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Abstract 

Isolation and characterization of genes specifically expressed at 

discrete stages of B cell development 

Degree of Doctor of Philosophy, 1998 

Y u Zhang 

Graduate Department of Medical Biophysics in the University of Toronto 

B cell differentiation involves the coordinate activation and suppression of various 

genes. Identification of those B lineage- and/or developmental stage-specific genes has 

greatly increased our understanding of this process. However, the genetic program 

controlling B lymphopoiesis largely remains unresolved. In this thesis, I describe the 

isolation and characterization of the genes differentially expressed during the transition 

from pro-B to pre-B cell stages. 

I used mRNA differential display to isolate genes uniquely present in either IIB4 or 

70a3 cells which represent the two stages of interest. In total, nine genes have been 

identified: three are IIB4-specific and six are 702/3-specific. DNA sequence analysis 

reveals that all but one of these genes are previously undescribed. Studies of expression 

pattern demonstrate stage-specificity for all of them. Based on these criteria, three genes 

were selected for further characterization. 

7A3 is specifically expressed by B lineage cells in late developmental stages, 

including pre-B cells, immature B cells and plasma cells. It encodes a sialic acid-specific 9- 

0-acetylesterase. which catalyzes the removal of 9-0-acetyl ester groups from sialic acids 

present on many glycoconjugates. This enzyme may influence B cell differentiation by 

regulating the interaction of CD22 with its iigands. 



7T9 has an expression pattern similar to that of 7A3 in B lineage cells. It encodes 

the mouse homologue of human pleckstrin. a major substrate of protein kinase C. This 

protein may be involved in B cell receptor-mediated signal transduction as suggested by its 

increased phosphorylation following sIgM aggregation. In addition, it may play a role in 

further differentiation of pre-B cells since transfection of 702/3 cells with an antisense 

construct induces NF-KB activity and I ~ K  light chain expression. 

7G9 is primarily expressed by B cell progenitors. It encodes a precursor protein for 

a novel tachykinin peptide. The putative peptide resembles substance P both structurally 

and functionally, raising the possibility that this lymphocyte-specific tachykinin may be the 

physiological mediator for some immune regulation functions previously ascribed to 

substance P. Its function in B cell differentiation is not clear. Presumably, it may act as an 

autocrine growth factor. 

In summary, I have isolated nine genes differentially expressed at discrete stages of 

B cell development. Characterization of a selected set of these genes have revealed some 

novel mechanisms regulating B lymphopoiesis. 
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Chapter 1 

Introduction 



B lymphocytes mediate humoral immunity by producing specific antibodies. The 

developmental process from stem cells to antigen-responsive mature B cells is the 

consequence of coordinate activation and suppression of a number of genes. In recent 

years, many genes with lineage- and/or developmental stage-specificity have been isolated. 

Functional characterization of these genes leads to a better understanding of B cell 

development. However, many aspects of this differentiation process, especially its genetic 

basis, still remain unknown. Identification of additional genes specifically expressed at 

discrete stages of B cell development should allow fkther definition of the developmental 

pathway and elucidation of novel regulatory mechanisms for this differentiation process. I 

am particularly interested in the genes specifically expressed in B cell precursors 

undergoing transition from an immature stage, during which immunoglobulin gene 

rearrangement is active. to a mature stage in which immunoglobulin gene rearrangement 

has been shut down- In this introductory chapter, an overview of B cell development is 

presented. 

A. B ceU development 

B cell differentiation can be divided into two phases, antigen-independent and 

antigen-dependent. In the first phase, multipotent stem cells become committed to give rise 

to B cell-restricted precursors. These precursors then progress through the pro-B and pre-B 

stages and develop into antigen-responsive mature B ceils. In mammals, this process 

occurs in the liver of the fetus and shifts to bone marrow in the adult. It requires interaction 

of B cell precursors with stromal ceils that produce various cytokines and provide the 

appropriate microenvironment necessary for B cell development. In the second phase, 

mature B cells migrate to peripheral lymphoid organs, such as the lymph nodes and spleen. 

When stimulated by specific antigens, they proliferate and further develop into antibody- 

secreting plasma cells or memory B cells. Somatic hypermutation of immunoglobulin (Ig) 



genes and Ig class switching occur at this point to generate a n t i i e s  with higher affinity 

and different effector functions. 

Al. The cellular origin of B cells 

Like hematopoietic cells of other lineages, B cells arise from hematopoietic stem 

cells (Wu et al., 1967; Abramson et al., 1977). The stem cells are defined as cells with the 

capacity for self-renewal and with the potential of undergoing extensive differentiation 

(Siminovitch et al., 1963). The baiance of self-renewal and differentiation of stem cells 

replenishes the hematopoietic system throughout life. It is estimated that an adult mouse 

produces 5X107B lineage cells in the bone marrow each day (Osmond, 1991). 

Multipotent stem cells are able to give rise to mature blood cells of all lineages 

(Figure 1-1). This has been demonstrated in a number of in vivo reconstitution studies 

using unique genetic markers, such as chromosomal aberrations or retroviral integrations, 

which label the stem cells and enable their clonal progeny to be traced in reconstituted hosts 

(Wu et al., 1967; Abramson et al., 1977; Dick et al., 1985; Keller et al., 1985; Lemischka et 

al., 1 98 6). Self-renewal is another characteristic of stem cells. The capacity to self-renew 

alIows stem cells to sustain hematopoiesis over extended periods of time in vivo, and 

distinguishes stem cells from any other cells in hematopoietic system. Though many early 

pro~eniton L i  the hematopoietic system possess extensive differentiative capacity, they do 

not have the capacity for self-renewal and as a consequence are unable to sustain 

hematopoiesis over extended periods in vivo. 

Multipotent stem cells give rise to lineage-restricted precursors, which maintain the 

capacity to differentiate into some cell lineages, but lose the potential to mature into others. 

The development of T and B lineage cells is similar in many aspects. For 



Dendritic cell 

NK cell 

T lineage 

B lineage 

Monocyte 
(macrophage) 

Granulocyte 
(eosinophil, neutrophil,basophil) 

Mast 

Megakaryocyte 
(platelets) 

Erythrocyte 

Figure 1-1. Lineage relationship of hematopoietic cells. Pluripotent stem cells (Sp), while 

maintaining the population size by self-renewal, are able to differentiate along the myeloid 

or the lymphoid pathway. This leads to the production of myeloid restricted stem cells 

(Sm) or common lymphoid progenitors (LC). Srn cells have limited capacity of self- 

renewal, whereas the identity of LC cells remains to be determined. Sm and LC cells further 

differentiate into more restricted precursors (colony forming unit or CFU for the progeny 

of Sm cells) and eventually deveIop into mature hematopoietic cells. More recendy, a 

distinct bipotential cell population (BM) has been described, which can give rise to B cells 

and macrophages in vitro (Curnano et al., 1992). 



example, both cell types undergo somatic recombination of their antigen receptors a d  are 

subjected to positive and negative selections during their maturation. The developmental 

similarity has led to the speculation that T and B lineage cells have a common progenitor. 

Whether such a progenitor is a lymphoid restricted stem cell remains controversial. It has 

been occasionally observed in reconstitution studies that lymphoid cells are reconstituted in 

the absence of myeloid lineages (Jones-Villeneuve and Phillips, 1980; Fulop and Phillips, 

1989). However, these studies did not show that the lymphoid reconstitution could be 

repeated in secondary hosts as a proof of self-renewal. Another line of evidence for the 

existence of lymphoid restricted stem cells comes fiom the observation that some genetic 

disorders in the hematopoietic system selectively affect B and T lymphocytes. While the 

selective absence of mature T and B cells in these cases may reflect a common lymphoid 

stem cells, they may as well result fiom a defect in a common developmental process 

shared by both T and B cells. Severe combined immunodeficiency (scid) mice, for 

example, are characterized by a selective absence of mature B and T cells (E3osma et al., 

1983). However, they do develop B and T cell precursors (Reichmann-Fried et al., 1993). 

Recently, it has been found that scid defect is the result of a mutation in DNA-dependent 

protein lcinase (Blunt et al., 1995; Kirschgessner et al., 1995; Peterson et al., 1995). This 

enzyme participates in the double-strand DNA break repair, and is also involved in the 

assembly of gene segments encoding antigen receptors of both B and T cells. Failure to 

rearrange the antigen receptor in scid mice results in a developmental blockage of both 

lineages. 

M .  The sites of B lymphopoiesis 

B lymphopoiesis during embryonic life mainly occurs in fetal liver. Cells with the 

potential to develop into the B lineage are first detected in the yolk sac and para-aortic 

splanchnopleura of the embryonic body at day 8.5 of gestation (Cumano ef al., 1993; 



Huang and Auerbach, 1993; Godin et al., 1994). B iineage committed precursors are not 

detected until days 12-13 of gestation in fetal liver (Raff et al., 1976; Kamps and Cooper, 

1982). While the fetal liver is the primary site of B lymphopoiesis in embryo, other sites 

such as the omentum and spleen have also been implicated in B cell development (Owen et 

al., 1976; Solvason et al., 1991; Rolink et al., 1993). B lymphopoiesis in these organs 

ceases after birth. Thereafter, bone marrow is the dominant site of B cell development. 

B lymphopoiesis in fetal h e r  and bone marrow differs in the expression of certain 

genes. Fetal liver cells do not express the enzyme terminal deoxynucleotidyl transferase 

(TdT) (Li et al., 1993). As a result Ig genes assembled in fetal liver do not contain N 

additions (Feeney, 1990; Chang et al., 1992). Another gene showing differential expression 

between bone marrow and fetal liver derived pre-B cells encodes a myosin light chain-like 

molecule (Oltz et al., 1992). The expression of this gene is only detected in bone marrow 

derived pre-B cells. 

Progenitors derived fiom bone marrow and fetal liver show a striking difference in 

their ability to reconstitute C D ~ +  B cells. cDS+ B cells constitute a small hction of 

peripheral B cells, predominantly found i? the peritoneal cavity. These cells are poorly 

generated fiom cell transfer of adult bone marrow. In contrast, transplantation of 

progenitors fiom fetal or newborn Liver achieved good repopulation of CDS+ cells 

(Hayakawa et al., 1985). One explanation for this difference is that CDS+ B cells represent 

a distinct fetal B cell differentiation pathway (Herzenberg and Kantor, 1993; Hardy et al., 

1994). An alternative explanation is that the developmental distinction reflects differences 

in the antibody repertoire arising during fetal and adult life. Conventional CDY B cells can 

assume the phenotype characteristic of C D ~ +  cells after stimulation with anti-lgM antibody 

and IL-6 (Cong et at., 199 1). This raises the possibility that CDsC B cells generated fiom 



cell transfer of fetal liver may be the result of activation of CD5- cells by some antigens 

recognized only by the repertoire created in fetal life. 

A3. Stage dissection of B cell development 

B cell differentiation fiom hematopoietic stem cells is a continuous process. For the 

purpose of analysis, this process can be divided into distinct stages using such criteria as 

growth requirements, rearrangements of Ig genes, expression of surface-bound or 

intracellular markers, cell size, and division rate. Over the years, various classification 

systems have been proposed by different laboratories. While these distinctions are helpfbl 

in illustrating B cell differentiation in one aspect or another, the discreteness of these stages 

should not be overemphasized. 

The scheme proposed by this laboratory divides B cell development into six phases 

with two stromal cell-dependent stages based on in vitro developmental assays (Cumano et 

al., 1994) (Figure 1-2). Phase I cells are probably the most primitive multipotent 

hematopoietic progenitors. They express AA4.1 but not Sca-1 or B220. Stromal cells 

(Stroma A) are absolutely required for their differentiation into B lineage cells. Phase I1 

cells are AA4.1Csca-1+B220-. They are still not committed to the B lineage. A 

combination of growth factors, IL-1 l+SCF+IL-7, can replace Stroma A to support the 

differentiation of these cells into B cells. Phase 111 cells are ~ 2 2 0 +  committed B cell 

progenitors. They require IL-7 for expansion and development into Phase IV cells which 

are marked by loss of responsiveness to IL-7. Instead, Phase IV cells are ready to respond 

to Stroma B signals for further maturation. Phase V cells have attained the ability to 

respond to lipopolysaccharide (LPS) stimulation. Phase VI cells secret Ig in response to 

LPS stimulation. The most distinguishing features of this system are the high resolution of 



the earliest phases of B lymphopoiesis and its emphasis on functional assays. It is 

particularly valuable for studies of B lineage commitment. 

IL-11 SCF 11-7 LPS 
AA4.1 

Figure 1-2. Stage dissection of B cell development based on in vitro assays. Cell surface 

marker expression, growth requirements, and lineage potential are indicated. 

Hardy and colleagues have proposed a classification system in which B lineage 

cells are separated according to the expression of cell surface markers B220, CD43, BP- 1, 

heat stable antigen (HSA), sIgM and sIgD (Hardy et al., 1991) (Figure 1-3). Fraction A 

cells are C D ~ ~ + B ~ ~ O + H S A - .  Fraction B cells are ~ ~ 4 3 ~  B~~O+HSA+.  Fraction C cells 

are C D ~ ~ + B ~ ~ O + H S A + B P -  1 +. A subpopulation of bction C with particularly high 

expression of HSA is designated fiaction C'. Fractions A-C' (about 5% of bone mmow 

lymphocytes) consists primarily of conventional ~ ~ 4 3 + ~ 2 2 0 + p r o - ~  cells. Fraction D is 

composed of CD43-~220+ small, resting pre-B cells. Fraction E contains s1g~+IgD- 

immature B cells. And fkaction F represents S I ~ M + I ~ D +  mature B cells. More recently, a 

AA4.1+CD43+~220- Ao fraction has been added to this scheme, which presumbaly 

resembles lineage-unrestricted progenitors (Li et d., 1 996). The progression order fiom 



hction A to fraction D is suggested by the phenotypic changes of sorted cells cultured in 

vitro. Controversy remains about the homogeneity of each fraction. Fraction A, for 

example, can be further divided according to AA4.1 expression, and B cell progenitors are 

only found in AA4. lf subhaction (Li et al., 1996). Significant heterogeneity is also 

observed in terms of Ig gene rearrangements (Hardy et al., 1991; Ehrich et al., 1993). 

Nevertheless, this system of stage dissection provides a relatively simple way to follow B 

cell development in vivo. 

B220 

CD43 

HSA 

BPI 

sIgM 

sIgD 

Pro-B pre-B immature B mature B 

Figure 1-3. Stage dissection of B cell development according to the expression of cell 

surface markers. Fraction A through C' represent pro-B cells. Fractions D, E, and F 
represent pre-B, immature B and mature B cells respectively. 

Two additional classification systems have been introduced by Osmond (Osmond, 

199 1 ) and by Melchers and coworkers (Rolink and Melchers, 199 1 ; Melchers et al., 1995). 

Osmond divides B lineage precursors into pro-B cells and pre-B cells based on the 

cytoplasmic p expression. Pro-B cells which are negative for cytoplasmic p consist of 



three cell types; early pro43 cells expressing TdT but not B220, intermediate pro-B cek 

expressing both TciT and 8220 and late pro-B cells expressing B220 but not TdT. Pre-B 

cells which are positive for cytoplasmic p are further divided into two cell types according 

to their size: large pre-B cells and small pre-B cells. In Melchen' nomenclature, two other 

surface markers, c-kit (the receptor for stem cell factor) and CD25 (the a chain of IL-2 

receptor), are used. Pro-/pre-B-I cells are c-kitCCD2S-. Cells at this stage also express 

terminal deoxynucleotidyl transferase (TdT), recombination activation genes (RAG)-1 and 

-2, surrogate light chain and CD43, but not cytoplasmic p. The c-ldt-c~25+ Pre-B-I1 

cells, on the other hand, are positive for cytoplasmic ji but negative for TdT. 

B. Immunoglobulins in B cell development 

Immunoglobulins are produced by B cells and b c t i o n  as effector molecules of 

humoral immunity. A distinct feature in the structure of all Ig molecules is the coupling of 

the tremendous sequence variation in N-terminal domains with the high constancy in the 

C-terminal domains. This feature is a reflection of the unique organization of Ig gene loci. 

During B cell development, hctional Ig genes are assembled fiom multiple gene 

segments via a site-specific recombination process. In addition to the secreted form, Ig 

molecules can be produced in a membrane-bound form. Ig molecules expressed on the cell 

surface play a central role in B cell development. 

B1. Immunoglobulin structure 

The basic structure of an Ig moIecule consists of two identical light (L) chains and 

two identical heavy (H) chains, which are held together by disulfide bridges and hydrogen 

bonds (Hilschmann and Craig, 1965) (Figure 1-4). Both IgH and IgL chains contain a 

series of domains of approximately 1 10 amino acids. Each of these domains is organized 



into a characteristic structure called the immunoglobulin fold, which is also present in other 

proteins of the immunoglobulin superfamily (Williams and Barclay, 1 98 8). Specifically, 

IgH contains 4-5, and IgL contains 2 of these domains. The amino terminal domain of 

IgH and IgL chains (variable domains) demonstrates significant sequence heterogeneity. 

These domains determine the antigen binding specificity of a particular Ig molecule. More 

careful sequence analysis reveals three hypervariable regions within four framework 

regions. The hypemariable regions, also known as complementarity-determining regions 

(CDRs), are brought together in the secondary and tertiary structure to form the actual 

antigen-binding site, whereas the framework regions are important for the maintenance of 

structural conformation. Sequences of the carboxyl terminal domains (constant region), on 

the other hand, are well conserved. In any given Ig molecule, the constant region contains 

one of five basic heavy chain isotypes (a, 6, E, y or p) and one of two light chain isotypes 

(K or A). The heavy chain constant region distinguishes five classes of Ig molecule (IgA, 

IgE, IgG, and IgM), and determines the various effector hct ions of these molecules, 

such as activation of complement and interaction with effector cells. 

Ig molecules can be expressed in either secreted or membrane-bound forms, as 

determined by differential RNA processing of the primary transcripts. Membrane-bound 

Ig differs fiom secreted Ig in the carboxy terminal domain. The hydrophilic sequence 

present in secreted Ig is replaced in membrane-bound Ig with an extracelIular spacer 

sequence, a transmembrane sequence, and a cytoplasmic sequence. While secreted Ig 

serves as an effector molecule of immune response, the membrane-bound Ig hctions as 

an antigen receptor on B cells. 



Figure 1-4. The structure of an Ig molecule. An Ig molecule is typically composed of two 

light (L) chains and two heavy (H) chains, which are held together by disulfide bonds (-S 

S-). Each L and H chain consists of one variable domain (VL or VH) and one or more 

constant domains (CL or CH 1 -3). The variable domain can be hulher divided into several 

subdomains, which include three complernentaritydctennining regions (CDR) and four 

fiamework regions (FR). 

B2. Immunoglobulin gene rearrangemcot 

A remarkable feature of Ig molecules is their ability to specifically bind to an 

apparently unlimited array of antigens. Sequence analysis reveals that Ig molecules of 

diflerent antigen specificities contain unique amino acid sequences in their variable regions. 

It is now realized that such tremendous variation i s  achieved by the unique organization of 

Ig genes and a somatic recombination process specific for lymphocytes. The g e m  which 



encode the variable regions of IgH chain or IgL chain are assembled from multiple gene 

segments. 

B2a. Immunoglobulin gene loci 

Ig heavy chains, K light chains, and 1 Light chains are encoded by three separate 

multigene families located on chromosomes 12,6 and 16 respectively in the mouse. Each 

of these multigene families contains many gene segments (Figure 1-5). The variable region 

gene segments are designated V (variable) and J (joining) in the light chain loci and V, D 

(diversity), and J in the heavy chain locus. Directly 5' of each V segment is a region 

encoding a short leader sequence, and downstream from the last J segments are multiple C 

exons encoding the constant region of the heavy or light chain (Tonegawa, 1 983; Alt et al., 

1987). 

The murine heavy chain locus contains 300- 1000 V, 1 5 D, 4 J and 8 C segments. 

The V segments encode all residues of the first and second CDR. They are grouped into 

about 14 families of different sizes according to the sequence homology (Kofler et al-, 

199 1). The usage of different V gene families in the Ig repertoire is not entirely random. 

While the utilization is biased towards the farniries proximal to D segments in the newly 

generated repertoire, it more nearly reflects family size in the functional peripheral 

repertoire. The mechanism behind this is not completely understood. The D segments 

encode amino acids within CDR3. Although these segments can in principle be translated 

in three different reading frames (RFs), a bias towards RFl is observed. This is thought to 

be achieved through three separate mechanisms (Rajewsky, 1 992). Firstly, short stretches 

of sequence homology between D and J segments promotes RF 1 usage (Gu et aI., 1 990; 

Chang et al., 1992). Secondly, RF3 is inhibited because of stop codons present in the 

germline. And thirdly, rearrangement in RF2 allows the expression of a truncated Ig 
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Figure 1-5. The genomic structure of Ig heavy and light chain gene loci in the mouse. 
Leader sequence ( ) ,  V gene segment (m), D gene segment ( ) ,  J gene segment 
(m), pseudogene segment (m), constant region gene segment (m) are indicated. 



molecule (Dy protein). Deposition of Dp protein on the cell surface is proposed to 

transduce signals leading to either cell death or inhibition of krther rearrangement of the 

IgH locus (Gu et al., 199 1). The J segments encode the last few amino acids of the variable 

region. Six to ten kilobases 3 ' of the J segments are the C segments encoding the constant 

region. The sequential arrangement of C segments, Cp-C&Cy3-Cyl-Cflb-CyZa-C&-Ca, 

is generally related to their developmental appearance in the course of B cell differentiation. 

The IgH isotype expressed in B cell precursors and immature B cells is p. Subsequently, 

p and 6 are coexpressed by alternative splicing of the same primary transcript. Upon 

antigen stimulation, B cells express other isotypes through a mechanism called class 

switch. This is another type of somatic recombination, which brings different C segments 

in proximity to the same rearranged VDJ segment by deleting the intervening C segments 

(reviewed by Harriman et al., 1993). 

The K light chain locus consists of approximately 300 V, 5 J and 1 C segments. 

Among the five J segments, one is a nonfunctional pseudogene. The k locus has 3 V, 4 J 

and 4C segments. Of those segments, 54 and C4 are defective pseudogenes. The structure 

of h locus is different from that of IgH or K locus; it is organized into two clusters. 

Because of this unique structure, only 8 combinations of V and J segment can be made, 

which is in sharp contrast to 1200 (300x4) possible combinations for K chain. The less 

heterogeneous IL chain is also less fkquently used; it forms only about 5% of the total 

serum Ig light chains in the mouse (McGuire and Vitetta, 1 98 1 ). 

B2 b. Mechanisms of V@)J recombination 

During B cell development, the variable gene segments are assembled into 

functional Ig genes through a process called V@)J recombination. In the last twenty years, 

a great deal has been learned about the mechanism of this reaction, making it possible to 



draw a general scheme of the process (Figure 1-6). V@)J recombination starts with the 

recognition of recombination signal sequences (RSS) flanking the two gene segments to be 

rearranged. Once a hc t ional  synapse is formed, double-strand DNA breaks are made 

between the signal and the coding sequence. The broken ends of the coding sequence are 

then subjected to further processing, including hairpin structure generation and resolution, 

aucleotide trimming and addition, and blunt end formation. Finally, the two signal ends are 

fused to form the signal joint, and the two coding ends are ligated to form the coding joint. 

RSSs flank each V, D, and J segment and mediate the site-specificity of V(D)J 

recombination. Each RSS consists of a heptamer, a nonamer, and a spacer of either 12 bp 

or 23 bp. The sequences of the heptamer and nonamer are relatively conserved. Deviations 

from the consensus sequence generally lead to significant reductions in rearrangement 

frequency, and the most dramatic reduction is observed with substitutions of the first three 

nucleotides of the heptamer, CAC (Hesse et al., 1989). RSS differences may explain 

numerous patterns of Ig rearrangement, such as the skewed usage of VH gene families in 

newly generated repertoire, the overrepresentation of K light chain in Ig molecules and 

dominant utilization of 3'RSSs of D segments in D-J rearrangement (reviewed by 

Sollbach et al., 1994). The nucleotide sequence of the spacer, on the other hand, is not 

crucial as long as the length is maintained. During rearrangements, gene segments flanked 

by a 12 bp spacer join only to segments flanked by a 23 bp spacer. This 12-23 rule assures 

proper V-J joining of the light chain and V-D-J joining of the heavy chain. 
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Figure 1-6. Molecular mechanism of  V@)J recombination. The combination machinery 
recognizes recombination signal sequences (triangles). Double strand DNA breaks are 

made between the signal sequences and the coding sequences. A hairpin structure is 
formed at the coding end. Off-centre-cutting of this structure results in the production of P 
elements. N additions are generated by the template-fiee polymerase activity o f  TdT. 



Upon recognition of RSSs, double-strand DNA breaks have been proposed to 

occur between the signal sequences and coding sequences, resulting in open, blunt s i d  

ends and covalently sealed, haupin-like coding ends (Lieber, 199 L ; Gellert, 1 992). This 

model is strongly supported by detection of the predicted intermediates in vivo (Schlissel et 

al., 1993; Ramsden and Gellert, 1995). More recently, this cleavage step has been 

reproduced in a cell-fiee system (van Gent et al., 1995; McBlane et al., 1995). Production 

of blunt signal ends and hairpinned coding ends has also been confirmed in vitro. Studies 

by McBlane and colleagues further reveal that the cleavage reaction occurs in two steps. 

First, a nick is introduced at the 5' end of the signal sequence. The other strand is then 

broken, leading to the production of a hairpin structure at the coding end and a blunt, 5'- 

phosphorylated signal end. Illustration of the cleavage reaction helps to answer a long- 

standing question about the differential processing of signal joints and coding joints in 

V(D)J recombination. In contrast to the precise fusion of signal joints, coding joints are 

frequently found to have small deletions and/or insertions at one or both ends. Of 

insertions, two types have been identified, the non-template4 random N (nucleotide) 

addition and the self-complementary P c~alindrornic) element. It is now known that the 

alterations at the coding ends result fiom resolution of the hairpin structure. A hairpin 

cannot be double-stranded all the way to its tip because of the constraint of turning the 

chain back to itself. The few unpaired bases can be recognized and cut by single-strand 

specific nudeases. Off-center cutting creates the P element. Other alterations are generated 

by M e r  modifications of the liberated ends; small deletions may be produced by an 

uncharacterized exonuclease activity, and N addition is formed through the catalysis of 

TdT. 

The subsequent steps in V(D)J recombination are not well defined. At least two 

distinct enzymatic activities are thought to be involved in these steps; a polymerase activity 

to fill in the coding ends, and a ligase activity to join the broken ends. 



V(D)J recombination is a multistep process, involving many different cellular 

activities. Given the complexity of this reaction, it is not surprising that the V(D)J 

recombination machinery contains multiple components. Several such components have 

been isolated and functionally characterized over the last few years. Still other components 

remain speculative. Of those known proteins, some are unique to lymphocytes and confer 

specificicy to the reaction, whereas others are ubiquitously expressed and are remiired into 

the machinery to carry out their functions in the context of V(D)J recombination. 

The products of recombination activating gene (RAG) 1 and 2 appear to be the only 

two lymphoid specific components essential for V@)J recombination (Schatz et al., 1992). 

These two genes were initially identified by their ability to generate V(D)J recombination 

activity in nodymphoid cells. Consistent with the lineage and developmental stage 

specificity of V(D)J rearrangement, expression of RAG1 and RAG2 is largely restricted to 

lymphoid precursors. Downregulation of RAG expression is seen in nascent lymphocytes 

following engagement of their antigen receptors. The importance of RAG genes in V(D)J 

recombination is fbrther supported by the results from gene targeting studies: disruption of 

either gene completely blocks lymphocyte development due to failure to initiate V(D)J 

recombination (Shinkai et al., 1992; Mombaerts et al., 1992). The actual role of RAG 

proteins in V(D)J recombination, however, has long been a matter of debate. The most 

recent evidence shows a direct role in in vitro studies using purified RAG proteins 

(McBlane et al., 1995; Difilippantonio et al., 1996). These studies show that RAG proteins 

are directly involved in at least two crucial steps: RSS recognition and DNA cleavage. 

RAG1 fust binds RSS via the nonamer, and then recruits RAG2 to the signal sequence. 



Subsequently, the complex formed by these two proteins catalyzes DNA cleavage, 

resulting in blunt signal ends and hairpinned coding ends. 

The third lymphoid specific component of V@)J recombination machinery is 

terminal deoxynucleotidyl tnnsferase (TdT) (reviewed by Gilfillan et al., 1995). The 

template-independent DNA polymerase activity of TdT contributes significant diversity to 

V@)J junctions by generating N additions at the coding ends. This notion is supported by 

a large body of circumstantial evidence. N additions are only detected in the adult but not 

the fetal Ig repertoire. In the adult they are found in the heavy chain locus but not the Light 

chain locus. This pattern is consistent with the restricted expression of TdT in adult bone 

marrow B ceIls prior to the rearrangement of Ig light chain loci. More compelling evidence 

comes from gene targeting experiments. While B cells develop normally in TdT-deficient 

mice, these B cells do not contain N additions in their rearranged Ig genes (Komori et al., 

1993). 

The V(D)J recombination machinery also contains some non-tissue-speci fic 

components. The first clue to the existence of such components comes from studies of 

scid mice. The murine scid mutation is primarily manifested as a defat in V(D)J 

recombination, which results in a general but often incomplete absence of mature B and T 

cells (reviewed by Bosma and Carroll, 1991). Initial steps of V(D)J recombination, 

including RSS recognition and introduction of precise double-strand DNA breaks, appears 

to be normal in scid pre-B cells, but the subsequent steps responsible for coding end 

resolution are severely impaired, Ieading to the accumulation of fiee coding ends. 

Interestingly, scid cells also demonstrate an increased sensitivity to DNA damage by 

agents generating double-strand breaks, such as ionizing radiation (Fulop et al., 1990). 

Thus, it is suggested that the V@)I recombination system may recruit proteins with more 

generalized activities involved in double-strand break repair to perform one of the terminal 



steps in that process. This notion is further supported by analysis of V(D)J recombination 

in radiosensitive hamster cells transfected with RAGl and RAG2. Impaired V(D)J 

recombination has been found to be coupled with double-strand break repair defects in cells 

harboring mutations in at least three radioresistance complementation groups, namely V3, 

xrs and XR-I (Taccioli et al., 1993). Like the scid mutation, the V3 mutation preferentially 

affects coding joint formation, whereas xrs and XR-1 mutations target both coding joints 

and the signal joints. Recently, the scid locus has been mapped to the gene encoding the 

catalytic subunit of the DNA-dependent protein kinase (DNA-PK) (Blunt et al., 1995; 

Kirschgessner et al., 1995; Peterson et al., 1995). A YAC clone spanning this locus is able 

to complement both the scid defect and the V3 defect. In addition to the catalytic subunit, 

DNA-PK also contains two more subunits, Ku70 and Ku86, which have broken-end 

binding ability. Interestingly, the larger subunit Ku86 is the target of another V(D)J 

recombination mutant, xrs. Disruption of the gene encoding Ku86 by homologous 

recombination results in failure to form both coding joints and signal joints (Zhu et al., 

1996). The precise reactions mediated by DNA-PK in V(D)J recombination, however, 

remain to be determined. 

B2d. Control of accessibility to the Ig loci 

V(D)J recombination is a tightly reguiated process, occurring only in appropriate 

cell types, at distinct stages of development, during selected phases of cell cycle, and on 

specific gene loci. Such precise regulation is partly established through the controlled 

expression of RAGl and 2. They are specific for lymphocytes, and their expression is 

primarily restricted to lymphoid precursors. In addition, RAG2 proteins can be 

phosphorylated at Thr490 by cyclin-dependent kinase ~ 3 4 ~ ~ ~ 2 ,  and phosphorylation at this 

site is associated with rapid degradation of RAG2 (Lin and Desiderio, 1993). The 

regulated expression of RAG 1 and 2, however, cannot be responsible for the locus- 



specificity of V(D)J recombination. To explain the locus-specificity, an accessibility 

hypothesis has been proposed (Alt et al., 1992; Sleckman et al., 1996). Accessibility refers 

to the ability of given loci to serve as substrates for V@)J recombination. Ig loci are 

normally not accessible for the V(D)J recombination machinery until some specific 

changes occur in chromatin structure. The molecular nature of these changes is poorly 

understood. The two major contributing factors seem to be transcriptional activation and 

methylation. 

Transcription shows a strong correlation with rearrangement. Active transcription 

of germline Ig loci always occurs at the time when these loci are undergoing 

recombination. Although it is tempting to propose that transcription is actively involved in 

recombination, there is compelling evidence suggesting that the association between 

transcription and rearrangement may only be temporal. Studies with both 

extrachromosomal and integrated substrates have demonstrated that neither the process of 

transcription nor the presence of promoters appear to play causal roles in making a locus 

accessible for V(D)J recombination (Goodhardt et al., 1987; Hsieh et al., 1992a). Given 

that transcription per se has no effect on recombination, their temporal correlation may 

reflect the fact that cis-acting elements regulating transcription may also function to regdate 

accessibility (Sleckman et al., 1996). This view is supported by studies employing 

transgenic recombination substrates. Rearrangement of these substrates is clearly 

dependent on the presence of appropriate enhancer elements. More recently, gene targeting 

experiments have provided direct evidence for the important role of enhancer elements in 

mediating accessibility of Ig loci. Targeted disruption of the intronic enhancer of K locus 

completely abolishes K gene rearrangement (Takeda et al., 1993), whereas deletion of the 

intronic enhancer of IgH locus results in substantial inhibition of heavy chain gene 

rearrangement (Serwe et al., 1 993). 



Modification of genes by methylation of CpG islands also has an impact on V(D)J 

recombination. Studies employing exogenous substrates show a direct correlation between 

hypomethylation and accessibility (Engler et al., 1991). A similar correlation has been 

observed with the endogenous K locus: while this locus is usually methylated, 

hypomethylation is detected in pre-B cells undergoing Light chain gene rearrangement 

(Goodhardt- et al., 1993). It appears that methylation affects accessibility by changing 

chromatin configuration since the effect can be observed only after DNA replication (Hsieh 

et al., 1992b). 

B3. The role of immunoglobulin in B cell development 

Because of the joining flexibility in V(D)J recombination, only one in any three 

joining attempts yields a productive rearrangement preserving the correct reading h e .  

For each individual B cell, at least three rearrangements have to be made, 2 at the heavy 

chain locus and 1 at the light chain locus, As a result, one would expect that the majority of 

emerging B cells carry nonproductive Ig genes. While this may be true in in vifro cultures, 

it is certainly not the case in vivo, indicating there must exist a selection mechanism for 

productive versus nonproductive rearrangements in vivo. On the other hand, a given B cell 

seldom contains more than one productively rearranged heavy chain or light chain allele. 

This phenomenon of allelic exclusion suggests that a productive rearrangement of one 

allele can turn off the rearrangement of the other allele. A similar mechanism may also 

function in isotype exclusion of the light chain, resulting in expression of a single K or h 

chain. Together, these observations point to a possibility that B cells recognize productive 

rearrangements of Ig genes. One of the simplest ways to do this would be to express the 

rearranged locus and deposit the protein products on cell surface, thereby allowing a signal 

directed to the cell to halt further rearrangements and proceed to the next step of 

differentiation (Alt et al., 1987). 



More recently, selective disruption of individual Ig gene loci by homologous 

recombination has provided unequivocal evidence for the contributions of individual Ig 

components to B cell development. Prior to the functional rearrangement of a light chain 

gene, the p heavy chain is deposited on cell surface in association with a surrogate light 

chain (Karusuyarna et al., 1990; Tsubata and Reth, 1990; Tsubata et aI., 1991). This 

membrane-bound p heavy chain is critical for B cell development in several aspects. 

Firstly, it is an absolute requirement for the transition fiom large, ~ ~ 4 3 ~  pro-B cells to 

resting, CD43- pre-B cells and for the proliferation of ceUs undergoing this transition. This 

is evident fiom the block of B cell development in scid (Reichman-Fried et al., 1993), 

RAG-tdeficient (Shinkai et al., 1992), and JHT (Ehlich et al., 1993) mice, all of which are 

unable to generate productive rearrangements of the heavy chain gene, and in pMT mice 

that faii to express p heavy chain on cell surface due to the disruption of the membrane 

exon (Kitarnura et al., 1991). Flow cytometric analysis of bone marrow cells fiom these 

mice reveals a similar phenotype: while fractions A, B, C (Figure 1-3) are present at 

normal or even slightly elevated numbers, fractions C' and D are completely missing. The 

role of Ig heavy chain in the transition from pro-B to pre-B cells is further supported by the 

fmdings that a transgene encoding membrane-bound p chain can rescue the pre-B cell 

compartment in scid mice (Reichman-Fried et al., 1993) and RAG-deficient mice 

(Spanopoulou et al., 1994; Young et al., 1994). Secondly, cell surface expression of the p 

heavy chain is also required for the establishment of allelic exclusion of the heavy chain 

loci. En pMT/wiId type heterozygous mice, the mutated allele is not subjected to delic 

exclusion, and about 6% of splenic B cells express products of both alleles in the 

cytoplasm, as compared with at most 0.3% of splenic B cells from wild type littennates 

(Kitamura et al., 1992). This is consistent with previous studies, in which expression of 

transgenic p chains in the membrane-bound form but not the secreted form leads to 

inhibition of V to DJ joining in both of the endogenous heavy chain alleles (Manz et al., 

1988). 



While gene targeting experiments confirm the role of Ig heavy chain in mediating 

further differentiation of B cells and allelic exclusion, they do not support a previously held 

idea that surface expression of p chain signals initiation of the rearrangements of Light 

chain genes (Alt et al., 1987). VKJK joints have been detected in ~ ~ 4 3 +  pro-B cells from 

kMT and J,T mice, indicating that light chain gene rearrangement does not require prior 

assembly of a p gene or surface expression of the p protein. 

The function of Ig Light chains in B cell development is less well understood. It has 

been shown that both heavy and light chain transgenes are required to rescue B cell 

development in RAG-1- or RAG-2-deficient mice (Spanopoulou et al., 1994; Young et al., 

1994), and in the absence of a light chain no phenotypically mature B cells can be detected. 

However, mice with K light chain genes inactivated by either CK deletion (Zou et al., 1993) 

or enhancer disruption (Takeda et al., 1993) do develop mature B cells all of which express 

h light chains. Unequivocal proof of light chain hurction in B cell development awaits gene 

targeting experiments to eliminate both K chain and X chain in the animal. 

C. Stage specific expression of moIecules important for B cell development 

During B cell development, cells undergo a sequential change in the expression of 

various surface markers or intracellular proteins (Figure 1-7). While the exact function of 

many of these molecules remains obscure, their temporally ordered expression suggests 

that coordinate activation and suppression of these molecules is critical for B cell 

progression. The proteins involved in V@)J recombination have been discussed in a 

previous section; in this section, attention will be fmused on the expression and potential 

function of other mo~ecules. 
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Figure 1-7. The expression pattern of various proteins in the developmental process from 

uncommitted hematopoietic stem cells to mature B cells. Early and late pro-B cells are 

distinquished by gene rearrangements in IgH chain loci (DJ rearranged vs VDJ 

rearranged). This scheme is based on the data reviewed in Section B, C and D. Some 

molecules discussed in the text are not included in this scheme due to inadequate 

information. 

C1. Cell surface markers for early B cell progenitors 

Cla. AA4.1 

AA4.1 is a cell surface molecule recognized by a mAb generated by immunizing 

rats with a mouse pre-B cell line (McKearn et al., 1984). This antigen is present on all 

cytoplasmic p+ pre-B cells and approximately 50% S I ~ M +  bone marrow cells, but absent 



fiom T cells, plasma cells, and the majority of mature B cells. In addition, AA4.1 is 

detected on a small hction of bone marrow cells lacking any detectable Ig. Although the 

identity and fimction of this molecule are not known, it has been a useful marker for 

isolation of B cell progenitors (Paige et al., 1984; McKearn et al.; 1985; Cumano et al., 

1 993), and fetal hematopoietic stem cells (Jordan et al., 1990; Cumano et al., 1 992; Huang 

and Auerbach, 1993; Godin et. al., 1994). Long-term reconstituting cells fiom yolk sac, 

paraaortic splanchnopleura and fetal liver are included in the AA4.1+ fraction. 

Interestingly, AA4.1+ cells in the adult bone marrow differ fiom AA4. I+ cells in the fetus 

in that the former are incapable of long-term reconstitution (Trevisan and Iscove, 1995). 

Clb. CD34 

CD34 is a heavily glycosylated and sulfated surface protein, which is expressed on 

hematopoietic progenitor cells of both lymphoid and myeloid lineages, endothelid cells, 

murine embryonic fibroblasts, and bone marrow stromal cells (reviewed by Krause et al., 

1996). This is another usefbl marker for hematopoietic stem cells. CD34+ bone marrow 

cells are particularly enriched for the earliest hernatopoietic progenitors, and just 200 

CD34+ cells are capable of long-term reconstitution of hematopoiesis in lethally irradiated 

mice (Krause et al., 1994). CD34 is structurally similar to several much-like proteins 

(Simmons et al., 1992). Like another mucin-like protein SgpSO, CD34 could bind to L- 

selectin (CD62L) (Baumhueter et at., 1993). This raises the possibility that CD34 may 

function as a cell adhesion molecule on hematopoietic progenitor cells, including B cell 

progenitors. CD34 may also be involved in signal transduction since the cytoplasmic 

domain of CD34 contains sites which can be phosphorylated by activated protein kinase C 

(PKC) in CD34+ cell lines and bone marrow cells (Greaves et al., 1992). Despite its 

presence on early progenitors, CD34 is not essential for hematopoiesis. Targeted 



disruption of this molecule does not significantly alter blood cell development in mice 

(Cheng et al., 1996; Sufllki et al., 1996). 

CD43Leukosialin is a 90-120 kDa membrane protein. It has a highly O- 

glycosylated extracellular domain, and a relatively long intracellular domain (Pallanat et al., 

1989; Shelley et al., 1989). CD43 is present on many types of hematopoietic cells, but 

virtually absent fiom non-hematopoietic cells (reviewed by Fukuda, 1 99 1). Altered 

expression of CD43 has been associated with the X chromosome-linked 

immunodeficiency disease Wiskott-Aldrich syndrome (Shelley et al., l989), although it is 

not the primary cause (Deny et al., 1994). In terms of its expression during B cell 

ontogeny, CD43 is seen on lineage unrestricted hematopoietic progenitors and on B cell 

precursors prior to the rearrangement of the immunoglobulin light chain (Hardy et d., 

199 1). CD43 is not expressed on late pre-B cells, immature B cells and mature B cells, but 

is once again expressed after B cell activation and terminal differentiation (Wiken et al., 

1988). 

CD43 appears to be involved in cell proliferation and cell adhesion. MAbs against 

human CD43 have been reported to stimulate T cell proliferation (Park et al., 1991). In 

addition, depending on the cell types tested, CD43 may function either as an adhesion 

molecule or anti-adhesion molecule (Rosenstein et al., 199 1 ; Manjunath et al., 1993). The 

precise fimction of CD43 in B cells remains undefined. It has been recently reported that 

overexpression of CD43 in B cells decreases their susceptibility to apoptosis, and the 

transgenic mice thereby have increased numbers of B cells (Dragone et al., 1995). 



C2. Cell Suface peptidases 

CD 10 was originally called the common acute lymphoblastic leukemia antigen 

(CALLA) because of its expression on acute lymphoblastic leukemic cells (Ritz et al., 

198 1). Subsequently, expression of CDlO was also detected on a variety of normal 

hematopoietic and nonhematopoietic cell types (reviewed by Shipp and Look, 1993). In the 

human B cell compartment, CDlO is expressed on a subset of pre-B cells in the bone 

marrow, all B lineage cells in the fetal Liver, and B cell blasts in the gerrninal center 

(Hokland et a]., 1983; LeBien and McConnack, 1989; Pontvert-Delucq et al., 1993). In 

mice, CDlO expression in B cells is restricted to a subpopulation of Thy-llow B220+ 

progenitors (Salles et at., 1992). Molecular cloning of CDlO has revealed that it is identical 

to neutral endopeptidase (NEP) (Shipp et al., 1988; Letarte et al., 1988). This zinc- 

containing metalloprotease hydrolyzes a variety of physiological active peptides. Substance 

P is known as one of its targets (Mastas et al., 1983). 

In consideration of its differential expression in B cell development and its high 

expression in stromal cells supporting B cell differentiation, it has been postulated that 

CD 10 plays a role in B lymphopoiesis by cleaving regulatory peptides (LeBien and 

McCormack, 1 989). But the actual role of CD 10 in B cell ontogeny remains controversial. 

Salles et al. reported that inhibition of CD 10 activity increased the number of lymphoid 

colonies in long-term bone marrow culture (Salles et al., 1992). In direct contradiction to 

this report, Kee et al. demonstrated in a quantitative limiting dilution assay that the presence 

of CD 10 inhibitors did not affect the number of clonable B lineage progenitors (Kee et al., 

1992). The difference could be partly explained by the in vitro culture systems employed in 

these two studies. More recently, an in vivo reconstitution study revealed that inhibition of 



CD 10 promoted repopulation of the B cell compartment of sublethally irradiated animals 

(Salles et al., 1993). 

BP- 1 /6C3 is a 1 10- 1 50 kDa homodimeric transmembrane protein recognized by 

the mAb BP- I and 6C3 (Pillemer et al., 1984; Cooper et al., 1986; Wu et d., 1989). This 

antigen is expressed by cytoplasmic p+ pre-B cells in bone marrow and fetal Liver, but not 

by mature B cells in blood, spleen, Peyer's patches, or lymph nodes (Cooper et al., 1986). 

In addition, expression of BP-V6C3 is detected on bone marrow stromal cells, thymic 

cortical epithelial cells, and the brush borders of proximal renal tubules and small intestinal 

enterocytes (Welch et al., 1990; Li et al., 1993). Molecular cloning of BP-U6C3 revealed 

its identity with aminopeptidase A (APA), another zinc-dependent metallopeptidases (Wu 

et al., 1990; 199 1). APA catalyzes the removal of the N-terminal glutamic or aspartic acid 

residues from small peptides, such as angiotensin I1 (Sakura et al., 1983). 

The fhction of BP-1/6C3 in B cell development is not completely understood, 

however, several Lines of evidence suggest a regulatory role. The expression of BP-1 on 

bone marrow stromal cell lines appears to correlate with their ability to support pre-B cell 

growth (Whitlock et al., 1 987). In addition, IL-7 simultaneously stimulates proliferation 

and increases BP-1/6C3 expression in murine B cell precursors (Welch et al., 1990). 

Furthermore, pre-B cell proliferation induced by IL-7 is markedly inhibited in the presence 

of the enzymatic activity-neutralizing antibody against BP- 1 (Welch, 1 995). Based on these 

observations, APA is proposed to regulate B lyrnphopoiesis by cleaving a small peptide 

inhibitory for B cell precursor proliferation (Welch, 1995). However, this function is 

obviously not essential since BP-1-deficient mice have normal B cell development (P. 

Burrows, personal communication). 



C3. Cell adhesion molecules 

The heat stable antigen is a heavily glycosylated protein with a very small core 

polypeptide of 27 amino acids (Kay et al., 1990; Wenger et d., 199 1). This antigen, 

anchored to the cell surface through a glycosyl-phosphatidylinositol linkage (Pierres et al., 

1987), shows a fluctuating pattern of expression during B cell differentiation. HSA is not 

expressed on the earliest recognizable B cell progenitors (Hardy et at., 199 1 ; Ehrich et. al., 

1993; Faust et al., 1993). Rather, it first appears on cells undergoing immunoglobulin 

heavy chain gene rearrangement, and reaches its highest level on large cycling pro-B cells 

responsive to IL-7 (Hardy et al., 1991; Ehlich et al., 1993). While pre-B cells and 

immature B cells maintain high-level expression of HSA, I ~ M + I ~ D +  mature B cells 

express HSA at Iower levels (Hardy et al., 199 1 ; Allman et al., 1992; 1993; Ehlich et al., 

1993). HSA levels increase once again upon B cell activation, but decease in memory B 

cells and plasma cells (Linton et al., 1989; Yin et al., 199 1; Allman et al., 1992; 1993). 

HSA is best known as a costimulatory molecule for the induction of T cell 

proliferation and activation (Liu et at., 1992; Enk and Katz, 1994). It may also h c t i o n  as 

an adhesion molecule. A mAb against HSA inhibits the aggregation of LPS-activated 

splenic B cells (Kadrnan et alJ994). In addition, HSA modifies the interaction between 

VLA-4 and its counterreceptor VCAM- 1 (Hahne et al., 1994). Direct involvement of HSA 

in B cell development has been suggested by studies of transgenic mice overexpressing 

HSA (Hough et al., 1996) and chimaeric mice deficient for HSA (Wenger et al., 1995). In 

transgenic mice, the IL-7 responsive B cell progenitors are decreased by 10-20 fold. 

Mature splenic B cells are also slightly reduced, and their response to LPS is severely 

impaired. Targeted disruption of HSA, on the other hand, shows that HSA is not 



absolutely required for B cell development. Nevertheless, a reduction of immature B oeb 

has been observed in the bone marrow of the chimaeric mice. 

VLA-4 is a heterodheric transmembrane glycoprotein widely expressed on 

different cell types, including B cells and their precursors (reviewed by Sanchez-Madrid 

and Corbi, L 992). It belongs to the integrin family, consisting of two subunits, a4 and P 1 . 

As a cell adhesion molecule, VLA-4 can bind to vascular cell adhesion molecule 

1 (VCAM- I), fibronectin, and the a4 chain itself (Altevogt et d., 1995). Previous studies 

have shown that the interaction of VLA-4 and its counterreceptor VCAM-1 plays a critical 

role in B lymphopoiesis. Addition of mAbs against V L A 4  or VCAM-1 into long-term 

bone marrow cultures inhibits adhesion of B cell precursors to stromal cells, and prevents 

in vitro B lymphopoiesis (Miyake et al., 1991a; 1991 b; Ryan et al., 1992; Dittel et al., 

1993). In vivo injection of these mAbs dislodges hematopoietic precursors fiom bone 

marrow stromal cells and releases progenitor cells into the periphery (Papayannopoulou 

and Nakarnoto, 1993; Funk et al., 1994). 

The in vivo fhction of VLA-4 has been further investigated by targeted disruption 

of its subunits, a4 (Arroyo et al., 1996) and Q1 (Hirsch et al., 1996). Since both mutations 

are embryonically lethal, their effects on hematopoiesis are analyzed in chimeric mice 

generated by injecting a4-1- or pl-1- embryonic stem cells into wild-type blastocysts. In 

1 - chirnaeric mice, no p 1 -1- hematopoietic cells were detected in fetal liver or adult 

hematopoietic organs, indicating a complete block of hematopoiesis in the absence of P 1. 

Further analysis suggests that this developmental block is not due to a defect in the 

hematopoietic stem cell itself, but because of the failure of the stem cells to colonize fetal 

liver. The a4 mutation, on the other hand, only affects the lymphoid lineage. Precursors 



for both T and B cells require a4 for normal development within the bone marrow while 

their fetal development appears normal in the absence of a4. This result may reflect either 

differential requirements for a4 during fetal and adult lymphopoiesis or impaired 

migration of lymphoid progenitors from the fetal Liver to the bone marrow. The reason for 

the phenotypic difference observed with a4 and f3 I mutations remains to be determined. It 

is possible that other integrins, such as a4$7 and aS$l, contribute to the observed 

phenotype. 

While VLA-4 appears to be critical for I3 cell development, its counterreceptor, 

VCAM-1 is not essential in v i v a  No gross abnormality has been observed when the 

VCAM- 1 gene is disrupted by homologous recombination (Friedrich et al., 1996), 

suggesting VLA-4 may h c t i o n  by binding to other adhesion molecules. 

CD44 (Pgp-1) is a cell surface glycoprotein expressed on many cell types, 

including B and T lymphocytes (Aruffo et al., 1990). Within the B lineage, it is k t  

detected on the earliest progenitors (Gunji et al., 1992), the levels of expression decrease as 

B cell precursors mature, and increase again on mature B cells following stimulation 

through the B cell receptor (Camp et al., 1991). The upregulation of CD44 on activated B 

cells is probably mediated by the transcription factor EGRl (Maltzman et a]., 1996). 

Although CD44 has been identified as the principal receptor for hyalwonic acid (HA), the 

majority of ~ ~ 4 4 +  cells do not bind HA. A recent study has shown that HA recognition 

by CD44 is negatively regulated by glycosylation of CD44 (Katoh et al., 1995). 

As a cell adhesion molecule, multiple isofoms of CD44 generated by mRNA 

alternative splicing participate in a variety of biological processes, including lymphopoiesis, 



lymphocyte homing, cell migration and cancer metastasis (Lesley et al., 1993). 

Monoclonal antibodies against CD44 can inhiiit binding of B ceU precursors to bone 

marrow stromal cells, and abolish the establishment of long-term bone marrow cultures 

supporting B cell development (Miyake et al., 1990). But these antibodies do not have any 

appreciable effects on established cultures (Lesley et al., 1993). These results indicate that 

CD44 may play a rok in the initial interaction of B cell precursors and stromal elements. 

However. B cell development appears to be normal in mice with the CD44 gene inactivated 

by homologous recombination (R- Schmits, personal communication). 

C4. Pre-B cell receptor complex and coreceptors 

The pre-B cell receptor (pre-BCR) consists of a membrane-bound p heavy chain 

and a surrogate light chain. In earlier precursor cells, prior to the production of a hctional 

p chain, the surrogate light chain may associate with a Dp protein or the surrogate heavy 

chain gp 130 (Karasuyama et al., 1993). Similar to the B cell receptor, the pre-BCR forms a 

complex with an ig-Mg-P heterodirner (Figure 1 -8). In addition, B lineage cells express 

several coreceptors, such as CD 19 and CD22 . The p heavy chain has been discussed 

already in section 83, and other components of pre-BCR and coreceptors will be reviewed 

here. 



heavy chain 

Figure 1-8. The structure of pre-B cell receptor complex. The surrogate light chain, which 
consists of noncovalently associated A5 and Vpre-B, binds to the p heavy chain via 

disulfide bonds (jagged lines) to form a structure presumably responsible for ligand 

recognition. The disulfide-linked heterodimer of IgdIgP with the immunoreceptor 

tyrosine-based activation motifs (ITAM) in their cytoplasmic tails, on the other hand, 

primarily acts as a signal transducer. 

C4a. h5 and VprcB 

A5 and Vpree encode proteins of 22 and 18 kDa respectively, which associate 

noncovalently to form a light chain-like structure, the so called surrogate Light chain 

(Sukaguc hi and Melchers, 1 986; Kudo and Melchers, 1 987; Pillai and Baltimore, 1 988). 



A5 and Vprcs genes display significant sequence similarities to the conventional k light 

chain gene, but differ in that they do not undergo rearrangement. These two genes, usually 

coexpressed in the same cell, are specific for the B lineage, and have never been found to 

be expressed in other cells. Within the B lineage, different expression patterns, especially at 

the protein level, have been reported by different laboratories (Misener et al., 1991; 

Cherayil and Pillai, 1991 ; Li et al., 1993; Lassoued et al., 1993; Karasuyama et al., 1994; 

Guelpa-Fonlupt et al., 1994). Generally, the expression is restricted to Melchers' pro/pre-B- 

I and large pre-B-II cells (Melchers et al., 1995) or Hardy's B220+~D43+ pro-B cells (Li 

et d., 1993). Occasionally, detection of MN,, has also been reported on immature B 

cells expressing K light chain (Cherayd and Pillai, 199 1). 

The surrogate light chain, specifically the 15 component, can covalently bind to p 

heavy chain or D p  protein, a product of certain DJ-rearranged heavy chain loci 

(Karusuyama et al., 1990; Tsubata and Reth, 1990; Tsubata et al., 1991). In p heavy chain- 

negative cells, the surrogate Light chain is found to be associated with a surrogate heavy 

chain consisting of gp13O and gp35-65 (Karasuyama et al., 1993; Melchers et al., 1995). 

The complex formed by the surrogate light chain with p heavy chain is a functional 
2 + 

receptor. Engagement of this receptor induces Ca influx and tyrosine phosphorylation in 

pre-B cells (Takemori et al., 1 990; Misener et al., 199 1 ; Matsuo et al., 1 993). 

Targeted disruption of the M gene demonstrates that the surrogate light chain plays 

a critical role in B cell development (Kitamura et al., 1992). Mutant mice show 10-20-fold 

reduction in the number of pre-B-I1 cells and a delayed appearance of sIg+ cells in the 

periphery. Carell analysis of the mutant mice indicates that 15 hctions in several 

important processes of B cell development. Firstly, it is required for the proliferation of 

pre-B-I1 cells (Karasuyama et al., 1 994). Secondly, it mediates the counterselection against 

Rf I1 D.J joints (Kitamura et al., 1992). And thirdly, it is involved in the allelic exclusion of 



the heavy chain (Loffert et al., 1996). These findings are consistent with the role of XS as a 

component subunit of the pre-B cell receptor complex. 

C4b. Ig-a and Ig-$ 

Ig-a and Ig-P are transmembrane glycoproteins encoded by the mb-1 and B29 

genes (Sakaguchi et al., 1988; Hermanson et al., 1988). They are exclusively expressed on 

B lineage cells, including the earliest B cell progenitors, but not the terminally differentiated 

plasma cells (reviewed by Reth, 1993; Pleiman et al., 1994). Both Ig-a and Ig-P consist of 

an extracellular Ig domain and a cytoplasmic sequence. The cytoplasmic portion contains a 

single copy of the imrnunoreceptor tyrosine-based activation motif (ITAM: 

AsplGluX7Asp/GluXXTyrXXLeuX7TyrXXLeu/Ile), which is found in components of 

other multimeric receptors, including the CD3 polypeptides y, 8 and E, and the TCR 

accessory chains 6 and 11 (reviewed by Reth, 1993).The ITAMs of Ig-a and Ig-P can 

associate in vitro, directly or indirectly, with a subset of Src family kinases and kinase 

substrates (Clark et al., 1992). 

Ig-a and Ig-P form disulfide-linked h e r s  (Hambach et al., 1 990; van Noesel et 

al., 1990), and are noncovalently associated with the sig molecules as part of the antigen 

receptor complex on mature B cells (Grupp et al., 1993; Sanchez et al., 1993). The 

association of Ig-a and Ig-P with Ig is critical for cell surface deposition of the Ig molecule 

(Hombach et al., 1 988; Matsuuchi et al., 1992; Stevens et al., 1994). sIg transfected into 

either nonlymphoid or plasmacytoma cells, in which Ig-a is not synthesized, is retained 

intracellularly, and its deposition on the cell surface occurs only after cotransfection with 

Ig-a. A more recent study suggests that Ig-a, possibly in association with Ig-P, promotes 

surface expression of sIg by detaching it from the chaperone calnexin (Grupp et al., 1995). 

The association of Ig-a and Ig-P with sIg is also fbnctionally important for B cell receptor 



signaling. Transmission of antigen-induced signals through sIg is dependent on intact Ig-a 

and Ig-P (Gmpp et al., 1993; Sanchez et al., 1993). In f8a, Ig-a and Ig-$ themselves can 

function as signal transducers. Crosslinking of chimeric molecules consisting the 

extracellular and transmembrane portions of CD8 and the intracellular portions of Ig-a and 

Ig-P induces calcium influx and protein tyrosine phosphorylation (Kim et al., 1993). 

The function of the Ig-a and Ig-p in B cell precursors is less clear. The p- MI VpreB 

complex on pre-B cells is also found to be associated with Igu and Ig-B, and crosslinking 

of Ig-a induces protein tyrosine phosphorylation in early pre-B cells (Brouns et al., 1993; 

Matsuo et al., 1993). Mice deficient for Ig-$ show a complete block in B cell development 

at an early stage (Gong and Nussenzweig, 1996). B cells in these mice demonstrate normal 

D to JH rearrangements, but VH to DJH or V, to J, rearrangments are severely 

compromised. In contrast, the impairment of B cell development resulting fiom Ig-a 

mutation is less severe. Ig-a mutant mice do develop ~220+CD43- pre-B cells, however, 

the number is reduced by a 2-4 fold (Torres et al., 1996). The phenotypic difference of the 

two mutant mice is probably related to the nature of the mutations. In the case of Ig-P, the 

entire molecule is ablated Mutation of Ig-a, on the other hand, is targeted to its 

cytoplasmic domain, and thereby affects only the signaling function. This truncated Ig-a 

molecule presumably can heterodimerize with Ig-P, allowing assembly of pre-B cell 

receptors. With intact Ig-B, these pre-B cell receptors can still signal, although less 

efficiently. 

CD 19 is a 95kDa Ig superfhily glycoprotein. Expression of CD 19 is restricted to 

B lineage cells and follicular dendritic cells. As a pan-B cell marker, CD19 is expressed 

fiom the early stage of B cell development until plasma cell differentiation (reviewed by 



Tedder et al, 1994). CD 19 forms a signal transduction complex with TAPA- I (CD8 1) and 

the complement receptor CR2 (CD21) on mature B cells (Fearon, 1993). TAPA-1 and 

CR2, however, are not detected in B cell precursors. The molecules, if any, with which 

CD 19 may associate on B cell precursors remain to be identified. 

The role of CD19 in mature B ceUs has been extensively studied. Antibody 

crosslinking of CD19 induces an increase in the concentration of intracellular free ~ a 2 *  
(Bradbury et d., 1992). The binding of CD19 antibody also induces activation of 

phospholipase C (PLC), activation of protein tyrosine kinases (PTKs) and homotypic 

aggregation of B cells (Carter et al., 1 99 1 ; Kansas and Tedder, 199 1 ; Smith et al., 199 1 ). 

CD 19 is functionally and, perhaps physically, associated with sIgM (Pesando et al., 1989). 

Crosslinking of sIgM results in phosphorylation of the tyrosine residues in the intracellular 

domain of CD 19 (Chalupny et al., 1993). It has also been shown that ligation of CD 19 

renders B cells reii-actory to subsequent stimulation through sIgM (Pezzutto et al., 1987). 

Co-ligation of CD19 with sIgM, however, substantially lowers the threshold for antigen 

receptor stimulation of B cells (Carter and Fearon, 1992). Targeted disruption of the CD 19 

gene in mice further illustrates the important role for CD19 in vivo. These mice showed 

major reductions in the antibody response to T cell-dependent antigens (Rickert et al., 

1995; Engel et al., 1995). 

Although CD19 is one of the first surface molecules expressed during B cell 

deveIopment, not much is known concerning the early function of CD19. In B cell 

precursors, a relationship has been observed between IL-7 and CD19. In humans, IL-7 

augments the expression of CD19 (Wolf et al., 1993), and ligation of CD 19 reverses the 

IL-7 induced decline in the expression of recombination activating gene-1 (RAGI) and 

RAG2 (Billips et al., 1995). Transgenic mice overexpressing the human CD19 gene 

demonstrate a significant reduction in the number of immature and mature B cells, and the 



severity of the B cell defect is directly correlated with the expression level of the transgene. 

On the other hand, the development of pre-B cells in these animals appears to be normal 

(Zhou et al., 1994). Since crosslinking CD 19 in the context of sIg or other receptors 

augments overall signal transduction in B cells, the reduction of immature and mature B 

cells in transgenic mice may be due to increased negative selection of immature B cells 

following the overexpression of CD 19. B cell development in CD 19deficient mice, on the 

other hand, appears to be normal (12lckert et al., 1995; Engel et al., 199Sa). The reduced 

number of peritoneal CD5+ cells in these mice is readily explained by the involvement of 

CD 19 in the maintenance of these self-renewing cells as demonstrated by Krop et al. 

(1996). Alternatively, the reduction of peritoneal CD5+ cells may simply reflect the role of 

CD 19 as a costimulatory molecule for B cell activation since it has been found that 

conventional CD5- B cells can assume the phenotype characteristic of CDSf cells after 

activation (Cong et al., 199 1). 

CD22 is a 135- 1 SO kDa, B-lineage-restricted phosphoglycoprotein. It is a member 

of the Ig gene superfamily, closely related to the carcinoembryonic antigen subfamily 

(Torres et al., 1992, WiIson et al., 199 1, Stamenkovic and Seed, 1990). Two isoforms of 

CD22 have been identified in the human. The longer isofonn (hCD22P) contains seven Ig 

domains, whereas the shorter isoform (hCD22a) contains only five Ig domains (Wilson et 

al., 199 1, Starnenkovic and Seed, 1990). In the mouse, two alleles encode mCD22 proteins 

with distinct amino acid sequences (Law et al., 1993), and only the CD22P cDNA has 

been isolated (Torres et al., 1992). Human CD22 is present in the cytoplasm of B cell 

precursors, first appears on the cell surface after acquisition of IgM, and is finally lost from 

terminally differentiated plasma cells (reviewed by Law et al., 1994). Mouse CD22 is 

reported to have a similar distribution (Erickson et al., 1996). However, a more recent 



study tiom our laboratory demonstrates that, ia addition to mature B cells, a subpopulation 

of pre-B cells also express CD22 (Stoddart et a]., 1997). 

CD22 is physically associated with the B cell antigen receptor and plays an 

important role in the signal transduction of B lymphocytes. (Leprince et al., 1993, Peaker 

and Neuberger, 1993). The cytoplasmic tail of this surface molecule contains sequences 

similar to ITAM motifs, and is tyrosine phosphorylated following sIgM crosslinking 

(Leprince et al., 1993), enabling interaction with cytoplasmic proteins containing SH2 

domains. Phosphotyrosine phosphatase SHP 1, which has two SH2 domains, is one such 

protein. Tyrosine phosphorylated CD22 binds SHP 1 and activates its phosphatase activity 

(Doody et al., 1 995). SHP 1 negatively regulates the activation of leukocytes, including B 

cells as is shown by motheaten mice which harbor a mutation in the SHPl gene (reviewed 

by Okumura and Thomas, 1995). A similar negative regulatory fbnction has also been 

suggested for CD22 in B cells. Studies using monoclonal antibodies to CD22 showed that 

independent ligation of CD22 enhanced B cell responses induced by slgM ligation, 

whereas coligation with sIgM had no effect (Carter and Fearon, 1992; Pezzutto et al., 

1988). Presurnbly, independent ligation of CD22 releases the B cell receptor complex from 

the inhibition of CD22. Based on these observations, a model has been proposed for the 

functioning of CD22 in B cell signaling (Thomas, 1995): B cell activation upon the 

engagement of its antigen receptor leads to the tyrosine phosphorylation of CD22, which 

then recruits SHPl to the antigen receptor complex, allows for dephosphorylation of 

appropriate substrates, and thereby terminates the activation signal. This model of CD22 as 

a negative regulator has been supported by recent studies of CD22-deficient mice. B cells 

in these animals demonstrate hyperresponsiveness (O'Keefe et al., 1996; Otipoby et d., 

1996; Sato et al., 1996). 



CD22 also has a lectin-like activity and binds multiple glycoproteins expressed on 

monocytes, erythrocytes, neutrophils, B cells, T cells, and activated endothelid cells 

(Starnenkovic et al., 1990; 1991; Wilson et al., 199 1; Engel et al., 1993; 1995b; Aruffo et 

al., 1992; Sgroi et al., 1993; Law et al., 1995; Hanasaki et al., 1995a). The ligand-binding 

site of CD22 has been mapped to the amino-terminal two Ig domains (Law et al., 1 995, 

Engel et al., 1995b). The binding specificity is mediated by the sialic acid side chain on the 

glycosylated proteins (Sgroi et al., 1993; Powell et al., 1993), and only the N-linked 

oligosaccharides containing terminal a-2,6-linked sialic acids, but not those with a-2,3- or 

a-23-linked sialic acids, bind to CD22 (Powell et al., 1993). One of the enzymes 

modulating the interaction of CD22 with its ligands is f3-galatose a-2,6-sialyltransferase, 

which catalyzes the addition of sialic-acid via an a-2,6-linkage to the penultimate galatose 

residues of glycoproteins (Stamenkovic et al., 1991; Sgroi et al., 1993; Hanasaki et al., 

1995). The physiological ligands for CD22 remain to be l l l y  defined. The potential ones 

include CD45RO (Aruffo et al., 1992), CD45RA c a w  et al., 1995), plasma IgM 

(Hanasaki et al., 1995b), and CD22 itself (Law et al., 1995). 

C5. Protein Tyrosine kinases arid phosphatases 

B lyrnphopoiesis is regulated by multiple signals from the environment. Activation 

of protein tyrosine kinases and phosphophatases is one of the earliest events following 

stimulation of cell surface receptors by extrace1Iula.r ligands. A large body of data indicates 

that many of the tyrosine kinases and phosphatases expressed in B cells play an important 

role in transmitting signals regulating B cell development. 



C5a. Syk 

Syk is the founding member of a small subfamily of nonreceptor kinases, which 

also includes the T cell-specific ZAP70. Kinases of this subfamily have two N-terminal 

SH2 domains and a C-terminal catalytic domain, but lack the C-terminal negative 

regulatory tyrosine found in src family kinase (Tmiguchi et al., 1 99 1 ) . Consistent with its 

wide distribution in hematopoietic cells, syk has been found to be implicated in a variety of 

s igdmg pathways in different cell types, such as signaling through IL-2 receptors in B 

cells (Minami et al., 1995), G-CSF receptors in granulocytes (Corey et al., 1994), Fc 

receptors in mast cells (Ravetch et al., 1994), antigen receptors in T cells (Couture et al., 

1994), and thrombin receptors in platelets (Rezaul et al., 1995). Nevertheless, the most 

prominent and nonredundant role for syk is observed in signal transduction through B cell 

receptors. Syk is physically associated with the B cell receptor (Hutchcroft et al., 1992). 

Upon BCR engagement, the tandem SH2 domains of syk bind dual phosphotyrosine sites 

in ITAM motifs of Ig-a and Ig-P, leading to phosphorylation and activation of syk 

(Yarnata et al, 1993; Kong et al., 1995; Rowley et al., 1995), possibly by the src-related 

kinase lyn (Kurosaki et al., 1994). The activated syk subsequently phosphorylates PLC-y 

which is activated and triggers mobilization of intracellular ~ a 2 +  (Takata et al., 1994; Kong 

et al.; 1995). 

As predicted from the above observation, targeted disruption of the syk gene 

demonstrates that syk plays a critical role in B cell development (Turner et al., 1995; Cheng 

et al., 1995). Ln addition to a defect in vascular tissue which leads to excessive hemorrhage 

during embryogenesis and perinatal lethality, B cell development is severely impaired in 

the mutant mice. Hematopietic stem cells from syk-deficient mice fail to rescue the B c e U  

corn part men t of irradiated mice, whereas relatively normal reconstitution of other lineages 

has been observed. B cell development in the absence of syk is largely arrested at the 



CD43+ pro-B stage, and the number of small pre-B cells is dramatically reduced Ig gene 

rearrangements have been detected, but the positive selection for productive rearrangements 

and counterselection for DJ joins in reading h e  2 are not observed in mutant mice. The 

abnormality of B cell development in syk-deficient mice mimics the phenotype of AS- 

deficient mice (Kitarnura et al., 1992), consistent with a key role for syk in pre-B cell 

receptor signaling. 

CSb. Btk 

Bruton's tyrosine b a s e  (Btk) represents a new subfamily of nonreceptor tyrosine 

kinases, which contains an N-terminal pleckstrin homology (PH) domain, a proline-rich 

region and classic SHl, SH2 and SH3 domains, but lacks the C-terminal negative 

regulatory tyrosine and the N-terminal myristy lation site present in src family kinases 

(Tsukada et al., 1993; Vetrie et al., 1993). The PH domain of Btk can interact with protein 

b a s e  C (PKC) (Yao et al., 1994) and the Ply subunits of G proteins (Tsukada et al., 

1994). The proline-rich domain can bind to the SH3 domains of the src family kinases lyn, 

fyn, and hck (AlexandropouIos et al., 1995). The SH3 domain can associate with c-cbl 

(Cory et al., 1995). Btk is implicated in multiple signaling pathways in B cells. Ligation of 

B cell receptor, for example, results in tyrosine phosphorylation and activation of Btk 

(Aoki et al., 1994), perhaps by src family kinases (Rawlings et al., 1996). Activated Btk 

probably phosphorylates PLC-fl (Takata and Kurosaki, 1996). 

Btk is expressed in B cells at all developmental stages except the plasma cell. Its 

importance in B cell development is indicated by the finding that mutations in the Btk gene 

result in the human X-linked agamrnaglobulinemia @A) (Tsukada et al., 1993; Vetrie et 

al., 1993) and the murine X-tinked immunodeficiency (xid) (Rawlings et al., 1993; 

Thomas et a.., 1993). Both XLA and xid primarily affect the B cell compartment. Xid 



mice have 30-50% normal levels of B cells, and the B cells present demonstrate an 

immature phenotype, and are defective in response to a variety of activation signals, such 

as LPS stimulation and sIgM crosslinking. The phenotype associated with Btk mutations 

in human is generally more severe. XLA patients have dramatically reduced levels of 

mature B cells and circulating Ig. This phenotypic difference was initially thought to be 

related to the nature of mutation: a null mutation in XLA vs  a point mutation in xid. 

However, it has subsequently been found that XLA can be caused by either point 

mutations or deletions in all subdomains of Btk (Vihinen et al., 1996).A null mutation of 

Btk introduced by homologous recombination does not lead to a phenotype more severe 

than the spontaneous xid in mice (Kemer et al., 1995; Khan et al., 1995). It is therefore 

postulated that mice have a mechanism lacking in human that can compensate to some 

degree for Btk deficiency. 

CSc. Src family b a s e s  

Six members of src family tyrosine kinase: lyn, fyn, lck, blk, fgr, and hck are 

expressed in B lineage cells (reviewed by Satterthwaite and Witte, 1996). The involvement 

of src family kinases in B lymphopoiesis has been suggested by their activation in 

response to signals important for I3 cell development, such as IL-7 (Seckinger and 

Fougereau, 1994) and CD19 crosstinking (Uckun et al., 1993), as well as their ability to 

activate Btk (Rawlings et al., 1996) and syk (Kurosaki et al., 1994), both of which are 

critical for B celi development. Additional evidence for a role for src family kinases in 

lymphopoiesis comes from studies of csk knockout mice. By phosphorylating the C- 

terminal negative regulatory tyrosine of src family kinases, csk downregulates the 

enzymatic activity (Bergman et al., 1992). Csk-deficiency results in constitutive activation 

of src kinases, and a preferential block in lymphoid development (Gross et al., 1995). The 

specific role of each individual src family kinase in B cell development, however, remains 



to be defined. All src family kinases except b k  have been disrupted by homofogous 

recombination in mice. No overt defect in B cell development has been observed in any of 

these mice (reviewed by Satterthwaite and Witte, 1996). This result may either be 

explained by the significant redundancy among src family members, or a possible 

dominant role of bUc in B lymphopoiesis. 

CD45 is a transmembrane protein tyrosine phosphatase (PTPase) found on all 

nucleated hematopoietic ceus (Charbomeau et al., 1 98 8). Multiple isoforms of CD45 are 

differentially expressed on different cell types and cells at distinct stages of differentiation 

and activation (Thomas and Lefkancois, 1988). The B cell-specific isoform is B220, which 

is detected on B cells at all developmental stages except the terminally differentiated plasma 

cells (Kincade et al., 198 1; Coffinan and Weissman, 1982). All CD45 isoforms have 

identical transmembrane and cytoplasmic domains. The latter contains two tandem PTPase 

domains, and mutation of either of the two domains markedly reduces the enzymatic 

activity (Steuli et al., 1990; Johnson et al., 1992). The heterogeneity in CD45 isoforms 

exists entirely in the extracellular domain as a result of alternative splicing of the third 

through the seventh exons of the CD45 gene (Thomas and L e h c o i s ,  1988). Recent 

studies show that expression of different isoforrns either in a cell line or in transgenic mice 

affects TCR signaling differently (Ong et al, 1994; Chui et al., 1994; Novak et al., 1994), 

suggesting that the extracellular domain may regulate signal transduction through CD45. 

The physiological ligand for CD45 remains to be defined. Possible candidates include 

CD22 (Sgori et al., 1993) and heparin sulfate (Coombe et al., 1994). 



CD45 plays important roles in signal trausduction in T cells (Pingel and Thomas, 

1989; Koretzky et al., 1990; Weaver et al., 1991), B cells (Justement et al., 1 Wl), and NK 

cells (Bell et al., 1993), as demonstrated by CWSdeficient cell lines. Justement and his 

colleagues reported that a sIgM+/CD45- cell line failed to mobilize catf in response to 

sIgM crosslinking, and this defect was corrected by transfection with the CD45 gene 

(Justement et al., 199 1). CD45 is proposed to function by regulating the activity of the Src 

family of kinases (Okumura and Thomas, 1995). These kinases contain a negative 

regulatory tyrosine phosphorylation site at their farboxyl termini. Dephosphorylation of 

this site increases the kinase activity. CD45 has been shown to be able to dephosphorylate 

and activate Src-farniiy members fjm and Ick (Mustelin et al., 1992; 1989). In contrast, fyn 

and Ick are heaviIy phosphorylated in their C termini, and demonstrate decreased kinase 

activities in CD45-deficient T cell lines (McFarland et al., 1993; Sieh et al., 1993; Shiroo et 

a]., 1992). 

The in vivo fimction of CD45 has been studied by targeted disruption of exon 6 of 

the CD45 gene (Kishihara et al., 1993). In addition to a profound block in T ceU 

development, these mice have a defect in B cell differentiation. While the early stages 

appear to be normal, there are no mature B cells in these mice which can undergo 

proliferation in response to sIgM crosslinking. 

C5e. SHPl 

SHP I, primarily expressed in hematopoietic cells, is an intracellular protein 

tyrosine phosphatase containing two amino-terminal SH2 domains. (Mathews et al., 1 992; 

PIutzky et al., 1992; Yi et al., 1992). Insights into its function have been gained from the 

anaIysis of motheaten (me) and motheaten viable (mev) mice (Shultz et al., 1993; Tsui et 

al., 1993). Mutations in SHPl in these mice confer defects in multiple hematopoietic 



lineages: the macrophages and neutrophils appear to be chronically activated, and the 

population of conventional B cells is markedly reduced while CDS+ B ceUs are present and 

activated This phenotype leads to the speculation that SHPl functions as a negative 

regulator of signal transduction in hematopietic cells. The mechanism of this negative 

regulation is best studied in B cell receptor signaling. After receptor stimulation, src family 

kinases are first activated, possibly via deposphorylation by C W5. Among many other 

subsequent events, CD22 is phosphorylated at the tyrosine residues in the ITAM-like 

motif. These phosphotyrosines bind to the two SH2 domains of SHPl (Doody et al., 

1995). This interaction induces conformational changes of SHP 1, leading to the activation 

of its enzymatic activity (Pei et al., 1 996). The activated SHP 1 may then downregulate B 

cell signaling by dephosphorylating some substrates. It is interesting to note that the two 

phosphatases CD45 and SHPl exert opposite functions in this process. It is therefore 

proposed that these two phosphatases may work together to balance the antigen receptor 

signaling (Okumura and Thomas, 1 995 j. 

The reason for the absence of mature conventional B cells in me or mev mice 

remains to be determined. There are several possibilities. Firstly, excessive signaling due to 

SHP l -deficiency may induce cell death at certain developmental stages, for example, at the 

stage of negative selection. Secondly, all conventional B cells assume the CDS+ phenotype 

after spontaneous activation. Thirdly, overgrowth of myeloid cells may suppress B 

lymphopoiesis by trans effects. 

C6. Cytokine receptors and their lig~nds 

B cell development is dependent on interactions between developing progenitor 

cells and their microenvironment. In addition to direct cell-cell contact, many of these 

interactions are mediated by cytokines and their receptors. Because cytokines are both 



pleiotropic and overlapping in their biological effects and some components of 

multisubunit receptors are shared amongst the receptors for distinct cytokines, defining the 

role of individual c ytokindreceptor interactions in B lymphopoiesis remains a challenge. 

Over the years, a number of cytokines have been found to influence the proliferation and 

differentiation of B Lineage cells in vitro. But only few of them have been shown to play a 

unique role in I3 ceI1 development in vivo. 

C6a c-kit, fit3 and their ligands 

Stem cell factor (SCF) and flt3 ligand (FL) are two early hematopoietic growth 

factors. They share many structural and functional features. Both can exist in either soluble 

or membrane-bound forms (Anderson et al., 1990; Lyman et al., 1993). Their receptors, c- 

kit for SCF and flt3 for FL, belong to the same PDGF-R superfamily of receptor kinases 

(Chabot et al., 1988; Geissler et al., 1988; Matthews et al., 1991). Neither of them alone 

has significant proliferative activity, but they can synergize with each other or a number of 

other hematopoietic growth factors to stimulate the proliferation of hematopoietic stem 

cells and early progenitors (Lyman, 1995). One major difference between the two factors 

appears to be their effect on mast cells, which are stimulated by SCF but not FL (Hjertson 

et al., 1996). 

In vitro studies demonstrate that SCF and FL affect B cell development at several 

stages. In combination with IL-11 and IL-7, each of the two factors can support B cell 

differentiation fiom uncommitted fetal hernatopoietic progenitors in the absence of strornal 

cells (Kee et al., 1994; Ray et al., 1996a). In addition, both can synergize with IL-7 to 

promote pre-B cell proliferation (Ray et al., 1996a). The picture in vivo, however, looks 

more complicated. Little effect on B cell development is observed in S1 mice and W mice, 

which harbor mutations in SCF and c-kit, respectively, except that the absolute number of 



~ 2 2 0 ~  cells is slightly decreased in the fetal liver in W mice (Landreth et al., 1984). Mice 

deficient in the flt3 receptor, on the other b d ,  exhibit significant reduction in numbers of 

pro-B cells and pre-B cells in the bone marrow although they have normal numbers of 

immature and mature B cells in the bone marrow and periphery (Mackarenhtschian et al., 

1995). These observations lead to the speculation that c-kit and flt3 serve redundant 

functions in early B lymphopoiesis. The more severe defect in B cell development in mice 

mutant in both c-kit and flt3 supports this interpretation (Satterthwaite and Witte, 1996). 

Relative to flt3 knockout mice, the double-knockout mice have a twofold decrease in the 

frequency of both pro-B and pre-B cells in bone marrow as measured by FACS, and a 

tenfold drop in the fiequency of colonies formed in response to IL-7 and SCF. 

C6b. Interleukin-7 and its receptor 

Interleukin-7 (IL-7) is a 25 kDa soluble factor cloned fiorn stromal cells based on 

its ability to support the proliferation of B cell progenitors in the absence of stromal cells 

(Narnen et al., 1988). Subsequent studies reveal that IL-7-responsive B lineage cells 

display the phenotype typical of pro43 cells: they are B220+C~43'HS~+dgM- and their 

Ig heavy chain gene loci are either D-J or V-D-J rearranged (Hardy et al., 199 1). Less 

mature B cell progenitors or more mature pre-B cells with productively rearranged Ig light 

chains do not respond to IL-7 (Faust et al., 1993; Henderson et al., 1992). The effect of IL- 

7 on B cell precursors in vitro is mainly manifested as growth stimulation. Although a 

number of differentiation events occur during the course of IL-7-driven expansion of B cell 

precursors, it remains to be determined whether IL-7 is actively involved in this process. In 

addition to B lineage cells, IL-7 can stimulate growth of several other hematopoietic cell 

types, including T cells and myeloid cells ( H e ~ e y ,  1989; Jacobson et al., 1993). 



In vivo studies clearly demonstrate the essential role of IL-7 in lymphopoiesis. IL- 

7 transgenic mice and mice treated with exogenous IL-7 have elevated levels of mature B 

and T lymphocytes in the periphery and an increase in the number of B cell precursors in 

the bone marrow (Momssey et al., 1991; Samaridis et al., 1991). Inactivation of the IL-7 

gene by homologous recombination, on the other hand, leads to profound inhibition of 

both B and T lyrnphopoiesis (von Freeden-JefQ et al., 1995). B lymphopoiesis is blocked 

at the transition from pro-B to pre-B cells as evidenced by the absence of the ~220+CD43- 

population from bone marrow. This phenotype is slightly different from that observed in 

mice treated with anti-IL-7 antibodies, where block appears to be earlier for unknown 

reasons. Nevertheless, the developmental block at specific stages strongly suggests a 

differentiative effect of IL-7 on B cell precursors. 

The importance of IL-7 in promoting lymphopoiesis is substantiated W e r  in 

mice with defective IL-7 receptors. The receptor for IL-7 (IL-7R) consists of at least two 

subunits. The a chain is shared between the receptors for IL-7 and thymic stromal cell 

derived lymphopoietin (TSLP) (Peschon et al., 1994), and the y chain is a common 

subunit for receptors of IL-2, IL-4, IL-7, IL-9 and IL- 15 (Taniguchi, 1995). All receptors 

containing the common y chain signal through the associated tyrosine kinases JAKl and 

JAK3, leading to the activation of a family of transcription factors, called STAT (signal 

transducer and activator of transcription) (Taniguchi et al., 1995). Injection of neutralizing 

antibodies against IL-7 receptor (Sudo et al., 1993; He et al., 1995) or targeted disruption 

of either of its two subunits (Peschon et al., 1994b; Cao et al., 1995; DiSanto et al., 1995) 

results in a dramatic reduction in peripheral lymphoid celldarity and an absence of several 

B cell progenitor subpopulations in the bone marrow. Similar phenotypes have also been 

observed in JAK3-deficient mice (Thornis et al., 1995; Nosaka et al., 1995). 



The B cell development block in IL-7- or IL-7Rdeficient mice is incomplete. The 

presence of some mature B cells in the periphery of these animals suggests that other 

factors may play a role in maintaining B cell differentiation despite the dominant role of 1L- 

7. TSLP is a possible candidate as demonstrated by its ability to substitute for IL-7 in 

supporting B cell differentiation in vitro (Ray et al., 1996b). This is supported by the fact 

that mice deficient in IL-7Ra, which also participates in TSLP signaling, demonstrate a 

more severe phenotype than IL-7-deficient mice. 

D. Transcription factors regulating B lymphopoiesis 

The specific pattern of gene expression in B cell development is achieved by the 

interplay of many different transcription factors, some of which are ubiquitously 

expressed, while others are expressed in a more B lineage-restricted manner. Recent 

studies of gene targeting establishes a hierarchy of transcriptional regulation in B cell 

development. 

Dl. Octamer binding transcription factors 

Octamer binding transcription factors recognize an octamer motif (5 ' -  

ATGCAAAT-3') found in the promoters and enhancers of immunoglobulin genes as well 

as in the promoters of many ubiquitously expressed genes (Gstaiger et al., 1996). They 

belong to the POU family of transcription factors, characterized by a bipartite DNA 

binding domain, the so-called POU domain (Rosenfeld, 199 1 ; Herr and Cleary, 1995). 

This domain is composed of two independent DNA binding modules separated by a 

flexible linker. 



Octamer sites are important for the function of multiple B cell specik cis-acting 

regulatory elements, primarily the enhancer and promoter elements of immunoglobulin 

genes (Staudt and Lenardo, 1991). To date, several octamer binding factors have been 

isolated (Scholer, 1991). Only two of them have been found in B cells: the broadly 

expressed Oct- 1 and the lymphoid specific Oct-2 (Staudt et al., 1986; Muller et al., 1988). 

The B cell-restricted expression of Oct-2 led to the hypothesis that Oct-2 was responsible 

for the Oct factor-mediated activities specifically detected in B cells, This initial view was 

challenged by the observations of the dispensability of Oct-2 for imrnuaoglobuiin gene 

expression in cultured B cells (Feldhaust et al., 1993) and in mice (Corcoran et al., 1993). 

Targeted disruption of the Oct-2 gene had little, if any, effect on the development of 

immunoglobulin-bearing B cells (Corcoran et al., 1993), although the mutant mice 

demonstrate a defect in T cell-independent B cell activation (Corcoran and Karvelas, 1994). 

The obvious importance of Oct factors for immunoglobulin gene expression 

coupled with the dispensability of Oct-2 in this regard raised the possibility that the Oct 

factor-mediated regulation of immunoglobulin gene expression in B ceils is actually 

accomplished by Oct-1. Recently, several groups reported the identification of a B cell- 

specific coactivator, Bob 1 /OBF- 1 /OCA-B (Gstaiger et al., 1995; Strubin et a]., 1995; Luo 

and Roeder, 1995). This factor contains a transcriptional activation domain, but can not 

bind DNA itself It enhances Oct factor-dependent transcription via specific interaction with 

Oct- 1 and Oct-2. The observation that this factor is almost exclusively associated with Oct- 

1 in B cell extracts suggests that OCA-B confers B cell specificity upon Oct-1. 



NF-KB is a heterodimeric transcription factor originally identified as an inducible B 

cell-specific factor able to bind to the KB motif in the intronic K Light chain enhancer (Sen 

and Baltimore, l986a, 1 986b). It is now recognized that NF-lcB is ubiquitously expressed. 

The KB motifs have been identified in a number of genes, such as the genes encoding 

immunoglobulin K light chain, major histocompatibility complex, and interferon-P. The 

KB sites play a critical role in the transcriptional regulation of these genes (reviewed by 

Grilli et al., 1993). 

The two subunits of NF-KB, p50 (NFKBI) and p65 (RelA) are members of a 

large NF-icB/Rel family of transcription factors. Other members of this family include 

NFKB2 @52 and its precursor, p100), c-Re1 and RelB. Most of these family members can 

form heterodimers capable of binding to decameric KB motifs of the general form 5'- 

GGGRNNYYCC-3' (Nolan and Baltimore, 1992). NF-KB is constitutively expressed in 

many cell types, but is active only when present in the nucleus. In general, it is complexed 

with an inhibitor protein, I-, an association that retains NF-KB in the cytoplasm. Upon 

stimulation of cells with a variety of agents, such as lipopolysaccharide (LPS), phorbol 12- 

myristate 13-acetate (PMA), and cytokines, IKB is phosphorylated and degraded, and NF- 

KB is then released and translocated tiom the cytoplasm to the nucleus, where it activates 

the target genes (reviewed by Siebenlist et al., 1994). 

NF-KB is a key regulatory molecule in immunoglobulin K light chain gene 

activation. Induction of NF-1cE3 correlates with K light chain expression in mature B cells 

and plasma cells. Even more remarkable is the observation with a pre-B cell line 702/3. 

The K light chain locus of this cell line is productively rearranged but not transcribed. 

Stimulation of the cell with LPS induces NF-KB activity and the expression of K light 



chain (Sen and Baltimore, 1 986a, l986b). This has led to the suggestion that NF-KB may 

be involved in the maturation of pre-B cells to B cells (Sen and Baltimore, 1987). More 

recently. Sha et al. reported the results of NF-KB gene targeting (Sha et al., 1995). While 

the disruption of the p50 subunit of NF-KB results in mdtifocal defects in immune 

responses involving B lymphocytes and nonspecific responses to infection, mutant mice 

show no developmental abnormalities. It remains to be determined whether the apparent 

normal B lymphopoiesis in the mutant mice is due to compensation by other members of 

the NF-KB/R~~ family. 

B cell specific activator protein (BSAP) was initially identified as a mammalian 

homologue of a sea urchin transcriptional regulator (Barberis et al., 1990). Biochemical 

purification and cDNA cloning showed that BSAP is encoded by the Pax5 gene (Adam et 

al, 1992). The paired box-containing genes (Pax) are a small family of developmental 

control genes. All of the nine Pax genes found in mammalian cells have been implicated in 

the regulation of morphogenesis and pattern formation (Gmss and Walther, 1992; Strachan 

and Read, 1 994). Transcription factors of the Pax family recognize their target genes via 

the DNA binding function of the paired domain (Chalepakis et al., 1991; Treisman et al., 

199 1). This structural motif can be divided into two subdomains which recognize an 

extended sequence in adjacent major grooves of DNA. The bipartite nature of this motif 

may account for the observed degenerate DNA-binding specificity of BSAP (Czerny et al., 

1993). 

BSAP protein is detected at the early stages of B cell development, but is absent 

from terminally differentiated plasma cells and other hernatopoietic cells. In addition to B 

lineage cells, transcripts of Pax5 are detected in the developing central nervous system and 



in adult testis (Adarns et al., 1992; Asano and Gruss, 1992). BSAP appears to have 

multiple regulatory functions in B cells. CD19, a B cell specific transmembrane protein, is 

one of the targets of BSAP (Kormik et al., L 992). Multiple BSAP binding sites have been 

identified in the promoter region of CD 19 gene, which can confer early B cell specificity on 

heterologous promoters. Putative BSAP-binding sites have also been identified in the 

promoter of Vpr&, gene (Okabe et al., 1992) and in several regulatory regions of the 

immunoglobulin heavy chain gene locus (Liao et al., 1992; Rothman et al., 199 1 ; Shgh 

and Birshtein, 1993; Waters et al., 1989; Xu et al., 1992). In different contexts BSAP may 

b c t i o n  either as an activator or repressor of transcription. 

The importance of BSAP in B cell development is best illustrated in Pax5-deficient 

mice (Urbanek et al., 1994). Disruption of the paired box of Pax5 abolishes the production 

of small pre-B cell, B cells and plasma cells. Flow cytometric analysis indicates that B cell 

development is blocked prior to the transition fiom B220+CD43+ large pro-B cells to 

B220TD43' small pre-8 cells. 

D4. EBF 

Early B-cell factor (EBF) was originally identified as a nuclear factor regulating the 

transcription of the B cell-specific gene mb-1 (Hagman et al., 1991 ; Feldhause et al., 1992). 

This homodimeric protein recognizes a consensus sequence containing an inverted six base 

pair repeat (5 ' -AT/ATCCCNNGGGAA,TT-3 ' ) (Travis et al., 1 993). Molecular cloning 

of this factor revealed very Limited homology with other DNA-binding proteins (Hagman 

et al., 1993). 

Expression of EBF in B-lineage cells is restricted to cells representing the early 

stages of B cell differentiation. In addition, transcripts fiom this gene can be detected in 



adipocytes, in multiple regions of the developing brain, and in olfactory neurons in which 

the same gene was independently cloned and named Olf-1 (Wang et al., 1993). Targeted 

disruption of the EBF gene confirms its importance in B cell development (Lin and 

Grosschedl, 1995). The mutant mice lack B cells that have rearranged their 

immunoglobulin D and JH segments, but contains B220+CD43+ B cell progenitors 

expressing germline p and IL-7 receptor transcripts, indicating a developmental block at a 

early stage after B lineage commitment. On the other hand, other EBF-expressing tissues, 

such as the olfactory neurons, are apparently normal. 

PO. 1 transcription factor is the product of a putative oncongene spi- l (Goebl et al., 

1990; Klemsz et aI., 1990; Moreau-Gachelin et al., 1994). It is a member of the Ets family. 

This family is characterized by a novel DNA-binding motif called the Ets domain, which 

comprises adjacent a-helical and basic domains and binds to elements containing the core 

sequence GGA (Karim et al., 1990; Nye et al., 1992; Wasylyk et al., 1993). Multiple 

members of the Ets family are expressed in B cells. These include PU. 1 (Ray et al., 1992), 

Ets- 1 (Nelsen et al., 1993), Pli-1 (Klemsz et al., 1993) and Erg-3 (Rivera et al., 1993). 

Although all Ets family members recognize the GGA core sequence, differential binding 

by individual family members is specified by flanking sequences. In the Ig p enhancer, the 

pB site (StTTTGGGGAA3') is recognized predominantly by PU. I ,  and the pA site 

(S1GCAGGAAGCA3') is recognized by Ets-1 (Nelsen et al., 1993). In many cases, Ets 

family members regulate gene expression in conjunction with other factors or with each 

other (Rivera et al., 1993; Nelsen et al., 1993). 

PU. 1 is expressed in al l  hematopietic cells except T cells (Ray et al., 1992). In 

contrast to the Iirnited set of genes with binding sites for BSAP, putative binding sites for 



PU. 1 have been identified in a number of genes in both B celis and myeloid cells (Moreau- 

Gachelin et al., 1994). In B cells, PU.1 has been primarily linked to the lranscriptional 

regulation of the immunoglobulin heavy chains (Nelson et al., 1 993; Rivera et ai., 1 993), 

Light chains (Eisenbeis et al., 1993; Pongubaia et al., 1992; Schwarzenbach et al., 1999, 

and J chain (Shin and Koshland., 1993). 

Studies with transgenic mice signify the important role of PU. 1 in hematopoiesis in 

vivo. Overexpression of PU.1 results in the development of a multistep erythroleukemia 

with no abnormality for other hematopoietic lineages (Moreau-Gachelin et al., 1 996). Gene 

inactivation of PU.l, on the other hand, leads to a severe defect in the development of 

lymphoid and myeloid lineages while the development of erythrocytes and 

megakaryocytes appears tc be normal (Scott et al., 1994; McKercher et al., 1996). A 

comparison of the PU.1-deficient mice generated by the two groups reveals some 

differences. The null mice generated by Scott et al. died at a late gestational stage while the 

ones created by McKercher et al. were born alive. Another major difference is the stage 

where the block of hematopoiesis occurs. The mice generated by Scott et al. show a block 

in early development of lymphoid and myeloid lineages. McKercher et al., however, 

detected both lymphoid and myeloid progenitors in their mice. In fact, delayed C D ~ +  and 

C D ~ +  T cells and neutrophil-like cells begin to appear after birth. B cell development in 

McKercher's mice was abnormal. It appears that inactivation of PU. 1 results in the loss of 

coordinate expression of B lineage traits. The reason for the phenotype difference in the 

two PU. 1 -deficient mice is unclear. The gene disruption was targeted to the DNA-binding 

domain of PU. 1 in both cases. The construct made by Scott et al., however, introduced an 

insertion upstream of that domain and a deletion of the downstream potion. 



D6. E2A and related HLH factors 

E2A is a founding member of a large family of transcription factors, which share a 

region of homology in their DNA-binding and dirnerization domains, designated as the 

basic helix-loop-helix domain (Murre et al., 1989, 1994). Proteins of this family function 

as homodimers or heterodimers (Henthern et al., 1990; Hu et al., 1992; Lassar et d., 

199 1). Some members of this family show strict tissue-specificity in their expression and 

function. MyoD, for example, is specifically expressed in muscle cells, and activates 

myogenesis when introduced into nonmuscle cells (Weintraub et al., 1989; 1991). Thus 

far, no B cell-specific HLH gene has been identified Other HLH proteins have a broad 

expression pattern. B cells express at least three such proteins, including E2A (Murre et al., 

1 gag), E2-2 (Henthorn et al., 1990) and HEB (Hu et al., 1992). They bind to a consensus 

sequence 5'-C ANNTG-3 ' (E boxes) (Hogmman and Grosschedl, 1994). Despite the 

detection of E2A transcripts in all cells examined, the DNA-binding activity of E2A is 

only detected in pre-B and B cells, but not in pro-B, T and most non-lymphoid cells 

(Murre et al., 1991; Jacobs et al., 1993; Bain et al., 1993). One of the mechanisms 

regulating DNA binding activity of E2A proteins is through association with dominant 

negative Id proteins. The heterodimer containing an Id protein, which is also a helix-Imp- 

helix protein, is inactive because Id proteins lack the basic amino acid region necessary for 

DNA binding (Benezra et al., 1990; Sun et al., 199 1). Id genes are expressed at high levels 

in pro-B cells, and decrease during B cell differentiation (Sun et al., 1991; Wilson RB et al., 

1991). Trangenic mice constitutively expressing Id1 gene show impaired B cell 

development (Sun, 1994). These mice have few B220+ IgM+ mature B or B220+CD43- 

pre-B cells. 

The function of HLH proteins in B cells has been most extensively studied in the 

context of immunoglobulin gene expression. They can bind to the pE2, pE4, pE5, KE 1, 



and K E ~  sites present in heavy and light chain gene enhancers (Mum et al., 1991; Baia et 

al., 1 993; Jocob et al., 1993). Overexpression of E47, a product of the E2A gene, in pre-T 

cells leads to induction of germline immunoglobulin heavy chain expression, DJ 

rearrangement of the immunoglobulin heavy chain, and increased expression of Oct-2 and 

RAG genes (Schlissel et al., 1991). 

Recent gene knockout studies fiuther demonstrate the importance of bHLH 

transcription factors in B cell development- Two groups reported that disruption of E2A 

gene results in an arrest at a very early stage of B cell development (Bain et al., 1994; 

Zhuang et al., 1994). No immunoglobulin gene rearrangement, and few, if any, B220+ 

cells are detected in the bone marrow of E2Adeficient mice. Bain et al. also observed a 

dramatic decrease in the expression of RAG- 1, AS, mb- 1, CD 19 and Pax-5 genes in fetal 

liver cells of these mice. Carem analysis of the mutant mice revealed a dosage effect for 

E2A: animals heterozygous for the E2A mutation have only half of the pro-B cells in 

normal littermates (Zhuang et al., 1994). This dosage effect has been further illustrated in a 

subsequent study of E2-2- and HEB-mutant mice (Zhuang et al., 1996). In contrast to 

E2A, E2-2 and HEB are not essential for B cell development. However, both E2-2- and 

HEB-deficient mice have a reduced number of B220du11CD43+ pro-B cells. Cross 

breeding of E2A-, E2-2- and HEB-mutant mice demonstrate that mice transheterozygous 

for any two mutations produce fewer pro-B cells than the singly heterozygous littermates. 

D7. Ikaros 

The Ikaros gene was initially isolated by screening a T cell expression library with 

the 6A element of the CD36 gene enhancer (Georgopoulos et al., 1992). The protein 

encoded by this gene contains multiple zinc finger motifs organized in two separate 

clusters, and is capable of binding to the 6A element and activating transcription from this 



binding site. Further sequence analysis revealed that alternative splicing of the bas gene 

gives rise to 5-6 mRNA isofonns (Molnar and Georgopoulous, 1994; Hahm et al., 1994; 

Molnar et al., 1996). All of the Ikaros isoforms share two C-terminal zinc fingers, but have 

different numbers of zinc finger modules at their N-terminal region. These isoforms differ 

in their overall DNA-binding and transcription activation properties. The isoforms 

containing 2-4 N-terminal zinc finger modules can bind DNA with high affinity and 

activate transcription, where the ones with fewer than 2 zinc fingers show low-affinity 

binding for the core recognition sequence 5 ' -GGGM-3 '  and fail to activate transcription 

(Moinar and Georgopoulous, 1 994). 

During embryonic development, Ikaros mRNA is detected by in siru hybridization 

and PCR in the early fetal livers, the early and maturing thymus, the embryonic and 

postnatal spleen, and the brain, but not in bone marrow (Georgopoulos et al., 1992; Molnar 

and Georgopoulous, 1994). In adult mice, Ikaros mRNA is restricted to the thymus and 

the T cell population of the spleen as demonstrated in Northern analysis (Georgopoulos et 

al., 1992). When cell lines are examined by Western blot, Ikaros proteins are found in T 

cell lines and cell lines characteristic of immature B cells (Hahrn et al., 1994). A search for 

the potential Ikaros binding sites revealed their presence in the enhancer and promoter 

regions of many lymphoid-specific genes, including members of the CD3-T cell receptor 

complex, CD4, CD2, IL-2, TdT, mb-1, MNpreB, and tyrosine kinase lck (Molnar and 

Georgopoulous, 1994; Hahm et al., 1 994). 

The Ikaros gene is essential for the development of all lymphoid Lineages. Mice 

homozygous for a germline mutation in its DNA-binding domain lack T and B 

lymphocytes and natural killer cells, while the erythroid and myeloid lineages are intact 

(Georgopoulous et al., 1994). The Ikaros gene appears to be required for the commitment 

of multipotent hematopoietic cells to the lymphocyte developmental pathways as the 



earliest defined progenitors of all lymphoid lineages are absent fiom the mutant mice. The 

question remains unsolved whether the Ikaros gene is required for the progression of 

committed lymphoid progenitors along subsequent developmental pathways. It is 

interesting to observe that the mice heterozygous for the same mutation show augmented T 

cell proliferation, and develop T cell leukemia and lymphoma (Winandy et al., 1995). 

Careful analysis of this dominant mutation should help to clarifL the possible involvement 

of this gene in B cell progression. 

Sox4 gene was isolated in the search for transcription factors which can activate T 

cell-specific enhancers containing a consensus sequence 5'-AACAAAG-3' (van de 

Wetering et al., 1993). The protein encoded by Sox-4 contains a high mobility group- 1 

(HMG) box found in a number of DNA-binding proteins (Laudet et al., 1993), and a 

unique serine-rich transactivating domain. During murine embryogenesis, Sox4 is 

expressed at several sites, but in adult mice expression is restricted to immature B and T 

lymphocytes. Targeted disruption of Sox-4 gene leads to a severe impairment in the 

development of B lymphocytes, whereas the hematopoietic cells of other lineages remain 

intact (Schilharn et al., 1996). In Sox-4-deficient mice, the number of CD43+~220+ pro-B 

cells is significantly reduced, and ~ ~ 4 3 . ~ 2 2 0 ~  pre-B cells are virtually absent. The block 

in B cell differentiation, however, is not absolute, as evidenced by the presence of a small 

number of mature B cells. 

E. Isolation of genes differentially expressed in B cell development 

A number of genes have been found to be differentially expressed during B cell 

development and to play important roles in the differentiation process. Still, they might just 



represent a small kction of genes that influence this process. Identification of novel genes 

specific for discrete developmental stages will further increase our understanding of the 

molecular basis of B cell development. Over the years, several approaches have been 

developed for the isolation of differentially expressed genes. In the following section the 

essential features of these approaches will be discussed. 

El.  Differential screening 

In differential screening, radiolabeled cDNA probes are generated fiom poly(A)' 

RNA from two cell types of interest and hybridized separately to duplicate filters of a 

cDNA library. Clones hybridizing to both probes correspond to genes commonly 

expressed by both cell types, whereas clones hybridizing to only one probe represent genes 

uniquely present in one cell type. Numerous genes have been isolated in this way. A few 

examples include genes temporally regulated during development of Drosophila (Scherer 

et al., 198 l ) ,  genes induced by drug treatment (Masiakowski et al., 1982) and virus 

transformation (Schutzbank et al., l982), and genes which are cell cycle-related (Lau and 

Nathans, 1985). This method, however, works well only for genes expressed in abundance 

since the cDNA probes obtained fiom the entire population of rnRNAs are of very high 

complexity and the representation of rare mRNAs is extremely low. The approximate 

limitations of detection are mRNAs representing 0.1% of the total population (Sargent, 

1987). 

E2. Subtractive hybridization 

To clone differentially expressed rare mRNAs, subtractive hybridization provides a 

powerfid alternative (Sargent, 1987). Briefly, mRNA fiom cell type A is reverse 

transcribed into cDNA. The cDNA is then hybridized exhaustively to an excess of mRNA 



fiom cell type B. cDNAs corresponding to mRNAs expressed in both cell types will form 

DNA:RNA hybrids while cDNAs corresponding to mRNAs uniquely expressed by cell A 

remain single-stranded. The unhybridized cDNAs can be separated fiom the DNA:RNA 

hybrids by chromatography on hydroxyapatite columns and used either as probes to screen 

a cDNA library or as templates to synthesize double-stranded cDNAs for the construction 

of a subtracted cDNA library. This approach has led to the discovery of such important 

genes as those encoding T cell receptor (Hedrick et al. 1984) and h.5 (Sakaguchi et al., 

1986), and is still widely used in the search of genes differentially expressed in different 

cell types or different cellular states. This technique, however, is not efficient to isolate 

genes for which the expression level is only a few times higher in the positive relative to 

the negative cells, since mRNA fiom negative cells is always used in a large excess in 

subtractive hybridization. Another limitation to its application is the amount of material that 

is available. Frequently, it may be difficult to obtain sufficient mRNA to drive 

.hybridization to completion. One solution to this problem is global ampIification of mRNA 

from a single or a few cells by PCR (Brady and Iscove, 1993). 

E3. cDNA microarray technology 

The cDNA microarray technology is designed to monitor the quantitative changes 

in gene expression (Schena et al., 1995). In this method, multiple cDNA molecules are 

amplified with PCR. Samples are then printed onto glass microscope slides in microarrays. 

The cDNA microarrays are subsequently hybridized to fluorescent probes of different 

colors prepared fiom total mRNA of different cell types. Each of the microarrays is 

scanned for fluorescent emission after independent excitation of the fluorophores. The 

difference in gene expression is revealed by comparing the fluorecent patterns obtained 

from scanning at different wavelengths. The application of this technology is obviously not 

restricted to known genes. It may also be used to isolate novel genes. 



E4. Serial analysis of gene expression (SAGE) 

SAGE is another PCR-based method which has the potential to be applied to 

identify differentially expressed genes (Velculescu et al., 1995). In this method double- 

stranded cDNA is synthesized with biotinylated oligo(dT) primers. The cDNA is then 

cleaved with a restriction endonuclease with a 4-6 bp recognition site (anchoring e w e ) .  

The most 3' portion of the cleaved cDNA is isolated, divided in half, and ligated via the 

anchoring restriction site to one of the two linkers containing a type IIS restriction site 

(tagging enzyme). Type IIS restriction endonucleases cleave at a defined distance up to 20 

bp away from their asymmetric recognition sites. The linkers are designed so that cleavage 

of the ligation products with the tagging enzyme releases the linker with a short piece of the 

cDNA sequence (tag). The two pools of the released tags are ligated to each other. 

Subsequent PCR amplification of the ligated tags with primers specific to each linker 

selects ligation products linked tail to tail (ditag). The linker sequence is removed fiom the 

PCR products with the anchoring enzyme. The ditags are concatenated and cloned. A 

library is thereby created in which each mRNA transcript is represented by a short tag. By 

sequencing a Iarge number of these concatenated ditag clones, the presence and abundance 

of individual transcripts can be determined. Comparison of the information obtained fiom 

tu.0 cell types will reveal both qualitative and quantitative differences. Upon identification 

of such differences, the tag sequence plus the anchoring enzyme site provides enough 

information for isolation of the corresponding full-length cDNA clones. 

E5. Differential display 

Differential display is first described by Liang and Pardee (L.iang and Pardee, 

1992). An outline of this method is presented in Figure 1-9. Poly(A)' RNA from different 

cell types is reverse transcribed with modified oligo(dT) primers. The two additional 
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Figure 1-9. Outline of the mRNA differential display technique. 



nucleotides at the 3' end of the oligo(dT) primers fractionate mRNA in a particular cell 

type into 12 pools. cDNA obtained with each oligo(d'I') primer is amplified with the same 

oligo(dT) primer and a series of arbitrary lOmers in the presence of %-~ATP. With each 

primer combination, 50- 100 species of mRNA can be amplified. By using 20-40 arbitrary 

IOmers, one should be able to cover the majority of mRNA expressed by a typical 

mammalian cell. The amplified products fiom different cell types are run side by side on a 

polyacrylarnide gel. The bands appearing in one cell type but not the others are considered 

to be derived from differentially expressed genes. These bands are recovered fiom the gel 

and reamplified with the same primer combination. The reamplified products can be used 

as probes to confirm the differential expression by Northern blot analysis. Upon 

confirmation, the PCR fragments are cloned. This technique has been widely used in recent 

years, and multiple differentially expressed genes have been identified (reviewed by Liang 

and Pardee, 1995). The most obvious advantage of this method is that it allows multiple 

cell types to be compared at the same time and reveals both upregulation and 

downregulation in gene expression. On the other hand, this method has the problem of 

very high percentage of false positives as the result of PCR artifacts under low stringent 

reaction conditions. 

F. Thesis outline 

B cell development fiom hematopoietic stem cells is marked by progressive 

acquisition of new traits and loss of old traits. Underlying these phenotypical changes is the 

differential activation and suppression of a series of genes. In recent years, rapid progress 

has been made in elucidating the specific roles of individual genes in B lymphopoiesis. Of 

those genes indispensible for B cell differentiation, some encode the pre-B cell receptor 

complex and downstream signaling molecules, others encode components of V(D)I 

recombination machinery, and still others encode transcription factors, growth factor 



receptors or adhesion molecules. Targeted disruption of those genes blocks either B lineage 

commitment or progression (Figure 1 - 10). 

common 
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HSA' 

PAX-5 
SOX-4' 

Figure 1-10. The blockade of B cell development in knockout mice. Incomplete block is 

indicated by an asterisk. This scheme is based on the data reviewed in Section B, C and D. 

Due to the lack of a complete picture of genes specifically expressed at different 

developmental stages, many gaps still remain in our understanding of the genetic program 

of B lymphopoiesis. A particularly important step in B cell differentiation is the transition 

from recombination-active pro-B to recombination-silent pre-B stages. V(D) J 

recombination is a process unique for lymphoid cells, and the products of this reaction, 

assembled Ig genes, play a central role in B cell differentiation. In this thesis, I describe the 

isolation and characterization of several genes differentially expressed around this 

transition. Chapter 1 provides background information that includes: 1) B cell 

developmental pathway; 2) Ig gene rearrangement; 3) expression patterns and hct ions  of 



various genes in B cell development; 4) regulation of B cell development by transcription 

factors; and 5) approaches for isolation of novel differentially expressed genes. Chapter 2 is 

a detailed description of the experimental methods and materials used in my studies. 

In total, nine genes showing differential expression between the two representative 

cell lines have been isolated. Three of them, 7A3, 7T9 and 7G9, were selected for fiuther 

characterization on the basis of sequence analysis and expression pattern examination. The 

results are presented in three data chapters. Chapter 3 describes 7A3, a gene speci f idy  

expressed by B cells at late developmental stages. 7A3 encodes a sialic acid-specific 9-0- 

acetylesterase, an enzyme catalyzing the removal of 9-0-acetyl ester groups from position 

9 of sialic acids frequently found on a number of glycoproteins. Chapter 4 describes 7T9. 

This gene encodes the mouse homologue of human pleckstrin, a physiological substrate of 

protein kinase C. Within B lineage cells, it demonstrates an expression pattern similar to 

that of 7A3. Chapter 5 describes 7G9, a B lineage- and early stage-specific gene. It encodes 

a precursor protein for a novel tachykinin peptide. Peptides of this family exert numerous 

actions on a variety of cells and tissues. 

In chapter 6, I summarize the essential findings of this thesis and discuss the 

potential roles of 7A3, 7T9 and 7G9 in B cell development. Models that explain their 

actions are proposed together with directions for future studies. 



Chapter 2 

Materials and methods 



Animals C57BW6, BaWc and C D l  mice were purchased from Jackson Laboratories 

(Bar Harbour, ME), and New Zealand White rabbits fiom RiemanTs Fur Ranch (St. 

Agatha, ON). The animals were housed at the animal facility at the Wellesley Hospital 

Research Institute. Timed pregnancies were established by housing five female mice with 

one male for 18 hours as described by Paige et al. (Paige et al., 1984). The presence of 

vaginal plugs was considered day 0 of gestation. 

Cell lines and cultures. 702/3 is a late pre-B cell Line obtained h r n  a (C57BL/6 X DBA/2) 

F1 mouse injected with methylnitrourea (Paige et al., 1978). II84 is an Abelson murine 

Ieukemia virus ( A-MuLV) transformed pro-B cell line made in this laboratory fiom fetal 

liver cells obtained from (C57BL/6 X DBA/2)Fl 12d. embryos. These two cell lines 

represent two close, yet distinct, developmental stages in B cell differentiation, and were 

used as the starting cells for differential display. Table 2-1 compares the major 

characteristics of these two lines. They have similar expression patterns for various stage- 

specific markers, such as AA4.1, B220, u, W h  light chain, and p heavy chain. However, 

they differ significantly in the rearrangement of their Ig gene loci. 702/3 has undergone 

complete Ig gene rearrangement, whereas IIB4 is actively undergoing that process. 

Accordingly, recombination activation genes (RAG1 and RAG2) are expressed in IIB4 

cells but not in 702/3 cells. 



Table 2-1. Comparison of 7OZ/3 and IIB4 Cells 

Source 

Genetic background 

AA4.1 

B220 

hs 

Kfh 

P 
RAG 112 

Ig gene rearrangement 

heavy chain 

kappa chain 

chemically induced 

(C57L/6 X DBA)Fl 

+ 
+ 

lDJ, 1VD.J 

1 VJ, 1 germline 

A-MuLV transformed 

(C57L/6 X DBA)Fl 
+ 
-+ 
+ 

2DJ, VD J rearranging 

2 gennline 

The plasmacytoma line 5558, immature B ceU line WEHI-23 1, macrophage lines 

WEHI-3 and P338D1, fibroblast Lines L929 and NIH3T3, and T cell line EL4 were 

purchased fiom the American Type Culture Collection (ATCC). The erythroid cell line 

CB5 was obtained from Dr. S. Benchimol (Ontario Cancer Institute, Toronto, Canada). 

S 17 (Henderson et al., 1990) and BMS2.2 (Gimble et al., 1989) are stromal cell lines. 

RBLS is a virus-transformed T lymphoma cell line. CB 17 1.1, CB 17 5.1, scid 2.1, scid 

4.1, RAG I - 14, RAG 1-1 7, RAG2-5, and RAG2-2 1 are A-MuLV transformed pro-B cell 

lines made in this laboratory from either fetal Liver or bone marrow cells of CB17, scid, 

RAG 1 -deficient and RAG2-deficient mice respectively. These cells lines were cultured in 

OPTI-MEM (Gibco BRL) supplemented with 5% FCS, sx 1 0-5M 2-mercaptoethanol, 

1 00U/ml penicillin and 100pg/ml streptomycin. 



Total RNA isolation and poly(~)+ RNA selection. Total RNA isolation and poly(A)+ 

EWA selection were performed essentially as described by Sambrook et al. (Sambrwk et 

al., 1989). For total RNA isolation, cultured cells or tissues were homogenized in 10 

volumes of guanidinium thiocyanate homogenization buffer (4M Guanidinium 

thiocyanate, 25 rnM sodium citrate, pH 7.0, 0.5% sarcosyl, 0.1 M $-mercaptoethanol). 

After the addition of 0.1 volume of 2M sodium acetate, pH 4.0, equal volume of dH20- 

saturated phenol, and 0.2 volume of chloroform-isoamyl alcohol (49:1), the mixhue was 

vigorously shaken for 10 sec, kept on ice for 15 min, and then centrifbgated at 10,000 x g 

for 20 min. The aqueous phase was transferred to a fresh tube. RNA was precipitated by 

adding 2 volumes of 100% ethanol, followed by incubation at -200C for 1 hr and 

centrifugation at 10,000 x g for 20 min at 4%. The pellet was redissolved in the 

homogenization buffer and reprecipitated with ethanol. Then the pellet was rinsed with 

75% ethanol, vacuum-dried, and dissolved in dH20. For selection of poly(A)+ RNA, total 

RNA was heated to 650C for 5 rnin and rapidly cooled on ice. After the addition of an 

equal volume of 2X loading buffer (40rnM Tris-C1, pH 7.6, 1M NaCl, 1mM EDTA, 

0.1% SDS), the sample was loaded onto an oligo(dT)-cellulose column (Phannacia) 

preequiiibrated with 1X loading buffer. The effluent was collected and reapplied to the 

column. The column was then washed with 10 volumes of 1X loading buffer. Poly(A)' 

RNA was eluted with 2 volumes of elution buffer (1 Om! Tris-Cl, pH 7.6, I mM EDTA, 

0.05% SDS). After precipitation with ethanol, poly(A)+ RNA was redissolved in dH20. 

Northern blot. 10pg of total RNA or 5pg of poly(A)+ RNA were heated to 65oC for 5 

rnin in 20p1 of loading buffer (20mM NaH2P04, pH 7.8, 2M formaldehyde, 50% 

formamide), applied onto 1% agarose gels made in the buffer containing 20mM 

NaH2P04, pH 7.8 and 2M fonnaldehyde. Following electrophoresis in 20mM NaH2P04, 

pH 7.8, 1 M formaldehyde, RNA was transferred onto Hybond-N nylon membranes 



(Amersham) in 1 OXSSC (1.5M NaCl, 150mM sodium citrate, pH 7.0), and immobilized 

by LN-crosslinking. 

Southern blot. Up to 1Op.g of  DNA samples were loaded onto 1 - 1.5% agarose gel made in 

TBE buffer (45rnM Tris-borate, 1m.M EDTA). Following electrophoresis in TBE, the gel 

was soaked fust in 0.2N HCl for l0min, then in 0.4M NaOH, 1M NaCl for 35 min. The 

denatured DNA was transferred onto a nylon membrane (Amersham) in 0.4M NaOH, 

150rnM NaCl, and immobilized by UV-crosslinking. 

Probes. PCR products or plasmid DNA digested with appropriate restriction enzymes 

were fractionated on a 1% agarose gel. The desired fragments were excised from the gel, 

and DNA was recovered using QIAEX resin (Qiagen). Briefly, the gel slice was soaked in 

QX 1 buffer containing 0.1 M mannitol, and heated at 500C to be melted. lOpl of QlAEX 

suspension was then added. After incubation at SOOC for 10 rnin, the resin was pelleted by 

brief centrifugation, and washed sequentially with 2 X 05ml QX2 buffer and 2 X 0.5ml 

QX3 buffer. DNA was released from air-dried resin by incubating with 2 X 20pl dH20. 

Probes were prepared by labeling the DNA fragments with 3 2 ~  using the method of 

random priming (Feinberg and Vogelstein, 1983). lOOng DNA in 33pl of dH20 was 

heated to lOOoC for 5 min and cooled on ice for I min before the addition of the following 

reagents: lop1 of 5X OLB ( 0 2 M  Tris-CI, pH 8.0, 20nM MgC12, 0.4mM P- 
rnercaptoethanol, 1mM dNTP without dCTP, 1M HEPES, pH 6.6, 25 U/ml dN6 

(Pharmacia) and 1 mg/rnl BSA), 5pl 3 2 ~ - d ~ ~ ~  (1OmCilml) (Amersham) and 10U Klenow 

(Gibco BRL). The labeling reaction was incubated at 370C for 1 hr or at room temperature 

overnight. Labeled DNA was then separated from free 3*P-dCTP by gel-filtration through a 

Sephadex G-50 column. Probes were denatured by boiling and rapid cooling immediately 

before they were added to hybridization reactions. 



Hybridization and washing. Blots were prehybridized in 50% fonnamide, 5X SSPE 

(0.75M NaCl, 5m.M EDTA, 50mM NaH2P04, pH 7.4 ), 2% SDS, 5X Denhart's 

solution (0.1 % Ficoll, 0.1 % polyvinylpyrrolidine, 0.1 % B SA) with the addition of 

100pg/rnl sheared/boiled salmon sperm DNA (Sigma) and 1 00pglml polyadenylic acid 

(Pharmacia) at 420C for a minimum of 1 hr. 3*P-labelled probes was then added, and 

hybridization was carried out at 420C overnight. Then the blots were sequentially washed 

in 2X SSC (300m.M NaCl, 30mM sodium citrate, pH 7.0), 0.1% SDS at 420C, in 

IXSSC, 0.1% SDS at 6SOC, and in O.1X SSC, 0-1% SDS at 650C. 

Differential display PCR Differential display PCR was performed following the method 

described by Liang and Pardee (Liang and Pardee, 1992) with a mRNA map kit 

(GenHunter, Brookline, MA). Briefly, 0.2pg of Poly(A)+ RNA fiom IIB4 or 70D3 cells 

was mixed with 20p1 of reverse transcription (RT) buffer (50m.M Tris-C1, pH 8.3, 75mM 

KC], 3mM MgC12, 5mM DTT) supplemented with 20pM dNTP, lpM oligo(dT) 

primers (T12MN) (Table 2-2). The mixture was heated at 650C for 10 rnin, cooled to 

37OC for 10 min. The first strand cDNA was synthesized by adding 200U of M-MLV 

reverse transcriptase (Gibco BRL) and incubating at 37oC for 50 min. The reaction was 

terminated by heating to 950C for 5 min. One tenth of the RT product was used in the 

subsequent PCR reaction, which contained 1 OmM Tris-C1, pH 8.4, 50mM KCI, 1 SmM 

MgC12,0.00 1 % gelatin, 0.2pM Arbitrary primers (Table 2- I), 1 pM T 12MN (the same as 

the one used in the RT reaction), 2pM dNTP, 12.5pCi 3%-dATP (1250Ci/mrnole), and 

1U Taq DNA polymerase (Perkin Elmer). PCR was performed as follows: 94"C, 30s; 

40°C, 2min; 72"C, 30s for 40 cycles plus a final extension at 720C for 5 min. One fifth of 

the PCR product (4pl) from each of the two starting cells was distributed side by side on a 

6% polyacry1amide:urea gel. The gel was then dried without bation? and exposed to an X- 

ray film. The autoradiogram was analyzed for differentially displayed bands. 



Table 2-2. Primers Used for Differential Display PCR 

Oligo(dT) primers (T 12MN: M = G, A, or C; N = G, A, T, or C) 

T 12MG: TTTTTTTTTTTTMG 

T 12MT: TTTTTTTTTTTTMT 

Arbitrary primers 

AP-I: AGCCAGCGAA 

AP-3: AGGTGACCGT 

AP-5: GTTGCGATCC 

AP-7: CCGMGGAAT 

AP-9: CGTGGCAATA 

AP- I 1 : CAGACCGTTC 

AP- 1 3: AGTTAGGCAC 

AP- 1 5: AGGGCCTGTT 

AP- 1 7: GCAAGGAGTC 

AP- 19: GGCTAATGCC 

AP-2 1 : GACTTCGATG 

AP-23: AGGCATAGCA 

AP-25: GTAACCGTCA 

AP-27: TTGCAATCCG 

AP-29: GGACTGCACT 

T 12MA: TTTTTTTTTTTTMA 

TI 2MC: TTTTTTTTTTTTMC 

AP-2: GACCGCTTGT 

AP-4: GGTACTCCAC 

AP-6: GCAATCGTAG 

AP-8: GGATTGTGCG 

AP- 10: TAGCAAGTGC 

AP- 1 2: TGCTGACCTG 

AP- 14: AATGGGCTGA 

AP- 16: CGTCAGTGAC 

AP- 1 8: CTGAGCTAGG 

AP-20: GTGATCGGAC 

AP-22: CGACGTTCAT 

AP-24: TCCAGTCATG 

AP-26: GATCGTAGCA 

AP-28: CAGGATTGCT 

AP-30: ACTAGGCTAG 

Figure 2-1 shows a typical differential display gel. Under the conditions described 

above, each combination of T12MN and arbitmy primer gave rise to approximately 50- 

100 bands. Assuming that each individual band represents a distinct mRNA species, 120 

combinations of primers (4 T12MN x 30 AP) should be able to cover the majority of 

10,000- 15,000 different mRNA species found in a typical mammalian cells. With any 

given combination of primers, most of the bands are found in both cell lines of interest, 

and only a small number of them are present in one line, but absent from another. 



Presumably, those common bands represent genes expressed by both cell lines, and the 

differentially displayed bands are the products of uniquely expressed genes. 

Figure 2-1. A typical differential display gel. Arrows indicate examples of unique bands. 

The unique bands were then cut out from the gel, and the DNA was eluted by 

soaking the gel slices in lOOpl of TE buffer for lornin, followed by boiling for 10min. 

The eluted DNA was precipitated using glycogen and ethanol, air-dried, and redissolved in 



lop1 of dH20.4pl was used in subsequent reamplification reaction, which was done using 

the same primer set and conditions as above except that the dNTP concentration was raised 

to 20pM and no isotope was added. The reamplified product was hctionated on a 1.5% 

agarose gel. The DNA of expected size was recovered from the agarose gel using QIAEX 

resin (Qiagen), and directly used as a probe in Northern blot analysis to confirm the 

differential expression of the gene represented by this DNA fragment. 

Most of the differentially displayed bands are found to be PCR artifacts, and ody 

about 5- 10% of them represent genes that are indeed differentidy expressed between the 

two cell lines. Quite frequently, a single band isolated fiom the differential display gel 

contains several different DNA sequences, which is first suggested by the appearance of 

muItiple bands on Northern blots and subsequently confirmed by DNA cloning and 

sequencing. This raises the possibility that some unique genes could be missed in the 

screening. 

Once the differential expression was confirmed by Northern blot analysis, the 

reamplified DNA fragment was cloned into the TA cloning vectors (Invitrogen, CA). This 

vector was specially designed to contain protruding ends of single deoxythymidine 

residues, thereby facilitating the direct cloning of PCR products that oflen have a single 

deoxyadenosine at their 3' ends due to a nonternplatedependent activity of Taq polymerase 

(Mead et al., 1991). 1-2pl of PCR product fiom the reamplification step was mixed with 

lop1 of ligation buffer (6mM Tris-C1, pH 7.5,6mM MgC12, 5mM NaC1, O.lmg/ml BSA, 

7 mM P-mercaptoethanol, 2mM DTT, 1mM spermidine) with the addition of 50ng of 

linearized TA cloning vector and 4U of T4 DNA ligase, and incubated at 120C overnight. 

2pI of the ligation reaction was added to competent cells, incubated on ice for 30 min, and 

followed by a heat shock at 420C for 30 sec. The transformed cells were spread onto LB 

(1% NaCl, 1% bactotryptone, 0.5% yeast extract) agar plates containing ampicillin and X- 



gal, and cultured at 370C overnight. Individual white colonies were picked up, and plasmid 

DNA was prepared. The inserts were used as probes to confirm the differential expression 

on Northern blots. 

Figure 2-2 shows the differential expression of the 9 genes isolated in this study. 

Three of them are only expressed in IIB4, five are specific for 702/3, and the remaining 

one (7G 10) has two transcripts of which the larger one is only detected in 70213- 

Figure 2-2. The differential expression of the 9 genes in IIB4 and 702/3 cells. 

cDNA library construction. The cDNA library was constructed essentially as described by 

Sambrook et al. (Sambrook et al., 1 989). Spg of poly(A)+ RNA was reverse transcribed 

into first strand cDNA using an oligo(dT) 12- 18 primer. The mRNA-cDNA hybrid was 

treated with RNase H. Remnants of mRNA served as primers for tbe synthesis of second 

strand cDNA in the presence of E. coli DNA polymerase I and E. coli ligase. The doubie 

strand cDNA was made blunt-ended with Klenow hgment  Following extraction with 



phenoVchlorofoxm and purification through Sephacryl S-300 gel (Pharmacia), the double 

strand cDNA was ligated to an EcoR VNot I adapter. The adapter-tailed cDNA was 

phosphorylated by T4 polynucleotide kinase (Gibco, BRL), and then purified through a 

Sephacryl S-300 column. One microgram of EcoR I-linearized, dephosphorylated UAPII 

vector (Stratagene) was mixed and coprecipitated with a hction of the cDNA. After 

redissolving the precipitate in a small volume of ligation buffer, T4 Ligase was added, and 

the mixture was incubated at 12OC overnight. The recombinant ;h phages were packaged 

into infectious particles using Gigapack I1 XL packaging extract (Stratagene). The library 

was titred by infecting bacteria with various dilutions of the packaging reaction, and the 

ratio of recombinant : nonrecornbinant phage was determined by growing infected bacteria 

on LB plates containing IPTG and X-gal. The total yield of the recombinants was 4x106, 

and the ratio of recombinants in the library was over 95%. The size of cDNA inserts was 

also determined: 1 2 randomly picked clones contained inserts ranging fiom 0.8-4Skb with 

an average of 1.4kb. The library was eventually amplified in E. coli strain XL1-Blue 

(Stratagene), and the phage suspension was stored at 4% 

Screening of cDNA libmy. 1x106 plague-forming units of recombinant X phage were 

plated onto twenty 1 S O m m  LB plates. When the plaques grew to a size of OSmm, DNA 

was blotted onto nylon membranes (Arnersham), and denatured with 0.4M NaOH. For 

each individual plate, duplicate lifts were made. The blots were then hybridized with the 

differential display PCR fragments. Positive clones were picked, and subjected to 

secondary and tertiary screening until single, isolated plaques were identified. Phage 

suspension was prepared by incubating the plaque in SM buffer (0.1M NaCl, 7.5mM 

MgS04, 50mM Tris-C1, pH 7.5, 0.01% gelatin). The   blue script plasmid was then 

released. from the ;h ZAP11 vector through in vivo excision with helper phage R486 

(Stratagene). 



DNA sequencing. Nucleotide sequence of each cDNA clone was determined fiom both 

strands by the dideoxynucleotide chain termination method (Sanger et al., 1977) with a 

sequencing kit (United States Biochemical Corporation). Briefly, 2-3pg of template DNA 

was denatured in 0.2M NaOH, 0.2mM EDTA, precipitated with ethanol, and redissolved 

in 7p1 of dH2O. The denatured DNA was annealed with a primer in lop1 of reaction 

buffer (40mM Tris-C1, pH 7.5, 20mM MgC12, 50mM NaCl). The following reagents 

were then added: 1p1 of 0.1 M DTT, 2p1 of labeling mix (1 .5mM dGTP, 1 SmM dCTP, 

1 SmM dTTP), 0 .5~1  of 3%-~ATP (SpCi), and 2pl of diluted Sequenase. Following 

incubation at room temperature for 5 min, 3.5~1 of the reaction mixture was dispensed into 

4 tubes containing 2 .5~1  of ddGTP, ddATP, ddTTP, ddCTP termination mix respectively, 

and incubated at 370C for 5 rnin. The reaction was stopped by adding 4pl of stop solution. 

The samples were loaded and hctionated on a 6% polyacry1amide:urea gel. Then the gel 

was dried and exposed to an X-ray film. 

Rapid amplification of cDNA ends (RACE). RACE was performed following the 

manufacturer's instruction with a cDNA amplification kit (Clontech). Briefly, poly(A)+ 

RNA (1 pg) from 702/3 cells was reverse transcribed into first strand cDNA with a 

modified oligo(dT) primer. Following second strand synthesis, the double strand cDNA 

was ligated to an adaptor, which was specially designed to contain a short stretch of double 

strand sequence and a long protruding single strand sequence. The ligated product was 

amplified with a gene-specific antisense primer close to the 5' end of known sequence and 

an anchor primer derived fiom the protruding end of the adaptor. The two gene-specific 

primers were 5'-CAA AGT CTG TTG CGC CAT CAC TTC-3' for 7A3 and %GAG 

CAG GTG CCT CTC TGT CC-3' for 7G9. The PCR product was examined on a 1.5% 

agarose gel, transferred onto a nylon membrane, and hybridized with an end-labeled 

oligonucleotide probe derived from the known sequence further 5' to the gene-specific 

primer used for amplification. Meanwhile, the PCR product was cloned into the TA 



cloning vector (Lnvitrogen, San Diego, CA). Plasmid DNA was then prepared fiom 

mu1 tiple clones, and the DNA sequence was determined using the dideoxynucleotide chain 

termination method. 

Enrichment of hematopietic progeniton by panning a d  primary cell c u b  Liver cell 

suspensions were prepared from day 12 C57BLI6 mouse fetuses by passage through a 26 

gauge needle; debris was removed by gravity sedimentation for 5 min on ice. Cell viability 

was determined by Trypan blue exclusion. Progenitor cell enrichment was performed 

essentially as described (Kincade et al., 198 1). Briefly, Petri dishes (Falcon no. 1001, 

Becton Dickinson) were coated with affinity-purified mouse anti-rat IgG (5pg/ml, Jackson 

Irnmunoresearch Laboratories, Jackson, ME) in 50mM Tris-C1, pH 9.5, 15OmM NaCl at 

40C overnight. After blocking with 3% fetal calf serum (FCS)/balanced salt solution 

(BSS), 3rd of hybridorna supernatant, 1:2 diluted, was applied for 60 min. The rat 

antibodies used include mAb AA4.1 which recognizes a surface antigen of the same name 

expressed on most immature hematopoietic cells (McKeam et al., 1984), anti-B220 mAb 

14.8 (Kincade et al., 198 1 ), anti-Mac- 1 mAb M 1/70 (Springer et al., 1979), and anti-Ly6A 

mAb E l 3  161-7 (Spangrude et al., 1988).The dishes were washed 3 times with 3% 

FCSIBSS, and cell suspensions were applied to the dishes and incubated at 4OC for 60 

rnin. Nonadherent cells were recovered by two 3ml washes in ice-cold 3% FCS/BSS. 

Adherent cells were recovered by scraping with a plastic scraper (Costar no. 3010) after 

additional eight washes. Primary cell cultures were maintained as described (Kee et al., 

1994) in OPTI-MEM (Gibco BRL) supplemented with 10% FCS (Gibco BRL), 5 X 10-5 

M 2-mercaptoethanol (Sigma), LOO U/ml penicillin, 100pg/ml streptomycin (Gibco BRL), 

and a cocktail of growth factors containing 100nghl mast cell growth factor (Imrnuaex 

Corp., SeattIe, WA), 100ng/ml IL-11 (Genetics Institute, Boston, MA) and 100U/ml 1L-7 

(Irnmunex Corp., Seattle, WA). 



Global 3' PCR a d  speci6ie gene ampli8atioa. The global 3' PCR procedure was 

performed essentially as described by Brady et al. (Brady and Iscove, 1993). 2000 cells 

were lysed at 40C in 100p1 of PCR lysis mix containing 50mM Ms-Cl, pH 8.3, 75- 

KCI, 3mM MgCIZ, 0.5% Nonidet P-40 (Sigma), 4U RNA guard (Pharmacia), 0.5U 

inhibit Ace (S'Primer3', Boulder, CA), 250pM dNTP (Boehringer Mannheim), 0.1 

OD260/ml (dT)24 primer (Phamacia). A 20pl aliquot (200 cell equivalent) of  cell lysate 

was heated to 650C for 1 min, and then cooled to room temperature for 3 min. First strand 

cDNh synthesis was performed by adding ZOOU M-MLV reverse trmscriptase (Gibco 

BRL) and 25U AMV reverse transcriptase (Gibco BRL) and incubating the samples at 

3 7OC for 1 5 min. This relatively short period of incubation serves to limit the length of 

first strand cDNA to 300-700 bp so that the subsequent PCR reaction will not be biased 

towards short transcripts. The reaction was terminated by heating at 650C for 10 min. First 

strand cDNA was tailed by adding 2Opl of 2X tailing buffer (200mM potassium 

cacodylate, pH 7.2, 4mM CoC12, 0.4mM DTT, 1.5mM dATP) containing 20 U terminal 

deoxynucleotidyl transferase (TdT) (Gibco BRL) and incubating at 370C for 30 min. 

Following heat inactivation of TdT at 65OC for 10 min, lop1 of tailing reaction (50 cell 

equivalent) was added to 40pl of PCR buffer (1- Tris-C1, pH 8.3, 50mM KCl, 

2.5mM MgC12,0.1rng/ml BSA, 0.05% Triton X-100) with the addition of 1mM dNTP, 1 

OD260/ml pGdT primer (5'-ATG TCG TCC AGG CCG CTC TGG ACA AAA TAT 

GAA TTC (T)z~-3'), and 5U Taq polymerase. The cDNA was amplified for 25 cycles of 

1 min at 940C, 1 min at 420C and 6 min at 720C, followed by 25 cycles of 1 min at 94OC, 

I min at 42OC and 2 min at 720C. For specific gene amplification, 2p1 of 3'global PCR 

product was added to lOOpl of reaction mix containing 1Om.M Tris-CI, pH 8.3, 50mM 

KCl, 2.5mM MgCI2, O.lmg/ml M A ,  0.05% Triton X-100, 200pM dNTP, OSpM 

specific primers, and 5U Taq polymerase. The specific primers used were as follows: 5' -  

GTG GTA AAC AGC ACA TTG CTT-3' and 5'-TGA CCG TCA TTG CAA ATG 

GCT-3' for 7A3, and 5'-GCA CTG CCT ACG AGG TGG CTA CC-3' and 5'-GGT 



GAC TCT GAT GGC CAG CTG TGC-3' for L32 (Dudov and Perry, 1984). Each 

sample was amplified for 25 cycles of 45 sec at 940C, 1 min at 550C and 90 sec at 72OC. 

One fifth of each PCR reaction was separated on a 1.5% agarose gel, transferred onto 

nylon membranes, and hybridized with 32~-labeled gene-specific probes. 

Preparation of GST fusion protein and polyclonal antibodies. The GST-human pleckstrin 

fusion protein expression vector was a kind gift fiom Dr. M. Tyers (Mount Sinai Hospital, 

Toronto). The fusion protein was prepared as described by Smith and Johnson (Smith and 

Johnson, 1988). Briefly, bacteria in their log phase of growth were cultured for another 3 

hours in the presence of 0. l mM IPTG (isopropyl-f3-thiogalactopyrmoside). The cells 

were pelleted by centrifugation, resuspended in 1/50 culture volume of MTPBS ( 150mM 

NaCI, 16mM Na2HP04, 4mM NaHZP04, pH 7.3), and lysed on ice by mild sonication. 

After adding Triton X 100 to I%, the cell lysate was subjected to centrifbgation at 10,000 x 

g for 5 min at 40C. The supernatant was mixed with 10% glutathione Sepharose beads 

(Pl~annacia) at room temperature for 2 min. The beads were then pelleted and washed 3 

times with 50ml of MTPBS. Fusion protein was eluted by incubating the beads with 2X 

2ml of 5mM reduced glutathione (Sigma) in 50mM Tris-C1, pH 8.0. The eluted protein 

was dialyzed against PBS. 300pg of fbsion proteins in 1 rnl of PBS was mixed with equal 

volume of Freund's adjuvant, and subcutaneously injected into a rabbit. The injections 

were repeated for a total of four times at an interval of 4 weeks. The levels of specific 

antibodies in the serum were monitored after the last two injections by 

irnmunoprecipitation and Western blot analysis. Serum fiom immunized animals were 

directly used in appropriate assays without fiuther purification. 

Preparation of total protein extracts. Cells were washed 3 times in PBS. The cell pellet was 

resuspended in Iysis buffer (50mM HEPES, pH 7.0, l5OmM NaCl, 10% glycerol, 1% 



Triton X100, 1 SmM MgC12, 1mM EGTA, lO(lg/ml leupeptin, 10pg/ml aprotinin, 1 mM 

PMSF and ImM sodium orthovanadate). After incubation for 30 min on ice, supernatant 

was separated by centrifugation (13,000 x g, 20 min). The protein concentration was 

determined using a protein dye reagent (Bio-Rad) with bovine serum albumin as standard 

and samples were diIuted to equal concentration with Iysis buffer. 

lmmuooprecipitation Pad Western Mot analysis. Total protein extract was incubated with 

the senun from rabbits immunized with pleckstrin (150 diluted) at 40C for 1 hr. Protein 

A-Sepharose beads (Pharmacia) were then added to 5%, and the mixture was incubated for 

30 min. Subsequently, the beads were pelleted by centrifugation and washed 3 times with 

Iysis buffer. Immunoprecipitates were boiled for 5 min in sample buffer (1% SDS, 

60mM Tris-C1, pH 6.8, IOOrnM DTT, 5% glycerol), separated on 10% SDS- 

polacry larnide gels, and transferred onto nitrocellulose membranes (Amers ham). The blots 

were blocked at room temperature for 2 hr with blocking buffer (5% skim milk, 25mM 

Tris-C1, pH 7.9, 1 50mM NaCI), followed by incubation with anti-pleckstrin rabbit senun 

( 1  :200 dilution) in blocking buffer containing 1% skim milk. After 5 washings with 0.05% 

Tween-20/PBS, the blots were f i e r  incubated with horseradish peroxidase conjugated 

goat anti-mouse IgG (Sigma) or protein A (Sigma) (1 5000 dilution). Protein visualization 

was performed using enhanced cherniluminescence reagents (Dupont, NEN). 

Preparation of resting splenic B cells. Spleen 

C57BL/6 mouse by passage through a 26 gauge 

sedimentation for 5 min on ice, and erythrocytes 

cell suspensions were prepared From 

needle, debris was removed by gravity 

were lysed with ACK buffer (1 55mM 

N H C I ,  0. hnM EDTA, lOmM KHCO3, pH 7.3) for 5 min on ice. Small resting B cells 

were obtained following the procedure of Julius et al. (Julius et al., 1984). Briefly, 

erythrocyte-free spleen cells were treated with anti-Thy 1.2 (HO 13.4.9), anti-CD4 

(RL 1 72.4H) and anti-CD8 (3.1 68) antibody supernatants (1 :20 dilution) followed by the 



addition of guinea pig complement (1 : 12 dilution) (Cedarlane) for 1 hr at 370C. The T- 

depleted splenocytes were then loaded onto a Percoll gradient (5- 1 OX 106 celld5ml 

gradient) (Sigma). Resting B cells were collected fiom 1 . O W  1 -079 interface. Recovered 

cells, which represented 20-30% of cells added onto the gradient, were washed twice with 

S%FCS/PBS, and put into culture. 

Analysis of plecksttin phosphorylntioo by in vivo labding. To examine the 

phosphorylation status of pleckstrin, an in vivo labeling procedure was followed as 

described (Woodgett, 1 992). Cells were washed with Tris-buffered saline (25mM Tris-C1, 

pH 7.4, 140mM NaCl, 3mM KCl) and resuspended at a density of 5 - 1 0 ~ 1 0 ~ / m l  in 

phosphate-free DMEM medium (Gibco, BRL) supplemented with 3% phosphate-free 

FCS (Gibco, BRL). 32P-phosphate (DuPont) was added to a final concentration of 

1 mCi/ml. After 4 hours of incubation at 370C, cells were treated with phorbol myristate 

acetate (PMA) (Sigma) at 100ng/ml or rat anti-mouse p heavy chain mAb b-7-6 (Shulman 

et al., 1978) at lOpg/ml for I0 min. Cells were lysed, and pleckstrin protein was 

irnmunoprecipitated as described above. The samples were separated on SDS- 

polyacrylamide gels and transferred onto nitrocellulose membrane. The blots were then 

exposed to X-ray films. 

Overexpression and antisense constructs. DNA hgrnents containing the Ml-length coding 

region and some flanking sequences of 7T9 and h5 gene were generated by reverse 

transcriptase-polymerase chain reaction fiom 70Z3 mRNA, confirmed by DNA 

sequencing, and then inserted in appropriate directions into a mammalian cell expression 

vector, BCMGSneo (Karasuyama et al., 1 989). Three constructs were obtained: 7T9 

overexpression construct 7T9S; 7T9 antisense construct 7T9AS, and A5 antisense 

construct ASAS. The primers used for amplification were: 5'-TCT CGA GGC ATG 

GAA CCA AAG CGG A-3' and 5'-TGC GGC CGC TCC TCA GTG ATT CTC GGT- 



3' for 7T9S; 5'-TGC GGC CGC CCG TGT GTC TCC CCA CCA-3' and 5'-TCT CG4 

GTC CTC ATT TCC CAG TCC GT-3' for 7T9AS; and 5'-TGC GGC CGC - TTT TGG 

CCA CCA GAG GAG-3' and 5'-TCT CGA GAC AGT GAG ATG GTT AAT GG-3' 

for ASAS. The Not1 and XhoI site (underlined sequence) were incorporated to faciltate 

cloning into the BCMGSneo vector. The constructs were introduced into 702/3 cells by 

electroporation (Potter et al., 1984). Briefly, cells were washed 3 times with PBS, and 

resuspended in PBS at a density of 1.25X107/rnl. 20pg of plamsid DNA was added to 

0.8ml of cells, and incubated at room temperature for 10 min. The electroporation was 

carried out at 25pF, 800V. Following incubation for another 10 min, the cells were 

transferred into 5ml of OPTI-MEM (Gibco BRL) containing 5% FCS, and cultured for 

24-48 hr. 

Preparation of nudear extracts. Nuclear extracts were prepared according to a method 

described by Kravchenko et al. (Kravchenko et al., 1995). 6 x 1 0 ~  Cells were washed 3 

times with PBS. The cell pellet was resuspended in 0.4rnl of buffer A (10mM HEPES, 

pH 7.9, lOmM KCl, O.lmM EDTA, 0. lmM EGTA, 1mM DTT, 0.5mM PMSF). AAer 

10 min, 23p1 of 10% Nonidet P-40 was added and mixed for 2 sec. Nuclei were separated 

fiom cytosol by centrifbgation at 13,000 x g for 10 sec and were resuspended in Sop! of 

buffer B (20mM HEPES, pH 7.9, 0.4M NaCl, 1mM EDTA, 1mM EGTA, 0. lmM 

PMSF). After 30 min on ice, lysates were separated by centrifbgation (1 3,OOO x g, 30 sec), 

and supernatant containing nuclear proteins was transferred to new vials. The protein 

concentration of extracts was measured using a protein dye reagent (Bio-Rad) with bovine 

serum albumin as standard and samples were diluted to equal concentration in buffer B. 

La beling of oligonucleotide probes. The double strand oligonucleotide containing NF-KB 

binding site, 5'-AGT TGA GGG GAC TTT CCC AGG C-3'' was purchased fiom 



Promega. 3.5 pmol of oligonucleotide was added to 2Opl of Ligation reaction containing 

50mM Tris-C1, pH 7.6, lOmM MgCl2, 5mM DTT, O.1mM spermidine, O.lrnM EDTA, 

5pCi p-32P]~TP (5000Ci/mmole) and 8U T4 polynucleotide kinase (Gibco BRL). The 

mixture was incubated at 370C for 45 rnin, and then heated to 6B°C for 10 min. The 

labeled oligonucleotide was separated from unincorporated radiolabel by gel-filtration 

through a Sephadex G50 column. 

Electrophoretic mobility shift assay (EMSA). EMSA was performed following the 

method of Kravchenko et al. (Kravchenko et al., 1995). -2.5pg of the nuclear protein was 

incubated with 12p1 of binding buffer (5mM HEPES, pH 7.8, S m M  MgC12, 50 mM KCl, 

0.5rnM DTT, OAmg/ml pol y(d1-dC) (Pharmacia), 0.1 m g h l  sheared salmon sperm 

DNA, and 10% glycerol) for 10 min at room temperature. Then approximately 20-50 h o l  

of 32P-labeled oligonucleotide probe (30,000-50,000cpm) was added, and the reaction 

mixture was incubated for 10 min at room temperature. For reactions involving competitor 

oligonucleotides, the labeled probe was premixed with the unlabeled competitor at a ratio of 

1: 100 before adding to the reaction mixture. The samples were loaded onto a 6% 

polyacrylamide gel, which was made in TBE buffer and pre-run for 2 hr at 12Vkm. 

Electrophoresis was carried out at the same voltage for 2-2.5 hr. Gel contents were 

transferred to Whatman DE-8 1 paper, dried, and exposed to an X-ray film. 

Fluorescence analysis. Cells were harvested and washed 3 times in 3 ml of 5% FCS/PBS. 

Approximately 1 -5X 1 05 cells were resuspended in 200~1  of S%FCS/PBS and incubated 

with the primary antibody for 30 minutes at 40C. The cells were washed 3 times with 3 ml 

of 5% FCS/PBS, resuspended in 200~1, and incubated with fluorescein isothiocyanate- 

conjugated anti-rat IgG (Phanningen). The cells were washed 3 times and fixed in 1 % 

paraformaldehyde. Isotype matched controls were used to determine the background level 



of staining. The fluorescence intensity was measured on a FACScan (Becton Dickenson) 

and analyzed using Lysis I1 software system. 

Substance Z peptide synthesis. The peptide was synthesized by the Biotechnology 

Service Center, University of Toronto using the classical methods of peptide synthesis on 

solid phase (Barany and Merrifield, 19'79). Fast bombardment mass spectrometry was used 

to confirm the molecular weight. Purification of the peptide was carried out by high- 

performance liquid chromatography using a I X 25-crn Vydac C18 column (Vydac, 

Hesperia, CA) with a gradient of 5 6 5 %  acetonitrile in water/O.l% trifluoroacetic acid 

(TFA). The synthetic peptide was dissolved in O.1M acetic acid, 0.1% P-mercaptoethanol, 

and 1% BSA. 

Mast cell degranulation assay. Mast cell degranulation was measured essentially as 

described by Berpr and Paige (Berger and Paige, 1994) except that 3H-serotonin instead 

of P-hexasarninidase was used as the indicator of degranulation. Primary mast cells were 

obtained by culturing bone marrow cells in IL-3-containing WEHI-3 conditioned medium. 

By 6 wk, >99% of the cells in the culture were mast cells. These cells were cultured 

overnight in Opti-MEM + S%FCS + P-mercaptoethanol + WEHI-3 conditioned medium in 

the presence of 3.5pCi/rnl of 3H-serotonin, which is preferentially incorporated into 

granules of mast cells during the culture. The cells were then washed to remove excess 3 ~ -  

serotonin, and cultured in fresh medium for 15 min. Subsequently, cells were washed and 

resuspended in Tyrode's buffer (1OmM HEPES, pH7.4, 130mM NaCI, 5mM KCI, 

1.4mM CaC12, 1mM MgCI2, 5 -6mM glucose, 0.1% BSA). Aliquots of 2X lo5 cells were 

incubated with Spg/ml SPE-7 anti-DNP monoclonal IgE antibodies (Sigma) for 30-60 min, 

washed and treated with DNP-HSA antigen (Sigma) at a concentration of 0, 1 and Snglml 

for 30-60 rnin at 370C. Substance Z was included in the final incubation at a concentration 

ranging from 0-50pM. Cells were pelleted at 3000rpm for 5 min. An aliquot of supernatant 



was removed and placed in scintillation vials, and the remaining supernatant was discarded. 

The cell pellet was solubilized in an equivalent volume of Tyrode's buffer containing 0.5% 

Triton X-100, and 115th of the lysate was transferred to fresh scintillation vials. Samples 

were counted in scintillation counter. The result was expressed as % of degranulation using 

the equation: % of degranulation = (counts in supematant)/(counts in supernatant + cell 

pel1et)X 100. 

Plasma extravasation assay. Balblc mice were injected intravenously with 0.2 rnl of 

PBS with 0.1% Evan's blue dye. Substance Z or substance P was added to achieve tissue 

concentration of 0.25,O.S and I nM. Antagonists, when applicable, were included in 10- 

fold excess. Plasma extravasation was manifested by leakage of the dye into the tissue. The 

blueing of the extremities was scored in a double-blinded way by two investigators using a 

0-3 scale. 



B cell differentiation is the consequence of coordinate activation and suppression of 

many different genes. Identification of genes specifically expressed at discrete 

developmental stages is therefore expected to be important for the understanding of the 

genetic basis of B cell development. In order to isolate the genes differentially expressed 

around the transition from pro-B to pre-B stage, differential display was performed with 

mRNA from an early pro-B cell Line, W4, and a late pre-B cell Line, 702/3. After 

screening with 120 primer combinations, 9 cDNA fragments were isolated each of which 

represents a distinct gene specifically expressed in either IIB4 or 702/3 cells. The 

expression patterns of these genes were further examined in various tissues, and in cell 

lines representing different lineages or different developmental stages of the B lineage. 

Also determined were the DNA sequences of these genes. Based on the data obtained, 

three genes of immediate interest were selected for functional analysis. 7A3, which is 

specific for B lineage cells at late developmental stages, encodes a murine sialic acid- 

specific 9-0-acetylesterase (Chapter 3). 7T9, whose expression pattern in B lineage cells is 

similar to that of 7A3, is the mouse homologue of the human pleckstrin gene (Chapter 4). 

And 7G9, which shows both B lineage and early stage specificity, predicts a precursor 

protein for a novel tachykinin peptide (Chapter 5). 



Chapter 3 

Molecular cloning of the cDNA encoding a murine 
sialic acid-specific 9-0-acetylesterase and RNA expression 

in cells of hemntopoietic and non-hematopoietic origin 

Portions of this work have been published under the same title in Nucleic 
Acids Research volume 24, pages 403-4008, 1996. The authors are: Angela Stoddart, Yu 

Zhang, Christopher J. Paige. 

My contribuation to this work includes isolation of the gene and determination of its 
nucletide sequences and its expression in various cell lines and adult tissues 



Sialic acid-specific 9-0-acetylesterases catalyze the removal of 9-0-acetyl ester 

groups from sialic acids, a b c t i o n  opposite to  that of sialic acid-specific 9(7)-0- 

acetyltrans ferases (Schauer, 1 98 7). In higher invertebrates and vertebrates, a number of 

glycoproteins and glycolipids contain one or more sialic acids as the terminal units of their 

o li gosaccharide chains (Schauer, 1 982). These sialic acid residues carry various 

modifications. The best studied one is 0-acetylation of the hydroxyl groups at position 4, 

7, 8 and 9 (Varki, 1992, Troy, 1992). Since 0-acetylation occurs more f?equently at 

position 7 and 9 and 0-acetyl esters at position 7 can undergo spontaneous migration to 

position 9 under physiological conditions (Kamerling et al., 1987; Varki, 1 992), 9-0-acetyl 

sialic acid is most commonly observed (Butor et al-, 1993a). 

The possibility that 9-0-acetylation and de-9-0-acetylation of sialic acids is 

involved in cellular regulation is suggested by the following observations. Firstly, 9-0- 

acetylated sialic acids are present on gIycoconjugates in many different mammalian tissues, 

including B and T lymphocytes (Klein et al., 1994; Zimmer et al., 1994). Secondly, O- 

acetylation of sialic acid for a given glycoconjugate is often regulated in a developmental- 

and tissue-specific manner. For example, the 9-0-acetylated form of the disialoganglioside 

GD3 is found only in specific regions of the developing nervous system and its expression 

decreases soon after birth (Levine et al., 1986; Blum and Barnstable, 1987). And thirdly, 

the 0-acetyl ester groups are implicated in the regulation of a variety of biological 

processes. which include glycoconjugate degradation by sialidases, virus binding, lectin 

recognition, embryogenesis and tissue morphorgenesis (Schauer, 1982; Varki., 1992). 



The enzyme capable of removing 9-0-acetyl groups from sialic acids was first 

identified in influenza C virus (Herder et al., 1985, 1987; Vlasak et al., 1988). Similar 

activities were subsequently detected in vertebrates and higher invertebrates (Schauer et al., 

1 987, 1 989; Hayes and Varki, 1989). Currently availabie evidence indicates the existence 

of at least two distinct sialic acid-specific 0-acetylesterases in rat liver (Butor et al., 1 993b), 

a cytosolic sialate: 9-0-acetylesterase (CSE) and a membrane-associated intralumenal 

siaIate: 9-0-acetylesterase (LSE). The L SE protein has been purified to homogeneity and 

partial amino acid sequences have been obtained (Butor et al., 1 993 b). The gene described 

here would encode a protein sharing high homology with the rat LSE protein. Its restricted 

expression in late, but not early, B lineage cells, raises the possibility that regulation of 

sialate:9-0-acetylation during B cell development may have developmental significance. 



Isolation of a cDNA molecule, 7A3.7A3 was initially isolated as a 155 bp cDNA 

fragment by differentid display. Specifically, this hgment was obtained with a primer 

combination of T12MA (5'-TIT TTT TTT TTT MA-3') and AP3 (5'-AGG TGA CCG 

T-3'). Northern blot analysis confirmed its differential expression between 70213 and LIB4 

cells: while six transcripts, ranging in size firom - 1.6 kb to 5 -8 kb, were expressed in 702/3 

cells, none of them was detected in IIB4 cells (Figure 3-1). 

Figure 3-1. Differential expression of 7A3 in IIB4 and 702/3 cells. 5pg of poly(A)+ fiom 
each cell line was loaded. The origmal 155bp differential display PCR fiagrnent was used 

as a probe. The position of the two major ribosomal RNA bands are indicated on the right. 

Using the 155 bp cDNA fragment as a probe, a 702'3 cDNA library was screened 

and multiple positive clones were isolated. The complete sequence of the longest cDNA 

clone (2.1 kb) was determined as well as the partial sequence of other clones. Examination 

of the cDNA sequence reveaied a long open reading frame extending to the 5' end of the 



available sequence. Since no obvious AUG translation initiation codon was identified, 

some nucleotides were thought to be missing from the 5' end. To obtain ill-length cDNA 

sequence, 5' RACE was performed using a gene specific primer close to the 5' end of the 

known sequence (5'-CAA AGT CTG TTG CGC CAT CAC TTC-3'). A 400 bp 

fragment containing a potential AUG translational start site was thereby isolated. This 

AUG codon is embeded in a nucleotide sequence (5'-ACAAACAUGG-3') which 

matches well the consensus sequence for efficient recognition as an initiation codon in 

eukaryotic rnRNA (5'-GCCAIGCCAUGG3') (Kozak, 1987). The full length cDNA 

sequence of the 7A3 gene and the deduced amino acid sequence of the putative protein are 

shown in Figure 3-2. 

A T G G T I T C C C C G G G G C C T G T G T m Y ; G G A T A G ~ T W X K K ~ G ~ ~  
M V S P G P V F G I V L L I I A R V S R  
AGTGCAGGTATIY;Gm-TACATCGATAATTACATGG~GAAG 
S A G x G I R I A S Y I D I Y n V L Q A  
G A G C C T T C A G G G G C T G T G A ~ A C A C ~ C A C A G ~ C A G T G A C C  
E P S G A V I W O F G T P G A T V T V T  
TIY;TGC~GGTCAGGAAACCATCATGAAGAAAGTGACCAGTGTGAAAGAACCCTCCAAC 
L C Q G Q E T I M K K V T S V K E P S N  
ACCTGGATGGTGGTA~CCCTATGAAGCCTGGGGGAC~GTGATGGCGCAA 
T W M V V L D P M K P G G P F E V M A Q  
CAGA~CAA'IGAATITCACCcTGAGAGTCCA~~ATITGGAGATGTC 
Q T L G T M N F T L R V H D V L F G D V  
TGGCTITGCAGTGGGCAGAGTAACATGCAGATGAm~CAGA~AACGCCTCA 
W L C S G Q S N M Q M T V S Q I F N A S  
A A G G A G ? T G T C C G A C A C T G C T G C C T A C C A G ~ G C A ~ T C T C C ~ T C  
K E L S D T A A Y Q S V R I F S V S L I  
C A A T C A G A G G A ~ G T I Y ; G A T G A C m A ~ m C C P G T C A T G G T C C A A G C C C A C c  
Q S E E E L D D L T E V D L S W S K P T  
G C A G G A A A C T X G G C C A T G G A A A ? T T C A C T I ' A C A ~ G G T G ~  
A G N L G H G N F T Y M S A V C W L F G  
CGTTACCTGTATGACACK%CAATATCCCA~TCI'CCrCCAGTTGGGGTGGG 
R Y L Y D T L Q Y P I G L V S S S W G G  
A C G T A C A ~ G ~ T C A ~ A G A A G G A C A C L Y ; A A A G C ~ C C T A A T A C A  
T Y I E V W S S R R T L K A C G V P N T  
A G G G A T G A A A G A G T I Y ; G T C A G C C C G A G A T ~ C C A ~ T G A A T G T M W ~  
R D E R V G Q P E I K P M R N E C N S E  
GAGTCCTCATGTC~AGGGTIY;TCCCATCTGTIY:GTGTGA~CCGACAAGACAC 
E S S C P F R V V P S V R V T G P T R a  

(continued on the next page) 
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W Y Q O I S N A D Y N R D L Y T C M F P  
GAACTCAT'IWWGACEGCGCCAGACCTIY:CACTACGGCK:CCAGGGTCAGACAGATCGT 
E L I E D W R Q T F H Y G S Q G Q T D R  
T T C T F K C A M ~ ~ T A C A ~ ~ ~ ~ T I ' A T  
F F P F G F V Q L S S Y M L K N S S D Y  
G G A T T T C C A G A G A T C ~ T C A A A ~ C T I T G G C C A ~ C C C A A C C C G A A G  
G F P E I R W H Q T A D F G H V P N P K  
A T G C C T A A T A C m A T G G C T G T C G C T A m C ~ T A G A G A C T C A C C ~  
M P N T F M A V A I D L C D R D S P F G  
A G T A T C C A C C C T C ~ C A A A C A G A C T G T G G C C T A T C G T C n G c A ~ G A G C f  
S I H P R D K Q T V A Y R L H L G A R A  
G ~ T A ~ ~ r V C ~ ~ A C ~ ~ T A G A A C K I  
V A Y G E K N L T F Q G P L P K K I E L  
TTGGC~CAATGGC~CCrCACATAmCCAGGAAATCCAGGTGCAAATGCAA 
L A S N G L L N L T Y D Q E I Q V Q M Q  
GATAACAAAACATLTGAGATCTCCTGTPGTAGTGACCGTCATIGcAAATGGCTKlCAGCT 
D N K T F E I S C C S D R H C K W L P A  
C C T G T T A A C A ~ C A C C C A G A ~ ~ T C r C A A ~ C A  
P V N T F S T Q T L I L D L A N A C L G  
GTGGTIY;CTGmtrGcTA~CPGGACCACATGGCCITGTGAATATATAAh;CAATG~?T 
T V V A V R A W T T W P C E Y K Q C A V  
TACCACACCAGCAGTA~~CAGCTCCrCCCrrCA~TlTCACACAGGGGT 
Y H T S S M L P A P P F I A Q I S H R G  
ATCTAAGGACA~AGTGCTCGCTCTKlTATACAAGGGCAAATCC?TTAGTlTGG 
I * 
G T A T G C A G G A ~ n ~ ~ ~ ~ A r l ~ T A A A C C C C r C A ~  

Figure 3-2. Nucleotide and deduced amino acid sequences of the 7A3 cDNA. The nucleic 

acid sequence is numbered relative to the first base of the coding region on the left. The 

amino acid sequence shown in capital one-letter code is numbered on the right. The first M 
denotes the translation initiation site and the stop codon is shown with an asterisk. The 
regions homologous to rat LSE are shown in bold. The underlined residues represent 

potential N-glycosylation sites. 



7A3 encodes a dalic acid-speci8c 90acetyIesterase. The cDNA sequence of 7A3 

was submitted to nucleotide sequence databases (GenBank, EMBL, PDB and EST) and 

no significant similarity to any recorded DNA sequences was found. However, 

submission of the translated cDNA sequence to protein sequence databases (PIR, 

Swissfrot and GENPEPT) revealed similarity to the partial amino acid sequences of a 

sialic acid-specific 9-0-acetylesterase isolated from rat liver (PIWA46690/B46690). This 

9-0-acetylesterase, designated LSE, was found to consist of two disulfide bonded subunits 

of -38 kDa and -28 m a ,  and pulse-chase studies have shown the mature dimeric form 

was generated fkom proteolytic cleavage of a single polypeptide chain (Butor et al., 1993b). 

The currently available partial amino acid sequences were derived fiom the N termini of 

the small and Iarge subunits. The putative protein encoded by 7A3 contains two regions 

A) * 
LSE-small N' IPFPFASYIDNYMVLQKEPSGAVILGF C' 

. . . . . . . . . . . . . . . . . . . . . . . .  
7A3 N '  IGFRFASYIDNYMVLOKEPSGAVIWGF C' 

LSE LSE 
small large 

I 

2!4 276 541 

Figure 3-3. Alignment of the deduced amino acid sequence of 7A3 to the N terminal partial 

amino acid sequences of the small and large subunits of the rat LSE protein. Asterisks 

indicate residues in the rat sequence for which inconclusive results had been reported. The 

relative position of the homologous regions in the putative protein is also indicated. 



which match almost perfectly with the known sequences of the small and large LSE 

subunits (Figure 3-3). The identity is 88% and 83% respectively. Since some residues 

gave non-conclusive signals in initial gas phase sequencing (Butor et al., 1993b), the actual 

identity may even be higher. The first 23 amino acids proceeding the sequence showing 

similarity to the N-terminus of the small subunit of LSE are largely hydrophobic. This 

region may function as a secretory signal and is subsequently cleaved fiom the mature 

protein. Consistent with the findings h previous studies that LSE is a N-linked 

glycoprotein (Butor et al., 1993b), the putative polypeptide contains eight potential N-linked 

glycosylation sites (N-X-SIT, where X cannot be a P) (Marshall, 1972). 

Although [)H] diisopropyl flurophosphate @FP) labeling studies have shown that 

the LSE protein has a serine active site (Butor et al., 1993b), the cDNA sequence of 7A3 

does not encode the serine active site sequence G-X-S-X-G commonly found in serine 

esterases and proteases (Brenner, 1988). The sialic acid-specific 9-0-acetylesterases, 

however, are postulated to represent a previously undescribed class of serine esterases, 

since their enzymatic activity is also inhibited by arginine-modifying reagents (Hayes and 

Varki, 1989). To date, the only relevant sequence data available is that from influenza C 

sialic acid-specific acetylesterase. Comparative studies of 11 different strains of influenza C 

determined that the putative serine site is G-D-S-R-T (Hayes and Varki, 1989). This motif, 

which is conserved in influenza C esterase sequences, is not found in the translated 7A3 

cDNA sequence either. These results suggest that mammalian sialate:9-0-acetylesterases 

may contain a yet unknown unique serine active site motif. 

Sequence miation at the 5' end of 7A3 cDNA. The multiple transcripts revealed 

for 7A3 on Northern blots may either result from alternative splicing of a primary 

transcript or represent different members of a gene family. Comparison of multiple clones 

obtained fiom either cDNA library screening or 5' RACE demonstrated a high degree of 



heterogeneity in the 5' end of the 7A3 gene (Figure 34).  In all cases, the sequence 

variation started precisely at the same nucleotide, and the consensus sequence for 

alternative splicing, 5' exon (GT ... AG) exon 3'. was identified at the boundaries. These 

results suggest that the multiple transcripts for 7A3 may come from differential RNA 

splicing. Interestingly, the sequence encoding the LSE small subunit begins immediately 

following the putative splicing site, and the 5' nucleotide sequence variation affects only the 

amino acid sequence of the leader peptide. It is tempting to speculate that different leader 

peptide sequences may target the LSE protein to different subcellular locations, which are 

critical for its physiological function. 

Figure 3 4 .  A schematic diagram illustrating the 5' heterogeneity of the various 7A3 

cDNA clones. Various shaded and stippled boxes refer to sequence differences. In all 

clones the sequence downstream of the proposaed splice site is identical. Similarity to the 

N terminus of the LSE small subunit begins immediateiy following the potential splice 

site. 7A3-A, 7A3-B and 7A3-C were obtained fiom cDNA library screening. 7A3-D and 

7A3-E were cloned fiom 5' RACE products. The 5' sequence of 7A3-E is identical to 

7A3-A, except for additional 27 bp sequence encoding an AUG initiation codon. 



Expression of 7A3 mRNA. Expression of 7A3 mRNA in various cell lines and 

tissues was determined using Northern blot analysis (Figure 3-5). It is expressed in most 

of the cell lines examined, which include hematopietic cells of B, T, myeloid and 

erythroid lineages and some nonhematopoietic cells. Among the adult tissues, the 

expression is primarily restricted to the brain and liver. Within the B cell lineage, 7A3 

expression appears to be developmentally regulated: it is detected in the more mature B 

lineage cell lines 702/3, WEHI-231 and 5558 but not in the less mature A-MuLV- 

transformed cell lines. The six transcripts of different size are not equally represented: the 

transcripts of -3.4kb and 4.2kb are the most abundant ones. In many cell lines and tissues, 

these are the only two transcripts to be detected. Moreover, the ratio of different transcripts 

is not constant in various cell lines and tissues. The significance of this difference is not 

known. 

Figure 3-5. Northern blot analysis of 7A3 in various cell lines and tissues. 5 v g  of 

poly(A)+ RNA was loaded on each lane. A 2 kb cDNA fragment containing the coding 

region was used as a probe. As a loading control, the same blot was also probed with a 

housekeeping gene L32. The position of the two major ribosomal RNA bands are 
indicated on the right. 



The expression pattern of 7A3 was further studied in freshly isolated primary fetal 

liver cells. It has been previously shown that day 12 fetal liver contains progenitors which 

give rise to B lymphocytes and macrophages (Cumano et al., 1992). Three stromal cell- 

derived growth factors, IL-7, IL-I I,  SCF, are sufficient to support the in vipo 

development of both B cells and macrophages fiom the early bipotential progenitors (Kee 

et al., 1994). This in vitro culture system was used to examine the expression of 7A3 in 

developing B cells and macrophages. Samples were taken at different time points during 

the culture, each containing approximately 50 cells. Poly(A)+ RNA from these samples 

were first amplified by global PCR. 7A3 expression was then determined by PCR 

amplification with two primers within the 3' end of 7A3 cDNA. Three independent 

experiments were carried out, one of which is shown in Figure 3-6. Analysis of a total of 

22 cell samples failed to reveal expression of 7A3 in bipotential cells at the time of their 

isolation or after 3 hr culture. However, after 40 hr culture 1/6 of the samples and after 4 

Figure 36. Expression of 7A3 in bipotential cells cultured in vitro. AA4.1 +Sea- 1 + B220- 

MAC- cells was isolated and allowed to differentiate in vitro. Multiple sampIes were 

analyzed for 7A3 expression at different time points using RT-PCR. L32 was used as an 

internal control. 



days 1/3 of the samples expressed the 7A3 gene. Since the purified &y 12 fetal Liver cell 

population generates clones containing both macrophages and B cells, the onset of 7A3 

expression may be due to the differentiation of B cells, macrophage or both. It is likely that 

the B220f B lineage committed cells that emerge in these cultures begin to express 7A3, 

since fieshly isolated B220+ cells from day 14 fetal liver express this gene (data not 

shown). Taken together, the expression studies demonstrate that bipotential progenitors in 

day I2 fetal liver, which do not express the 7A3 gene, generate clones in v i m  that do 

express the 7A3 gene. 



Discussion 

In this chapter I have described the molecular cloning of a cDNA molecule (7A3) 

encoding the murine sialic acid-specific 9-0-acetylesterase. 7A3 was initially isolated based 

on its differential expression in 702/3 pre-B cells but not in IIB4 pro-B cells. This gene 

predicts a protein of 54 1 amino acids featured with a hydrophobic leader sequence and 

multiple N-glycosylation sites. Database searches revealed that the predicted protein 

contains two regions that share high homology with the currently available N terminal 

amino acid sequences of the small and large subunits of a membrane-associated 

intralumental sialate:9-0-acetylesterase (LSE) isolated from rat liver (Butor et al., 1993b). 

Recently, the same gene has been independently cloned by another group (Guimaraes et al., 

1996). They have shown that expression of this gene in COS cells generates sialic acid O- 

acetylesterase activity, thereby providing direct evidence that this gene encodes the mouse 

homoIogue of rat LSE. 

The LSE enzyme isolated fiom rat liver was shown to be primarily localized in 

lysosomes (Butor et al., 1993a). This subcellular localization does not support a role of 

LSE in the regulation of 0-acetylation and de-0-acetylation of sialic acids on hctional 

glycoconjugates. Instead, it suggests that rat liver LSE might be involved only in the de-0- 

acetylation of sialic acids on glycoconjugates to be degraded. For the understanding of the 

physiological role of LSE, it is critical to determine whether LSE exists in other subcellular 

compartments or its subcellular localization varies in different cell types and tissues. 

Indeed, a secreted, unprocessed form of LSE has been identified in the medium of rat 

hepatoma cell cultures (Butor et al., 1993b). The same form of LSE is also produced by 

COS cells transfected with the gene encoding murine LSE, and has been shown to be 

enzymatically active (Guimaraes et al., 1996). We have found that the murine LSE gene 

has multiple transcripts which show significant cell type and tissue specificity. These 



transcripts appear to be derived fiom alternative RNA splicing, and the sequence variation 

among them occurs in the region encoding the leader sequence. These observations raise 

the possibility that LSE proteins are targeted to different subcellular compartments in 

different cell types and tissues. 

Previous investigations have demonstrated that 9-0-acetylation of sialic acids is 

developmentaily regulated and tissue specific. Destruction of 9-0-acetyl groups during 

embryogenesis by expressing the 9-0-acetyl-sialic acid-specific esterase of influenza C 

arrested development at the 2ceU stage, and sdective expression of this enzyme in the 

retina and the adrenal gland resulted in abnormalities in tissue organization (Varki et al., 

1991), indicating that the ester groups play an important role in development. Data 

presented in this chapter reveal that expression of the 7A3 gene which encodes the enzyme 

responsible for de-0-acetylation of sialic acids is also developmentally regulated. During B 

cell development, 7A3 mRNA is detected only in late pre-B cells, immature B cells and 

plasma cells, but not in early pro-B cells or uncommitted hematopietic progenitors. This 

pattern of expression suggests that de-0-acetylation by sialic acid-specific 9-0- 

acetylesterase may represent an important regulatory mechanism in E3 cell development at 

its late stages and for the proper h c t i o n  of mature B cells. One of the possible ways by 

which this enzyme may affect B cell function or even differentiation is through modulating 

the binding of certain adhesion molecules. 

CD22 serves as the best example whose binding is regulated by 9-0-acetylation 

and de-0-acetylation. This B-lineage-specific phosphoglycoprotein is an important 

negative regulator in B cell signaling (Thomas, 1995). In addition, it has a lectin-like 

activity, and can bind multiple glycoproteins via recognition of a-2,6-linked sialic acids 

(Sgroi et al., 1993; Powell et al., 1993). This structure is common to many glycoproteins, 

suggesting additional mechanisms may exist to regulate the specificity of the interaction of 



CD22 and its physiological ligands. Recently, one such mechanism has been identified 

which involves the additionlremoval of acetyl groups at the 9 position of sialic acids 

(Sjoberg et al., 1 994). Sjoberg and his colleagues have demonstrated that 9-0-acetylation 

markedly reduces the binding to CD22. They have also shown that some potential CD22 

ligands are naturally masked by 9-0-acetylation in normal tissues, and unmasking of these 

molecules by de-0-acetylation significantly increases their CD22-dependent adhesion. 

9-0-acetylation of sialic acids influences many biological processes. Studies in 

depth are hampered largely because of the lack of mammalian cDNAs encoding the 

enzyme for de-0-acetylation. The cloning of murine sialic acid-specific 9-0-acetylesterase 

cDNA should be helpful in understanding further the regulation of 9-0-acetylation o f  sialic 

acids and the role that it may play in the regulation of B cell development and other 

biological process. 



Chapter 4 

Involvement of pleckstrin in B cell differentiation and activation 



Pleckstrin is a 40 kDa protein initially identified as the major substrate of protein 

kinase C (PKC) in human platelets stimulated by agonists such as thrombin (Lyons et al., 

1975, Haslam et al., 1979). PKC-induced phosphorylation of this protein has also been 

observed in granulocytes, lymphocytes and monocytes after treatment with phorbol esters 

(Gailani et al., 1990). When first cloned in 1988 (Tyers et al., 1988), human p l e c k s t ~  was 

shown to be composed of 350 amino acid residues with a potential Ca2+-binding "EF- 

hand" structure and a region that strongly resembles known PKC phosphorylation sites. 

One distinguishing feature of this protein is the internal homology between the first and last 

100 amino acid residues (29% identity and 47% similarity). These two homologous 

regions define a structural motif, called the pleckstrin homology or PH domain (Haslem 

and Kolde, 1993; Mayer et al., 1993). Sequence alignment demonstrates the presence of 

similar strictures in more than 70 proteins which are either involved in signal transduction 

or in cytoskeletal h c t i o n  (Haslem et al., 1993; Mayer et al., 1993; Musachio et al., 1993; 

Shaw, 1993; Gibson et al., 1994; Parker et al., 1994). Presumably, PH domains in these 

proteins may be involved in intermolecular interactions by binding to the py subunits of 

the heterotrirneric G proteins (Gpy) (Touhara et al., 1994; Tsukada et al., 1994; Wang et 

al., 1994) and phospholipids such as phosphatidylinositol 4,s-bisphosphate (PtdIns4,SP2 

or PIP2) (Harlan et al., 1994). 

The specific function of pleckstrin remains to be I l l y  defined. Abrams and his 

colleagues reported that overexpression of pleckstrin inhibited phospholipase C-catalyzed 

phosphoinositide hydrolysis mediated by G-proteins and growth factor receptors (Abrams, 

et al, 1995). They proposed that this inhibitory effect was achieved by competition between 

pleckstrin and phospholipases for access to PIP2. More recently, another enzyme in the 

same pathway, phosphatidylinositide 3-kinase y (PI 3-Ky) was also found to be inhibited 



by overexpression of pleckstrin (Abrams et al., 1996). This inhibition could be overcome 

by excess Gpy, suggesting that a similar competition mechanism may also exist for Gpy, 

another potential ligand of the PH domain. 

Althoug$ pleckstrin expression in lymphocytes has been documented (Tyers et al., 

1988, Gailani et a1.,1990), a detailed analysis of its expression in lymphoid cells has not 

been undertaken, and nothing is known about its specific role in B cell development and 

fhction. Here I report the cloning of a cDNA molecule (7T9) encoding murine pleckstrin. 

7T9 was found to be specifically expressed by B cells at late developmental stages. 

Introduction of the 7T9 antisense construct into a late pre-B cell line resulted in the 

expression of an otherwise silent immunoglobulin (Ig) K gene, probably through activation 

of NF-KB, indicating that pleckstrin may be a crucial reguIator for the transition fiom pre-B 

cells to immature B cells. In addition, I found that stimulation of resting splenic B cells by 

surface IgM crosslinking led to increased phosphorylation of pleckstrin, suggesting the 

involvement of this protein in BCR signaling. 



7T9 encodes the murine homologue of human plecksb.in. 719 was initially isolated 

as a 356 bp cDNA hgment  in differentially display. When used as a probe in Northern 

analysis, it recognized a single transcript of 4.0 kb present in 702/3 cells but not in IIB4 

cells (Figure 4- 1 A). 

absmt from 
small tmn.crl@ 

Figure 4-1. Differential expression of 7T9 in IIB4 and 702/3 cells and the alternative 

splicing of 7T9 mRNA. (A) Northern analysis of 7T9 expression in IIB4 and 70U3 cells. 

5p.g of poly(A)+ RNA fiom each cell line was loaded. The origmal differential display 

PCR hgment located in the 3' untranslated region of 7T9 (nt 1775-2120) was used as a 

probe. The position of the two major ribosomal RNA bands are indicated on the right. (B) 

Detection of an additional transcript of -2.2 kb with a cDNA probe derived fiom the 

coding region of 7T9 (nt - 15-723). (C) A schematic diagram illustrating the relationship of 

the large and small transcripts. A 1747 bp fragment located in the 3' untranslated region (nt 

1768-35 14) is missing fiom the smaller transcript. 



To obtain the fulI-length cDNA sequence of the 7T9 gene, a 702/3 cDNA library 

was screened and multiple positive clones were isolated: Nucleotide sequence was 

determined from both strands. Although the origmal 356 bp cDNA t'ragment shares no 

homology with any known genes, submission of the full-length cDNA sequence to 

nucleotide sequence databases (genbank, EMBL, PDB, EST) reveded that 7T9 was the 

mouse homologue of human pleckstrin (X07743). The identity of the nucleotide sequences 

in the coding region was 88% between 719 and the human pleckstrin gene. An even higher 

identity of 9 1% was recorded by comparing the deduced amino acid sequence of 7T9 to 

the human pleckstrin. On the other hand, the untranslated regions of 7T9 do not show any 

similarity with the corresponding region of the human pleckstrin gene. The cDNA 

sequence of 7T9 and the predicted amino acid sequence are shown in Figure 4-2. The 

sequence flanking the first AUG in 7T9 meets the requirement for efficient initiation of 

translation in eukaryotic cells (Kozak, 1987). At the extreme 3' end, a potential 

polyadenylation site AAUAAA is found. 

The translated cDNA sequence of 7T9 predicted a protein of 350 amino acids with 

a molecular mass of 39875 daltons. Like the human pleckstrin, significant internal 

homology (53% similarity) is found in 7T9 between residues 1-1 02 and 241 -348, which 

encode the N and C terminal PH domains respectively. 7T9 also contains multiple potential 

sites for phosphorylation by protein kinase C [(S,T) x (R,K)]. Missing fiom the 7T9 

sequence, however, is the potential ~ a 2 +  binding EF-hand motif found in the C terminal 

region of human pleckstrin. Therefore, this structural motif may either be not critical for 

pleckstrin function or it renders some unique functions for human pleckstxin. 



AAGAGACCTCCCTGTAAAAA~GCCCACAAACACCTCAGCC 
TTCAGAGGAGACTGAGCTCCTCAGACGACAAGAGTGGACCCG~TGTCTCCCCACCA~ 
AT~AACCAAAGCGGATCAGGGAGGGATACCTTGTGAAGAAGGGAAGTGTGTTTAATACC 
M E P K R I R E G Y L V K K G S V F N T  
TGGAAACCCATGTGGGTTGTACTGTTAGAAGATGGAATTGAGTTTTATAAAAAGAAAAGT 
W K P M W V V L L E D G I E F Y K K K S  
GACAATAGCCCCAAGGGGATGATCCCGCTGAAAGGAAGTACTCTCACTAECCWGTW 
D N S P K G M I P L K G S T L T S P C Q  
G A C T T T G G C A A A C G G A T G T T C G T G T T A A A A A T C A C T A C A A C C A C T T C  
D F G K R M F V L K I T T T K Q Q D H F  
TTCCAGGCAKCTTCCTGGAGGAGAGAGACGCTTGGGTTCGGGATATCAAGAAAGCCATT 
F Q A A F L E E R D A W V R D I K K A I  
AAATGTATTGAAGGAGGCCAGAAGTTTGCAAGAZLAATCCACAGAGCGGTCCATTCGCCTG 
K C I E G G Q K F A R K S T R R S I R L  
CCAGAGACAATTGACTTGGGGGCTTTGTATCTGTCTATGMGACCCCGAG~GGNiTA 
P E T I D L G A L Y L S M K D P E K G I  
~GGAACTGAATC~GAAGGACAAGAAAGTTmAkTCACTGCCTCACAGGTAGTffiT 
K E L N L E K D K K V F N H C L T G S G  
GTCATTGACTGGCTGCTTTCTAACAAGCTAGTTCGGAATCGCCAGGAAGGCCTCATGATC 
V I D W L V S N K L V R N R Q E G L M I  
TCCGCTTCCCTGCTCAGTGAAGGGTACCTGCAGCCTGCTGGAGATCTGTCCErAGAATGCA 
S A S L L S E G Y L Q P A G D L S K N A  
G C A G A T G G C A T A G C T G A A A A C C C T T T C C T G G A T A G C C C T T C C A  
A D G I A E N P F L D S P D A F Y Y F P  
GACAGTGGATTCTTCTGTGAGGAGAACTCCAGTGATGATGATGTCATTCTGAGAGAAGAA 
D S G F F C E E N S S D D D V I L R E E  
TTCAGAGGGGTTATCATCAAGCAGGGATGTTTACTGAAGCAGGGGCACCGGAGGAAAAAC 
F R G V I I K Q G C L L K Q G H R R K N  
TGGAAAGTGAGAAAGTTCATTCTGAGAGAAGACCCGGCCTACCTGCACTACTATGATCCT 
W K V R K F I L R E D P A Y L H Y Y D P  
GCTGGGGGTGAAGATCCCCTGGGAGCAGCAGTTCACTTGAGAGGCTG~TGGTGACTTCAGTA 
A G G E D P L G A V H L R G C V V T S V  
GAGAGCAGTCACGATGTTAAGAAGAGTGATGAAGAGAACCTCTTTGAGATCATCACAGCA 
E S S H D V K K S D E E N L F E I I T A  
GATGAAGTTCATTATTACTTGCAGGCAGCCACTTCCAAGGAGCGTACTGAGTGGATCAAA 
D E V H Y Y L Q A A T S K E R T E W I K  
GCCATCCAGGTGGCCTCACGGACTGGGAAATAGGGACACCGAGAATCACTGAGGAGCATC 
A I Q V A S R T G K *  
TGACTGGCCAAGATTCTACAACCCATATAACAGAGATGGAATTCAAGCCCAGACnru;AA 
CTTTGAGTCGGCATTCTGTTTTGTCTTCACCTTCCTCACATGC~TGCATCATT 
TTfLATGTGTTGTTTATTTAATATTCACTGAAGCAAGAGTTCTCAAGCTTTATGGGTCTGT 
TCCCCACACACCAGCACTCAAATCAAACAATATTGTGTATMCTTTCTAT-MGTCTA 
GAGACTTTACAGATAGTCCAGAAAGTCTCMGGCTGGAGGAGCATGAGGCCTTTCATCCC 
TTTGTATTCTGAGTTCTCCTTCCTGTTTTCTTCTCACCTGAATAAAACAATTACCATGAC 
ACTTCACACCACACATAAGACATCAGCCTACAAGTGTCCATTGCTCTTCTGCCCTTCTGC 
TCAATGTCATTTCTCCAATGAACAAGAATGTCAGCTGAGTCCTTAGMTCTGAGCCT 
GAGATAGCMGGAGTGAATGAATTGTATTAAAAAGGGGAAAGAATGATACTAAAATACAC 
AAWGTGCTAGGAACTAGAATTAGGTGAGGTAACTTCAACGCMGTTTAACTACGGGTTT 
GGCCTGGAAAGCATAGCAAGGGGTCATCTTTCCCCGACCAAACAGGACATCAGGTCTTCT 
GTCTTGTGTGGAGAAGTGACTCAAAGTGACAATATATTTAmTCTMTGMCAGTMTG 
TATGCTCTCTCTAATTGTTCAGAGTCTTATAAGGAAAAAAGACAGAAAGATCAGATCAGAGACAA 
GGGACTCTTGGGAAGAAGCATAAGGATGGACATCrnAGTGGGTGTAAAGTGTGAGGAT 
GTGTGTGTCACATTCTAATAATCCCAGAAGCTTCCATCCCCAAACCACTTGGCCTGTAAT 
CACCATAGCCCTAGCACAAATGACACATGAATGGTTACCCATAGGTAACCATTGGTATAT 
CACAGTGGTGGATATAGAGGTCATATACAGGGACAACAGCATTGGCTTCAACTTTCCAAC 

(continued on the next page) 



(continued f r o m  previous page) 

CTTATTTAGCTATTGCCACCTCTGAGTGTCCAGCACATGACTAGEAAGACCAGTGCXA 
ACACTGTGTGGTATTCTTCAAGGAAATGAACAAGTTAT"r?'GATAAGTTGGCTGTATTTCA 
TTCTGAATACTTn;TCCTCATAAGACAGACAGAn;CTGAATCTAGCTGTGGATTTCTGTTTCTT 
ATTTAGAGTATTCTATTTATAGACAAGGGTCCACATATTTTAACGTTTAGAGAGTTATTG 
TAGATGGGAAAA(;GAAATAGACCCATTTTTTATGGGT(;TAGCACATCTTTCAATCCCTTA 
A T C C C T C A A T C A C A T T A T C T C C T T G A A G T G C T G C C T A ~  
TTCATGTTAAGAACATCCTTCTTGTATATTCACATTTCTGTGTTTAGATCAGAACCCTAC 
C A T T T A C T G T G T A G A T T C A T T T C A A G A G C T T C C E + A A T A G  
ACTCCAATCTACTTTATATATATTTATCACTAAACTCTATATGGAATAGAGGAACCTTAA 
ATATATAATGTTGCTTATCTTCCAAACTTTAGCTCATCTCCAATGTTTCCATTGCTTGTA 
CCATAGAATCTAAAGTTGGTGAACTGTAAGGTTAATAATGTTAATTTGACTAAACTGGGA 
GATGCTTAATGTGTAGGGTATCAGTTTAGCACATAmTMTATGTC%TAAWAGMW 
TTWGATAATTAATTCATGATAGCTCTGACTaGEmTGATAGTTGATCCATTWT 
AGATTCMGACTATTAGGAGGTGGTGGAACTTTGCAAGTTGGAGGAAGAAGGTGGGTGTA 
TCCTTCCGGAGGTATATCTGGGCTTCTCC%TTAT~TCACTCTGCAA%ATTCCTGTCT 
GCCTTA,9TGTGCCCTGCCCTGGTTCACTACACTCAATGACTGTGGAGGACTGAAACGCTT 
AIWTTTGTGAACTGAAA9CAACTTCTTCTAAGTTATTTCTGATGGTCATTTTGTCACAGC 
ATCAAACAAAGCAC4TAAACTCGTACATAAGCAAGGGATGTCCTTATTGGTCAAACATTA 
ATTTTCATAAAATCCAGGAGTAAGATGGGATGGGAAACTT~TATAATCTTATAAn;AAACAGAA 
IL9GTAAACAAATAGCTGGAAAGGCAAGATGTGTCCACTGGTGGCATAGGGACATTACTTG 
TAGGGGTGTAACCAATGGCTTTCTCATAGGATCTGAGGCCTACTCTCTGGAAGACAATTC 
ATGTACTATTGGTCAAATGCCTGTGPATAGGGAC-GACATAAGCCCTGTCAGGAATGGTAT 
TTCTATTGTTTTGCTAAATATTCATGTCCTGCCTATCAAATTGCCCTTGAAAAGACCTCT 
A G T T T C A T G A G T C C C A A A G C T A A G M T G T C C T C A G A C A  
TAATCCTTATAACCTATATGATGTTTCTACCAATGTATTTGGGAAAJWMiTGCCTTGATT 
T A G G A C T T T G T T C T G T T A C T G T G A A A A T G C A C G T C T T  
TTTGGGAA4GTTCAATCTATATTCCCAAGCCATAGTCACTCATATTTTGCTCTAG~ 
ECTCTAAACTTTTATTCCTTTGAAGGTAAAAAA 

Figure 4-2. Nucleotide and deduced amino acid sequences of the mouse pleckstrin cDNA. 
The nucleic acid sequence is numbered relative to the first base of the coding region on the 
left. The potential polyadenylation signal at the 3' end of the sequence is underlined. The 
amino acid sequence shown in capital one-letter code is numbered on the right. The first M 
denotes the translation initiation site and the stop codon is indicated with an asterisk. 



TWO mmdpt~ of diflibent size s~ probably due to lYanrtivr splicing. The 

original differential display cDNA fragment, which is located in the middle of the 7T9 

gene (nt. 1775-2 120), detected a single transcript of -4.0 kb (Figure 4- 1 A), but a probe 

derived fiom the coding region, which is in the 5' portion of the gene, recognized an 

additional transcript of -2.2 kb (Figure 4-1B). Possibly due to the extremeIy low level of 

expression, no clones representing the smaller transcript was isolated in cDNA library 

screening. In order to obtain the nucleotide sequence of the small transcript, RT-PCR was 

performed using p l y  (A)' RNA fiom 702/3 cells with a pair of primers, one at the 

extreme 3' end (nt.3629-3649, 5'-AGT GTT GCA TCA CTT ACG TGC-3') and ?he 

other in the coding region (nt.817-835, 5'-GCC TAC CTG CAC TAC TAT G-3'). The 

reaction gave rise to two products of -1.1 kb and 2.8 kb, which were presumably derived 

from the small and large transcripts respectively. DNA sequencing demonstrated that the 

two products were otherwise identical except that a 1747 bp fragment was missing fiom 

the smaller one (Figure 4-1C). This result strongly suggests that the two transcripts are 

derived fiom alternative splicing of the same primary transcript. However, the consensus 

sequence for alternative splicing, 5' exon (GT ... AG) exon 3', was not identified at the 

junction site. The 

Obviously, it does 

untranslated region 

Expression 

significance of this sequence variation has yet to be determined. 

not affect the protein sequence since the variation occurs in the 3' 

of 7T9 mRNA and protein. Expression of 7T9 mRNA was 

determined in various cell lines and adult tissues (Figure 4-3). The expression of pleckstrin 

has been suggested to be restricted to hematopoietic cells in humans (Tyers et d., 1988; 

Gailani et a]., 1990). 7T9 mRNA, however, was detected in both hematopoietic and 

nonhematopoietic cells and tissues, such as the fibroblast cell line L929 and brain. In most 

of the cells and tissues tested, both transcripts of 4.0 kb and 2.2 kb were detected. The 

Iarger transcript was consistently more abundant than the smaller one. When B cells 



representing different developmental stages were examined, 7T9 mRNA was found to be 

highly expressed in cell lines representing late pre-B cell (702/3), immature B cell (WEHI 

23 l), and terminally differentiated plasma cell (J558), but absent fiom most Abelson 

murine leukemia virus transformed pro-B cell lines. Thus, 7T9 appears to be a gene 

specific for B cells at late developmental stages. 

Figure 4-3. Northern blot analysis of 7T9 expression in various cell lines and tissues. Spg 

of poly(A)+ RNA was loaded on each lane. A cDNA hgment derived fiom the coding 

region of 7T9 (nt - 1  5-723) was used as a probe. As a loading control, the same blot was 

also probed with a housekeeping gene L32. 

Rabbit anti-human pleckstrin antibodies were used in immunoprecipitationlWestern 

blot analysis to examine pleckstrin protein expression in representative B cell lines. The 

protein expression pattern is similar to that of mRNA expression (Figure 4-4). The protein 

levels, however, do not always correlate with RNA levels. The Abelson line fiom RAG 1 - 
deficeinet mice, for example, expresses a high level of pleckstrin protein while 719 mRNA 

is barely detectable in this line. 



F i e  4-4. Mouse pleckstrin protein expression in representative B cell lines. Pleckstrin 
was immunoprecipitated fiom whole cell lysates. The irnrnunoprecipitates were 

fractionated by SDS-PAGE and probed with rabbit anti-pleckstrin antibodies. Equal 
amount of total proteins fiom each cell line was used in initial precipitation step. 

Phosphorylation of LI1P in B cells upon sIgM qgpgation. Pleckstrin is known to 

be the major substrate of PKC in platelets. It has also been demonstrated that B cell 

receptor-mediated signaling involves PKC activation. Given its high expression in more 

mature B cells, I hypothesizedd that pleckstrin may be an integral component of the B cell 

receptor-mediated signal transduction pathway. Therefore, experiments were designed to 

examine the phosphorylation status of pleckstrin in B cells at different developmental 

stages after PMA stimulation or surface IgM aggregation. Using an in vivo labeling assay, 

I demonstrated that pleckstrin had a substantial constitutive level of phosphorylation in al l  

B cells examined. Stimulation of resting splenic B cells with PMA resulted in significantly 

increased phosphorylation. A smaller, yet still significant, increase was also observed 

following surface IgM aggregation. On the other hand, the signal intensity did not change 

in 70U3 and W H I  23 1 cells after the addition of PMA or antibodies that aggregate IgM 

(Figure 4-5A). 



WEHf-231 splenlc restlng 
B cell 

Figure 4-5. Pleckstrin phosphorylation in 702/3, WEHI 23 1 and splenic resting B cells 

following PMA stimulation and s IgM aggregation. (A) Pleckstrin phosphorylation as 

detected by in vivo labeling. The intracellular pool of ATP was labeled with 32P. The cells 

were then stimulated and lysed. Pleckstrin was immunoprecipitated, and examined for 

radioactivity. For each cell types, equal number of cells was used for different treatments. 

(B) Pleckstrin phosphorylation as detected by mobility shift. The same blot fiom in vivo 

labeling experiments was probed with rabbit anti-pleckstrin antibodies. 

The in vivo labeling experiments also revealed a mobilty shift associated with 

p hosphoryIation of pleckstrin (Figure 4-5A). This shift was more clearly demonstrated 

when the same blot was probed with anti-pleckstrin antibodies (Figure 4-5B). There are at 

least two distinct electrophoretic forms of mouse pleckstrin. The fast mobility form rapidly 

converted to the slow mobility form upon cell stimulation, suggesting that these forms 

were derived fiom differential phosphorylation of pleckstrin. According to the result 



obtained from the in vivo labeling assay, the low mobility form is highly phosphorylated 

and the high mobility form is less phosphorylated. By directly examining the mobility 

shift, I found that virtually all pleckstrin protein was in the less phosphorylated form in 

unstimulated 70U3 and spleen resting B cells, whereas a large percentage was highly 

phosphorylated in unstimulated WEXI 23 1 cells. Stimulation with PMA induced a shift to 

the Iow mobility form in all cells. Upon IgM aggregation, a similar shift was only seen in 

WEHI 23 1 and splenic resting B cells. 70213 cells which do not express surface IgM 

(sIgM) were r e k t o r y  to Ig aggregation The discrepancy between the in vivo labeling 

assay and direct examination of mobility shift may be partly due to the poor resolution in 

the in vivo assay. Taken together, these results indicate that increased pleckstrin 

phosphorylation is a downstream event in B cell signaling through its antigen receptor. 

Antisense 7T9 induces K ligbt chain expression in 702(3 cells. Previous studies 

have demonstrated that the pre-B cell line 70U3 possesses a fully fhctional, rearranged Ig 

K gene. These cells are poised to express K protein and can be induced to do so with a 

variety of reagents, including lipopolysaccharide (LPS) and PMA (Paige et al., 1978; 

Rosoff and Cantley, 1985). The latter is known to be a potent activator of PKC. To 

elucidate the potential role of pleckstrin in late stage B cell development, I tested the effect 

of 7T9 antisense on 702/3 differentiation. The antisense construct contains the entire 

coding region and some flanking sequences inserted in the opposite direction. As shown in 

Figure 4-6A, introduction of this construct into 702/3 cells significantly reduced pleckstrin 

protein expression. In transient transfection studies, 702/3 cells were transfected with either 

the 7T9 antisense construct, a 7T9 sense construct, a hS antisense construct or the vector 

alone. After 24 and 48 hr, RNA was prepared from the transfected cells and analyzed for 

the presence of K mRNA. In total, ten separate experiments were performed, and a typical 

one is shown in Figure 4-dB. The K transcript was detected in cells transfected with the 

7T9 antisense construct in most of the experiments (8 of 10). Occasionally, r expression 



was also seen in vector-only transfectants (3 of 10) and AS antisense transfectants (2 of 

lo), but the level was usually lower than that observed in 7T9 antisease transfecbntts. 

Notably, x expression was never observed in cells carrying the 7T9 sense construct. The 

observed variations among these experiments may be due to: 1) different expression levels 

of antisense RNA in separate experiments; 2) stress effects due to transfection procedures 

which vary fiorn one experiment to another. 

pleckstrln protein 

Figure 4-6. Effect of 7T9 antisense on pleckstrin protein expression and I ~ K  mRNA 

expression in 702/3 cells. (A) Lmmunoprecipitation/Westem blot analysis for pleckstrin 

protein. Equal amount of total proteins was used in initial immunoprecipitation step. (B) 

Northern blot analysis for Igrc expression. lOpg of btal RNA fiom the various 

transfectants (BCMGSneo:vector-only; 7T9S:7T9 sense; 7T9AS:7T9 antisense; and 

X5AS:M antisense) was loaded in each lane. An I ~ K  cDNA fragment was used as a probe. 

RNA fiom LPS-stimulated 702/3 cells was used as a positive control. As a loading 

control, the same blot was also probed with a housekeeping gene L32. 



I also analyzed r protein expression on the cell surface by flow cytometry. As 

shown in Figure 4-7, introduction of the antisense construct 7T9AS into 702/3 cells 

induced K expression. Although the expression level was low in comparison with that 

induced by lOpg/ml of LPS, a population shift was obvious compared with the vector- 

only transfectants. 

BCMGSneo 7T9AS LPS 

Figure 4-7. FACScan analysis of I ~ K  expression on cell surface in 702/3 transfectants. 

702/3 cells were transfected with vector-only (BCMGSneo) or 7T9 antisense construct 

(7T9AS). After 48 hrs, cells were stained with rat anti-K antibodies. The background level 

of staining was determined by an isotype matched control antibody. LPS-stimulated 702/3 

cells were used as positive controls. 

7T9 antisense induces NF-KB activity in 70W3 cells. The tmscriptional activation of the K 

gene in 702/3 cells can be mediated by the well known nuclear factor, NF-KB (Sen and 

Baltimore, l986a; l986b). However, 702/3 K gene expression can also be induced by y- 

interferon through a NF-@-independent mechanism (Briskin et al., 1988; Bomsztyk et al., 

1990). To determine whether NF-KB is involved in 7T9 antisense-induced K gene 

expression in 70U3 cells, I examined NF-KE~ activity in transfected cells using the 

electrophoretic mobility shift assay. Nuclear extracts were prepared 24 hr after transfection, 

and incubated with an oligonucleotide probe derived fiom the KB site of the intronic 



enhancer of Ig K chain gene (5'-AGT TGA GGG GAC TIT CCC AGG C-3'). The 

presence of NF-KB activity was demonstrated by the appearance of specific nucleoprotein 

complexes. Three separate experiments were performed. All gave similar results, and a 

representative one is s h o w n  in Figure 4-8. Stimulation of 70Z3 cells with LPS induced a 

high level of NF-KB activity (lane 2). Significant amount of similar nucleoprotein 

complexes were also seen in 702/3 celis transfected with 7T9 antisense construct (lane 6). 

The specificity of the complexes was demonstrated by the efficient competition with 

unlabeled NF-KB binding sequences (lane 7). On the other hand, the levels of NF-KB in 

7T9 sense (lane 9, and A5 antisense (lane 8) transfectants were not substantially different 

from the background level observed in untransfected 702/3 cells (lane 1). The slightly 

increased NF-KB level in vector-only transfectants (lane 4) was not consistent in different 

experiments. Most likely, it was the result of stress effect. 

V) 
0 

F i e  4-8. NF-KB activity induced by 7T9 antisense in 70Z3 cells as determined by 

electrophoretic mobility shift assay. Nuclear extracts fiom untreated (lane I), LPS- 

stimulated (lane 2), or transfected cells (lane 4, 5, 6, 8) were incubated with end-labeled 

oligonucleotides containing the KB site. Competitive binding was performed with samples 

derived fiom LPS-stimulated (lane 3) or 7T9AS-transfected (lane 7) cells by preincubation 

with unlabeled oligonucleotides. 



Discussion 

In this chapter I have described the isolation and characterization of a cDNA 

molecule (7T9) encoding the mouse homologue of human pleckstrin. Within the B lineage, 

mouse pleckstrin is first expressed in cells undergoing the transition fiom the sIgM- to 

s1gMf stage, and remains expressed in all subsequent stages of B cell development. I have 

demonstrated that increased phosphorylation of pleckstrin occurs following sIgM 

aggregation of normal splenic resting B cells. I have also shown that transfection of 70Z3 

cells with a pleckstrin antisense construct induces W-KB activity and subsequently Ig K 

expression. 

Mouse pleckstrin shares very high homology with human pleckstrin, suggesting 

that this protein is evolutionarily conserved. On the other hand, the corresponding genes in 

these two species show some differences in their transcriptional regulation and 

posttranscriptional processing, perhaps as a consequence of the completely different 

untranslated regions. Firstly, the mouse gene is more widely expressed. In addition to 

hematopoietic cells and tissues, 7T9 mRNA is detected in a fibroblast cell line L929 and 

brain, indicating that mouse pleckstrin may fhction in multiple systems. Secondly, while 

only a single transcript of 3.0 kb is detected for the human gene, the mouse pleckstrin gene 

gives rise to two transcripts of 4.0 kb and 2.2 kb respectively. Sequence analysis reveals 

that the two transcripts are otherwise identical except that a 1747 bp fragment is missing 

fiom the 3' untranslated region of the small transcript, suggestive of alternative splicing. In 

addition, previous work by Tyers and his colleagues does not support the existence of 

multiple pleckstrin genes in the mouse (Tyers et al., 1988). They used a cDNA fragment 

containing the full-length coding region of the human pleckstrin gene to probe mouse 

genomic DNA digested with EcoRI. Two discrete bands of 2.7 kb and 6.2 kb were 

detected, which is consistent with a single pleckstrin gene in the mouse genome. Since 



there is an EcoRI site in the coding region of mouse pleckstrin, existence of more than one 

gene will generate at least three distinct bands. 

The present study provides evidence that pleckstrin phosphorylation occurs in B 

lymphocytes. Moreover, I have demonstrated that phosphorylation is induced by B cell 

receptor engagement, suggesting that pleckstrin may be involved in B cell activation 

following antigen stimulation. The primary phosphorylation sites in human pleckstrin have 

been mapped to Ser- 1 1 3 and Ser- 1 17 (Craig and Harley, 1996). Since these two residues 

and the flanking regions are extremely conserved between human and mouse, 

phosphorytation of mouse pleckstrin may involve the same residues. The role of pleckstrin 

phosphorylation remains to be elucidated. As will be discussed below, pleckstrin may 

hct ion as an inhibitory molecule in signal transduction. One speculation is that 

phosphorylation of pleckstrin may either enhance or diminish its inhibitory effect. Abrams 

et al. reported that mutagenesis of the potential phosphorylation sites led to a decrease in the 

ability of pleckstrin to inhibit phosphoinositide hydroIysis (Abrams et d., 1999, which is 

consistent with an enhancing effect of phosphorylation on the function of pleckstrin. 

The highly regulated expression of mouse pleckstrin during B cell development 

suggests that this protein may play a role in B cell differentiation as well as in B cell 

activation. Experimental evidence in support of this hypothesis comes from transfection 

studies of 702/3 cells. This pre-B cell line is capable of undergoing further differentiation 

to express K light chain on its surface in response to a variety of stimuli including mitogens 

and cytokines (Paige et al., 1978; 1981; Rosoff and Cantley, 1985; Sen and Baltimore, 

1986b; Briskin et al., 1988). My studies show that a similar phenotypic change can be 

induced by reducing pleckstrin protein expression through transfection with an antisense 



construct. The simplest explanation for this observation is that pleckstrin plays a regulatory 

role which controls progression of B lineage cells to the IgM+ stage. 

Pleckstrin antisense-induced r expression is likely to be mediated by N F - a -  This 

nuclear factor is implicated in the transcriptional regulation of a number of genes, including 

the K gene (Sen and Baltimore, 1986a; 1986b). Although ubiquitously expressed, it is 

usually sequestered in the cytoplasm by an inhibitory protein termed I&. A variety of 

stimuli, such as LPS, PMA and cytokines, can induce phosphorylation and degradation of 

IKB. NF-KE~ is then fiee to enter nuclei and activate the target gene expression (Siebenlist et 

al., 1994). I demonstrate that pleckstrin antisense transfection induces NF-KB activity in 

702/3 cells. Since synthetic double strand RNA (dsRNA) and virus infection are capable of 

inducing NF-KB activity in certain cell types (Visvanathan and Goodbourn 1989), 

presumably through the action of the dsRNA-sensitive kinase (Hovanessian, 1 99 1 ), one 

might argue that the induction of NF-KB activity, and even the K expression in 70Z3 

transfectants may simply be the result of nonspecific dsRNA formed after mfec t ion  

with any antisense constructs. However, the inability of the AS antisense construct to 

induce either NF-KB or K rules out this argument. 

Previous studies demonstrate that overexpression of pleckstrin inhibits the fbction 

of several PH domain containing proteins. Among them are phospholipase C (PLC) 

(Abrams, et al, 1995) and phosphatidylinositide 3-kinase y (PI 3-Ky) (Abrams et al., 

1 996). PLC catalyzes the hydrolysis of phosphatidylinostol phosphate, and PI 3 -Ky 

catalyzes the phosphorylation of the hydroxyl group in position 3 of phosphatidylinositol 

phosphate. The primary products of these reactions, diacylglycerol and PtdIns3,4P2 or 

PtdIns3,4,5P3, are implicated in the physiological activation of PKC (Nishizuka, 1984; 

Toker et al., 1995). Given that overexpression of pleckstrin inhibits PLC and PI 3 -Ky 

activity and that PKC activation is tightly related to PLC and PI 3-Ky activity, I suggest a 



model in which reduced expression of pleckstrin will enhance PKC activation through the 

removal of its inhibitory effect on PLC and PI 3 -Ky. Upon PKC activation, IKB is 

phosphorylated and degraded. NF-KB is thereby released to enter nuclei and activate the K 

gene transcription. 

The data presented here not only help to define the specific role of pleckstrin in B 

lymphocytes but also provide some insights into the general mechanism of pleckstrin 

function. Based on my own data as well as the work by other groups, I propose that 

pleckstrin primarily behaves as a negative regulator for the h c t i o n  of many PH domain- 

containing proteins. The inhlibitory effect is probably achieved by competition between 

pleckstrin and other PH domain-containing proteins for access to their interaction partners. 

The inhibition of pleckstrin on PLC, for example, may be explained as the consequence of 

competition for PIP2 (Abrams et al., 1995). A recent study shows that PIP2 binding to the 

PH domain of PLC-6 activates its enzymatic activity (Lomasney et al., 1996). 

Sequestration of PIP2 by pleckstrin, therefore, is expected to have an inhibitory effect on 

PLC-8. This concept of inhibition by competition can also be applied to explain the 

inhibition of G mediated responses by PH domain-containing peptides derived from 

distinct proteins (Luttrell et al., 1995). 



Chapter 5 

Identification of a novel tachykinin specifically 
produced by lymphocytes 



A large number of biologically active peptides are produced in higher animals and 

participate in the regulation of a variety of life processes. One family of such peptides is the 

tachykinins, so named because of their potent vasodilatory effects which result in marked 

hypotension and subsequent tachycardia (Bertaccini, 1976; Erspamer, 198 1). As a group 

the tachykinin peptides are structurally related. All members share a common C terminal 

pentapeptide sequence F-X-G-L-M-NH2, a structural motif essential for their biological 

activities. To date six members of this family have been identified. Three of them were 

isolated from mammalian tissues, which include substance P (SP) (von Euler and Gaddum, 

1931; Chang and Leeman, 1970), Neurokinin A (NKA; also called substance K, 

neurokinin a, and neuromedin L) (Kimura et al., 1983; Nawa et al., 1984a), and 

Neurokinin B (NKB; also called neurokinin b, and neuromedin K) (Kimura et al., 1983; 

Kangawa et al., 1983). Since all known mammalian tachykinins are neuronally derived, 

they have a collective name, neurokinin (Jordan and Oheme, 1985). Other tachykinins, 

namely, Kassinin (Anastasi et al-, 1!?'77), Eledoisin (Erspamer and Anastasi, 1962)' and 

Physalaemin (Erspamer et al . , l964), are of non-mammalian origin. 

Like other small biologically active peptides, tachykinins are generated through 

proteolytic cleavage of large precursors (Douglass et a1 ., 1984; Harris, 1989). The 

precursor proteins for tachykinins are designated preprotachy kinins (PPT). In mammals, 

two PIT genes have been described (Nawa et al., 1983; Kotani et a1 ., 1986). The PPT-A 

gene is transcribed into three different mRNA molecules as a result of alternative splicing 

(Nawa et a1 ., 1984b): a-PIT-A mRNA encodes SP; b-PPT-A mRNA encodes SP, NKA 

and a less well characterized N terminal extended homologue of NKA; and y-PPC-A 

rnRNA encodes SP, NKA, and another N terminal extended homologue of NKA. The 

PIT-B gene gives rise to two transcripts different only in the 5' untranslated region: both 



encode NKB (Kotani et al.. 1986). Here I report the molecular cloning of the third 

mammalian PFT gene, 7G9. The protein encoded by 7G9 predicts the generation of a novel 

tac hykinin peptide, substance Z (SZ). Experiments with synthetic peptides demonstrated 

that substance Z had similar pharmacological properties to substance P in that both induced 

plasma extravasation and promoted mast cell degranulation. In addition, substance Z may 

play a specific role in B cell development as suggested by its restricted expression in B cell 

precursors and the decreased expression in 702/3 cells following LPS stimulation. 



Results 

Isolation of a cDNA molecule, 769. 7G9 was initially isolated as a 225 bp 

cDNA fra,ment by differential display. Specifically, it was amplified with the primer 

combination of T 12MG (5'-TIT TIT TIT TIT MG-3') and AP9 (5'-CGT GGC AAT A- 

3'). When used as a probe in Northern blot analysis, this fragment recognized a 1 -3 kb 

transcript expressed in 702/3 cells but not in 1184 cells (Figure 5-1). To obtain the full- 

length cDNA sequence of 7G9, a 702/3 cDNA library was screened. Multiple positive 

clones were isolated. The complete sequence of the longest cDNA clone (-1.1 kb) was 

were determined as well as the partial sequence of other clones. Since some nucleotide- 

apparently missing from the 5' end, 5' RACE was performed using a gene specific primer 

close to the 5' end of the known sequence (5'-GAG CAG GTG CCT CTC TGT CC-3'). 

An additional 100 bp sequence was thereby obtained. Figure 5-2 shows the 111-length 

sequence of 7G9 as determined by library screening and 5' RACE. The o r i m  

differential display fragment was located at the 3' portion. Close to the 3' end, a potentid 

polyadenylation site (AAUAAA) was identified. This cDNA sequence was submitted to 

nucleotide sequence databases (GenBank, EMBL, PDB and EST) and no significant 

similarity to any recorded DNA sequences was found. 

Figure 5-1. Differential expression of 7G9 in IIB4 

and 7W3 cells. 5pg of poly(A)+ from each cell line 

was loaded. The original differential display PCR 
fragment was used as a probe. The position of the two 
major ribosomal RNA bands are indicated on the right. 



AGCAGAGAGTCTAGGACACATCTCACCCACATACAAGTGGCCCCGTGGGGACCGGAGCCT 

GCTGGAGGAGGTGGCATCAGGCTGAGTGGGGCTCCCTGGACAGAGAGGCACCTGCTCACC 

ATGTTGCCTCTCCTTGCCCTGCTTCTCCTGATCGGGCCATCAGTGTGCACTACAGCAGGA 
M L P L L A L L L L I G P S V C T T A G  
GACAGAGAGGAACTGGCTTTTGGTGCAGAGGCAGAGTCCTGGGTGACCGTGAACCTGAAG 
D R E E L A F G A E A E S W V T V N L K  
GGAATCCCCGTCCCCAGCATTGAACTTAAGCTTCAGGAGTTGAAGAGAAGCAGGACTCGC 
G I P V P S I E L K L Q E L K P S R T R  
CAGTTCTATGGTCT~TGGGGAAGC~TGGGAGGGTATCAGCTGGGACGTATAGTGCAG 
Q F Y G L H G K R V G G Y Q L G R I V Q  
GATCTCCTTGGCACGAGAGGTTTGTCCATAGAAGGGACCTGCAGACAGGCGGCGAGTCAA 
D L L G T R G L S I E G T C R Q A A S Q  
CAGAGGGCACGACCCGGAGCAGTGACCAGAGAAAGCCTCCAGAGTCGAGAGGAAGATGAG 
Q R A R P G A V T R E S L Q S R E E D E  
GCTCCCCTAACCACCAGCAACGTGTAGCACTCm;CCACCCATCTCTCCCCAGAACATCAC 
A P L T T S N V *  
AGCTGAGGAGCCTCAGCCAACAGTCCTGTCTTTXTCCTCMCTTWTAWTCCXCCA 

GGCCCTCGTCACACTCTGCATTTTCTCCCAGGACTCACTCTTGGCATCTGGTAGCAACGA 

AGCMGCTTCACACTCTGTATCCCAGGCCTAGCACACAGTAGGGCTCAATCAACGACGA 

CCAACAGACATCTCCCTCTGTGCTGAGGCTATWTCAGTCGGCTAACGCGATTGTGGCC 

AAGCCTGACMCTTGAGTTCAATCCCCAGGACCCACAAAGTGGAAGAAAAAAATTGTCCT 

Figure 5-2. Nucleotide and deduced amino acid sequences of the 7G9 cDNA. The nucleic 
acid sequence is numbered relative to the first base of the coding region on the left. The 
amino acid sequence shown in capital one-letter code is numbered on the right. The first M 
denotes the translation initiation site and the stop codon is shown with an asterisk. The 
potential poiyadenylation signal at the 3 ' end of the sequence and the putative tachykinin 
peptide sequence is underlined. 



7G9 encodes a novel preprdachykinin. Translation of the cDNA sequence of 7G9 

revealed a relatively long open frame at the 5' portion, which predicted a protein of 128 amino 

acids (Figure 5-2). The N-terminal sequence of this small protein was largely hydrophobic, 

reminiscent of the signal peptides for many secretory proteins. Alignment of the deduced amino 

acid sequence with sequences in protein databases (PIR, SwissProt and GENPEPT) revealed that 

the putative protein contains a 1 5 amino acid region (K-R- S-R-T-R-Q-F-Y -G-L-M-G-K-R) 

which shares high homology with tachykinin peptides. The pentapeptide sequence F-Y-G-L-M 

in this region matches perfectly with the tachykinin signature motif F-X-G-L-M (Bertaccini, 

1976; Erspamer, 198 1). Moreover, this region possesses all the sequence information necessary 

for the liberation and maturation of a tachykinin peptide, which includes the doublet of Lys-Arg at 

each end and the glycine residue immediately after the C terminal methionine residue. As 

suggested by previous studies (Douglass et al., 1984; Harris, 1989), doublets of basic amino 

acids are the typical cleavage sites, and the glycine residue provides the amide group for C 

terminal amidation of mature tachykinin peptides. Taken together, these findings of sequence 

homology strongly suggest that 7G9 encodes a novel preprotac hykinin. Depending on where the 

N terminal cleavage occurs, in or after the doublet of Lys-Arg, the mature bioactive peptide 

derived from this precursor protein is predicted to be composed of either 11 or 10 amino acids: 

with or without the N terminal arginine residue. Sequence alignment with known tachykinin 

peptides demonstrated that the newly identified peptide, which I call substance Z, most ciosely 

resembles substance P (Table 5- 1). 

Table 5-1 Sequence alignment of tachykinin peptides 

Substance Z (R) S R T R Q F Y Q L H - m 2  
Substance P R P K P Q Q F Q G H - m 2  
N e u r o k i n i n  A H K T D S V O L H - - 2  
N e u r o k i n i n  B D M H D F T V O ~ H - - 2  
P h y s a l a e m i n  E A D P N K Y O f r Y - U B 2  
E l e d o i s i n  E P S K A I L W - b S B 2  
K a s s i n i n  D V P K S D G V O L Y - m 2  



Expression pattern of the 7G9 gene. Using Northern blot analysis and RT-PCR, 

7G9 mRNA expression was determined in different cell types and adult tissues. According to 

Northern blot analysis (Figure 5-3), expression of 7G9 appeared to be restricted to B lineage cells. 

With up to 5 pg of poly(A)' RNA, no positive signal was detected in any cell Lines other than B 

cells or in any primary tissues examined. The Northern results also suggested a developmental 

regulation of 7G9 expression during B lymphopoiesis; while 7G9 mRNA was readily detectable 

in many pro-B cell lines (CB 17 1 .l, CB 17 5.1, scid 2.1, scid 4.1, RAGl-14 and RAGl-17) and a 

pre-B cell line (702/3), it was not found in cell lines representing later developmental stages, such 

as immature B cells (WEHI 23 1) and plasma cells (5558). 

Figure 5-3. Northern blot analysis of 7G9 in various cell lines and tissues. 5pg of poly(~)+ 

RNA was loaded on each lane. A 1 kb cDNA hgment was used as a probe. As a loading 
control, the same blot was also probed with a housekeeping gene L32. 

To further examine 7G9 expression in hematopoietic tissues, such as bone marrow and 

fetal liver, a more sensitive method of RT-PCR was used. This analysis demonstrated high levels 

of 7G9 mRNA in both tissues (Figure 5-4). Notably, 7G9 was also found to be highly expressed 

in fetal liver derived IL-7 dependent cells obtained in culture. Since such cultures contain >99% 

B22W cells, it is likely that primary B lineage cells express 7G9. RT-PCR was also used to 



detect any rare messages in some suspected tissues, such as spleen, thymus and brain. Significant 

amounts of 7G9 mRNA were detected in spleen. Low levels of 7G9 expression were also seen in 

thymus and brain. The cell population expressing 7G9 in these organs remains to be determined. 

Figure 5-4. 7G9 expression in selected cells and tissues as determined by RT-PCR. lpg of 
total RNA was reverse transcribed and the cDNA was amplified with 7G9 specific primers. PCR 
products were separated on an agarose gel and transferred onto a nylon membrane. The blot was 

then probed with a 7G9 cDNA fragment. L32 was used as an internal control for the reaction. 

Decreased expression of 769 correlates with LPS-induced death of 70213 

cells. 702/3 cells undergo further differentiation to express K light chain when stimulated by 

LPS (Paige et a]., 1978). During this process, massive cell death is usually observed. Some 

subcIones of 70D3 cells, however, are resistant to LPS-induced cell death while maintaining 

normal response of K expression. The underlying mechanisms for either cell death or resistance to 

cell death are completely unknown. To investigate any potential roles substance Z may play in the 

determination of cell viability, 7G9 expression in 7W3 cells was examined during the course of 

LPS stimulation. In 70Z3 cells which are sensitive to LPS-induced cell death. 7G9 expression 



was found to be downregulated following LPS stimulation: a significant decrease was observed 

as early as 6 hours after LPS addition and by 24 hours 7G9 mRNA was no longer detectable 

(Figure 5-5, panel A). On the other hand, 7G9 expression, although relatively low. was 

unaffected by LPS stimulation in 702'3 subclones resistant to LPS-induced cell death (Figure 5-5, 

panel B). In total, six such subclones were examined, and the expression level of 7G9 largely 

remained constant in all cases after LPS stimulation. This study suggested a correlation between 

downregulation of 7G9 expression and LPS-induced cell death in 70Z3 cells. The nature of this 

correlation is not clear. It is tempting to speculate that substance 2, the product of 7G9, may 

behave as a paracrine or autocrine factor required for the growth of pre-B cells. 

A 6 

702/3 + LPS 702B B220- + LPS 

Figure 5-5.7G9 expression in 702/3 cells stimulated with LPS. RNA was prepared at different 
time ponits after LPS stimulation. lOpg of total RNA was loaded on each lane. L32 was used as a 

loading control. 70Z3 B220- is a 70213 variant resistant to LPS-induced cell death. 

Substance Z induces plasma extravasation. The decrease of blood pressure is the 

first and the best known in vivo activity observed for tachykinins. As a newly identified member 

of this family, substance Z was tested for similar effects. Previous studies have demonstrated that 

tachykinins exert the hypotensive function by inducing arterial vessel dilatation and plasma 



tachykinins exert the hypotensive function by inducing arterial vessel dilatation and plasma 

extravasation (Lemback and Holzer. 1979). Current studies were concentrated on the plasma 

extravasation effect of substance 2. Synthetic peptides were intravenously injected into mice with 

Evan's blue dye, and plasma extravasation was manifested by leakage of the dye into the tissue. 

At all three concentrations tested (1, 05 or 0.25 nM). substance 2 induced a general blueing of 

the extremities, particularly the front and hind feet . No major difference was found ktween 

substance Z and substance P in their relative potency (Figure 5 6 ) .  

substance ? 
substance Z 

Figure 5-6. Plasma extravasation induced by substance Z in comparison with substance P. 
Numbers on X axis indicate the concentrations of the peptides administrated (substance P or 
Uantagonist in nM). Numbers on Y axis indicate the relative response. which was scored on a 
scale 0-3 (0-none, 1 -minimum, 2-medium, 3-maximum). 



Using the well known substance P antagonist Spantide (Folken et al., 1984) as a 

reference. a substance Z antagonist, S-R-T-R-Q-(o)W-Y -(D) W-L-L-NH2, was designed. 

Preadrninistration of this antagonist completely blocked plasma extravasation induced by 

substance 2. However, the effect was not specific for substance Z since the plasma extravasation 

induced by substance P was blocked as well. Similarly, Spantide also blocks rhe effect of 

substance Z (data not shown). These results suggest that substance Z and substance P may share 

similar receptors. 

Substance Z promotes mast cell degranulation. Substance P, more than any of 

the other known tachykinins, promotes the release of histamine from mast cells (Devillier et a1 ., 

1985). Different from most other activities, mast cell degranulation by substance P is presumably 

through a receptor-independent mechanism, which involves a direct interaction of G proteins with 

the cationic residues, Arg and Lys, found in the N terminus of substance P (Mousli et a1 ., 1990). 

Since substance Z also contains multiple N terminal basic amino acid residues, we speculate that 

substance Z would have similar effects on mast cell degranulation. To test this hypothesis, mast 

cel Is were preincubated with IgE antibodies, and IgE receptors were then crosslinked with 

specific antigens. Different concentrations of substance Z were added at this point. My studies 

demonstrated that substance Z by itself was ineffective in the induction of mast cell degranulation. 

But it substantially enhanced mast cell degranulation triggered by IgE receptor crosslinking. The 

release of radiolabeled serotonin was increased by more than 3 fold in the presence of substance Z 

(Figure 5-7). These results suggest that substance Z may act as a costimulatory factor for mast cell 

degranulation. Similar to substance P, high concentrations of substance Z were required to 

mediate this effect. 



5ng/ml antigen 

1 nglml antigen 
no antigen 

Substance Z concentration (1M) 

Figure 5-7. IgE receptormediated mast cell degranulation in the presence of substance 2. 
Numbers on X axis indicate the concentrations of substance Z in the culture. Numbers on Y axis 

indicate the percentage of 'H-serotonin released into the medium. Also indicated an the different 
amounts of antigens used for crosslinking. 



Discussion 

In this chapter 1 have described the isolation and characterization of a cDNA (7G9) 

encoding a precursor protein for a novel tachykinin peptide. In mammals, two 

preprotachykinin (PPT) genes, P I T A  and PIT-B, had been previously identified (Nawa 

et al., 1983; Kotani et al., 1986). Because of the similarity in nucleotide sequence and the 

identity in genomic structure, those two genes were proposed to be derived from a common 

ancestor by gene duplication (Kotani et al., 1986; Krause et al., 1987). The newly 

identified PPT gene, on the other hand, does not share significant sequence homology with 

either PPT-A or PPT-B. Whether it has the same evolutionary origin remains to be 

determined. Compared to the two known PIT genes, the 7G9 gene shows a completely 

different pattern of expression. While both PPT-A and PPT-B genes are found to be 

predominantly expressed in the central nervous system and some peripheral tissues with 

abundant innervation, such as the thyroid and the intestine (Nawa et al., 1984b; Kotani et 

al., 1986), 7G9 mRNA is detected primarily, if not exclusively, in B lineage cells. 

Tachykinin peptides are liberated from their precursors by specific processing 

enzymes called convertases (Steiner et al., 1 992). The site specificity of cleavage is largely 

mediated by the doublets of basic amino acids which flank the N and C termini of the 

sequence to be liberated. The precise cutting point, however, varies. W e  the cleavage on 

the C terminal doublet always occurs in fiont of the first basic amino acid residue, the N 

terminal cleavage can be either between the two residues or after the second residue. This 

variation suggests that convertases may recognize the doublets in conjunction with other 

sequence elements. Harris has proposed two basic types of recognition sequence, one with 

a monobasic amino acid and the other with a strongly polar amino acid (Glu or Asp) in 

close proximity to the doublet (Hams, 1989). Substance P is an example of the first type, 

with an Arg in front of the doublet. For this type of recognition sequence, cleavage could 



occur either between the doublet or after the doublet. Neurokinin A is an example of the 

second type. with a Glu in front of the doublet. For this type, cleavage usually occurs after 

the doublet. According to these criteria, the recognition sequence located at the N terminus 

of the substance Z pptide can be classified as either of the two types since both Glu and 

Lys residues are found in front of the doublet of Lys-Arg. It is therefore difficult to pmdict 

whether the cleavage point is between Lys-Arg or after the Arg residue. Depending on 

where the cleavage occurs, the resultant pptide may or may not contain an -2rg residue at 

its N terminus. The highest sequence homology between substance Z and substance P 

favors a peptide with the Arg residue, but conclusive evidence will only be obtained from 

sequencing the naturally occumng peptide. Nevertheless, the presence or absence of the 

Arg residue may not greatly influence the function of substance Z as a tachykinin peptide: 

previous studies have demonstrated that a substance P derivative lacking the first five 

residues remains a very active and selective compound (Couture and Regol i , 1982). 

A wide variety of biological activities have been attributed to the tachykinin 

peptides. Most of these effects are common for all members of this family, although 

individual members may show some differences in the relative potency. As 

neurotransmitters/neuromodulaters, tachykinins induce hypotension, smooth muscle 

contraction and exocrine organ secretion, promote the release of other neurotransmitters, 

and regulate such neuronal activities as pain transmission and memory processing (Regoli 

et a1 ., 1994). In addition, tachykinins may act as soluble factors to regulate the functions of 

many different cell types, such as proliferation of T cells (Payan et al.. 1983), 

immunoglobulin secretion of B cells (Stanisz et al., 1986), inflammatory mediator 

production of macrophages (Hartung and Toyka, 1983), and histamine release of mast cells 

(Devillier et al., 1985). Our studies demonstrate that the newly identified substance Z 

peptide is functional. Like a typical tachykinin, it induces plasma extravasation and 

promotes mast cell degranulation. Given that all known tachykinins show similar 



pharmacological properties, it is expected that substance Z may exert additional activities. 

An important implication of this speculation is that many activities previously ascribed to 

neurokinins, especially the modulation of inflammatory responses, may actually be 

mediated by substance Z in physiological conditions. Although some recent studies have 

demonstrated the expression of PPT-A mRNA or the production of irnmunoreactive 

substance P in hematopoietic cells including macrophages and eosinophils (Pascual and 

Bost. 1990; Weinstock et al.. 1988). it is generally assumed that tachykinins found in 

inflammatory sites are of neuronal origin. Identification of a tachykinin peptide specifically 

expressed by B lineage cells challenges this prevailing view. 

The majority of biological activities observed for tachykinins are mediated by 

specific receptors. Upon ligand binding, these receptors interact with G proteins and 

activate phospholipase C or adenylcyclase, which leads to the accumulation of iP3 or 

CAMP (Nakajima et al., 1992; Nakanish et al., 1993). Tachykinin receptors have been 

identified on a number of target cells, including T and B lymphocytes (Payan et a1 ., 1986; 

Stan isz et a1 . , 1 987). Pharmacological studies suggest the existence of three distinct 

receptor types for mammalian tachykinins (NK1, NK2, and NK3) (Regoli et al., 1987). 

Although each individual receptor shows preference for a specified ligand, N K l  for 

substance P. NK-2 for neurokinin A, and NK-3 for neurokinin B, the selectivity is 

generally poor: any neurokinin may act as full agonists on all three receptor types. We 

speculate that substance Z may engage the same set of receptors. The cDNA sequences for 

the three known receptors are now available (Masu et a1.,1987; Yokota et al., 1989; 

Shigemoto et al., 1990), and expression of the cloned cDNA molecules should allow a 

direct test for the binding aK~nity of substance Z to these receptors. 

The restricted expression of the 7G9 gene in B lineage cells and its particularly high 

expression in B cell precursors suggest that substance Z may play an important role in B 



cell development. Previous studies have shown that substance P has a potent stimulatory 

effect on hematopoiesis of erythroid and graaulocytic lineages (Rameshwar et al., 1993). 

While its effect on B lymphopoiesis remains to be directly tested, Manske and colleagues 

have reported that substance P is able to enhance the secretion of IL-7 and stem cell factor 

from cultured bone marrow strornal cells, both of which are critical for B cell development 

(Manske et al . , 1995). Since all tachykinin peptides demonstrate similar pharmacological 

properties, it is reasonable to speculate that substance Z may have the same effect on 

stromal cells as substance P. In fact, substance Z may represent the physiological stimulus 

for stromal cells. In addition to the paracrine action on stromal cells, substance Z may act 

on B cell precursors via an autocrine mechanism. This notion is supported by the finding 

that the viability of a pre-B cell line is correlated with the expression level of 7G9 mRNA. 

70213 cells undergo massive cell death after LPS stimulation. During this process, a 

dramatic decrease in 7G9 expression is observed. Some 70U3 subclones, however, are 

resistant to LPS-induced cell death. Intriguingly, the expression level of 7G9 is not altered 

in these subclones. Taken together, these results suggest that substance Z may be a crucial 

factor for the growth of B cell precursors. This hypothesis should be tested by adding 

exogenous substance Z peptides to LPS-stimulated 7 W 3  cell cultures or by depleting 

endogenous substance Z with specific antibodies in conventional 70U3 cell cultures. 



Chapter 6 

General discussion 



G Introduction 

B cell differentiation from hematopoietic stem cells to antigen-responsive mature B 

cells is a multiple stage process. The stem cells first become B cell-restricted precursors, 

which then progress through the pro-B, pre-B, and immature B stages, and eventually 

develop into mature B cells. While progressing along the B cell developmental pathway, 

cells undergo sequential changes in the expression of many different genes. The coordinate 

activation and suppression of these genes leads to the acquisition and loss of a series of 

traits, and drives the transition fiom one stage to the next. In order to gain an understanding 

of the molecular basis of B lymphopoiesis, the expression pattern of individual genes has 

been examined in B lineage cells. Earlier studies have concentrated on known genes, but 

more recently, attempts have been made to isolate and characterize novel genes differentially 

expressed at discrete developmental stages. Functional analysis of these stage-specific genes 

has greatly increased our understanding of many of the molecular events essential for B cell 

differentiation. However, the complete genetic program of B cell diffmentiation remains 

unresolved. The uncertainties are particularly evident in the transition fiom the pro-B to pre- 

B stages. To illustrate the molecular mechanisms regulating this important differentiation 

step in B cell development, I have undertaken a project in which genes differentially 

expressed during the transition from pro-B to pre-B cells were isolated, and the functions of 

a selected set of these genes were analyzed in the context of B lymphopoiesis. 

I chose an approach to study B cell differentiation which utilized cell lines derived 

fiom various developmental stages. These cell lines maintain the basic phenotype of the 

parent cells, and provide essentially an unlimited source of experimental material. The two 

cell lines used in this project were IIB4 and 702/3. According to the known gene expression 

patterns and Ig gene rearrangement status, they represent pro-8 and pre-B cells respectively. 

By using the technique of mRNA differential display, 9 genes differentially expressed by 



ILB4 and 702/3 have been identified. Of those nine genes, all but one (CD2) are previously 

undescribed. RNA blot analysis demonstrates stage-specificity for all of them, and one has 

also been found to be B Lineage-specific. Based on the sequence data and expression pattern, 

three genes, 7A3, 7T9 and 7G9, were selected for fisther characterization. These studies 

have led to the identification of novel regulatory mechanisms controlling B cell 

development. A schematic representation of the expression patterns of these genes in B 

lineage cells is presented in Figure 6-1. In this chapter, I will combine the data fiom 

Chapters 3-5 and the literature to formulate models concerning their potential roles in B cell 

differentiation. Also presented in this chapter is an analysis of the approach adopted in the 

study. 

early pro-B tate pro-B pre-6 immature B mature B plasma 

7A3: sial ic acid-specific 
acetylesterase 

7T9: pleckstnn 

7G9: substance Z 

Figure 6-1. Expression patterns of the 7A3, 7T9 and 7G9 genes during B cell 

development. 



B. The role of 7A3 

7A3 encodes a murine sialic acid-specific 9-0-acetylesterase catalyzing the m ~ ~ o v a l  of 0- 

acetyl ester groups from position 9 of  sialic acids. Interest in the metabolism of 9-00 

acetylated sialic acids has increased in recent years, as evidence is accumulating hat 9-00 

acetylation and de-9-0-acetylation contributes to the biological properties of complex 

glycoconjugates. The enzyme responsible for the incorporation of 9-0-acetyl groups into 

sialic acids, acetyl-Co~:N-acetylneuraminate-9(7)-O-acetyltransferase, has been 

determined, which is (Schauer, 1987). On the other hand, the enzymatic activity that 

catalyzes the removal of 9-0-acetyl groups is less well characterized, although such 

activities have been widely detected in certain mammalian viruses, higher invertebrates and 

vertebrates (Herrler et al., 1985; Schauer, 1987; Schauer et al., 1989; Hayes and Varki, 

1989). For some time, influenza C virus esterase has been the single known enzyme to 

specifically catalyze de-9-0-acetylation of sialic acids (Herrler et al., 1985). More recently, 

an enzyme with similar activities has been partially purified fiom rat liver, and named 

intralurnenal sialate:9-0-acetyesterase (LSE) (Butor et al., 1993b). 7A3, which has 

sequence similarity to LSE, represents the first mammalian cDNA encoding a sialic acid- 

specific 9-0-acetylesterase. 

A variety of intracellular or cell membrane-bound glycoproteins and glycolipids 

contain one or more sialic acids as the outermost sugar residues of their oligosaccharide 

chains (Schauer, 1982). These sialic acid residues are all derived fiom the parent molecule 

N-acetylneuraminic acid. One commonly observed modification involves 0-acetylation at 

position 9 (Butor et al., 1993a). This modification has significant influence on the lifespan 

of glycoconjugates. Most tiequently, the halflife is extended because of the inhibitory effect 

of the 9-0-acetyl ester groups on the action of sialidases which mediate the initiation step 

of glycoconjugate degradation (Schauer, 1987). In addition, 9-0-acetylation of sialic acids 



plays an important role in the regulation of biological firnctions of glycoconjugates. For 

example, the binding of intluenza C virus to erythrocytes involves interactions between the 

viral coat protein and sialic acids on the plasma membrane of erythrocytes, and effective 

interaction is only achieved when the sialic acid is 9-0-acetylated (Rogers et id., 1 986). In 

this case, 9-0-acetylation demonstrates an enhancing effect. However, in the case of lechin 

recognition, the presence of 9-0-acetyl groups may be inhibitory. Several Ig superfamily 

adhesion molecules, including sialoadhesin, CD33, CD22, the myelin associated 

glycoprotein and Schwann cell myelin protein, b c t i o n  in a sialic acid-dependent manner 

(reviewed by Crockert et al., 1 996). The binding of the macrophage-restricted molecule 

sialoadhesin, for example, is inhibited by 9-0-acetylation of the sialic acid (Kelm et al., 

1 994). Still other biological processes influenced by 9-0-acetylation and de-9-0-acetylation 

include embryogenesis and tissue morphorgenesis. Destruction of 9-0-acetyl groups 

during embryogenesis by expressing the sialic acid-specific 9-0-acetylesterase of influenza 

C arrested development at the 2celi stage, and selective expression of this enzyme in the 

retina and the adrenal gland resulted in abnormalities in tissue organization (Varki et al., 

1991). 

7A3 is widely expressed in a number of cells and tissues. But within the B lineage 

its expression shows strict stage-specificity. While 7A3 mRNA is undetectable in early B 

cell progenitors, such as pro-B cells, high levels of expression are observed in B lineage 

cells at later developmental stages, including pre-B, immature B and plasma cells (Chapter 

3). This developmentally regulated expression suggests that 7A3 may play a role in B cell 

differentiation during its later stages. The potential targets are the glycoproteins on B 

lymphocytesz which, as was shown in a previous study, are rich in 9-0-acetylated sialic 

acids (Zimrner, et al., 1994). De-9-0-acetylation of these residues is expected to have an 

impact on the functions of the glycoproteins. It may, for example, modulate sialic acid- 



dependent molecular interactions. An obvious candidate is the interaction between CD22 

and its Ligands. 

CD22 is a B lineage-restricted, membrane-bound glycoprotein of the Ig 

superfamily (Torres et al., 1992; Wilson et al., 199 1 ; Stamenkovic and Seed, 1990). This 

molecule demonstrates a lectin-like activity by binding to multiple glycoproteins expressed 

by many different cell types. The binding specificity is mediated by the outermost a-2,6- 

linked sialic acid residues on oligosaccharide chains of giycosylated proteins (Sgroi et ale, 

1993; Powell et ai., 1993). The actual physiological ligands for CD22 remain to be fully 

defined, but may include CD45 (Aruffo et d., 1992; Law et al., 1995), plasma IgM 

(Hanasalci et al., 1995b), and CD22 itself (Law et al., 1995). Notably, CD22 binding to its 

ligands is subject to the influence of 9-0-acetyl ester groups on sialic acids (Sjoberg et a]., 

1994). Sjoberg and his colleagues have demonstrated that 9-0-acetylation markedly 

reduces CD22 binding. They have also found that some potential CD22 ligands are 

naturally masked by 9-0-acetylation in normal tissues, and that unmasking of these 

molecules by de-0-acetylation significantly increases their CD22-dependent adhesion. 

These findings point to the powefil potential of 9-0-acetylesterase in the regulation of 

CD22 binding. Consistent with this line of thinking, the expression pattern of 7A3 during 

B cell development appears to be overlapping with that of CD22, as revealed by recent 

work from this laboratory (Stoddart et al., 1997). 

Given that sialic acid-specific 9-0-acetylesterase may indirectly enhance CD22 

binding to its ligands, the next critical question is how this alteration affects the behavior of 

B cells. Previous studies suggest that CD22 primarily acts as a negative regulator in B cell 

signaling. It is phosphorylated following sIgM aggregation (Leprince et al., 1993), and the 

phosphotyrosine residue then binds to the SH2 domain of a tyrosine phosphatase SHPl. 

SHPl is thereby recruited to the B cell receptor complex and downregulates receptor 



signaling by dephosphorylating appropriate substrates @ o d y  et d., 1995). Clearly, this 

process requires the physical association of CD22 with the B cell receptor. In fact, previous 

studies have shown that sequestering CD22 away from the B cell receptor ushg antLCD22 

antibodies enhances sIgM-mediated B cell signaling, presumably by releasing the B cell 

receptor complex from the inhibitory effect of CD22 (Carter and Fearon, 1992; P e n t t o  et 

al., 1988). However, it remains to be determined how CD22 is physically associated with 

the B cell receptor. Since plasma IgM has been found to contain sialic acid residues and is 

able to bind CD22 (Hanasaki et al., 1995b), I speculate that CD22 could be brought into the 

proximity of B cell receptor by binding to sialic acid residues, which may also be present 

on surface IgM. This hypothesis suggests a novel mechanism modulating signal 

transduction through B cell receptors and possibly pre-B cell receptors via the action of 9- 

0-acetylesterase. Dependent on the specific glycoproteins it targets, this enzyme may 

demonstrate different effects. By de-acetylating sialic acids on sIgM, it may enhance CD22 

binding to slglM, thereby negatively regulating B signaling. By targeting other 

giycoproteins, however, it may induce opposite effects through the competitive binding of 

CD22 to sIgM or other glycoproteins, such as CD45. CD45 is particularly interesting 

because this tyrosine phosphatase, in contrast to SHPl, is proposed to upregulate B cell 

signaling by dephosphorylating the negative regulatory phosphotyrosine residues found at 

C termini of Src family kinases (Mustelin et al., 1992; 1989). 

A schematic representation of the model proposed above is presented in Figure 6-2. 

This model suggests several directions for future studies. Firstly, while plasma IgM has 

been shown to contain sialic acids and be able to bind CD22, it remains to be demonstrated 

whether sIgM also contains sia!.ic acids and how these residues are acetylated. Secondly, 

the enzyme catalyzing addition of sialic acids to glycoproteins has been previously found to 

be upregulated during B cell activation. It would be interesting to know how 7A3 

expression is regulated following B cell or pre-B cell receptor engagement. Thirdly, each 



individual cell expresses multiple sialic acid-containing proteins. it would be important to 

determine whether sIgM and CD45 are differentially acetylated in B cells under various 

conditions. Finally, B cell lines overexpressing acetylesterase/acetyltransferase or deficient 

in these enzymes are to be established and tested for any alterations in signal transduction. 

Figure 6-2. Modulation of the interaction of CD22 and its ligands by 7A3 and its 

implication in the regulation of B cell signaling. Removal of PO-acetyl ester groups from 

sialic acids on sIgM may facilitate its binding to CD22, which negatively regulates B cell 

signaling. De-9-0-acetylation of CD45, on the other hand, may upregulate B cell signaling 

through competitive binding to CD22 and the intrinsic phosphatase activity. 



C. The role of 7T9 

7T9 encodes the mouse homologue of human pleckstrin, a physiological substrate 

of protein kinase C (PKC). This protein has gained much attention in recent years 

primarily because it is the prototype of molecules containing an important structural 

module called the pleckstrin homology or PH domain (Haslem and Kolde, 1 993; Mayer et 

aL, 1 993). Similar structures have been identified in a number of proteins, many of which 

are involved in signal transduction (Haslem and Kolde, 1993; Mayer et al., 1993; 

Musachio et al., 1993; Shaw, 1993; Gibson et al., 1994; Parker et al., 1994). Typically, a 

PH domain consists of -100 amino acids. Although the primary sequences of PH domains 

vary considerably among different proteins, all PH domains investigated show a similar 

three-dimensional structure, a seven-stranded $ sandwich of two orthogonal antiparallel P 
sheets with three protruding loops and an a-helix base (Yoon et al., 1994; Macias et al., 

1994; Timm et al., 1994; Downing et al., 1994, Fushman et al., 1995; Ferguson et al., 

1995). Since it was first discovered, the PH domain has been proposed to be a hct ional  

homologue of SH2 and SH3 domains which mediate protein-protein interactions by 

recognizing specific tyrosine-phosphorylated sequences and proline-rich sequences 

respectively (Koch et al., 1991; Ren et al., 1993). Over the last few years, two types of 

potential ligands have been identified for PH domains, which include the Py subunits of 

the heterotrirneric G proteins (GPy) (Touhara et al., 1994; Tsukada et al., 1994; Wang et 

al., 1994) and phospholipids such as phosphatidylinositol 4,5-phosphate (PtdIn4,5P2 or 

PIP21 and inositol 1,4,5-hiphosphate (Ins (1,4,5)P3) (Harlan et id., 1994). The binding of 

the PH domain to its ligands has significant impact on the function of PH domain- 

containing proteins. Such binding may direct the proteins to certain subcellular 

compartments, such as the plasma membrane (Pitcher et al., I995), or it may modulate the 

biological activities of the proteins: PIP2 binding to the PH domain of phospholipase C 



(PLC)-8 or G protein-coupled receptor kinases, for example, stimulates their enzymatic 

activity (Lomasney et al., 1996; D e b m a n  et al., 1996). 

Pleckstrin contains two PH domains but lacks other defined structures often found 

in signaling molecules. Such a molecule is likely to fbction either as an adaptor or a 

competitive inhibitor in signal transduction. The data currently available favor the latter 

hypothesis. Abrams and colleagues have demonstrated that overexpression of pleckstrin in 

mammalian cells inhibits p hospholipase C (PLC)-catal yzed phosphoinositide hydrolysis 

(Abrams et al., 1995). Given that all mammalian PLCs contain a PH domain and PIP2 

binding to this domain leads to enzymatic activation (Lomasney et ai., 1996), it is 

reasonable to believe that the observed inhibitory effect may be the consequence of 

competition between pleckstrin and PLCs for PIP2. The same group also reported 

inhibition of phosphatidylinositide 3 -kinase y (PI 3 -Ky) by overexpression of pleckstrin 

(Abrams et al., 1996). Since this inhibition can be overcome by excess GpP one would 

speculate that a similar competition mechanism is functioning in this case as well. 

Pleckstrin is heavily phosphorylated in hematopoietic cells stimulated with phorbol 

esters or other PKC activators (Haslam et al., 1979; Gailani et al., 1990). Crosslinking of 

sIgM on B lymphocytes, which mimics antigen stimulation, also induces pleckstrin 

phosphorylation (Chapter 4). However, the physiological role of pleckstrin in B 

lymphocytes or hematopoietic cells in general remains to be defined. Since the products of 

the reactions catalyzed by PLCs and PI 3-Ky, diacylglycerol and PtdIns3,4P2 or 

PtdIns3,4,5P3, are implicated in the physiologicai activation of PKC (Nishizuka, 1984; 

Toker et al., 1 999, it is tempting to speculate that pleckstrin, by inhibiting the activities of 

PLC and PI 3-Ky, may act as a negative regulator for PKC activation. The enhancing 

effect of phosphorylation over pleckstrin-mediated inhibition (Abrams et al., 1996) firher 

suggest that pleckstrin may form a feedback loop in PKC signaling pathway. A diagram 



illustrating this model of pleckstrin function is shown in Figure 6-3. Extracellular signals, 

such as antigen stimulation, lead to the activation of PLCs and PI 3-Ky. The products of 

the reactions catalyzed by these two enzymes activate PKC. Among many other 

downstream events induced by activated PKC, pleckstrin is phosphorylated The 

phosphoprotein then inhibits the action of PLCs and PI 3-Ky, thereby diminishing the 

activity of PKC. According to this model, the physiological role of pleckstrin is to prevent 

cells fiom overresponding to certain extracellular signals. 

PLC 

Pleckstrin 

PI 3-Ky 

PKC 

Figure 6-3. The feedback control of pleckstrin over protein b a s e  C (PKC) activation. The 

products of the reactions catalyzed by phophoslipase C (PLC) and phosphatidylinositide 3- 

kinase y (PI 3-Ky) activates PKC. The activated PKC phosphorylates pleckstrin. The 

phosphorylated pleckstrin inhibits PLC and PI 3-Ky, thereby preventing PKC fiom 

prolonged activation. Another downstream event of PKC activation is the phosphorylation 

and degradation of IKB, which leads to the nuclear translocation of NF-KB and the 

transcriptional activation of the I ~ K  gene. 



In addition to B cell activation, pleckstrin may also play a role in the clifferntiation 

of late pre-B cells. Functional deletion of pleckstrin by transfedon of antisense constructs 

induces NF-KB activity and subsequently Igk light chain expression in 70Z3 pre-B cells, a 

phenotypic change characteristic of the transition from pre-B to immature B cells (Chapter 

4). This result is generally consistent with the model proposed above. The substantial level 

of pleckstrin phosphorylation in unstirnulated cells suggests that PKC activity may be 

constitutively present in cells due to some unspecified activators in the extracellular 

environment. Normally, this activity is kept at very low levels because of the pleckstrin- 

mediated feedback control mechanism. With the removal of the inhibition imposed by 

pleckstrin, significant levels of PKC activity may be achieved without any specific 

activators. This may result in the phosphorylation and degradation of IKB. NF-KB is 

subsequently released to enter the nucleus where it activates I ~ K  gene transcription (Figure 

6-3). 

Several additional experiments are proposed for future studies. Firstly, the 

enzymatic activity of PKC in pleckstrin antisense trans fectants should be determined. 

Presumably, it should be elevated because of the removal of the inhibitory effect of 

pleckstrin on PLC and PI 3-Ky. Secondly, to further test the model proposed above, 702/3 

cell lines overexpressing pleckstrin could be established and their I ~ I C  expression in 

response to mitogens or cytokines compared with that of the parent cells. 1 s  expression is 

expected to be inhibited by the overexpression of pleckstrin. Thirdly, to illustrate the in 

vivo fimction of pleckstrin in B cell development, mice deficient in the 719 gene could be 

generated and analyzed for any defect in B cell differentiation. The predictions are: 1) the 

number of pre-B and irnmture B ceUs will be reduced in these mice due to increased 

negative selection, a phenotype also obsemed in CD19 transgenic mice (Zhou et al., 1994); 

2) the mature B cells in these mice will be hyper-responsive to antigen stimulation because 

of the removal of the feedback control mechanism mediated by pleckstrin. 



D. The role of 7G9 

7G9 encodes a precursor protein for a novel tachykinin peptide, which I called 

substance 2. Peptides of this family share a common C terminal pentapeptide sequence F- 

X-G-L-M-NH2 (Bertaccini, 1976; Erspamer, 198 1) and demonstrate similar 

pharmacological properties (Regoli et al., 1994). The best known member of this family is 

substance P (von Euler and Gaddum, 193 1; Chang and Leeman, 1970). Other tachykinins 

previously found in mammals include Neurokinin A (Kirnura et al., 1983; Nawa et al., 

1984a) and Neurokinin B (Kimura et al., 1983; Kangawa et d., 1983). These three known 

mammalian tachykinins are encoded by two separate genes, PET-A and PIT-B. While 

substance Z closely resembles the known mammalian tachykinins both in structure and in 

function, its coding gene 7G9 shows no siepificant sequence homology with PPT-A and 

PPT-B. In addition, 7G9 demonstrates an expression pattern completely different from 

those of PPT-A and PPT-B. While the latter two genes are predominantly expressed in 

neural tissues (Nawa et al., 1984b; Kotani et a1 ., 1986), 7G9 is specifically expressed by B 

lineage cells (Chapter 5). 

Mammalian tachykinins exert numerous actions in vivo. Primarily, they hc t ion  as 

neurotransmitters or neuromodulators. In addition, they may act as soluble factors and are 

implicated in the regulation of specific immune responses and nonspecific inflammatory 

reactions. Substance P, for exarnpIe, has been proposed to be a potent costimulator for B 

lymphocytes (Bost et al., 1992). Addition of this peptide to leukocyte cultures increased Ig 

secretion (Stainsz et al ., 1986). Furthermore, in vivo studies demonstrated that infusion of 

substance P into rodents stimulated development of Ig-secreting cells (Scicchitano et al., 

1988), whereas treatment with an antagonist greatly reduced the number of antibody- 

producing cells (J5glezos et al., 1990). The increased Ig secretion by substance P is 

apparently a direct effect on B cells since similar results were obtained with purified 



populations of B lymphocytes or cloned B lymphomas (Wscual et al., 1991; 1992). An 

unsolved question concerning the role of tachykinins in immunoregulation is their in vivo. 

origin. One assumption is that they are secreted by local neurons. Actually, these 

neuronally derived peptides are thought to be the major mediators of neurongulation of 

immune responses. Identification of a tachykinin peptide of non-neuronal origin, however, 

challenges this prevailing view . Given that dl known tachykinins demonstrate similar 

pharmacological properties, I speculate that many activities previously ascribed to known 

tachykinins may be, in fact, mediated by substance Z in physiological conditions. 

As a B lineage- and early stage-specific gene, 7G9 is expected to play an important 

role in B cell development. I have shown that 7G9 expression is dramatically decreased in 

70213 cells stimulated with LPS. This downregulation does not appear to be the result of 

further maturation of 70Z3 cells following LPS stimulation since cell maturation and 7G9 

downregulation can be dissociated in some 702/3 variants. On the other hand, 7G9 

expression does appear to be correlated with cell viability. While decreased expression of 

7G9 is accompanied by massive cell death, stable expression is observed in 70Z3 variants 

which are death-resistant. These results suggest that substance Z may behave as an 

autocrine factor for the growth of B cell precursors. Another possible mechanism by which 

substance Z may influence B lymphopoiesis is through its action on stromal cells. This 

proposal is largely an inference from the function of substance P and the similarities 

between substance P and substance Z. Previous studies have shown that substance P is 

able to enhance the secretion of IL-7 and stem cell factor from cultured bone marrow 

stromal cells, both of which are critical for B cell development (Manske et al., 1995). I 

speculate that substance Z may has the same effect on stromd cells as substance P. In fact, 

substance Z may be the physiological stimulus. 



Our understanding of this newly identified tachykinin peptide is still at its infancy, 

and additional experiments are needed to clarify its physiological roles. Firstly, specific 

monoclonal antibodies, selective antagonists and stable agonists should be prepared These 

reagents will be critical for future studies. Secondly, a number of in vifro and in vivo 

activities have been observed for known tachykinios. A systematic and comprehensive 

functional comparison between substance Z and other known tachykinins may reveal the 

unique functions of substance 2. Thirdly, the determination of cell populations producing 

substance Z in primary tissues and inflammatory sites may provide clues to its potential 

involvement in some pathological conditions, such as rheumatoid arthritis. Fourthly, the 

receptor for substance Z should be identified. All known tachykinin receptors share 

significant sequence similarities. Homology screening may be used to isolate the specific 

receptor for substance 2. Finally, particular attention should be given to its role in B cell 

differentiation. This could be tested by adding synthetic peptides, agonists, antagonists or 

monoclonal antibodies to B cell cultures and observing alterations in the behavior of the 

cultured B lineage cells. 

E. Analysis of the approach 

The search for the genes regulating B cell differentiation is one of the major goals 

in studies of B cell commitment and progression. To pursue these lineage-determining or 

progression-driving genes, people have used various differential cloning strategies to 

isolate genes whose expression is specific for certain differentiation stages. Differential 

hybridization and subtractive hybridization are the two traditiond, but still commonly used, 

methods. More recently, PCR-based techniques, such as mRNA differential display and 

SAGE, has been developed for the same purpose. Each of these methods have some 

advantages and disadvantages (reviewed in Section E, Chapter 1). I first attempted to 

isolate the genes specifically expressed in LIB4 but not in 70213 cells by subtractive 



hybridization. The only gene I obtained was a gene derived fiom Abelson murine leukemia 

virus, which was used to transform the cell line. This particular gene has an extremely high 

level of transcription in IIB4 cells. To isolate differentidy expressed rare messages, an 

alternative method, differential display, was subsequently used. In this way, I identified 9 

genes uniquely present in either IIB4 or 70Z3 cells. Obviously, I did not exhaust the 

difference of these two cell lines in gene expression. The RAG l and RAG2 genes known 

to be specifically expressed by IIB4 cells, for example, have not been isolated. But I 

speculate that the 9 genes identified constitute a substantial fraftion of the genes 

differentially expressed between the two cell Lines for the following reasons. Firstly, the 

two cell lines represent very close stages in B cell differentiation. Secondly, up to 120 

different primer combinations have been used in the screening. Assuming that each primer 

combination amplifies 75 mRNA species, 120 primer combinations should be able to 

cover 60-90% of the 10,000-15,000 mRNA species expressed in a mammalian cell. 

Thirdly, in my initial screening, 11 different cDNA fragments were obtained, each of 

which gave rise to a differential signal on Northern blot analysis of lIB4 and 702/3 cells. 

Cloning of the Ml length cDNA sequences revealed that the 11 differential display PCR 

fragments actually represented only 9 distinct genes: two pairs of the initial cDNA 

fragments, although amplified with different primer combinations, were each derived fiom 

different regions of the same mRNA molecules. This redundancy further suggests that the 

difference of the two cell lines in gene expression is limited. 

Correlation between the expression of a particular gene and a specific 

developmental stage by no means demonstrate a causal relationship, but does provide the 

impetus for firture studies. The distinction between genes directly involved in 

differentiation and genes non-specifically associated with certain differentiation states may 

only be made on the basis of functional analysis. Creation of dominant negative mutants or 



manipulation of gene expression by sense or antisense constructs have been the traditional 

methods of analyzing the function of genes. 

The observation that transfection of a single gene, MyoD, can induce myogenesis 

in nonmuscle cells (Weintraub et al., 1989; 1991) prompts the search for equivalents of 

such a master gene in B cell differentiation. However, none of the genes known to be 

expressed in B lineage cells have been shown to have the power to cause lineage switching. 

Given that a number of genes have been found to be indispensable for B cell development, 

it is more likely that B lineage commitment or progression is the result of coordinate 

activation and suppression of many different genes, each of which contributes to the 

probability of being a B cell. 

My studies on the three genes, 7A3, 7T9 and 7G9, are focused on their potential 

roles in B cell development. These genes may actually play more important roles in other 

cell types or in other processes. 7A3 and 7T9 are expressed in many different cell types. 

Apparently, they may also be fimctioning in cell types other than B lineage cells. Even the 

B cell-restricted gene 7G9 may have a broad effect. For example, it may be involved in the 

regulation of various inflammatory responses. 

F. Concluding remarks 

Each differentiation step along the B cell developmental pathway is accompanied 

by the acquisition and loss of a series of traits. The coordinate activation and suppression 

of genes controlling these traits, therefore, constitutes the genetic basis of B lymphopoiesis. 

Over the years, a number of genes differentially expressed at discrete stages of B cell 

development have been identified, and their specific roles in B cell differentiation have been 

determined. It has become clear that both B lineage commitment and progression involves 



the proper functioning of multiple genes. As more B lineage- and/or more stage- specific 

genes are identified, remaining gaps in our understanding of the genetic program governing 

B cell development will be closed. in this thesis, I have described the isolation of nine 

genes differentially expressed during the transition fiom pro-B to pre-B stages. Functional 

characterization of a selected set of these genes have revealed some novel regulatory 

mechanisms for B lymphopoiesis. Further studies of these genes should allow better 

understanding of the molecular basis of B cell differentiation. 
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