

or galactosyltransferases to catalyze the addition of the first monosaccharide to 

ceramide. Further development of the oligosaccharide chains proceeds in a 

stepwise, untemplated fashion similar to that of glycoprotein synthesis. Many of 

the sub- and terminal glycolipid structures are believed to be catalyzed by shared 

glycosyltransferases that are also involved in glycoprotein synthesis (Varki, 

1999). A number of galactosyltransferases and glucosaminyltransferases 

involved in glycolipid biosynthesis were differentially regulated by estrogen 

and/or progesterone (Table 2.6).      

 

The differential expression of a subset of glycosylation-related genes in the 

mouse uterus is confirmed by Quantitative PCR (Q-PCR).  

Next, for independent confirmation, I selected 8 genes whose uterine expression 

appeared to be strongly regulated by hormonal treatment. The selected genes 

encode key enzymes in the glycosylation process and/or their products generate 

biologically-important carbohydrate motifs. The list included: β-1,3-

galactosyltransferase 5 (β3GalT5) and galactose-4-epimerase (Gale), which 

represented glycosyltransferases and related enzymes; mucin 1 (Muc1) and 
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surfactant associated protein D (Sftpd), which represented glycoproteins; insulin-

like growth factor binding protein 3 (Igfbp3), a growth factor; chemokine (C-C 

motif) ligand 11 (Ccl11), a chemokine; and Notch homolog protein 4 (Notch4) 

and patched homolog 1 (Ptch1) from the hedgehog signaling pathway as 

developmental regulators. I performed gene-specific Q-PCR to confirm the 

changes in expression that were detected by microarray. Cyclophilin was chosen 

as an internal control on the basis of a preliminary experiment in which three 

common housekeeping genes (glyceraldehyde-3-phosphate dehydrogenase, β-

glycuronidase, and cyclophilin) were tested for their variance among samples 

(Ma and Fisher, data not shown). A two-tailed Student’s t-test was used to 

compare the relative fold changes between the estrogen and/or progesterone 

experimental groups to the oil control group. Overall, the Q-PCR data agreed 

with the microarray results, however different fold changes were detected by the 

two methods (Fig. 2.5). This discrepancy may possibly be explained by the fact 

that Q-PCR is a more sensitive technique than microarray analyses.  

 

The total carbohydrate content of the mouse uterus, but not the major 

salivary glands, is upregulated by hormonal treatment. 

Hematoxylin and Eosin (H&E) staining was performed on the tissue sections to 

examine the histological changes that resulted from estrogen and/or 

progesterone treatment (Fig. 2.6A). Both hormones induced cell proliferation in 

uterine tissues. Estrogen alone caused interstitial swelling of the stroma, and 

triggered the cuboidal to columnar transition of the luminal and glandular 
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epithelium. These changes were retarded in mice receiving both estrogen and 

progesterone. No visible histological changes associated with estrogen and/or 

progesterone supplementation were observed in the major salivary glands by 

H&E staining.  

 

The total amount of carbohydrate macromolecules among different treatment 

groups was evaluated by Periodic Acid-Schiff’s (PAS) staining of tissue sections 

from the uterus and major salivary glands (Fig. 2.6B). The staining intensity of 

the major salivary glands was similar in all the treatment groups. In the uterus, 

the oil control group stained very weakly, and PAS intensity was greatly 

increased by estrogen and/or progesterone supplements. The relative 

abundance of total carbohydrates in the major salivary glands and the uterus 

observed under different hormonal treatment conditions was consistent with the 

results of glycosylation-related gene expression as determined by microarray 

analyses. 

 

Muc1 protein expression is upregulated by estrogen and/or progesterone 

in the mouse uterus.     

Aberrant expression of Muc1, a cell surface-associated transmembrane 

glycoprotein with abundant O-glycans, is a feature associated with many types of 

cancer, such as ovarian, mammary gland, pancreatic, colon, and lung (Kufe, 

2009). Translated as a single polypeptide, MUC1 protein undergoes 

autoproteolysis at the sea urchin sperm protein, enterokinase and agrin (SEA) 
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domain, located within its extracellular region, to form two products: the MUC1 N-

terminal subunit (MUC1-N) and the MUC1 C-terminal transmembrane subunit 

(MUC1-C) (Julian et al., 2009; Kufe, 2009; Levitin et al., 2005; Macao et al., 

2006). Altered glycosylation of the MUC1-N tandem repeats has been associated 

with human malignancies (Finn, 2008; Ichige et al., 1995). A monoclonal 

antibody DF3-P that recognizes underglycosylated MUC1 protein reacted with 

cell lines derived from ovarian carcinomas (Ichige et al., 1995). Moreover, the 

same antibody only stained ovarian tumor cells but not the surrounding tissues 

(Ichige et al., 1995). Further research on aberrant glycosylation in cancer 

demonstrated that MUC1 in cancer cells is incompletely glycosylated with only 

one sugar residue, GalNAc (known as Tn antigen), or the disaccharide, GalNAc-

Gal (known as T antigen) (Finn, 2008). After MUC1-N is released from the cell 

surface, MUC1-C then acts as a receptor, which mediates diverse signaling 

pathways linked to transformation and tumor progression (Carson, 2008; Kufe, 

2009).  

 

Our glycoarray data showed that Muc1 mRNA in the mouse uterus was 

upregulated more than 14-fold by estrogen treatment (Fig. 2.3). This observation 

was confirmed by Q-PCR (Fig. 2.5 C). Next, I studied the effects of hormone 

treatment on Muc1 expression at the protein level, via immunolocalization and 

immunoblotting approaches (Fig. 2.7). A rabbit polyclonal antibody that 

recognizes the cytoplasmic domain of MUC1-C localized to both luminal and 

glandular epithelium in the mouse uterus (Fig. 2.7 A). This signal was greatly 
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increased by estrogen and/or progesterone treatment. The same polyclonal 

antibody was used for an immunoblotting experiment to probe 

electrophoretically-separated uterine lysates. A ~23 kDa band was detected, 

which corresponded to the cytoplasmic domain of Muc1. The intensity of this 

band was increased by hormone treatments (Fig. 2.7 B); the relative fold change 

of the Muc1 signal was calculated by ImageJ software (Fig. 2.7 C). The 

magnitude difference in Muc1 protein with estrogen and/or progesterone 

treatment was consistent with the changes observed at the mRNA level. 

Furthermore, our study is in agreement with previous observations that Muc1 

expression is differentially regulated in the mouse uterine cavity during early 

pregnancy (Surveyor et al., 1995). The results from our study support these data 

and provide a mechanistic explanation for this regulation. Although MUC1 mRNA 

has been detected in human major salivary glands using PCR and Northern 

hybridization (Liu et al., 2002), here, neither MUC1 mRNA nor protein were 

detected in mouse major salivary glands using the microarray platform and the 

antibody against the cytoplasmic domain of MUC1-C (Ma and Fisher, data not 

shown). 

 

Glycosyltransferases involved in the formation of Lewis blood group 

antigens are upregulated in the mouse uterus by estrogen and 

progesterone.  

Le blood group antigens are functionally important structures that play 

particularly essential roles in immune cell trafficking. As ligands that govern the 
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first step in leukocyte extravasation, these carbohydrate motifs affect a number of 

homeostatic and pathologic processes, including immune surveillance and 

inflammation. Accordingly, I chose three glycosyltransferases, Galnt3, Fut9, and 

β1,3GalT5, involved in the synthesis of Le blood group antigens, and assessed 

their expression in uterine tissue sections by immunofluorescence. Galnt3, a 

member of the ppGalNAcT family, initiates O-linked glycosylation; β1,3GalT5, a 

galactosyltransferase, generates type 1 lactosamine units, which form the 

backbone of certain Le structures (Isshiki et al., 1999); and Fut9, a 

fucosyltransferase, installs α1,3 fucose residues. Expression of all three 

glycosyltransferases was detected in mouse uterine luminal and glandular 

epithelium, as well as in the secretory alveoli and tubular epithelium of major 

salivary glands (Figs. 2.8, 2.9, 2.10). The signal intensity for all three enzymes in 

the uterus was greatly increased by estrogen and/or progesterone 

supplementation, while signals in the major salivary glands were relatively 

unaffected (Fig. 2.8, 2.9, 2.10). The results demonstrated that the regulation of 

these glycosyltransferases at the protein level parallels that observed by 

microarray analyses at the mRNA level.  

 

Although many fucosylated glycoconjugates have immunological roles, the 

fucosyltransferase Fut9 is expressed in certain non-immune tissues, such as 

kidney and brain (Comelli et al., 2006). Our study demonstrated that this enzyme 

is also present in the mouse uterus and major salivary glands. Changes in 

uterine Fut9 protein levels among different treatment groups were further 
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assessed by immunoblotting, using the same antibody that was employed for the 

immunofluoresence studies (Fig. 2.11). The changes observed in Fut9 at the 

protein level were in agreement with the relative mRNA levels detected by the 

microarray approach.  

 

DISCUSSION 

This study characterized glycosylation-related gene expression profiles at a 

global level in the mouse uterus and major salivary glands using the customized 

CFG Glycov2 microarray system. Then, I confirmed the array results for a subset 

of genes at both the mRNA and protein levels by real time PCR, immunostaining, 

and immunoblotting methods. As the mammalian female reproductive tract is 

highly responsive to the ovarian hormones estrogen and progesterone, which 

synchronize its functions (Dey, 1996), I designed these experiments to take into 

consideration of hormonal influences on glycosylation-related genes. Indeed, I 

found that glycosylation-related genes in the mouse uterus, but not the major 

salivary glands or submandibular lymph nodes, are highly regulated by these 

factors. This result is in accord with previous studies (Dutt et al., 1986; Kimber et 

al., 2001; Tulsiani et al., 1996), and the magnitude of the regulation observed 

was impressive. Among 700 murine glycosylation-related genes detected in this 

microarray analysis, about 300 exhibited highly statistically significant differential 

regulation by estrogen and/or progesterone in the mouse uterus (p<0.001). The 

relative fold changes observed ranged from +15 (Muc1, estrogen alone) to -8 

(Patched 1, estrogen alone). 
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Using Ingenuity Pathway Analysis software, I indentified a long list of canonical 

pathways that were profoundly affected by estrogen and/or progesterone in the 

mouse uterus. My study detected glycosylation-related genes in the mouse 

uterus and major salivary glands that encoded proteins from important functional 

categories, e.g., adhesion and signaling. Importantly, a comprehensive set of 

glycosyltransferases was present in the mouse uterus and major salivary glands, 

indicating that complex carbohydrate structures can be synthesized in these 

locations. In addition, their expression in the uterus was highly regulated by 

estrogen and progesterone, a phenomenon that likely greatly impacts 

reproduction. To the best of my knowledge, this is the first study that elucidates, 

in a comprehensive manner, the expression profiles of glycosylation machinery in 

the mouse uterus and major salivary glands, providing direct in vivo evidence of 

their regulation by estrogen and/or progesterone. These data serve as important 

evidence for my central hypothesis—that similar carbohydrate motifs govern 

bacterial ecology and leukocyte recruitment in both the uterine and oral cavities. 

Here, I have determined the machinery that is available in both tissues for the 

construction of particular oligosaccharide structures, which I directly 

characterized in Part III of this thesis.  

 

Major glycosylation pathways, including the synthesis of N- and O-linked 

structures, glycosphingolipids, and heparan sulfate, are all profoundly impacted 

by estrogen and/or progesterone in the mouse uterus. N-linked carbohydrates, 
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one of the best studied glycan subsets, are characterized by a GlcNAc linkage to 

the amide group of an asparagine residue in the context of the N-linked 

consensus sequence NXT/S(C) (where X is any residue except proline). My 

study indicated that estrogen and/or progesterone upregulated N-glycosylation at 

every stage, starting from the formation of a lipid-linked precursor 

oligosaccharide, through the en bloc transfer of the oligosaccharide to the 

polypeptide, to later-stage processing of the oligosaccharide including trimming 

and elongation. A number of uterine genes involved in N-glycan biosynthesis 

were increased by estrogen and/or progesterone treatment. In particular, a group 

of mannoside N-acetylglucosaminyltransferases drew my attention. These 

enzymes regulate branching of N-linked glycans at the core mannose residues, 

resulting in tri- and tetrantennary structures. Mgat3 was downregulated 1.5-fold 

with estrogen alone, and 1.3-fold with estrogen + progesterone. Mgat4b 

transcripts were reduced 1.5-fold after a combination estrogen + progesterone 

treatment, and Mgat4c mRNA was increased 1.6-fold following estrogen 

treatment as compared to the vehicle control.  

 

Regarding the specificities of these enzymes, Mgat3 transfers a GlcNAc residue 

from UDP-GlcNAc to the β 1,4 mannose of the N-glycan core to form a so-called 

“bisecting” GlcNAc linkage, which is found in various hybrid and complex N-

glycans (Ihara et al., 1993; Ohno et al., 1992). The addition of a bisecting GlcNAc 

inhibits the β 1,6 GlcNAc branch formation catalyzed by mannoside N-

acetylglucosaminyltransferases V (Mgat5) because Mgat5 cannot use the 
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bisected oligosaccharide as an acceptor substrate (Gu et al., 2009; Ohyama, 

2008; Schachter, 1986; Schachter et al., 1983; Taniguchi et al., 1999). When 

Mgat5 is free to act, N-glycans bearing β 1,6 GlcNAc-branches can be 

preferentially modified by β1,4 GalT and β1,3 GlcNAcT to form long poly-N-

acetyllactosamine side chains, which are further processed to yield other 

carbohydrate motifs such as sLex. It has been reported that Mgat5 activity and 

β 1,6 GlcNAc-branched N-glycan levels are increased in highly metastatic tumor 

cell lines (Asada et al., 1997; Dennis et al., 1987; Pochec et al., 2003). 

Furthermore, cancer metastasis is reduced in Mgat5 null mice (Granovsky et al., 

2000). As Mgat3 activity results in the loss of Mgat5 substrates, the former 

enzyme is considered an antagonist of the latter, and thereby contributes to the 

suppression of cancer metastasis (Gu et al., 2009; Taniguchi et al., 1999). 

Overexpression of Mgat3 in highly metastatic melanoma cells reduces β 1,6 

GlcNAc branching in cell surface N-glycans and increases bisected N-glycans, 

resulting in reduced lung metastasis of B16 mouse melanoma (Yoshimura et al., 

1995). The mechanism of this inhibition is partly explained by reduced synthesis 

of β-1,6-branched N-glycans on E-cadherin extra-cellular domains.  It has been 

shown that these β-1,6-branching N-glycans could enhance cell-cell adhesion via 

prolonged residency of E-cadherin on cell surfaces because glycosylated E-

cadherin exhibited delayed turnover and decreased release from cell surface 

(Guo et al., 2003; Yoshimura et al., 1996). As my study demonstrated that 

hormone treatments affect the expression of Mgat3, the biological implications of 

estrogen and progesterone on cancer progression and metastasis mediated by 
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these mannoside N-acetylglucosaminyltransferases definitely warrant further 

investigation.  

 

As compared to N-glycans, the analysis of O-glycosylation pathways remains 

more challenging and less understood (Jensen et al., 2010). Two groups of 

glycoproteins, mucins and proteoglycans, are heavily decorated by large 

numbers of O-linked saccharides. Like N-glycans, the carbohydrate portion of 

these molecules contributes greatly to their biological functions (Corfield, 1992; 

Strous and Dekker, 1992; Van Klinken et al., 1995). A family of nearly 20 

glycosyltransferases, termed ppGalNAcTs, initiates O-glycan formation through 

the creation of the GalNAcα1-O-Ser/Thr linkage (Ten Hagen et al., 2003), a step 

considered to be the commitment to generating O-glycans. In this study, 

ppGalNAcTs in uterine tissues were generally upregulated by estrogen and 

downregulated by progesterone. Specifically, seven family members (Galnt1, 3, 

7, 10, 11, 12, 13) were upregulated by estrogen at the mRNA level. The 

upregulation of Galnt3 was confirmed at the protein level by immunolocalization 

(Fig. 2.8). In contrast, another ppGalNAcT, Galnt-like 2 (Galntl2), was down-

regulated by estrogen 3.5-fold at the mRNA level. My data suggested that 

despite catalyzing the same simple reaction, individual ppGalNAcTs may function 

in a tissue- and cell-specific manner, a theory that has been previously proposed 

(Ten Hagen et al., 2003). After ppGalNAcTs have catalyzed the addition of the 

first monosaccharide residue, O-glycan structures can be elaborated into various 

core structures (cores 1-8), defined by differential monosaccharide linkages to 
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the GalNAc-Ser/Thr. Many O-glycans contain the core 1 structure formed by the 

addition of Gal in a β1,3 linkage to the GalNAc-Ser/Thr by Core 1 synthases. 

Core 2 is then formed by the addition of a GlcNAc residue to the core 1 structure 

by core 2 synthases. In this study, the uterine expression of two core 1 synthase 

genes, C1GalT1 and C1GalT1c1, was increased, and that of the core 2 synthase 

Gcnt3, was reduced by estrogen treatment. The data suggested that estrogen 

and progesterone promote the synthesis of core 1 O-glycans while inhibiting core 

2. This observation may have important biological relevance because 6-Sulfo 

sLex is predominately located on core 2 and extended core 1 chains on human 

endothelial CD34 (Hernandez Mir et al., 2009). 

While the core structures of various glycans can differ, certain outer structures, of 

which fucose, sialic acids, α-galactose, β-GalNAc, and β-GlcA are the major 

components, are often shared among different classes of glycans (Varki, 1999a). 

In mammals, fucosylated glycans linked to either proteins or lipids are involved in 

a variety of biological functions such as cell adhesion (Clarke and Watkins, 1996; 

Wiederschain et al., 1998), inflammation, leukocyte trafficking (Blander et al., 

1999; Lowe, 1997), and fertilization (Zhu et al., 1995). Aberrant fucosylation is 

indicated in many pathological disorders, including cystic fibrosis (Glick et al., 

2001; Scanlin and Glick, 2001) and cancer (Le Pendu et al., 2001; Miyoshi and 

Nakano, 2008). Human ABO and Le blood group antigens are a few examples of 

well-studied fucosylated oligosaccharides. These carbohydrate structures are 

widely expressed in many normal tissues, mainly by epithelial cells. Altered 

expression of these oligosaccharides occurs in many tumors and is often strongly 
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related to cancer prognosis (Le Pendu et al., 2001). Lex and Ley are considered 

to be tumor-associated markers (Gao et al., 2004; Le Pendu et al., 2001). Some 

of these antigens and their derivatives interact with selectins to mediate cell-cell 

adhesion and trafficking (Blander et al., 1999; Lowe, 1997). My results indicated 

that fucosylated oligosaccharides, including the ABO and Le blood group 

antigens, will likely be increased in the uterus after stimulation by estrogen and/or 

progesterone because several fucosyltransferases (Fut2, 8, 9) were upregulated 

at the mRNA level by these hormones. The functional impact of estrogen and 

progesterone on these fucosylated oligosaccharides deserves further 

investigation in terms of specific activities such as bacterial and leukocyte 

adhesion. 

 

Sialylation is another important terminal sugar modification on glycoproteins and 

glycolipids with important functions in cell adhesion. Particularly interesting, in the 

context of my hypothesis, is the fact that sialic acid mediates many host-

pathogen interactions (Schauer, 2009; Varki, 1999b). Sialic acid is added by a 

family of sialyltransferases with various specificities. A number of these enzymes 

were differentially regulated by estrogen and/or progesterone in the mouse 

uterus, indicating that the sialylation status of this tissue is also likely to be 

hormonally controlled. Considering the important roles played by sialylated 

oligosaccharides in cellular interactions, more research effort should be devoted 

to this topic.  
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Sulfation is another important post-translational modification with broad biological 

implications (Armstrong and Bertozzi, 2000; Bowman and Bertozzi, 1999; Falany, 

1997; Glatt, 2000; Hooper et al., 1996). It is well established that the high-affinity 

endothelial ligands for L-selectin depend on the sulfation of certain carbohydrate-

based determinants in high endothelial venules (HEVs) of lymph nodes 

(Crommie and Rosen, 1995; Hemmerich et al., 1994; Imai et al., 1993; 

Shailubhai et al., 1997). A study by Dr. Fisher and colleagues demonstrated that 

the same sulfated carbohydrates that serve as L-selectin ligands in HEVs also 

facilitate initial embryo attachment to the uterine lining during human implantation 

(Genbacev et al., 2003). Furthermore, the expression of these carbohydrate 

structures is strongly upregulated as the uterus becomes receptive (Genbacev et 

al., 2003). Similarly, during the window of receptivity for embryo implantation, 

mouse uterine epithelial cells also stain with the HECA-452 antibody, which 

reacts with high-affinity selectin ligands (Ma and Fisher, data not shown). My 

glycoarray data indicated that several glycosyltransferases and sulfotransferases 

that may play important roles in L-selectin ligand synthesis, such as St3GalT III, 

St3GalT VI, fucosyltransferase IV, β4GalT, and sulfotransferases (Chst2, 5, 7), 

are indeed differentially regulated by estrogen and/or progesterone (Table 2.6), 

suggesting that the final products of these enzymes are likely to be modulated 

during female reproductive processes. These data correlate very well with the 

aforementioned immunostaining observations in both mice and humans. 
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It has been suggested that the glycosyltransferases responsible for the synthesis 

of the N- and O-linked oligosaccharide cores are ubiquitously expressed, 

whereas the enzymes that elaborate terminal carbohydrate structures are 

expressed in a highly tissue-specific manner (Comelli et al., 2006). Interestingly, 

in our system, the hormonal regulation of the former group of enzymes proved to 

be more straightforward than that of the latter. Almost all of the differentially 

regulated enzymes involved in N-glycan core synthesis were upregulated by both 

estrogen and progesterone. Mgat3 and 4b, which were downregulated by 

treatment with both hormones, were the only exceptions (Table 2.6). As for the 

O-glycan cores, estrogen generally elevated mRNA expression, while the 

response to progesterone was mixed. PAS staining indicated that the total 

carbohydrate content at the uterine luminal and glandular epithelial surfaces was 

dramatically upregulated by all hormone treatments (Fig.2.6B), an observation 

that correlates with the regulation of core synthetic enzyme expression as noted 

above.    

 

Compared to the enzymes that are involved in the synthesis of core structures, 

the differential regulation of terminal oligosaccharide glycosyltransferases by 

estrogen and/or progesterone was more complicated. Many members of the 

same gene family had distinct patterns of regulation by hormone treatments. The 

highly specific responses of the fucosyl-, sialyl-, and sulfotransferases to these 

stimuli may contribute to the cell- and tissue-specific nature of terminal 
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oligosaccharides under normal conditions and their aberrant expression in many 

diseases.  

 

Consistent with previous findings, estrogen was generally a potent stimulator of 

glycosylation and progesterone had weaker activity. However, when given 

simultaneously, progesterone tended to antagonize the effects exerted by 

estrogen, which was reflected in the number of genes that were differentially 

regulated by estrogen and/or progesterone (Fig. 2.2) (Chilton et al., 1980; 

Coppola and Ball, 1966; Dutt et al., 1986; Isemura et al., 1981; Lambadarios et 

al., 1976; Nelson et al., 1975). However, the complexity of the effects of the 

combined estrogen and progesterone treatment on individual glycosylation-

related genes as revealed by the microarray portion of this project belies this 

general conclusion. Several important glycoproteins in the mouse uterus, 

including Muc1, Emcn, and Prol1, were differently regulated by estrogen and/or 

progesterone (Supplemental Table 1). Specifically, MUC1 was tremendously 

upregulated by estrogen, both at the mRNA (15-fold) and the protein (3.5-fold) 

levels. Progesterone alone or in combination with estrogen also increased 

expression of this mucin (Figs. 2.5 and 2.7). In contrast, the ovarian hormones 

regulated Emcn and Prol1 very differently. Emcn was upregulated 1.7-fold by 

progesterone and downregulated 1.8-fold by estrogen; Prol1 was upregulated 

6.4-fold by estrogen + progesterone, but was minimally affected by treatment 

with either hormone alone. These results suggest that the glycoproteins Muc1, 

Emcn, and Prol1, and the carbohydrate structures that they carry may have 
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different functions in vivo. Because the combined actions of estrogen and 

progesterone are required for the mouse uterus to become receptive for embryo 

implantation, the role of Prol1 in receptivity certainly deserves further research. 

  

As we enter into the postgenomic era, the importance of co- and post-

translational modifications, such as glycosylation and sulfation, is becoming 

increasingly clear. Complex carbohydrate structures carried by glycoproteins and 

glycolipds, and synthesized by an array of glycosyltransferases, are major 

components of the cell membrane with crucial roles in host-pathogen 

interactions, cell differentiation, migration, tumor invasion/metastasis, and cell 

trafficking/signaling (Reis et al., 2010; Sperandio et al., 2009). Aberrant 

glycosylation patterns are related to many pathological conditions, including 

chronic inflammation and cancer (Ohyama, 2008; Reis et al., 2010). By 

elucidating the glycosylation machinery expressed in the mouse oral and uterine 

cavities, about which little is known, my work serves as a critical starting point for 

future studies using the laboratory mouse as a model system to explore local 

pathologies in the context of glycosylation, including periodontal disease, preterm 

birth, and the interrelationship between these two conditions.  
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Part III. DISTINCT GLYCAN PROFILES WERE PRESENT IN MOUSE UTERUS 

AND MAJOR SALIVARY GLANDS AND THE EXPRESSION OF THESE 

OLIGOSACCHARIDES WAS REGULATED BY ESTROGEN AND 

PROGESTERONE 

 

Introduction 

It is clear that glycosylation, the most complex posttranslational modification, 

mediates various biological events. The enormous structural diversity inherent in 

oligosaccharides, combined with their accessibility at the cell surface, places 

carbohydrates in a unique position to regulate cell-cell and cell-matrix 

interactions. The challenge in studying these molecules lies in their 

heterogeneous nature, a consequence of their non-template driven assembly by 

multiple, sequential, and partially competitive glycosylation reactions in the Golgi 

or ER (Varki, 1999a). This structural diversity also originates from the fact that 

monosaccharides can be assembled in a multiplicity of linkages, resulting in 

complex linear and branched polymers (Manzi, 1999). Therefore, a prerequisite 

to understanding oligosaccharide function is the ability to efficiently analyze 

glycan profiles at a global scale.  

 

In order to characterize the glycan structures of the mouse uterus and major 

salivary glands, and to examine the effects of estrogen and progesterone on 

oligosaccharide structures in these locations, a newly developed high-throughput 

lectin array approach was used. Lectins are carbohydrate-binding proteins of 
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plants, bacteria, and animals (Cummings, 1999a). They can bind to multiple 

proteins that carry the same carbohydrate motifs. Lectins have been widely used 

in techniques such as blot overlays, flow cytometry, and histochemistry to 

characterize individual glycan structures. Recently, lectin arrays have been 

successfully used to rapidly analyze bacterial glycans (Hsu et al., 2006), and to 

profile carbohydrates on glycoproteins in cell lysates (Ebe et al., 2006; Kuno et 

al., 2005; Lee et al., 2006; Pilobello et al., 2007). This approach has also been 

used with intact cells to identify cell-specific and functionally significant 

mammalian cell surface glycans (Tao et al., 2008). Lectin arrays are particularly 

useful because they have the advantage of discriminating sugar isomers 

(Hirabayashi, 2004), a valuable alternative to the laborious process of direct 

structural analysis.  

 

Here, I used this approach to profile uterine and salivary oligosaccharide 

structures. To confirm these profiling experiments, I performed immunoblotting 

and histochemistry with several well-characterized antibodies that recognize a 

group of very specialized oligosaccharides involved in leukocyte trafficking and 

inflammation.  

 

Results 

The distinct glycan profiles of the mouse uterus and major salivary glands 

were differentially regulated by hormone treatments.  
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To characterize the carbohydrate structures in the mouse uterus and major 

salivary glands, I used a lectin microarray system developed by Dr. Lara Mahal 

and her research group that contains a panel of 79 lectins with a variety of glycan 

specificities (Table 3.1) (Pilobello et al., 2007). Mouse uterus and major salivary 

glands from the various treatment groups were homogenized in lysis buffer. The 

lysates were sonicated, causing the formation of micelle-like structures from the 

membranes.  The micellae were labeled with Cy3 or Cy5. Replicate samples 

from three female mice were included in each group for the lectin array assay. 

Major salivary glands from two male mice were also included as controls. Array 

hybridization and data analysis were completed in Dr. Mahal’s laboratory at NYU. 

The results enabled construction of a heat map with dendrograms representing 

hierarchical clustering of 26 arrays (Fig. 3.1). Please note that a pooled reference 

standard containing aliquots from all tested samples was included as a 

comparator. Signals stronger or weaker than this reference were considered 

positive (red) or negative (green), respectively. Black indicates that the observed 

signal was equal to the pooled reference. The Pearson coefficient and average 

linkage analysis was used to produce this clustering.  

 

The lectin array data clustered into two distinct groups according to sample 

origin—the uterus or the major salivary glands. This clustering clearly 

demonstrated that distinct glycan signatures existed in these two locations, 

proving the concept of tissue-specific glycosylation in my systems of interest. 

Within each of these major groupings, the samples clustered according to the 
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different hormonal treatments, with a few exceptions. This information strongly 

supported the conclusion that the ovarian hormones estrogen and progesterone 

regulated the expression of oligosaccharides in the mouse uterus and major 

salivary glands. Data from the male salivary glands (Male.MS) were grouped 

within the general cluster of major salivary glands samples, but were positioned 

slightly apart (closer to the uterine sample set). This distinction indicated that the 

glycan profile of the major salivary glands differed between male and female 

mice, additional information supporting hormonal regulation of glycan assembly 

in the major salivary glands.  

 

Cell-surface oligosaccharides are assembled through the concerted actions of 

individual glycosyltransferases. The glycosylation-related gene expression profile 

of a cell or tissue will likely determine the profile of carbohydrate structures that it 

presents (Varki, 1999a). I demonstrated (Part II) that glycosylation-related genes 

in the mouse uterus, but not major salivary glands, were subject to differential 

regulation by estrogen and/or progesterone. In contrast, I observed that the 

products of these genes—the oligosaccharide structures themselves—were 

affected by hormones in both locations. Therefore, although the 

glycosyltransferase/glycan profiles in the uterus are internally consistent, the 

differential regulation of cell-surface oligosaccharides by estrogen and/or 

progesterone in the major salivary glands seems to contraindicate the lack of 

regulation on glycogenes at the mRNA level. However, because specific 

oligosaccharide structures are generally constructed by the collaborative action 
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of several glycosyltransferases, minor changes in the expression of individual 

transferases (that do not reach statistical significance) may indeed produce 

detectable differences in oligosaccharide profiles. I will discuss this discrepancy 

further below. 

 

Examination of the lectin carbohydrate specificity clearly demonstrated that high 

mannose and terminal α/β Gal/GalNAc structures dominated the glycan profiles 

of mouse major salivary glands as reflected in the intense binding of a panel of 

mannose- and Gal/GalNAc-specific lectins [i.e., Narcissus Pseudo-narcissus 

lectin (NPA), Vicia villosa lectin, mannose specific (VVA man), Jacalin, Helix 

pomatia agglutinin (HPA), Hippeastrum hybrid lectin (HHL), Vicia villosa lectin 

(VVA), Maulura pomifera lectin (MPA), Scytonema varium lectin (SVN), Griffithsia 

sp. Lectin (GFRT), Canavalia ensiformis lectin (ConA), and Allium sativum lectin 

(ASA)] that clustered together on the heat map. In contrast, the binding activity of 

these lectins to the uterine samples was low (Fig. 3.1). Instead, lectins that 

recognize complex N-glycans with heavily sulfated and sialylated terminal sugars 

hybridized strongly to uterine lysates. These lectins, which clustered in the center 

of the heat mapncluded Trichosanthes japonica lectin I (TJA-I; sialylated and 

sulfated LacNAc), Psophocarpus tetragonolobus lectin I (PTL-I; fucosylated 

LacNAc) and the sialic acid-binding lectins Sambucus nigra lectin (SNA), 

Maackia amurensis lectin II (MAL-II), Vibrio cholerae lectin (cholera), and 

Polyporus squamosus lectin (PSL).    
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Hormone treatments induced uterine synthesis of more highly branched 

structures with heavily fucosylated, sulfated, and sialylated terminal 

oligosaccharides. 

Binding of the lectins Ulex europaeus lectin I (UEA-I), Aspergilus oryzae lectin 

(AOL), and Aurentia lectin (AAL) to mouse uterine micellae was tremendously 

upregulated by estrogen treatment (Fig. 3.1). These proteins recognize α-fucose; 

AOL specifically distinguishes α-1,6-fucose modifying an N-linked core GlcNAc. 

As compared to the oil control, hybridization of these lectins did not change with 

progesterone treatment, but greatly increased in mice supplemented with 

estrogen. Estrogen + progesterone only slightly elevated the binding of these 

lectins, indicating that progesterone antagonized the effects of estrogen on the 

synthesis of fucosylated oligosaccharides. These results were in agreement with 

the differential regulation of several fucosyltransferases that catalyze these 

modifications (Table 2.5).  

 

Regarding sialylated structures, the binding of SNA and TJA-I to uterine micellae 

was upregulated by estrogen alone and estrogen + progesterone. SNA prefers 

sialic acids in α-2,6-linkages and TJA-I recognizes sialylated, sulfated LacNAc 

units, which are often located on branched N- and O-glycans.  

 

The hormonal regulation of Phaseolus vulgaris lectin E (PHA-E) and PTL-I 

binding to uterine oligosaccharides is very interesting. The binding activity of 

these two lectins was upregulated by a combination of estrogen + progesterone, 
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but was reduced by estrogen alone.  PTL-I recognizes fucosylated LacNAc units 

and PHA-E (sugar specificity: Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-6)Man) 

binds to the β-1,6 arm of branched complex N-glycans, which is preferentially 

extended by polylactosamine units. Polylactosamine units are frequently modified 

by terminal fucose, sialic acids, and sulfate molecules.  

 

As compared to the uterus, estrogen and progesterone had a lesser impact on 

glycan assembly in the mouse major salivary glands. The overall trend appeared 

to be downregulation of high mannose and terminal Gal/GalNAc structures with 

stimulation by the individual hormones. The combination of estrogen + 

progesterone yielded results similar to the oil controls (Fig. 3.1). The reactivity of 

a group of lectins, which included Datura stramonium lectin (DSA), Sambucus 

nigra lectin II (SNA-II), Psophocarpus tetragonolobus lectin II (PTL-II), Tulipa sp. 

Lectin (TL), Arachis hypogaea lectin (PNA), Wisteria floribunda lectin (WFA), and 

Trichsanthes japonica lectin II (TJA-II), distinguished the glycan profiles of major 

salivary glands from male and female mice. These lectins all hybridized more 

strongly to micellae from male mice (Fig. 3.1). Regarding the specificities of 

these lectins, PNA and WFA bind Gal/GalNAc-containing structures. SNA-II 

distinguishes α-2,6 sialic acid. DSA recognizes lactosamine units, while PTL-II 

and TJA-II prefer fucosylated lactosamine units. Finally, TL recognizes complex 

biantennary N-glycans. Expression of these ligand structures was reduced in the 

major salivary glands by estrogen and/or progesterone treatment. The biological 

significance of this observation awaits further investigation.         
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The blood group antigens H, Lex, and Ley were differentially regulated by 

estrogen and/or progesterone in the mouse uterus and major salivary 

glands 

 

To further expand our knowledge of the cell-surface glycans presented by the 

mouse uterus and major salivary glands, I took advantage of several well-

characterized monoclonal antibodies that recognize the blood group antigens H, 

Lex, and Ley. Although the sugar determinants for all three antibodies include 

terminal fucose [H: Fucα1-2Galβ1-3/4GlcNAc; Ley: (Fucα1-2)Galβ1-4(Fucα1-

3)GlcNAc; Lex: Galβ1-4(Fucα1-3)-GlcNAc], the linkages between fucose and the 

underlying monosaccharides differ. Please note that Ley epitopes share the 

common Fucα1-2Galβ1 linkage with H and Fucα1-3-GlcNAcβ linkage with Lex.   

 

First, I performed immunoblotting of lysates prepared from uterine tissues, as 

well as sublingual and parotid glands. The results are presented in Fig.3.2 

(uterus) and Figs.3.3 and 3.4 (salivary tissues). Multiple immunoreactive bands 

were detected by all antibodies in all tissue types, indicating that several proteins 

[molecular weight (MW) ~30 KDa to >191 kDa] carry these sugar modifications. 

For uterine lysates, blood group H and Ley determinants were dramatically 

upregulated by estrogen (Fig.3.2, A and C), while the combination of estrogen 

and progesterone increased the expression of Lex determinants (Fig.3.2, B). 

Three major immunoreactive bands of similar MW were detected by the anti-H 
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and -Ley antibodies (Fig.3.2, A and C), and four major bands ranging from 60 to 

>191 kDa were observed with the anti-Lex antibody (Fig.3.2B). These data 

suggested that assembly of the specific blood group H, Lex, and Ley sugar 

determinants is differentially regulated by estrogen and/or progesterone in a 

protein-specific manner in the mouse uterus. 

 

Blood group H, Lex, and Ley epitopes were also detected by immunoblotting of 

mouse salivary glands (Figs. 3.3 and 3.4). With respect to parotid lysates, a 

prominent reactive band of ~ 130 kDa was detected with the anti-H antibody; the 

intensity of this signal was similar for all treatment groups. With respect to 

sublingual tissues, multiple reactive bands, including one of ~ 180 kDa, were 

detected, and the signal was reduced by estrogen. These data showed that 

estrogen inhibited the expression of H carbohydrate determinants in sublingual, 

but not in parotid glands. Lex oligosaccharides were also detected by immunoblot 

in parotid and sublingual gland lysates (Figs. 3.3B and 3.4B). Interestingly, this 

epitope was downregulated by estrogen and upregulated by estrogen + 

progesterone in sublingual glands (Fig. 3.4B). Among the three major salivary 

glands, the Ley epitope was only detected by immunoblotting in sublingual 

tissues (Fig. 3.4C). The epitope was observed in association with two bands of ~ 

70 and ~ 130 kDa. Progesterone treatment differentially downregulated 

immunoreactivity of the ~ 130 kDa band. Blood group H, Lex, and Ley were not 

detected in submandibular gland lysates by immunoblotting (data not shown). 
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To examine the subcellular and cellular locations of the carbohydrates detected 

by immunobloting, I used the same anti-H, -Lex, and -Ley antibodies to perform 

immunofluorescent staining of tissue sections from the mouse uterus (Fig.3.5), 

and salivary glands (Fig. 3.6). In the uterus, both luminal (arrows) and glandular 

epithelium (arrowheads) stained positively with these antibodies in a plasma 

membrane associated pattern.  Estrogen treatment dramatically increased the 

intensity of the blood group H, Lex, and Ley immunoreactivity.  Estrogen + 

progesterone had a similar effect. 

  

As for the salivary glands, anti-blood group H and Ley antibodies did not react 

with tissue sections from the three major salivary glands. The anti-Lex antibody 

did not stain sublingual sections (data not shown). In parotid and submandibular 

salivary glands, this antibody strongly stained both the plasma membrane and 

cytoplasm of tubular epithelial cells (Fig. 3.6). No obvious differences in signal 

were observed between different hormonal treatment groups. A possible 

explanation for the discrepancy between the immunoblotting and 

immunofluoresence results is that the scaffolds that present the relevant 

oligosaccharide motifs may interfere with antibody detection in different contexts.   

      

Uterine expression of L-selectin ligands was differentially regulated by 

estrogen and/or progesterone. 
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L-selectins and its carbohydrate-based ligands mediate the initial tethering and 

rolling adhesion between leukocytes and endothelial cells that line the 

vasculature. These interactions are critical for the recruitment of leukocytes into 

sites of acute or chronic inflammation and for lymphocyte homing to secondary 

lymphoid organs. As described above, very specialized oligosaccharide with 

restricted expression patterns comprise these ligands that are expressed on 

sialomucin family members. A recent study completed in Dr. Fisher’s laboratory 

demonstrated that interactions between L-selectin and its carbohydrate ligands 

also mediate the initial attachment between the human embryo and uterine 

epithelial cells during implantation (Genbacev et al., 2003). To examine this 

important oligosaccharide class and its regulation by estrogen and/or 

progesterone, I used HECA-452, an antibody that recognizes sialyl Lex and can 

functionally block L selectin-mediated interactions in multiple experimental 

systems (Tu et al., 1999b). Specifically, I used HECA-452 to perform 

immunoblotting of uterine, sublingual, and parotid gland lysates. Two major 

reactive bands (MW >97 kDa) carried reactive saccharides in the mouse uterus 

(Fig. 3.2D). Importantly, expression of these oligosaccharides was upregulated 

by progesterone and estrogen + progesterone, but downregulated by estrogen 

alone. Immunofluorescent staining with HECA-452 on uterine tissue sections 

confirmed the immunoblotting results (Fig. 3.5, M-P). Both membrane-bound and 

cytoplasmic staining was observed.   
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With regard to salivary glands, HECA-452 detected a reactive band of ~191 kDa 

in sublingual glands; the signal was not changed by hormone treatments (Fig. 

3.3, D). Multiple bands <191 kDa were noted in parotid gland lysates (Fig. 3.4, 

C). No obvious differences in signal intensity were observed among treatment 

groups. HECA-452 reacted with both the plasma membrane and cytoplasm of 

the secretory alveolus cells in tissue sections of parotid, submandibular, and 

sublingual glands (Fig. 3.7). This signal was reduced in the parotid glands after 

progesterone, or estrogen + progesterone supplementation, an observation that 

suggested expression of these oligosaccharides was regulated in a tissue-

specific manner by estrogen and progesterone.      

    

Discussion 

 

After profiling the expression of glycosylation-related genes in the mouse uterus 

and major salivary glands and elucidating their differential regulation by the 

ovarian hormones estrogen and progesterone, I took on the challenge of 

characterizing the final products of the glycosylation machinery in both 

locations—cell-surface glycan structures. The lectin array, a high-throughput 

approach, was used in this study to provide a global and systemic analysis of the 

cell-surface glycan profiles, and to examine the effects of ovarian hormones on 

glycan expression in these tissues. In addition, several well-characterized 

antibodies that recognize highly specified oligosaccharide structures were 

included in the analyses. The finding that mouse uterine cells assembled a 
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complex glycan signature that was subject to differential regulation by estrogen 

and progesterone agreed with the parallel gene expression profiling studies (Part 

II). Moreover, with estrogen and/or progesterone stimulation, the cell-surface 

glycans shifted from a simpler to a more complex profile with increased 

branching and heavily sialylated, fucosylated, and sulfated terminal sugars. 

Considering the important roles of these highly specialized terminal 

oligosaccharides play in a variety biological functions, insight into how these 

steroids regulate glycan assembly significantly advances our understanding of 

glycosylation, the most common but poorly studied post-translational 

modification. 

 

An unexpected finding was that the glycan structures produced by the major 

salivary glands appeared to be under the influence of ovarian hormones. This 

disagrees with the fact that the expression of mRNA encoding glycosylation-

related genes was not significantly affected in these tissues. Several possibilities 

may explain this discrepancy. First, due to the relatively low sensitivity of 

microarray techniques (reflected by the fact that the relative fold changes 

detected by Q-PCR for a subset of differentially regulated genes were generally 

greater than the relative fold changes observed in the microarray datasets, see 

Fig. 2.5), this approach might not be able to detect the subtle differences in 

expression among the different control and experimental groups. Second, the 

sample size of each group for the microarray analysis (n=3) might have been too 

small to reach statistical significance. Third, and most likely, as the assembly of 



 73	  

oligosaccharides requires the action of a group of glycosyltransferases, 

insignificant changes in the expression of individual molecules may produce 

significant differences in the expression of certain oligosaccharide structures.  

 

In any case, the differential regulation of glycan profiles in mouse major salivary 

glands by estrogen and/or progesterone might have important biological 

implications. For example, the mouse model developed in this study may be 

used to explore why women are more prone to Sjogren’s Syndrome, a chronic 

autoimmune disease in which a person’s own lymphocytes attack her salivary 

glands. Carbohydrate-based homing mechanisms could play a role. Further 

investigation of this and related theories may provide new information on 

women’s health, an interesting topic that will be further discussed in the final part 

of this thesis (Part V). 

 

A few previous studies investigated the effects of the steroid hormones estrogen 

and progesterone on glycan assembly in mouse uterine cells (Dutt et al., 1988; 

Dutt et al., 1986; Kuo et al., 2009). An in vitro experiment determined that 

estrogen stimulates N-glycan synthesis in cultured uterine tissue (Dutt et al., 

1986). The same research group demonstrated that estrogen specifically 

upregulates polylactosamine units with highly branched structures in the mouse 

uterus (Dutt et al., 1988). A recent mass spectrometry-based structural analysis 

showed that Lex and Ley epitopes on glycoprotein carrier 24p3 (lipocalin 2) and 



 74	  

lactotransferrin predominated in mouse uterine luminal fluid after stimulation with 

diethylstilbestrol, a synthetic non-steroidal estrogen agent (Kuo et al., 2009).  

 

There is strong evidence indicating that Lex and Ley epitopes are typically located 

on polylactosamine units (Lowe, 1999a). The oligosaccharide structures 

elucidated by the lectin array and immunolocalization methods used in the 

current study included the aforementioned structures. The high-throughput 

approach I chose for these studies tremendously expanded the knowledge of 

cell-surface glycans expressed in the mouse major salivary glands and uterus. 

Based on the sugar specificity of each lectin (Table 3.1), a detailed 

oligosaccharide profile of these tissues was obtained. Similar to the glycan 

structures detected in human saliva, mouse major salivary glands included, but 

were not limited to, two distinct groups of oligosaccharides. The first group 

contained T (Galβ1-3GalNAc), sialyl T (NeuAcα2-3Galβ1-3GalNAc), and Lex 

(Galβ1-4(Fucα1-3)-GlcNAcβ1) antigens, as well as lactosamine units (Galβ1-

4GlcNAc). The structures could serve as receptors mediating the adhesion of 

several commensal and pathogenic bacteria, such as Actinomyces naeslundii, 

streptocci, Helicobacter pylori, and Fusobacterium nucleatum (Bosch et al., 2000; 

Edgerton et al., 1993; Prakobphol et al., 1999; Prakobphol et al., 1998; Veerman 

et al., 1995). The second group included sLex related structures as defined by 

HECA-452 antibody reactivity, which could include ligands for L-selectin (Rosen 

and Bertozzi, 1994). The glycans of the mouse uterus consisted of these and 

more complicated structures. Whether the oligosaccharides function as receptors 
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for bacteria and leukocytes in the uterine cavity, and the potential influence of 

ovarian hormones on these adhesion events remains to be tested.          

 

The ability to form branched structures with highly diversified terminal sugar 

moieties gives glycans enormous structural complexity, diversity and specificity, 

conferring the ability to mediate a variety of cell-cell and cell-matrix interactions 

(Varki, 1999a). A group of GlcNAc transferases (Gnt or Mgat) generate the 

branched hybrid and complex N-glycans found in higher organisms, such as 

mammals. The microarray analysis showed that several members of this GlcNAc 

transferase family were differentially regulated by estrogen and/or progesterone 

(Table 2.5). Mgat3 deserves particular attention because of its inhibitory effect on 

synthesis of β-1,6-branch of N-glycans (Gu et al., 2009; Ohyama, 2008; 

Schachter, 1986; Schachter et al., 1983; Taniguchi et al., 1999). The β-1,6 

branch initiated by Mgat5 is the preferred precursor for polylactosamine units. 

The latter motif again serves as a candidate structure for subsequent 

modifications, e.g., fucosylation and sulfation, to build functional determinants 

such as Lex and Ley (Lowe, 1999a). The microarray data showed that mouse 

uterine Mgat3 was downregulated by estrogen and estrogen + progesterone and 

Mgat4c was upregulated by estrogen (Table 2.5), suggesting that estrogen 

probably promotes branching of N-glycans in the uterus. Indeed, the results of 

lectin array analysis and immunoblotting experiments confirmed this prediction. 

The binding activity of PTL-I, which recognizes complex branched N-glycans was 

upregulated by estrogen and/or progesterone (Fig. 3.1). Similar changes were 
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also observed for TJA-I, which binds to polylactosamine units (Fig. 3.1). 

Reactivity of the fucose-binding lectins UEA-I, AOL, and AAL was upregulated by 

estrogen. Furthermore, immunoreactive bands detected by Lex and Ley 

antibodies were greatly upregulated by estrogen and/or progesterone in mouse 

uterine lysates (Figs. 3.2 and 3.5). These results also correlate well with the 

estrogen-mediated increase in uterine fucosyltransferase 2 and 9 expression, as 

these enzymes probably contribute to the synthesis of Lex and Ley (Table 2.5). 

Fut8, which transfers a fucose residue onto the N-glycan core, was also 

upregulated by estrogen and progesterone (Table 2.5); expression of the latter 

fucosyltransferase likely accounts for the increased binding activity of AOL to 

uterine micellae after hormone treatment.   

 

Hormonal regulation of the HECA-452 epitope in mouse uterine tissue differed 

from that observed for blood group antigen H, Lex, and Ley. As shown by both 

immunoblotting and immunofluoresence approaches, estrogen predominantly 

upregulated the expression of the H and Ley epitopes and estrogen + 

progesterone promoted assembly of the Lex epitope (Figs. 3.2, 3.3). In contrast, 

estrogen slightly reduced, while progesterone strongly upregulated, HECA-452 

immunoreactivity, observed by immunoblot analyses of mouse uterine lysates. 

The latter treatment induced the expression of two HECA 452-reactive bands, 

one ~ 130 kDa and the other > 191 kDa (Fig. 3.2). Estrogen + progesterone also 

upregulated HECA 452-reactivity. Interestingly, the combination of these steroids 

differentially upregulated the larger, but not the smaller band. The 
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immunofluoresence pattern agreed with the immunoblotting results (Fig. 3.5, M-

P). 

 

Although L-selectin-mediated adhesion requires a sialylated, fucosylated, and 

sulfated ligand (Hemmerich et al., 1994; Tu et al., 1999a), the HECA-452 

antibody recognizes a sialylated and fucosylated epitope (Rosen and Bertozzi, 

1994). Candidate glycosyltransferases with the specificities required for creating 

the HECA-452 epitope were observed in the microarray data. The Fut9 which 

adds α-1,3-fucose, was upregulated 6- and 3.8-fold by estrogen and estrogen + 

progesterone, respectively (Table 2.5). The sialyltransferase St3gal6, which 

transfers sialic acid α-2,3-linked to Gal, was downregulated 2.4-fold by estrogen 

and upregulated 1.4-fold by progesterone at the mRNA level (Table 2.5). The 

regulation of the latter gene matched the expression pattern of the HECA-452 

epitope. This information suggests that while both fucosylation and sialylation are 

required for HECA-452 antibody recognition, sialylation may play a more critical 

role in this protein-carbohydrate interaction. Neither the mouse uterus, nor the 

major salivary glands presented detectable amounts of the epitope that react with 

MECA-79, an antibody that recognize high-affinity L-selectin ligands in a sulfate-

dependent manner (data not shown). Whether carbohydrate sulfation is required 

for leukocyte/endothelial cell interactions in the mouse uterus and major salivary 

glands needs further investigation.              

 



 78	  

High mannose and sialylated non-bisected triantennary hybrid oligosaccharides 

have been detected on mouse submandibular mucins by a combination of 

exoglycosidase treatments and electrophoresis with oligosaccharide standards 

(Denny et al., 1995). The same study also indicates that the sialic acids found in 

mouse submandibular mucin exist mainly in α-2,3 linkages. The lectin array data 

in the current study also revealed that terminal/internal mannose and Gal/GalNAc 

residues dominate the glycan profiles of mouse major salivary glands, which was 

reflected in the binding activity of lectins that clustered together on the heat map 

(Fig. 3.1). Several lectins that bind sialic acid, e.g., Triticum vulgaris lectin 

(WGA), and specifically to those with α-2,3 linkages, e.g., Maackia amurensis 

lectin (MAA), hybridized strongly to micellae from the major salivary glands (Fig. 

3.1). These results were consistent with the microarray data described in Part II 

of this thesis showing that St6galnac II and IV mRNA were expressed in mouse 

major salivary glands (Table 2.2). One interesting observation that Denny and 

colleagues reported is that these N-linked oligosaccharides lack fucose, a 

common terminal sugar molecule (Denny et al., 1995). However, my data 

disagreed with this finding. As shown in Figs. 3.6 and 3.7, fucosylated 

oligosaccharides were detected in tissue sections of mouse submandibular 

glands by immunofluorescence localization using anti-Lex and HECA-452 

antibodies. Similar fucosylated oligosaccharides were also detected in parotid 

and sublingual glands by immunostaining and immunoblotting with antibodies 

that recognize H, -Lex, and -Ley blood group antigens, as well as HECA-452  

(Figs. 3.3, 3.4, 3.6, and 3.7). Fucosyltransferases that transfer fucose in α-1,3, 
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and α-1,6 linkages were detected in mouse major salivary glands (Table 2.2).  

Although neither Fut1 nor Fut2, α-1,2 fucosyltransferases, were detected in 

mouse major salivary glands according to the method that was used to process 

RMA raw data, Fut2 gave marginal hybridization signals in major salivary glands 

(Ma and Fisher, data not shown). These data support the immunolocalization 

studies described above. A recent report describing the glycan structures of rat 

sublingual gland mucins as determined by mass spectrometry-based approaches 

detects minor amounts of fucose, accounting for about 1.2% (w/w) of the total 

carbohydrates content of the samples (Yu et al., 2008). In the future, a similar 

strategy could be used to confirm whether mouse major salivary glands 

synthesize fucosylated carbohydrates.    

 

Although high mannose oligosaccharides dominated the glycan profiles of mouse 

major salivary glands, these structures appeared to be reduced in abundance by 

estrogen and progesterone treatment (Fig. 3.1). Complex branched structures 

were also detected by DSA, SNA-II, PTL-II, TL, and TJA-II in the lectin array, 

although with overall weaker hybridization signals as compared to the pooled 

reference. DSA, PTL-II, and TJA-II recognize LacNAc units, which form the 

backbone for the addition of fucose, sialic acid, and sulfate modifications to yield 

more complex motifs such as sLex and sLey. The lectin TL, which binds to 

complex N-glycan structures, hybridized weakly to micellae from the major 

salivary glands (Fig. 3.1). Please note that the pooled standard included uterine 

micellae that were rich in hybrid and complex N- and O-linked structures. 
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Therefore, the signals from major salivary gland micellae, although weak as 

compared to the pooled reference, represented an important class of more 

complex oligosaccharides present in these tissues. These data are in support of 

a previous study that detected hybrid N-glycans on mouse salivary mucins 

(Denny et al., 1995).  

 

Expression of the very specialized tetrasaccharide recognized by the HECA-452 

antibody was also detected in association with major salivary glands by 

immunoblotting and immunolocalization methods (Figs. 3.3, 3.4, and 3.7). This 

information suggested that although high mannose and simple O-linked 

structures dominated the glycan profiles of mouse major salivary glands, more 

complex structures were also present in these tissues.  

 

The current study demonstrated that the lectin array, a new global approach, is a 

powerful tool for characterizing glycan profiles from tissue lysates. It is also a 

sensitive technique as demonstrated by the ability to detect subtle changes in the 

mouse uterine and major salivary gland glycome caused by estrogen and/or 

progesterone treatment. In combination with antibodies, the lectin arrays 

identified oligosaccharide structures in the uterus and major salivary glands with 

the potential to serve as functional receptors for the adhesion of bacteria and 

leukocytes. Furthermore, the glycans were differentially regulated by estrogen 

and progesterone, a finding that has important implications for many specific 

biological functions and women’s health issues in general. With this fundamental 
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information in hand, the next phase of my research will involve elucidating the 

pathogenesis of certain oral and uterine disorders, including periodontal and 

intra-uterine infections in the context of carbohydrate mediated adhesive 

interactions.  
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Part IV. MATERIALS AND METHODS 

 

Animals and experimental design 

Eighty 8-week old BALB/c female mice (Charles River Laboratories, Wilmington, 

MA, USA) were ovariectomized and rested for 14 days to exhaust the 

endogenous supply of estrogen (E2) and progesterone (P4). Then, the mice were 

divided into 4 groups for 4 days of treatment as follows. E2 (17β-Estrodial, Sigma, 

St. Louis, MO, USA) and P4 (Sigma, St. Louis, MO, USA) were emulsified in 

sesame oil (Sigma, St. Louis, MO, USA). Mice received subcutaneous injections 

of 100 ng/day E2, 2 mg/day P4, 100 ng/day E2 and 2 mg/day P4, or vehicle alone 

as a negative control. Mouse uteri, major salivary glands including parotid, 

submandibular, and sublingual glands, as well as submandibular lymph nodes 

were collected and snap frozen in liquid nitrogen 24 h after the last injection. 

Uteri and major salivary glands were collected and fixed in 10% Formalin/PBS on 

ice, then embedded in Optimal Cutting Temperature (OCT compound) mounting 

medium (Sakura Finetek USA inc., Torrance, CA, USA) prior to sectioning. All 

samples were kept at -80°C until use. The major salivary glands and 

submandibular lymph nodes were also collected from 10 BALB/c adult male mice 

for inclusion in the microarray experiments. The experimental design was 

approved by the Institutional Animal Care and Use Committee at University of 

California San Francisco (UCSF). Mice were housed in the animal facility at 

UCSF in compliance with all applicable federal and state laws.  
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RNA sample preparation and cDNA synthesis 

Total RNA samples from mouse uteri, major salivary glands, and submandibular 

lymph nodes from individual mice were isolated by Trizol reagent (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer’s instructions. RNA quality 

was assessed by using an Agilent Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA). RNA samples were sent to the Microarray Core facility at the 

Consortium for Functional Glycomics (CFG). RNA samples from three individual 

animals were prepared independently and used to synthesize cDNA according to 

the standard protocol used in the Microarray core facility. Chip hybridization was 

performed by the Microarray Core at the CFG according to their standard 

protocols as described previously (Comelli et al., 2006).   

 

Glycov2 array analysis 

The Glycov2 microarray is a custom-designed Glyco-gene chip array that 

contains probe sets to monitor the expression of approximately 2000 human and 

925 mouse glycosylation-related genes, including glycosyltransferases, glycan-

binding proteins (GBPs), glycan degradation proteins and other genes that are 

relevant to the CFG. It was developed by the Consortium and manufactured by 

Affymetrix (Santa Clara, CA, USA). All samples were hybridized to the Glycov2 

array and Robust Multichip Average (RMA) (Irizarry et al., 2003) was used to 

convert the intensity values to expression values. RMA consists of a three step 

approach that performs background correction and quantile normalization, then 

summarizes the probe set information using Tukey’s median polish algorithm. 
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Replicate probeset copies were averaged and gene expression patterns were 

analyzed using hierarchical clustering (Simon et al., 2007) and class comparison 

methods. The resulting class comparisons used a univariate cut-off of 0.001 and 

a multivariate permutation-based false discovery rate calculation.   

 

Quantitative PCR analysis 

Eight genes from different functional categories were chosen for quantitative 

PCR to confirm the microarray results. The experiments were performed by the 

Genomic Core at the University of California San Francisco Cancer Center. 

Taqman probes for each target gene were purchased from Applied Biosystems 

(Foster City, CA, USA). The probe catalog numbers were as follows: UDP-Gal: 

βGlcNAc β 1,3-galactosyltransferase 5 (β13GalT5), #Mm00473621; UDP-

galactose-4-epimerase (Gale), #Mm00617772; Mucin 1(Muc1), #Mm00449604; 

Surfactant associated protein D (Sftpd), #Mm00486060; Insulin-like growth factor 

binding protein 3 (Igfbp3), #Mm00515156; Chemokine C-C motif ligand 

11(Ccl11), #Mm00441238; Notch homolog 4 (Notch4), #Mm00440525; Patched 

homolog 1 (Ptch1), #Mm00436026. A two-tailed Student’s t-test was used to 

analyze the data.   

 

Ingenuity Pathway analysis 

The microarray data were analyzed by Ingenuity Pathways Analysis (Ingenuity 

Systems, Palo Alto, CA, USA). The changes in gene expression among different 

treatments were analyzed in the context of canonical pathways, as well as 
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individual genes. The Kyoto Encyclopedia of Genes and Genomes (KEGG) was 

used as a reference.    

 

Muc1, Fut9, anti-blood group H, -Lex, -Ley, and HECA452 immunoblotting 

analysis 

The following antibodies were used in immunoblotting experiments: a rabbit 

polyclonal antibody Muc1 (Cat. #RB-9222, Thermo Scientific, Fremont, CA) that 

recognizes the cytoplasmic domain of Muc1; a goat polyclonal antibody against 

Fut9 (Cat. #sc-14889, Santa Cruz Biotechnology, Santa Cruz, CA); mouse 

monoclonal antibodies against blood group H (Cat. #ab24222, Abcam Inc., 

Cambridge, MA, USA), Lex (Cat. #555400, BD Pharmingen, San Jose, CA, 

USA), Ley (Cat. #3359-500, Abcam Inc., Cambridge, MA, USA), and the rat 

monoclonal antibody HECA452 (Cat. #550407, BD Pharmingen). Tissue lysates 

were prepared as follows. Briefly, frozen tissues were thawed on ice and washed 

three times with cold PBS to remove residual red blood cells. Tissues were then 

homogenized in Sigma CelLytic MT Mammalian tissue Lysis/Extraction Regent 

(Sigma, St. Louis, MO, USA) with protease inhibitor cocktail (Roche Diagnostics, 

Mannheim, Germany). Then, samples were centrifuged at 4°C for 2 min at 4000 

rpm to remove insoluble debris. The protein concentration of the samples was 

estimated using the Bio-Rad Protein Assay based on the Bradford method (Bio-

Rad Laboratories, Hercules, CA, USA). Aliquots were frozen at -80°C until 

needed. Lysates (20 µg) were separated on NuPAGE Novex Bis-Tris 4-12% mini 

gels (Invitrogen, Carlsbad, CA, USA) and transferred to nitrocellulose 
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membranes (Bio-Rad Laboratories). The membranes were blocked with 5% non-

fat milk (Bio-Rad Laboratories) in 1x PBST (1X PBS in 0.1% Tween-20) for 1 h at 

room temperature (RT), followed by overnight incubation with anti-Muc1, anti-

blood groups H, -Lex, -Ley, and HECA-452 (1:1000 dilution in blocking buffer) and 

anti-Fut9 (1:250 dilution in blocking buffer) at 4°C. The membranes were washed 

with Tris-Buffered saline containing Tween-20, then incubated for 2 h at RT with 

a 1:5000 dilution of horseradish peroxidase-conjugated antibodies—donkey anti-

rabbit for Muc1 and donkey anti-goat for Fut9 (Jackson ImmunoResearch 

Laboratories, West Grove, PA, USA). Horseradish peroxidase-conjugated goat-

anti-mouse light chain specific secondary antibodies (for blood group H, Lex, and 

Ley antibodies) and goat-anti-rat light chain specific secondary antibodies (for 

HECA452) (Jackson ImmunoResearch Laboratories) were incubated for 2 h at 

RT. Immunoreactive bands were visualized by using Amersham ECL Plus 

Western Blotting Detection Reagents using High Performance 

Chemiluminescence Film (GE Healthcare, Buckinghamshire, UK). As a negative 

control, identical blots were processed without the primary antibody alone. To 

evaluate sample loading, the same nitrocellulose membranes were stripped with 

RestoreTM plus Western Blot Stripping buffer (Thermo Scientific, Fremont, CA, 

USA) and reprobed with a rabbit anti-α tubulin antibody (Thermo Scientific) at 

1:5,000 for 2 h at RT or overnight at 4°C followed by the appropriate secondary 

antibody for 2 h at RT. Bands were visualized as described above.  The 

experiment was repeated three times using different tissue lysates with the same 

results. Densitometry analysis was performed using ImageJ software. 
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Immunofluorecence analysis Muc1, Galnt3, Fut9, and β1,3-GalT5, anti-

blood group H, -Lex, -Ley, and HECA-452  

Serial sections (5 mm) of formalin-fixed mouse uterus and major salivary glands 

were individually stained with the following antibodies: rabbit polyclonal 

antibodies against Muc1 (Cat. #RB-9222, Thermo Scientific); Galnt3 (Cat. 

#HPA007613, Sigma-Aldrich); goat polyclonal antibodies against Fut9 (Cat. #sc-

14889, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and β1, 3-GalT5 (Cat. 

#sc-22060, Santa Cruz Biotechnology); antibodies against blood group H, Lex, 

Ley, and HECA452 as described above. A previously published protocol (Drake 

et al., 2001) was followed. Briefly, tissue sections were washed three times in 

PBS, then blocked with 3% BSA (Sigma) in PBS for 30 min at RT for Muc1, 

Galnt3, Fut9, and β1, 3-GalT5. To reduce background staining, the product of 

reactions between the secondary antibody and endogenerous mouse 

immunoglobins, a blocking reagent from Vector Laboratory Mouse on Mouse 

(M.O.M.) kit (Vector Laboratory, Burlingame, CA, USA) was used to block and to 

dilute the primary antibodies for blood group H, Lex, Ley, and HECA-452, as well 

as the appropriate secondary antibodies. Then, the sections were incubated with 

primary antibody (1:100 in 0.5% BSA in PBS or Vector M.O.M. agent) for 2 h at 

RT or overnight at 4°C. As a negative control, sections were incubated without 

primary antibody. Next, the tissue sections were washed 3 times in PBS and 

incubated with fluorescene-conjugated secondary antibodies (Jackson 

ImmunoResearch Laboratories) for 2 h at RT. Then they were washed in PBS 
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and mounted with Vectashield containing DAPI (Vector Laboratories), which 

allowed visualization of the nuclei. This experiment was repeated at least 3 times 

using tissues from different animals with similar results. Images were captured 

using a Leica DFC 350FX digital camera (Leica Microsystems, Bannockburn, 

Germany).  

 

Hematoxylin and Eosin (H&E) staining 

Sections (3–5 mm) of frozen and formalin-fixed tissue biopsies of mouse uterus 

and major salivary glands were washed in PBS briefly. Sections were stained 

with Gill’s #4 hematoxylin (Fisher Scientific) for 1-2 min, then washed under 

running tap water for 5 min. Slides were cleared in acidic alcohol for a few 

seconds and the nuclei were blued in Scott’s water (Fisher Scientific) for 1 min. 

After dehydration in 95% alcohol, sections were stained with eosin (Fisher 

Scientific) to the desired intensity. Then they were further dehydrated with 100% 

ethanol, cleared with xylenes, and mounted with Permount (Fisher Scientific). 

Images were captured using a Leica DFC 450FX digital camera (Leica 

Microsystems).       

 

Periodic Acid-Schiff’s (PAS) staining 

Formalin-fixed tissue sections (3-5 mm) were washed briefly in tap water. After 

rinsing briefly with distilled water, the sections were incubated with 0.5% periodic 

acid (Sigma) for 7 min. Then, they were rinsed quickly with distilled water and 

stained in Schiff’s solution (American MasterTech Scientific, Lodi, CA, USA) for 
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15 min. Next, slides were rinsed in running tap water for 5 min and stained with 

1% Light Green (Sigma) until the desired intensity was achieved. Mounting and 

image capture was performed as described above for H&E staining. 

 

Cellular micellae sample preparation and Cy3/Cy5 labeling 

Flash frozen uteri and salivary glands from each experimental treatment group 

were defrosted on ice, washed three times with cold PBS to remove residual red 

blood cells, and macerated with a pre-chilled glass Potter-Elvehjem 

homogenizer. Then the samples were sonicated with three pulses at 70% power 

and centrifuged at 5 °C for 1 hour at 100,000 x g. The resulting pellets were 

resuspended in 0.1 M NaCO3, pH 9.3. The protein concentration was estimated 

using Bio-Rad Protein Assay reagents based on Bradford methods (Bio-Rad 

Laboratories). Aliquots were frozen at -80°C until needed. Cy3/Cy5-NHS (GE Life 

Sciences) labeling was performed according to the manufacturer’s instructions. 

Briefly, 10 µg of Cy3- or Cy5-NHS was added to 1 mg micellae, and incubated at 

RT for 30 min. The labeled samples were kept in -80°C until the lectin array 

analyses.  

 

Lectin microarray and data analysis 

All lectins used in this study were printed at concentrations optimized to give a 

minimal signal of 1,000 arbitrary fluorescent units (A.U.) under fixed scanning 

conditions with a range of labeled glycoproteins. Two replicate arrays on each 

slide were used for quality control hybridizations with glycoprotein standards. 
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Routinely, the specificity of lectin binding was confirmed by inhibition with the 

relevant monosaccharides. The fluorescence signals were scanned and data 

were extracted using the standard image analysis software GenePix Pro 5.1. To 

control for any discrepancies due to dye labeling, the signals from the Cy3 and 

Cy5 arrays were averaged, a method described by Yang (Yang et al., 2002) to 

calculate the dye bias-corrected hybridization signals. A pooled reference sample 

was included in this analysis as a comparator for the hybridization signals of 

individual samples. Hierarchical clustering of the resultant data sets using the 

Pearson correlation coefficient with average linkage analysis produced a heat 

map illustrating glycan profiles observed in the mouse uterus and major salivary 

glands from mice in various experimental groups.   
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Part V. SUMMARY AND FUTURE DIRECTIONS 

 

A. SUMMARY 

 

Using multiple approaches, I profiled glycosylation-related genes in the mouse 

uterus and major salivary glands, and characterized the complex carbohydrate 

structures assembled at both sites. These analyses were designed to take into 

consideration the effects exerted by the ovarian hormones estrogen and/or 

progesterone. The results demonstrated that a comprehensive set of 

glycosylation-related genes was expressed by the mouse uterus and major 

salivary glands enabling the assembly of complex glycans. Indeed, complex 

glycans with distinct tissue and hormonally-regulated profiles were detected, 

demonstrating that the glycosylation machinery in these locations was functional. 

Moreover, estrogen and progesterone differentially affected the expression of 

both glycosyltransferases and oligosaccharide structures in the mouse uterus 

and major salivary glands. Specifically, under the influence of these hormones, 

the uterine glycan profile shifted from a simpler pattern to more complex 

branched structures, with heavily fucosylated, sialylated, and sulfated termini. 

Considering that these complex oligosaccharides play critical roles in cell-cell 

and cell-matrix interactions, and that the uterus can quickly increase or decrease 

production of these structures in a hormone-regulated manner, these results 

strongly suggested that glycosylation may play very critical roles in reproductive 
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events such as implantation, a theory for which strong evidence has already 

been demonstrated in humans (Genbacev et al., 2003). 

 

The effects of estrogen and progesterone on glycosylation in the reproductive 

tract have been previously investigated in many model systems (Chilton et al., 

1980; Coppola and Ball, 1966; Dutt et al., 1986; Isemura et al., 1981; 

Lambadarios et al., 1976; Nelson et al., 1975). However, the current study is the 

first to use a global approach to systematically examine the effects of these 

steroids on uterine glycosylation. As a result, the influence of estrogen and 

progesterone on glycosylation was dissected in a detailed and comprehensive 

manner. Estrogen and progesterone affected almost every aspect of 

glycosylation in the mouse uterus (Table 2.6). In accord with previous studies, 

my work also demonstrated that, in general, estrogen promotes glycosylation, 

while progesterone alone has a mildly stimulatory effect (Fig.2.2). When 

administered together, progesterone tended to antagonize the effects of estrogen 

(Fig.2.2). However, the complexity of hormonal regulation on individual genes as 

revealed by the microarray data did not allow for a general conclusion. Indeed, 

the number of genes affected and magnitude of changes observed in this study 

were truly unparalleled. Therefore, the information obtained from this study will 

serve as a valuable source for future research on glycosylation. 

 

An important finding from this thesis project is that terminal glycosylation, i.e., 

fucosylation, sialylation, and sulfation, was differentially regulated by estrogen 
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and/or progesterone in the mouse uterus. In agreement with the microarray data 

showing that the glycosyltransferases that transfer these modifications are 

subject to hormonal control, the abundance of the fucosylated, sialylated, and 

sulfated oligosaccharides was also influenced by estrogen and/or progesterone 

(Results; Part III). Although the formation of glycans is controlled at multiple 

levels (Marth and Grewal, 2008) ranging from the transcriptional regulation of 

glycosyltransferases to the accessibility of substrates, my results illustrated that 

control of glycosyltransferase expression at the mRNA level plays a critical role in 

this process.  

 

The story of glycosylation in the mouse major salivary glands proved to be 

equally interesting. For the most part, estrogen and progesterone did not affect 

the expression of their glycosylation-related genes. Nevertheless, their glycan 

repertoire appeared to be under the influence of these hormones. This 

conclusion was supported by evidence that major salivary gland samples 

clustered according to hormonal treatment groups in the lectin array analyses. 

Furthermore, the glycan profile of male mouse major salivary glands also differed 

from that of female mice, additional evidence that estrogen and progesterone 

regulated glycan synthesis in these tissues. A possible explanation for the 

apparent discrepancy between hormonal regulation of glycosylation-related 

genes and oligosaccharide expression is the combinatorial nature of 

carbohydrate synthesis. Minor changes in the expression of a number of 

individual glycosyltransferases may be amplified into detectable changes at the 
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level of their carbohydrate products. In any case, my results suggested that the 

major salivary glands are ovarian responsive, a conclusion that may have 

important biological implications for women’s oral health.  

 

In agreement with previous studies, the current work also identified high 

mannose, terminal Gal/GalNAc oligosaccharides, and sialylated species as the 

dominant sugar motifs associated with mouse major salivary glands. An 

important group of fucosylated and/or sialylated structures, including H, Lex, Ley, 

and HECA-452 determinants, was also detected by lectin array and antibody-

based methods. Interestingly, fucosylated oligosaccharides, particularly the Lex 

epitope, were upregulated by estrogen + progesterone. Again, these results 

suggested that the major salivary glands are an ovarian responsive tissue. As a 

result, the expression of functionally important oligosaccharides was under the 

influence of estrogen and progesterone.  

 

In summary, using powerful global approaches, I profiled the glycosylation-

related genes and glycans in the mouse uterus and major salivary glands. In 

addition, I illustrated the differential regulation of glycosylation-related genes and 

glycan structures by estrogen and progesterone. Highly specialized 

oligosaccharides that can function as bacterial receptors and selectin ligands 

were detected in these tissues. Moreover, these specialized oligosaccharides 

were differentially regulated by estrogen and progesterone, an observation 

indicating that they may play critical roles in females. With the fundamental 
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information obtained from this project, I can extend my research using laboratory 

mice as a model to identify the molecular link between periodontal disease and 

preterm birth in the context of carbohydrate-mediated cell-cell adhesive 

interactions. Future research will show whether similar or different 

oligosaccharides govern bacterial and leukocyte adhesion in the murine oral 

cavity and reproductive tract. In either case, this important information could be 

used to design novel therapies for the prevention or treatment of preterm labor 

and periodontal disease. 

 

B. FUTURE DIRECTIONS 

 

As one of the four fundamental macromolecular components of all cells, glycans 

are essential for cell viability and normal function (Haltiwanger and Lowe, 2004; 

Ohtsubo and Marth, 2006; Paulson et al., 2006; Raman et al., 2005). Due to their 

strategic location and structural diversity, cell surface glycans mediate cell-cell 

and cell-matrix interactions that are crucial for the development, growth, function, 

and survival of the organism (Varki, 1999a). Aberrant glycosylation remains a key 

molecular change associated with many disorders, including various cancers and 

inflammatory diseases (Marth and Grewal, 2008; Miyoshi and Nakano, 2008; 

Ohyama, 2008). A growing body of research strongly demonstrates that bacterial 

invasion and host-mediated inflammation are key components in the 

pathogenesis of both periodontal disease and preterm labor (Part I; Section B9). 

Therefore, I propose to study the mechanism of carbohydrate-mediated bacterial 
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adhesion in both oral and uterine cavities using laboratory mice as the model 

system. With completion of this thesis project, I have learned a great deal about 

the expression of glycosylation-related genes and oligosaccharides in the mouse 

uterus and major salivary glands, as well as their regulation by estrogen and 

progesterone. In support of my central hypothesis, the oligosaccharides that 

could potentially serve as functional receptors for bacteria and leukocytes were 

detected in both tissues. I plan to continue my future research in two separate 

but complementary directions. First, I will continue use laboratory mice as a 

model system to uncover the molecular links between periodontal disease and 

preterm labor, focusing on carbohydrate-mediated bacterial and leukocyte 

adhesion. Second, I will expand my research to humans by using a similar 

approach as in the mouse study. My ultimate goal is to develop a new strategy to 

prevent and treat periodontal disease and preterm labor.  

 

My short-term goals involve a continuation of my thesis project, using the mouse 

model that I have developed. I will study the adhesive functions of specific 

protein scaffolds and their carbohydrate modifications in promoting bacterial and 

leukocyte adhesion in the mouse uterus and major salivary glands. Pathogens 

that promote periodontal disease and intrauterine infections (Table 1.1) will be 

used in whole cell ligand binding assays to detect the specific oligosaccharide 

ligands carried by uterine and salivary glycoproteins that interact with bacterial 

receptors. A suite of exoglycosidases and carbohydrate-specific antibodies will 

be used to prove structural specificity. Many strains of mice that are deficient in a 
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specific glycosyltransferase or other glycosylation-related gene are available. I 

will use these mice to test whether specific carbohydrate linkages play critical 

roles in mediating bacterial adhesion in the oral and uterine cavities. The frozen 

tissue overlay assay will be used to identify receptors that mediate leukocyte 

adhesion (Prakobphol et al., 1995). Freshly isolated peripheral blood 

lymphocytes and certain cell lines that serve as positive and negative controls 

will be used. Once adhesion is detected, the specificity of the interaction will be 

determined by the addition of mono/oligosaccharide and antibody inhibitors.  

 

Whenever possible, specific glycosyltransferase-deficient mice will be used to 

determine the critical oligosaccharides that mediate such interactions. For 

example, Fut1-/- and Fut2-/- mice have already been generated (Domino et al., 

2001; Magalhaes et al., 2009). Fut1/Fut2 double knock-out mice lack α-1,2-

fucosylated glycans in their reproductive tract (Domino et al., 2001). Moreover, 

Fut2-/-mice have impaired BabA-mediated H. pylori adhesion to gastric mucosa 

(Magalhaes et al., 2009). These mice will be a valuable tool for me to examine 

the roles of the α-1,2-fucosylated oligosaccharides in periodontal disease and 

intrauterine infections. In addition, I will control estrogen and progesterone levels 

in these mice, using approaches similar to those described in this thesis. After 

specific carbohydrate structures that mediate bacterial and leukocyte adhesion 

are identified, further experiments will be designed to address, at a mechanistic 

level, the interesting and unexplained association between periodontal disease 

and preterm labor. My research efforts will be directed at how to prevent or 
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promote such interactions. As previously described, I will use monosaccharides 

and carbohydrate-specific antibodies to block glycan-mediated interactions, 

thereby determining the binding specificity of bacterial and/or leukocyte 

adhesion.  

 

Strong evidence also suggests that periodontal disease is associated with many 

systemic disorders besides preterm labor, for example heart and vascular 

diseases. A similar mouse model could be used to address the association 

between periodontal disease and other systemic disorders. 

 

Once animal studies are underway, I will extend my research to humans. Similar 

approaches as used for the mouse experiments in this thesis will be applied to 

studies in humans. First, I will profile the glycosylation-related genes and the 

uterine as well as salivary glycomes to expand what is known about the 

glycosylation machinery and oligosaccharide repertoire in these regions. My 

focus will be to discover aberrant glycosylation that is related to both periodontal 

disease and preterm labor. To my knowledge, this type of project has yet to be 

attempted in humans. Salivary samples will be collected from healthy individuals 

and from patients with periodontal disease. Uterine tissue from women who 

undergo endometrial biopsies for various reasons will also be used. Both 

glycoarrays and lectin arrays will be used in these experiments. The results will 

provide valuable insights into the pathogenesis of periodontal and preterm labor. 

This fundamental knowledge will enable the design of experiments to identify 
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specific carbohydrate structures that mediate bacterial and leukocyte adhesion in 

the human oral and uterine cavities. The effects of estrogen and progesterone on 

these interactions will be considered. Novel strategies to prevent or promote the 

glycan-mediated bacterial or leukocyte adhesion will be explored.  

 

It has always been an enigma that women are more prone to certain autoimmune 

diseases than men. For example, middle-aged women are the primary population 

that develops Sjogren’s Syndrome, an autoimmune disease in which a person’s 

leukocytes attack their salivary glands. The results of my thesis project indicate 

that major salivary glands are very likely ovarian responsive tissues with 

oligosaccharide profiles that are under the influence of estrogen and/or 

progesterone. The cyclic changes in the expression of the glycans that serve as 

ligands for leukocyte adhesion may eventually result in the trafficking of 

autoreactive leukocytes, which attack salivary gland cells, a hypothesis that my 

work suggests and should be investigated.  

 

As we enter the post-genomic era, glycosylation has attracted more attention. 

After completion of my Ph.D. training, as a young periodontist and glycobiologist, 

I am on the path to conduct independent research aimed at providing new 

insights into the pathogenesis of periodontal disease and preterm labor. My 

ultimate goals are to develop novel preventive and therapeutic strategies for 

women who experience either or both disorders.    
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Ut, uterine tissue; MS, major salivary glands; LN, submandibular lymph 
nodes; oil, oil vehicle control group; E, estrogen supplemental group; P, 
progesterone supplemental group; EP, estrogen + progesterone 
supplemental group; M, male mice.  Data were obtained by microarray 
analysis using CFG Glycov2 chips. The RMA algorithm was used to 
obtain the expression signal values.  Present (+) or absent (-) absolute 
calls were determined with the MicroArray Suite (MAS) 5.0 Affymetrix 
algorithm. Glycogenes were considered present in one tissue if they had 
been assigned a present call in at least two of three replicate samples. All 
marginal calls were considered as absent.   
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The abbreviation and methods to obtained data are described in Table 2.1  
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The procedure of obtaining data and abbreviations are described in Table 2.1.  
Lectin classification is according to Taylor and Drickamer (2003).   
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The procedure of obtaining data and abbreviations are described in Table 2.1.   
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The procedure of obtaining signal density and abbreviations are described in 
Table 2.1.  Processing of the data was performed within the Bioconductor 
project using R software. The fold changes and standard errors were estimated 
by fitting a linear model for each gene and empirical Bayes smoothing was 
applied to the standard errors for all the samples at the same time.  The linear 
modeling approach and the empirical Bayes statistics as implemented in the 
Limma package in the R software were employed for differential expression 
analysis.  Statistics were obtained for transcripts with the multiple testing 
adjusted (Benjamini-Hochberg) p-values level of .05.  Filtering was performed 
so that probe-sets with a fold change of <1.4 were excluded from the results.  
Positive numbers indicate the expression level was up-regulated and negative 
numbers indicating down-regulation. 
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Fig.2.1.  Dendrogram analysis 
shows distinct differences in gene 
expression among treatment 
groups in uterine samples, but not 
major salivary glands and 
submandibular lymph nodes. Forty-
two expression arrays were 
hierarchically clustered with the 
algorithm BRB Array Tools 3.0.2 and 
displayed with Tree View. The 
centered correlation distance and 
average linkage dendrogram 
construction methods were used to 
produce this cluster. The individual 
samples were clustered in branches of 
the dendrogram based on overall 
similarity in patterns of gene 
expression. Samples are labeled as 
follows: the first abbreviation denotes 
tissue type (Ut: uterus, LN: lymph 
nodes, MS: major salivary glands), 
the second indicates treatment groups 
(E: estrogen treatment, P: 
progesterone treatment, EP: estrogen 
+ progesterone treatment, Oil: sesame 
oil control treatment, M: male control 
group), and the number identifies 
individual mice used in the study. 
Note that only uterine samples 
regrouped together based on 
treatment regimen. This result 
suggests that glycosylation-related 
genes are differentially regulated by 
estrogen and/or progesterone in the 
mouse uterus, but not major salivary 
glands or submandibular lymph 
nodes. 
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Fig.2.2. Glycosylation-related genes are regulated in the mouse uterus by 
estrogen and/or progesterone treatments. A comparison of gene expression levels 
in the mouse uterus among treatment groups (estrogen, progesterone, estrogen plus 
progesterone, and oil) was performed for the glycoarray data. A total of 292 
glycosylation-related genes were identified as differentially regulated at the 
univariate significance level of 0.001. This included 226 and 59 glycogenes that 
were affected by estrogen or progesterone alone, respectively. Treatment with both 
hormones modulated mRNA levels of 143 genes. These results indicate that both 
estrogen and progesterone govern glycogene expression in the mouse uterus, and 
often act in opposition to each other. However, in aggregate, estrogen exhibits a 
more profound influence than progesterone. 
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Fig. 2.3.  Hormone treatments cause differential expression of 97 glycosylation-

related genes in the mouse uterus. Genes whose expression levels changed >2 fold, 

with a statistical significance of p ≤ 0.001, as determined by microarray data are 

depicted. Signals are defined as up- or downregulated (red or blue, respectively) as 

compared to the oil control group. Fold changes are represented both visually, by the 

intensity of red or blue (see scale at the bottom of the figure), and numerically, as 

listed at the right. Each column presents data from individual mice (n = 3 per 

treatment group); rows correspond to a single probe set.   
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Fig. 2.4.  Estrogen treatment affects the expression of genes in a 

number of carbohydrate-related signaling and biosynthetic pathways 

in the mouse uterus. Ingenuity Pathways software was used to analyze 

microarray data to determine canonical pathways that were most affected 

by treatment with estrogen and/or progesterone. Bars represent the 

percentage of genes in each pathway whose expression changed as a result 

of hormonal treatments. 
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Fig.2.5.  Q-PCR analyses confirmed the microarray expression patterns of a 
subset of genes that were differentially regulated in the mouse uterus by 
hormone treatment.  Total uterine RNA was analyzed with TagMan probe sets for 
8 selected genes: UDP-Gal: bGlcNAc b 1,3-galactosyltransferase 5 (b13GalT5), 
Panel A; UDP-galactose-4-epimerase (Gale), Panel B; Mucin 1(Muc1), Panel C; 
Surfactant associated protein D (Sftpd), Panel D; Insulin-like growth factor binding 
protein 3 (Igfbp3), Panel E; Chemokine C-C motif ligand 11(Ccl11), Panel F; Notch 
homolog 4 (Notch4), Panel G; Patched homolog 1 (Ptch1), Panel H.  Relative RNA 
levels were normalized to the housekeeping gene cyclophilin, then divided by the oil 
control sample, which served as a calibrator.  Microarray data for the genes in 
question are presented for comparison with the Q-PCR results (left and right sides of 
each panel, respectively).  Each bar represents the mean ± SD of mRNA levels 
observed in individual mice (n = 3).  Different cohorts of mice were used for each 
type of analysis.  Significance was determined using two-tailed Student’s t-test; 
asterisks denote the following p values: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 
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Fig.2.6.  Hormonal 
treatments induced 
histological changes 
in the uterus, and 
upregulated the 
carbohydrate content 
of uterine epithelia.  
Hematoxylin and eosin 
(H&E; Panel A) and 
Periodic Acid-Schiff’s 
(PAS; Panel B) 
staining was 
performed on serial 
sections from 
formalin-fixed biopsy 
specimens of uterus, 
parotid, 
submandibular, and 
sublingual glands from 
different treatment 
groups. 
For uterine tissues, 
areas including both 
the lumen and tubular 
glands are shown 
(Panels A and B, 
subpanels a-d).  Scale 
bar for subpanels a-d 
and e-p: 50 and 10 
µm, respectively.  
Abbreviations: le: 
luminal epithelium, 
ge: glandular 
epithelium, s: stroma, 
a: alveolus, t: tubular 
epithelium.  
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Fig. 2.7.  Ovarian hormones upregulate Muc1 protein on uterine epithelia.  
A. Muc1 protein in uterine tissue sections was detected with an anti-Muc1 antibody 
and visualized by a fluorescien-conjugated secondary antibody.  Both luminal 
(arrows) and glandular epithelium (arrowheads) were minimally Muc1+ under 
control conditions (Oil).  However, staining intensity dramatically increased after 
estrogen and/or progesterone treatment (E2, P4 and EP).  Nuclei were stained with 
DAPI.  Abbreviations: le: luminal epithelium, ge: glandular epithelium, s: stroma. 
Arrows designate the uterine lumen, and arrowheads, glands.  Scale bar: 100 mm.   
B. Uterine lysates from mice treated with estrogen, progesterone, both hormones or 
vehicle control were electrophoretically separated, transferred to nitrocellulose and 
immunoblotted with a polyclonal antibody against the cytoplasmic tail domain of 
Muc1.  A single band of the appropriate molecular weight (23 KDa) was observed.  
The blot was stripped and reprobed with an anti-a tubulin antibody to demonstrate 
total protein loading.   
C. The density of each band in Panel B was measured using ImageJ software. The a 
tubulin signal was used to normalize the total protein content in all lanes. Then, the 
fold change of Muc1 protein levels in experimental as compared to control groups 
was calculated.                                          
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Fig. 2.8. Galnt3 protein is upregulated in uterine epithelia following exposure 

to ovarian hormones.  Tissue sections of mouse uterus and major salivary glands 

from animals treated with estrogen (E2), progesterone (P4), both hormones (EP), or 

vehicle only (Oil) were probed with a polyclonal antibody against Galnt3 and 

visualized with a fluorescently-conjugated secondary antibody.  Nuclei were 

stained with DAPI.  Abbreviations: le: luminal epithelium, ge: glandular 

epithelium, s: stroma, a: secretory alveolus, t: tubular epithelium.  Scale bar for 

panels A-D and E-P: 50 and 10 mm, respectively.   
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Fig. 2.9.  Ovarian hormones induce the epithelial expression of β1,3GalT5 

protein in the mouse uterus.  Tissue sections of mouse uterus and major salivary 

glands from animals treated with estrogen (E2), progesterone (P4), both hormones 

(EP), or vehicle only (Oil) were probed with a polyclonal antibody against 

β1,3GalT5 and visualized with a fluorescently-conjugated secondary antibody.  

Nuclei were stained with DAPI.  Abbreviations: le: luminal epithelium, ge: 

glandular epithelium, s: stroma, a: secretory alveolus, t: tubular epithelium.  Scale 

bar for panels A-D and E-P: 50 and 10 µm, respectively. 
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Fig. 2.10. Estrogen and progesterone upregulate Fut9 protein in uterine 

epithelial cells.  Tissue sections of mouse uterus and major salivary glands from 

animals treated with estrogen (E2), progesterone (P4), both hormones (EP), or vehicle 

only (Oil) were probed with a polyclonal antibody against Fut9 and visualized with a 

fluorescently-conjugated secondary antibody. Nuclei were stained with DAPI.  

Abbreviations: le: luminal epithelium, ge: glandular epithelium, s: stroma, a: 

secretory alveolus, t: tubular epithelium.  Scale bar for panels A-D and E-P: 50 and 

100 µm, respectively. 
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Fig. 2.11. Ovarian hormones upregulate Fut9 protein in uterine tissue 
lysates.   
A. Uterine lysates from mice treated with estrogen (E), progesterone (P), both 
hormones (EP) or vehicle control (Oil) were electrophoretically separated, 
transferred to nitrocellulose and immunoblotted with a polyclonal antibody 
against Fut9.  A single band of the appropriate molecular weight (43 KDa) was 
observed.  The blot was stripped and reprobed with an anti-a tubulin antibody 
to demonstrate total protein loading.   
B. The density of each band in Panel A was measured using ImageJ software. 
The a tubulin signal was used to normalize the total protein content in all lanes. 
Then, the fold change of Fut9 protein levels in experimental as compared to 
control groups was calculated. 
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Fig. 3.1. The mouse uterus and major salivary glands present distinct cell-surface 

glycan profiles. Heat map with dendrograms of hierarchical clustering for mouse 

uterine and major salivary glands in different treatment groups. The heat map was 

generated by Cluster 3.0 and Java TreeView with the Pearson correlation as the 

distance metric for the arrays with average linkage analysis. The lectins were grouped 

by an uncentered Pearson correlation. Signals from individual samples were compared 

to a pooled reference comprised of all samples. Black, red, and green indicate that the 

sample signal was equal to, greater than, or less than the reference signal, respectively. 

A brighter red designates a stronger hybridization signal. Duplicate arrays using Cy3- 

and Cy5-labeled samples were averaged before the analysis. Abbreviations: Oil, 

vehicle only; E2, estrogen treatment; P4, progesterone treatment; EP, estrogen + 

progesterone treatment; MS: major salivary glands; UT: uterus. Numbers 1,2,3 

indicate individual mice used in the experiment. 
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Fig. 3.2. The highly-specialized oligosaccharide epitopes 
blood group antigen H, Lex, Ley, and HECA-452 were 
differentially regulated in the mouse uterus by estrogen and 
progesterone. Uterine lysates from mice treated with estrogen 
(E2), progesterone (P4), both hormones (EP) or vehicle control 
(Oil) were electrophoretically separated, transferred to 
nitrocellulose and immunoblotted with monoclonal antibodies 
against the blood group antigen H (Panel A), Lex (Panel B), Ley 

(Panel C), or with the HECA-452 antibody (Panel D). The blots 
were stripped and reprobed with an anti-α tubulin antibody to 
demonstrate total protein loading.   
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Fig. 3.3. Mouse parotid glands expressed the fucosylated oligosaccharide 

structures blood group antigen H, Lex, and HECA-452.  

Parotid gland lysates from mice treated with estrogen (E2), progesterone (P4), both 

hormones (EP) or vehicle control (Oil) were electrophoretically separated, 

transferred to nitrocellulose and immunoblotted with monoclonal antibodies against 

the blood group antigen H (Panel A), Lex (Panel B), or with the HECA-452 antibody 

(Panel C). The blots were stripped and reprobed with an anti-α tubulin antibody to 

demonstrate total protein loading.   
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Fig. 3.4. The functionally-interesting terminal carbohydrate structures 
blood group antigen H, Lex, Ley, and HECA-452 are presented by mouse 
sublingual salivary glands. Sublingual gland lysates from mice treated with 
estrogen (E2), progesterone (P4), both hormones (EP) or vehicle control (Oil) 
were electrophoretically separated, transferred to nitrocellulose and 
immunoblotted with monoclonal antibodies against the blood group antigen H 
(Panel A), Lex (Panel B), Ley (Panel C), or with the HECA-452 antibody (Panel 
D). The blots were stripped and reprobed with an anti-α tubulin antibody to 
demonstrate total protein loading.   
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Fig. 3.5. The carbohydrate motifs blood group antigen H, Lex, Ley, and HECA-
452 demonstrate distinct expression patterns and are differentially regulated by 
estrogen and progesterone in the mouse uterus.  
Tissue sections of mouse uterus from animals treated with estrogen (E2), progesterone 
(P4), both hormones (EP), or vehicle only (Oil) were probed with monoclonal 
antibodies against blood group H, Lex, and Ley, and with the HECA-452 antibody, and 
visualized with a fluorescently-conjugated secondary antibody. Nuclei were stained 
with DAPI. Abbreviations: le: luminal epithelium, ge: glandular epithelium, s: stroma.  
Scale bar: 100 µm. 
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Fig. 3.6. The mouse parotid and submandibular glands 

express the Lex epitope. Tissue sections of parotid (Pa) and 

submandibular (SM) glands from animals treated with estrogen 

(E2), progesterone (P4), both hormones (EP), or vehicle only 

(Oil) were probed with the monoclonal antibody HECA-452, 

and visualized with a fluorescently-conjugated secondary 

antibody. Nuclei were stained with DAPI. Scale bar: 100 µm. 
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Fig. 3.7. The L-selectin ligands that are recognized by the HECA-452 
antibody are present in mouse major salivary glands.  
Tissue sections of parotid (Pa), submandibular (SM), and sublingual (SL) 
glands from animals treated with estrogen (E2), progesterone (P4), both 
hormones (EP), or vehicle only (Oil) were probed with the monoclonal 
antibody HECA-452, and visualized with a fluorescently-conjugated secondary 
antibody. Nuclei were stained with DAPI. Scale bar: 100 µm. 
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Supplemental table 1.  The list of uterine glycosylation-related genes that are 

differentially regulated by estrogen and progesterone.  
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