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ABSTRACT 

Galectin-3 is a soluble p-galactoside binding lectin that is present in several cell 

types within the uteroplacental complex (UPC) of mice. Affinity chromatography with 

immobilized galectin-3 was used to isolate potential binding partners for the lectin from 

homogenates of UPC. At least one glycoprotein (Mr 400,000; p400) was isolated that 

bound galectin-3 in a carbohydrate-dependent manner. Exposure of p400 to glycosidases 

decreased its apparent size by 10%. Differential migration of p400 in nonreducing and 

reducing conditions demonstrated that the protein contains intramolecular disulfide 

bonds. Amino acid sequencing revealed similarity to cubilin, a 400 kDa endocytic 

receptor. Collectively, the molecular size of p400, its degree of glycosylation, the 

presence of intramolecular disulfide bonds, and amino acid sequence similarity strongly 

suggest that p400 is the murine ortholog of cubilin. 

Immunohistochemistry revealed that cubilin (p400) was present in the yolk sac 

epithelium from day 8 to term. It was also localized in the perforin-positive granules of 

uNK cells in metrial gland and decidua basalis. Although cubilin is best known as the 

receptor for intrinsic factor-vitamin B12 in the ileum, it may also act as an endocytic 

receptor in the kidney and yolk sac where it presumably mediates transcytosis of multiple 

ligands. 

The localization of cubilin to uNK cells is the first demonstration of the protein in 

an immune or non-epithelial cell type. However, the questions of whether cubilin 

actually interacts with galectin-3 in vivo, and what role cubilin plays, cannot be answered 

from our results. Because both galectin-3 and cubilin are present in uNK cells, one 
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intriguing hypothesis is that they interact to modulate the immune function of uNK cells, 

and thus, that they are a part of a mechanism for protecting the fetus from immune 

rejection. 
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CHAPTER I 

INTRODUCTION 

1.1 The Murine Implantation Complex 

1.1.1 Overview 

Fertilization of the mammalian oocyte, whh subsequent hnplantation of the 

lembtyo, requires delicately coordinated interactions between the conceptus and its 

mother (Duc-Goiran et al, 1999). The process is complex with the fertilized egg 

imdergomg many mitotic divisions, to form a hollow ball of cells termed a blastocyst that 

will give rise to the placenta, extraembryonic membranes and embryo proper. 

Implantation involves the creation of several specialized "organs", including the decidua 

basalis and metrial gland, which have unique natural histories involving differentiation 

and maturation phases, as well as a progression to senescence, all within the period of 

gestation. Technically, the process of implantation is initiated when the unattached 

blastocyst "recognizes" the uterine epithelium, becoming closely apposed, then 

physically attached, to it (Simon and Valbeuna, 1999). Subsequently, in species with 

invasive implantation, embryonic trophoblast cells migrate through the uterine epithelium 

and into the endometrium, which in tum becomes decidualized. There is an increase in 

vascular permeability and edema in the utems during this transformation involving 

localized release of histamine; this has led to the suggestion that the mitial matemal 

response to the embryo is an inflammatory-like reaction. Along with the decidual 

reaction, there is an influx of specialized lymphocytes mto the uterus. These cells 

localize and proliferate in the mesometrial endomefrium, in an area between the smooth 



muscle and mesometrium known as the metrial triangle, to form the so-called "mefrial 

gland" (Croy and Kiso, 1993). On the matemal side then, the implantation complex 

consists of decidualized uterine endometrium and the metrial gland with hs accumulation 

of lymphocytes; on the fetal side, h consists of the placenta and associated 

extraembryonic membranes, including the yolk sac (Wehlauf, 1994). In the mouse, 

pregnancy is usually dated from the time of mating (i.e., vaginal plug formation = day 1 

of pregnancy), with implantation beginning late on day 4. The various elements of the 

implantation complex appear and mature between day 5 and day 16, are become 

senescent by day 18 or day 19, and are lost or regress at parturition on day 20. A major 

emphasis in research on implantation and placentation has been to describe the natural 

histories and endocrine dependence of these various organs and to identify molecular 

species involved in various cross-talk mechanisms within the utero-placental complex. 

Although much progress has been made at the functional level, little is known with 

certainty about the matemal-fetal interaction at the molecular level. A brief review of 

what is known will provide background for the work presented in this thesis. 

1.1.2 Implantation 

1.1.2.1 "Window" of Uterine Receptivity 

In all manunalian species, the implantation of embtyos can only occur when the 

utems has been prepared by appropriate mixtures of estrogen and progesterone. And, 

once the crhical hormonal stimulation is received, there is a so-called "window" of 

uterine receptivity in which an embtyo can implant, which is relatively short compared to 

the overall length of the ovarian cycle {i.e., approximately 24 hours in most species; 
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reviewed by Aplin, 1997). In nature, the period of maximum uterine receptivity 

corresponds to the time at which the embryo reaches the blastocyst stage and moves from 

the oviduct to the utems (Duc-Goiran et al, 1999). From fransplantation experiments, h 

is known that embryos at stages of development other than the blastocyst cannot implant 

regardless of uterine receptivity (Dickman and Day, 1973). This observation has led to 

the recognition of the need for "synchronization" between the developmental stage of the 

conceptus and the hormonal conditioning of the utems (Lopata, 1996). Although the 

molecular details of synchronization are not entirely clear, in practical terms it appears 

that there are, on both the matemal and fetal sides, transitory releases of paracrine signals 

and expression of appropriate receptors. The transient appearance of signals and 

receptors allows for physical and biochemical "cross-talk" between the mother and 

conceptus in a limited "window" of time. In brief, it is known that there is a cascade of 

paracrine signals, including epidermal growth factor (EGF) and leukemia inhibiting 

factor (LIF), in the utems following exposure to the appropriate mixture of estrogen and 

progesterone (Aplin, 1997). Receptors for EGF and LIF then appear on the embryo at the 

blastocyst stage (Duc-Goiran et al, 1999). The embryo, in response, releases an 

unidentified factor(s) that acts to break down the adjacent uterine epithelium and initiates 

the localized decidual reaction (directly or indirectly) within the endomefrium proper. 

The utems can respond to this embryonic signal only during the "window of receptivity," 

again presumably because of the transient appearance of appropriate receptors or effector 

molecules in the epithelium or endomefrium, which have not been identified. 



1.1.2.2 Apposition and Attachment 

The term "apposition" denotes a progressively increasing intimacy of contact 

between the trophoblast and the uterine epithelium that is important for fixing the embryo 

in one location so the necessary cross-talk can occur. In mice and rats, the uterine lumen 

closes down around the embtyos because of localized edema and swelling, and has the 

appearance of "clasping" the blastocysts. This is followed by a simple interdigitation 

between microvilli on the surfaces of the embryo and utems (Weitlauf, 1994). The 

trophoectoderm of the blastocyst then becomes physically adherent over patches where 

the intimate contacts are made (Lopata, 1996). These early mteractions may also involve 

binding of extracellular matrix proteins expressed at the outer surface of the trophoblast 

to integrins located on the apical and lateral borders of uterine epithelial cells. The 

invasive process leads to a loosening of lateral borders of the uterine epithelial cells and a 

loss in theh polarity (Duc-Goiran et al, 1999). Adhesion of the embryo to the utems 

occurs only in the correct spatio-temporal sequence and in the context of other processes 

such as signaling by growth factors, expression of receptors, deposition of extracellular 

matrix, and proteolysis. All of these processes appear to be essential for the initial phase 

of implantation (see below) (Aplin, 1997). 

1.1.2.3 Invasion 

With the exception of those species having a superficial {i.e., epitheliochorial) 

type of placentation, all mammalian embtyos must penetrate the uterine epithelium and 

its associated basal lamina to establish a definitive relationship with the matemal 

vasculature. The mouse provides a typical example of "displacement" penefration. As 
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the trophoblast comes into contact with the basal lamina of the uterine epithelium, it 

sends out processes that undermine adjacent cells, and the uterine luminal epithelial cells 

surrounding tiie blastocyst then undergo apoptosis. The area of contact between the 

uterine basal lamina and the embryo is thus mcreased, with the basal lamina eventually 

being breached (Wehlauf, 1994). 

Penetration of the basal lamina and the endomefrium by the trophoblast may be 

considered as similar to invasion by tumor cells (Duc-Goiran et al, 1999). Matrix-

degrading proteases, and/or regulators of their activation pathways, have an undisputed 

role in the early stages of implantation, particularly with respect to invasion by the 

trophoblast. Again, the details are not completely clear, but it is known that three classes 

of proteases are involved in the matrix degradation required for implantation, i.e., the 

cysteine, serine and mafrix metalloproteinases. All of these proteases associated with 

degradation of the extracellular mafrix are expressed in a temporal and cell-specific 

pattem consistent with their likely roles in the invasive process (Salamonsen, 1999). It is 

the balance between these proteases and their inhibitors at any focal point that determines 

the site and extent of trophoblast invasion. As with other paracrine factors, the signals 

responsible for sequential and localized expression of the proteases are still unknown but 

appear to be a part of the defining condhions for the "window" of uterine receptivity. 

1.1.2.4 Formation of the Placental Complex 

Formation of the placenta begins as soon as the blastocyst has become attached to 

the endometrium {i.e., 4.5 days after fertilization in the mouse) (Kaufman and Burton, 

1994). Trophoblast cells from the trophectoderm layer of the blastocyst began to migrate 
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and form the ectoplacental cone at the mesometrial pole. From there, the cells invade 

deeper into the maternal tissues and rupture matemal blood vessels; some enlarge to form 

large multinucleate giant cells. The residual cells of the ectoplacental cone form the so-

called "chorionic plate" of the placenta proper, which is where the umbilical vessels of 

the fetus make contact (Figure 1.1). The labyrinth of the placenta is formed by numerous 

clefts that appear between trophoblast cells and become filled with matemal blood. It is 

at this site that the embryonic and matemal circulations come into their closest contact. 

By day 16, as the placenta matures, the labyrinth zone increases to occupy slightly more 

than one-half of the volume of the entire organ. After that, the volume of this zone 

remains unchanged until parturition (Kaufman, 1999; Theiler, 1989). The placenta serves 

the same basic fimctions in all mammals, that is, provision of mechanical protection, 

production of hormones, and facilitation of nourishment of the developing fetus (Gill, 

1994). Transport of lipids, glucose, certain anuno acids, oxygen, carbon dioxide, and 

minerals among other substances across the matemal-fetal barrier provides the fetus with 

components necessary for growth (Morriss et al, 1994). 

Placental-associated membranes are also necessary for fetal growth and 

differentiation. Notably, the trilaminar yolk sac, composed of ectoderm, mesoderm, and 

endoderm, is the first defmhive fetal membrane of vertebrates (see Figure 1.1). In all 

rodents, the visceral yolk sac becomes vascularized early in gestation by a peripheral 

vitelline circulation. This well-formed vascular network allows the yolk sac to fransport 

specific molecules such as albumin, transferrin, high density lipoprotein (HDL), and IgG 

from the mother and circulate such nutrients to the body of the embryo (Kaufman and 

Burton, 1994; Kozyraki et al, 1999), thus functioning as an additional "placenta." The 
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principal specialized functions of the sac itself, beyond transport of nutrients, are to 

digest and absorb the nutrient products of the yolk and synthesize lipids, steroids, and 

digestive enzymes {i.e., proteases and phosphatases); the yolk sac also acts as the first 

angiogenic site and hematopoietic organ (Jollie, 1990). 

1.1.3 The Uterine Response to the Conceptus 

1.1.3.1 The Decidual Reaction 

Results from animal studies have shown that one of the first changes in the 

endomefrium at the implantation site is a localized increase in vascular permeability and 

edema, which are signs of an "inflammatory-like" reaction in response to the implanting 

embryo. However, unlike a typical inflammatory response, the reaction at the 

implantation site does not include necrosis, and monocytes, neutrophils and T-cells are 

rare (Abbas et al, 1997). In rats and mice, the endometrial stroma subsequently 

undergoes dramatic cytologic changes to form a so-called decidua. During the process of 

decidualization, the endometrium increases in size and weight due to proliferation and 

differentiation of the stromal cells, increased tissue edema, and infiltration by cells 

derived from the bone marrow (see below). This unique transformation is localized to 

the part of the endometrium subjacent to the embryo and becomes the decidua basalis 

(Duc-Goiran et al, 1999). The embtyo becomes embedded in this decidual mass (nidus), 

with each conceptus being separated from its neighbors by intervening areas of 

nontransformed endomefrium. Thus, during the first few days after implantation in 

rodents, the pregnant utems appears to contain a string of beads (see Weitlauf, 1994) for 

references). It is of interest to note that, in some species, when appropriate hormonal 
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conditioning is provided, decidualization can also be elicited in response to artificial 

stimuli (Kennedy et al., 1989). This artificially-induced decidualization provides an 

experimental model with which the development of the matemal part of the implantation 

complex has been studied in the absence of specific signals from an embryo. 

Although it is clear that conditioning at the endometrium by systemic hormones is 

necessary for decidualization, the fact that (1) variable numbers of embryos may implant 

in either uterine hom and (2) the reaction is localized to each implantation site, indicates 

that the uterine responses are mediated by elements infrinsic to the endometrium in 

response to a localized embryonic signal. Several factors are known to be produced by 

decidualizing endometrium, including histamine, estrogen, prolactin, prostaglandins, 

leukotrienes, and platelet-activating factor, and these have been proposed as mediators in 

implantation and artificially-hiduced decidualization, (Kennedy et al, 1989). Formation 

of the decidua is a conspicuous part of the process of implantation, and is generally 

considered to be essential for a successful pregnancy; however, its actual fimction 

remains unknown (Weitlauf, 1994). 

1.1.4 The Matemal Immune Response 

1.1.4.1 The Fetal Allograft 

The mammalian conceptus {i.e., the fetus, placenta, and associated placental 

membranes) will, in most cases, express patemally-inherited antigens that are allogeneic 

to the mother, and although at the systemic level the matemal immune system appears to 

function normally in pregnancy, typically the fetus implanting in the utems is not rejected 

(Arck and Clark, 1997; Gill, 1994). The mechanism responsible for matemal acceptance 
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of the allogeneic fetus and associated organs remains to be elucidated. It is believed that 

there is a localized immunosuppressive mechanism operating in the utems involving the 

limb of the immune response that is most important in this regard. Although the 

implantation site does not contain a significant number of B or T cells (Gambel et al, 

1985), there is a population of large granular lymphocytes related to natural killer (NK) 

cells that infiltrates and proliferates in the decidua and metrial gland early in pregnancy. 

Even though these cells are able to recognize and act against foreign or transformed cells 

in vitro under the appropriate stimulation, these so-called "uterine natural killer" (uNK) 

cells do not act against the allogeneic products of conception (discussed in detail below). 

Although the mechanism responsible for this immunosuppressive effect remains 

unknown, a variety of locally produced substances including prostaglandins, 

a-fetoprotein, early pregnancy factor, human chorionic gonadotrophin, corticosteroids, 

estrogens, androgens, and progesterone may be involved (reviewed by Hegde, 1991). 

However, it must be emphasized that none of these factors by themselves seems to 

explam satisfactorily the immune protection offered by the mother. 

As mentioned above, in rodents a stmcture known as the "metrial gland" develops 

at each individual implantation site early in pregnancy and regresses at parturition. It is 

localized to the region of the mesometrial triangle between fibers of the circular smooth 

muscle of the utems and the mesometrium. Differentiation of the "gland" can be 

recognized as early as day 6 and a residual stmcture remains post-partum. The major cell 

population of this gland are the uNK cells. These cells have numerous cytoplasntic 

granules that stain with periodic acid/Schiffs (PAS) reagent, and contain the cytolytic 

protein perforin (Croy and Kiso, 1993; Parr et al, 1990). Although uNK cells are not 
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found in uteri of nonpregnant animals, in nondecidualized regions of pregnant uteri {i.e., 

between implantation sites), or in non-decidualized pseudopregnant uteri, they account 

for more than 80% of the cell population in the metrial gland at mid-pregnancy 

(Kusakabe et al, 1999). During late pregnancy, the number of uNK cells decreases 

dramatically and they become apoptotic; they have virtually disappeared by parturition 

(Figure 1.2; Peel and Stewart, 1989). Therefore, h is believed that prohferation and 

differentiation of uNK cells require not only gestational hormones, but also a decidua-

related signal. However, it does not appear to require a specific signal from the 

conceptus, since the same cells are present in artificially-hiduced deciduomata (Peel and 

Stewart, 1989; Zheng et al, 1991). It has generally been presumed that the localized 

development of the metrial gland at the implantation site indicates that it has an important 

pregnancy-related immimomodulatory fimction, but again, its actual role is unknown. 

1.1.4.2 Peripheral Natiiral Killer Cells (pNK) 

Systemic or peripheral natural killer cells (pNK) are a lymphocyte subset distinct 

from other lymphocyte populations, such as B or T cells (Abbas et al, 1997). These cells 

were originally described on the functional basis of their ability to lyse certain tumor cells 

in the absence of prior stimulation (Moretta et al, 2000). Generally found in the blood, 

lymphoid tissues and spleen, pNK cells are bone-marrow derived and have numerous 

cytoplasmic granules that contain serine proteases and the cytolytic protein, perforin 

(Abbas et al, 1997). They appear to kill foreign cells by a process similar to that 

employed by cytotoxic T-lymphocytes (CTLs). As shown in Figure 1.3, NK cell-

mediated cytotoxicity occurs when a pNK cell adheres to a target cell and there is a 
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release of the granules into the space between the cells. The perforin assembles into pore 

stmctures on the target cell surface; this action in itself would be sufficient to cause lysis 

of the cell. However, the pores also allow entty of serine proteases and other toxic 

molecules which lead to destmction of the target cell by apoptosis (Abbas et al, 1997). 

Unlike CTLs, pNK cells are constitutively cytotoxic (see below), and always have 

perforin-filled granules present in their cytoplasm. 

Although pNK cells are believed to share a common progenitor with T 

lymphocytes (Figure 1.4), they are thought to comprise a unique subset of lymphoid cells 

(Abbas et al, 1997). As shown in Table 1.1, pNK cells have many antigens in common 

with T-cells. However, pNK cells lack the T-cell antigen CD3; furthermore, pNK cells 

express other antigens unique to that subset of cells, including CD 16 (low affinity 

FcyRIIlA) and CD 56 (neural cell adhesion molecule, NCAM) (Tracers, 2000). Thus, the 

phenotype for pNK cells is generally written: CD3-, CD 16+, CD56+. 

With respect to target recognition, pNK cells appear to express two functional 

types of receptors: activation receptors that remain poorly characterized, and inhibitory 

receptors that are specific for MHC class 1 antigens (Yokoyama et al, 1995). In general, 

it is a balance of engagement of both stimulatory and mhibitory receptors that confrols 

destmction of target cells. That NK-mediated killing of normal "self cells does not 

occur suggests that there is an "off signal. Indeed, pNK cells express receptor protems 

that are specific for certain MHC class I and HLA molecules on "self cells; upon 

engagement, these receptors deliver inhibitoty signals to the pNK cell that blocks 

activation and prevents "self destmction (Figure 1.5; Yokoyama et al, 1995). This class 

of receptor includes the so-called killer inhibitory receptors (KIR), which belong to the Ig 
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superfamily and the C-type lectin receptors, and includes CD94, NKG2, and Ly-49 

(Moretta et al, 2000; Yokoyama et al, 1995). 

The requirement for an "off signal which prevents NK cell cytotoxicity against 

normal cells implies the existence of one or more "on" signals to activate cytotoxicity, 

which is mediated by friggering stimulatory receptors such as NKR-Pl (Moretta et al, 

2000). Such mechanisms for inhibition of natural killer cells may prove to be important 

in protecting the conceptus (see below). NK cells operate in several modes to kill target 

cells: 

A. Intrinsic Activity (Figure 1.6) - pNK cells by nature have an infrinsic cytolytic 

activity that is defined by the efficient lysis of certain target cells that are deficient 

in or completely lacking in MHC and HLA class I molecules {le., missing self 

hypothesis; Figure 1.6a). The decreased binding to inhibitory receptors leads to 

lysis. Cytotoxicity may also occur if inhibitory receptors Eire engaged, but the 

activation of stimulatory receptors overrides the inhibitory effect (Figure 1.6b). 

Receptors hypothesized to be involved with this "natural" killing {i.e., natural 

cytoxicity receptors, NCRs) include NKl.l, NKp30, and NKp46 (Moretta et al, 

2000). It is important to note that intrinsic activity occurs in the absence of IL-2 

and antibodies (see below). 

B. Lymphokine-activated killing (LAK) (Figure 1.7) - Following exposure to IL-2, 

pNK cells acquire an increased cytolytic activity against tumor cells via the IL-2 

receptor. This phenomenon may reflect, at least in part, the de novo expression of 

novel NCRs which allow activated pNK cells to recognize additional ligands, 

resulting in a more efficient NK cell friggering (Moretta et al, 2000). The 
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physiologic role of lymphokine-activated killing (LAK), is not understood, but it 

is observed in settings of strong antigenic stimulation, e.g., graft versus host 

disease following bone manow transplantation and may involve the pNK cell 

receptor, NKp44 (Abbas e/a/., 1997; Moretta e/a/., 2000). 

C. Antibody-dependent cell-mediated cytotoxicity tADCCl (Figure 1.8) - NK cells 

express a low affinity receptor for the Fc portion of IgG called FcyRIIlA (CD 16). 

IgG binds to epitopes and coats the surface of a target cell. The bound IgG is 

recognized by the FCYRIIIA and causes its clustering. This results in secretion of 

cytokines and granule exocytosis by the NK cell, resultmg in target cell killing 

(Abbas era/., 1997). 

1.1.4.3 Uterine Natiiral Killer Cells (uNK) 

As mentioned above, a subset of natural killer-like cells infiltrate the utems and 

reside in the metrial gland during pregnancy. Like peripheral NK cells, these uterine 

natural killer (uNK) cells do not express CD3 and do express CD56. Furthermore, the 

presence of perforin in the granules of uNK cells indicates that they should be capable of 

killing (Parr et al, 1990). However, unlike pNK cells, uNK cells lack the CD 16 antigen 

(Table 1.1). Thus, the phenotype for uNK ceUs is written: CD3-, CD16-, CD56+. 

Another interesting feature of uNK cells is that while those recovered early in pregnancy 

have infrinsic killing activity against YAC target cells in vitro, those recovered at 

midgestation and throughout the latter half of pregnancy, have lost that ability 

(Linnemeyer and Pollack, 1994). Several hypotheses have been put forward as to why 

cytolysis by uNK cells does not occur. First, allogeneic trophoblast cells may express 

13 



antigens that are recognized as "self peptides by the mother. Because uNK cells express 

inhibitoty receptors (CD94/NKG2A) specific for human leukocyte antigen-G (HLA-G), 

their cytolytic activity may be prevented by the expression of HLA-G antigen on 

trophoblast cell surfaces (Duc-Goiran et al, 1999; Rukavina and Podack, 2000). Second, 

uNK cells lose cell surface expression of the lL-2 receptor, CD 122, early in pregnancy 

(see Table 1.1), but can become cytotoxic in culture after the addition of IL-2 in the 

culture media (Croy et al, 1997). Thus, the inability of uNK cells to lyse target cells 

may be due to either a lack of IL-2 at the implantation site, a lack of CD 122, or both 

(Croy et al, 1996-1997). Finally, uNK cells lack CD 16 (FCYRIIIA), which is important 

for the activation and antibody dependent cytotoxicity (ADCC); therefore, uNK cells are 

unable to perform ADCC (Whitelaw and Croy, 1996). 

These hypotheses propose several mechanisms by which uNK cells are inhibited 

in the implantation site. And, h is possible that any or all of these processes occur to 

protect the conceptus in situ. Indeed, it would be beneficial for an organism to have 

redundant mechanisms in place. However, they give no explanation as to the loss of the 

intrinsic activity of these cells, as shovm by the weak killing of YAC targets in vitro. 

Thus, the question as to why uNK cells have little "natural" killing ability remains 

unanswered. 

As discussed above, activated uNK cells are abundant in the utems, yet cause no 

damage to fetal or placental tissues. Interestingly, mice engineered to lack perforin in 

their NK granules have normal numbers of offspring and normal placentas, suggesting 

that the potential lytic activity of uNK cells is not an essential function in pregnancy 

(Croy et al, 1997). However, the presence of large numbers of these cells in the 
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implantation site suggests that they do play some role in pregnancy. Indeed, it now 

appears that these cells promote placental growth (Redline, 2000). For instance, mice 

genetically lacking uNK cells (strain TgE26) have significantly smaller placental size and 

fetal development is poor. Engraftment of bone marrow from normal mice, presumably 

restoring a source of NK cells, restores placental size and fetal viability. This suggests 

that uNK cells do play a critical role in placental development and fetal survival 

(Guimond et al, 1996, 1997, 1998). The exact mechanisms by which uNK cells 

stimulate placenta growth are unknovm, but these cells are known to produce a variety of 

cytokines, including interleukin-1 (IL-1), colony stimulating factor-1 (CSF-1), epidermal 

growth factor (EGF) and leukemia inhibitory factor (LIF). These are all necessary for 

blastocyst growth and implantation (Croy et al, 1991). Furthermore, uNK cells are 

known to express galectin-3, a lectin known to be involved in cell proliferation (Inohara 

and Raz, 1994; Phillips et al, 1996). Thus, uNK cells may secrete a number of paracrine 

factors that promote a successful pregnancy. 

1.1.5 Galectin-3 in Pregnancy 

It has recently been reported that galectin-3, a soluble 32-kDa P-galactoside 

binding protein, is expressed in the murine utems soon after the implantation process 

begins (Phillips et al, 1996). In that work, immunohistochemical analysis and in situ 

hybridization studies revealed that on day 5 of pregnemcy, a few endometrial cells 

immediately adjacent to the embtyo contained immunoreactive protein and galectin-3 

mRNA. By day 8, the cells of the primaty and secondary decidual zones were strongly 

labeled. By day 12, the cells of the decidua basalis were found to react strongly with 
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anti-galectin-3, while the more peripheral, nondecidualized endometrium and 

myometrium remained unlabeled. Trophoblast cells were heavily stained and uNK cells 

were stained from day 8 until parturition as well. Because galectin-3 is also present in 

artificial deciduomata, it is believed that expression of the protein is a programmed part 

of the inflammatory-like uterine decidual response that accompanies implantation (Lee et 

al, 1998; Phillips e/a/., 1996). 

Although expression of this lectin was observed in both matemal and fetal tissues, 

there was little or no galectin-3 in the uteri of non-pregnant animals or in the regions 

between implantation sites in the pregnant animal. It was suggested, therefore, that the 

lectin plays a unique role in development and maintenance of the utero-placental complex 

(Phillips et al, 1996). Galectin-3 has also been reported in cytotrophoblasts m the human 

and ovine placenta, where it was speculated that it might play a role in cell growth 

regulation and immunomodulation of the utero-placental complex (Iglesias et al, 1998; 

Van Den Bmle et al, 1994; Vicovac et al, 1998). 

1.2 Lecthis 

1.2.1 Overview 

The observation that expression of a lectm-Iike protein is limited to the 

implantation complex raises the question of what role(s) it might have in the maintenance 

of pregnancy. Lectins are carbohydrate-binding protems, other than enzymes or 

antibodies, that have an affinity for oligosaccharide moieties of glycoconjugates, and may 

act, in a sense, as either receptor or ligand dependmg on whether they are soluble or 

membrane bound (Barondes, 1988; Inohara and Raz, 1994). Furthermore, because 
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lectins are able to detect subtle stmctural differences in complex carbohydrates, as shown 

by differences in binding affinity, there is enormous combinatorial potential for 

interactions. There are numerous examples of biological activity and it has been 

suggested that such proteins are important in various developing or physiologically active 

systems (Sharon and Lis, 1989). Most animal lectins are classified into two general 

classes on the basis of amino acid sequence within the carbohydrate recognition domain 

(CRD): the C-type lectins and the S-type lectins (galectins) (Hirabayashi and Kasai, 

1993). 

1.2.2 C-Type Lectins 

The C-type lectins are typically membrane bound and often are glycosylated; they 

are dependent on Ca^^ for carbohydrate binding. They have carbohydrate specificities 

that may be quite different from each other and are knovm to have roles in cell adhesion, 

endocytic fransport, and lectin-mediated mitogenesis (Hirabayashi, 1993). The majority 

of C-type lectins are insoluble (receptor) proteins that are divided into three subclasses. 

Type 1 receptors are membrane-integrated proteins in which the N-termmal regions 

containing the CRD are exoplasmic and the C-terminal regions are cytoplasmic 

(Drickamer and Taylor, 1993). This class mcludes selectins, which are involved in 

targeting T-cells to peripheral lymph nodes and endothelium (Lasky, 1992), and the 

macrophage mannose receptor, which mediates bindmg and intemalization of cell surface 

sugars which are typical of pathogenic microorganisms (Rini, 1995). 

Type II receptors, which encompass most C-type lectins, have an N-terminal 

cytoplasmic region and a C-terminal exoplasmic region that contains the CRD 
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(Drickamer and Taylor, 1993). This class includes the macrophage asialoglycoprotein 

receptor, which is known to be involved with removal of glycoproteins from the 

circulation by endocytosis (Hirabayashi, 1993). The type II transmembrane orientation is 

also shared by a subset of natural killer (NK) cell receptors including the NK cell antigen, 

NKR-Pl, which is involved in NK cell activation (Gabius, 1997), and Ly49, which 

inhibhs NK cell activity (see above; Raulet and Held, 1995). 

The soluble C-type lectins comprise a third smaller group, and include collectins 

and some snake venoms. These molecules have an N-terminal cysteine-rich domain, 

followed by collagen-like repeats, and a C-type lectin CRD (Rini, 1995). The collectins 

contribute to the initial host-defense against potential pathogens by activating the 

classical pathway of complement (Gabius, 1994; Tumer, 1991). Other soluble C-type 

lectins, such as crotalid and viperid snake venoms, cause hemagglutination and platelet 

aggregation (Hirabayashi and Kasai, 1993). 

Binding of a C-type lectin with its complementary glycoconjugate is thought to 

result in a homo- or heterodimeric oligomerization, either on the same or opposing cell 

surfaces or extracellular matrices. This interaction can potentiate a number of 

downstream functions, including signal fransduction and adhesion (Sharon, 1994). The 

ability of C-type lectins to bind saccharides and glycoproteins has been studied 

extensively and much of the progress in understanding their functions origmated with 

identification of the molecular pairing of the lectins and their specific ligands in 

particular cellular settings. 
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1.2.3 S-Tvpe Lectins (Galectins) 

The second class of lectins, the S-type lectins, or galectins, do not require Câ "̂  for 

carbohydrate binding, and are typically soluble and non-glycosylated (Barondes et al, 

1994). Carbohydrate specificity of various galectins is restricted to the (3-galactosides 

and they have a wide tissue disfribution (Drickamer, 1988). Although various functions 

have been atfributed to galectins by virtue of their localization in different systems and in 

vitro assays (Hirabayashi, 1993), for the most part, specific functional roles have not been 

rigorously demonstrated in vivo. There are currently 10 known members of the S-type 

lectin family, which are defined by stmctural similarities in the carbohydrate binding 

domains, i.e., galectins have a conserved CRD (Table 1.2). While all the mammalian 

galectins specifically recognize galactose-containing oligosaccharides, there are 

differences in the fine specificities for more complex oligosaccharides, implying that the 

different family members have distinct functions (Perillo et al, 1998). A feature 

common to all these proteins is the lack of a classical signal sequence or transmembrane 

hydrophobic segment. However, galectins are found associated with the extracellular 

milieu and it is believed they are exported by a non-classical secretory mechanism 

(Barondes, 1988). Galectins are found on the cell surface and within the extracellular 

matrix, where they bind saccharide ligands. They have also been described in the 

cytoplasm and the nucleus, although it is not known whether the infracellular localization 

involves binding to saccharide ligands (Perillo et al, 1998). 

The majority of galectins, including galectins-1, -2, -3, -5, and -7 have a single 

CRD. The second group, galectins-4, -6, -8, and -9, is characterized by two tandemly 
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an-anged CRDs connected by a linker peptide (Table 1.2; Tureci et al, 1997). Galectin-

10 is unique in that it demonstrates no affinity for beta-galactosides and binds mannose in 

a manner vety different from those of other related galectins that have been shown to 

bind lactosamine (Swaminathan et al, 1999). While most of the galectins can act as 

dimers, galectin-3 and galectin-5 are monomeric, altiiough galectin-3 can form dimers 

under appropriate conditions (see below (Gitt et al, 1998). Expression studies have 

revealed that certain galectins display a restricted distribution, e.g. galectin-2 has only 

been found in hepatoma, galectin-4 in the small intestine, galectin-5 appears to be limited 

to erythrocytes, and galectin-7 is found only in keratinocytes (Wada et al, 1997). 

It is presumed that, as with C-type lectins, the function of galectins is mediated by 

their binding to specific glycoconjugates containing lactosaminoglycans (Hirabayashi, 

1993). However, whereas C-type lectins usually act as receptor molecules and the 

complementary glycoprotein acts as the ligand, the converse appears to be tme for 

galectins. Although the downsfream effect of this interaction is unclear, it could serve to 

crosslink glycoproteins, cells to other cells, or cells to extracellular matrices. Indeed, it 

has been suggested that, in some cases, crosslinking of glycoconjugates by galectins leads 

to subsequent biosignalling and ensuing cell-specific responses such as interleukin 

release (Gabius, 1997; Jeng et al, 1994). However, literature regarding the interaction of 

galectins with their potential binding glycoprotein partners, and the resulting effects, is 

sparse, and as in the case of C-type lectins, identification of binding partners in various 

settings is potentially an important sfrategy in determining fiinction. 

20 



1.2.4 Galectin-3 

Galectin-3 is of particular interest because, as mentioned above, it is expressed in 

the female reproductive fract only during pregnancy, and then only within the 

implantation complex. The expression of galectin-3 by several cell types in the murine 

utero-placental complex, but not the nonpregnant utems, led to the suggestion that the 

lectin plays a role unique to pregnancy. GaIectm-3 is a 32 kDa lectin originally described 

by Ho and Springer as an antigen (Mac-2) that is highly expressed by thioglycollate-

elicited inflammatory macrophages but not by resident peritoneal macrophages (Ho and 

Springer, 1982). The same lectin was later described by other investigators as an IgE-

binding protein in rat basophilic leukemia cells and designated (EBP) (Liu et al, 1985), 

carbohydrate-binding protein 35 (CBP 35) in 3T3 fibroblasts (Jia et al, 1987), and as the 

major non-integrin laminin binding protein (LBP) of murine macrophages (Woo et al, 

1990). Eventually, all of these proteins were shown to be identical by cloning and anuno 

acid sequence analysis, and have now been re-designated as galectin-3. 

1.2.4.1 Protein Stmcture and Biochemistry 

1.2.4.1.1 Carbohydrate binding. All galectins share specificity for the P-galactose-(l,4) 

N-acetylglucosamine dimeric stmcture, N-acetyllactosamine. The carbohydrate-binding 

specificity of galectin-3 was determined by testing the relative inhibitory effects of 

various saccharides [Leffler e/a/., 1986; Sparrow era/., 1987; Sato e/a/., 1992]. These 

studies found that galectin-3 binds similarly to Gal(31-3GlcNAc and Galpl-4GlcNAc 

chains. Substitution of terminal galactosyl residues with Galal-3, GalNAcal-3 or 

Fucal-2 residues, and combinations thereof, enhances affinity of galectin-3 for 
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oligosaccharides. The lectin is able to detect subtle differences in carbohydrate stmcttire, 

with the crucial determinants of binding being the hydroxyl groups at positions 4 and 6 of 

galactose and position 3 of N-acetylglucosamine (Hughes, 1994). 

1.2.4.1.2 C-terminus. Galectin-3 is divided into distinct amino- and carboxy-termmal 

domains (Raz et al, 1989). The C-terminal region of galectin-3 spans amino acids 115-

250 and is globular with hydrophobic and hydrophilic domains. This area contains the 

carbohydrate recognition domain (CRD), which is highly conserved between species 

(Oda et al, 1991), and contains significant homology with other S-type lectins 

(Robertson et al, 1990). The CRD is resistant to proteolysis and this domain alone is 

sufficient for saccharide binding (Agrwal et al, 1993; Hermiann et al, 1993; Hsu et al, 

1992;Massae/a/., 1993; Ochieng era/., 1993). 

1.2.4.1.3 N-terminus. The amhio terminal domain is a repetitive proline-glycine-tyrosine 

rich region in 7-10 amino acid repeats (Foddy et al, 1990; Lmdstedt et al, 1993). This 

sequence is interpreted as PGAYGXXX, with the number of repeats dependent on 

species. This region is homologous with the intemal domain of the collagen A 1(11) chain 

superfamily and is sensitive to collagenase digestion (Raz et al, 1989). Amino acids 10-

38 are 55% identical to amino acids 17-46 in the N-terminal region of a human 

transcription factor, semm response factor (SRF). SRF is a nuclear protein that binds to 

the c-fos semm response element. This is of interest since galectin-3 has been localized 

in the nucleus in association with hnRNP particles, has limited homology with proteins of 

the hnRNP complex, and may be involved with RNA splicing (Jia and Wang, 1988). 

1.2.4.1.4 Oligomerization. Although gaIectin-3 is isolated as a monomer, it can undergo 

oligomerization upon binding to surfaces that contain glycoconjugate ligands; the N-
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terminal half of the protein is required for this function since the CRD alone does not 

dimerize (Hsu et al, 1992; Massa et al, 1993). This dimerization may cause 

intramolecular crosslinking within a glycoconjugate molecule, or oligomerization 

between cell surface molecules on the same or neighboring cell surfaces (Figure 1.9). 

Galectin-3 dimerizes through di-sulphide bond formation at cysteine 186, the single 

cysteine residue in the molecule (Woo et al, 1991). However, the fact that dimers are 

often present even in reducing condhions suggests that other factors can be involved in 

oligomerization. Cross-linking experiments have shown that galectin-3 forms oligomers 

at high concentrations that may involve two tryptophan residues in the N-terminus (Hsu 

et al, 1992). From that work, it has been suggested that dimerization is important for 

galectin-3 function because, while binding of intact galectin-3 to mast cells resulted in a 

release of the granule contents, binding of the CRD alone elicited no response. Thus, 

oligomerization of galectin-3 may, in some cases, facilitate cross-linking of cell surface 

glycoconjugates and be important for cell function. 

1.2.4.1.5 Phosphorylation. The isoelectric point of the polypeptide has been shown to 

vary with its subcellular localization. The pl 8.7 isovariant is found exclusively in the 

cell nucleus. However, the addition of a single phosphate group converts the pi to 8.2; 

this isovariant is localized to the cytoplasm. Thus, phosphorylation may modify a 

nuclear targeting sequence, or affect the interaction of nuclear galectin-3 with a 

cytoplasmic anchor (Cowles et al, 1990). It is of interest that in proliferating cultured 

kidney cells 15-20% of galectin-3 exists in a phosphorylated form. In quiescent 3T3 

fibroblasts, however, the majority of galectin-3 protein exists as a phosphoprotein 
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(Hufleft et al, 1993); serum stimulation results in increased amounts of the protein and 

nuclear translocation (Cowles er a/., 1990; Jia e/a/., 1987). In both cases, phosphoserine 

was tiie only phosphoamino acid detected, with Ser 6 being the main phosphorylation site 

(Hufleft e/a/., 1993). 

1.2.4.2 Molecular B iology 

The stmcture of the galectin-3 gene is consistent with a multi-domain 

organization of the protein (Gritzmacher et al, 1992). The protein is encoded by a single 

gene; however, altemative splicing generates two forms of galectin-3 differing by a 278 

base pair insertion in the exon 1 untranslated sequence (Rosenberg et al, 1993). This 

could contribute to the regulation of the types and levels of distinct galectin-3 mRNA 

species (Raz et al, 1989; Voss et al, 1994). The murine gene is ~11.5 kb with 6 exons 

and 5 introns (Gritzmacher et al, 1992). The 5' untranslated region (exon I) of the gene 

is GC rich (Raz et al, 1989); the initiating methionine is found in exon II. The collagen

like repetitive sequence in the amino half of the gene is encoded by exon 11. Exons IV, V 

and VI code for the carboxyl-terminal half of the protein (reviewed by (Hughes, 1994)). 

The promoter for the rabbit gaIectin-3 gene is embedded in the GC-rich region of the 5' -

flanking region and lacks any canonical TATA or CCAAT elements; however, this 

region does contain multiple sequence elements homologous to the consensus binding 

site for the transcription factor Spl. This is different from the murine galectin-3 gene, in 

which only one Spl binding site can be found. This site is thought to be necessary for 

full promoter activity, start site utilization, and initiation of franscription (Gaudin et al, 

1995). The second exon contains several concensus sequences specific for transcription 
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factors AP-1, AP-2, GC box, N F K B , p53, and CCAAT (Raimond et al, 1995). There is a 

candidate region of the gene that could function as a semm response element (SRE), with 

the genomic sequence CCAATTAAGG, which fits the defined SRE consensus sequence 

CC(A or T)6GG (Hamann et al, 1991). In the human, galectin-3 has been mapped to 

chromosome 14 (Raimond et al, 1995). Nothing is known about molecular regulation of 

galectin-3 expression in the utero-placental complex. 

1.2.4.3 CeU Biology 

Most cells that produce galectin-3 secrete it as well. However, as with all 

galectins, gaIectin-3 lacks a functional signal peptide and does not possess hydrophobic 

stretches that could serve as a membrane-spanning domain (Cherayil et al, 1989; 

Rosenberg et al, 1993). Although the mechanism of secretion is unclear, it is believed 

that galectin-3 utilizes a novel pathway independent of the classical secretory route via 

Golgi-ER (Lindstedt et al, 1993; Sato et al, 1993). ft is thought that tiiere is an 

accumulation of the lectin in aggregates underlying the plasma membrane followed by an 

outward blebbing of the plasma membrane, a process that has been called ectocytosis or 

plasma membrane shedding (Menon and Hughes, 1999). This is similar to the secretory 

pathway used by other proteins lacking signal sequences, such as interleukin-1, fibroblast 

growth factors, and discoidin (Sato et al, 1993). Another example of specialized 

secretion is in polarized monolayer cultures of MDCK cells. In these cells, galectin-3 is 

secreted from the apical domain; the targeting signal to the apical membrane is unknown 

(Lindstedt era/., 1993; Sato era/., 1993). 
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It has also been reported that galectin-3 is concentrated in the nuclei of 

differentiated cells of some normal cell types (e.g., epithelia); however, in adenoma and 

carcinoma cells, it is present only in the cytoplasm and appears to be excluded from the 

nuclei (Openo et al, 2000). This translocation may be due to a change in the 

phosphorylation state of the protein, with the phosphorylated form being found 

exclusively in the cytoplasm, and the nonphosphorylated form in the nucleus (see above; 

Cowles era/., 1990). 

1.2.4.4 Galectin-3 Binding Proteins 

Typically, galectms and galectm-bmding partners have been isolated by means of 

affinity purification from tissue homogenates. In many cases a function has then 

attributed to the galectin based on identification of the binding protein {e.g., IgE, 

laminin), or its tissue localization {e.g., surface of malignant cells). However, a difficulty 

in this approach has been that that the two proteins may or may not actually interact in 

situ, and thus a function may be wrongly assigned. This problem is demonstrated by the 

history of galectin-3, in which several binding partners have been identified, and where 

many functions having been assigned to the lectin without rigorous proof For example, 

that galectin-3 binds laminin in vitro suggested a role in cell adhesion to the exfracellular 

matrix (Lee et al, 1991), while its ability to interact with IgE and the FceRl receptor 

suggests an immunological role (Cherayil et al, 1989; Frigeri et al, 1993). It is 

important to emphasize that much of the data on binding partners for galectin-3 was 

obtained from homogenized tissues with binding observed in vitro. However, because 

some glycoproteins that can bind to the lectin in solution may not be accessible to 
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galectins in vivo, i.e., not present in the same tissues or cellular compartments, they may 

or may not be biologically relevant binding partners. Furthermore, with regard to all 

galectins, caution must be exercised in attributing a strict lectin-ligand model, whereby 

one ligand protein interacts with one lectin (receptor) protein. This caveat has not always 

been appreciated and introduces the idea of "counterreceptors," whereby the galectin acts 

as a ligand and its binding partner as a receptor, and vice versa. Furthermore, the binding 

may occur in either the N-terminal domain or the CRD. Again, galectin-3 is a case in 

point (see Table 1.3). Intracellularly, galectin-3 binds to RNA within the nucleus via the 

N-terminal domain and to the apoptotic regulator bcl-2 via a polypeptide sequence in the 

C-terminus. These interactions are not carbohydrate mediated (reviewed by Perillo et al, 

1998). Extracellularly, galectin-3 binds several proteins in a carbohydrate-dependent 

manner via the CRD, including carcinoembryonic antigen (CEA) (Ohannesian et al, 

1995), laminin (Lee et al, 1991), and IgE and Fc receptors (Liu, 1993). 

Furthermore, relevant binding partners for galectin-3 may vary between tissues 

and cell types and, since different binding partners may transduce different signals or 

have different functions, the response of a particular cell most likely depends on the 

specific cellular "coimterreceptor" which binds the lectin. Although galectin-3 can bind 

to both intracellular and extracellular proteins, downstream effects resuhing from the 

lectin interacting with its ligands presumably depends also on its subcellular localization. 

Accordingly, galectin-3 function may not only be dependent on the tissue in which it is 

expressed but, because different tissues appear to express different galectin-3 binding 

proteins, may depend on the tissue receptor as well (reviewed by Perillo et al, 1998). 

Obviously, this makes the process of ascertaining a specific role for the lectin in a 
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particular setting quite difficult. Nevertheless, rigorous characterization of binding 

partner candidates offers an approach to begin exploration of galectin-3 function. 

For example, one potential binding partner, the Mac-2 binding protein (Mac-2-BP) was 

found to be a member of a superfamily defined by sequence similarity to the terminal 

exfracellular domain of type 1 macrophage scavenger receptor (Inohara and Raz, 1994; 

Koths et al, 1993). These proteins are multidomain in nature, which permits 

simultaneous interaction with different ligands, or an increased binding avidity through 

polyvalency (Koths et al, 1993). And, most recently, a 400 kDa glycoprotein (p400) 

from the murine uteroplacental complex was reported to bind galectin-3 in a 

carbohydrate-dependent manner; this protein was subsequently identified as cubilin 

(Crider et al, 1999). Cubilin, like Mac-2-BP, is a multiligand receptor involved in the 

endocytosis of various molecules (Moestmp et al, 1998). An infriguing possibility, then, 

is that galectin-3 acts to modify the large multiligand receptor (see below). 

1.3 Cubilin: A Candidate Binding Partner for Galectin-3 
in the Utero-Placental Complex 

1.3.1 Introduction 

We have recently shown that a Mr 400,000 protein (p400) from the uteroplacental 

complex is a potential binding partner for galectin-3. Our preliminary results suggest tiiat 

p400 is the endocytic receptor cubilin (see Chapter 2 for details). Cubilin is best known 

as the high affinity receptor responsible for uptake of the intrmsic factor/vitamin B12 

complex (IF-B,2) in the ileum (Ramanujam et al, 1991); hs role in the utero-placental 

complex and the importance of its potential to bind galectin-3 are unknown. 
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1.3.2 Protein Stmcture and Biochemistry 

Cubilin was originally isolated more than two decades ago from rat ileum by 

means of affinity chromatography with immobilized IF-B^ (Marcoullis and Grasbeck, 

1977). The human, rat, and dog cDNAs have now been entirely cloned, and mouse has 

been partially cloned (Hammad et al, 2000; Kozyraki et al, 1998; Moestmp et al, 1998; 

Xu et al, 1999). It is a 460 kDa peripheral membrane protein with N-linked 

glycosylation accountmg for -13% of its total mass. As shown in Figure 1.10, at the N-

terminus there is a sfretch of 110 amino acids whh no apparent homology to any known 

protein, followed by a cluster of eight EGF type-B {i.e., characterized by a consensus of 

six cysteines) repeats. Two of the eight EGF repeats have the consensus sequence for 

calcium binding. The EGF domains precede 27 contiguous so-called CUB domains 

which account for -87% of the peptide mass (Moestmp et al, 1998). CUB domains, 

which are named for the first three identified proteins of the family (Complement 

subcomponents CI r/C Is, Uegf, Bmpl) are modules {i.e., 110 amino acids) having 

conserved blocks of amino acids separated by nonconserved regions of variable length. 

Four cysteine residues are conserved in CUB domains and are thought to participate in 

the folding of the protein (Bork and Beckmann, 1993). In general, the stmcture of each 

CUB domam is a barrel-like arrangement containing two layers of five-sfranded p-sheets 

with the p-tums in a surface-exposed poshion similar to the antigen-binding regions of 

immunoglobins (Bork and Beckmann, 1993; Kozyraki et al, 1998; Moestmp et al, 

1998). 
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1.3.3 Molecular Biology 

Cubilin has been cloned from the dog (AF137068 (Xu et al, 1999)), human 

(NMOOIOS (Bim et al, 1997)), rat (AF022247 (Moestmp et al, 1998)), and most 

recently, a partial sequence has been obtained from the mouse (AF 197159 (Hammad et 

al, 2000)). The assembled cDNA for rat cubilin reveals an open reading frame of 10.8 

kb encoding a 20 amino acid signal peptide and a 3603 amino acid protein (Moestmp et 

al, 1998). Chromosomal mapping of the human cubilin gene {CUBN) localized it to 

10pl3-pl2.33, in the same region as the gene locus of autosomal recessive megaloblastic 

anemia (MGAl), a condition resulting in severe malabsorption of cobalamin and 

proteinuria (Kozyraki et al, 1998). More recently, molecular and genetic data indicated 

that mutations in CUBN causes megaloblastic anemia (Aminoff er al, 1999). A cubilin 

gene defect might either directly affect the synthesis of receptor, its processing {e.g., 

maturation in the Golgi or recycling through the endocytic pathway), or the binding of 

various ligands (Kozyraki et al, 1999). 

1.3.4 Cell Biology 

1.3.4.1 Ileum 

The most complete studies on cubilin function relate to the uptake of vitamin B12 

from the lumen of the gastrointestinal track. An overview of that work provides an 

outline of what is known about the part it plays in endocytosis and of the experimental 

approaches that have been used successfully in studying its function. Briefly, vitamin B12 

binds intrinsic factor (IF) in the lumen of the small intestine. The IF-B12 complex then 

binds to cubilin localized on the luminal (apical) aspect of the clathrin-coated 
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intermicrovillar area of ileal epithelial cells; free vitamin B12 is not bound and free IF is 

only bound poorly (Grasbeck, 1997). Upon endocytosis of the complex, IF is degraded 

in the lysosomal compartment, cubilin is recycled via vesicles to the apical surface of the 

intestinal epithelium, and vitamin B12 forms a complex with a second transporter, 

franscobalamin II (TCII) (Seetharam, 1999). The transcobalamin II-B12 complex (TCIl-

B12) enters the bloodsfream and is delivered to the tissues of the body (including the 

kidney and placenta) (Seetharam, 1999; Seetharam and Alpers, 1985). There are at least 

two separate tissue receptors for TClI-Bn {i.e., megalin in the kidney (Moestmp et al, 

1996) and TCII-R occurring in all tissues, including kidney (Seetharam et al, 1992). It is 

important to note that cubilin does not bind the TCII-B12 complex (Bim et al, 1997; 

Seetharam and Alpers, 1981). These basic observations were made by a combination of 

(1) immunohistochemical studies done at the light and electron microscope level, and (2) 

biochenucal/fimctional studies with ileal tissue in vitro. 

The immunohistochemical studies demonsfrated that cubilin was concenfrated at 

the apical surface of intermicrovillus clathrin-coated pits and clathrin-coated vesicles 

(Bim et al, 1997). Scatchard analysis showed that radiolabeled IF-B12 complex binds 

cubilin with a high affinity (K<j = 2 nM at 4°C; one site) in a Ca ^ dependent manner and 

at neutral pH (Moestmp et al, 1998). Functional studies with tied-off loops of guinea pig 

intestme demonstrated that radiolabeled IF-B12 was taken up by the ileum in vivo 

(Kapadia et al, 1983); the additional finding that cubilm antisemm blocked IF-B12 uptake 

in vitro {i.e., with rat ileal membranes) demonstrated that the process was cubilin-

dependent (Seetharam et al, 1997). In addhion, patients with mutations in the cubilin 
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gene in the critical region known to encode the IF-B12 binding site develop a 

megaloblastic anemia because of malabsorption of vitamin B12 at the ileum (Imerslund-

Grasbeck syndrome). This condition can be corrected by parenteral administration of 

vitamin B,2 (Aminoff era/., 1999; Grasbeck et al, 1960; Seetharam, 1999). 

Interestingly, a recessive inherited mutation in giant Schnauzer dogs produces a 

phenotype that resembles that human disorder (Imerslund-Grasbeck syndrome-like 

syndrome) (Fyfe et al, 1991). These studies, then, demonstrated that cubilin was: (a) 

capable of specifically binding IF-B12, (b) in a location consistent with its being involved 

in uptake of IF-B12 from the ileal lumen, and (c) actually involved in the uptake of the IF-

B12 complex by way of the endocytic pathway. These observations, taken together with 

the clinical findings of vitamin B12 malabsorption associated with mutations of the 

cubilin gene, establish cubilin as the major specific transporter of vitamin B12 in the 

ileum. 

1.3.4.2 Kidney 

Immunohistochemical studies have demonstrated that cubilin is not limited to 

ileum, but is markedly expressed in the proximal tubules of the kidney as well (Sahali et 

al, 1988; Seetharam era/., 1988). Further immunohistochemical studies at the 

ultrastmctural level determined that the protein is localized to the apical surface of 

proximal tubule cells where it is concentrated in clathrin-coated pits and vesicles (Sahali 

et al, 1992). Although cubilin in the proximal tubule is capable of binding IF-B12, in 

vitro (Seetharam et al, 1988), that complex is not presented to those cells in vivo 
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(Ramanujam et al, 1991). Rather, the fimction of cubilin in the kidney appears to be 

related to resorption of multiple proteins and lipoproteins from the glomemlar filtrate. 

Indeed, Imerslund-Grasbeck patients, and dogs with Imerslund-Grasbeck- like syndrome, 

also exhibit proteinuria and, in some cases, lipiduria (HDL) which are not reversed by 

parenteral vitamin B12 injections (Grasbeck et al, 1960; Kozyraki et al, 1999). The 

findings that: (a) cubilin is expressed along the apical surface of kidney proximal 

tubules, (b) cubilin in renal tubule cells has the ability to bind and intemalize IF-B12, 

apoA-I/HDL and K-light chains in vitro, and (c) endocytosis in renal tubule cells in vivo 

is specifically inhibited by cubilm antibodies (Batuman et al, 1998; Bim et al, 1997; 

Kozyraki et al, 1999; Sahali et al, 1988), support the notion that cubilin function 

involves more than vitamin B12. It appears that, in the kidney, cubilin has an endocytic 

function and is responsible for resorption of multiple ligands from the glomemlar filtrate. 

1.3.5 Cubilin Binding Proteins 

It has been shown that individual CUB domains function as specific ligand 

binding sites for certain proteins (e.g., CUB domains 5-8 for IF-B12 and domains 13-14 

for the receptor-associated protein, RAP. See Figure 1.6 (Kristiansen et al, 1999)). 

Although several other proteins have been reported to bind cubilin in a cation-dependent 

manner {i.e., apolipoprotein (Kozyraki et al, 1999); immunoglobin K light chains 

(Batuman et al, 1998); and megalin (Moestmp et al, 1998), little is known about binding 

sites or kinetics of binding for those molecules. It is of interest that CUB domains in 

other proteins have the potential to bind to a variety of proteins, phospholipids, and 
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carbohydrates (Bork and Beckmann, 1993). Thus, it might be expected that cubilin will 

be found to function as a multi-ligand receptor for these types of molecules as well. 

Megalin, a cubilin-binding protein, is a large (M^ 600,000) transmembrane 

glycoprotein that acts as an endocytic receptor in hs own right and is thought to constitute 

a low affinity, high capacity receptor pathway for clearance of proteins and lipoproteins 

from the glomemlar filtrate (Gliemann, 1998). It is interesting that megalin-deficient 

mice also have a proteinuria that is believed to resuh from a dismption in resorption of 

low-molecular weight megalin ligands in the proximal tubule. The mechanism 

responsible for the cubilin- and megalin-dependent proteinuria remains unclear. 

However, besides direct ligand binding, megalin may mediate the endocytic uptake of 

some proteins via a co-receptor system (Leheste et al, 1999). Inasmuch as megalin is 

thought to be involved in intemalization of receptor proteins that lack intemalization 

signals, it is possible that "piggy-backing" or tethering of cubilin to megalin is important 

for intemalization and subsequent endosomal trafficking of some proteins (Moestmp et 

al, 1998). Should such a system be defective in either megalin or cubilin, failure to 

transport ligands specific for each "co-receptor" might be expected. 

1.3.6 Cubilin in Pregnancy 

Cubilin has been found in the rat yolk sac and possibly the placenta (Ramanujam 

etal, 1993) (but see (Sahah era/., 1993)). That h has a transport function is suggested 

by the finding that IF-B12 is bound and taken up by yolk sac cells in vitro and can be 

blocked by cubilin antiserum. Agam, it is not expected that this function occurs in vivo, 

given, as stated above, that the IF-B12 complex is not found at these sites. The 
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importance of the question of what is transported by cubilin at the matemal-fetal interface 

is raised by results of the so-called "teratogenic-antibody" experiments. In that work, 

antibodies raised against rat kidney, yolk sac, or placental tissue were injected into rats on 

days 8-12 of pregnancy and caused cranio-facial and neural tube abnormalities in the 

fetiises (Barrow and Taylor, 1971; Brent, 1966; Brent et al, 1961; Leung et al, 1972). 

Because these defects were similar to those associated with vitamin B12 deficiencies in 

human and rat, h was initially presumed that the defects were due to dismption of vitamin 

B12 delivery to the fetus. With the demonstration that the antigen from the kidney and 

yolk sac that was used to raise the antisera was identical to the ileal IF-B12 transporter 

cubilin, this notion gained stature (Seetharam et al, 1997). Although anti-cubilin is not 

likely to block IF-B12 at the matemal-fetal interface directly, given the cubilin-megalm 

co-receptor hypothesis mentioned above, the possibility exists that cubilin is involved in 

vitamin B12 transport in another manner. Megalin is known to bind the semm B12 

transporter complex, TCII-B12 (see above). Thus, if cubilin and megalin are acting 

together, dismption of cubilin fimction (or cubilin -megalin interaction) could indirectly 

disturb megalin's role in vitamin B12 uptake, and thus result in a decreased or failed 

delivery of vitamm B^ to the fetus. This question remains to be resolved. 

Yet another possibility is that cubilin transports apolipoprotein (HDL) at the 

matemal-fetal interface (Kozyraki et al, 1999). In support of this notion are: (a) cubilin 

binds apoA-I whh a high affinity (Kd = 21 nM; one binding site) and is involved in 

endocytosis of the lipoprotein in vivo; and (b) fetal defects similar to those associated 

with anti-cubilin are observed with mutations of genes involved in cholesterol 
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biosyntiiesis {i.e., 7-dehydrocholesterol-A^-reductase) and lipoprotein trafficking {le., 

apoB and megalin); these mutations lead to death in utero or to abnormalities in central 

nervous system development, in particular exencephaly or hydrocephaly (Hammad et al, 

1999; Kozyraki era/., 1999; Moestmp era/., 1998). 

Thus, cubilin appears to have hnportant functions related to the matemal-fetal 

crosstalk, involving endocytic transcytosis of metabolites at the level of the yolk sac 

epithelium. That h may interact with galectin-3, the P-galactoside binding lectin 

expressed in the frophoblast, decidua basalis, and uNK cells, as well as yolk sac 

epithelium, may indicate that cubilin has a function in those cell types as well. 

1.4 Summary 

During implantation of rodent embtyos, there is a physiologically synchronized 

"window of receptivity" during which the blastocyst is able to interact with, and 

subsequently invade, the matemal epithelium and endometrium. This is followed by an 

inflammatory-like response in the endometrium and a localized infilfration of immune 

cells. The complexity of the implantation site is immense with numerous separate 

juxtaposed "organs," each having individual and specific natural histories and untold 

numbers of independent, but interrelated, biological reactions. Of special interest to us 

are the transport of metabolites and localized immunosuppression that prevents rejection 

of the conceptus. Although a need for synchronization between mother and fetus can be 

understood from a functional point of view as coordinated cross-talk involving transiently 

expressed signals and receptors, what these entail operationally, that is at the molecular 

level, is still obscure. 
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As a strategy to dissect the process of implantation, identification of active 

binding pairs of molecules, or identification of specific stmctural or physiologic functions 

subserved by such pairs provides a starting place from which to examine the other 

aspects. To date, most progress in the study of implantation at this level has been made 

by isolation and identification of factors expressed at some point in the implantation 

process, determining the spatio-temporal pattem of expression of those factors, and 

identification of their binding partner(s). In some cases, h has then actually been possible 

to deduce a fimction based on the identity of members of the binding pair. In other cases, 

particular proteins have been implicated in pregnancy due to theh temporal location in 

the utero-placental complex, but their binding partners and putative functions remain 

speculative. Such is the case for galectin-3, which has been described in the utems and 

placenta, among several other tissues. Several binding proteins for galectin-3 have been 

proposed in non-reproductive tissues, but its fimction(s) in those tissues remain unknown. 

We have previously described the existence of a Mr 400,000 protein (p400) in the 

utero-placental complex of mice that interacts with galectin-3 in a carbohydrate-

dependent manner. The tentative identification of p400 as cubilin by partial amino acid 

sequence (see Chapter II) raises important questions as to what its fimction at the utero

placental complex is and whether it is an actual binding partner for galectin-3 in vivo. By 

virtue of potentially having several functions, h is possible that cubilin and galectin-3 are 

involved in one or more cross-talk mechanisms at the matemal-fetal interface. Such 

communication could involve fransport of crhical nufrients, tissue remodeling via cell-

cell and cell-extracellular interactions, intracellular signaling, or even cell activation and 

inhibition. An addhional potential complication is raised by our recent finding that the p-
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galactoside binding protein, galectin-3, binds to cubilin in a carbohydrate-dependent 

manner (Crider era/., 1999). As reviewed by Perillo er a/(Perillo er a/., 1998), galectin-3 

is a p-galactoside binding lectin expressed by monocytes and macrophages, as well as by 

a variety of epithelial cells. The lectin is also expressed in many tumors, where a change 

in expression appears to be conelated with metastatic potential. Galectm-3 bmds to a 

number of intracellular and extracellular ligands in both a carbohydrate-dependent (e.g., 

lysosomal associated membrane proteins 1 and 2, carcinoembryonic antigen) and 

carbohydrate-independent (e.g. RNA) manner. It has been proposed that the lectin is 

capable of inter-and intramolecular cross-linking of cell-surface proteins, perhaps altering 

the conformation of lactosamine-carrying glycoproteins. Additionally, galectin-3-

dependent crosslinking of glycoproteins may result m a reorganization or sequestering of 

cell surface glycoproteins or in initiation of signal transduction (Perillo et al, 1998). 

Although galectin-3 has been implicated in a number of functions, including, among 

others, lectin-mediated endocytosis of myelin (Reichert et al, 1994), organization of the 

extracellular mafrix (Sato and Hughes, 1992), tumor metastasis (Raz and Lotan, 1987), 

cellular growth regulation (Wang et al, 1991), and immunomodulation (Gabius, 1997), 

its role in pregnancy and the significance of its ability to interact with cubilin are 

unknown. 

Thus, it becomes important to define the ontogeny of both galectin-3 and cubilin 

in the murine implantation site as a step toward determining whether they constitute a 

part of one of the "cross-talk" mechanisms in the utero-placental complex. The 

objectives addressed in this dissertation, then, are: (A) the rigorous characterization of the 

galectin-3 binding protein, p400, and (B) localization of the protein throughout the 

38 



developmental, maturational, and senescent phases of the matemal and fetal 

compartments of the mouse utero-placental complex. 
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Figure 1.1. Cross section of a murine implantation site on day 10 of pregnancy 
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Figure 1.2 Life history of the mouse uNK cell population. During the first few days of 
pregnancy, small lymphocytes infiltrate the decidualizing endometrium and begin to 
proliferate. uNK cells isolated from early pregnancy are cytolytic against YAC cells in 
vitro, but as pregnancy progress, they lose this cytolytic activity. The uNK cells are 
mitotically active until about day 12 of pregnancy, after which apoptosis commences. At 
this time there is a rapid enlargement of the cells and increased granule numbers within 
the cells. uNK cells begin to mpture around day 16 of pregnancy; any remaining uNK 
cells are lost at parturition. Adapted from Croy et al, 1997. 
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Natural Killer 
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Figure 1.3 NK-mediated pore formation. Interaction of the NK cell with the target cell 
(1) induces cytoskeletal rearrangement and subsequent directed exocytosis 
(degranulation), in which the granules fuse with the NK cell membrane (2) and release 
monomeric perforin into the intracellular space between the two cells (3). The released 
perforin monomers insert into the target cell membrane (4) and polymerize, forming 
cylindrical pores (5). It is also believed that NK cells mediate destmction by apoptosis 
via infroduction of serine proteases and toxic molecules into the target cell (6). Adapted 
from Abbas, 1997. 
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Figure 1.4 Maturation of blood cehs: the hematopoietic "free." All the blood cells 
originate from a common stem cell that becomes committed to differentiate along 
particular lineages. Systemic, or peripheral, natural killer cells are a unique subset of 
lymphocytes separate from B and T-lymphocytes; uterine natural killer cells are believed 
to differentiate from pNK cells. Adapted from Abbas et al, 1997. 
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Table 1.1 Some cell surface antigens of T-cells, pNK and uNK cells (Abbas et al, 1997; 
Tracers, 2000) 

CD Other Molecule 
Antigen names type 
CD2 LFA-2 IgSF 

T-cells 

X 

pNK 

X 

uNK 

X 

CD3 T3 IgSF X 

CD4 

CD5 

CD7 

CDS 

CDllB 

CD16 

CD38 

CD39 

CD56 

CD57 

CD62 

CD94 

CD98 

CD 122 

CD161 

CD 165 

T4 

Tl,Ly-l 

T8 

MAC-1 

FcyRIIIA 

Leu-7 

L-selectin 

NKG2 

4F2 

IL2Rb 

NKR-Pl 

Gp57 

NKl.l 

Ly49 

IgSF 

SR 

IgSF 

IgSF 

C-type lectin 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
(early) 

X 

X 
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Figure 1.5 pNK cell inhibition. NK cells do not lyse "self cells because they receive an 
inhibitory signal through recognition of self peptides complexed to MHC molecules on 
the surface of target cells. This mechanism blocks pNK activation and prevents "self 
destmction. Adapted from Yokoyama era/., 1995. 
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Figure 1.6 Intrinsic killing. pNK cells have an intrinsic cytotoxic activity that is 
involved in lysis of target cells in the absence of cytokine or antibody stimulation. The 
target cell either expresses a ligand which reacts with the stimulatory receptor, potentially 
overriding an existing inhibitory signal, or has a down-regulated expression of MHC 
class I molecules; both scenarios would result in cytolysis of the target cell. Adapted 
from Abbas et al, 1997 and Moretta et al, 2000. 
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Figure 1.7 Lymphokine-activated killing (LAK). After stimulation of lL-2, pNK cells 
have an increased cytolytic activity, potentially due to de novo or increased expression of 
novel natural cytotoxicity receptors. Adapted from Abbas et al, 1997 and Moretta et al. 
2000. 
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Figure 1.8 Antibody-dependent cell-mediated cytotoxicity. pNK cells are able to lyse a 
target cell coated with IgG molecules; the IgG molecules then bind to CD16/Fc receptor, 
causing an activation of the pNK cell which results in target cell killing. Adapted from 
Abbas era/., 1997. 
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Table 1.2 The galectin family of proteins. Adapted from Perillo era/, 1998. 

Name Structure Species Tissue/cell 
distribution 

Mass Amino acid 
SDS-PAGE residues 

Gal-1 s human, rat, muscle, heart, lung 
mouse, pig, placenta, brain, spleen 
hamster, liver, lymph nodes 
monkey, bovine, thymus, colon, prostate, 
ovine macrophage 

14.5 kDa 134 

Gal-2 

Gal-3 

Gal-4 

human, mouse small intestine 

human, rat, 
mouse,dog, 
hamster 

human, rat, 
mouse, pig 

activated macrophages, neutrophils, 
eosinophils, basophils, tumor cells, 
colon, lung, kidney, utero-placental 
complex 

alimentary tract 
epithelial cells 

14.5 kDa 132 

29-35 kDa >250 

36 kDa 324 

Gal-5 

Gal-6 

4 rat erythrocytes 

gastro-intestine 

17-18 kDa 144 

34 kDa 301 

Gal-7 

Gal-8 

Gal-9 

human, rat skin 

human, rat liver, lung, kidney 

human, rat, 
mouse 

kidney, thymus. 
Hodgkin's 
lymphoma 

14.5 kDa 136 

34kDa 316 

35 kDa 322 

Gal-10 
eosinophil, 
basophil 

17 kDa 142 

49 



a. 

Carbotiydrate ligand 
(lactosamine) 

Galectin dimer 

plasma 
membrane 

bl b 2 . Extracellular matrix 

- ^ 

A 

t 

,̂ 

— ^ plasma 
membrane 

C. 

Figure 1.9 Examples of galectin-dependent crosslinking. (a) Intramolecular 
crosslinking. The conformation of a cell surface glycoprotein that displays more than one 
lactosamine can be altered by galectin-mediated crosslinking. This alteration changes 
tertiaty sfructure of the molecule, potentially creating or blocking ligand binding sites, 
(b) Intermolecular crosslinking. Galectin-dependent crosslinking between two identical 
molecules on the cell surface (bl), or between different molecules on the cell surface or 
in the extracellular matrix (b2). This may result in reorganization or sequestering of cell 
surface glycoproteins or in initiation of signal fransduction. (c) Cell-cell crosslinking. 
Hetero- or homotypic cell adhesion may be accomplished by a galectin crosslinking 
glycoconjugates on adjacent cell surfaces. Adapted from Perillo et al, 1998. 

50 



Table 1.3 Putative galectin-3 binding proteins 

Binding Partner 

LAMPS 

IgE 

FCERI 

Laminin 

Carcinoembryonic 
antigen (CD66) 

Mac2BP (L3, 90k) 

CD98 

Amniotic fluid 
fibronectin 

P400/cubilin 

Bcl-2 * 

RNA* 

Localization 

Lysosomes; 
Plasma 
membrane of 
tumor cells 

Soluble 
extracellular 
protein 
Cell surface of 
lymphocytes 

Extracellular 
matrix (ECM) 

Cell surface 

Soluble 
extracellular 
protein 
Granule of 
leukocytes 
Soluble 
Extracellular 
protein 
Cell surface of 
ileum, kidney. 
and yolk sac 
Cytosolic 

Nuclear 
compartment. 
cytosolic 

Proposed function 
with galectin-3 

Tumor cell adhesion 
To other cells and 

extracellular matrix 

Immunomodulation 

Immunomodulation 

Cell-ECM adhesion 

Cell-cell adhesion 

Cell-cell adhesion 

Ca2+ influx 

Adhesion to extracellular 
matrix 

Unknown 

Apoptosis protection 

RNA splicing 

Citation 

Perillo et 
al, 1998 

Cherayil et 
al, 1989 

Frigeri et 
al, 1993 

Lee etal. 
1991 

Ohannesian 
etal, 1997 

Koths et 
al, 1993 

Perillo et 
al 1998 
Sato and 
Hughes, 

1992 
Crider et 
al, 1999 

Perillo et 
al 1998 

Perillo et 
al 1998 

* - binding to galectin-3 not via CRD 
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Figure 1.10 The modules of cubilin. Schematic representation of the 460-kDa receptor. 
Cubilin is made up of 8 EGF repeats and 27 CUB domains, as well as a signal peptide. 
These domains are able to specifically bind ligands, such as IF/B12 complex (domains 5-
8), and RAP (domains 13-14). Adapted from Moestmp et al, 1998. 
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CHAPTER 11 

CUBILIN: A POTENTIAL BINDING PARTNER FOR GALECTlN-3 

IN THE UTERO-PLACENTAL COMPEX OF MICE 

2.1 Abstract 

A Mr 400,000 glycoprotein (p400) has recently been isolated from the murine 

utero-placental complex (UPC) by means of affinity chromatography with immobilized 

galectin-3, a P-galactoside binding lectin. Since galectin-3 is also expressed in the UPC, 

the possibility that p400 acts as a binding partner for the lectin prompted us to 

characterize the molecule. Placentas and their associated fetal membranes (yolk sac and 

amnion; PFM) were isolated and homogenized in PBS containing lactose to dismpt 

lactosamine-protein interactions. The homogenates were centrifuged at low speed and 

the resulting pellet was resuspended in a salt buffer to dismpt protein-protein interactions 

and to remove excess lactose. Following a second low speed centrifugation, the pellet 

was resuspended in a Tris buffer containing detergent to solubilize membrane proteins; 

the supernatant was designated as placental/fetal membrane extract, or PFM. The PFM 

was applied to immobilized galectin-3, washed extensively with a buffer containing 

sucrose, and glycoproteins bound to the lectin via their carbohydrate moieties were 

subsequently eluted with lactose. The eluate was subjected to SDS-PAGE and a Mr 

400,000 protein (p400) was found to be the major component. 

Exposure of p400 to glycosidases increased the rate of migration in SDS-PAGE 

by about 10% confirming that it is a glycoprotein. That p400 migrated further under 

nomeducing conditions than in reducing conditions in SDS-PAGE, indicated the 
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presence of intramolecular disulfide bonds. Comparison of amino acid sequences of 

tryptic peptide fragments from p400 with those in the Swiss-Prot database revealed that 

p400 had identity with the human and rat endocytic protein known as cubilin. 

Similarities between p400 and cubilin in terms of molecular size, degree of glycosylation, 

the presence of intramolecular disulfide bonds and amino acid sequence leads us to the 

conclusion that p400 is the murine ortholog of cubilin. 

2.2 Introduction 

The galectins comprise a family of at least ten soluble proteins that do not require 

Ca^^ for carbohydrate interactions and that share a highly conserved carbohydrate 

recognition domain. These proteins bind P-galactosides preferentially and have been 

implicated in a variety of functions, including cell-cell and cell-matrix interactions, as 

well as activation of granulocytes and induction of apoptosis in activated T-lymphocytes 

(Perillo et al, 1998). It has recently been reported that one member of the galectin 

family, galectm-3, is expressed in large amounts in the trophoblast, decidualized 

endomefrium, and metrial gland of the miu-ine implantation complex (Lee et al, 1998). 

Although hs function in the utems is not known, the observation that galectin-3 is not 

expressed between implantation sites in the pregnant utems, or in the uteri of 

nonpregnant animals, indicates that its role in the female reproductive tract is limhed to 

pregnancy (Phillips et al, 1996). 

An important strategy in the search for biological roles for lectins has been the (1) 

identification of the cell/tissue types which express the protein and (2) isolation and 

identification of the molecules with which the lectm interacts. The tissue distribution of 

54 



galectin-3 has been fairly well documented, and a number of proteins have been reported 

to bind to it (reviewed in Chapter 1). These observations have been used as a basis for 

speculation as to what the function(s) of the lectin is in a particular setting. Galectin-3 

has been implicated in a number of functions as diverse as involvement m RNA splicing, 

regulation of apoptotis, mediation of cell adhesion, and activation of leukocyte (Lee et 

al, 1991; Liu, 1993; Dong and Hughes, 1997; Ohannesian etal, 1995). Similarly, our 

recent observation that a Mr 400,000 glycoprotein (p400) from the murine UPC binds 

galectin-3 indicates that the protein might be important for the biological function(s) of 

galectin-3 in pregnancy and prompted us to attempt to identify and further characterize 

p400. 

2.2 Materials and Methods 

2.2.1 Expression of Recombinant Galectin-3 

To produce recombinant galectin-3 (rgal-3), Escherichia coli (strain JA221) was 

transformed with murine CBP35 cDNA in a pIN \\lompA2 vector (gift of Dr. J.L. Wang, 

Michigan State University). This vector uses the signal sequence of ompA, an E. coli 

outer membrane protein, to dhect expressed proteins into the periplasmic space (Agrwal 

et a J, 1993). Upon translocation, the signal peptide is cleaved to release processed 

protein between the cell membrane and outer membrane (Ghrayeb et al, 1984). Bacteria 

were cultured overnight in 10 ml Luria-Bertani (LB) broth (10 g/L tryptone, 5 g/L yeast, 

5 g/L NaCl, 100 fxg/ml ampicillin, 31 °C for 16 hours). The overnight culture was then 

used to inoculate two liters of Terrific Broth (TB) (12 g/L tryptone, 24 g/L yeast, 2.31 

g/L KH2PO4, 12.54 g/L K2HPO4, 4 ml/L glycerol) containing 100 pg/ml ampicillin and 
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allowed to grow at 37 C for 4 hours. The cells were induced with 0.05 molar (M) 

isopropyl-1-thio-p-D-galactopyranoside (IPTG) and cultured at room temperature for 

16-24 hours. Cells were harvested by centrifugation (4000 x g for 20 min at 4°C) and the 

resulting pellet was washed in ice-cold phosphate-buffered saline (PBS; 0.150 M NaCl, 

0.010 M Na2HP04 [pH 7.2]). The bacterial cell wall was lysed in hypotonic lysis buffer 

(HLB; 1 M Tris-Cl [pH 7.0], 10 mM 2-mercaptoetiianoI [2-ME], 1 mM 

phenylmethanesulfonyl fluoride [PMSF], 0.5 mg/ml leupeptin, 30 units aprotinin, 10 

pg/ml soybean trypsin inhibitor) for 30 min on ice, and the lysate was centrifuged 

(10,000 X g for 30 min at 4°C). rgal-3 was purified from the supematant by affinity 

chromatography using a lactose-Sepharose affinity matrix. 

2.2.2 Preparation of Lactose Affinity Matrix 

Sepharose 4B (200 mis) was suspended in an equal volume of 0.5 M Na2C03. 

The resuhing slurry was filtered in a Buchner funnel whh Whatman #3 paper and washed 

with 5 volumes 0.5 M Na2C03. The filtered gel was resuspended in an equal volume 0.5 

M Na2C03; divinylsulfone (1/10 gel volume) was added to activate the matrix and the 

sluny was stirred gently at room temperature for 70 minutes. The slurry was then 

washed with 5 volumes 0.5 M Na2C03 on a Buchner funnel as before to remove 

divmylsulfone; the gel was resuspended in 10% lactose in 0.5 M Na2C03 and stirred 

gently for 15 hours at room temperature. The lactose-Sepharose matrix was filtered in a 

Buchner funnel as before, with a wash in 5 volumes 0.5 M Na2C03, followed by 5 

volumes dH20 and 5 volumes IX PBS. The gel was then resuspended in an equal volume 
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of IX PBS and packed in a glass column (5 X 30 cm, 150 ml packed gel) and stored at 

4''C. 

2.2.3 Purification of Recombinant Galectin-3 

The bacterial supematant, containing rgal-3, was passed through the lactose-

Sepharose column and unbound material was removed by washing with 10 column 

volumes of loading buffer (0.05 mM Tris-Cl [pH 7.6], 2.0 mM ethylene-

diaminetetraacetic acid [EDTA], 1.0 mM PMSF, 2.0 mM 2-ME), or until fractions were 

negative for protein by Bradford assay. This was followed by a wash with 5 column 

volumes of 300 mM sucrose in loading buffer. Sucrose, which does not bind galectin-3, 

was used here as a negative disaccharide control and typically no proteins were released 

from the lactosyl-Sepharose by this step. Subsequently, rgal-3 was recovered with 

elution buffer containing lactose (0.3 M lactose, 0.050 mM Tris-Cl [pH 7.6], 1.0 mM 

PMSF, 0.1 M iodoacetamide). Lactose binds specifically to the carbohydrate recognition 

domain of galectin-3 and completes with the lactosyl-Sepharose, allowing a release of the 

lectin. Fractions (10 ml) were collected and total protein was determined by Bradford 

assay; fractions were tested for the presence of rgal-3 by immunoblotting using the 

monoclonal antibody M3/38 (Ho and Springer, 1982). Immunoreactive fractions were 

dialyzed ovemight in coupling buffer (0.1 M NaHCOj [pH 8.3], 0.5 M NaCl; four 

changes of 4 liters each) to remove lactose, and concentrated by ultrafiltration using an 

Amicon stirred cell (PM-10 membrane). Typically 10 mg of rgal-3 (Bradford assay) was 

isolated per liter of bacterial culture. 
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2.2.4 Preparation of Recombinant Galectin-3 Affinity Matrix 

rgal-3 was coupled to agarose for use as an affinity matrix. Briefly, cyanogen 

bromide-activated agarose was hydrated in 1 mM HCl for 15 minutes. The agarose beads 

were packed in a chromatography column (0.7 X 10 cm) and washed with 10 column 

volumes of coupling buffer. The washed beads were resuspended with rgal-3 in lactose 

buffer (8.4 mg protein/g CNBr-Sepharose), and the resulting slurry was mixed at room 

temperature for 6 hours and centrifuged (2000 X g, 10 minutes). The supematant was 

removed and assayed for tiie presence of protein by Bradford assay; typically < 1% of the 

recombinant galectin-3 remained in the supematant. 

2.2.5 Animals 

Swiss Webster mice, purchased from Jackson Laboratories (Bar Harbor, Maine) 

at 10-12 weeks of age were used in this study. Females were paired to males and 

checked daily for the presence of a vaginal plug. The day of vaginal plug formation was 

as day 1 of pregnancy. 

2.2.6 Isolation of Endogenous Galectin-3 Binding Partners from 
Placenta/Fetal Membranes 

Mice were killed by cervical dislocation on day 16 of pregnancy, and the uteri 

were removed and opened longitudinally along the antimesometrial margin. Embryos 

were removed from the placentas; uteri were separated from placentas with their fetal 

membranes attached (PFM). Both matemal and fetal components were frozen separately 

in liquid nitrogen and stored at -80°C. Exfracts were prepared by mincing the tissue with 
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a razor blade and cells were disrupted in homogenization buffer (IX PBS, 4.0 mM 2-ME, 

2.0 mM EDTA, O.IM lactose, 1.0 mM PMSF, Complete Mini Protease Inhibitor Cocktail 

[1 tablet/10 mis; Boerhinger Mannheim]; 1.0 g tissue/2 ml buffer), using a tissue 

homogenizer (Brinkman PT 10/35). The homogenate was centrifuged (10,000 x g for 20 

min), and the supematant was discarded. The resulting pellet was homogenized in a salt 

buffer to dismpt peripheral protein interactions (0.02 mM Na2P04, pH 7.2, 1.0 M NaCl, 

Complete Mini Protease Inhibitor Cocktail [1.5 g tissue/ml buffer]), and centrifuged 

(10,000 X g for 20 min). The supematant was again discarded and the pellet was 

homogenized in a Tris/EDTA (TE) buffer (50 mM Tris, [pH 7.8], 1.0 mM EDTA, 1.0 

mM PMSF, Complete Mini Protease Inhibitor Cocktail [1.5 g tissue/1.0 ml buffer]), and 

centrifiiged (10,000 x g for 20 min). The final pellet was then homogenized in a 

Tris/EDTA/Triton (TET) buffer (0.05 M Tris [pH 7.8], 1.0 mM EDTA, 1% Triton X-100, 

1.0 mM PMSF, Complete Mini Protease Inhibitor Cocktail (1.5 g tissue/ml buffer) and 

centrifuged (10,000 x g for 20 min) to remove insoluble material. The supematant, 

containing Triton-solubilized proteins, was assayed for total protein by the bicinchoninic 

acid method (Pierce). Typically 2 mgs of protein were isolated per gram of tissue. 

2.2.7 Affinity Purification of Galectin-3 Binding Proteins 

PFM extract, containing detergent-solubilized proteins, was mixed with the rgal-

3/Sepharose affinity gel for 4 hours at 4oC (10 mg total protein/1 mg rgal-3). The slurry 

was then placed in a small chromatography column (0.7 cm X 10 cm) and washed wdth 

100 column volumes of TET buffer. The matrix was resuspended in an equal volume of 

TET containing 0.3 M lactose and rotated in a Falcon tube (12 x 75 mm tube; ovemight 
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at 40C). The sluny was then applied to a spin column (Figure 2.1) and centrifuged (1000 

X g for 1 min). Galectin-3 binding proteins (G3BPs) in the eluate were resolved by SDS-

PAGE (4-15% Ready Gels; BioRad) and visualized by Coomassie staining. Prestained 

molecular weight standards (1 pg; BioRad) were included on each gel. 

2.2.8 Lectin Blot Analysis of Galectin-3 Binding Proteins 

Following electrophoresis (4-15% gradient Ready Gels), proteins were transferred 

electrophoretically onto nitrocellulose, in transfer buffer (29 mM Tris-CL, 192 mM 

glycine, 20% methanol) at 100 V constant voltage for 1 hour. Total transferred protein 

was visualized on the nitrocellulose with Ponceau S stain (0.5% w/v Ponceau S in 1% v/v 

acetic acid). The blots were washed in IX PBS/0.05% Tween (2X10 min), followed by 

blocking non-specific sites with O.IM lysine in PBS/Tween for 1 hour. Blots were rinsed 

with PBS/Tween (4X15 min), followed by incubation with recombinant galectin-3 (50 

pg/ml in PBS) in the presence of 300 mM lactose or sucrose (control; ovemight at 4^0). 

The blots were rinsed in PBS/Tween (4X15 min), followed by incubation in the 

galectin-3 monoclonal antibody, M3/38 supematant (ATCC) for 1 hour. The blots were 

washed in PBS/Tween, incubated in alkaline-phosphatase conjugated secondary, and 

developed with nifro blue tetrazolium (NBT; Sigma) and 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP; Sigma). 

2.2.9 Preparation of p400 Antisemm 

Polyclonal rabbh antiserum agamst the p400 protein from mouse PFM complex 

was prepared as follows: 137 \ig p400 was subjected to electrophoresis on a 5% 
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preparative acrylamide gel in nomeducing conditions and stained with Coomassie. The 

Mr 400,000 band was excised, homogenized in PBS and emulsified with Freund's 

Complete Adjuvent. Half of the emulsion was injected subcutaneously (50 ml/site; 25 

sites), while the remaining emulsion was injected intramuscularly in the quadriceps 

muscle. Test bleeds were done at weeks 6, 7, 11, and 12. The rabbh was boosted at 8 

weeks with p400 (30 pg) injected intradermally, prepared as above but without adjuvent. 

The rabbit was exsanguinated by cardiac puncture at 12 weeks and the blood was allowed 

to clot 1 hour at room temperature. The clot was allowed to confract overrught at 4''C. 

The antisemm was collected and specificity was tested by Westem blot analysis. 

2.2.10 Westem Blot Analysis 

Galectin-3 binding proteins (G3BPs; 1 pg) and 20 pg protein from PFM were 

separated by SDS-PAGE and transferred to nitrocellulose. The blots were blocked in 3% 

milk (Janet Lee brand powdered milk; Albertsons Grocery) in TBS for 4 hours at room 

temperature, followed by incubation in either p400 antiserum (1:25,000), preimmune 

semm (1:25,000), a nomelevant antisemm (1:25,000), or secondary antibody (goat anti-

rabbh IgG; 1:20,000) ovemight at 4°C. The blots were washed 4 x 5 min in TBS 

followed by incubation in horseradish peroxidase-conjugated goat anti-rabbit antisemm 

(1:20,000) for 30 min. After washing (4x5 min in TBS), the blots were incubated in 

chemiluminescence substrate for 5 min (Pierce Super Signal Kit) and exposed to film. 

Specificity of the rabbit polyclonal antiserum raised to mouse p400 was 

demonstrated by Westem blot analysis. As shown in Figure 2.2, an immunoreactive band 

was detected at Mr 400,000 in the extract from day 16 PFM, as well as in purified G3BPs 

61 



(arrow). A quantifiable signal could be detected with as little as 4 ng of p400 at 1:25000 

dilution of the antisenun. There were no bands visualized using pre-immune semm, a 

nonrelevant serum, or secondary antibody alone, indicating that the immunoreactive 

bands were specifically reacting to the p400 antisemm. There were additional protems 

that reacted with the p400 antisemm: in Lane 1 G3BPs {i.e., >Mr 400,000)) and in Lane 2 

PFM extt-act {i.e., M, 70,000; p70). Although the identities of the Mr >400,000 and Mr 

70,000 band are not knowTi, it is believed that the Mr >400,000 band is a dimer of p400, 

as has been reported by otiiers (identified as cubilin, see below; Moestmp et al, 1998). 

The cross-reactivity with the Mr 70,000 band was removed by absorbing the antisemm 

with acetone powder made from liver (which contains p70, but not p400; see Appendix 

A). Antiserum absorbed with liver powder was used for all subsequent studies. 

2.2.11 Enzymatic Deglycosylation 

G3BPs were treated with endoglycosidases to examine the extent of 

glycosylation using a protocol modified from the manufacturers instmctions (Glycofree 

Deglycosylation Kit; Prozyme). Briefly, purified G3BPs from PFM complex (2-4 pg) 

were dialyzed extensively against 0.25 M sodium phosphate buffer (0.25 M Na2HP04, 

0.25 M NaH2P04, pH 7.0; 4 x 1 L). SDS was added to a final concentration of 0.1 % and 

the proteins were denatured at 65°C. The sample was cooled to room temperature and 

Triton X-100 was added to a final concentration of 0.75%. One pl each of PNGase F 

(5000 U/ml), Endo-0-Glycosidase (1.25 U/ml), and Sialidase A (5 U/ml) was added to 

the proteins, and the samples were incubated at 37°C. Aliquots were removed at 18, 24, 

48, and 72 hours, and subjected to nomeducing SDS-PAGE ( 5%) and Westem blot 
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analysis with anti-p400 antiserum. A mock treated sample {i.e., no enzyme) was also 

incubated at 37°C for 18 hours £ind was included on the gel for comparison of migration 

of deglycosylated and untreated p400. 

2.2.12 Nomeducing versus Reducing Two-Dimensional SDS-PAGE 

G3BPs were TCA precipitated as follows: 1/10 volume of ice-cold 100% 

frichloroacetic acid (TCA) was added to 2 pg p400 and incubated for 1 hour on ice and 

centrifuged at 14,000 x g for 10 min at 4°C. The resulting pellet was washed with ice-

cold 90% acetone and allowed to dry. The pellet was then resuspended in 20 pl NaOH 

(0.0IN). The sample was denatured at 65°C for 10 minutes in nomeducing 4X Laemmli 

sample buffer, which was added to a final volume of IX. The sample was then loaded 

onto a 4% acrylamide tube gel and subjected to electrophoresis at lOOV for 3 hours. The 

tube gel was extmded, incubated in reducing IX sample buffer (2.5 % 2-

mercaptoethanol) for 15 min, and loaded onto a 4% preparative slab gel. The sample was 

subjected to electrophoresis in a second dhnension in reducing conditions (100 V for 1 

hour). The resulting gel was either silver stained or transferred to nitrocellulose for 

Westem blot analysis with anti-p400 antiserum. 

2.2.13 Protein Sequencing 

For amino acid sequencing, galectin-3 binding proteins were separated in 

denaturing SDS-PAGE (4% acrylamide) in nomeducing conditions and stained with 

Coomassie. The Mr 400,000 band (p400; 15 pg; -200 pmol) was excised and ttyptic 

peptide isolation and sequencing were performed by Prof C. Slaughter, Howard Hughes 
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Medical Institute. University of Texas Southwestern Medical School, Dallas, Texas. 

Peptides were separated by reverse phase high performance liquid chromatography using 

a 150-mm RP300 column from Perkin-Elmer and were subjected to automated Edman 

degradation using a model 477A amino acid sequencer from Applied Biosystems with the 

manufacturer's standard program and chemicals. 

2.2.14 Staining Protocols 

2.2.14.1 Silver 

Following electrophoresis, gels were fixed (50% methanol, 12% acetic acid) for 1 

hour, followed by dehydration of the gel in 50% ethanol (3 x 20 min). The gel was 

rehydrated in sodium thiosulfate (Na2S203"5H20; 0.1 g/500 mis dH20) for 1 minute, and 

rinsed in water (3 x 20 sec). Silver nitrate solution (AgN03; 2 g/L H2O; formaldehyde 

750 ml/L) was used to permeate the gel for 20 minutes. Following a rinse in dH20, the 

gel was then developed (60 g/L sodium carbonate, 500 ml formaldehyde/L, 4 mg/L 

sodium thiosulfate) for 10 min or until deshed development. The gel was rinsed in dH20 

(2 X 20 sec) and the reaction was stopped by soaking the gel in 50% methanol, 12 % 

acetic acid. 

2.2.14.2 Coomassie 

Gels were Coomassie stained based on protocols found in Hoefer Protein 

Electrophoresis Applications Guide (Hoefer Scientific Instruments). Following 

electrophoresis, the gel was placed directly in staining solution (0.025% Coomassie 

Brilliant blue R250, 40% methanol, 7% acetic acid) for 45 min to ovemight. The gel was 
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then placed in destain solution (50% methanol, 12% acetic acid). The destain solution 

was changed several times until the gel background was clear. 

2.2.15 Immunohistochemistry 

Tissues were processed for immunohistochemistry as follows: Female mice on 

day 16 of pregnancy were anesthetized by gaseous CO2 and sacrificed by cervical 

dislocation. A midline incision was made into the abdomen and the pregnant utems was 

dissected free of mesometmim. The tissue, with utems intact, was cut into 3 implantation 

site sections and stored in 4% paraformaldehyde in PBS for a minimum of 16 hours. The 

sites were dehydrated in alcohol and embedded in paraffin, following standard 

histological procedures (Ravnik and Wolgemuth, 1996). Five micron sections of 

implantation sites were cut and mounted on glass microscope slides. Paraffin was 

removed as fohows: xylene # 1 - 1 0 min, xylene # 2 - 1 0 min, 100% ethanol (EtOH) #1 -

2 min, 100% EtOH # 2 - 2 min, 95% EtOH - 2 min, 85% EtOH - 2 min, 75% EtOH - 2 

min, 50% EtOH - 2 min, dH20 - 2 min. The slides were washed 3 x 5 min in 0.1% 

BSA/PBS. For antigen recovery, slides were boiled in citrate solution (8.0 mM sodium 

citrate, 2.0 mM citric acid), allowed to cool in IX PBS for 10 min, and washed 3 x 5 min 

in 0.1% BSA/PBS. The tissue sections were then blocked for 1 hour in 3% normal goat 

senrni for 30 min at room temperature. Serial sections were incubated in rabbit anti-

mouse p400 polyclonal antisemm (1:6000) or rat anti-mouse galectin-3 monoclonal 

supematant (M3/38; 1:800) overnight at 4°C, or stained with periodic acid/Schiffs 

reagent (PAS). After washing, the sections were incubated in the appropriate horseradish 

peroxidase (HRP)-labeled secondary antibody {i.e., goat anti-rabbit or goat anti-rat IgG) 
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and developed diamino benzidene (DAB), according to the manufacuters instmctions 

(Vector Labs). Preimmune serum was used as a control for anti-p400, and a monoclonal 

isotype supematant (53/6.72) was used as a control for anti-galectin-3. The slides were 

then counterstained with hematoxylin. 

2.3 Results 

2.3.1 Isolation of p400 

Extracts of PFM were applied to a galectin-3 affinity matrix, and nonbinding 

material was removed. The addition of 300 mM sucrose to the column did not release 

proteins from the immobilized galectin-3. However, addition of 300 mM lactose to the 

column resulted in a release of material that was bound to galectin-3. Nomeducing 

gradient SDS-PAGE (4-15%) of proteins in the lactose eluate (G3BPs), followed by 

Coomassie staining revealed a band at apparent molecular weight of 400,000 (p400) as 

the most abundant galectin-3 binding protein (Fig. 2.3A). Lectin blotting using rgal-3 

showed that p400 reacted with the lectin in the presence of sucrose; however, this 

interaction was blocked by lactose (Fig. 2.3B). 

2.3.2 Deglycosylation of p400 

Exposure of G3BPs to an enzymatic cocktail containing PNGase, 0-glycause, and 

sialidase resulted in an increase in mobility of p400 in nomeducing SDS-PAGE (Figure 

2.4A). No fiirther increase in migration of p400 was detected with longer incubations 

{i.e., up to 72 hours) in enzymatic cocktail (Figure 2.4B). The apparent change in mass 

was 10% (-40,000 Da) of the original mass of p400. 
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2.3.4 Two-dimensional gel analysis of p400 

The results of modified two-dimensional gel elecfrophoresis {i.e., non-reducing 

conditions in the first dimension, reducing condhions in the second dimension) are shown 

in Figure 2.5. Silver staining revealed that the protem migrated further in nomeducing 

conditions than in reducing conditions (Fig. 2.5A), as shown by hs location above the 

theoretical diagonal (Fig. 2.5B). Westem analysis witii anti-p400 antisemm confirmed 

that this spot was p400 (Fig. 2.5C and D). 

2.3.5 Tissue Distribution of p400 

Figures 2.6 and 2.7 summarize the results of Westem analysis of detergent 

exfracts from several tissues with p400 antiserum. Immunoreactive p400 was detected in 

pregnant utems and placental/fetal membrane complex, but not in virgin utems (Fig. 

2.6A). Analysis of placenta separated from extraembryonic membranes revealed that 

p400 was present the fetal membranes, but not in placental tissue per se (Fig.2.6B). p400 

was included at a 1:10 (40 ng) and 1:100 (4 ng) dilution for comparision. Of the other 

tissues surveyed, p400 was present only in the ileum and kidney (Fig. 2.7). 

2.3.6 Immunohistochemistry 

At day 16 of pregnancy, immunohistochemical localization of p400 in the fetal 

compartment was largely limited to the apical region of visceral yolk sac epithelium (Fig. 

2.8A), although faint staining was observed distributed throughout the cytoplasm of some 

cells. Immunoreactive galectin-3 was also observed in the cytoplasm of yolk sac cells, 

and in placental trophoblast tissue, as previously reported (Fig. 2.8B; Phillips et al, 1996) 
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Immunohistochemical localization of p400 in the matemal compartment was 

limited to the granular cells of the metrial gland and decidua basalis, and it appeared that 

the protein was localized to the cytoplasmic granules (Fig. 2.9A). In adjacent serial 

sections, galectin-3 was seen in the same cells, although its subcellular distribution was 

cytoplasmic and at the periphery of the cells, rather than in the granules (Fig 2.9B). PAS 

staining of an adjacent section demonstrates that the granules in these cells are were 

PAS+ cells (Fig. 2.9 C) 

2.3.7 Partial Amino Acid Sequencing of p400 

To determine the molecular identity of p400, the protein was purified from the 

galectin-3 affinity matrix and subjected to SDS-PAGE. The Coomassie-stained band was 

excised and intemal peptides were generated by digestion with trypsin. Seven tryptic 

peptides obtained from this procedure were separated by reverse phase high performance 

liquid chromatography and subjected to Edman degradation. The sequences (Fig. 2.10) 

were compared with those in the Swiss-Prot database and had identity with the 400 kDa 

protein, cubilin, previously described from the human, dog, and rat. 

2.4 Discussion 

The present results demonstrate that several peptide fragments of p400, isolated 

from murine uteroplacental complex, have anuno acid sequence identity with an 

endocytic receptor protein known as cubilin. The additional observations that p400 is 

similar to cubilin with respect to molecular size, degree of glycosylation, and presence of 
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intramolecular disulfide bonds supports the interpretation that p400 is the murine 

ortholog of cubilin. 

Cubilin is a large, peripheral membrane glycoprotein that acts in conjunction with 

the transmembrane protein, megalin, as a multiligand endocytic receptor. It was first 

described in the rat intestine as a receptor for the intrinsic factor/vitamin B12 complex, 

and was subsequentiy identified in the dog and human where full-length cDNA 

sequences have been reported; most recently, a partial mouse clone has been isolated 

(Moestmp et al, 1998). In addition to being found in the ileum and kidney of several 

species, cubilin has been identified by immunohistochemistry and Westem analysis in the 

yolk sac of rats and humans, where it may be involved in transport of various molecules 

to the fetus (Moestmp et al, 1998). In fact, apoplipoprotein A-l/HDL is believed to be 

transported across the yolk sac via a cubilin-dependent mechanism (Kozyraki et al, 

1999). Interestingly, antibodies to cubilin injected into pregnant mice are believed to 

inhibit transport of vital nutrients through the yolk sac and result in malformations of the 

developing fetus (LePanse et al, 1997). 

Although the present finding of cubilin in the mouse yolk sac might have been 

expected because of what is known from other species, our results raise several questions. 

Fhst, there have been conflicting reports of cubilin being in the placenta. For mstance, 

Ramanujam et al. (1993) detected cubilin in day 14 and day 19 rat placenta by Westem 

analysis. In support of this finding is the recent report that cubilin mRNA has recently 

been detected in the mouse placenta by PCR (Hammad et al, 2000). On the other hand, 

although Sahali et al. (1992) reported that cubilm was detected on human frophoblast 

cells by immunohistochenustry and Westem analysis; this same group was unable to 
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detect the protein in rat trophectoderm of pre- and post-implantation embryos (Sahali et 

al, 1993). Explanations for this discrepancy include the possibility that there are species 

differences in the tissue localization of the protein. Another possibility is that cubilin is 

in mouse placentas at levels below the limit of detection for the reagents used by Sahali et 

al, and in the present experiment. However, the anti-p400 antisemm has proved specific 

and highly sensitive, detecting as little as 4 ng of p400 by chemiluminescence. Hence, if 

cubilin is present in mouse placental tissues, it is at extremely low levels. Another 

consideration is the day from which the tissue was collected. We did not detect cubilin in 

placenta taken from day 16 of pregnancy by immunohistochemistry or Westem analysis, 

but it is possible that the protein is expressed in the placenta at some other time during 

pregnancy. Finally, yolk sac and placenta are not easily separated and the yolk sac tissue 

may contaminate the placental preparations. Thus, the presence of cubilin mRNA in 

placental preparations described by Hammad et al (2000) might have resulted from 

contamination by yolk sac. In fact, we have found that yolk sac membranes, containing 

large amounts of cubilin, can be a significant source of contamination in placental protein 

preparations. Nonetheless, the discrepancy of the presence of cubilin in the placenta 

remains a question, and since this organ is capable of transport between mother and fetus, 

it would be of importance to detemune whether cubilin is involved in this function. 

The yolk sac provides amino acids used for embryonic development through a 

chain of events involving intemalization and degradation of matemal proteins; cubilin is 

believed to be involved in such processes (LePanse et al, 1995). Since galectin-3 is 

known to cause crosslinking of molecules, such as IgE to the FceRI receptor (Frigeri et 

al, 1993), perhaps the lectin is involved in crosslinking ligands to cubilin for 
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intemalization. Furthermore, galectin-3 is capable of intramolecular crosslinking, 

causing a three dimensional change in the structure of the molecule (Perillo et al, 1998). 

Thus, it is possible that galectin-3 could interact with cubilin in the yolk sac, changing its 

shape and making available binding sites for other ligands. 

However, one important question left unanswered by our findings is whether 

cubilin actually interacts with galectin-3 at the implantation site. In this study, cubilin 

was isolated by affinity chromatography with immobilized galectin-3 from extracts of 

placentas and their associated fetal membranes. This is a common strategy to identify 

proteins that interact with each other, and several other galectin-3 binding proteins have 

been isolated from a variety of tissues using this method. All such studies have the 

caveat that the exfraction process disrupts tissue and cellular compartments and may 

artificially present molecules to each other; thus, these results do not confirm that cubilin 

and galectin-3 interact in vivo. 

While the presence of cubilin in the mouse yolk sac was not surprising because of 

what is known from other species, the finding of cubilin in the granular cells of the utems 

was completely unexpected. That these cells have PAS+ granules suggest that they are 

uterine natural killer cells (uNK). uNK cells are believed to be a subset of bone marrow-

derived peripheral natural killer cells (pNK) that reside in the utems during pregnancy 

(Croy and Kiso, 1993). pNK and uNK cells share some trahs in common, such as having 

perforin and serine esterases in the granules, and both cell types express CD56, which is 

unique to cells of the NK lineage (Croy and Kiso, 1993). There are, however, some 

differences between the two cell types. First, uNK cells appear to lose their intrinsic 

cytolytic activity as pregnancy progresses (Croy et al, 1996-1997). Additionally. uNK 
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cells lack the pNK cell marker CD 16 (FCYRIH), which is involved in antibody-dependent 

cell-mediated cytotoxicity (Whitelaw and Croy, 1996). There are also questions as to 

why these cells do not attack the fetus. Because uNK cell are differ from pNK cells in 

(1) function, (2) markers, and (3) cytolytic activity, some have speculated that uNK cells 

are not natural killer cells at all, but a completely separate leukocyte cell type (Stewart et 

al, 1994). 

The present finding that cubilin is localized in uNK cells is the first demonstration 

of the protein in an immune or non-epithelial cell type, and it is difficult to speculate 

what the fiinction of cubilin may be in these cells. It is of interest that the cubilin ligands 

ApoA-I/HDL are intemalized by uNK cells (DeSanctis et al, 1995) and that HDL and 

ApoA-I inhibh NK cell lytic activity in a dose-dependent maimer (Chen et al, 1994; 

Tschopp et al, 1986; Young et al, 1987). Perhaps cubilin serves as an endocytic 

receptor, not only in absorptive epithelium, but in uNK cells as well. That galectin-3 is 

present in uNK cells is significant, since the lectin has been implicated in 

immimomodulatory functions (Liu, 1993), and suppresses NK cell lysis against YAC 

target cells. These findings make the possibility that the two proteins play an 

immunomodulatory role in uNK cells intriguing. 

The present resuhs establish that the Mr 400,000 galectin-3 binding protein from 

the UPC is cubilin, and that it is localized in the mouse yolk sac and, unexpectedly, in 

uNK cells. The question of where cubilin and galectin-3 interact in vivo remains 

unanswered, and its role is unknown. Our ftiture studies will concentrate on the ontogeny 

of cubilin in the uteroplacental complex. 

72 



vent hole 

1.5 ml microfuge tube 
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Figure 2.1. Affinity Spin Column. A spin column was prepared by piercing a small hole 
in the lid and bottom of a 1.5 ml microfuge tube. Glass wool was placed in the bottom of 
the tube to plug the hole, and the tube was placed in a 12x75 mm Falcon tube. The 
sample was cenfrifuged at 10,000 x g for 10 minutes to elute gaIectin-3 binding proteins. 
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Figure 2.2. Westem analysis. Rabbit p400 antiserum reacted with p400 and a >400,000 
band (Lane 1) from the galectin-3 column (odd lanes) as well as Mr 400,000 and 70,000 
bands (Lane 2) in exfracts of placenta/fetal membranes (even lanes). 
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Figure 2.3. SDS-PAGE (5% gel; Coomassie stain; Fig. 2.2A) and lectin blot analysis (4-
15% gel; Fig. 2.2B) of G3BPs. Fig 2.2A, Lane 1, lactose eluate from galectin-3 column 
containing p400 (arrowhead). Fig. 2.2B, Lane 1-2, galectin-3 binding proteins 
fransferred to nitrocellulose and probed with recombinant galectin-3 and M3/38 antibody 
in the presence of sucrose (Fig 2.2B, Lane 1) or lactose (Fig 2.2B, Lane 2). 
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Figure 2.4 Glycosidase freatment of p400. (A) - Westem analysis with anti-
p400 antiserum. (B) - Silver stain. Purified p400 obtained from PFM was treated with a 
cocktail of PNGase F, 0-glycosidase, or sialidase for 18 hours (Fig 2.4A, Lane 2), 24 
hours (Fig 2.4B, Lane 2), 48 hours (Fig. 2.4B, Lane 3) or 72 hours (Fig. 2.4B, Lane 4). 
Untreated samples are shovra in Fig. 2.4A, Lane 1, and Fig 2.4B, Lane 1. 
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Figure 2.5 Two-dimensional SDS-PAGE of galectin-3 binding proteins. Galectin-3 
binding proteins were resolved in SDS-PAGE under nomeducing conditions in the first 
dimension and under reducing conditions in the second dimension. Fig 2.5 A and B, 
silver stain analysis. Fig. 2.5 C and D, identification of p400 by Westem blot analysis. 
The migration of p400 in one dimension in nomeducing and reducing conditions is 
shown in Fig 2.5 A and C. 
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Figure 2.6 Distribution of p400 in pregnancy tissues. Proteins (20 pg) from detergent 
extracts from pregnancy tissues (virgin utems, pregnant utems, PFM, placenta and yolk 
sac) were subjected to SDS-PAGE (4-15% gradient) and Westem analysis with anti-p400 
antisemm. p400 was detected in pregnant utems and PFM, but not in vhgin utems (A). 
When placenta and yolk sac were separated, p400 was associated with yolk sac 
membranes (B). Purified p400 was included at a 1:10 (40 ng) and 1:100 (4ng) dilution as 
a positive confrol. 
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Figure 2.7 Tissue distribution of p400. Detergent extracts of various mouse tissues 
containing 20 pg protein were subjected to SDS-PAGE and Westem analysis with anti-
p400 antiserum. Immunoreactive protein was detected in ileum, kidney, PFM and utems. 
No p400 was detected in heart, lung, liver, spleen, brain or striated muscle. 
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Figure 2.8 Immunohistochemical localization of p400 and galectin-3 in the placental 
complex. Adjacent sections of implantation sites (day 16) were subjected to 
immunohistochemical analysis with anti-p400 antiserum (A) or anti-galectin-3 antibody 
(B). p400 was detected in the apical region of yolk sac cells. Galectin-3 was visualized 
in the cytoplasm of yolk sac cells, as well as in the cytoplasm and cell boundaries of 
trophoblast cells.. 
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Figure 2.9 Localization of p400 and galectin-3 in the day 16 pregnant utems. Adjacent 
sections of implantation sites (day 16) were subjected to immunohistochemical analysis 
with anti-p400 antiserum (A) or anti-gaIectin-3 antibody (B). p400 was detected in the 
granular cells of the utems. GaIectin-3 was visualized endomefrial and uNK cells. PAS 
staining (C) of an adjacent section indicates the existence of uNK cells in this region. 
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Figure 2.10 Alignment of p400 peptides with human and rat cubilin. Identical residues 
are connected by vertical lines 
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CHAPTER III 

LOCALIZATION OF CUBILIN, A GALECTIN-3 BINDING PROTEIN 

IN THE MURINE UTERO-PLACENTAL COMPLEX 

3.1 Abstract 

Cubilin is a multiligand receptor found in a variety of epithelia. It was originally 

identified as an intrinsic factor/vitamin B12 receptor in the ileum, and has been localized 

to the kidney proximal tubule and yolk sac. We have previously shown that cubilin binds 

to the P-galactoside binding lectin, galectin-3, and that the two proteins coexist in the 

yolk sac and uterine natural killer cells on day 16 of pregnancy. In this study, indirect 

immunofluorescence was used to determine the spatial-temporal pattern of cubilin 

localization throughout pregnancy. Cubilin was detected in granular cells of the metrial 

gland as early as day 8 of pregnancy. The presence of perforin in these cells confirmed 

that they were uterine natural killer cells. Interestingly, galectin-3 was also detected in 

uNK cells, but apppeared to be localized to the cytoplasm and/or periphery of the cells 

The present results demonstrate that cubilin and galectin-3 are present in uNK 

cells during pregnancy. Although the role of cubilin in these cells is unknown, its co

existence with galectin-3 in these cells (1) supports the notion that the two proteins act as 

partners in the murine utero-placental complex and (2) suggests that the two proteins may 

be involved in the immunomodulation of uNK cells. 
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3,2 Introduction 

Cubilin is 460 kilodalton peripheral membrane glycoprotein which is 

concentrated in clathrin-coated pits found in a variety of epithelia, including ileum, renal 

tubules, and yolk sac, where it is believed to be involved in receptor-mediated 

endocytosis of multiple ligands (Moestmp et al, 1998). Because injection of anticubilin 

antibodies into pregnant rats can lead to specific fetal abnormalities (Chapter 1), it has 

been presumed that its role at the matemal fetal interface involves uptake and transcytosis 

of critical molecules across the yolk sac epithelium (Freeman et al, 1982). However, it 

has recentiy been reported that, in mice, cubilin is localized in the cytoplasmic granules 

of the so-called granular metrial gland cells (Chapter II). These cells, which occur in the 

decidua basalis and metrial gland, are not epithelial, but appear to comprise a specialized 

subset of natural killer lymphocytes and are designated as uterine natural killer cells, or 

uNK (Croy and Kiso, 1993). The functions of uNK cells are not known, but they are 

essential for successful pregnancy and placental growth, and are not particularly effective 

in cytolytic function (Croy et al, 2000). The critical question as to why uNK cells do not 

have cytolytic activity is important to understanding their role in pregnancy, and the 

finding that cubilin is associated with the granules may provide a clue. Therefore, the 

present experiments were undertaken to follow the spatio-temporal pattern of cubilin 

localization in the murine utero-placental complex throughout the course of pregnancy. 
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3.3 Materials and Methods 

3.3.1 Animals 

Swiss Webster mice, purchased from Jackson Laboratories (Bar Harbor, Maine) 

at 10-12 weeks of age were used in this study. See Chapter II, Section 2.25, pp. 52 for 

details. 

3.3.2 Antisemm 

Polyclonal rabbit antisemm against the p400 protein isolated from mouse PFM 

complex was prepared and characterized as detailed in Chapter 2, Sections 2.2.9 and 

2.2.10, pp. 54-55. 

3.3.3 Light Microscopy 

For light microscopy, uterine samples were fixed in 4% paraformaldehyde in PBS 

for embedding in paraffin. Sections were made through the central region of the 

implantation site and mounted on glass microscope slides. Paraffin was removed as 

follows: xylene #1 - 10 min, xylene #2 - 10 min, 100% ethanol (EtOH) # 1 - 2 min, 

100% EtOH # 2 - 2 min, 95% EtOH - 2 min, 85% EtOH - 2 min, 75% EtOH - 2 min, 

50% EtOH - 2 min, dH20 - 2 min. The slides were washed 3 x 5 min in 0.1% BSA/PBS. 

For antigen recovery, slides were boiled in citrate solution (8.2 mM sodium citrate, 1.8 

mM citric acid), allowed to cool in IX PBS for 10 min, and washed 3 x 5 min in 0.1% 

BSA/PBS. Tissue sections were blocked for 1 hour in 1% BSA in PBS at room 

temperature, followed by incubation in a combination of primaty antibodies, either 

polyclonal rat anti-mouse perforin (1:400) and polyclonal rabbit anti-mouse cubilin 
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(p400; 1:5000), or monoclonal rat anti-mouse galectin-3 (1:400) and polyclonal rabbh 

anti-mouse cubilin (1:5000). Control antisera included IgG2a (1:5000, control for anti-

perforin; Caltag), 53.672 (1:400, control for anti-galectin-3; ATCC), and normal 

preimmune rabbit semm (1:5000, control for anti-cubilin) The slides were washed in 

0.1% BSA/PBS (4x5 min) and incubated in the appropriate secondary antibody {i.e., 

goat anti-rat AlexaFluor 488 (green 1:400; Molecular Probes) or goat anti-rabbit 

AlexaFluor 594 (red 1:200; Molecular Probes)) for 45 minutes at 37°C. After washing 3 

X 5 minutes in PBS, pH 7.2 and 1 x 5 minutes in PBS, pH 8.3, the slides were mounted 

on glass coverslips using Mowiol 4-88 mounting media and visualized by 

immunofluorescence with Zeiss Axiovert Photomicroscope. The implantation sites were 

photographed in black and white and artificially colorized with Adobe Photoshop 

(version 5.0). 

3.3.4 Ouantitation of Uterine Natural Killer cells 

Perforin-stained uNK cells were counted in cross sections of three implantation 

sites from even days 8-20 of pregnancy. Perforin-positive cells in randomly chosen areas 

of metrial gland were counted in a 1 cm square at 400X magnification. Three fields were 

counted for each implantation site. The number of uNK cells present at each day of 

pregnancy was then averaged (± SEM). 
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3.4 Resuhs 

3.4.1 Localization of Cubilin in the Yolk Sac 

On day 8 of pregnancy, cubilin is present at the apical surface of extraembryonic 

endoderm (Fig. 3,1 A). However, cubilin is not detected in cells of the extraembryonic 

ectoderm, which give rise to the placenta. This pattem of localization is consistent 

through later pregnancy (Day 16; Fig. 3, IB) until parturition. 

3.4.2 Localization of Cubilin in Natural Killer Cells 

The numbers of cubilin-positive uterine natural killer cells present in the metrial 

gland of the utems are shown in Figure 3.2. The number of cells increases until day 12 of 

pregnancy, then decrease until parturition (day 20). The distribution and numbers of 

cubilin-positive uNK cells is consistent with what has been reported by others for 

perforin-positive uNK cells (Croy, 1997). 

Cubilin is not detected in the virgin utems, or in the pregnant utems in early days 

of pregnancy (Fig, 3.3, A and B). However, by day 8, cubilin was detected in granular 

cells of the metrial gland (Fig. 3.3C), and artificially decidualized utems (Fig. 3.3D). 

These cells also contained perforin, confirming that they are uNK cells (see Fig, 3,4 and 

below). The cubilin-positive uNK cells were 15-20 pm in diameter, and contained small 

granules that were uniform in size. 

By day 12, numerous cells with faint to moderate staining of cubilin were present 

in the metrial gland and decidua basalis (Fig. 3.3E). These cells, though heterogeneous in 

size, tended to be larger than those seen on previous days. The cubilin-positive granules 
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appeared to be fewer in number, and some cells had a vacuolated appearance. By day 16, 

these cells appeared more vacuolated, and perforin-positive granules were reduced in size 

and numbers, and were irregular in shape (Fig. 3,3 F). The number of cells found in the 

metrial gland was also decreased. 

Immunofluorescence staining for perforin revealed that the protein has a similar 

subcellular distribution with cubilin (Fig 3.4 A-C). Galectin-3 was also detected in a few 

scattered cells eariy in pregnancy, as has been reported previously, and it appears to 

coexist with cubilin in these cells throughout pregnancy (Fig. 3.5 A-C). However, while 

cubilin and perforin are localized in the granules, galectin-3 was detected in the 

cytoplasm. Finally, although perforin was present in peripheral NK cells isolated from 

spleen, cubilin was not detected in these cells (Fig. 3,6 A and B). 

Controls for the antibodies in this study are shown in Figure 3,7. The 

immunofluorescence seen in these images is due to the autofluorescence of erythrocytes. 

3.5 Discussion 

The present study demonsfrates that cubilin is present at the apical surface of yolk 

sac epithelium of embryos on day 8 of pregnancy and is detected in that tissue throughout 

pregnancy. This confirms and extends our previous observations made on day 16 of 

pregnancy (Chapter II), and is compatible with what has been reported in the rat 

(LePanse et al, 1997) and human (Sahali et al, 1992). The further finding that cubilin is 

present in the perforin-positive granules of uterine natural killer cells was unexpected and 

represents the first description of this multi-ligand endocytic receptor in a nonepithelial 
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cell type. That cubilin is present in the granules of uNK cells, but not in peripheral NK 

cells, suggests that the protein has a pregnancy-related function in these immune cells. 

3.5,1 Cubilin in the Yolk Sac 

The apical distribution of the protein in mouse yolk sac cells is consistent with 

what has been reported in rats (LePanse et al, 1997) and in humans (Sahali et al, 1992), 

Cubilin has also been reported in a restricted number of other epithelia which are 

involved in the endocytosis and degradation of internalized proteins, including the ileum 

and kidney (Moestmp et al, 1998), Because cubilin is restricted to the clathrin-coated 

areas that give rise to the endocytic vesicles, it is believed that the protein is involved in 

receptor-mediated endocytosis (LePanse et al, 1997). In support of this notion are the 

reports that cubilin antibodies inhibited yolk sac endocytosis in vitro and, when 

administered to pregnant rats are teratogenic, cause cranio-facial and neural tube defects, 

and death (LePanse et al, 1994; Leung et al, 1972). This teratogenic effect is 

presumably due to the intermption of endocytosis of critical molecules at a time critical 

for neural tube closure (LePanse et al, 1995; Sahali et al, 1993; Kozyraki et al, 1998). 

It is possible, however, that cubilin antibodies act at the target organ, i.e., the developing 

neural tube, although there is no evidence of cubilin in the skull, brain or spinal cord. 

In the mouse, immunoreactive cubilin is not detected in the murine placenta at 

any stage of development. Although cubilin has been reported in human trophoblasts 

(Sahali et al, 1992), there have been some discrepancies about the presence of cubilin in 

placental tissue of rats (see Sahali et al, 1993 versus Ramanujam et al, 1993), The 

reason for this discrepancy is not clear, although a number of possibilities exist, including 
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a difference in species, difference in sensitivity of reagents, and contamination by yolk 

sac epithelium (See Chapter 11 for elaboration). However, from these results it is obvious 

that the failure in our previous study to detect the protein in the placenta (Chapter II) is 

not due to the earlier observation being limited to day 16 of pregnancy, 

3,5.2 Cubilin in Uterine Natural Killer Cells 

In the utems, cubilin is localized to the perforin-positive granules of uterine 

natural killer cells. Not much is known about uNK cells, although they are believed to be 

of natural killer lymphocyte lineage. As described in detail in Chapter I, systemic, or 

peripheral, NK cells (pNK) have granules that contain a cytolytic protein called perforin, 

pNK cells are able to lyse target cells by a number of mechanisms, induced by 

stimulation with cytokines or antibodies. Furthermore, pNK cells are able to lyse some 

"non-self cells without prior stimulation by exogenous factors; this is known as 

"intrinsic" or "natural" cytolysis (Abbas etal, 1997), 

Like peripheral NK cells, uNK cells have perforin granules and those isolated 

from early pregnancy have an intrinsic cytolytic activity against YAC cells in vin-o (Croy 

et al, 1993), However, uNK cells isolated from later stages of pregnancy do not have 

intrinsic cytolytic activity, and can only be stimulated to be cytolytic upon addition of IL-

2, Although uNK cells are not cytolytic against the allogeneic fetus, it has been 

suggested that they have other roles in pregnancy, including involvement in placental 

growth (Redline, 2000), 

Although the role of cubilin in uNK cells is not known, several hypotheses can be 

made to explain its presence in these cells. After cubilin is internalized into intracellular 
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vesicles, the protein is then recycled to the cell surface in the exocytic pathway (LePanse 

et al, 1997). Therefore, it is possible that cubilin is involved in the exocytosis of uNK 

granules. Another hypothesis is that cubilin is involved in internalization of proteins 

necessaty for uNK cell function or modulation of functions. Indeed, it has been reported 

that NK cells are able to bind and internalize the cubilin ligand, HDL (See Chapter II; 

DeSanctis et al, 1995), The fiirther finding that HDL and apolipoprotein A-I inhibit NK 

cytolytic activity in a dose-dependent manner (Chen et al, 1994; Tschopp et al, 1986; 

Young er al, 1987) raises the possibility that cubilin is involved in the modification of 

NK cell immune function by lipoproteins, 

3.5.3 Co-localization of Cubilin and Galectin-3 

It has been previously reported that galectin-3 is expressed in uNK cells 

throughout pregnancy (Lee et al, 1998), The present results establish that cubilin and 

galectin-3 coexist in these cells. These findings support the notion that cubilin and 

galectin-3 are binding partners in uNK cells, although it is not known whether they 

actually interact in vivo. The function of galectin-3 in uNK cells is unknown, but in other 

tissues the lectin has been implicated in a number of leukocyte-related fimctions, 

including activation of neutrophils (Tmong et al, 1993), mast cells (Zuberi et al, 1994), 

and monocytes (Liu et al, 1995), and modulation of cell growth and apoptosis in T-

lymphocytes (Perillo et al, 1998), Perhaps most relevant is the recent report that 

treatment of pNKs with the galectin-3 in vitro reduces the cytolytic activity of these cells 

on YAC target cells (Perales et al, 1999), This supports the hypothesis that galectin-3 is 
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involved in the immune response. Furthermore, galectin-3 can interact with several 

proteins which are known to modulate immune fimction, including IgE and the FCERI 

receptor (Zuberi et al., 1994), and 90K/Mac2BP, which stimulates NK cell activity. 

Thus, that cubilin and galectin-3 are involved in an immunomodulatory role in uNK cells 

is a particulariy appealing possibility. 

3.6 Summary 

In conclusion, the results of the present study provide the first evidence for cubilin 

in murine uNK cells during the course of pregnancy. Furthermore, these results indicate 

that galectin-3 coexists with cubilin in both yolk sac epithelia and uNK cells. The 

physiological significance of cubilin in uNK cells is not clear from these studies, 

however, the presence of the protein in the granules of these cells, but not peripheral NK 

cells, suggests a role for the protein in pregnancy. One intriguing hypothesis is that they 

interact to modulate the immune function of uNK cells, and thus, that they are a part of a 

mechanism for protecting the fetus from immune rejection. 
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Figure 3.1 Cubilin in murine yolk sac epithelium. Anti-p400 (cubilin) antisemm was 
used to localize cubilin in the mouse conceptus. On day 8 of pregnancy, cubilin was 
detected at the apical surface of extraembryonic endoderm (A - x 600) which develops 
into the yolk sac epithelium (day 16; B - x 400). 
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Figure 3.2 Quantification of NK cells in the metrial gland during pregnancy. CubUin-
positive NK cells were counted in cross-sections of metrial gland from even days 8-20 of 
pregnancy (n = 9 sections per day of pregnancy). Cubilin-positive cells in randomly 
chosen areas of metrial gland were counted in a 1 cm square at 400X magnification. In 
this case, three fields were counted for each implantation site. The number of cells 
increased until Day 12 of pregnancy, then decreased until parturition (Day 20). 
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A - Virgin B - Day 7 

C - Day 8 D - Day 8 Deciduomata 

F - Day 16 

Figure 3.3 Localization of cubilin m the murine uterus throughout pregnancy. Anti-p400 
(cubilm) antiserum was used to detect cubilm in tiie mouse metrial gland durmg 
placentation and preterm periods. Immunoreactive protein was detected in granular 
stinctures m metrial gland cells. (A) Vhgm utems, (B) day 7 utems, (C) day 8 utems, (D) 
day 8 deciduomata, (E) day 12 utems, (F) day 16 utems. These images have been 
artificially colorized. The white bar represents 10 um. 
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A - cubilin B - perforin C - merged 

Figure 3.4 Co-localization of cubilin and perforin in uNK cells. Implantation sites from 
day 12 of pregnancy were double-labeled with anti-p400 antisemm (red; Fig. 3.3 A) or 
anti-perforin antiserum (green; Fig 3.3B). Cubilin was limited to granular stmctures (A), 
while perforin appear to be in the granules and cytoplasm (B). Overlaying the two 
images reveals co-localization of cubilin and perforin in the uNK cell granules (C). 
These images have been artificially colorized. The white bar represents 10 um. 

A - cubilin B - galectin-3 C - merged 

Figure 3.5 Co-existence of cubilin and galectin-3 in uNK cells. Implantation sites from 
day 12 of pregnancy were double-labeled with anti-p400 antisemm (red; Fig 3.4A) or 
with anti-galectin-3 monoclonal supernatant (green; Fig 3.4B). Cubilin was confined to 
the granules of uNK cells (A), while galectin-3 was found in the cytoplasm and at the 
periphery of uNK cells. An overiay of the two images demonstrates^ that the two proteins 
co-exist in uNK cells, although the subcellular distt-ibution is different. These images 
have been artificially colorized. The white bar represents 10 um. 
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A - perforin 

Peripheral 
NK cells 

B - cubilin 

Figure 3.6 Analysis of peripheral NK cells. NK cells isolated from mouse spleen were 
double-labeled with anti-perforin antisemm (green; Fig. 3.5A) or anti-cubilin antiserum 
(red; Fig 3.5B). Although perforin appeared to be localized in granules of pNK cells (A 
arrows), cubilin was not detected in these cells (B). These images have been artificially 
colorized. The white bar represents 10 um. 
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A - Yolk sac B - Yolk sac 

C - Metrial gland D - Metrial gland 

E - Peripheral NK F - Peripheral NK 

Figure 3.7 Controls for immunofluorescence studies. In the yolk sac, controls included 
53.672 (1:400, isotype control for anti-galectin-3; Fig 3.7A) and preimmune semm 
(1:5000, control for anti-cubilin; Fig. 3.8B). In the metrial gland, controls are lgG2a 
(1:5000, control for anti-perforin. Fig 3.8C), and preimmune serum (1:5000; Fig 3.8D). 
Finally, controls for peripheral NK cells include lgG2a (1:5000; Fig 3.8E) and 
preimmune semm (1:5000; Fig 3.8F). The immunofluorescent staining seen in these 
images is due to the autofluorescence of erythrocytes. 
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A. 1 Purification of proteins from the PFM that bind gaIectin-3 
in a carbohydrate-competable manner 

A.I.1 Problem 

In preliminaty experiments, galectin-3 binding proteins were isolated by means 

of affiiuty chromatography with immobilized recombmant galectin-3. Using this method, 

proteins from PFM were iodinated to observe the elution profile of proteins that bind 

galectin-3 in a carbohydrate-dependent manner, i.e., proteins present in the radioactive 

peak of the lactose eluate. The proteins were considered galectin-3 binding proteins 

(GSBPs) 

A. 1.2 Metiiods 

PFM exfract was prepared as described in Chapter II; gaIectin-3 affiruty matrix 

was prepared as described in Chapter II, with the exception that the slurry was packed 

mto a glass column. Exfracts of PFM were labeled with '̂ ^I using lodobeads, accordmg 

to the manufacturer's instmctions (Pierce). The radiolabeled proteins (500 pl) were 

applied to the hnmobilized galecthi-3 column (1 ml column) and nonbmdmg material 

was allowed to pass through the column. The matrix was washed extensively with 300 

mM sucrose m TET imtil radioactive coimts were mmimal. Specifically bound protems 

were then eluted with lactose. Two hundred pi fractions were collected throughout this 

experiment. 
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A. 1.3 Results and Conclusions 

As shown in Figure A.I, nonbinding material passed through the column (Peak 

1), while the addition of lactose (Fraction 27) resulted in the release of material 

specifically bound to galectm-3 (Peak 2). These fractions (36-43) contamed labeled 

proteins that had presumably been bound to rgalectin-3 via protein-carbohydrate 

mteractions (Gal-3BPs). SDS-PAGE of the lactose eluate revealed that the major 

component isolated was a Mr 400,000 placental protein (p400; see Chapter II). These 

results established the existence of proteins in the murine placenta which interact with 

galectin-3 in vitro via a lactose-competeable mechanism and, thus, have the potential to 

act as endogenous bmding partners for galectin-3 during pregnancy. However, m 

optimizing isolation conditions, it was determined that using a slurry matrix, instead of a 

column matrix, increased the amount of material isolated and this approach was 

abandoned. 
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Figure A.l Isolation of galectin-3 bindmg protems by affinity chromatography. 
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A.2 Quantification of p400 

A.2.1 Problem 

In attempt to isolate p400 by preparative metiiods, it became obvious that a 

method of quantitation of tiie protem was needed. Unforttmately, p400 was m a buffer 

contammg lactose, which interfered witii tire Pierce BCA assay, and Triton X-100, which 

mterfered wiih the BioRad protem assay. Several methods of removal of these reagents 

were attempted, mcludmg TCA precipitation and dialysis. However, both techniques 

resulted m a loss of protem. Thus, another technique was developed to estimate the 

amount of p400 in a given sample. This involved comparing the optical densities of 

bands representing known amoimts of bovine serum albumin (BSA) to that of p400, both 

of which had been separated by SDS-PAGE. 

A.2.2 Methods 

Serial dilutions of BSA {i.e., 2.0 pg, 1.0 pg, 0.5 mg, 0.25 pg and 0.125 pg) and 40 

pi lactose eluate from a gaIectin-3 affinity matrix (gaIectin-3 binding proteins; G3BP), 

which contained p400 as a major component, were subjected to SDS-PAGE in a 4-20% 

actylamide gel and stained with Coomassie. The integrated optical densities (lOD) and 

amount contamed in each BSA band were used to generate a graph representing a 

standard curve. The amount of p400 on the gel was interpolated by using the lOD of the 

Mr 400,000 band in the equation generated by the standard curve. 
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A.2.3 Results and Conclusions 

Figure A.2 is a representation of the method used to estimate the amount of p400 

in a G3BP sample. The optical densities of standard amounts of BSA in a SDS-PAGE 

gel (Fig A.2a) were used to generate a standard curve of BSA (x axis) versus lOD (y axis; 

Fig A.2b). Using the equation generated from the standard curve, there was 0.75 pg p400 

in a 40 pi sample. Thus, the concenfration of p400 in that sample was -19 ng/pl. This 

method was used to quantitate p400 in subsequent experiments. 
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Figure A.2 (a) SDS-PAGE of BSA standards and G3BPs. (b.) Plot of BSA against 
integrated optical density (lOD) of the first four bands in (a). 
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A.3 Gradient elution of p400 

A.3.1 Problem 

In work done by other labs, galectin-3 was isolated by affinity chromatography on 

a lactosyl-Sepharose and eluted witii 100-500 mM lactose (Leffler et al, 1986; Sparrow 

et al, 1987). It was later determined that galectin-3 had a low affinity constant (Ka = 6 x 

10 M' ) and could be eluted from immobilized lactose with as little as 10 mM lactose 

(Hsu et al, 1992). We typically used 300 mM lactose in PFM exfraction and isolation of 

p400 from the gaIecthi-3 column to ensure all proteins bound to galectin-3 were released. 

It was of interest to know whether p400 bound galecthi-3 with a similar affinity as 

galectin-3 bound lactose. The question as to the minimal molarity of lactose requhed 

compete with the interaction of p400 with galectin-3 was addressed by using a step 

gradient elution with lactose. 

A.3.2 Metiiods 

Historically, galectin-3 was isolated by affinity chromatography on a lactosyl-

Sepharose and eluted with 100-300 mM lactose. PFM exfract was applied to a galectin-3 

affiiuty matrix and nonbinding material was removed by extensive washing with TET 

buffer. A gradient of lactose {i.e., 0.78 mM, 3.125 mM, 6.25 mM, 12.5 mM, 25 mM, 50 

mM, 100 mM and 300 mM) was applied to the column and fractions were collected at 

each molarity. The colurrm was washed in between each molarity of lactose with TET. 

Samples from each fraction were subjected to SDS-PAGE and Westem analysis with 

anti-p400 antiserum. 
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A.3.3 Results and Conclusions 

As shown in Figure A.3, no p400 was detected in the flow through from the 

immobilized galectin-3 mafrix indicating that the majority of the protein was bound to the 

lectin. Inununoreactive p400 was detected in the lactose eluate usmg as little as 3.125 

mM lactose, although the band was faint. The majority of p400 eluted at molarities of 

12.5 mM and greater. This suggests that p400 interacts with galectin-3 with an affinity 

similar to what has been reported for galectin-3 binding to lactose. We used 300 mM 

lactose for isolation and elution in all subsequent experiments. 
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Figure A.3 Gradient elution of p400 from a gaIectin-3 affinity matrix. 
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A.4 Exclusion of laminin as a candidate for p400 

A.4.1 Problem 

The possibility existed that p400 was a known galectin-3 binding protein. The 

most likely candidate was the glycoprotein, laminin, which has three subuiuts when 

separated in reducing condition, including a 400 kDa subunit. Because p400 also 

migrated at approximately Mr 400,000 in reducing SDS-PAGE, it was necessaty to 

confirm or exclude the 400 kDa laminin subunit as p400. 

A.4.2 Methods 

The methods for two-dimensional gel analysis are described in detail in Chapter 

2, Section 2.2.12, pp. 55, with the exception that dupUcate gels were fransferred to 

nifrocellulose for Westem analysis probed with either anti-Iammin or anti-p400. 

A.4.3 Results and Conclusions 

One-dimensional PAGE of laminin and p400 in reducmg conditions, revealed that 

lammin migrates as two bands which represent the A and B chains of the molecule (Fig 

A.4a), whereas p400 migrates as a smgle band (Fig A.4c). The differences in migration 

pattem between the two protems is even more evident when separated m two dhnensions. 

Laminin migrates as two bands at tiie origm of tiie gel, below tiie diagonal, suggesting 

tiiat tiie protem did not migrate far m nomeducmg (i.e., fu-st) dimension. This mdicates 

the presence of mtermolecular disulfide bonds. On tiie otiier hand, p400 migrates as a 

smgle band above tiie diagonal, mdicatmg tiie presence of mframolecular disulfides 
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bonds. Furthermore, the anti-p400 antiserum does not cross-react with laminin and the 

anti-Iaminin antiserum does not cross-react with p400. This confirms that laminin is not 

a candidate for p400. 

During the course of this experiment, we noticed in one dimensional SDS-PAGE, 

the reduced p400 band was not as dark as the nomeduced p400 band (compared in Figure 

A.4C), although equal amounts of protein were loaded on the gel. The most likely 

explanation for this result is that there is a population of antibodies in the p400 antiserum 

that recogiuze epitopes created by the presence of disulfide bonds; thus, when the 

disulfide bonds are reduced, the epitope is desfroyed. Because of this decrease in 

sensitivity, p400 was analyzed in nonreducing conditions in experiments requiring 

Westem analysis. 
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A.5 Removal of the Mr 70,000 cross-reacting activity 
from the p400 antiserum 

A.5.1 Problem 

When characterizing the polyclonal rabbit anti-mouse antiserum raised against 

p400, it was noted that the antiserum cross-reacted with a Mr 70,000 protein (p70) in the 

PFM extract. Although h is not known to what degree p70 is similar to p400, it was 

obvious that the two proteins had common epitopes. This cross-reactivity was a problem 

for immunohistochemistty, potentially yielding erroneous results. Thus, a method was 

needed to remove the antibodies that cross-reacted with p70 that were present in the p400 

antiserum. This was achieved by absorbing the antiserum with acetone liver powder; 

liver w£is the tissue of choice as an absorbent because it contains immunoreactive p70, 

but not p400. 

A.5.2 Metiiods 

Anti-p400 antiserum was absorbed with liver acetone powder (containing 

immunoreactive p70) or kidney acetone powder (contaming immunoreactive p400) as 

follows: p400 antiserum was diluted 1:1000 in TBS-Tween contaiiung protease 

mhibitors (1 tablet Complete Mmi Protease Inhibitors, Boerhinger Mannheim). Forty-

five pg either liver or kidney powder was added and the slurry was mixed at room 

temperature for 30 mmutes. The slurry was centrifuged, the supematant was removed, 

and the pellet was discarded. The entire process was repeated witii tiie supematant an 

additional five times. 
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A.5.3 Results and Conclusions 

The origin of the Mr 70K band in the placental exfract is unknown; however, the 

activity was removed by absorption of the antiserum with acetone powder from liver, 

which contains p70. As a confrol, absorption of the antiserum with kidney powder, 

which also contains p400, resulted in a loss of the Mr 400,000 band. Smce the liver-

absorbed p400 antiserum appeared to be specific and highly sensitive, it was used in all 

subsequent experiments. 
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A.6 Enzymatic deglycosylation of p400 

A.6.1 Problem 

In light of the results that p400 antiserum did not recognize the reduced form of 

p400 as well as the nonreduced form, it was of interest to determine whether the removal 

of carbohydrates would decrease the binding of p400 antibodies to the protein. This was 

important since future experiments were to be done on the deglycosylated protein in 

which Westem analysis would be used as a method of detection. Therefore, p400 was 

freated with glycosidases, with aliquots being removed at various time points. These 

samples, along with mock freated samples, were subjected to SDS-PAGE and Westem 

analysis with p400 antiserum. 

A.6.2 Metiiods 

Purified galectin-3 binding proteins from placenta (2-4 pg) were dialyzed 

extensively against 0.25 M sodium phosphate buffer (0.25 M Na2HP04, 0.25 M 

NaH2P04, pH 7.0; 4 x 1 L). SDS was added to a final concenti-ation of O.I % and the 

proteins were denatured at 65°C. Protease mhibitors (Boerhinger-Manheim) were added 

to each sample to prevent degradation of the proteins. After coolmg to room temperature, 

Triton X-lOO was added to a final concenfration of 0.75%, and tiie sample was subjected 

to enzymatic deglycosylation using Glycofree Deglycosylation Kh (Prozyme). One pi 

each of PNGase F (5000 U/ml), Endo-0-Glycosidase (1.25 U/ml, and Sialidase A (5 

U/ml) was added to the protems, which were tiien mcubated at 37°C. Aliquots were 

removed at 0, 7, 15, 30, 60 min, and 18 hours and subjected to SDS-PAGE and Westem 
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analysis with anti-p400 antiserum. A mock freated sample (i.e. no enzyme) was also 

incubated at 37°C for 18 hours and was included on the gel for comparison. 

A.6.3 Results and Discussion 

SDS-PAGE and Westem analysis with anti-p400 revealed (1) a change in 

mobility of p400 that is detected as early as 15 mmutes of freatment with glycosidases. 

Longer incubations (30 minutes to ovemight) resulted in a further increase in mobility. 

The p400 antiserum was able to bind p400 at the various stages of carbohydrate removal, 

including after ovemight freatment with glycosidases (i.e., 18 hours). There was a slight 

decrease in the mtensity of the p400 band when the unfreated and time 0 samples are 

compared with the samples taken from the various time points. Thus, it is possible that a 

portion of the antibodies in the p400 antiserum recognize the carbohydrate portion of the 

protem. These data confirmed that p400 is a glycoprotem and that the anti-p400 

antiserum recognizes the glycosidase-freated protein. 

130 



u 

o i> 
B •I 

o 
m 

00 

o 
a 

oo 

13 

205 

121 
*-" 

Figure A.6 Enzymatic deglycosylation of p400 

mm^ 

131 



A.7 Affinity chromatography of 
glycosidase-freated p400 

A.7.1 Problem 

Based on the way the p400 was isolated, i.e., affinity purification with 

hnmobilized gaIectin-3 and subsequent elution with lactose, h was presumed that the 

p400 interacted with the lectin via a carbohydrate moiety. If this was the case, then 

deglycosylated p400 should not be able to bind galectm-3. To test tiiis hypothesis, p400 

was freated with glycosidases to remove carbohydrate and applied to a galectin-3 affinity 

matrix. 

A.7.2 Metiiods 

G3BPs were dialyzed against sodium phosphate buffer to remove lactose. 

Following dialysis, the sample was divided into 3 aliquots: (I) unfreated sample, (2) 

mock freated (confrol) sample, and (3) deglycosylated (experimental) sample. The 

confrol and experimental samples were denatured in SDS by heating at 65 °C for 5 min, 

then cooled to room temp. Triton X-100 was added to a final concenfration of 1%. 

Glycosidases (PNGase, 0-gIycosidase, and sialidase) were added to the experimental 

sample, while 12 pi sodium phosphate buffer was added to the confrol sample. Both the 

confrol and the experimental samples were heated at 37°C ovemight. The unfreated, 

confrol and experhnental samples were then apphed separately to a gaIectm-3 affintiy 

matrix and the sluny was allowed to mix ovemight at 4°C. The nonbinding material 

(flow-through) was collected, and tiie columns were washed extensively with TET buffer. 
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The columns were then washed with 300 mM sucrose m TET, which acted as a 

disaccharide confrol. This too was collected. FmaUy, the columns were eluted with 300 

mM lactose in TET. The flow-through, sucrose wash and lactose eluates were subjected 

to SDS-PAGE and Westem analysis with anti-p400. 

A.7.3 Results and Discussion 

As shown in Figure A.7, unfreated (A.7a) and mock-freated (A.8b) p400 was 

retained on the gaIectin-3 column and was eluted with lactose. Deglycosylated p400 

(A. 8c), however, was not retained on the galectin-3 column, and was present in the 

column flow-through. This indicates that binding of p400 was inhibited by the removal 

of carbohydrate. These data are fiirther proof that p400 interacts with galectin-3 in 

carbohydrate-dependent manner 
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A.8 Subcellular localization of p400 

A.8.1 Problem 

In preliminary exfraction of galecthi-3 binding proteins from PFM, h was noted 

tiiat a majority of hnmunoreactive p400 was present m fractions other than the one used 

for affinity purification, which was a cmde membrane detergent exfract. This indicated 

that p400 might not be an integral membrane protein. Therefore, h was necessaty to 

determine in which subcellular fraction the protein was contained so exfraction 

procedures could be optimized for maximal isolation of p400. 

A.8.2 Metiiods 

The scheme used for subcellular fractionation is shown in Figure A. 8a. For 

subcellular fractionation, homogenates were prepared in hyptonic buffer containing 

lactose (0.3 M lactose, 0.2 M Tris, pH 7.2; 2.5 mM KCl, 5 mM MgCIi, protease inhibitor 

tablet). This homogenate was subjected to a low speed centrifugation (1000 x g) to yield 

a post-nuclear supematant (Fraction A Supematant) and a pellet fraction (Fraction A 

Pellet). Fraction A PeUet, containing mostly nuclei and some remaining intact cells, was 

suspended in the same Tris buffer plus 0.5% Triton X-100 and homogenized. This was 

then resedhnented (2000 x g) to yield the final nuclear pellet fraction (Fraction B Pellet) 

and supematant (Fraction B Supematant). The post-nuclear supematant (Fraction A 

Supematant) was separated at 30,000 x g yielding a pellet contammg mitochondria and 

lysosomes (Fraction C Pellet). The resultmg supematant (Fraction C Supematant) was 

then subjected to a high speed centrifugation (100,000 x g) which resulted in a pellet 
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containing microsomes and ribosomes (Fraction D Pellet) and a soluble component 

(Fraction D Supematant). The latter constituted the cytosolic fraction. Aliquots from 

each fractions containing 40 pg total protein were then prepared for SDS-PAGE and 

Westem analysis with anti-p400 antiserum. 

A.8.3 Results and Conclusions 

As shown in Figure A.8 b, immunoreactive p400 was detected in virtually every 

subcellular fraction, with the exception of Fraction B Pellet, which was the nuclear 

fraction. The presence of p400 in soluble fractions suggested that (1) the protein was 

either a soluble protein, or (2) it was very loosely associated with a membrane 

component. The presence of p400 in the membrane fractions supports the latter 

hypothesis. These results are compatible with the later findmg that p400 was cubilm, a 

peripheral membrane protein. 
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Figure A.8 b. Isolation of p400. Western blot analysis of subcellular localization. 
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A.9 Localization of p400 in SM-9 ceUs 

A.9.1 Problem 

Before it was known that p400 was not present in mouse placenta in situ, a mouse 

frophoblast ceU line was obtained from Dr. Joan Hunt (Kansas University Medical 

Center) in hopes that an in vitro system could be used to study the role of cubilin and the 

nature of the interaction between cubilin and galectin-3. Therefore, Westem analysis was 

used to determine whether p400 was present in the SM9 frophoblast cell line. 

A.9.2 Metiiods 

SM-9 ceUs were grown in 5 ml RPMI-1640 (supplemented with 2 mM glutamine 

1 mM sodium pymvate, and 5% fetal bovine serum) m a 25 cm^ culture flask and passed 

every three to four days. There were adherent and non-adherent populations, rarely 

forming a confluent monolayer. The cell media was removed and set aside for Westem 

analysis. The adherent cells were collected by trypshiization and pelleted by low speed 

centiifugation (2000 x g). After washmg tiie ceU pellet witii PBS, tiie ceUs homogenized, 

witii TET. Proteins (20 pg) from tiie SM-9 homogenate and its culttire media were 

subjected to SDS-PAGE and Westem analysis witii anti-p400. RPMI media and fetal 

bovme serum were mcluded for negative confrols, while purified p400 and PFM were 

included as positive confrols. 
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A.9.3 Results and Discussion 

These results indicate that p400 is present m SM-9 frophoblast cells (Figure A.9), 

but not the culture media. This is of interest since it has been found subsequently that 

p400 is not detected in mouse placenta. The reason for this discrepancy is unknown, but 

it is possible that frophoblast cells express different proteins in culture than they do in 

situ. Although this experiment has been discontinued, the presence of cubilin in this cell 

Ime may provide a tool to study its role in fransport of proteins, including galectin-3. 
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Figure A.9 Localization of cubilin in the mouse frophoblast cell line, SM-9. 
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APPENDIX B 

LIST OF COMMONLY USED SOLUTIONS 
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Table B, 1 Commonly used solutions 

Solution 
LB Broth 

TB Broth 

IX PBS 

Hypotonic lysi.s buffer (HLB) 

Loading buffer 

Elution buffer 

Coupling buffer 

Homogenization buffer 

Salt buffer 

TE buffer 

TET buffer 

Recipe 
10 g/L tryptone 
5 g/L yeast 
5 g/L NaCL 
lOOug/ml ampicilin 
12 g/L tryptone 
24 g/L veast 
2.31 g/LKH2P0^ 
12,54 g/L K.HPO^ 
4 ml/L glycerol 
100 ug/ml ampicillin 
150 mM NaCl 
10niMNa2HPO4 
pH7.2 
1 M Tnw-CL, pH 7,0 
10 mM 2-ME 
1 mM PMSF 
0,5 mg/ml leupeptin 
30 KIU aprotinin 
10 îg/ml trypsin inhibitor 
50 mM Tris-CL pH 7,6 
2 mM EDTA 
1 mM PMSF 
2 mM 2-ME 
300 mM lactose 
50mMTns-CLpH7,6 
1 mM PMSF 
0.1 M iodoacetamide 
0,1 MNaHC03,pH8,3 
0.5 M NaCl 
IX PBS 
4mM2-ME 
2 mM EDTA 
0.1 M lactose 
1 mM PMSF 
Complete mini protease inhibitor cocktail 
20 mM Na2P04 
1 M NaCl 
Complete mini protease inhibitor cocktail 
50mMTns,pH7.8 
1 mM EDTA 
1 mM PMSF 
Complete mini protease inhibitor cocktail 
50mMTns,pH7,8 
1 mM EDTA 
1 mM PMSF 
1% Triton X-100 
Complete mini protease inhibitor cocktail 
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Table B l , continued. 

Solution 
Coomassie R250 solution 

TBS 

TBST 

Sodium phosphate buffer 

Sodium thiosulfate solution 
Silver nitrate solution 

Sodium carbonate solution 

Gel fix 

Recipe 
,025%Coomassie Brilliant Blue R250 
40% methanol 
7% acetic acid 
10 mM Tris 
150mMNaCl 
10 mM Tris 
150mMNaCl 
0,1% Tween 
0,25 M NazHPO^ 
0,25 M NaH2P04, pH 7,0 
0,2 g/L sodium thiosulfate 
2 g/L silver nitrate 
750 ml/L formaldehyde 
60 g/L sodium carbonate 
500 ml/L formaldehyde 
4 mg/L sodium thiosulfate 
50% methanol 
12% acetic acid 
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APPENDIX C 

LIST OF CHEMICALS 

AND SUPPLIERS 



Table C I Chemicals and Suppliers 

Chemical 

2-ME 

4-15% gels 

5%) gels 

a-lactose 

acetic acid 

Acetone 

Alexa fluor 488 (green) goat anti-rabbit IgG 

Alexa fluor 594 (red) goat anti-rabbit IgG 

Amicon stirred cell 

Ampicillin 

aprotinin 

BCA assay 

BSA 

citric acid 

CNBr-activated Sepharose 

Coomassie G250 (Brilliant Blue) 

di\inylsuLfone 

Dounce tissue homogenizer 

EDTA 

ethanol 

Falcon tube, 12X75 

formaldehyde 

Freund's Complete Adjuvent 

glycerol 

glycine 

Glycopro deglycoylation kit 

HCL 

HRP-conjugated goat anti-rabbit antiserum 
(westerns) 
HRP-conjugated goat anti-rabbit antiserum 
(IHC) 
iodoacetamide 

IPTG 

K2HP04 dibasic 

Kaleiscope standards 

KH2P04, monobasic 

leupeptin 

M3/38 

Methanol 

Mowiol 4-88 

Company 

Sigma 

BioRad 

BioRad 

Sigma 

Fisher 

Fisher 

Molecular Probes 

Molecular Probes 

Fisher 

Fisher 

Sigma 

Pierce 

Fisher 

Sigma 

Sigma 

Fisher 

Sigma 

Fisher 

Sigma 

Texas Tech 
University 
Fisher 

Fisher 

Gibco BRL 

Sigma 

Fisher 

Prozyme 

Fisher 

Gibco BRL 

Vector 
Laboratories 
Sigma 

Sigma 

Fisher 

BioRad 

Fisher 

Sigma 

ATCC 

Fisher 

CalBiochem 

Location 

St, Louis 

Hercules, CA 

Hercules, CA 

St, Louis 

Fairlawn, N.I 

Fairlawn, N.I 

Eugene, OR 

Eugene, OR 

Fairlawn, NJ 

Fairlawn, N.I 

St. Louis 

Rockford, IL 

Fairlawn, NJ 

St. Louis 

St. Louis 

Fairlawn, NJ 

St. Louis 

Fairlawn, NJ 

St. Louis 

Lubbock, Tx 

Fairlawn, NJ 

Fairlawn, NJ 

Grand Island, 
NY 
St. Louis 

Fairlawn, NJ 

San Leandro, 
CA 
Fairlawn, NJ 

Grand Island, 
NY 
Buriingame, CA 

St. Louis 

St Louis 

Fairlawn. NJ 

Hercules, CA 

Fairlawn. NJ 

St, Louis 

Rockvill, MD 

St. Louis 

La Jolla. CA 

Catalog number 

M-6250 

161-1158 

161-1213 

L3625 

A3851-212 

A 18-50(1 

A1106 

A11012 

5122 

BP 1760-25 

A6279 

23223 

BP 1605-100 

C-7129 

C9210 

BP 100-50 

V3700 

08-414C 

E5134 

2063 

F79-1 

15721-012 

G9012 

BP381-5 

GE50-(i()l 

A144-500 

13859-012 

PK6101 

16125 

15502 

P29()-5(l(i 

161-0318 

P285-5(K) 

L2()23 

ATCC TIB 166 

A412-4 

475904 
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Table C I Continued 

Chemical 
Janet Lee nonfat milk 

Na2C03 
Na2HP04 
NaCl 
NaHC03 
niti^ocellulose 
PMSF phenylmethylsulfonylfluonde 
Protease Inhibitor, Complete mini 

protein assay 
Schiff Reagent' 
sepharose 
Siher nitrate 
sodium citrate 
sodium thiosulfate Na2S203 5H20 
soybean tr '̂psin inhibitor 
sucrose 
Super signal kits 
Tissue homogenizer 
Tris base, Tris hydroxymethyl 
aminomethane (C4H11N03) 
Tris-CL, tris hydroxymethylaminomethane 
hydrochloride 
Triton X-100 (t-
octylphenox-ypolyethoyethanol) 
tryptone 
Whatmann #3 
yeast 

Company 
Albertson's 
Grocery 
Fisher 
Sigma 
Fisher 
Fisher 
Fisher 
Sigma 
Roche 

Pierce 
Fisher 
Sigma 
Fisher 
Fisher 
Sigma 
Sigma 
Sigma 
Pierce 
Brinkman 
Fisher 

Sigma 

Sigma 

Fisher 
Fisher 
Fisher 

Location 
Lubbock, TX 

Fairlawn, NJ 
St, Louis 
Fairlawn, NJ 
Fairlawn, NJ 
Fairlawn, NJ 
St, Louis 
Indianapolis, 
IN 
Rockford, IL 
Fairlawn, NJ 
St, Louis 
Fairlawn, NJ 
Fairlawn, NJ 
St, Louis 
St, Louis 
St, Louis 
Rockford, IL 
Westbury, NY 
Fairlawn, NJ 

St, Louis 

St, Louis 

Fairlawn, NJ 
Fairlawn, NJ 
Fairlawn, NJ 

Catalog number 

S2()3-3 
S-OS76 
S271-3 
.S233-3 
EP4HYB0010 
P7626 
1836153 

23223 
SS32-500 
CL-4B-200 
S181-100 
BP-327 
S-0389 
T-9003 
S-0389 
34080 
2711200-5 
BP152-1 

T-3253 

X-100 

BP1421-1 
1003-917 
BP 1422-2 
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