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ABSTRACT.

Expression of the c-fgr proto-oncogene is normally restricted to differentiated cells 

which belong to the myeloid lineage and is also found in some B cell lines. The aim 

of this thesis was to investigate the role of c-fgr in myeloid cells using the 

monoblastoid U937 cell line as a model system. Expression of c-fgr was increased 

when U937 cells were induced to differentiate by phorbol 12-myristate 13-acetate 

[PMA], dihydroxycholecalciferol [DHCC], tumour necrosis factor alpha [TNFa] 

or retinoic acid. The level of c-fgr mRNA or p55®-̂ '̂  detected in these cells varied 

depending on the agent used and did not correlate with the degree of growth 

inhibition induced by the agent. FcyR crosslinking in U937 cells treated with PMA 

or DHCC resulted in the modulation of p55®'-̂ *'̂  and in tyrosine phosphorylation of 

cellular proteins. Both protein kinase C and protein kinase A [PKA] were 

implicated as second messengers in the induction of c-fgr mRNA by PMA, and 

PKA was implicated as a second messenger in the induction of c-fgr mRNA by 

TNFa. Tyrosine kinases were not involved in the regulation of c-fgr mRNA by 

either PMA or TNFa. The level of c-fgr mRNA detected in three Burkitt’s 

lymphoma cell lines was increased by retinoic acid, but this also did not correlate 

with growth inhibition induced by this agent. To examine the role of c-fgr in more 

detail, the gene was inserted into an inducible expression vector and stably 

transfected U937 clones were isolated. Hyper-expression of the transfected c-fgr 

gene did not affect cell growth, responses to PMA, DHCC, TNFa or retinoic acid, 

adhesion to fibronectin, phagocytosis or tyrosine phosphorylation of cellular 

proteins, but did induce increased expression of 52U, a cytoplasmic antigen and 

ICAM-2, increased expression of ICAM-1 in the presence of DHCC and decreased 

expression of five myeloid antigens and ICAM-3.
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CHAPTER 1. GENERAL INTRODUCTION.

1.1. The origin of monocytes and macrophages.

Monocytes and macrophages play a central role in the immune system. 

Macrophages are critically placed in the tissues to carry out the fundamental 

protective functions of phagocytosis and killing invading micro-organisms and 

controlling the growth of spontaneously arising tumours. Phagocytosis is also 

important in removing damaged cells and in wound repair. Monocytes and 

macrophages can present antigen to lymphocytes during the development of a 

specific immune response and secrete a variety of soluble factors which regulate the 

activity of other immune cells and which are important mediators of inflammation 

(Unanue & Allen 1987, Johnston 1988).

Monocytes and macrophages are haematopoietic cells of the myeloid lineage. All 

haematopoietic cells arise from a single self-renewing pluripotent stem cell found 

in the bone marrow. Proliferation and differentiation of this stem cell results in 

several committed precursor cells of distinct lineages, such as the erythroid, 

lymphoid and myeloid lineages. Cells of the myeloid lineage arise from a 

myeloblastic progenitor cell or granulocyte-monocyte colony forming unit [GM- 

CFU], which develops into two types of cell, monocytes and granulocytes (van 

Furth & Diesselhoff-den Dulk 1970, Metcalf 1971) (Figure 1.1). The process of 

haematopoiesis is controlled by a variety of positive regulatory factors, such as 

colony stimulating factors and cytokines, which act on the progenitor cell to 

promote their survival, growth and differentiation, as well as selective inhibitors of 

proliferation such as transforming growth factor-/^ [TGF-j8 ], macrophage inhibitory 

protein-1 alpha and alpha-interferon [alFN] (Chen et al 1988, Metcalf 1989, 1991, 

Graham et at 1990). Action of these factors on the GM-CFU in the bone marrow 

gives rise to monocytes (and granulocytes) which then enter the peripheral blood 

(van Furth & Sluiter 1986). A proportion of the monocytes then migrate into 

various organs and differentiate into resident, tissue macrophages.
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1.2. The functions of monocytes and macrophages.

Monocytes may also be recruited from the circulating population of cells into the 

tissues as a result of infection, inflammation or tissue injury. The monocytes may 

respond to chemotactic factors released by micro-organisms or by damaged tissues. 

Once in the tissue the monocytes may then differentiate into macrophages. These 

recruited macrophages are more responsive than the resident macrophages and can 

be primed or fully activated, becoming competent to complete the complex 

functions of microbicidal and tumouricidal activity (Hamilton & Adams 1987).

The ability of monocytes and macrophages to migrate is therefore essential to their 

function. To extravasate, monocytes must adhere to and migrate over the surface 

of vascular and connective tissue cells and the extracellular matrix. The migration 

of monocytes and macrophages depends on the ability of the cells to detect adhesion 

molecules on the surface of vascular cells and various components of the 

extracellular matrix, such as collagen, fibronectin, laminin and proteoglycans. 

Adhesion to extracellular matrix may in turn help activate the cells since it can 

result in rapid and extensive changes in gene expression in monocytes, including 

cytokines and mediators of inflammation (Haskill et al 1988, Spom et al 1990).

The process of phagocytosis, or the engulfing of micro-organisms, is the main way 

in which micro-organisms are removed from a site of infection. Phagocytosis may 

occur by direct recognition of surface features of micro-organisms, such as 

carbohydrate residues on bacteria that are recognised by the mannose-fucose 

receptor on the surface of macrophages, or indirectly via opsonins that coat micro

organisms. Examples of opsonins are immunoglobulin G [IgG] or C3 complement 

fragments and monocytes and macrophages have surface receptors that specifically 

bind the Fc portion of IgG molecules [FcyR] and C3 complement fragments. FcyR- 

mediated phagocytosis may result in the release of reactive oxygen intermediates 

and arachidonic acid metabolites which are capable of killing micro-organisms. 

Other non-oxygen dependent mechanisms of killing also exist. In addition to
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clearing a wound of infection and tissue debris, macrophages are also important in 

wound healing and tissue repair. Macrophages can synthesise and secrete 

collagenase and elastase which help to debride a wound and they also secrete 

substances which stimulate fibroblasts to proliferation and help re-vascularisation 

(Lewis & McGee 1992).

1.3. Cell lines as model systems of differentiation.

Cell lines established from leukaemic blasts have frequently served as homogenous 

and well defined cell populations that act as model systems for investigating the 

process of differentiation and cell function. Cell lines which can be differentiated 

into monocytes and macrophages are the HL60, PLB-985, U937, THP-1 and Mono 

Mac 6  cell lines.

The HL60 cell line was established from cells of a patient with acute myeloid 

leukaemia type FAB M2 (see section 3.3.1) and the cells resemble promyelocytes 

(Collins et al 1977, Gallagher et al 1979). The PLB-985 cell line was established 

from the peripheral blood of a patient with acute myeloid leukaemia (Tucker et al

1987). The cells are myeloblastic and less mature than HL60 cells. These two cell 

lines can be induced to differentiate into granulocytes by retinoic acid (Breitman et 

al 1980) and dimethyl sulphoxide [DMSO] (Collins et al 1978) and into monocytes 

by dihydroxycholecalciferol [DHCC] (Perkins et al 1991, McCarthy et al 1983), 

phorbol 12-myristate 13-acetate [PMA] (Rovera et al 1979) and gamma interferon 

[7 IFN] (Ball et al 1984).

The U937, THP-1 and Mono Mac 6  cell lines represent a latter stage of 

development than HL60 and PLB-985 cells, and can only be differentiated along 

the monocyte-macrophage pathway. U937 and THP-1 cells have a phenotype 

similar to immature monocytes, whereas Mono Mac 6  cells have a phenotype which 

resembles mature, peripheral blood monocytes. However, both THP-1 and Mono 

Mac 6  express MHC Class n  molecules.
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The U937 cell line was established from cells of a patient with histiocytic leukaemia 

(Sundstrom & Nilsson 1976). These cells are monoblastic (see below) and can be 

induced to differentiate into monocytes and macrophages by agents such as tumour 

necrosis factor-a [TNFa] (Schutze et al 1988), PMA (Nambu et al 1989, Hass et 

al 1989, Duits et al 1992), DHCC (Ollson et al 1983, Hewison et al 1989, 1989a), 

7 IFN (Hattori et al 1983, Harris et al 1985, Testa et al 1988, Kelsey et al 1990), 

retinoic acid (Olsson et al 1982, Oberg et al 1993) and granulocyte-macrophage 

colony stimulating factor [GM-CSF] (Cannistra et al 1987, Zuckerman et al 1988).

The THP-1 cell line was established from monoblasts isolated from the peripheral 

blood of a patient with acute monocytic leukaemia (Tsuchiya et al 1980) and can 

be induced to differentiate by retinoic acid, PMA (Matikainen & Hurme 1994), 

DHCC and 7 IFN (Vey et al 1992). Mono Mac 6  cells were established from 

monoblasts derived from the peripheral blood of a patient with monoblastic 

leukaemia. Unlike other myeloid cell lines, these cells are loosely adherent in 

culture and express significant levels of CD 14. Mono Mac 6  cells can be induced 

to differentiate into macrophages by DHCC, PMA, 7 IFN (Ziegler-Heitbrock et al 

1988, 1994) and TNFa (Weber et al 1993).

U937 cells have the cell morphology, cytochemistry and surface phenotype typical 

of monoblasts. Like monoblasts, U937 cells are capable of responding to a wide 

range of agents (see above), and have similar secretory and functional abilities. For 

example, U937 cells have a high nuclear-cytoplasmic ratio, and contain jS- 

glucuronidase and fluoride sensitive non-specific esterase, two hydrolytic enzymes 

common to monocytes (Sundstrom & Nilsson 1976). The surface phenotype of 

myelomonocytic cells consists of many different groups of receptors and other 

proteins, some of which are lineage specific (Lewis & McGee 1992). U937 cells 

have a surface phenotype typical of immature cells of the monocyte lineage, for 

example, they express FC7 RS eg CD32, CD64 (Duits et al 1992), complement 

receptors eg CRl, CR3 (Sundstrom & Nilsson 1976, Dodd et al 1983), cytokine
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receptors eg TNF-R (Tsujimoto et al 1986, Shutze et al 1988), and adhesion 

molecules eg LFA-1, ICAM-1, VLA-3, VLA-4, VLA-5 (Pedrinaci et al 1990, 

Hemler 1990, Arroyo et al 1992, Kovach et al 1992, Duits et al 1992, Bohbot et 

al 1993, Pucillo et al 1993) as well as low levels of CD14, one of the most 

characteristic surface antigens of monocytes (Zuckerman et al 1988, Pedrinaci et 

al 1990, Oberg et al 1993). U937 cells can also secrete a range of products eg 

lysozyme, fibronectin and complement (Sundstrom & Nilsson 1976, Ralph et al 

1976).

When U937 cells are induced to differentiate along the monocyte-macrophage 

pathway, the population of cells gradually stops growing as the cells mature and 

switch from active cell division into post-mitotic, terminally differentiated cells. 

The cell morphology, surface phenotype and functional capabilities of the cells 

change during differentiation as the cells mature and become more like 

macrophages. For example, cells become flattened and adherent to plastic and there 

is an increase in the expression of FcyRs, adhesion molecules and CD 14 

(Zuckerman et al 1988, Pedrinaci et al 1990). Differentiated U937 cells can secrete 

TNFa, interleukin-1 and interleukin- 6  (Bhalla et al 1991, Cannistra et al 1987, 

Taimi et al 1993), show enhanced phagocytic ability and are able to kill micro

organisms by the respiratory burst (Dodd et al 1983, Kelsey et al 1990).

The ability of cells to proliferate, differentiate and change their functional abilities 

is dependent on their capacity to respond to extracellular signals. These signals are 

detected by specific receptors which are coupled to various second messenger 

systems which comprise the signal transduction pathways of the cell. There is 

considerable evidence that protein phosphorylation by protein kinases is an 

important mechanism used by secondary messengers in signal transduction 

(reviewed by Hunter & Cooper 1985, Hunter 1987). One type of protein kinase 

phosphorylates tyrosine residues and a member of this group, c-fgr, is thought to 

be important in the signal transduction pathways of myeloid cells.
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1.4. Identification of \-fgr.

In this thesis I have studied the expression and function of the c-fgr proto-oncogene 

in monoblastic and B-lymphoid cells. This gene was discovered in 1982 by Gardner 

and Rasheed following the isolation of a new strain of feline sarcoma virus from 

a fibrosarcoma occurring spontaneously in a domestic cat (Rasheed et al 1982). The 

oncogenic potential of the Gardner-Rasheed strain of feline sarcoma virus [GR- 

FeSV] was demonstrated by its ability to induce sarcomas in kittens and by its 

ability to transform cells of a variety of species in tissue culture.

The main antigenic determinant of this virus was a 70KDa molecule called GR P70 

which was distinct from those of other feline sarcoma viruses (Rasheed et at 1982). 

When a mink cell line transformed by GR-FeSV was metabolically labelled with 

orthophosphate, GR P70 was shown to be a phosphoprotein. In a kinase assay, 

phosphorylation of GR P70 and the heavy chain of the IgG molecule was observed 

when GR P70 was immunoprecipitated from infected mink cells. Phosphoamino 

acid analysis showed that GR P70 and the IgG heavy chain contained high levels 

of phosphotyrosine, while neither contained significant amounts of phosphoserine 

or phosphothreonine (Naharro et at 1983). Thus, GR P70, the primary translation 

product of GR-FeSV was identified as a protein tyrosine kinase.

Southern blotting analysis of infected and uninfected mink cells using oncogenes 

derived from several different retroviruses as probes, showed that the oncogene 

present in GR-FeSV was not v-abl, v-bas, w-fes, v-finSy y-myc, w-sis, w-src, y-jps, 

y-ros or y-yes (Naharro et at 1983, 1983a). The proviral, integrated form of GR- 

FeSV was isolated from a racoon fibroblast cell line and analyzed by restriction 

enzyme mapping. The length of the integrated GR-FeSV was calculated as 4.6 

kilobases [kb] and was flanked on either side by long-terminal repeats, a feature 

typical of retroviruses. Heteroduplex analysis between GR-FeSV and feline 

leukaemia virus revealed a 1.7kb segment, designated y-fgr, unique to the GR- 

FeSV genome. This segment was thought to carry the oncogene which encoded the
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primary translation product, GR P70 (Naharro et al 1983a).

DNA sequencing of the proviral form of GR-FeSV revealed an open reading frame 

[ORF] of 1989 base pairs [bp] starting with an ATG codon and terminating with a 

TAA codon. The ORF had a coding capacity of 663 amino acids with a predicted 

molecular size of 70KDa, which was in good agreement with the observed size of 

GR P70. The nucleotide sequence of this ORF was compared with the sequence of 

the gag and env gene of two retroviruses (Naharro et at 1984). Extensive nucleotide 

homology occurred between the gag gene and the 5' end of the ORF, and between 

the env gene and the 3' end of the ORF. The intervening 1622 base pairs of 

sequence therefore derived from cellular sequences present within the normal cat 

genome. The amino acid sequence of the v-fgr region was compared to a sequence 

data base which revealed that v-fgr consisted of at least 2  distinct cellular 

sequences. The initial stretch of 23 amino acids showed no significant sequence 

identity in the data base. The next 28 amino acid residues showed 98% sequence 

identity to actin and the final stretch of 389 residues showed 80% sequence identity 

to v-yes and varying degrees of sequence identity to v-src, v-abl, v-fes and v-fps 

(Naharro et al 1984). These latter genes all code for proteins with tyrosine kinase 

activity. Thus, GR P70 was a complex fusion protein containing viral gag and env 

sequences and mammalian actin and tyrosine kinase sequences. From this time on 

the te rm e r  was used to specifically refer to the tyrosine kinase sequence.

1.5. The cloning of human e-fgr.

It is now widely accepted that retroviruses obtain oncogenes from the host’s 

genome by genetic recombination events (Bishop 1983) Thus, the oncogene v-fgr 

should exist as a normal cellular gene, the proto-oncogene c-fgr. Isolation of the 

human c-fgr proto-oncogene was attempted by several groups.

Tronick et al (1985) isolated a 7.6 kb clone from a human foetal liver genomic 

library which was shown by heteroduplex analysis with GR-FeSV to contain all but

22



200bp at the 3' end of v-fgr. Nishizawa et al (1986) isolated 2 clones from a human 

placental genomic library and from these sequenced two Eco RI fragments of 7.7kb 

and 2.9kb. Seven exons were found within this sequence and were named as exons 

4-10 by comparison to the chicken c-src gene. The total length of the exon 

sequence was 920bp (306 amino acids) and this showed greater sequence identity 

with the v-fgr gene than to v-src, c-src and v-yes genes. The sequence of exons 2, 

3 and 4 was determined by Inoue et al (1987) from two clones derived from a 

cDNA library of IM-9 cells, an Epstein-Barr virus [EBV] transformed B cell line. 

The 5' untranslated region was 156bp long and followed by an ORF of 429bp 

(nucleotides 157-585, 143 amino acids residues) starting with the initiation codon 

ATG.

Finally in 1988, Katamine et al (1988) published a complete cDNA c-fgr sequence. 

The sequence was derived from 2 partial clones isolated from a human mononuclear 

cell cDNA library. This composite sequence included an ORF of 1587bp 

(nucleotides 148-1734) encoding 529 amino acids and a 3' untranslated region of 

620bp. The sequence of the ORF was co-linear to that published previously 

(Nishizawa et al 1986, Inoue et al 1987) and to the sequence of exons 11 and 12 

of the c-src2 gene identified by Parker et al (1985). The c-fgr cDNA sequence was 

confirmed by Brickell & Patel (1988) from 3 clones isolated from a cDNA library 

derived from zm EBV transformed B cell line, RPMI 4265. These clones covered 

2347 bp of sequence, a 5' untranslated region of 153bp, an ORF of 1587bp and a 

3' untranslated region of 606bp. The c-fgr gene has been localised to chromosome 

1 at bands p36.1-36.2 by Tronick et al (1985), bands p31-pter by Dracopoli et al 

(1988) and bands p34-36 by Parker et al (1985).

1.6. Genomic structure of the c-fgr gene and transcriptional start sites.

Patel et al (1990) investigated the structure of the human c-fgr gene present in a 

36.5kb genomic clone, cF2.3. The clone included the 5* untranslated region, the 

entire coding sequence and the 3' untranslated region of c-fgr cDNA. In addition.
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the Fc2.3 clone contained 4.5kb of 5' flanking sequence upstream of the start of the 

longest available cDNA clones. Comparing the sequence of cDNA clones from the 

RPMI 4265 library and the genomic sequence reveeded two non-coding exons, 

termed la  and lb. The sequence of the lb intron agreed with that published for 

intron 1 by Katamine et al (1988) except for the addition of a G residue between 

nucleotides 98 and 99 in the cDNA sequence.

SI nuclease mapping has identified the position of the B cell promoter. Using total 

RNA isolated from BL41-B95/1 cells and a probe covering 230bp of 5' flanking 

sequence and 60bp of exon la, Patel et at (1990) identified twelve protected 

fragments ranging in size from 74bp to 116bp. This showed that there were twelve 

major sites from which transcription was initiated within 56bp upstream of exon la. 

An identical result was obtained using RNA from a different B cell line, IM-9. 

Examination of the genomic sequence showed that there was no consensus TATA 

box sequence in the start site area. Although the sequence AATA (nucleotides 2128- 

2131) and TGTGA (nucleotides 2106-2110) may be responsible for transcriptional 

initiation. A number of other sequence motifs associated with the regulation of gene 

expression were present in the 5' flanking region. There was a sequence 

homologous to an Spl binding site at nucleotides 2082-2087, eleven sequences 

homologous to the Ap-2 binding site scattered throughout the region, three Alu 

repeat sequences and two extensive TG tracts found between nucleotides 161-210 

and 1250-1278 (Patel et at 1990). TG tracts have been shown to act as 

transcriptional enhancer elements (Hamada et al 1984). The position of the B cell 

promoter was later confirmed by Gutkind et al (1991).

SI nuclease mapping failed to identify transcriptional start sites upstream of exon 

la  in PMA treated U937 cells (Gutkind et al 1991). This suggested that the c-fgr 

gene might be transcribed from a different promoter in myeloid cells. Gutkind and 

co-workers (Gutkind et al 1991, Link et al 1992) compared the sequences of a 

variety of cDNA clones and two genomic clones in their investigation of the 5'
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flanking sequence. The cDNA clones came from libraries derived from peripheral 

blood monocytes and IM-9 cells. The analysis revealed a total of seven non-coding 

exons, termed M l, M4, M2, A, M3, 1 and 1.5 spread over about 13kb of genomic 

sequence (Figure 1.2). Exons A and 1 were identical to exons la and lb 

(respectively) identified by Patel et al (1990). All transcripts contained exons 2-12 

which covered the coding sequence. The ORF starts within exon 2 (Katamine et al

1988) and ends within exon 12 (Patel et al 1990).

The relative abundance of the non-coding exons in c-fgr mRNA from different cell 

types was also investigated. SI nuclease mapping using various exons as probes 

showed that exon la (exon A) was not present in monocytes or neutrophils, but was 

found exclusively in mRNA from B cell lymphoma cell lines (Patel et al 1990, 

Gutkind et al 1991). Transcripts containing exon la also included exon lb (exon 

1). Two major mRNA transcripts containing exons M3 and lb or exons M4 and lb 

were found in monocytes, neutrophils, and in U937 cells treated with PMA or 

cycloheximide. Minor transcripts, containing combinations of M l, M2, M3, la  and 

lb were also detected (Link et al 1992). Thus, alternative splicing of the non

coding exons resulted in at least six distinct c-fgr mRNA transcripts in myeloid 

cells. The analysis of exon usage suggested that the major transcriptional start site 

should be found upstream of exon Ml and M4 and a minor start site upstream of 

exon M3. SI nuclease mapping using a probe covering the 5' end of exon M4 and 

99bp of the exon, resulted in a protected fragment of about lOObp when tested with 

RNA from monocytes, neutrophils, and in PMA treated U937 cells. This suggested 

a start site was very close to exon M4 and in fact a potential TATA box consensus 

element was found 30bp upstream of exon M4. Other sequence motifs found 542bp 

upstream of exon M4 included two consensus Sp-1 sites, an AP-2 binding site and 

an N F k B  binding site. Primer extension failed to identify transcriptional start sites 

in myeloid cells (Link et al 1992, Patel unpublished data) but the presence of the 

suspected promoter upstream of exon M4 was confirmed by transfection studies. 

U937 cells were transfected with a genomic sequence containing exon M4 and
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772bp of upstream sequence. PMA and cycloheximide treatment of U937 cells were 

both capable of increasing endogenous c-fgr mRNA, but only PMA treatment 

initiated transcripts from the transfected sequence. Therefore, it seemed likely that 

there was a transcriptional start site within the 772 bp upstream of exon M4 and 

that this region contained a PMA response element but not a cycloheximide 

response element. An AP-2 site, which can mediate PMA responsiveness, was 

found 505bp upstream of exon M4 (Link et al 1992).

1.7. The cloning of murine c-fgr.

Shortly after the human gene was identified, the murine c-fgr gene was identified. 

Yi & Willman (1989) isolated a single clone (mcfgr53) from a cDNA library 

derived from murine bone marrow cells stimulated with colony stimulating factor 

1 [CSF-1]. The 2.2kb clone contained an ORF of 155Ibp encoding 517 amino 

acids, with a initiation codon at position 185 and followed by 544bp of 3' 

untranslated region. The single clone (IIFGR) isolated by King & Cole (1990) 

from a cDNA library derived from a murine monocytic tumour cell line 11.1.1., 

had a longer 3' untranslated region and six nucleotide differences in the coding 

region compared to the mcfgr53 clone. These nucleotide changes resulted in two 

amino acid differences in the IIFGR sequence 41Asn-»Thr and 212Gln-*Arg. 

Genetic linkage maps placed the murine c-fgr gene on mouse chromosome 4 (Ceci 

et al 1989).

The predicted human and murine c-fgr proteins share a high degree of overall 

amino acid sequence identity (85%). Although, the first eleven amino acid residues 

at the amino-terminal [N-terminal] are identical, there is extensive sequence 

variation from residues 12-62 as well as 1 2  amino acid insertions in the human 

sequences relative to the murine sequence. These insertions account for the 

difference in the number of residues encoded by the human c-fgr gene (529 amino 

acids) compared to the murine c-fgr gene (517 amino acids). The amino acid 

sequence identity between the human and murine proteins for the N-terminal is 40%
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and for the carboxy-terminal [C-terminal] is 92% (Yi & Willman 1989).

1 .8 . c-fgr as a member of the c-src gene family.

Cellular proteins with tyrosine kinase activity may be divided into two groups on 

the basis of differences in structure and function. The first group consists of 

receptor tyrosine kinases with an extracellular ligand-binding domain, a 

hydrophobic transmembrane region and an intracellular tyrosine kinase domain. An 

example of this group is the c-erbBl gene which encodes the epidermal growth 

factor receptor. Binding of epidermal growth factor confers tyrosine kinase activity 

upon the receptor (reviewed by Hunter & Cooper 1985). The second group consists 

of non-receptor tyrosine kinases which lack a transmembrane region and are only 

found intracellularly. There are several families in this group, including the c-src 

and abl families. The c-src family includes the c-yes  ̂ c-srcy fyn, hck, Ick, tyn  ̂ blk 

and yrk genes (reviewed by Brickell 1991, 1992, Drebin et al 1995, Sudol et al

1993). The sequence of c-fgr clearly identified this gene as a member of the src 

family of non-receptor, protein tyrosine kinases.

A comparison of the intron-exon structure of c-fgr and other src family members 

(Figure 1.3, Table 1.1) showed that exons 3-12 were highly conserved both in 

terms of nucleotide sequence and the positioning of the splice sites. In contrast, the 

arrangement and sequence of the upstream exons was different between different 

members.

The predicted amino acid sequences of the proteins encoded by these genes have 

a common domain structure (Figure 1.4). The proteins have a unique N-terminal 

sequence of 60-90 amino acid residues in length and a highly conserved C-terminal 

domain for the remaining 450 amino acids. The sequence identity between the 

different family members is less than 30% for the N-terminal and greater than 58% 

for the C-terminal (Table 1.2). The conserved region is divided into 3 domains, 

SHI (src homology region 1, etc), SH2 and SH3.
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The SHI or the catalytic domain is responsible for the kinase activity of p55®-̂ ''. 

The SHI domain consists of about 260 amino acids which bind ATP and catalyses 

the transfer of the terminal phosphate group to tyrosine residues on the substrate 

protein. This domain contains a series of short sequence motifs that are highly 

conserved among tyrosine kinases. The motif Gly.X.Gly.X.X.Gly (where X is any 

amino acid) is found at residues 270-275 in pSS*̂ -̂ '̂' and is followed sixteen amino 

acids later by a lysine residue. These features form part of the ATP binding site. 

Also typical of the catalytic domain is a set of three triplets : Arg.Asp.Leu 

(residues 381-383), Asp.Phe.Gly (residues 400-402) and Ala.Pro.Glu (residues 426- 

428). In p6Œ "̂  ̂ the activity of the catalytic domain is controlled by 2 conserved 

tyrosine residues which were found at Tyr416 and Tyr527. The dephosphorylation 

of the terminal Tyr527 in p60̂ '̂ '̂  ̂ causes an increase in tyrosine activity that is 

accompanied by auto-phosphorylation of Tyr416 (Cooper et al 1986, reviewed by 

Hunter 1987). The equivalent residues are found at Tyr412 and Tyr523 in human 

sequence (Katamine et al 1988) and at Tyr400 and TyrSll in the murine 

sequence (Yi & Willman 1989, King & Cole 1990) (see section 1.12).

The SH2 and SH3 domains are involved in substrate binding and specificity. 

Several studies have shown that SH2 domains bind to proteins containing 

phosphotyrosine residues, whereas SH3 domains bind to proline-rich sequences 

(reviewed by Cohen et al 1995). Systematic testing has determined the optimum 

peptide ligand binding sequence for the SH2 domains of the src family as 

Tyr.H.H.Ile/Pro (where H is a hydrophobic residue) and the preferred sequence of 

the c-fgr, src, jyn  and Ick subgroup as Tyr.Glu.Glu.Ile (Songyang et al 1993,

1994). The ligand binding sequence for SH3 domains contains the motif 

Pro.Leu.Pro.Pro or Leu.Pro.Pro.Leu depending on the orientation of the substrate 

into the SH3 binding site (Lim et al 1994). The SH2 and SH3 of p55‘̂-*'' have been 

shown to bind several proteins from HL60 cells treated with retinoic acid. Two 

proteins of about 95KDa bound to the SH2 domain and two proteins of about 

60KDa bound to the SH3 domain (Rivero-Lezcano & Robbins 1994).
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Both the SH2 and SH3 domains have been implicated in regulating the activity of 

the catalytic domain. The binding of an SH2 domain to its substrate increases the 

likelihood that the kinase will be phosphorylated, which may then recruit further 

molecules to the activated complex. Alternatively, phosphorylation may alter the 

intrinsic catalytic activity of the kinase. Inactivation of the kinase activity is 

probably achieved by the binding of the SH2 domain to the terminal 

phosphotyrosine residue, for example Tyr527 in pW'^^. This would result in a 

protein conformation that would inhibit the activity of the catalytic domain and 

possibly block the access of substrates. Activation of the kinase activity would then 

be achieved by dephosphorylation of Tyr527 and subsequent unbinding of the SH2 

domain (Roussel et al 1991). The SH3 domain may also be involved in mediating 

interaction with cytoskeletal elements and is required for the assembly of NADPH 

oxidase in phagocytes (McPhail 1994).

There is some evidence to suggest that shortly after synthesis, the proteins encoded 

by the src family of genes form complexes with hsp90 and the hsp90 cohort 

protein, p50. These complexes are thought to be intermediates in the production of 

mature, membrane-associated kinases and it has been suggested that hsp90 and p50 

might have a role in regulating the transport, myristoylation, phosphorylation and 

kinase activity of these tyrosine kinases. Hsp90 and p50 have been detected 

complexed with p55"^^ and the viral homologs of src, jps, yes and fes

(Ziemiecki et at 1986, Hartson & Matts 1994).

1.9. The expression of c-fgr.

Members of the src family display two distinct patterns of expression : the c-src, 

c-yes and fyn  gene products are present in a wide range of tissues, whereas 

expression of hck, lyn, Ick, blk and c-fgr is tightly restricted to haematopoietic 

tissues and cells. Northern blot analysis of a range of human adult and foetal tissues 

demonstrated that low levels of c-fgr mRNA could be detected only in lung (Ley 

et al 1989, Tronick et al 1985), spleen (Ley et al 1989), placenta (Nishizawa et al
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1986, Inoue et al 1987) and foetal lung, brain and liver (Inoue et al 1987). Further 

analysis showed that c-fgr expression was restricted to cells of the myeloid lineage. 

Thus, the expression of c-fgr gene in the tissue samples was probably due to the 

presence of macrophages.

Monocytes (Ziegler et al 1988, Ley et al 1989, Inoue et al 1990) and granulocytes 

from peripheral blood (Ley et al 1989, Inoue et al 1990, Gutkind et al 1991), 

natural killer cells (CD3-negative, CD 16-positive and non-specific esterase-negative 

cells) (Inoue et al 1990, Biondi et al 1991) and alveolar macrophages (Ley et al

1989), express c-fgr, whereas red blood cells, platelets, B lymphocytes and T 

lymphocytes do not (Inoue et al 1990). Leukaemic cell lines such as U937, HL60 

and PLB-985 which serve as models of myelomonocytic differentiation also express 

c-fgr under different conditions (Ley et al 1989, Notario et al 1989, Katagiri et al 

1991, Perkins et al 1991). Although normal peripheral blood and tonsillar B cells 

(Cheah et al 1986, Inoue et al 1990) do not express c-fgr, expression can be 

induced in B cells by EBV infection (Cheah et al 1986, Patel et al 1990, Knutson

1990) and has been demonstrated in range of EBV-positive and EBV-negative B 

lymphoma cell lines (Cheah et al 1986, Nishizawa et al 1986, Brickell & Patel 

1988, Katamine et al 1988, Sharp et al 1989, Patel et al 1990, Knutson 1990, 

Calendar et al 1990).

The same pattern of c-fgr expression was observed in the mouse, although a less 

extensive range of tissues and cells was examined. Expression was detected in 

lymph nodes, thymus, peripheral blood leukocytes, bone marrow-derived monocytes 

(Yi & Willman 1989, Willman et al 1987) and some monocytic tumour cell lines 

(Willman et al 1987, King & Cole 1990).

The expression of the c-fgr gene in myeloid cells and in B cells will be discussed 

in more detail in the introductions to chapter 3 and chapter 4.
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1.10. Subcellular localisation of p55̂ ^%

The subcellular localisation of has only been investigated in neutrophils and 

HL60 cells, although other cell types are likely to show the same localisation 

pattern. Subcellular fractionation of HL60 cells treated with retinoic acid for 48 

hours showed abundant levels of pSS*'-̂ '̂' in crude membrane fractions. Little or no 

protein was detected in the cytosolic or nuclear fractions. Indirect 

immunofluorescence of the same cells showed bright fluorescence at the cell 

periphery with diffuse staining of the cytoplasm and little if any perinuclear or 

nuclear staining (Notario et al 1989). Cytosolic, nuclear and primary granule 

fractions from human peripheral blood neutrophils contained only small amounts 

of by western blotting. In contrast, abundant protein was detected in plasma 

membrane-enriched fractions as well as those containing secondary and tertiary 

granules. At least 40% of p55‘"-̂ '̂' protein co-fractionated with the secondary and 

tertiary granules (Gutkind & Robbins 1989).

Myristoylation of the N-terminal glycine residue (position 2) was directly 

demonstrated for p55"^^ in retinoic acid treated HL60 cells. An antibody raised 

against a C-terminal peptide of p55®'̂ '' was able to precipitate a tritiated protein 

from lysates of cells cultured in the presence of pHJmyristic acid (Notario et al 

1989). Myristoylation of the N-terminal was responsible for the strong association 

of this molecule with the plasma membrane and other membranes (Perlmutter et al

1988).

1.11. The kinase activity of

Peptide antibodies raised against amino acid residues Lysl6-Ala30 from the N- 

terminal (anti-fgrN) and against residues Glu492-Tyr507 from the C-terminal (anti- 

fgrC) were able to precipitate p55®-̂ '‘ in lysates from NIH 3T3 cells transfected with 

c-fgr^ but not from control transfected or untransfected cells (Gutkind & Robbins

1989). Enzyme activity of the precipitated protein was then demonstrated in an 

immune complex kinase assay. In this assay, both p55°- '̂' and enolase, an exogenous
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substrate, were phosphorylated. Phosphoamino acid analysis of p55®-̂ '' and enolase 

found only phosphotyrosine and not phosphoserine or phosphothreonine residues. 

The presence and enzymatic activity of p55‘"-̂*'' was also demonstrated in exactly the 

same way in human neutrophils isolated from peripheral blood and in HL60 cells 

treated with retinoic acid, (see section 5.3.4).

1.12. Regulation of the kinase activity of

A number of c-fgr mutants were developed to investigate the regulation of the 

kinase activity of human p55'̂ -*'’. The C-terminal tyrosine has been identified as 

important in the regulation of kinase activity in pbÔ '̂ "" and other src family 

members. This residue can also regulate the kinase activity of p55®-̂ '' because the 

mutation of the C-terminal Tyr523 to Phe523 enhanced the tyrosine kinase activity 

of the protein. Furthermore, this substitution was sufficient to reveal an oncogenic 

potential, similar to that seen in pbO"'̂ ”". The clones of NIH 3T3 cells transfected 

with the mutant c-fgr were all morphologically transformed and all were capable 

of forming numerous, large colonies in soft agar (Inoue et al 1991).

Sartor et al (1991, 1992, 1993) looked at the kinase activity of src family members 

and specifically extended the study of c-fgr mutants. He used 4 more mutated forms 

of c-fgr as well as the same mutant forms as Inoue et al (1991). Mutants designated 

c-fgr^^^^ and c-fgf"^^^ encoded proteins lacking ten and thirteen amino acid residues, 

respectively, at the C-terminal. The mutants c-fgr^"^^^, and c-fgr^"^^^

contained the substitutions Tyr523->Phe523, Tyr515-*Phe515 and Lys291-*Met291, 

respectively. The wild type and mutant c-fgr genes were transfected into NIH 3T3 

cells and clones selected. All the clones contained detectable levels of a c-fgr gene 

product, but the enzymatic activity, as measured by an immune complex kinase 

assay, varied. A three to four fold elevation in kinase activity was measured in 

clones expressing p55^®^ ,̂ p55^^^°, and p55̂ ^̂  ̂compared to those expressing p55'^ 

and The enhanced kinase activity associated with p55”*®̂ ,̂ p55^^^° and

p55̂ ^̂  ̂was also correlated with the ability of these transfectants to form colonies

32



in soft agar and Sartor et al (1991) refers to these proteins as being mutationally 

activated. No kinase activity at all was detected in cells expressing p55^"^^\

The work described above shows that the Tyr523 residue is critical for the 

regulation of the kinase activity of Substitution or removal of residue

Tyr523, but not residue Tyr515, increased the kinase activity of the protein and 

conferred oncogenic potential on the cells expressing the mutant protein. 

Substitution of Lys291 with Met291 abolished the ability of the catalytic domain to 

bind ATP and hence abolished the kinase activity of the protein (see section 1.8).

1.13. The role of tyrosine kinases in haematopoietic cells.

The tyrosine kinases Ick, lyn, fyn  and blk play a critical role in the differentiation 

and functional capacities of mature lymphocytes. In T cells, Ick and fyn  are 

important in signalling events following antigen-specific stimulation and have been 

implicated in thymic differentiation, cytokine production, endocytosis, cytotoxicity 

and regulation of growth (reviewed by Rudd et al 1994). In B cells, lyn, fyn  and 

blk are important in signalling events following antigen-specific stimulation and 

have been implicated in B cell differentiation (reviewed by Cushley & Harnett 

1993).

Tyrosine phosphorylation has been implicated in many processes, such as cell 

growth, differentiation, adhesion and receptor mediated signalling (reviewed by 

Hunter 1987, 1995, Erpel & Courtneidge 1995). Although, there is evidence that 

tyrosine kinase activity increases during myeloid differentiation (Kraft and Berkow 

1987, Frank & Sartorelli 1988, Bamekow & Gessler 1986), the role of cytoplasmic 

tyrosine kinases in the differentiation and functional capacities of myeloid cells is 

not well understood.

1.14. Aims.

At the start of the work for my thesis in 1990, the tissue and cellular distribution
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of c-fgr in myeloid and B-lymphoid cells was known and had been

associated with secretory granules in neutrophils. Since expression of c-fgr is 

normally restricted to myeloid cells, it seemed likely that p55®'-̂ '' would play an 

important role in differentiation and/or functional capacities of myeloid cells. Thus, 

p55‘̂ -̂ '' may be involved in processes such as cell growth and proliferation, cell 

differentiation, adhesion to extracellular matrix or endothelium, antigen 

presentation, endocytosis, phagocytosis and intracellular killing.

The aim of this thesis was to study the expression and function of the c-fgr gene 

2Uid the work falls into two broad areas. Firstly, the relationship between the level 

of c-fgr gene expression and the growth and differentiation state of the cells was 

examined. Secondly, the c-fgr gene was hyper-expressed in U937 cells and the 

phenotypic consequences of this were investigated.

The U937 cell line was chosen as a model system of differentiation of cells of the 

monocyte-macrophage lineage. These cells are monoblastic and were induced to 

differentiate by treatment with a variety of agents such as cytokines, DHCC, 

retinoic acid and phorbol esters. The relationship between expression of the c-fgr 

gene and the growth and differentiation of U937 cells treated with these agents was 

investigated (chapter 3).

Certain B cell lines also express c-fgr and the induction of this gene by retinoic acid 

was investigated in 3 Burkitt’s lymphoma cell lines. These were an EBV-negative 

parental cell line and sublines derived by infection with 2 different EBV strains. 

The relationship between the expression of c-fgr and the growth of these cells was 

examined (chapter 4).

In order to manipulate the levels of c-fgr in U937 cells, the c-fgr gene was 

transfected into U937 cells and the effects of hyper-expression on the growth and 

differentiation of the cells was examined. The surface phenotype of the transfected
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cells was investigated using a wide range of antibodies to myeloid and adhesion 

molecules. The effects of hyper-expression of c-fgr on adhesion to fibronectin, a 

component of the extracellular matrix were also studied (chapter 5).

Monocytes and macrophages play an important role in the phagocytosis of 

opsonised micro-organisms which can be mediated by the FC7 RS. The effect of 

hyper-expression of c-fgr on the ability of U937 cells to phagocytose was examined. 

In addition, the modulation of p55®' '̂‘ levels in differentiated U937 cells upon FC7 R 

crosslinking was monitored and the tyrosine phosphorylation of cellular proteins 

associated with phagocytosis was also investigated (chapter 6 ).
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Figure 1.1. Cells of the monocyte-macrophage lineage.

Taken from Lewis and McGee (1992).
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Figure 1.2. Genomic organisation of the c-fgr 5' exons.

Non-coding exons are hatched boxes and the first coding exon, exon 2 is shown in 

black. Taken from Link et al (1992).
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Figure 1.3. Comparison of the intron-exon structure of the src gene family.

Taken from Hradretzky (1992) and Brickell (1991).
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Figure 1.4. Structural features of protein tyrosine kinases. 

Taken from Brickell (1991).
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Nos. Exon
Intron"

Length (bp) 

hck Ick c-src c-fgr

5 Intron >835 241 1750 179

6 Exon 150 150 150 105
Intron 347 261 1 2 0 0 982

7 Exon 153 153 156 156
Intron 2086 117 2300 74

8 Exon 180 180 180 180
Intron 1400 3400 1600 480

9 Exon 77 77 77 77
Intron nd 89 780 265

1 0 Exon 154 154 154 154
Intron 764 84 160 900

11 Exon 132 132 132 132
Intron 7200 5800 280 nd

1 2 Exon 535 648 nd nd
TGA’’ 203 203 209 209

Table 1.1. Size comparison of homologous introns and exons in different genes 

of the src family, (a) Introns have the same number as exons on their 5' side.

(b) length of exon 12 until the stop codon. Taken from Hradetzky et al (1992).
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Gene

Size of 
mRNA 
(kb)

Size of 
Protein 
(KDa)

% amino acid 
identity 

1-75 79-529
Chromosomal
localisation

c-fgr 3.0 55 1 0 0 1 0 0 1 p31-pter

Jyn 2 . 8 60 29 76 6 q2 1

hck 2 . 2 59 23 62 2 0  q l l-q l2

Ick 2.3 56 1 0 58 1 p32-p35

lyn 3.2 56 19 60 8  ql3-pter

c-src 5.0 60 15 74 20 ql3.3

c-yes 4.8 62 17 76 18 q21.3

Table 1.2. Comparison of different members of the src family.

Taken from Brickell (1991).
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CHAPTER 2. MATERIALS AND METHODS.

2.1. Cell Culture.

U937 cells resemble monoblasts (Sundstrom & Nilsson 1976) and can be induced 

to differentiate into macrophage-like cells (reviewed by Harris & Ralph 1985). 

HL60 cells resemble promyeloblasts (Gallagher et al 1979), which are bi-potent and 

can be induced to differentiate along either the monocytic or granulocytic pathway 

(reviewed by Harris & Ralph 1985). The U937 and HL60 cell lines were obtained 

from the European Collection of Animal Cell Cultures (Porton Down, UK).

lARC BL41 [BL41] is an EBV-negative BL cell line (Calender et at 1987). lARC 

BL41-B95/1 [BL41-B95/1] and lARC BL41-CL16 [BL41-CL16] are sublines 

derived by infection of BL41 with the immortalizing B95-8 strain of EBV and the 

non-immortalizing CL16 strain of EBV, respectively (Patel et al 1990a). These cell 

lines were a gift from Dr C. Rooney, Ludwig Institute, St. Mary’s Branch, 

London.

All cells were maintained in stationary suspension culture in a basic medium of 

RPMI 1640 supplemented with 10% (v/v) heat inactivated foetal calf serum, 2mM 

L-glutamine, lOOunits/mlpenicillin, l(X)/ig/ml streptomycin, 2.5^g/mlamphotericin 

B. This was further supplemented with lOmM HEPES and 50fiM mercaptoethanol 

for U937 cells, and 50/xM mercaptoethanol for HL60 cells. U937 cells that had 

been transfected with the pMEP4 plasmid [MEP cells] or the pMEP4 plasmid 

containing the c-fgr gene [U937tf, Alfgr-A9fgr cells, see chapter 5] were grown 

in the presence of 300^g/ml hygromycin B (Calbiochem, Novabiochem, 

Nottingham, UK). The transfected gene was placed under the control of the human 

metallothionein IIA promoter and gene expression was induced by the addition of 

10/xM cadmium chloride to the culture medium (Jahroudi et al 1990).

All cultures were kept at 37° C in a humidified atmosphere containing 5% CO2 and 

passage was performed every 3-4 days. Seeding was at an initial concentration of
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2x10^ cell/ml for U937 and HL60 cells.

2.2. Materials for tissue culture.

All tissue culture media, buffers and supplements were provided by Life 

Technologies, Paisley, UK, and all tissue culture plastics by Nunc, Life 

Technologies, Paisley, UK. Stock solutions of 1,25-dihydroxycholecalciferol 

[DHCC] (gift of Dr M. Uskokovic, Hoffmann La Roche, Nutley, USA), retinol, 

retinal, 13-cw retinoic acid and all trans retinoic acid (Sigma, Poole, UK) were all 

prepared in ethanol. Phorbol 12-myristate 13-acetate [PMA] (Sigma, Poole, UK) 

was dissolved in dimethyl-sulphoxide [DMSO] and then diluted 1/100 in phosphate 

buffered saline [PBS]. Genistein (ICN Biochemicals Ltd, High Wycombe, UK) was 

dissolved in DMSO and the following were dissolved in water : phorbol 12, 13- 

dibenzoate [PDB], staurosporine (both from Sigma, Poole, UK) and N-[2- 

(methylamino)-ethyl]-5-isoquinoline-sulphonamide, dihydrochloride [H8 ] 

(Calbiochem, Novabiochem, Nottingham, UK). Stock solutions of all these 

compounds were stored at -20°C. Human recombinant tumour necrosis factor-a 

[TNF-a], tumour necrosis factor-jS [TNF-/3] or transforming growth factor-a [TGF- 

a] (Genentech, San Francisco, USA) were stored at 4°C.

2.3. Growth inhibition assays.

U937 cells were plated out in 96-well, flat-bottomed plates at 2x10* cell/well and 

cultured for 72 hours in a final volume of lOOfxl. At 0, 24 or 48 hours 0. l-50ng/ml 

of human, recombinant TNF-a, TNF-/3 or TGF-a were added, alone or in 

combination with optimal concentrations of 1,25-DHCC [lOOnM] and PMA 

[5ng/ml] (Hewison et al 1989, 1989a), resulting in exposure of the cells to these 

agents for a total of 24, 48 or 72 hours. Appropriate dilutions of ethanol (1/1CX)0) 

and DMSO (1/100,0(X)) were included as negative controls. There were no 

significant differences between these negative controls and cells cultured in medium 

alone (section 3.2.1.). All treatments were performed in triplicate.

43



Alternatively, U937 cells were cultured for a total of 24, 48 and 72 hours at 2x10* 

cell/well in 96 well, flat-bottomed plates in a final volume of 200/xl. A variety of 

agents were also added, at a range of concentrations : TNF-a, TNF-j8  and TGF-a, 

DHCC, PMA, PDB, retinol, retinal, 13-cw retinoic acid and û//-trans retinoic acid. 

U937 transfectants were also cultured in the presence of IG/xM cadmium chloride 

to induce expression of the transfected gene (Jahroudi et al 1990).

The response of the B cell lines and HL60 cells to retinoids was measured using the 

same protocol as for U937 cells, except that the starting cell concentration for BL41 

cells was 4x10* cell/well.

Cell proliferation was quantified by measuring 5-f^I] iodo-2-deoxyuridine 

incorporation (2000Ci/mmol, ICN Biomedicals Ltd, High Wycombe, UK). 5-p^I] 

iodo-2 -deoxyuridine is a thymidine analogue that is taken up by the cells and 

incorporated into the synthesis of new DNA. This radiolabel therefore measures the 

number of cells in S phase of the cell cycle. Cells were pulsed for the final 6  hours 

of culture with 0.7^Ci/well and then harvested on to glass fibre filter mats using 

a Titertek harvester (Skatron Instruments Ltd, Newmarket, UK). The incorporation, 

in counts per minute, was measured using a NE1600 gamma counter (Nuclear 

Enterprises Ltd, Oxford, UK). The mean and standard deviation of each triplicate 

was calculated.

2.4. Northern Blotting.

2.4.1. Preparation of cells.

U937, HL60, BL41, BL41-CL16 and BL41-B95/1 cells were exposed to 1/xM all 

trans retinoic acid for up to 96 hours. In addition, U937 cells were exposed to 

5ng/ml PMA, lOOnM DHCC, 50ng/ml TNFa or lOOnM DHCC and 50ng/ml 

TNFa for up to 72 hours. The effect of enzyme inhibitors on the levels of c-fgr 

mRNA was investigated at 2 time points. Firstly, U937 cells were cultured for 30- 

45 minutes with 150nM staurosporine, 30jnM H8  or lO^g/ml genistein prior to the
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addition of 5ng/ml PMA or 50ng/ml TNFa. The cells were then cultured for a 

further 2, 4 and 8 hours. Secondly, U937 cells were exposed to 5ng/ml PMA or 

50ng/ml TNFa for 24 hours and then 30^M H8 or lO^g/ml genistein was added 

and the cells were cultured for a further 6, 12 and 24 hours. MEP cells and various 

clones of U937 cells transfected with the c-fgr gene were exposed to 2.5-20/xM 

cadmium chloride for 24 hours, alternatively these cells were cultured for up to 24 

hours in the presence of lO t̂M cadmium chloride.

2.4.2. Isolation of RNA.

Total cellular RNA was isolated from cells by the acid guanidinium thiocyanate- 

phenol-chloroform method of Chomczynski & Sacchi (1987). The samples were 

harvested and the cell pellets washed once in Hanks Balanced Salt Solution without 

phenol red [HESS]. Each sample of lOF cells was thoroughly dissolved in 1ml of 

Solution D (25g guanidinium isothiocyanate dissolved in 29.3ml water, 1.7ml 

0.75M sodium citrate, 2.6mls 10% (w/v) sarcosyl, 360/ti 2-mercaptoethanol). If 

necessary samples were stored at -70 °C at this point. Next, 100/aI 2M sodium 

acetate pH 4.0, 1ml water saturated phenol and 400/A chloroform/isoamyl alcohol 

at a ratio of 49:1 were added and the sample carefully mixed by inversion. After 

fifteen minutes on ice the sample was centrifuged for 20 minutes at 10,(X)0 rpm in 

a Sorvall C5R5 in a fixed angle SS-34 rotor at 4°C. The upper aqueous phase was 

transferred to a new tube and 2ml isopropanol added. After 90 minutes at -20®C 

the sample was centrifuged again. The pellet was dissolved in 0.6ml Solution D and 

0.8ml isopropanol were added. After a further 90 minutes at -20°C the sample was 

again centrifuged. The RNA pellet was washed briefly in 1ml 75% (v/v) ethanol, 

air dried and dissolved in 0.5% (w/v) sodium dodecylsulphate [SDS]. The 

concentration of RNA present in the sample was determined by measuring the 

optical density at OD260nm> such that 1.0 unit at ODgoonm was equivalent to 40/ig/ml 

RNA and a ratio of OD260/OD280 of greater than 2.0 indicated acceptable purity of 

the RNA sample. All samples were stored at -70°C.
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2.4.3. Gel electrophoresis.

For each sample, 10/ig RNA was ethanol precipitated and the pellet dissolved in 

50% (v/v) deionised formamide, 6 .6 % (v/v) formaldehyde, 20mM 3-(N- 

morpholino) propanesulphonic acid [MOPS], 5mM sodium acetate, ImM 

ethylenediaminetetra-acetic acid [EDTA]. The samples were heated to 60° C for 5 

minutes and 1/10 volume of loading buffer (0.25 % (w/v) bromophenol blue, 0.25 % 

(w/v) xylene cyanol FF, 50% (v/v) glycerol, O.lmg/ml ethidium bromide) added. 

The samples were electrophoresed on a horizontal 1.1% (w/v) agarose, 6 .6 % (v/v) 

formaldehyde, 20mM MOPS, 5mM sodium acetate, ImM EDTA gel at lOOV in 

a running buffer of 20mM MOPS, 5mM sodium acetate, ImM EDTA until the dye 

front reached the bottom of the gel. The presence of RNA was confirmed by 

viewing the gel under ultra-violet illumination.

2.4.4. RNA transfer.

The gel was washed for 20 minutes in 50mM sodium hydroxide to render the RNA 

single-stranded and neutralised for 20 minutes in 0.2M Tris.HCl pH 7.0. The RNA 

in the gel was transferred on to GeneScreen Plus filters (Du Pont Ltd, Stevenage, 

UK) by capillary blotting overnight in lOx saturated sodium citrate [SSC]. Filters 

were then baked for 2 hours at 80°C and stored dry at room temperature.

2.4.5. Anti-sense RNA probes.

The pBLUESCRIPT vector containing the human c-fgr cDNA clone pFd97 

(Brickell & Patel 1988) (Figure 2.1) was linearised with Xba I and a ^^-labelled 

anti-sense RNA probe was synthesised by incubating 2/xg of template DNA at 37°C 

for 2 hours in 40mM Tris-HCl (pH 7.2) containing 6 mM MgCl2, 30mM 

dithiothreitol [DIT'J, 4mM spermidine, 0.5mM ATP, 0.5mM GTP, 0.5mM UTP, 

2fiM CTP, 1 unit/^1 RNase inhibitor (Boehringer Mannheim, Lewes, UK), 70/xCi 

CTP (800Ci/mmol, Du Pont, Stevenage, UK), 0.8 unit//xl T7 RNA 

polymerase (Boehringer Mannheim, Lewes, UK). The template was digested by 

incubation with 1 unit/^1 RNase-free DNase (Boehringer Mannheim, Lewes, UK)
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at 37°C for 10 minutes, and unincorporated nucleotides were removed, following 

phenol/chloroform extraction, by ethanol precipitation. ^^P-labelled anti-sense RNA 

probes for human TNF-a and human /3-actin were synthesised by the same protocol 

using Not I-linearised human TNF-a cDNA clone, X16-4 (Pennica et al 1984) and 

Eco Rl-linearised murine /8 -actin cDNA clone, pAL41 (Alonso et al 1986), 

respectively.

2.4.6. Hybridisation.

Filters were pre-hybridised for at least two hours at 65° C in 60% (v/v) formamide, 

5x Denhardt’s solution, 5x SSC, 1 % (w/v) SDS, 20mM sodium phosphate pH 6 .8 , 

200jLcg/ml single-stranded sonicated herring testis DNA, lO^g/ml poly-A RNA and 

lOOjLtg/ml yeast RNA. The ^^P-labelled anti-sense RNA probe was then added at 10** 

cpm/ml and hybridised overnight. All filters were washed for 20 minutes at 65°C 

in 6 x SSC, 0.5% (w/v) SDS, in 2x SSC, 0.5% (w/v) SDS and in O.lx SSC, 0.5% 

(w/v) SDS. Final washes were performed in O.lx SSC, 0.5% (w/v) SDS at 80°C 

for the c-fgr probe. The sizes of transcripts were determined by reference to RNA 

size markers (Life Technologies, Paisley, UK). The filters were exposed to Kodak 

X-OMAT-AR film or Amersham Hyperfilm MP at -70°C and the autoradiographs 

developed in a Compact X2 machine (X-Ograph Ltd, Malmesbury, UK).

As shown previously (Patel et al 1990a), the probe for c-fgr transcripts does not 

cross-hybridise to transcripts of the other members of the c-src family under the 

conditions of hybridisation and washing used. For example, there is no cross

hybridisation to the 2.2Kb hck mRNA which is also present in myeloid cells 

(Ziegler et al 1987, Quintrell et al 1987).

2.4.7. Densitometry.

The c-fgr and jg-actin mRNA bands in each track of the autoradiographs were 

analyzed using a Bio-Rad 620 video densitometer. The area under the peak 

(OD.mm) was calculated from the size and optical density of each band using the
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system’s software (Ud620). The density of c-fgr mRNA was then normalised for 

loading by dividing by the density of the corresponding jS-actin band. The 

conditions for northern blotting had been previously optimised by Dr M Patel in our 

laboratory to be within the linear range of the film.

2.5. Western Blotting.

2.5.1. Preparation of cell lysates.

U937 cells were cultured in 5ng/ml PMA, lOOnM DHCC, 250units/ml TNFa or 

l^M  all trans retinoic acid for up to 72 hours. HL60 cells were also cultured for 

48 hours with and without l^M  all trans retinoic acid. MEP and U937 cells 

transfected with the c-fgr gene were cultured for 24 hours in a range of cadmium 

chloride concentrations or for up to 24 hours in lO^M cadmium chloride. Unless 

otherwise stated, cell lysates were prepared by adding 2% (w/v) SDS lysis buffer 

(60mM Tris.HCl pH 6 .8 , 5mM EDTA, lOmM DTT, ImM phenylmethylsulphonyl 

fluoride [PMSF], 1% (v/v) aprotinin) directly to the cell pellet and boiling for 5 

minutes. When samples were prepared for phosphotyrosine western blotting then 

phosphatase inhibitors (2mM hydrogen peroxide, ImM sodium orthovanadate) were 

added to the 2% (w/v) SDS lysis buffer. All samples were stored at -20°C.

2.5.2. SDS Polyacrylamide gel electrophoresis.

An equal volume of 2x loading buffer (120mM Tris.HCl pH 6 .8 , 4% (w/v) SDS, 

2 0 % (v/v) glycerol, 1 0 % (v/v) 2 -mercaptoethanol, 0 .0 2 % (w/v) bromophenol blue) 

was added to the samples, which were then boiled for 3 minutes. The samples were 

loaded on to a Bio-Rad vertical SDS-polyacrylamide gel [SDS PAGE]. The samples 

were run at 35mA through the stacking gel (5% protogel, 125mM Tris.HCl pH 

6 .8 , 0.1% (w/v) SDS) and 55mA through the lower gel (10% protogel, 375mM 

Tris.HCl pH 8 .8 , 0.1% (w/v) SDS), in running buffer (25mM Tris, 192mM 

glycine, 0.1% (w/v) SDS) until the dye front reached the bottom of the gel. 

Protogel contains 30% (w/v) acrylamide, 0.8% (w/v) bis-acrylamide (National 

Diagnostics, Hessle, UK). Rainbow molecular weight markers (Amersham
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International, Amersham, UK) were also included to allow sizing of the target 

proteins.

2.5.3. Protein transfer.

Proteins separated by gel electrophoresis were transferred on to a nitrocellulose 

membrane (Hybond C or Hybond C extra, Amersham International, Amersham, 

UK) by electrophoretic elution using a BioRad transfer tank. The gel and membrane 

were totally immersed in 25mM Tris, 192mM glycine, 20% (v/v) methanol and left 

overnight at 210mA.

2.5.4. Antibodies.

The p55"̂ :̂  ̂protein was detected using 0.5/ig/ml sheep anti-Fgr polyclonal serum 

(Serotec, Oxford, UK). The anti-Fgr antiserum was raised against a peptide 

composed of the last 17 amino acids from the C-terminal of p55®‘-̂ '' ie. 

513Glu.Asp.Tyr.Phe.Thr.Ser.Ala.Glu.Pro.Gln.Tyr.Gly.Pro.Gly.Asp.Gln.Thr529. 

This antibody was detected using 1/1000 dilution of horseradish peroxidase 

conjugated-donkey anti-sheep immunoglobulins [Ig] (Dakopatts, High Wycombe, 

UK). The binding specificity of this antibody was confirmed when detection of 

protein was blocked by the addition of the peptide (Serotec, Oxford, UK) used to 

reuse the antibody (see section 3.2.5). Proteins containing phosphorylated tyrosine 

residues were detected using mouse monoclonal antibody 4G10 (TCS Biologicals 

Ltd, Botolph Claydon, UK) at 1/ig/ml. As a control for loading and western 

blotting, the membrane was subsequently incubated with mouse anti-j8 -actin IgM 

monoclonal antibody, a 1/30 dilution of supernatant from the mouse hybridoma 

MM2/193.17.21.1. (unpublished data, kindly donated by Dr. M. Wilkinson). 

Mouse monoclonals were detected using 1/300 dilution of horseradish peroxidase 

conjugated-rabbit anti-mouse Ig (Dakopatts, High Wycombe, UK).

2.5.5. Immunodetection.

The membrane was incubated for 1-2 hours in blocking buffer, either 5% (w/v)
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milk powder (Marvel, Tesco, Cheshunt, UK) in PBS or in 3% (w/v) bovine serum 

albumin, fraction V (Sigma, Poole, UK) [BSA] in PBS. The membrane was 

incubated in primary antibody in blocking buffer at ôlfil per mm  ̂for 1 - 2  hours and 

then washed 3 times in blocking buffer containing 0.1% (v/v) Tween 20 for 10 

minutes at room temperature. The membrane was then incubated in an appropriate 

horseradish peroxidase-conjugated secondary antibody for 1 hour and washed 3 

times in PBS, 0.1% (v/v) Tween 20. This antibody was detected using enhanced 

chemiluminescence [ECL] (Amersham International, Amersham, UK) according to 

the manufacturer’s instructions. The membrane was exposed to either Amersham 

Hyperfilm MP or Kodak X-OMAT-AR film, and developed by hand.

2.5.6. Densitometry.

Autoradiographs of western blots were scanned using ScanJet Up (Hewlett Packcard 

Ltd, London, UK) and analyzed by 12 bit Id software programs (Biomed VGA). 

Each band was scanned twice and the mean of the area under the peak was 

calculated. The density of the pSS'"-*'̂  was then normalised for loading by dividing 

by the density of the corresponding jg-actin band. The optimum conditions for the 

detection of p55‘"-̂*'' was assessed by loading varying amounts of a known positive 

sample (HL60 cells treated with retinoic acid for 2 days, Notario et al 1989) and 

checking that there was a linear relationship between the amount of protein loaded 

and the amount of signal detected (section 3.2.5).

2.6. Immunoprécipitation.

2.6.1. Binding antibodies to Sepharose beads.

250mg Sepharose-Protein A (Sigma, Poole, UK) was hydrated in lOmls PBS 

containing 0.5% (v/v) Nonidet P40 [NP40], 0.1% (w/v) BSA, 0.1% (w/v) SDS, 

0 .0 1 % sodium azide [wash buffer] overnight and washed twice. 1 0 0 /xl of 

Sepharose-Protein A was incubated with 10^1 rabbit anti-mouse Ig (Dakopatts, High 

Wycombe, UK) for 4 hours, rotating at 4°C. The beads were spun at 2,000g for 

3 minutes at 4°C, washed twice in wash buffer and resuspended in 100/xl of wash
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buffer. 10^1 of Img/ml PY20, a mouse monoclonal antibody which recognises 

phosphotyrosine residues (ICN Biochemicals Ltd, High Wycombe, UK) or 2/ti of 

5mg/ml mouse Ig (Jackson Immunoresearch Laboratories Inc, Stratech Scientific 

Ltd, Luton, UK) was added to the rabbit anti-mouse Ig coated Sepharose-Protein 

A and incubated overnight, rotating at 4°C and then washed twice.

2.6.2. Preparation of cell lysates.

MEP and A6 fgr cells were cultured at 2x10* cells/ml for 24 hours in methionine- 

free medium containing 10/*Ci/ml p^S]-methionine (1000 Ci/mmol, Amersham 

International, Amersham, UK) and 10/xM cadmium chloride. p^S]-methionine is 

taken up by the cells and incorporated in to proteins during their synthesis. The 

long incubation period was to ensure that most cellular proteins were labelled. The 

cells were harvested, washed in cold lOmM Tris, 150mM sodium chloride, 1.5mM 

magnesium chloride, 3mM sodium azide, [lysis buffer] and lysed in 1% (v/v) 

NP40 in lysis buffer at 1x10  ̂cells/ml and left for 1 hour on ice.

2.6.3. Immunoprécipitation.

100^1 Sepharose-Protein A coated with rabbit anti-mouse Ig was spun and the 

supernatant discarded. 1ml cell lysate was added and incubated for 4 hours, rotating 

at 4°C. This step or pre-clearance removes those proteins in the lysate that stick 

non-specificaUy to the antibody coated Sepharose-Protein A. lOOfil Sepharose- 

Protein A coated with rabbit anti-mouse Ig and PY20 and 100^1 Sepharose-Protein 

A coated with rabbit anti-mouse Ig and mouse Ig were spun and the supernatant 

discarded. 500^1 of cleared lysate was added to each and incubated overnight, 

rotating at 4°C. The samples were spun and the immunoprecipitate washed four 

times. The immunoprecipitates were separated on a 10% (w/v) SDS PAGE as 

described in section 2.5.2. and the amount of sample loaded was adjusted for 

differences in p^Sj-methionine labelling. The gel was then dried on to 3MM paper 

at 60°C under vacuum (Bio-Rad Gel Dryer, Bio-Rad, Kernel Hempstead, UK), 

exposed to Kodak X-OMAT-AR film for 3 days at -70 °C and then developed by
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hand.

2.7. Phenotyping and FACS analysis.

2.7.1. Permeabillsation of cells for labelling cytoplasmic antigens MCI-MC8 .

MEP and A6 fgr cells were incubated with or without 10/xM cadmium chloride for 

24 hours. The cells were harvested and washed in PBS and gently fixed by 

incubating lO^cells/ml in 4% (w/v) paraformaldehyde in PBS for 10 minutes at 

room temperature. The cells were washed once in cold PBS to remove the fixative. 

Next, the cells were resuspended in 0.74% (w/v) n-octyl-j8 -D-glucopyranoside 

[OGP] and left for 5 minutes at room temperature. OOP is a mild detergent that 

permeabilises the cells, allowing the antibody to have access to cytoplasmic 

antigens. The cells were then washed twice in cold PBS, resuspended at 2x10® 

cells/ml in 10% (v/v) normal rabbit serum in HBSS, containing 0.2% (w/v) sodium 

azide [NRS/HBSS] and labelled according to the protocol described in section

2.7.2.

2.7.2. Cell surface labelling.

MEP and A6 fgr cells were incubated with or without lO^M cadmium chloride for 

24 hours or were incubated in the presence of lOnM DHCC, with or without 20/xM 

cadmium chloride for 48 hours. The cells were harvested and washed 3 times in 

NRS/HBSS. The presence of sodium azide in the buffer prevents capping and 

subsequent internalisation of surface molecules labelled with antibody. The cells 

were resuspended at 2x10® cells/ml and 100/xl plated out in U-bottomed, 96 well 

plates. The plates were spun at 1,5(X) rpm for 5 minutes at 4°C and the supernatant 

removed by flicking the plate. The cells were resuspended by gently passing the 

plate over a vortex mixer. 50^1 of primary antibody diluted 1/100 in HBSS 

containing 0.2% (w/v) BSA, 0.2% (w/v) sodium azide was added to each sample 

and then incubated for 45 minutes on ice. The cells were washed twice with 

NRS/HBSS and incubated with 50^1 of a 1/20 dilution of secondary antibody for 

30 minutes on ice. The cells were washed twice in NRS/HBSS and fixed in 4%
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(w/v) paraformaldehyde in PBS and stored at 4°C until flow cytometry analysis by 

FACscan (Becton Dickinson, Cowley, UK).

2.7.3. Antibodies.

The primary antibodies used for the phenotypic analysis were mouse and rat 

monoclonal antibodies obtained from the Myeloid panel (Table 2.1) and the 

Adhesion subpanels 4-8 and 10 (Table 2.2) from the Fifth International Workshop 

for Human Leukocyte Differentiation Antigens (Organisers : T. A. Springer, 

Adhesion Panel emd R. F. Todd, Myeloid Panel). All antibodies were coded and 

tested blind, except for the myeloid reference antibodies MR1-MR15. Isotyped 

matched negative control antibodies were also supplied.

The secondary antibodies used were FITC-conjugated, rabbit anti-mouse 

immunoglobulins (Dakopatts, High Wycombe, UK) and FITC-conjugated, goat anti

rat immunoglobulins (Sera Lab, Crawley Downs, UK) both prepared in 

NRS/HBSS.

2.7.4. Flow cytometry.

All samples were analyzed without live gating. The following settings were used, 

with only slight adjustment in fluorescence-1 [FLl] depending on the overall level 

of fluorescence of the negative control antibodies : the forward scatter threshold 

was set at 250 on the linear scale using the EGG detector, side scatter was set at 22G 

on the log scale and FLl was set at 43G on the log scale.

Sample analysis was performed using FACscan software (Becton Dickinson, 

Cowley, UK). All antibodies were analyzed with reference to isotyped matched 

controls. When the isotype of the antibody was not known, an IgGl negative 

control antibody was used. The percentage of positive cells detected by the test 

antibodies was calculated by setting a cut-off marker using the negative control 

antibodies. This marker was set at the end of the FLl histogram of the cells stained
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with the negative control antibodies (see section 5.2.5).

2.8. Adhesion assays.

Stock solutions of fibronectin in 0.5M Tris buffered saline pH 7.5 (Sigma, Poole, 

UK) and BSA were stored at -20°C. The wells of a 96 well, flat-bottomed plate 

were coated with 40/̂ 1 of fibronectin or BSA at a range of concentrations. The plate 

was then incubated overnight at 4°C. Excess liquid was removed by blotting on to 

tissue and 100^1 lOmg/ml BSA was added to the wells. The plates were then 

incubated for at least 30 minutes at 37°C to block all sites on the well not already 

coated, to reduce non-specific attachment of the cells to plastic (Maxfield et al

1989). Prior to use, excess liquid was removed from the wells. U937, MEP and 

U937tf cells were cultured for 24 hours with and without lOOnM DHCC or with 

and without 10/xM cadmium chloride. The cells were then harvested, washed in 

HBSS and resupended at 2x10^ cells/ml in 2mg/ml BSA in RPMI 1640. A lOO/xl 

of cell suspension was added to each well and incubated at 37°C for 3 hours to 

allow adhesion to occur. After incubation the cells were gently resuspended by 

shaking the plate and excess liquid removed from the wells. The wells were then 

washed twice in HBSS to remove non-adherent cells and 1CX)̂ 1 medium was added 

to the wells. The number of adherent cells was quantified using 3-(4,5- 

dimethylthiazol-z-yl)-2,5-diphenyl tétrazolium bromide [MIT'J.

MTT is a tétrazolium salt which is reduced by metabolically active, living cells 

(Mosmann 1983, Tada et at 1986). The reduction is carried out by mitochondrial 

dehydrogenases and the reduction product is MTT-formazan, which is dark blue, 

compared to MTT, which is yellow. The amount of formazan generated is directly 

proportional to the cell number and is not affected by treating the cells with DHCC 

or cadmium chloride (section 5.2.5.). A typical standard curve of cell number 

against optical density gives a correlation coefficient of 0.993 over the range of 

1x10  ̂ to 5x10* cells/well, corresponding to an optical density of 0.02-0.80 at 

ODsTOnm- The number of adherent cells quantified in a typical assay was within this
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range.

20fd 5mg/ml M IT in HBSS was added to each well and the plate was incubated for 

a further 3 hours. lOO/xl/well 0.02M HCl, 10% (w/v) SDS were added to lyse the 

cells and dissolve the MTT-formazan. The plates were left overnight at 37°C for 

colour development. The optical density of the wells was measured using a 

Dynatech MR700 microplate reader (Dynatech, Billingshurt, UK) at 570nm with 

630nm as a reference wavelength. Wells without cells were used as blanks. AU 

conditions were performed in triplicate and the mean and standard deviation of the 

ODsTOiim of each triplicate was calculated.

2.9. FC7 R crosslinking.

U937 cells were cultured at 5ng/ml PMA in 90mm dishes at 5x10® cell/dish for 48 

hours. After this time the ceUs had become flattened and plastic adherent. The ceUs 

were washed twice in cold HBSS and incubated at 4°C for 30 minutes in the 

presence of 1/200 dilution of 3G8 (anti-CD 16 antibody), IV.3 (anti-CD32 

antibody), 22.2 (anti-CD64 antibody) or mouse immunoglobulins (Jackson 

Immunoresearch Laboratories Inc, Stratech Scientific Ltd, Luton, UK) in 0.2% 

(w/v) BSA in HBSS. Before use, the antibodies were dialysed against a 10 fold 

volume excess of PBS for a minimum of 3 buffer changes, to remove sodium azide 

in the antibody preparation. The ceUs were washed again and all samples incubated 

for a further 30 minutes at 4°C in a 1/40 dilution of goat anti-mouse 

immunoglobulin F(ab)2 fragments (Cappel, Organon Technika Ltd, Cambridge, 

UK). The cells were washed again, transferred to 37°C and harvested after 0, 5, 

15, 30 and 45 minutes incubation. The cells were either lysed directly in 2% (w/v) 

SDS lysis buffer, boiled for 5 minutes and stored at -20°C or lysed in hypotonic 

ImM Tris.HCl pH 7.5 containing ImM PMSF, 1% (v/v) aprotinin. For the latter 

samples, the cells were disrupted by passing through a G21 needle and the sample 

was snap frozen in liquid nitrogen and then thawed at 37°C. One fifth of the 

sample was transferred to a new eppendorf tube and freeze dried. The remainder
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of the sample was spun at 15,000g for 20 minutes at 4°C and the supernatant or 

cytosol sample removed from the pellet or membrane sample. The cytosol sample 

was then freeze dried. All three samples were then dissolved in 2% (w/v) SDS lysis 

buffer, boiled for 5 minutes and stored at -20°C.

2.10. Phagocytosis of antibody-coated sheep red blood cells.

2.10.1. Antibody coating of sheep red blood cells.

Sheep red blood cells (TCS Biologicals Ltd, Botolph Claydon, UK.) were washed 

twice in HBSS. 10̂  cells/ml were incubated for 1 hour at 37°C with a non

agglutinating, 1 / 2 0 0  dilution of rabbit anti-sheep red blood cell immunoglobulins 

(Organon Technika Ltd, Cambridge, UK). Excess antibody was removed by 

washing the cells twice in HBSS. The antibody coated sheep red blood cells [Ab- 

SRBC] were stored at 4°C for up to 3 days.

2.10.2. Chromium^' labelling of Ab-SRBC.

The Ab-SRBC were washed in HBSS and 1x10  ̂cells were incubated with 550/xCi 

P^Cr] sodium chromate (250-500 mCi/mg, Amersham International, Amersham, 

UK) in 1ml HBSS for 30 minutes at room temperature. [*̂ Cr] sodium chromate is 

taken up non-specifically by the cell and becomes bound to haemoglobin (Morrisey 

et al 1992). Unincorporated radiolabel was removed by 3 successive washes in 

HBSS.

2.10.3. Phagocytosis assay.

U937, MEP and A6 fgr cells were cultured for 24 hours with or without lOfiM 

cadmium chloride, or treated with lOOnM DHCC or 5ng/ml PMA in a range of 

cadmium chloride concentrations. Cells were plated at 5x10^ cells/well in 24 well 

plates in a final volume of 1ml. The chromium^^-labelled Ab-SRBC were 

resuspended at 1x1 0  ̂cells/ml and 1 0 ^ 1  of this were added to each well and mixed 

gently. The plate was spun at 2,000 rpm for 2 minutes to settle the Ab-SRBC on 

to the cultured cells and then incubated at 37°C for 1 hour. The supernatant was
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removed and replaced with 1ml red blood cell lysis buffer (0.17M Tris.HCl, 0 .16M 

ammonium chloride pH 7.2) to remove the non-ingested Ab-SRBC. The plate was 

spun again and the lysis step repeated. The cultured cells were then lysed in 1ml 

0.2M sodium hydroxide and the amount of chromium^^ present in the sample 

measured using a NE1600 gamma counter. All treatments were performed in 

triplicate and the mean and standard deviation was calculated for each triplicate.

The number of Ab-SRBC ingested by each U937 cell per hour was calculated by 

dividing the cpm/well by the cpm of the Ab-SRBC added to the well at the start of 

the one hour assay. This gives the total number of Ab-SRBC ingested/hour, which 

when divided by the number of cells/well ie. 5x10* cells, results in the number of 

Ab-SRBC ingested/cell/hour.

2.10.4. Preparation of samples of U937 cells exposed to Ab-SRBC for western 

blotting.

U937 cells were cultured at 4x10* cell/ml with lOOnM DHCC for 72 hours, or with 

5^g/ml PMA at 5x10^ cells per 90mm dish for 48 hours. U937 cells cultured for 

48 hours with 5/ig/ml PMA were adherent to plastic and were either gently scraped 

off the dishes and treated as outlined below or left on the dishes and treated in the 

same way in situ.

The cells were washed twice in HBSS and then 10̂  U937 cells were mixed with 

2x10* Ab-SRBC in l-2ml HBSS. The samples were then incubated at 37°C for up 

to 45 minutes. At the end of incubation, 5ml of red blood cell lysis buffer was 

added and the samples were then spun at 2000 rpm for 2 minutes at 4®C. The 

supernatant was discarded and the cells lysed in 2% (w/v) SDS lysis buffer or in 

1% (v/v) NP40 lysis buffer. Samples lysed in 1% (v/v) NP40 lysis buffer were 

incubated on ice for 30 minutes, spun at 15000g for 10 minutes at 4°C and 

separated into the soluble fraction and insoluble fractions. The insoluble fraction 

was then dissolved in 2% (w/v) SDS lysis buffer. When samples were prepared for
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phosphotyrosine western blotting then phosphatase inhibitors (2mM hydrogen 

peroxide, ImM sodium orthovanadate) were added to the red blood cell lysis buffer 

and to the 2% SDS lysis buffer. All samples were then boiled for 5 minutes and 

stored at -20°C.

2.11. U937 Transfectants.

2.11.1. Transfection of the c-^r gene into U937 cells.

The pFcll cDNA clone (Brickell & Patel 1988) containing the full coding sequence 

of the c-fgr gene (Figure 2.1) was cut with Eco RI and the staggered ends were 

filled in with Klenow enzyme. The resulting fragment was inserted into the Pm  II 

site of the pMEP4 plasmid (Groger et al 1989) (Invitrogen, British Biotechnology 

Ltd, Abingdon, UK) by blunt-ended ligation. U937 cells were transfected by 

electroporation using a Gene-Pulser (Bio-Rad Ltd, Hemel Hempstead, UK) with 

this construct (performed by Dr M Patel in our lab) or with pMEP4 alone 

(performed by M Dabrowski in our lab). 50fig of plasmid DNA in 20/xl water were 

added to 2x10^ cells in 250/xl PBS in a 0.4cm cuvette. The cells and DNA were 

mixed by pipetting and given a single pulse at 960/iF, 220V. The cells were 

immediately added to 4ml of medium and left to recover overnight.

2.11.2. Selection of transfectants.

After overnight culture in normal medium, the transfected cells were then grown 

in half-strength selective medium (150^g/ml hygromycin B) for 2 days and then in 

fully selective medium (3(X)^g/ml hygromycin B) until growth by resistant cells was 

resumed (performed by Dr M Patel and M Dabrowski, unpublished data). By this 

time the mock transfected U937 cells had all died. The sensitivity of U937 cells to 

hygromycin B was assessed by growing the cells in 0-8(X);ig/ml hygromycin B for 

up to 10 days. The viability of the cells was assessed regularly by trypan blue 

exclusion. After 7 days exposure to 400^g/ml hygromycin B, only 20% U937 cells 

remained viable and by 1 0  days all cells had died.
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2.11.3. Cloning of c-fgr transfectants.

Individual clones from a mixed population of c-fgr transfected cells were isolated 

by semi-solid agar cloning. Cells were grown for 7-8 days in 0.35% (w/v) semi

solid agar in medium at 100 cells/90mm dish. Single colonies were selected, 

transferred to 96 well plates and cultured for 11-14 days until the growth of the 

cells had covered the bottom of the well. Sixteen clones [Alfgr-A12fgr and Elfgr- 

E4fgr] were then subcultured into larger volumes until 1-2 weeks later all clones 

were growing in small (25cm^) flasks in selective medium. All of the clones grew 

as a single cell suspension as originally described for the parental U937 cells 

(Sundstrom & Nilsson 1976).
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Figure 2.1. The structure of the c-fgr cDNA clones.

The deduced structure of c-fgr mRNA is indicated below the two clones pF cll and 

pFd97. Distances are given in base pairs. Restriction enzyme sites are B=Bam HI, 

Bs=Bst EH, E=£do RI, V=Pst I, Pv=Pvm H, R=Rya I, S=Sma I. Taken from 

Brickell & Patel (1988).
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Code Anibody name Specificity Species Isotype

M 1 75-6-16 CD63 mouse G2b
M 2 162-20-17 CD63 mouse G1
M 3 UN3 unknown mouse M
M 4 BG-69 unknown mouse G1
M 5 C5-1 CD61 rat G1
M 6 73 unknown rat G1
M 7 5.00E-H10 CD90 mouse G1
M 8 L9 CD6 8 mouse G2a
M 9 L21 CD87 mouse G2a
M 10 38187 unknown mouse G1
M 11 10G7 unknown mouse G3
M 12 10G9 CD31 mouse G1
M 13 8D7 unknown mouse G1
M 14 VIMD15b CD92 mouse G2b
M 15 VIM15 CD92 mouse G1
M 16 VIMD2b CD93 mouse G1
M 17 VIMD2 CD93 mouse G1
M 18 BER-MAC3 CD35 mouse G1
M 19 M5D12 unknown mouse M
M 2 0 M3C7 unknown mouse M
M 2 1 AML-1-99 unknown mouse M
M 24 11G7 unknown mouse G1
M 25 KC48 CD15 mouse M
M 26 MARK 8D7 CD35 mouse M
M 27 Kat 16c CD71 mouse G
M 28 GHI/61 unknown mouse G
M 29 2TAP146 CD15 mouse M
M 30 25F9 unknown mouse G1
M 31 RM 3/1 unknown mouse G1
M 32 AMH 152 unknown mouse G1
M 33 4B10 unknown mouse G2b

Table 2.1. The myeloid panel of antibodies.

Monoclonal antibodies supplied by the Fifth International Workshop for Human 

Leukocyte Differentiation Antigens (continued overleaf).
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M 34
M35
M 36
M 37
M 38
M 39
M 40
M41
M 42
M 43
M 44
M45
M 46
M 47
M 48
M 49
M 50
M51
M 52

MR 1 
MR2 
MR 3 
MR 4 
MR 5 
MR 6  

MR 7 
MR 8  

MR9 
MR 10 
MR 11 
MR 12 
MR 13 
MR 14 
MR 15

WDS 4.B4
16-K-7
46-4-5
79-2-7
M oFll
BRAC 18
MF25.1
Mo5
IGR-2 1A6
IGR-2 5B6
D171
W17/1
S5/1
TM316
X2
X4
X6

X14
4B5.F5

M-M67
72a
MoS39 
PM-81 
3G8 
Go35 
IV.3 
P67-6 
QBEnd 10 
J3D3 
22.2 
VIM8

CLB-gran/10
B13.9
Y-l/82a

CD93 mouse G1
CD63 mouse G2a
CD63 mouse G1
CD63 mouse G2b
CD63 mouse G2b
unknown rat G2b
CD6 6 b mouse ?
unknown mouse G2a
CD15 mouse M
CD15 mouse M
CD63 mouse G1
CD8 8 mouse G1
CD8 8 mouse G2a
unknown mouse M
CD93 mouse G1
unknown mouse G1
CD49e mouse G2a
unknown mouse G1
unknown mouse G1

CD12 mouse G1
CD13 mouse G1
CD14 mouse G2a
CD15 mouse M
CD16 mouse G1
CD17 mouse M
CD32 mouse G2b
CD33 mouse G
CD34 mouse G1
CD35 mouse G
CD64 mouse G1
CD65 mouse M
CD6 6 mouse G1
CD67 mouse G1
CD6 8 mouse G

MCI BMl unknown mouse G1
MC2 2.70E-H1 unknown mouse G1
MC3 S36.48 unknown mouse G1
MC4 8-5C2 unknown mouse G1
MC5 52U unknown mouse G1
MC6 BM-1 unknown mouse G1
MC7 PM-2K unknown mouse G1
MC8 PG-M2 unknown mouse ?

62



Code Antibody name Specificity Species Isotype

S081 BRIC79 CD50 mouse G2a
S082 F10.2 CD54 mouse G1
S083 1304.100.4 CD54 mouse G2a
S084 CG106 CD50 mouse G
S085 CBR-IC2/1 CD102 mouse G2a
S086 CBR-IC2/2 CD102 mouse G2a
S087 CBR-IC3/1 CD50 mouse G1
S088 CBR-IC3/2 CD50 mouse G2a
S089 CBR-IC3/3 CD50 mouse G2a
S090 CBR-IC3/4 CD50 mouse M
S091 CBR-IC3/5 CD50 mouse G2a
S092 CBR-IC3/6 CD50 mouse ?
S093 WD8  3A9 CD50 mouse G1
S094 CBRICl/3 CD54 mouse G2a
S095 CBRICl/4 CD54 mouse G1
S096 CBRICl/11 CD54 mouse G1
S097 CBRICl/12 CD54 mouse G1
S098 7F7 CD54 mouse G2a
S099 6D5 CD102 mouse G1
SlOO 8-4A6 CD54 mouse ?
SlOl INCAMllO CD106 mouse G1
S1 0 2 4A11 unknown mouse M
S103 G19-1 CD43 mouse G1
S104 GlO-2 CD43 mouse G1
S105 MAY.029 CD54 mouse G1
S106 BY44 CD50 mouse G
S107 RRl/1 CD54 mouse G1
S108 TPl/24 CD50 mouse ?
S109 HP2/19 CD50 mouse ?
SllO TPl/15 CD31 mouse G2
S i l l HAE-2a CD106 mouse G1
S112 K8128 CD50 mouse G1
8113 152-2D11 CD50 mouse G1
8114 140-11 CD50 mouse G2b
8115 101-1D2 CD50 mouse G1
8116 YH370 CD54 mouse G1

Table 2.2. The adhesion antibodies, subpanels 4, 5, 6, 7, 8 and 10.

Monoclonal antibodies supplied by the Fifth International Workshop for Human 

Leukocyte Differentiation Antigens (continued overleaf).
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Subpanel Code 

5

Code Antibody name Specificity Species Isotype

S121 ICO-60 CD18 mouse G1
S122 BRIC 235 CD44 mouse G2b
S123 6.7 CD18 mouse G1
S124 HCl/1 CD 11c mouse G1
S125 F8.8 CD lia mouse G1
S126 7E3 CD61 mouse G1
S127 CBRMl/13 CDllb mouse G1
S128 CBRMl/1 CDllb mouse G2b
S129 CBRMl/20 CDllb mouse G1
S130 CBRMl/23 CDllb mouse G2a
S131 CBRMl/29 CDllb mouse G1
S132 CBRMl/34 CDllb mouse G1
S133 CBRpl50/2Cl CDllc mouse G2a
S134 CBRpl50/3Cl CDllc mouse G1
S135 CBRpl50/2El CDllc mouse G2b
S136 CBRpl50/4Gl CDllc mouse G2a
S137 CBRMl/19 CD18 mouse G2a
S138 BL-4H4 CDllc mouse G1
S140 NKI - L16 CDlla mouse G2a
S141 Bear-1 CDllb mouse G1
S142 NCAM CD56 mouse G1
S143 BU-15 CDllc mouse G1
S144 3.9 CDllc mouse G1
S145 S6F1 CDlla mouse G1
S146 MAY.035 CDlla mouse G1
S147 MAY.017 CD18 mouse G1
S148 25-3-1 CDlla mouse G1
S149 CBR LFA-1/10 CDlla mouse M
S150 CBR LFA-1/9 CDlla mouse M
S151 CBR LFA-1/1 CDlla mouse G1
S152 CBR LFA-1/4 CDlla mouse M
S153 CBR LFA-1/7 CD18 mouse G1
S154 CBR LFA-1/3 CDlla mouse G1
S155 CBR LFA-1/2 CD18 mouse G1
S156 KB90 CDllc mouse G1
S157 KB23 CDllc mouse G
S158 TS2/14 CDlla mouse G1
S159 TSl/22 CDlla mouse G1
S160 TS2/4 CDlla mouse G1
S161 TS2/6 CDlla mouse G1
S162 TSl/18 CD18 mouse G1
S163 BL5 CD18 mouse G1
S164 CLB-LFAl/1 CD18 mouse G1
S166 L130 CD18 mouse G1
S167 G-25.2 CDlla mouse G2a
S168 DH12.8F5 CD44 mouse G2a
S169 YTA-1 CDlla mouse G1
S170 F4F1 CD 103 mouse G1
S171 S-HCL3 CDllc mouse G2b
S172 CC1.7 CDllb mouse G1
S173 TMMl CDllb mouse G1
S174 TMG6-5 CDllb mouse G1
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Subpanel

6

Code Antibody name Specificity Species Isotype

S181 mAB 11 CD49e rat G
8182 J143 CD49c mouse G
8183 IB3.1 CD49a mouse A
8184 5.00E+08 CD49b mouse Gl
8185 5D9 CD29 mouse A
8186 3D3 CD49e mouse Gl
8187 K20 CD29 mouse G2a
8188 DH12 CD29 mouse G2b
8189 6F1 CD49b mouse Gl
8190 AK-7 CD49b mouse Gl
8191 NK I-8AM-1 CD49e mouse G2b
8192 5D5 CD49d mouse ?
8193 P1E6 CD49b mouse G
8195 450-30A1 CD49f mouse Gl
8196 135-13C CD49f rat G2a
8198 BQ16 CD49f mouse Gl
8199 8F2 CD49d mouse Gl
8200 2H6 CD49e mouse Gl
8201 4B4 CD29 mouse Gl
8202 T82/16 CD29 mouse Gl
8204 83-41 CD49f mouse Gl
8205 AA3 CD104 mouse Gl
8206 F3F7 CD103 mouse Gl
8207 HP2/1 CD49d mouse Gl
8209 HPl/7 CD49d mouse Gl
8210 Gi 14 CD49b mouse Gl
8211 8AM1 CD49e mouse G2b
8212 Gi9 CD49b mouse Gl
8213 J8 H CD49f mouse Gl
8214 158-2B3 CD29 mouse Gl
8215 9F10 CD49d mouse Gl
8216 L25 CD49d mouse G2b
8217 HA83 CD49b mouse G2a
8218 JBl CD29 mouse G
8219 JBS5 CD29 mouse G
8220 12F1 CD49b mouse G2a
8221 mAB 13 CD29 rat G2a
8222 mAB 16 CD49e rat G2a
8223 8R84 CD49a mouse Gl
8224 A3-IIF5 CD49b mouse G
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Code Antibody name Specificity Species Isotype

S231 PEN 3 CDllb mouse Gl
S232 PEN 2 CDllb mouse G2a
S233 A8 CDIOO mouse Gl
S234 7G2 CD61 mouse Gl
S235 UM-A9 CD104 mouse G2a
S236 AMF7 CD51 mouse Gl
S237 F3F7 CD103 mouse Gl
S238 F4F1 CD103 mouse Gl
S239 CLB-throm/1 CD61 mouse Gl
S240 FB12 unknown mouse Gl
S241 1 0 . 1 .2 CD49c mouse Gl
S242 LF61 CD103 mouse Gl
S244 GRVl CD98 mouse Gl
S245 13C2 CD51 mouse Gl
S246 23C6 CD51 mouse Gl
S247 439-9B CD104 rat G2b
S248 450-1 lA l CD104 mouse Gl
S249 AP5 CD61 mouse Gl
S250 AP6 CD61 mouse M
S251 J3-119 unknown mouse G2a
S252 J4-81 unknown mouse Gl
S253 BP6 beta 7 mouse G
S254 ACT-1 beta 7 mouse Gl
S255 LAM2 unknown mouse M
S256 BER-ACT 8 CD103 mouse Gl
S257 HML-1 CD103 mouse G2a
S258 C5.1 CD61 rat Gl
S262 LM609 CD51 mouse Gl
S263 LM609 CD61 mouse Gl
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Subpanel

8

10

Code Antibody name Specificity Species Isotype

S271 B6H12 CD47 mouse Gl
S272 CBR5D.1 CD43 mouse Gl
S273 1D6 CD81 mouse Gl
S274 5A6 CD81 mouse Gl
S275 G28-8 unknown mouse Gl
S276 Mo2PT501 CD48 mouse Gl

S311 KZl CD44 mouse Gl
S312 BRIC 214 CD44 mouse Gl
S313 BRIC 222 CD44 mouse Gl
S314 BRIC 235 CD44 mouse G2b
S315 212.3 CD44 mouse G2a
S316 4.C3 CD44 mouse Gl
S317 3F12 CD44 mouse Gl
S318 B U -75 CD44 mouse G2a
S319 A1G3 CD44 mouse G2
S320 A3D8 CD44 mouse G2
S321 CD44-9F5 CD44 mouse Gl
S322 CD44-6B6 CD44 mouse Gl
S323 50B4 CD44 mouse G2b
S324 HP2/9 CD44 mouse Gl
S325 NIH44-1 CD44 mouse Gl
S326 156-3C11 CD44 mouse G2
S327 MP30-1 CD47 mouse G2
S328 HERMES-3 CD44 mouse G2a
S329 L178 CD44 mouse Gl
S330 FlO-44-2 CD44 mouse G2a
S331 FW11.24 CD44R mouse ?
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CHAPTER 3. THE EXPRESSION OF C-FGR IN MYELOID CELLS.

3.1. INTRODUCTION.

As outlined in chapter 1, c-fgr is normally expressed in myeloid cells. Several 

groups have investigated when c-fgr expression is acquired during myeloid 

development and which modulating agents are capable of regulating expression of 

this gene.

3.1.1. Modulation of c-fgr expression in myeloid cells.

The first investigation of c-fgr expression in myeloid cells was reported by Notario 

et al (1989). HL60 cells were used to study c-fgr expression in granulocytic and 

monocytic differentiation. HL60 cells do not contain c-fgr mRNA, but expression 

was induced when cells were induced to differentiate into phenotypically more 

mature forms. Retinoic acid and DMSO treatment of HL60 cells resulted in a 

gradual increase in c-fgr mRNA and p55‘'-̂*'̂  levels as the cells were induced to 

differentiate into granulocytes. Maximal levels of mRNA and protein were detected 

3 days after retinoic acid treatment and 4 days after DMSO treatment. Four days 

treatment with PMA induced monocytic differentiation in HL60 cells and also 

resulted in detectable levels of p55®'-*''. However, maximal induction by DMSO and 

PMA was only about 40% of the abundance of p55‘̂-̂ '̂' observed in retinoic acid 

treated HL60 cells.

Ley et al (1989) were the first to investigate the expression of c-fgr in U937 cells. 

U937 cells represent a later stage of development than HL60 cells because U937 

cells can only be induced to differentiate along the monocytic pathway. U937 cells 

contain low levels of c-fgr mRNA, less than 10 copies RNA per cell. When U937 

cells were induced to differentiate by treatment with PMA, levels of c-fgr mRNA 

began to increase 2 to 4 hours of PMA exposure, peaked at eight hours and then 

slowly declined. Treatment of cells with actinomycin D prevented the synthesis of 

RNA and allowed an estimation of mRNA half-life. Levels of c-fgr mRNA 

transcripts remained relatively constant in U937 cells during an 8  hour actinomycin
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D treatment, providing evidence that the half-life of c-fgr mRNA is greater than 8  

hours. Although nuclear run-off analysis was not sensitive enough to detect 

transcription of new mRNA, the 5-10 fold increase in mRNA detected in less than 

one half-life suggested that PMA induction of c-fgr mRNA was regulated at the 

transcriptional level. U937 cells treated with cycloheximide showed a marked 

increase in c-fgr mRNA within 2 to 4 hours of addition, reached stable levels by 

8  hours and continued up to 24 hours. Cycloheximide treatment of the cells 

prevented new protein synthesis and suggested that the low level of c-fgr expression 

in undifferentiated U937 cells resulted from the activity of a protein repressor with 

a half-life of less than 2  hours.

In primary cells, p55‘"-̂ '̂  has been detected in murine monocytes, but not in the bone 

marrow precursor cells that give rise to them (Willman et al 1987). Proliferation 

and differentiation of bone marrow cells can be controlled by colony stimulating 

factor-1 [CSF-1]. Freshly isolated bone marrow contained precursor cells which 

after 6  days of CSF-1 treatment developed into a highly enriched population of 

adherent, monocytic cells. These more mature cells contained detectable levels of 

a 2.6kb c-fgr mRNA transcript. The level of c-fgr mRNA in these cells was directly 

related to the mitogenic effects of CSF-1. Day 6 -adherent monocytic cells were 

rendered quiescent by depriving them of CSF-1 for 24 hours so that the cells 

became synchronised in GJGi phase of the cell cycle. These quiescent cells 

contained low levels of c-fgr mRNA. Subsequent stimulation with CSF-1 resulted 

in a marked induction of c-fgr mRNA after 4 hours. Maximal levels were reached 

by 8  hours, continued to persist until 16 hours and then declined to baseline by 2 0  

hours. As c-fgr mRNA levels declined the cells started to enter S phase and by 22- 

24 hours aU the cells had started dividing. Thus, Willman et at (1987) found that 

the levels of c-fgr mRNA were cell cycle related in bone marrow derived 

monocytes.

Using the same culture system, GM-CSF, lipopolysaccharide [LPS] and ylFN were
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all capable of modulating c-fgr mRNA levels in bone marrow-derived monocytes. 

Although the affect of GM-CSF, LPS and 7 IFN on the proliferation of these cells 

was not tested, it seems likely that the modulation of c-fgr mRNA by these factors 

was not related to any mitogenic effect but rather to their effectiveness as functional 

activators of differentiated monocytic cells (Yi & Willman 1989).

The expression of c-fgr can also be modulated in terminally differentiated cells. 

Human peripheral blood monocytes cultured for 6  days differentiate into cells that 

closely resemble resting tissue macrophages (Ziegler et al 1988). Exposure of these 

cells to LPS resulted in activated macrophages capable of producing the cytokines 

interleukin-1)8 [ILljS] and TNFa. This treatment resulted in a five fold decrease in 

c-fgr mRNA. Activation of macrophages can also be achieved by a suboptimal dose 

of LPS in combination with 7 IFN. This treatment also resulted in a decrease in c- 

fgr  mRNA of three and a half fold. However, exposure to 7 IFN alone was not able 

to fully activate the cells and did not affect the level of c-fgr mRNA in these cells.

3.1.2. Aims.

Against this background, the work described in this chapter was undertaken to 

examine in detail whether c-fgr expression is important in controlling the 

differentiation of cells along the monocyte-macrophage pathway, or whether p55®*-̂  ̂

has a functional role in the differentiated cells. The U937 cell line was used as a 

model system of this pathway, and the differentiation which could be induced in 

response to various modulating agents was studied. Thus, the effect of PMA, 

DHCC, TNFa, TNFjS or transforming growth factor alpha [TGFa] on cell growth 

(section 3.2.1) was compared with the effects of these agents on c-fgr mRNA levels 

(section 3.2.2) and p55®' '̂’ levels (section 3.2.5). The role of TNFa secretion 

(section 3.2.3) and secondary messengers in controlling the level of c-fgr mRNA 

in U937 cells was also considered (section 3.2.4).
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3.2. RESULTS.

3.2.1. Growth inhibition induced by various agents.

The response of U937 cells to TNFa, TNF/S, TGFa, PMA or DHCC was assessed 

by culturing the cells with these agents for 24, 48 and 72 hours. The growth of the 

cells was quantified by the incorporation of 5-f^I] iodo-2 -deoxyuridine, a 

thymidine analogue which was taken up by the cells and incorporated into new 

DNA.

When U937 cells were cultured in the presence of TNFa and TNF/8 there was a 

dose-dependent decrease in growth compared to cells cultured in medium alone 

(Figure 3.1). However, there was no change in growth rate when U937 cells were 

cultured in the presence of TGFa (Figure 3.1). The ability of TNFa and TNF/8 to 

produce a decrease in the growth of U937 cells was also dependent on the length 

of time the cells spent in culture (Figure 3.2).

The ability of DHCC and PMA to induce differentiation of U937 cells is well 

documented (Olsson et al 1983, Forsbeck et al 1985, Hewison et al 1989, 1989a). 

U937 cells cultured in the presence of DHCC or PMA showed a dose-dependent 

(Figure 3.3) and a time-dependent (Figure 3.4) decrease in growth compared to 

cells cultured in medium alone. Stock solutions of DHCC and PMA were prepared 

in ethanol and DMSO, respectively. Appropriate dilutions of ethanol (1/1000) and 

DMSO (1/100,000) were included in the assays as negative controls and there was 

no significant difference between the growth of U937 cells in the presence of these 

solvents compared to cells cultured in medium alone (Figure 3.5).

To see whether TNFa or TNF/3 could augment the response of U937 cells to PMA 

or DHCC, U937 cells were cultured in a combination of these agents. When U937 

cells were exposed to both DHCC and TNFa or to both DHCC and TNFjS, there 

was an additive effect on the time-dependent and dose-dependent decrease in growth 

of these cells (Figure 3.6 and Figure 3.7). Exposure of U937 cells to PMA in
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combination with either TNFa or TNFjS also caused an additive dose-dependent 

decrease in growth, but at the 24 hour time point only (Figure 3.8). The failure of 

the U937 cells to respond further to TNFa or TNFjS at 48 and 72 hours, in the 

presence of PMA, presumably reflects the almost total growth inhibition induced 

by PMA alone at these time points.

In contrast to the additive effect seen with TNFa and TNF/S, TGFa was not able 

to augment the response of U937 cells to PMA or DHCC. U937 cells cultured with 

TGFa and DHCC or with TGFa and PMA grew at the same rate as cells cultured 

with DHCC or PMA alone (Figure 3.9).

The response of U937 and HL60 cells to various retinoids was also assessed. The 

growth of U937 and HL60 cells cultured in the presence of various retinoids was 

measured. When U937 and HL60 cells were cultured for 72 hours in the presence 

of different retinoids the growth of the cells was decreased, although the degree of 

growth inhibition varied between retinoids. Retinoic acid was the most effective of 

the retinoids. U937 and HL60 cells exposed to 13 cis retinoic acid and all tram 

retinoic acid showed a 40-50% decrease in growth compared to cells cultured in 

medium alone (Figure 3.10). Retinal was less effective, causing a 15-20% decrease 

and retinol had little or no affect on growth, compared to cells cultured in medium 

alone (Figure 3.10). Both HL60 and U937 cells showed a time-dependent and dose- 

dependent response to all tram retinoic acid (Figures 3.11).

3.2.2. The effect of various agents on c-fgr mRNA levels.

The degree of c-fgr mRNA induction following treatment with PMA, DHCC, 

TNFa or all tram retinoic acid in U937 cells was measured by northern blotting 

and hybridisation. U937 cells were cultured for up to 72 hours with these agents 

and total cellular RNA was isolated. Northern blots were probed with ^^P-labelled 

c-fgr and g-actin anti-sense RNA probes. The resulting autoradiographs were 

quantified by scanning densitometry using /3-actin mRNA levels as a control for
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loading. Untreated U937 cells contained low levels of c-fgr mRNA. These levels 

were increased by treating the cells with PMA, DHCC, TNFa or all trans retinoic 

acid (Figure 3.12, Figure 3.13 and Figure 3.14), although the amount of c-fgr 

mRNA in these cells depended on the agent used and the length of exposure. When 

U937 cells were cultured in the presence of PMA or retinoic acid, an increase in 

c-fgr mRNA was detected after 8  hours and continued to rise over the 72 hours. In 

DHCC treated cells, increased levels of c-fgr mRNA were also detected at 8  hours 

but this level was then maintained over the 72 hours. In contrast, the levels of c-fgr 

mRNA were increased after 4 hours of TNFa treatment. These levels were 

maintained up to 24 hours and then declined to baseline by 72 hours. The highest 

level of c-fgr mRNA was detected in U937 cells treated for 72 hours with PMA. 

These cells are phenotypically more mature and macrophage-like than U937 cells 

treated with DHCC, TNFa or retinoic acid for 72 hours.

As a positive control, HL60 cells cultured for up to 96 hours with all trans retinoic 

acid was included in this study. This was based on the findings reported by Notario 

et al (1989).

3.2.3. Induction of TNFa mRNA.

Since the endogenous TNFa gene is activated when U937 cells are induced to 

differentiate by TNFa (Schutze et al 1988), it is possible that autocrine production 

of TNFa contributes to the rapid induction of c-fgr mRNA seen in these cells. 

Therefore the same blots were re-hybridised with a ^^P-labelled TNFa anti-sense 

RNA probe complementary to the coding sequence of human TNFa. Elevated 

levels of TNFa mRNA were detected in U937 cells that had been treated with 

PMA and TNFa for 4 hours but not cells treated with DHCC alone or in 

combination with TNFa (Figure 3.15).

3.2.4. The effect of enzyme inhibitors on c-fgr mRNA levels.

In order to examine the secondary messengers involved in regulating the expression
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of the c-fgr gene, the effects of a number of specific enzyme inhibitors on the levels 

of c-fgr mRNA was studied. Genistein specifically inhibits the action of protein 

tyrosine kinases (Akiyama et al 1987) and staurosporine inhibits calcium ion- 

dependent protein kinases such as protein kinase C [PKC], a serine-threonine 

protein kinase (Tamaoki et at 1986). H8  inhibits the action of cyclic nucleotide- 

dependent protein kinases such as cAMP dependent protein kinase A [PKA] and 

PKC (Hidaka et at 1984). Since the action of DHCC and retinoic acid is mediated 

primarily by nuclear receptors which act as transcriptional regulators (reviewed by 

Yamamoto 1985), the action of the enyzme inhibitors was investigated in TNFa and 

PMA treated cells only.

U937 cells were exposed to genistein, staurosporine or H8  for 30 minutes prior to 

exposure to PMA or TNFa for a further 2, 4 and 8  hours (Figure 3.16). The 

increase in c-fgr mRNA levels induced by PMA was inhibited by H8  and by 

staurosporine. In the TNFa treated cells, only H8  inhibited the induction of c-fgr 

mRNA. Genistein had no affect on the levels of c-fgr mRNA induced by PMA or 

TNFa, showing that tyrosine kinase activity is not necessary for the induction of 

c-fgr mRNA.

Both H8  and staurosporine were able to affect the level of c-fgr mRNA produced 

in the early stages of differentiation. The cell morphology and surface phenotype 

of U937 cells treated with for 24 hours with PMA or TNFa is quite different. PMA 

treated cells stop dividing and become fully adherent during this time whereas 

TNFa treated cells show only a 30-40% decrease in growth and very few adherent 

cells. To assess whether the enzyme inhibitors would be effective later on in 

differentiation, H8  and genistein were added to U937 cells that had been cultured 

in the presence of PMA or TNFa for 24 hours. Within 6  hours, c-fgr mRNA levels 

fell in cells treated with H8  but not in cells treated with genistein (Figure 3.17), 

although H8  was less effective over the 24-48 hour time period than at the earlier 

time points.
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3.2.5. The effect of various agents on levels.

The level of a particular mRNA detected in a cell may not always be correlated 

with the amount of the corresponding protein product produced. Therefore, it was 

important to measure the amount of p55®-̂ '̂  produced by the cell in order to assess 

accurately the expression of the c-fgr gene.

High levels of p55®-̂ *'̂  have been detected in HL60 cells treated with retinoic acid 

(Notario et al 1989), so these cells were used as a positive control to optimise the 

conditions for western blotting. Anti-Fgr antiserum detected two bands in cell 

lysates from HL60 cells treated for 48 hours with all trans retinoic acid that were 

not present in untreated HL60 cells (Figure 3.18). The two bands had an apparent 

molecular mass of 63 KDa and 58 KDa. Several non-specific bands were also 

detected in both cell treatments. Although others have reported only a single band 

of 58 KDa (Notario et al 1989, Katagiri et al 1991), the specificity of both bands 

was shown by pre-incubating the anti-Fgr antiserum with the peptide used to raise 

the antibody to block detection. Pre-incubated serum failed to detect the 63 KDa 

and 58 KDa bands in retinoic acid treated HL60 cells whereas the non-specific 

bands were unaffected (Figure 3.18). The conditions were further optimised by 

checking that there was a linear relationship between the amount of positive control 

sample loaded and the amount of p55‘"'̂ *'̂  signal detected. Varying amounts of 

positive control sample were loaded and the level of p55®-̂ '̂‘ and /8 -actin present in 

the samples was quantified by densitometry. The level of p55®'̂ *'’ was then 

normalised using jg-actin as a loading control. A linear relationship was maintained 

between the amount of sample loaded and the normalised level of p55®-̂ *'‘ detected 

over a sample range of 25-40/xl under standard conditions (Figure 3.19 and Figure 

3.20).

U937 cells were cultured for up to 72 hours with PM A, DHCC, TNFa or all trans 

retinoic acid and the level of p55‘"-̂ '' induced by these agents was measured by 

western blotting. The western blots were incubated with anti-Fgr antiserum and a
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monoclonal antibody raised against /3-actin and the results were quantified by 

scanning densitometry. A single band with an apparent molecular mass of 63 KDa 

was detected in treated U937 cells. The levels of p55®'-*'’ were lowest in TNFa 

treated U937 cells and much higher in PM A, DHCC and retinoic acid treated cells 

(Figure 3.21 and Figure 3.22). The p55®-̂ '̂  levels increased rapidly over 24 hours 

in DHCC and retinoic acid treated cells but increased at a slower rate in PMA 

treated cells.

76



O  TNFa  

e  TNFBi .  20000
o
c
■ê 15000o
o
o _

10000ooc
5000LO(N

0.0 0.1 1.0 10.0

E
Q -O
C
o

o
Cl

o
Üc

LO
C\J

co n c e n tr a t io n  n g / m l

0.0 0.1 1.0 10.0 

c o n c e n tr a t io n  n g / m l

14000

12000

10000

8000

6000

4000

2000

□  TGFa

Figure 3.1. The effect of TNFa, TNFj3 and TGFa on the growth of U937 cells.

U937 cells were cultured at 2x10^ cells/ml with varying concentrations of TNF-a 

(o), TNFjS ( • )  or TGF-a (□) for 72 hours. Growth was measured by incorporation 

of 5-p^I] iodo-2-deoxyuridine at 72 hours. Results are given as the mean and 

standard deviation of counts per minute (cpm).
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Figure 3.2. The effect of TNFa and TNF/3 on the growth of U937 cells.

U937 cells were cultured at 2x10  ̂cells/ml for a total of 72 hours in medium alone, 

or with varying concentrations of TNF-a and TNF/8 for 24, 48 and 72 hours. 

Growth was measured by incorporation of 5-f ̂ I] iodo-2-deoxyuridine at 72 hours. 

Results are given as the mean and standard deviation of counts per minute (cpm).
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Figure 3.3. PMA and DHCC induce a dose-dependent decrease in the growth 

of U937 cells. U937 cells were cultured at 2x10  ̂cells/ml for 72 hours in varying 

concentrations of PMA or DHCC. Growth was measured by the incorporation of 

5_[125i] iodo-2-deoxyuridine at 72 hours. Results are given as the mean and standard 

deviation of counts per minute (cpm).
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Figure 3.4. PMA and DHCC induce a time-dependent decrease in the growth 

of U937 cells. U937 cells were cultured at 2x10* cells/ml for a total of 72 hours in 

medium alone or in the presence of 5ng/ml PMA or lOOnM DHCC for 24, 48 and 

72 hours. Growth was measured by the incorporation of 5-[^^I] iodo-2-deoxyuridine 

at 72 hours (please note the change of scale on the vertical axis for the PMA 

graph). Results are given as the mean and standard deviation of counts per minute 

(cpm).
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Figure 3.5. The effect of solvent controls on the growth of U937 cells.

U937 cells were cultured at 2x10  ̂ cell/ml for 48 hours in medium alone or in 

medium containing 1/1000 ethanol and 1/10,000 DMSO. Growth was measured by 

the incorporation of 5-f ̂ I] iodo-2-deoxyuridine at 48 hours. Results are given as 

the mean and standard deviation of counts per minute (cpm).
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Figure 3.6. The effect of TNFa and TNF^ on the growth of U937 cells.

U937 cells were cultured at 2x10^ cells/ml in medium alone (A), or with varying 

concentrations of TNF-a (B) or TNF-jS (C) for 24 (o), 48 hours (■) or 72 hours 

( a ) .  Growth was measured by incorporation of 5-f^I] iodo-2-deoxyuridine at 72 

hours. Results are given as the mean and standard deviation of counts per minute 

(cpm).
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Figure 3.7. The effect of DHCC in combination with TNFa or TNF/3 on the 

growth of U937 cells. U937 cells were cultured at 2x10^ cells/ml with lOOnM 

DHCC alone (A) or in combination with varying concentrations of TNF-a (B) or 

TNF-j8  (C) for 24 (o), 48 hours (■) or 72 hours ( a ) .  Growth was measured by the 

incorporation of 5-f iodo-2-deoxyuridine at 72 hours. Results are given as the 

mean and standard deviation of counts per minute (cpm).
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Figure 3.8. The effect of PMA in combination with TNFa or TNF/3 on the 

growth of U937 cells. U937 cells were cultured at 2x10^ cells/ml with 5ng/ml 

PMA alone (A) or in combination with varying concentrations of TNF-a (B) or 

TNF-jS (C) for 24 hours ( o ) ,  48 hours (■) or 72 hours ( a ) .  Growth was measured 

by the incorporation of 5-f^^I] iodo-2-deoxyuridine at 72 hours (please note the 

change of scale on the vertical axis compared to Figures 3.6 and 3.7). Results are 

given as the mean and standard deviation of counts per minute (cpm).
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Figure 3.9. The effect of TGF-a in combination with DHCC or PMA on the 

growth of U937 cells. U937 cells were cultured at 2x10^ cells/ml with varying 

concentrations of TGF-a alone or in combination with PMA or DHCC for 24, 48 

or 72 hours. Growth was measured by the incorporation of 5-f^I] iodo-2- 

deoxyuridine at 72 hours (please note the change of scale on the vertical axis in 

panels C and c). Results are given as the mean and standard deviation of counts 

per minute (cpm).

Cells were cultured in medium alone (a), TGF-a alone (A), lOOnM 1,25-DHCC 

alone (b), lOOnM 1,25-DHCC and TGF-a (B), 5ng/ml PMA alone (c) or 5ng/ml 

PMA and TGF-a (C) for 24 hours ( o ) ,  48 hours (■) or 72 hours ( a ) .
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Figure 3.10. The effect of retinoids on the growth of U937 and HL60 cells.

U937 cells and HL60 cells were cultured at 2x10^ cells/ml for 72 hours in the 

presence of various retinoids [retinoic acid = RA] at IfiM  concentration. Growth 

was measured by the incorporation of 5-f^^I] iodo-2-deoxyuridine at 72 hours. 

Results are given as the mean and standard deviation of counts per minute (cpm).
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Figure 3.11. The effect of retinoic acid on the growth of U937 and HL60 cells.

(A) U937 cells and (B) HL60 cells were cultured at 2x10^ cells/ml for (a) 24, 48 

and 72 hours in the presence (hashes bars) or absence (open bars) of all trans 

retinoic acid at l^M  concentration. At 72 hours (b) cells were cultured in a range 

of concentrations of all trans retinoic acid. Growth was measured by the 

incorporation of 5-[^^I] iodo-2-deoxyuridine at 24, 48 and 72 hours. Results are 

given as the mean and standard deviation of counts per minute (cpm).
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Figure 3.12. Levels of c-^gr mRNA in U937 and HL60 cells treated with 

retinoic acid. U937 cells were cultured in l^M all trans retinoic acid for up to 72 

hours or for 72 hours in medium alone. HL60 cells were cultured in the presence 

of IfiM all trans retinoic acid for up to 96 hours or for 96 hours in medium alone. 

Northern blots of total RNA (lO^g/track) were hybridised with two ^^P-labelled 

RNA probes specific for c-fgr and |8 -actin mRNA.
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Figure 3.13. Levels of c-fgr mRNA in U937 cells treated with DHCC, PMA or 

TNFa. U937 were cultured in 5ng/ml PMA, lOOnM DHCC, 50ng/ml TNFa or 

lOOnM DHCC and 50ng/ml TNFa for up to 72 hours or for 72 hours in medium 

alone. Northern blots of total RNA (10|ig/track) were hybridised with two 

labelled RNA probes specific for c-fgr and j6 -actin mRNA. [1,25-DHCC = 

DHCC].
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Figure 3.14. Quantification of c-fgr mRNA levels in U937 cells treated with 

PMA, DHCC, TNFa or retinoic acid. The autoradiographs from Figure 3.12 and 

Figure 3.13 were scanned and the density of the c-fgr bands measured and 

normalised for loading using the density of the corresponding /3-actinband. [retinoic 

acid =  RA].
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Figure 3.15. Levels of TNFa mRNA in U937 cells treated with PMA, DHCC 

or TNFa. The blot shown in Figure 3.13 was hybridised with a ^^P-labelled RNA 

probe specific for TNFa mRNA. [1,25-DHCC = DHCC].
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Figure 3.16. The effect of genistein, staurosporine and H8  on c-fgr mRNA induction in U937 cells treated with PMA or TNFa.

U937 cells were cultured for 30 minutes with lO/tg/ml genistein, 150nM staurosporine and 30/iM H8 , and then for 2, 4 and 8  hours with 
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c-fgr and jS-actin mRNA.
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Figure 3.17. The effect of genistein and H8  on elevated levels of c-fgr mRNA in U937 cells treated with PMA or TNFa.

U937 cells were cultured for 24 hours with 5ng/ml PMA or 50ng/ml TNFa and then for a further 6 , 12 and 24 hours after the addition of 
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Figure 3.18. The two bands detected by anti-Fgr antiserum in HL60 cells 

treated with retinoic acid are specific. HL60 cells were cultured at 2x10  ̂

cell/ml for 48 hours in the presence of all trans retinoic acid or in medium 

alone. Protein samples were separated by SDS-PAGE and blotted onto 

nitrocellulose membranes. The membranes were incubated with sheep anti-Fgr 

antiserum or with antiserum that had been pre-incubated with the peptide used to 

raise the antibody. The primary antibody was detected by HRP-conjugated, donkey 

anti-sheep immunoglobulins and the signal developed by ECL.
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Figure 3.19. Levels of and /3-actin in a positive control sample.

HL60 cells were cultured with 1/tM all trans retinoic acid for 48 hours and varying 

amounts of cell lysate used in western blotting. The blots were incubated with sheep 

anti-Fgr antiserum and an anti-jS-actin mouse monoclonal antibody, which were 

detected by HRP-conjugated secondary antibodies and the signal developed by ECL.
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Figure 3.20. Quantification of and g-actin levels in a positive control 

sample. The autoradiographs from Figure 3.19 were scanned and the density of the 

and /3-actin bands measured and the pSS'^VjS-actin ratio calculated.
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Figure 3.21. Expression of p55''̂ *'̂  in U937 cells treated with PMA, DHCC, 

TNFa or retinoic acid. U937 cells were cultured with 5ng/ml PMA, lOOnM 

DHCC, 250 units/ml TNFa or 1/iM all trans retinoic acid for up to 72 hours. 

Western blots were incubated with sheep anti-Fgr antiserum and an anti-jg-actin 

mouse monoclonal antibody, which were detected by HRP-conjugated secondary 

antibodies and the signal developed by ECL.
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Figure 3.22. Quantification of levels in U937 cells treated with PMA,

DHCC, TNFa or retinoic acid. Autoradiographs from Figure 3.21 were scanned 

and the density of the p55®'̂ '̂  bands measured and normalised for loading using the 

density of the corresponding jS-actin band.
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3.3. DISCUSSION.

3.3.1. Control of c-fgr expression.

All agents capable of inducing differentiation of U937 cells were also able to 

increase the expression of the c-fgr gene. PMA treatment resulted in the most 

phenotypically mature cells and also caused the highest c-fgr mRNA levels, 

compared to the other agents used. An increase in c-fgr mRNA levels was detected 

after 8  hours treatment and continued to increase over 72 hours. In contrast, Ley 

et al (1989) found the highest levels of c-fgr mRNA after 8  hours of treatment, 

although time points later than 24 hours were not tested. Other agents, such as 

TNFa, TNFjS, DHCC and retinoic acid were also able to induce increases in the 

levels of c-fgr mRNA in U937 cells. The extent of the changes in c-fgr mRNA 

levels depended on the agent used and whether agents were used together. For 

example, there was an additive effect of TNFa and DHCC, on the levels of c-fgr 

mRNA present in the cells. TNFa and retinoic acid caused a more rapid increase 

in c-fgr mRNA levels than either PMA or DHCC, whereas DHCC, PMA and 

retinoic acid produced a more sustained increase in c-fgr mRNA levels compared 

to TNFa. The rapid increase in c-fgr mRNA levels induced by TNFa was not due 

to autocrine regulation of this gene. Although TNFa treatment did cause elevated 

levels of TNFa mRNA, much higher levels of TNFa mRNA were induced by 

PMA.

The levels of p55“-̂ '̂  detected in treated U937 cells showed a general agreement 

with the levels of c-fgr mRNA detected. TNFa treated cells had the lowest levels 

of c-fgr mRNA over the 72 hours of treatment and this was reflected in the lower 

levels of p55®‘-̂ '̂  detected in these cells compared to other treatments. DHCC and 

retinoic acid showed a rapid increase in p55®‘̂*'’ levels despite the fact that mRNA 

levels rose more slowly in DHCC treated cells than in retinoic acid treated cells. 

The increase in c-fgr mRNA and p55‘"'̂ '̂̂  protein levels in PMA treated cells 

followed the same time course, although the high levels of c-fgr mRNA detected 

in 72 hour treated cells did not result in correspondingly high levels of p55®‘-̂ ''. The
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level of p55®'̂ *'' in 72 hour PMA treated cells may have been under-estimated 

because the preparation of cell lysates from these cells was more difficult as the 

cells were tightly adherent. In addition, the conditions were optimised to detect 

relatively low amounts of protein at the earlier time points so the higher levels at 

the later time points may have been outside the linear range of detection.

Induction of c-fgr expression has also been demonstrated in HL60 and PLB-985 

cells. The different agents used to induce differentiation also resulted in different 

patterns of c-fgr gene expression in these cells. Notario et al (1989) found that 

treatment of HL60 cells by retinoic acid induced higher levels of c-fgr mRNA than 

either DMSO or PMA treatment. The ability of DMSO to induce c-fgr expression 

in HL60 cells was confirmed by Miyazaki et al (1993). Exposure of HL60 cells 

to DMSO resulted in a gradual differentiation of these cells into granulocytes which 

was accompanied by a gradual increase in c-fgr mRNA and p55®’-̂ ''. Maximal levels 

of both mRNA and protein where reached by 3-4 days by which time about 70- 

80% of the cells had matured (Miyazaki et al 1993). Katagiri et al (1991) also 

found different levels of c-fgr mRNA in HL60 cells induced to differentiate along 

the monocytic pathway by different agents. HL60 cells treated with DHCC 

contained detectable levels of c-fgr mRNA by 24 hours and these levels were 

maintained for 96 hours. Transforming growth factor-j8  [TGFjS] was able to 

augment the effect of DHCC on c-fgr mRNA levels although it had no effect on 

its own. Notario et al (1989) found that PMA was able to induce c-fgr mRNA in 

HL60 cells, whereas Katagiri et al (1991) did not.

PLB-985 cells contain low levels of c-fgr mRNA and these levels were increased 

within four hours of DHCC or DMSO exposure and had peaked by 72 hours. In 

contrast, 8  hours of PMA treatment was sufficient to produce a peak of c-fgr 

mRNA and thereafter levels of mRNA declined (Perkins et al 1991).

Willman et al (1991) studied 79 primary de novo cases of acute myeloid leukaemia
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[AML] and found that c-fgr expression was correlated with the stage of myeloid 

development. The AMLs were classified according to the criteria put forward by 

the French-American-British [FAB] group, which reflects the stage of 

differentiation reached by the cells. Six categories of AML, M1-M6, were defined 

on the basis of the % non-erythroid cells, the % blast cells and the 

granulocytic/monocytic composition of the blast cells found in bone marrow and 

peripheral blood films (Bennett et al 1985). In general, relatively undifferentiated 

AML blasts (FAB M l), blasts displaying limited myeloid differentiation (FAB M2) 

and AML blasts with promyelocytic (FAB M3) features did not contain c-fgr 

mRNA. Only 7 out of 48 cases expressed low levels of c-fgr mRNA and these 

blasts had an HLA-DR, CD34, CD33, CD 14 cell surface phenotype. High levels 

of c-fgr mRNA were detected only in AML blasts that displayed more 

myelomonocytic (FAB M4) or monocytic (FAB M5) features, and all 31 of these 

cases had an HLA-DR, CD34^^, CD13, CD 14 cell surface phenotype. In contrast 

to the AML cases, no c-fgr mRNA was detected in 30 cases of acute lymphocytic 

leukaemia, including both B- and T-cell lineages.

The finding that c-fgr expression is acquired late in myeloid differentiation, was 

confirmed when AML cases expressing HLA-DR, CD33, CD34, which are 

characteristic of undifferentiated myeloblasts (FAB M l), were induced to 

differentiate in vitro with GM-CSF and PMA or GM-CSF and retinoic acid. 

Leukaemic blasts from two samples displayed striking evidence of monocytic 

differentiation after culture with GM-CSF and PMA by becoming adherent and 

expressing CD 13, CD 14 and non-specific esterase. At the same time, these cells 

expressed high levels of c-fgr mRNA. Treatment with GM-CSF and retinoic acid 

induced granulocytic differentiation in myeloblasts which resulted in cells 

expressing high levels of CD 13 and lower levels of HLA-DR. In contrast to the 

monocytic cells these granulocytic cells did not contain c-fgr mRNA (Willman et 

al 1991).
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Mononuclear cells purified from human bone marrow aspirates have also been 

examined for z-fgr expression, by immunofluorescence (Link & Zutter 1995). 

Myelocytes, metamyelocytes and mature myelomonocytic cells showed intense 

staining for p55‘"’̂ '' whereas promyelocytes show less intense staining. In the 

development of neutrophils, the myelocyte stage of differentiation is notable for its 

acquisition of secondary granules and as maturation continues to the metamyelocyte 

stage, cells lose their capacity for proliferation. The finding that cells of the 

granulocytic lineage express higher levels of c-fgr than cells of the monocytic 

lineage is in agreement with the studies on HL60 cells (see above).

3.3.2. The relationship between c-fgr expression and cell growth.

The differentiation of U937 cells induced by PMA, DHCC, TNFa, TNF/8 and 

retinoic acid can be monitored by measuring the changes in cell growth. PMA is 

the most effective agent at inducing growth inhibition and by 24 hours the cells 

stop growing and develop into a adherent, phenotypically mature cells that 

resemble macrophages. The other agents require longer to act and not all cells will 

stop growing and become adherent within 72 hours. If c-fgr plays a role in 

controlling the process of differentiation, then the levels of c-fgr mRNA or p55®'-*'’ 

might be expected to change with the changes in cell growth. However, I did not 

find a clear correlation between the changes in c-fgr mRNA or levels

induced by an agent and the effectiveness of that agent at inducing growth 

inhibition.

The rapid increase in c-fgr mRNA levels induced by TNFa or retinoic acid was 

not reflected in an early decrease in growth rate in U937 cells. TNFa and retinoic 

acid decreased the growth of U937 cells by about 40% within 24 hours compared 

to a 95% decrease in growth induced by PMA by the same time. In the PMA 

treated cells there was a slower induction of c-fgr mRNA and p55®*̂ '' levels and 

these continued to increase after 24 hours, even though the cells had stopped 

growing. In TNFa treated U937 cells the growth continues to decrease over the
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72 hours, although the level of c-fgr mRNA and p55®-̂ '' levels remained low 

between 24-72 hours. The growth inhibition induced by TNFa and DHCC is 

similar but the pattern of c-fgr mRNA and p55‘"-̂ '̂  increase was different. However, 

when U937 cells were treated with both DHCC and TNFa then there was an 

additive effect on both growth inhibition and on c-fgr mRNA levels.

Willman et al (1987) investigating the expression of c-fgr in murine monocytes also 

found that modulation of c-fgr mRNA was not always related to changes in cell 

growth. Treatment of bone-marrow derived monocytes treated with CSF-1 resulted 

in changes in c-fgr mRNA levels that were directly related to the mitogenic effects 

of CSF-1, whereas the modulation of c-fgr mRNA levels by LPS 7 IFN and GM- 

CSF was not related to the effects of these agents on cell growth.

3.3.3. The role of second messengers in controlling c-fgr mRNA levels.

The different patterns of c-fgr mRNA and pSS'^^ induction in U937 cells suggested 

that the different agents used different signal transduction pathways to control c-fgr 

gene expression.

The role of secondary messengers in the regulation of c-fgr expression was 

investigated by treating the cells with various enzyme inhibitors. Pre-treatment of 

cells with genistein, a tyrosine kinase inhibitor (Akiyama et al 1987), had no effect 

on the levels of c-fgr mRNA in PMA or TNFa treated cells so tyrosine kinases are 

not involved in the signal transduction pathways which control c-fgr mRNA levels. 

The increase in c-fgr mRNA levels induced by PMA was inhibited by pre-treating 

the cells with H8  and staurosporine. H8  inhibits the action of PKC and cAMP 

dependent protein kinases such as PKA (Hidaka et al 1984) and staurosporine is 

a specific inhibitor of PKC (Tamaoki et al 1986). This result suggests that either 

PKC or both PKC and PKA may be involved in the signalling pathways used by 

PMA to control c-fgr mRNA levels. PKC is usually activated by diacylglycerol 

[DAG]. In the presence of calcium ions diacylglycerol [DAG] binds to a domain
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of tandem repeats of a cysteine rich sequence found in the N-terminal region of 

PKC. DAG binding activates the enzyme resulting in translocation of PKC to the 

plasma membrane (Soderling 1990). PMA is lipid soluble and can directly pass 

though the cell membrane where it interacts with PKC, binding to the same region 

of PKC as DAG. DAG is rapidly metabolised and will activate PKC in a transitory 

fashion, whereas phorbol esters are degraded slowly and induce a sustained 

activation of PKC by forming an irreversible PKC-membrane complex (Regazzi 

et al 1989, Persaud et al 1989, Soderling 1990).

The increase in c-fgr mRNA levels in TNFa treated U937 cells was inhibited by 

H8 , but not by staurosporine. This implicates PKA but not PKC in TNFa 

signalling. U937 cells are able to respond to TNFa and TNFjS because they 

express both the p55 and the p75 receptors, both of which are capable of binding 

TNFa and TNFjS with high affinity (Kohno et al 1990, Loetscher et al 1990). 

Several secondary messengers are known to be involved in the signal transduction 

pathway initiated by the binding of TNFa and TNFjS to the p55 and the p75 

receptors. Ligand binding results in activation of NFxB, PKC, PKA and a serine- 

threonine kinase that phosphorylates a cytosolic protein, p26 (Meichele et al 1990, 

Descoteaux & Matlashewski 1990, Schutze et al 1989, Scheurich et al 1989). The 

ability of TNFa to augment the action of DHCC, also suggests that they use 

distinct signal transduction pathways. For example, DHCC can act directly on the 

cell membrane causing a rapid calcium ion flux, which has been reported to 

enhance the action of PKC and activators of cAMP (Olsson et al 1983, Ways et 

al 1987). The TNF receptors are found at the cell surface whereas the vitamin D 

receptor [VDR], which binds DHCC, resides in the nucleus. The VDR is a 

member of the steroid hormone receptor family and upon ligand binding the 

receptor-ligand complex binds to specific DNA sequences and modulates the 

transcription of various genes (reviewed by Yamamoto 1985). The retinoic acid 

receptors are also members of the steroid hormone receptor family. It is not known 

whether the c-fgr promoter contains any retinoic acid or vitamin D response
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elements, although the time taken to induce expression of the gene suggests that 

DHCC and retinoic acid do not have a direct effect on ^-fgr gene transcription.

Ley et al (1989) has suggested that c-fgr expression is controlled by a protein 

repressor since cycloheximide treatment of U937 cells resulted in super-induction 

of c-fgr mRNA. Therefore, c-fgr gene expression may be controlled indirectly by 

controlling expression or the activity of the repressor protein.

3.3.4. The c-fgr promoter in myeloid cells.

The major transcriptional start site for the c-fgr gene in myeloid cells is thought 

to be lOObp upstream of exon M4 (-100), with a potential TATA box at position 

-30 (Link et al 1992, see section 1.6). However, Kefalas et al (1995) suggest that 

the region between -344 and -166 is required for c-fgr promoter activity in myeloid 

cells. Six overlapping restriction fragments, covering the sequence -3200 to 4-99, 

were inserted into a luciferase reporter plasmid, and the resulting constructs were 

transfected into U937 cells. The fragment extending from -166 to 4-99 failed to 

direct any luciferase expression, whereas all the longer fragments directed 

luciferase expression 1 0 - 1 2  times higher than background.

The region for PMA responsiveness was identified as being 772bp upstream of 

exon M4 by Link et al (1992) but as being between -1211 and -772 by Kefalas et 

al (1995). This discrepancy may have arisen due to the different assay methods. 

Link et al (1992) assayed promoter activity from integrated plasmid constructs in 

stably transfected cell lines, while Kefalas et al (1995) assayed promoter activity 

in a transient expression assay, which was free from position effects. None of the 

constructs tested by Kefalas et al (1995) mediated DHCC or TNFa responsiveness, 

suggesting that if these agents are capable of transcriptional regulation, then they 

do so through sequences outside the sequence -3200 to 4-99.
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3.3.5. Conclusions.

The expression of c-fgr is acquired late during myeloid development and can be 

detected as cells differentiate along the granulocytic and monocytic pathways, but 

not in immature precursor cells. Cell lines, such as U937, HL60 and PLB-985 

have been used as model systems to investigate the expression of c-fgr during 

myeloid differentiation. Agents which are capable of inducing differentiation in 

these cells, such as PMA, DHCC, TNFa, DMSO and retinoic acid, also cause an 

increase in c-fgr expression. However, there is no general correlation between the 

ability of these agents to inhibit cell growth and the induction of c-fgr expression 

in the different cell lines or in primary cells. Thus, the c-fgr gene does not play a 

critical role in controlling cell growth during the process of differentiation. Instead, 

the common finding of the studies is that the level of c-fgr is increased as cells 

differentiate towards a more mature phenotype, suggesting a functional role for 

p55®'̂ *'' in these cells.

Tyrosine kinases are not involved in the signal transduction pathways which control 

c-fgr mRNA levels. TNFa acts via PKA to increase c-fgr mRNA levels and PMA 

acts via PKC and/or PKA. The myeloid specific promoter is probably located 

between -334 and -166, upstream of exon M4 and the region which mediates PMA 

responsiveness has been identified as -772 to -1211. A repressor protein may also 

be responsible for controlling c-fgr expression.
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CHAPTER 4. EXPRESSION OF C-FGR IN B CELL LINES.

4.1. INTRODUCTION.

4.1.1. The origin of B cells.

B cells arise from a precursor cell in the bone marrow which is committed to 

producing cells of the lymphoid lineage. B cell development can be divided into 

stages on the basis of immunoglobulin [Ig] gene rearrangements. During pro-B cell 

development, the Ig heavy chain is rearranged so that at the pre-B cell stage intact 

heavy chains are produced. The Ig light chain genes then undergo rearrangement 

leading to expression of a complete IgM molecule on the surface of an immature 

B cell. These immature cells differentiate within a few days into mature, resting B 

cells expressing surface IgM and IgD (Chen & Alt 1993).

Resting B cells circulate in the blood and migrate across high endothelial venules 

into secondary lymphoid organs, such as lymph nodes and spleen. In the 

paracortical regions the B cells may detect and process antigen using the B cell 

antigen receptor or surface IgM. Subsequently, the B cells may be activated by 

interaction with activated T cells and the B cells will then migrate to the B cell 

follicles. In the follicle, B cell proliferation and differentiation takes place leading 

to the formation of germinal centres. Eventually germinal centre B cells mature into 

either memory or plasma B cells with the help of T cells and follicular dendritic 

cells. Once activated, B cells can effectively present antigen to T cells (Clark & 

Ledbetter 1994).

4.1.2. Expression of c-fgr in B cells.

Some of the original studies on c-fgr looked at B cell rather than myeloid 

expression. These studies suggested that normal resting or activated B cells do not 

contain c-fgr mRNA (Cheah et al 1986, Abts et al 1991), whereas c-fgr mRNA 

could be detected in a variety of ceU lines derived from B cell proliferative 

disorders.
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Only one out of eight Epstein-Barr virus [EBV]-negative lymphoma cell lines had 

low levels of c-fgr mRNA, whereas all six EBV-positive Burkitt’s lymphoma cell 

lines had significant levels of c-fgr mRNA (Cheah et al 1986). Examination of five 

EBV-negative Burkitt’s lymphoma cell lines showed that in general the cells 

contained low levels of c-fgr mRNA, although levels varied depending on the 

specific cell line (Brickell & Patel 1988, Patel et al 1990a, Calender et al 1990). 

B cells from a patient with Wiskott-Aldrich syndrome and from a patient with 

Chediak-Higashi syndrome contained elevated levels of c-fgr mRNA. In both cases 

the B cells were EBV negative (Klein et al 1988). In a study of B cell-chronic 

lymphocytic leukaemia [B-CLL], 16 cases showed strong expression and the 

remaining 5 cases showed weak expression of c-fgr. All the cases of B-CLL were 

EBV-negative (Abts et al 1991).

4.1.3. The role of EBV in regulating the expression of c-fgr.

The role of EBV in regulating the expression of c-fgr has been investigated by 

comparing expression in EBV-positive and EBV-negative cell lines (see above) and 

by comparing expression before and after infection of cells with different EBV 

strains.

Infection of primary B cells isolated from the peripheral blood of healthy volunteers 

with B95-8, an immortalising strain of EBV, resulted in cells with detectable levels 

of c-fgr mRNA, five days after infection (Cheah et al 1986, Patel et al 1990a, 

Knutson 1990), whereas when P3HR1, a non-immortalising strain of EBV, was 

used no such increase was detected (Knutson 1990). Another eight cell lines 

established after infection of B cells (derived from cord blood, foetal liver and the 

peripheral blood of healthy adults and individuals with rheumatoid arthritis) with 

the B95-8 strain of EBV all contained c-fgr mRNA (Klein et al 1988, Patel et al 

1990a).

Several EBV-negative Burkitt’s lymphoma cell lines have also been infected with
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different strains of EBV. The EBV-negative cell lines BL2, BL31, BWO and BL41 

all contained low levels of c-fgr mRNA. Infection with the B95-8 strain of EBV 

caused a 20-30 fold increase in c-fgr mRNA in all the cell lines. However, infection 

with the P3HR1 strain did not increase c-fgr mRNA levels in BL41 cells and only 

caused a 3.5 fold increase in BL2 cells (Brickell & Patel 1988, Patel et al 1990a).

Calender et al (1990) also infected these cell lines with B95-8 and P3HR1 strains 

of EBV and found that B95-8 was more effective at increasing c-fgr mRNA levels 

in BL30, BL31, BL40 and BL41 cell lines compared to the P3HR1 strain. In the 

case of BL41, 2 other immortalising strains EBV, A9876 and BL72 were also 

capable of increasing c-fgr mRNA ̂ transcrip ts, but at lower levels than the B95-8 

strain. In contrast to Brickell & Patel (1988) and Patel et al (1990a), Calender et 

al (1990) found that the BL2 cell line expressed high levels of c-fgr mRNA and 

these levels were not effected by infection with either the B95-8 or P3HR1 strains 

of EBV.

Other well established cell lines that have been in culture for a long time have also 

been studied with variable results. For example, BJAB and Ramos are EBV- 

negative Burkitt’s lymphoma cell lines that contain low levels of c-fgr mRNA, 

about 10 copies of mRNA per cell. Raji and Daudi are EBV-positive Burkitt’s 

lymphoma cell lines that contain high levels of c-fgr mRNA, about 750 copies of 

mRNA per cell. Infection of Ramos and BJAB cell lines with B95-8, but not 

P3HR1, resulted in a 10 fold increase in c-fgr mRNA after 48 hours (Knutson 

1990). This is in contrast with the findings of Cheah et al (1986) where both 

P3HR1 and B95-8 strains increased the level of c-fgr mRNA in the same cell lines.

One of the critical differences between the immortalising and non-immortalising 

strains of EBV is presence of the nuclear antigen 2 gene [EBNA2]. For example, 

P3HR1 has a deletion in EBNA2 and another viral gene, EBNA-LP, whereas in 

B95-8 both these genes are intact. Knutson (1990) directly investigated the role of
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EBNA2 and EBNA-LP in the induction of c-fgr mRNA in B cells by transfecting 

constructs of these genes into Ramos cells. The cells were transfected with three 

different constructs : the p554 construct which contained the full coding sequence 

for both genes, the p633 construct which had an intact EBNA2 gene but a defective 

EBNA-LP sequence and the p615 construct which had an intact EBNA-LP gene but 

a defective EBNA2 sequence. Both the p554 and the p633 constructs were capable 

of inducing c-fgr mRNA in Ramos cells, but the p615 construct was not. Therefore, 

only the constructs containing an intact EBNA2 gene were capable of inducing c-fgr 

mRNA in Ramos cells. Thus, the EBNA2 gene was identified as critical for the 

induction of c-fgr mRNA in EBV-infected B cells.

EBV is also an important factor in the etiology of the epithelial malignancy, 

nasopharyngeal carcinoma [NPC]. Klein et al (1988) found that NPC biopsies 

contained detectable levels of c-fgr mRNA. However, passage of two NPC tissue 

samples in nude mice, which removes infiltrating lymphocytes and monocytes, 

eliminated the presence of c-fgr mRNA. This suggested that the EBV-infected 

epithelial tissue in the NPC biopsies did not contain c-fgr mRNA, although the 

selection against c-fgr expression during the passage in nude mice could not be 

ruled out. In addition, the EBV-positive epithelial cell line NPC-KT did not contain 

c-fgr mRNA and infection of the D98 epithelial cell line with P3HR1 did not result 

in c-fgr expression.

4.1.4. Modulation of c-fgr expression in B cell lines.

There is only one previous report on modulation of c-fgr levels in a B cell line that 

does not depend on EBV infection (Sharp et at 1989). The growth of the EBV- 

positive cell line, Daudi, is very sensitive to the affects of alpha interferon [alFN]. 

A decrease in the growth of Daudi cells was apparent 18 hours after treatment with 

alFN and marked by 48 hours. Untreated Daudi cells contained detectable levels 

of a 2.6kb c-fgr mRNA transcript and after 48 hours of treatment with alFN these 

levels had decreased by 81%. Growth inhibition induced by PMA treatment or by
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growing the cells at high density also resulted in a decrease in the levels of c-fgr 

mRNA in Daudi cells and this suggested a role for the c-fgr gene in growth control 

of these cells, rather than in differentiated function.

The growth of B cells can also be regulated by retinoids. Retinol is essential for the 

proliferation of activated B cells and B lymphoblastoid cell lines, whereas retinoic 

acid inhibits cell growth (Buck et al 1990, 1991). Retinoic acid inhibited the 

proliferation of a murine B cell hybridoma and this inhibition was correlated with 

the ability of retinoic acid to block the inward and outward flow of ions though 

Câ "̂  channels (Bosma & Sidell 1988). In human myeloma cells and in an EBV- 

transformed lymphoblastoid cell line, the growth inhibitory effect of retinoic acid 

was attributed to the down regulation of interleukin- 6  receptors (Sidell et al 1991). 

Retinoic acid was also able to induce differentiation in hybridomas established from 

peripheral blood B cells of individuals with common variable immunodeficiency. 

Retinoic acid enhanced Ig secretion and increased expression of CD38, a marker 

that appears late in B cell development (Sherr et al 1988).

4.1.5. Aims.

The studies presented in chapter 3 suggested that in myeloid cells c-fgr expression 

was not correlated with cell growth, whereas Sharp et at (1989) suggested that c-fgr 

was implicated in regulating B cell growth. To resolve this paradox, the following 

study was undertaken to examine whether expression of c-fgr induced by retinoic 

acid in Burkitt’s lymphoma cell lines was correlated with the degree of growth 

control shown by this agent. Three Burkitt’s lymphoma cell lines were selected 

which expressed different baseline levels of c-fgr mRNA. The effect of different 

retinoids on cell growth in these cell lines was measured (section 4.2.1) and the 

levels of c-fgr mRNA induced by retinoic acids in these cells was examined (section

4.2.2.).
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4.2. RESULTS.

4.2.1. The effect of various retinoids on the growth of Burkitt’s lymphoma cell 

lines.

The BL41 cell line is a slow growing EBV-negative cell line. Infection of this cell 

line with P3HR1 and B95-8, two different strains of EBV, resulted in the sublines 

BL41-CL16 and BL41-B95/1 (respectively) which grow at a similar rate to each 

other, but faster than BL41 cells (Patel et al 1990a). In order to assess the response 

of these cells to retinal, retinol and 13-cis and all trans retinoic acid, the cells were 

cultured in the presence of these agents for up to 6  days.

These three cell lines responded differently to the various retinoids. There was a 

small but significant decrease in the growth of BL41 cells when cultured in the 

presence of 13-cfj retinoic acid or all trans retinoic acid for 3 days (data not 

shown) and after 6  days exposure the growth of BL41 cells had decreased by about 

50% compared to cell grown in medium alone. Retinol and retinal did not affect 

the growth of BL41 cells (Figure 4.1). BL41-B95/1 cells show a greater response 

to retinoids than the parental cell line. Exposure of BL41-B95/1 cells to \3-cis 

retinoic acid or all trans retinoic acid for 72 hours resulted in a decrease in growth 

of about 50-60%. Unlike the parental cell line, BL41-B95/1 cells showed a small 

decrease of about 12% in growth after 72 hours exposure to retinol and retinal 

(Figure 4.1). In contrast to the two other cell lines, the growth of BL41-CL16 cells 

was not affected by any of the retinoids (Figure 4.1). BL-41 and BL-41-B95/1 both 

showed a time-dependent and dose-dependent response to all trans retinoic acid 

whereas BL41-CL16 did not (Figures 4.2).

4.2.2. The effect of retinoic acid on c-fgr mRNA levels in Burkitt’s lymphoma 

cell lines.

Northern blotting and hybridisation was used to study the levels of c-fgr mRNA in 

cells exposed to all trans retinoic acid for up to 72 hours. BL41 cells treated with 

retinoic acid showed a 2 fold increase in c-fgr mRNA levels within 48 hours.
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BL41-B95/1 cells responded to retinoic acid with a 6  fold increase in c-fgr mRNA 

levels within 24 hours and BL41-CL16 showed a marked increase in c-fgr mRNA 

levels of about 11 fold by 24 hours (Figure 4.3 and Figure 4.4). Therefore, the 

BL41-CL16 cell line, the growth of which was not affected by retinoic acid, 

showed the greatest c-fgr mRNA induction. In contrast, retinoic acid inhibited the 

growth in BL41 and BL41-B95/1 cells but resulted in lower levels of c-fgr mRNA 

induction.
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Figure 4.1. The effect of retinoids on the growth of Burkitt’s lymphoma cell 

lines. (A) BL41 cells were cultured at 5x10^ cell/ml for 6  days and (B) BL41-CL16 

cells and (C) BL41-B95/1 cells were cultured at 4x10^ cell/ml for 3 days in the 

presence of various retinoids at IfiM concentration [retinoic acid = RA]. Growth 

was measured by the incorporation of 5-f iodo-2-deoxyuridine for the last 6  

hours of the incubation time. Results are given as the mean and standard deviation 

of counts per minute (cpm).
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Figure 4.2. The effect of retinoic acid on the growth of Burkitt’s lymphoma 

cell lines. (A) BL41 cells were cultured at 5x10^ cell/ml, (B) BL41-CL16 cells and 

(C) BL41-B95/1 cells were cultured at 4x10^ cell/ml for 24, 48 and 72 hours with 

(hashed bars) and without (open bars) 1/nM all trans retinoic acid. At 72 hours, 

cells were cultured in a range of concentrations of all trans retinoic acid. Growth 

was measured by the incorporation of 5-f ̂ I] iodo-2-deoxyuridine at 24, 48 and 72 

hours. Results are given as the mean and standard deviation of counts per minute 

(cpm).
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band. The level c-fgr mRNA was then expressed as x fold induction greater than 

the negative control.
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4.3. DISCUSSION.

4.3.1. The role of c-fgr in controlling the growth of Burkitt’s lymphoma cell 

lines.

BL41 and BL41-B95/1 responded to 13-cis retinoic acid and all trans retinoic acid 

by a decrease in growth rate and in the case of BL41-B95/1 cells they also 

responded to retinol and retinal. Furthermore, the response to all trans retinoic 

acid was dose and time dependent. In contrast, the growth of BL41-CL16 cells was 

not affected by any of the retinoids tested. Retinoic acid is known to inhibit the 

growth of some myeloma and B hybridoma cell lines (Bosma & Sidell 1988, Sherr 

et al 1988, Sidell et al 1991) and contrasts with the activity of retinol which is an 

absolute requirement for the growth of B lymphoblastoid cell lines (Buck et al 

1990, 1991). The metabolite of retinol that is responsible for the growth promoting 

effect has been identified as 14-hydroxy-4,14-re^ro-retinol rather than other 

metabolites such as retinal and retinoic acid (Buck et al 1991a).

Retinoic acid treatment of all 3 cell lines resulted in an increase in c-fgr mRNA. 

The BL41 cells showed the lowest increase and BL41-CL16 cells showed the 

highest increase in c-fgr mRNA. Thus, there was no correlation between the 

growth of the cells in the presence of retinoic acid and the level of c-fgr mRNA 

found in the cells. The time course of the increase in c-fgr mRNA was slower than 

would be expected if the c-fgr gene were a direct target for nuclear retinoic acid 

receptors that had bound retinoic acid and there is no evidence that a retinoic acid 

response element is present in the c-fgr gene promoter that is used in B lymphoid 

cells (Patel et al 1990).

Sharp et al (1989) have previously shown that a decrease in the levels of c-fgr 

mRNA was followed by a decrease in growth rate when the Daudi cell line was 

treated with alFN. This led to the suggestion that c-fgr gene expression may be 

involved in the growth regulation of Burkitt’s lymphoma cells. However, Burkitt’s 

lymphoma cells treated with retinoic acid have increased levels of c-fgr mRNA but
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decreased or unchanged growth rates. Consequently the results of this study imply 

that there is no general correlation between growth rate and c-fgr mRNA levels in 

Burkitt’s lymphoma cell lines.

4.3.2. The role of EBV in regulating c-fgr expression in B lymphoblastoid cell 

lines.

Numerous studies have attempted to clarify the role of EBV in regulating c-fgr 

expression in B cells. EBV infection of primary B cells and of B lymphoma cell 

lines usually resulted in increased c-fgr expression. Generally, B95-8, an 

immortalising strain of EBV caused a higher increase in c-fgr expression than 

P3H1, a non-immortalising strain of EBV. This linked the expression of c-fgr to 

the neoplastic transformation of these cells.

Patel et al (1990a) and Knutson (1990) found a clear difference in the ability of 

B95-8 and P3HR1 strains of EBV to increase c-fgr mRNA levels, whereas Cheah 

et al (1986) and Calender et al (1990) did not. Both Patel et al (1990a) and 

Knutson (1990) looked at freshly converted cell lines and suggest that this showed 

the influence of different EBV strains on the expression of c-fgr more directly than 

the development of established cell lines following viral infection, as used by 

Cheah et al (1986) and Calender et al (1990). Knutson (1990) identified EBNA2 

as sufficient to cause an increase in c-fgr expression in Ramos cells. However, 

Link & Zutter (1995) report as an unpublished observation in their paper that they 

have failed to reproduce this result.

One possible explanation for these discrepancies, is that during the establishment 

of these cell lines there are a number of cellular transformations, any one of which 

might have resulted in the elevated levels of c-fgr mRNA, independently of the 

effect of viral infection. This concept would explain the presence of c-fgr mRNA 

in EBV-negative cell lines.
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4.3.3. Expression and function of c.-fgr in B cells.

Early studies looking at the expression of c-fgr in normal human B cells failed to 

detect c-fgr mRNA or p55‘̂ -̂ '' in extracts of peripheral blood B cells (Abts et al 

1991), tonsillar B cells (Inoue et al 1990) and peripheral blood lymphocytes (Cheah 

et al 1986, Ley et al 1989). A recent paper by Link & Zutter (1995) has detected 

the presence of p55®*-̂ '‘ in a subset of B cells, namely mantle zone B cells. Frozen 

sections of normal and activated lymph nodes were stained for pSS®'-̂ '' and various 

cell markers. Unlike earlier studies, this technique was sensitive enough to detect 

a small population of positive cells in a background of essentially negative cells. 

Two populations of p55"^^ positive cells were identified, moderately intense 

staining was detected in the mantle zone of the follicle while the germinal centre 

cells were mostly negative and intensely stained cells scattered throughout the 

lymph node. Double staining identified the first population as LN-2 (CD74, 

invariant chain) and p55‘"-*'̂  double positive cells, namely mantle zone B cells and 

the second population as KP-1 (CD6 8 ) and p55®‘-̂ '̂  double positive cells, namely 

tissue macrophages.

Mantle zone B cells are produced during germinal centre formation. When 

circulating B cells encounter antigen and appropriate T cell help on entering 

lymphoid tissue, they migrate into lymphoid follicles and establish the 

morphological structures known as germinal centres. In the germinal centre B cells 

can proliferate, apoptose and also differentiate into lymphoblastic cells that are 

capable of secreting IgM. The remaining B cells are pushed to the edges of the 

germinal centre and form part of the mantle zone B cell population, which also 

includes cells that are migrating. Phenotypically mantle zone B cells closely 

resemble small resting B cells from the peripheral blood but they are capable of 

secreting IgM in response to pokeweed mitogen (MacLennan 1994). The precise 

role of the mantle zone B cells in the immune system is unclear as is the role of 

p55®-̂ '' in these cells.
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Another recent paper (Wechsler & Monroe 1995) looked at the expression of c-fgr 

in murine B cells. This study investigated the presence and activity of various 

tyrosine kinases in immature and mature splenic B cells. Immature B cells were 

isolated from the spleens of 2-3 day old mice and mature B cells were isolated 

from the spleens of adult mice, greater than 10 weeks old. Immune complex kinase 

assays showed that blk, hck and syk were active in mature and immature B 

cells, but that expression and activity of Jyn and c-fgr were reduced in immature 

B cells compared to mature B cells. Expression of c-fgr in splenic B cells was 

developmentally regulated and there was a sharp increase in c-fgr expression 

around 4 weeks of age which coincided with the ability of these cells to proliferate 

in response to antigen receptor crosslinking by anti-IgM antibodies.

Immature B cells, unlike mature B cells do not proliferate in response to 

crosslinking of the B cell antigen receptor. This unresponsiveness is thought to be 

due to a block early in the IgM associated signalling pathway. When either mature 

or immature B cells were stimulated with crosslinking anti-IgM antibodies, then 

fyrt, blk and syk underwent tyrosine phosphorylation and showed increased kinase 

activity. Therefore, the inability of immature B cells to proliferate was not due to 

lack of activity by these particular tyrosine kinases. However, in immature B cells 

there was reduced activity of p59^ and p55®*̂ *'’ suggesting that these may be the 

tyrosine kinases that are important in controlling immature B cell responses to 

antigen. Similarly, Jyn and c-fgr expression may allow antigen responsiveness in 

mature B cells. These results are therefore consistent with the view that p59^ and 

pSS®-̂ *'̂  are critical components of the B cell signalling cascade in response to 

antigen in mice.

Activation of p55®-̂ "̂  has also been demonstrated in the EBV-positive Burkitt’s 

lymphoma cell line, Raji, which expresses high levels of c-fgr mRNA. Mono et 

al (1994) found that stimulation of Raji cells with crosslinking anti-IgM antibodies 

resulted in autophosphorylation of p55‘̂ -̂ '' and phosphorylation of enolase in an
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immune complex kinase assay. In addition, stimulation of Raji cells with
'6̂  0

staphlococcal ente^oxin A [SEA] also caused activation of p55®'̂ '̂ . Superantigens, 

such as SEA, bind to non-polymorphic determinants of MHC Class II molecules 

and so do not show MHC restriction. They also bind to the variable region of the 

/3 chain of the TCR, for example, staphlococcal entertoxin D [SED] binds to V/8 8 .1 

on the TCR of Jurkat cells. When Raji cells were incubated with Jurkat cells and 

suboptimal doses of SED, there was vigorous stimulation of p55®‘*̂ '' kinase activity. 

The ability of Jurkat cells to enhance signalling by SED was strictly dependent on 

the Jurkat’s TCR. Treatment of Raji cells with SED and a mutant Jurkat cell line, 

lacking TCR expression, caused no appreciable kinase activity, suggesting that 

SED crosslinked the TCR on the Jurkat cells to the MHC Class II molecules on the 

B cells (see section 5.3.4). This interaction and the crosslinking of surface IgM 

mimics the antigen specific B and T cell interaction which would normally lead to 

B cell proliferation and Ig production. Whether c-fgr will have a similar role in 

mantle zone B cells has yet to be determined.

4.3.4. Conclusions.

C-fgr expression has been detected in human mantle zone B cells, murine B cells, 

EBV-transformed B cells and in B cells from various proliferative disorders. In 

primary B cells, c-fgr expression is associated with the later stages of development 

rather than the immature precursor cells.

The role of EBV in regulating the expression of c-fgr is still controversial. Taking 

into account the expression of c-fgr in EBV-negative cells, such as B-CLL (Abts 

et al 1991), the lack of expression in EBV-positive NPC biopsies (Klein et al 

1988), the varying results of EBV infection of Burkitt’s lymphoma cell lines and 

the recent discovery of pSS*'-̂ '' expression in the normal subpopulation of human 

mantle zone B cells (Link & Zutter 1995), it is difficult to conclude that EBV plays 

a critical role in regulating the expression of c-fgr in B cells. Instead, the evidence 

suggests that p55®‘̂ '̂  expression is an indirect consequence of, rather than a primary
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cause of neoplastic transformation of B cells.

The growth of Burldttis lymphoma cell lines can be regulated by alFN, PMA and 

retinoic acid. There is however no general correlation between cell growth and the 

levels of c-fgr mRNA detected in the Burkitt’s lymphoma cell lines in response to 

these agents.

p55®’-̂ '̂  also appears to have a functional role in B cells. In immature B cells in 

mice, there is reduced expression and activity of p55®-*'’ on crosslinking of surface 

IgM compared to mature B cells. This suggests that p55®‘̂ '' may be an important 

component in the signalling cascade controlling the response of mature and 

immature B cells to antigen stimulation. Activation of p55®'-̂ '’ has also been 

demonstrated in Raji cells under three different treatments designed to mimic 

antigen specific B and T cell interaction.
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CHAPTER 5. C-FGR TRANSFECT ANTS.

5.1. INTRODUCTION.

5.1.1. Transfection of cloned genes into animal cells.

A useful technique now commonly employed both for the analysis of gene 

regulation and for the study of the gene product is transfection of a particular 

cloned gene into animal cells in culture. Selection of stable clones provides a 

readily available supply of cells expressing the cloned genes and facilitates 

investigation of gene expression, gene control and gene function. Electroporation 

is a quick and easy method for introducing such cloned genes into cells. The cloned 

gene may be inserted into a vector that becomes integrated into the host’s genome 

or into a vector that remains episomal in the nucleus. The pMEP4 plasmid (Figure

5.1) is an episomal vector containing an EBV origin of replication, ori P and 

EBNAl which ensures replication of the vector within the animal cells (Groger et 

al 1989). This vector was chosen to avoid any position effects associated with 

integration which may result in abnormal expression of the host’s genes near the 

point of integration or result in suppression of the foreign gene by flanking 

sequences. The presence of the vector is maintained by the hygromycin B resistance 

gene, which is essential for cell survival when the cells are grown in selective 

medium containing hygromycin B.

Expression of the inserted gene may be constitutive or inducible. Constitutive 

expression of the inserted gene may be toxic to the cell and result in a selective 

disadvantage leading to the loss of the gene, although the presence of the vector is 

maintained because of the resistance marker. This problem can be avoided to a 

certain extent if the inserted gene is under the control of an inducible promoter so 

that normal cell culture can be carried out in the absence of gene expression and 

selective pressure avoided. The main advantage of using an inducible vector is that 

the effects of having the gene switched on or off can be observed in the same cell 

line. Comparing an induced and non-induced state in the same cell line is a better 

control than comparing transfected and control-transfected cell lines. The pMEP4
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plasmid was chosen for the study as it contains the inducible, human 

metallothionien IIA promoter which responds to heavy metal ions such as cadmium 

and zinc (Jahroudi et al 1990).

A wide variety of cell lines have been successfully transfected: fibroblasts such as, 

HeLa cells (Heller et at 1992), NIK 3T3 cells (Ziegler et at 1989, Sartor et at 

1991), epithelial cell lines (Sabbatini et at 1994) and carcinoma cell lines (Theobald 

et al 1994). However, at the time this work was started, there were very few 

reports of stably transfected myeloid cell lines (Kelber & Pavlakis 1988). 

Therefore, the development of a suitable protocol for transfection of U937 cells was 

required for this part of the study; this protocol has been useful for other parallel 

studies performed subsequently.

The U937 cell line is a valuable model of monocyte-macrophage differentiation and 

was chosen for the transfection study as this would allow manipulation of c-fgr 

expression in a cell that would normally express the gene. This would also be 

useful for the investigation of substrates of p55®*-̂ *'' kinase activity and for 

investigation of physical associations between p55‘̂-̂*'' and other molecules in the 

cell.

5.1.2. Aims.

The aims of this part of the study arose from the findings in chapters 3 and 4 where 

was highlighted as a molecule that plays a role in the differentiated cell rather 

than in controlling cell growth. The initial aim was to develop a U937 cell line that 

hyper-expressed c-fgr, by transfecting the U937 cells with an expression vector 

containing the full coding sequence for the c-fgr gene. Once hyper-expression of 

the c-fgr gene had been induced (section 5.2.1) then the further aim was to study 

the effects of hyper-expression on morphology and growth (section 5.2.2), 

responses to various agents (5.2.3), surface phenotype (section 5.2.4), adhesion to 

fibronectin (section 5.2.5) tyrosine phosphorylation of cellular proteins (section
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5.2.6) and phagocytosis (chapter 6).

5.2. RESULTS.

5.2.1. Induction of c-fgr expression in U937 transfectants.

U937 cells were transfected with the pMEP4 plasmid [MEP cells] or the pMEP4 

plasmid containing the full coding sequence of the human c-fgr gene (section

2.11.1). Transfected cells were selected from a mixed population of transfected and 

untransfected cells by growing the cells in selective medium containing hygromycin 

B. Sixteen individual clones (Alfgr to A12fgr and Elfgr to E4fgr) were then 

isolated from a mixed population of c-fgr transfectants [U937tf] by semi-solid agar 

cloning (see section 2.11.3).

The transfected c-fgr gene is under the control of the human metallothionein IIA 

promoter (Jahroudi et al 1990). Expression from this promoter can be induced by 

the addition of heavy metal ions, such as zinc and cadmium ions. Treatment of 

U937tf cells and several cloned c-fgr transfectants with cadmium ions resulted in 

induction of c-fgr mRNA compared to parental cells and MEP cells (Figure 5.2). 

A representative clone, A6 fgr, was selected for further study. Induction of c-fgr 

mRNA in response to cadmium ions was both dose-dependent and time dependent 

in A6 fgr cells (Figure 5.3). Cadmium ions also induced^ increased p55®‘-̂ '̂  levels 

in a range of U937 cells transfected with the c-fgr gene (Figure 5.4). When the 

cells were initially tested the jS-actin antibody used as a control was not available, 

so the experiment was repeated using MEP, A3fgr and A6 fgr cells. Cadmium ion 

concentrations of 2.5-20/xM were capable of inducing a 5-8 fold increase in p55*'-̂ '' 

in A6 fgr cells compared to MEP cells after 24 hours. When A6 fgr cells were 

cultured in lOjuM cadmium ions there was a detectable increase in p55®’-̂*'’ levels 

after 4 hours which became marked after 24 hours. No such increase in p55‘̂'-̂*'‘ 

levels was detected in MEP cells (Figure 5.5 and Figure 5.6).
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5.2.2. Growth of U937 transfectants.

By routine observation and subculturing of the cells, the growth rate of the 

transfected cells in selective medium did not appear to differ from that of 

untransfected U937 cells in normal medium. To quantitate the growth rate, the cells 

were cultured at different cell concentrations for up to 3 days and the growth of the 

cells measured by incorporation of a radiolabelled thymidine analogue. In the 

absence of cadmium ions, the growth rate of the c-fgr transfectants, U937tf and 

A6 fgr cells, was not significantly different from the control transfected MEP cells 

or untransfected U937 cells (Figure 5.7). Therefore, the process of transfection did 

not of itself affect the growth rate of the cells.

To assess whether induction of the transfected c-fgr gene would alter the growth 

rate of control and transfected cells, the cells were cultured in the presence of 

cadmium ions at different concentrations for up to 3 days. There was no significant 

difference in the growth of U937tf and A6 fgr cells in the presence of cadmium ions 

compared to that of U937 and MEP cells (Figure 5.8). The slight decrease in 

growth with increasing concentration of cadmium ions displayed by all the cells was 

attributed to heavy metal ion toxicity (Geertz et al 1994, Minisini et al 1994). A 

concentration of 10/xM cadmium ions was chosen for subsequent experiments as this 

concentration had only a small effect on the growth of the cells while inducing a 

marked increase in p55‘"-̂*'' levels in A6 fgr cells (see section 5.2.2.).

5.2.3. Response of U937 transfectants to various agents.

Next, the response of the transfectants to various agents capable of inducing 

differentiation was assessed, with and without induction of the c-fgr gene by 

cadmium ions. U937, MEP, U937tf and A6 fgr cells all showed decreased growth 

in the presence of optimum doses of DHCC, TNFa, PMA or retinoic acid. The 

degree of growth inhibition induced by each agent was similar for all cell types in 

the absence of cadmium ions, and was not significantly different in the c-fgr 

transfectants compared to control cells, in the presence of cadmium ions (Figure
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5.9). Thus, the induction of the transfected Q-fgr gene in U937tf and A6 fgr cells did 

not appear to affect the response of the cells to DHCC, TNFa, PMA or retinoic 

acid, as measured by growth inhibition. Although the expression of the transfected 

gene was not able to affect the response of U937tf and A6 fgr cells to optimum 

doses of DHCC, TNFa, PMA or retinoic acid, it may have had an effect at sub- 

optimal doses of these agents. Therefore, the cells were cultured for 3 days in a 

range of concentrations of DHCC, TNFa, PDB or retinoic acid, with and without 

cadmium ions. The water soluble phorbol ester, PDB, was used because it is a 

milder agent and has a wider dose response range than PMA (Bazzi & Nelsestuen 

1989, Siljander et al 1993). The response of A6 fgr cells to sub-optimal 

concentrations of DHCC, TNFa (Figure 5.10), PDB or retinoic acid (Figure 5.11) 

was either not effected by the presence or absence of cadmium ions or was similar 

to MEP cells. Therefore, induction of the transfected c-fgr gene had no effect on 

the response of A6 fgr cells compared to control cells to sub-optimal doses of agents 

capable of inducing differentiation.

5.2.4. Surface phenotype of A6 fgr cells.

The surface phenotype of MEP and A6 fgr cells was assessed using monoclonal 

antibodies from the myeloid panel and adhesion panels 4, 5, 6 , 7, 8 , and 10 

provided by the Fifth International Workshop of Leucocyte Antigens. All antibodies 

were tested blind and decoding provided at the end of the study. There was no 

difference in the size and granularity of MEP and A6 fgr cells as shown by the 

forward scatter-side scatter histograms (Figure 5.12). Furthermore, treatment of the 

cells with cadmium ions or DHCC did not affect the forward scatter-side scatter 

characteristics of the cells (Figure 5.12). The percentage of labelled cells detected 

by the test antibodies was calculated using the isotyped matched antibodies as a 

negative control. A cut-off marker was placed at the end of the histogram of 

fluorescence level-1 [FLl] for the negative control antibodies, so that cells with 

fluorescence levels above (to the right of) this marker would then register as 

labelled, when stained with a specific monoclonal antibody. The cut-off markers for
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the IgGl negative control are shown on the FLl histograms in Figure 5.12. The cut 

-off markers for the IgG2 and IgM negative controls were set in exactly the same 

way (data not shown). To allow easy comparison between the different cell types 

and cell treatments, the percentage of labelled cells and the mean fluorescence data 

were combined into a single notation (Tables 5.1-5.10).

The phenotyping of MEP and A6 fgr cells was carried out over several months. A 

large number of antibodies were tested and variation in antibody staining was 

evident on different occasions. For example, the TSl/18 antibody which recognises 

CD 18 gave similar levels of staining in both MEP and A6 fgr cells but the intensity 

of staining was higher in the experiment reported in Table 5.1 than in Table 5.2. In 

addition, MEP and A6 fgr cells were not always tested at the same time and this 

may have resulted in some variation in the levels of staining with the same antibody 

between the 2  cell lines.

Typical FACs profiles of fluorescent labelling for the monocyte marker CD 14 and 

for various adhesion molecules are shown in Figure 5.13 and Figure 5.14. MEP 

and A6 fgr cells were treated either with or without cadmium ions (Figure 5.13) or 

treated in the presence of cadmium ions with or without DHCC (Figure 5.14) The 

percentage of labelled cells and the mean fluorescence for the same antigens is 

shown in Table 5.1 and Table 5.2.

Induction of c-fgr expression in A6 fgr cells had little or no affect on the surface 

phenotype of the myeloid antigens (Table 5.3 and Table 5.4). Over 80 antibodies 

were tested and only 6  showed any difference between A6 fgr cells when treated 

with or without cadmium ions. Treatment with cadmium ions decreased the staining 

with antibodies 75-6-16 [CD63], W17/1 [CD8 8 ], VIM15 [CD92], M5D12 and 

RM3/1, but increased the staining with the antibody for the cytoplasmic antigen 

52U. When cells were treated with DHCC for 48 hours in the presence of cadmium 

ions there was an increase in expression of CD 14 in both MEP and A6 fgr cells
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(Table 5.5), but 16 other antigens were not responsive to DHCC.

For the adhesion panel of antibodies, there were only a few examples where there 

were differences in the staining of A6 fgr cells compared to MEP cells, when treated 

with DHCC and cadmium ions for 48 hours (Table 5.6 - Table 5.10). U937 cells 

express ^2 integrins and the expression of CD 11a, CD 11b, CD 11c and CD 18 was 

increased by DHCC treatment (Table 5.6). There was some variation in the staining 

between MEP and A6 fgr cells cultured in cadmium ions. For example, CBRLFA- 

1/10 [CD 11a] staining was lower in A6 fgr cells compared to MEP cells, but the 

level of staining was not affected when cells were treated with DHCC. There was 

increased staining with antibodies against the /32 antigens in both MEP and A6 fgr 

cells when treated with DHCC, although some antibodies were responsive in one 

cell type than the other. For example, MAY.035 [CD 11a], CBRMl/29 [CD 11b] 

and MAY.017 [CD 18] showed a similar level of staining in MEP and A6 fgr cells 

treated with cadmium, but staining was increased by DHCC in MEP cells but not 

in A6 fgr cells. Conversely, 4 out of 11 antibodies that recognise CD 11c showed 

greater staining in A6 fgr cells treated with DHCC than in similarly treated MEP 

cells, although the level of staining was similar for both cell types in the absence 

of DHCC.

U937 cell also express integrins, but unlike ^2 integrins, there was no change in 

expression with DHCC treatment (Table 5.7). Although there was some variation 

in staining with antibodies against CD29, the level of staining was high for all 

antibodies in both MEP and A6 fgr cells. Only 3 out of 30 antibodies that 

recognised CD49a-CD49e showed a different pattern of staining in MEP and A6 fgr 

cells.

The most consistent difference between MEP and A6 fgr cells was detected with 

antibodies against the ICAMs (Table 5.8). All 3 antibodies against CD 102 [ICAM- 

2] showed higher staining and 11 out of 15 antibodies against CD50 [ICAM-3]
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showed lower staining in A6 fgr cells compared to MEP cells. The level of staining 

by these antibodies was not affected when cells were treated with DHCC. However, 

all 11 antibodies which recognise CD54 [ICAM-1] showed higher levels of staining 

in A6 fgr cells treated with DHCC compared to similarly treated MEP cells. For the 

remaining adhesion molecules, such as CD31, CD43, CD44, CD61 and CD 103 

there were no significant differences in the staining pattern of MEP and A6 fgr cells 

(Table 5.9 and Table 5.10). [A summary of the CD classification of the myeloid 

and adhesion antigens is shown in Table 5.11]

5.2.5. Adhesion of U937 transfectants to fibronectin.

At the time of this work the MEP cells and the individual clones had not been 

isolated so adhesion to fibronectin was studied in U937 and U937tf cells. Cells 

were cultured in wells coated with increasing amounts of fibronectin and non

adherent cells were removed by washing. The number of adherent cells was 

measured by MTT reduction. The optical density of the MTT-formazan generated 

by U937 cells was directly proportional to the cell number and was not affected by 

treating the cells with DHCC or cadmium ions (Figure 5.15). A typical standard 

curve of cell number against optical density gives a correlation coefficient of 0.993 

over the range of 1x10  ̂to 5x10^ cells/well, corresponding to an optical density of 

0.02-0.80 at OD57o„ni- The number of adherent cells quantified in a typical assay 

was within this range. The standard curve for U937 cells and U937tf cells was the 

same and was not effected by treating the cells with cadmium ions (Figure 5.16).

U937 cells were capable of adhering to fibronectin-coated wells but not to BSA- 

coated wells (Figure 5.17). Untreated U937 and U937tf cells both showed similar 

levels of adhesion to fibronectin and adhesion to fibronectin was dose-dependent 

(Figure 5.18). However, when U937 and U937tf cells were cultured for 24 hours 

with cadmium ions prior to the adhesion assay, the number of cells adhering to 

fibronectin was decreased for both cell types compared to untreated cells (Figure 

5.18). Therefore, the exposure of U937 and U937tf cells to cadmium ions had an
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adverse effect on the ability of the cells to adhere to fibronectin, irrespective of cell 

type.

DHCC treatment of U937 and U937tf cells increased their ability to adhere to 

fibronectin but not to BSA (Figure 5.19). As before, the exposure of the cells to 

cadmium ions before the assay decreased the ability of both U937 and U937tf cells 

to adhere to fibronectin.

The reduction in adhesion due to cadmium ion treatment of the cells may have 

masked any small differences in the adhesion of U937tf cells to fibronectin 

compared to U937 cells. However, this seems unlikely because the extent of the 

decrease in adhesion was similar in both cell types and seen in cells cultured in 

medium and in DHCC. Thus, the induction of the transfected c-fgr gene in U937tf 

cells does not appear to alter their adhesion to fibronectin.

5.2.6. Tyrosine phosphorylation in U937 transfectants.

To determine whether expression of the transfected c-fgr gene would affect the 

pattern of tyrosine phosphorylation in the cell, MEP and A6 fgr cells were cultured 

in the presence of cadmium ions for 24 hours and then to PMA for up to 20 

minutes. Cell lysates were then subjected to western blotting and 

immunoprécipitation. There were no obvious differences in the number or size or 

tyrosine phosphorylated proteins detected by western blotting in MEP and A6 fgr 

cells cultured in medium alone. However, induction of c-fgr by cadmium ions 

resulted in a prominent band of about 63KDa in A6 fgr cells but not in MEP cells 

treated with cadmium ions (Figure 5.20).

The experiment was repeated using metabolically labelled cells and precipitating 

tyrosine phosphorylated proteins. Immunoprécipitation with an anti-phosphotyrosine 

antibody resulted in a number of protein bands that were similar in MEP and A6 fgr 

cells except for a single band in A6 fgr cells (Figure 5.21). This band had the same
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apparent molecular mass as that detected by western blotting. No protein bands 

were detected in cell lysates subjected to immunoprécipitation with a control 

antibody.

A short 30 minute exposure of the cells to PMA did not affect the pattern of 

tyrosine phosphorylation detected by immunoprécipitation compared to cells without 

PMA exposure (data not shown). The most likely identity of the 63KDa protein 

found only in cadmium ion treated A6 fgr cells is p55®‘̂ ''. This could not be 

confirmed directly by western blotting using the anti-Fgr antiserum because the 

ability of this antibody to bind to p55®‘-̂ '̂  was markedly reduced by preparing the 

cell lysates in the presence of phosphatase inhibitors (Figure 5.22). This observation 

also suggests that the p55‘̂'̂ *'’ resulting from induction of the transfected gene is 

normally present in a phosphorylated form. Since the anti-Fgr antiserum was raised 

against the last 17 amino acids from the C-terminal this suggests that exogenous 

p55‘̂-*'‘ may have been phosphorylated on either Tyr515 or Tyr523 (see section 

2.5.4).
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Figure 5.1. Structure of the pM£P4 plasmid.
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Figure 5.2. Induction of c-fgr mRNA in U937 transfectants.

MEP cells and various U937 c-fgr transfectants were cultured with and without lO^M cadmium chloride for 24 hours. Northern blots of 

total RNA (10/zg/track) were hybridised with two ^^P-labelled anti-sense RNA probes for c-fgr and /3-actin mRNA.
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Figure 5.3. Induction of c-fgr mRNA in MEP and A6 fgr cells.

MEP and A6 fgr cells were cultured for 24 hours in 0 - 20/nM cadmium chloride, or for 0, 2, and 4 hours with 10/xM cadmium chloride. 

Northern blots of total RNA (lO^g/track) were hybridised with two ^^P-labelled anti-sense RNA probes for c-fgr and jS-actin mRNA.
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Figure 5.4. Induction of in U937 transfectants.

MEP cells and various U937 c-fgr transfectants were cultured for 24 hours with 

or without 10/zM cadmium chloride [Cd]. HL60 cells treated for 48 hours with or 

without IfcM all trans retinoic acid [RA] acted as a positive control. The level of 

p55"-̂ '' and /3-actin present in the samples was determined by western blotting.
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Figure 5.5. Induction of in MEP and A6 fgr cells.

MEP [M] and A6 fgr [A] cells were cultured for 24 hours in a range of cadmium 

chloride concentrations or for 0, 2, and 4 hours with lO/nM cadmium chloride. The 

level of and /3-actin present in the samples was determined by western

blotting.
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Figure 5.6. Quantification of p 5 5 ^  levels in MEP and A6fgr cells.

Autoradioagraphs from Figure 5.5 were scanned and the density of the p55®*-̂ '' 

bands measured and normalised for loading using the density of the corresponding 

jg-actin band.
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Figure 5.7. The growth of U937 transfectants.

U937, MEP, A6 fgr and U937tf cells were cultured at 0.5-8x10^ cells/ml for 24 

(o), 48 ( • )  and 72 (v) hours. Growth was measured by the incorporation of 5- 

[^^I] iodo-2-deoxyuridine at 24, 48 and 72 hours. Results are given as the mean 

and standard deviation of counts per minute (cpm).

141



U 9 3 7 U 9 3 7 t f

c
o

o
CL

OU
C

CN

CLO

O
CL

OO
C

LO
CN

0

120000

100000

8 0 0 0 0

6 0 0 0 0

4 0 0 0 0

20000

0

: \

1 1 1 1 1 1 1 1 1 1 1 1 
0 5 10 15  2 0  2 5  0 5 1 0  1 5  2 0  2 5

C ad m iu m  ions  uM C a d m i u m  ions  uM 

MEP A6fgr

\

0 1 0  15 2 0

C ad m iu m  ions  uM

0 5  10  15  2 0

C a d m iu m  ions  uM

Figure 5.8. The effect of inducing expression of the transfected c-fgr gene on 

the growth of U937 transfectants. U937, MEP, A6 fgr and U937tf cells were 

cultured at 2x10^ cells/ml in the presence of 0 - 20/^M cadmium chloride for 24 

(o), 48 ( • )  and 72 (v) hours. Growth was measured by the incorporation of 5- 

[^^I] iodo-2-deoxyuridine at 24, 48 and 72 hours. Results are given as the mean 

and standard deviation of counts per minute (cpm).
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Figure 5.9. The effect of inducing expression of the transfected ^-fgr gene on 

the response of U937 transfectants to DHCC, TNFa, PMA or retinoic acid.

U937, MEP, A6 fgr and U937tf cells were cultured at 2xl(P cells/ml for 72 hours 

with lOOnM DHCC, 5ng/ml PMA, 50ng/ml TNFa or 1/xM all trans retinoic acid 

[RA] in the presence of or absence of 10/xM cadmium chloride. Growth was 

measured by the incorporation of 5-p^I] iodo-2-deoxyuridine at 72 hours. Results 

are given as the mean and standard deviation of counts per minute (cpm).
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Figure 5.10. The effect of inducing expression of the transfected c-fgr gene on 

the response of MEP and A6 fgr ceils to DHCC or TNFa. MEP and A6 fgr cells 

were cultured at 2x10  ̂ceUs/ml for 72 hours with varying concentrations of DHCC 

or TNFa, with ( • )  or without 10/xM cadmium chloride ( o ) .  Growth was measured 

by the incorporation of 5-f  ̂ I] iodo-2-deoxyuridine at 72 hours. Results are given 

as the mean and standard deviation of counts per minute (cpm).
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Figure 5.11. The effect of inducing expression of the transfected c-fgr gene on 

the response of MEP and A6 fgr cells to PDB or retinoic acid. MEP and A6 fgr 

cells were cultured at 2x10^ cells/ml for 72 hours with varying concentrations of 

PDB or all trans retinoic acid, with ( • )  or without (o) 10/xM cadmium chloride. 

Growth was measured by the incorporation of 5-f ̂ I] iodo-2-deoxyuridine at 72 

hours. Results are given as the mean and standard deviation of counts per minute 

(cpm).
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Figure 5.12. Setting the cut-off marker for surface phenotyping.

MEP and A6 fgr cells were cultured in the presence of 20^M cadmium chloride with or without lOnM DHCC for 48 hours or were cultured 

with or without 10/xM cadmium chloride for 24 hours. The cells were then labelled with an IgGl isotyped matched negative control 

antibodies. The dot plots show the forward scatter and side scatter properties of the cells. To allow calculation of the % positive cells, the 

marker was set at the end of the histogram on the fluorescence scale, FLl.
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Figure 5.13. The surface expression of CDlIb, CD14, CD18 and CD44 in MEP and A6 fgr cells treated with cadmium ions.

ME? and A6 fgr cells were cultured with or without 10/xM cadmium chloride for 24 hours. The cells were labelled with PENS (CD 11b), 

BU-15 (CD 11c), Mos39 (CD14), TSl/18 (CD 18), BRIC 235 (CD44) and isotyped matches controls, followed by a FITC-conjugated second 

layer antibody. The level of fluorescence [FLl] of the cells was analyzed by FACScan flow cytometry.
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Figure 5.14. The surface expression of CDllb, CDllc, CD14, CD18, CD44, CD54 and CD61 in MEP and A6 fgr cells treated with DHCC. MEP 
and A6 fgr cells were cultured in the presence of 20pM cadmium chloride, with or without lOOnM DHCC for 48 hours. The cells were labelled with 
PEN3 (CD 11b), BU-IS (CDllc), Mos39 (CD 14), TSl/18 (CD18), BRIC 235 (CD44), F10.2 (CD54), CLB-throm/1 (CD61) and isotyped matched 
controls, followed by a FITC-conjugated second layer antibody. The level of fluorescence [FLl] of the cells was analyzed by FACScan flow cytometry. 

........................  isotyped matched negative control antibody   test antibody



0.8

E
C 0 .6
r--.in
§  0 . 4

0.2

0.0
0 10  2 0  3 0  4 0  5 0

Cell n u m b e r

Cell n u m b e r

0.8

E
C 0 . 6

in

§  0 . 4

t=
0.2

0.0
0 10  2 0  3 0  4 0  5 0

O m e d i u m  

•  c a d m i u m

□  m e d i u m  

■  DHCC

Figure 5.15. The number of U937 cells is proportional to the production of 

MTT-formazan, irrespective of treatment. U937 cells were cultured with lO^M 

cadmium chloride, or lOOnM DHCC or in medium alone for 24 hours and then 

plated out at 1-50x10^ cells/well. The cells were cultured for 3 hours in the 

presence of MTT and the amount of the MTT-formazan was determined by 

measuring the optical density at
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Figure 5.16. The number of U937 and U937tf cells is proportional to the 

production of MTT-formazan. U937 and U937tf cells were cultured with or 

without 10/xM cadmium chloride for 24 hours and the plated out at 1-50x10^ 

cells/well. The cells were cultured for 3 hours in the presence of MTT and the 

amount of the MTT-formazan was determined by measuring the optical density at
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Figure 5.17. The adhésion of U937 cells to fibronectin.

U937 cells at 2xl0^cells/ml were added to wells coated with fibronectin or BSA 

and incubated for 3 hours at 37®C. Non-adherent cells were removed by washing 

and the number of adherent cells quantified by MTT reduction.
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Figure 5.18. The effect of inducing expression of the transfected c-^ rgene  on 

the adhesion of U937tf cells to fibronectin. U937 and U937tf cells were cultured 

for 24 hours with or without 10/xM cadmium chloride and adhesion to fibronectin 

measured. Adhesion to BSA-coated wells resulted in an readings of

<0.018 +/-0 .0 1 0 .
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Figure 5.19. The effect of DHCC on the adhesion of U937tf cells to 

fibronectin. U937 and U937tf cells were cultured for 24 hours with ( • )  or without 

(o) 10/xM cadmium chloride or in the presence of lOOnM DHCC, with (■) or 

without (□) lOfiM cadmium chloride. Adhesion to fibronectin was measured and 

adhesion to BSA-coated wells resulted in an ODsvo™, readings of <0.049 + /- 

0 .012.

156



Time course, mins 

0 5

MEP A6fgr MEP A6fgr

- + “ + - + -  +
KDa

97

69 .

46

30 -

KDa

97-

69-

46-

^  30-

10 15

MEP A6fgr MEP A6fgr

- - -f- - 4- - 4-

m  e

20

MEP A6fgr

4- - 4- 10/tM cadmium

Figure 5.20. Tyrosine phosphorylation in MEP and A6 fgr cells treated with PM A. and then in 5ng/ml p m a  for up to 20 minutes.

MEP cells and A6 fgr cells were cultured for 24 hours with or without lOjuM cadmium chlorid^ Western blots were incubated with 

monoclonal antibody 4G10 which was detected by an HRP-conjugated secondary antibody and the signal developed by ECL.
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Figure 5.21. Immunoprécipitation of tyrosine phosphorylated proteins in MEP 

and A6 fgr cells. MEP and A6 fgr cells were cultured with 10/iM cadmium chloride 

for 24 hours and metabolically labelled with p^S]-methionine at the same time. Cell 

lysates were immunoprecipitated with PY20 [P-Tyr], an anti-phosphotyrosine 

antibody and mouse Ig [NMS] as a control. Precipitates were separated by SDS 

PAGE and exposed to film for 3 days.
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Figure 5.22. Detection of in cell lysates containing phosphatase

inhibitors. MEP and A6 fgr cells were cultured for 24 hours with or without lO^M 

cadmium chloride and cell lysates prepared in the presence or absence of 

phosphatase inhibitors. The level of p55*'-̂ '’ and j8 -actin present in the samples was 

determined by western blotting. The autoradioagraphs were scanned and the density 

of the p55‘''̂ '̂  bands measured and normalised for loading using the density of the 

corresponding jS-actin band.
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M E P M E P A6fgr A6fgr
Cadmium Cadmium DHCC Cadmium Cadmium DHCC

CD Antibody % Positive MF Symbol % Positive MF Symbol % Positive MF Symbol % Positive MF Symbol

none IgGl 4.3 126 - 6.8 161 - 15.1 195 - 17.3 228 -

CDllb PEN 3 26.4 182 -/+ 93.3 421 4-4- 42.8 302 - /  4- 92 423 4-4-
CDllc BU-12 26.1 177 -/+ 54.5 269 -1 + 30.5 263 -1+ 60.1 309 -/4 -

none XgG2 4.8 158 - 5.5 160 - 8.5 156 - 3.1 195 -

CD14 MoS39 40.3 303 -/4 - 99.3 507 4-4- 22.1 303 -I + 97.1 443 4-4-

none IgGl 2.2 123 - 14.8 357 - 4.9 188 - 5 131 -

CD18 TSl/18 99.1 429 + + 98.7 535 4-4- 99.4 446 4-4- 100 510 4-4-

none Ig02 5.2 136 - 2.7 129 - 9.9 2 0 2 - 14.9 206 -

CD44 BRIC 235 99.9 650 + + + 100 648 4-4-4- 100 674 4-4-4- 98.3 685 4-4-4-

none IgGl 6.8 186 - 5 169 - 4.1 188 - 6.2 163 -

CD54 F10.2 98.3 442 4-4- 98.7 418 4-4- 9 9 .9 469 4-4- 99.5 582 4-4-4-

none IgGl 4.3 126 - 6.8 161 - 15.1 195 - 17.3 228 -

CD61 CLB-throm/1 9.3 149 - 8.6 195 - 11.7 184 - 3.6 200 -

Table 5.1. The surface expression of CD llb, CD llc, CD14, CD18, CD44, CD54 and CD61 in MEP and A6fgr cells cultured with DHCC.

MEP and A6fgr cells were cultured in 20/iM cadmium chloride, with or without lOnM DHCC for 48 hours. Surface antigens were labelled using monoclonal 

antibodies and a FITC-conjugated second layer antibody. The cells were analyzed by FACScan flow cytometry and the percentage labelled cells calculated with 

referaice to isotyped matched controls. The percentage of labelled cells and the mean fluorescmice [MF] of all the cells has also beai combined into a single 

symbol as outlined below.

Symbol % labelled cells Mean fluoresce
- <20% <300
-1+ 21-69% <300
4- >70% 301-400
4-4- >70% 401-550
+ + + >70% >550



CD Antibody

MEP
none

% Positive MF Symbol

MEP
Cadmium

% Positive MF Symbol

A6fgr
none

% Positive MF Symbol

A6fgr
Cadmium

% Positive MF Symbol

none IgGl 4.7 172 - 7.3 249 - 2.8 140 - 4 205 -

CDllb PEN 3 18.1 242 - 20.2 251 - 8.9 203 - 21.9 249 -

none IgG2 5.3 244 - 8.7 196 - 4.6 176 - 4.9 195 -

CD 14 MoS39 12.7 282 - 24.6 360 - /  4- 17.8 238 - 35.1 350 -/4 -

none IgGl 3.1 122 - 1.63 164 - 1.7 163 5.9 201 _

CD18 TSl/18 98.7 367 + 99.7 371 4- 100 399 4- 96.5 353 4-

none IgG2 5.3 244 - 8.7 196 - 4.6 176 - 4.9 195 _

CD44 BRIC 235 100 672 4-4-4- 100 675 4-4-4- 100 701 4-4-4- 100 668 4-4-4-
On

Table 5.2. The surface expression of CDllb, CD14, CD18 and CD44 in MEP and A6fgr cells cultured with cadmium ions.

MEP and A6fgr cells were cultured with or without 10/tM cadmium chloride for 24 hours. Surface antigois were labelled using monoclonal antibodies and a 

FITC-conjugated second layer antibody. The cells were analyzed by FACScan flow cytometry and the percentage of labelled cells calculated with reference to 

isotyped matched controls. The percaitage of labelled cells and the mean fluorescence [MF] of all the cells has also beai combined into a single symbol as 

outlined below.

Symbol % labelled cells Mean fluorescence
- <20% <300

- /  4- 21-69% <300
4- >70% 301-400

4-4- >70% 401-550
4-4-4- >70% >550



Tables 5.3. and 5.4. The expression of myeloid antigens in A6 fgr cells.

A6 fgr cells were cultured at 4x10^ cells/ml with or without lO^M cadmium 

chloride for 24 hours. Surface and cytoplasmic antigens were labelled using 

monoclonal antibodies provided by the Fifth International Workshop of Leukocyte 

Antigens and a FITC-conjugated second layer antibody. The cells were analyzed 

by FACScan flow cytometry. The percentage of labelled cells was calculated with 

reference to the isotyped matched control antibodies and the level of expression has 

been converted into a symbol as shown below.

Symbol % labelled cells Mean fluorescence

<20% <300

-/4- 21-69% <300

+ >70% 301-400

+ +  >70% 401-550

4-4-4- >70% >550

162



A6fgr
none

A6fgr
Cadmium

Antigen

CD12

Antibodies

M-M67
CD13 72a 4-4-4- 4-4-4-
CD14 MoS39 - /  4- - /  4-
GDIS KC48 4-4-4- 4-4-4-

2TAP146 4-4-4- 4-4-4-
IGR-2 1A6 4-4- 4-4-
IGR-2 5B6 4-4-4- 4-4-4-
PM-81 4-4-4- 4-4-4-

CD16 3G8 - -
CD17 Go35 - -

CD31 10G9 4-4- 4-4-
CD32 IV.3 4- 4-
CD33 P67-6 4-4- 4-4-
CD34 QBEnd 10 - -
CD35 BER-MAC3 -/ -f- -/ -f-

MARH 8D7 - -

J3D3 - /  -4- - / 4-
CD61 C5-1 - -

CD63 75-6-16 4-4-4- 4-4-
162-20-17 4-4-4- 4-4-4-
16-K-7 4-4- 4-4-
46-4-5 4-4- 4-4-
79-2-7 4-4- 4-4-
M oFll 4-4- 4-4-

CD63 D171 4-4- 4-4-
CD64 22.2 4- 4-
CD65 VIM8 4-4-4- 4-4-4-
CD66 CLB-gran/10 - -

CD66b MF25.1 4-4- 4-4-
CD67 B13.9 - -

CD68 L9 - -

Y-l/82a - -

CD71 Kat 16c 4- 4- 4-4-
CD87 L21 4-4- 4-4-
CD88 W17/1 - /  4- -

S5/1 - /  4- -1 +
CD90 5.00E-H10 - -

CD92 VIMD15b 4-4- 4-4-
VIM15 4-4- 4-

CD93 VIMD2b -H -t- -+- 4-4-4-
VIMD2 -|- -t- -f 4-4-4-
WDS 4.B4 4-4-4- 4-4-4-
X2 4-4-4- 4-4-4-

Table 5.3. Expression of myeloid antigens in A6 fgr cells cultured with 

cadmium ions.
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Antigen

Surface

Cytoplasmic

Antibody

UN3
BG-69
73
38187
10G7
8D7
M5D12
M3C7
AML-1-99
11G7
GHI/61
25F9
RM 3/1
AMH 152
4B10
BRAG 18
MoS
TM316
X4
X14
4B5.F5

BMl
2.70E+11
S36.48
8-5C2
52U
BM-1
PM-2K
PG-M2

A6fgr
none

+ +

-t- + 
+

-H-
+

4- 
- /  4-  

4-

4- +

-/ +

-/ +  
+

A6fgr
Cadmium

4-4-

4-
4-

4-4-
-f

4-

4-4-

-/ +

Table 5.4. Expression of unidentified myeloid antigens in A6 fgr cells cultured 

with cadmium ions.
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Tables 5.5 - 5.10. The expression of myeloid and adhesion antigens in MEP 

and A6 fgr cells cultured with DHCC. MEP and A6 fgr cells were cultured at 

4x10* cells/ml in the presence of 20^M cadmium chloride, with or without lOnM 

DHCC for 48 hours. Surface antigens were labelled using monoclonal antibodies 

provided by the Fifth International Workshop of Leukocyte Antigens and a FITC- 

conjugated second layer antibody. The cells were analyzed by FACScan flow 

cytometry. The percentage of labelled cells was analyzed with reference to isotyped 

negative control antibodies and the level of expression has been converted into a 

symbol as shown below, (nd = not done).

Symbol % labelled cells Mean fluorescence

- < 2 0 % <300

-/ + 21-69% <300

+ >70% 301-400

+ + >70% 401-550

-H-4- >70% >550
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MEP MEP A6fgr A6fgr
Cadmium Cadmium Cadmium Cadmium

none DHCC none DHCC
Antigen Antibodies

CD12 M-M67 - - - -

CD13 72a + + + + + + + + + + + +
CD14 MoS39 -/+ + + -/+ + + +
GDIS PM-81 +  4-4- + + + + + + + + +
CD16 3G8 - - - -
CD17 Go3S -/ + -/+ - -
CD32 IV.3 + + + + + + +
CD33 P67-6 + + + + + +
CD34 QBEnd 10 - - - -
CD35 J3D3 + + -/+ -/+
CD44 FlO-44-2 + + + + + + + + + + + +
CD45 X16 + + + + + + + +
CD64 22.2 + + + +
CD65 VIM8 + + + + + + + + + + + +
CD66 CLB-gran/10 - - - -
CD67 B13.9 - - - -
CD68 Y-l/82a - - - -

Table 5.5. Expression of myeloid antigens in MEP and A6fgr cells cultured

with DHCC.
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Antigen

CD lla

CDllb

C D llc

MEP MEP A6fgr A6fgr
Cadmium Cadmium Cadmium Cadmiu

Antibodies
none DHCC none DHCC

F8.8 + + +  + 4-4- 4-4-
NKI-L16 + + + 4- 4-
S6F1 - + - -

MAY.035 + + + + + 4-4- 4-4-
25-3-1 + + 4-4-4- 4-4- 4-4-
CBR LFA-1/10 + + 4-4- -f 4-
CBR LFA-1/9 - - - -

CBR LFA-1/1 +  + 4-4- 4-4- 4-4-
CBR LFA-1/4 - - - -

CBR LFA-1/3 +  + 4-4- 4- 4-4-
TS2/14 +  + 4-4- 4-4- 4-4-
TSl/22 +  + 4-4- 4-4- 4-4-
TS2/4 +  + 4-4- 4-4- 4-4-
TS2/6 +  + 4-4- 4-4- 4-4-
BL5 +  + 4-4- 4- 4-4-
G-25.2 +  + 4-4- 4- 4-4-
YTA-1 +  + 4-4- 4- 4-

CBRMl/13 4- - /  4-
CBRMl/1 - 4-4- 4- 4-4-
CBRMl/20 - 4-4- - 4-
CBRMl/23 - / + 4- -/ + 4-
CBRMl/29 + + -h -h -H 4-4- 4-4-
CBRMl/34 -/+ 4-4- 4- 4-4-
Bear-1 - - - -
CC1.7 + + 4-4- 4- 4-4-
TMMl -/+ 4- -1 + -/4 -
TMG6-5 - 4-4- -1 + 4-4-
PEN 3 -/+ 4-4- -/ 4- 4-
PEN 2 -/+ 4-4- -/ 4- 4-4-

HCl/1 _ 4-4- -t- 4-
CBRpl50/2Cl + 4- 4- 4-
CBRpl50/3Cl - -/ 4- - -/ -+-
CBRpl50/2El -/+ -/ 4- -/ 4- +
CBRpl50/4Gl -/+ 4- -/ -*- 4-
BL-4H4 - - - 4-
BU-15 - / + 4- - /  4- 4-
3.9 - - -!+ 4-
KB90 - - - / 4-
KB23 - - -/4 - 4-
S-HCL3 - / + - /  4- - /  4- 4-

Table 5.6. Expression of 3̂% integrins in MEP and A6 fgr cells cultured with 

DHCC (continued).
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Antigen

CD18

Antibodies

MAY.017 
CBR LFA-1/7 
CBR LFA-1/2 
TSl/18 
CLB-LFAl/1 
L130

MEP
Cadmium

none

+ + 
+ + 
+  

+ + 
+ + 
+ +

MEP
Cadmium
DHCC

4-4-4-
4-4-
4-4-
4-4-

4-4-4-
4-4-

A6fgr
Cadmium

none

4-4-
4-4-

4-
4-4-
4-4-
4-4-

A6fgr
Cadmium

DHCC

4-4-

4-4-
4-4-
4-4-
4-4-
4-4-
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Antigen

CD49a

CD49b

CD49c

CD49d

CD49e

CD49f

CD29

MEP MEP A6fgr A6fgr
Cadmium Cadmium Cadmium Cadmiui

Antibodies
none DHCC none DHCC

IB3.1
SR84 - - - -

5.00E+08 - - - -

6F1 - - - -

AK-7 - - - -

P1E6 - - - -

G il4 - - - -

Gi9 - - - -

HAS3 - - - -

A3-IIF5 4-4- + + + + -/+ -/+

J143 - - _ _

10.1.2 + + - -

5D5 + + + + + + + + + +
8F2 + + + + + + + +
HP2/1 + + + + + + + +
HPl/7 + + + + + + + +
9F10 + + + + + + + +
L25 + + + + + + + +

mAB 11 + + + + + -/+
3D3 + + + + + + + +
NKI-SAM-1 + + + + + +
2H6 + + + + + + + +
SAMI + + + + + + + +
mAB 16 + + + + + + + +
X6 + + + + + +

450-30A1 + + + +
135-13C + + + +
BQ16 + + + +
53-41 - - - -

J8H + + + +

5D9 . + + + + + + + + + +
K20 + + + + + + + + + +
DH12 + + + + + + + +
4B4 + + + + + + + + + + + +
TS2/16 + + + + + + + + + + + +
158-2B3 + + + + + + + +
JBl + + + + + + + + + +
mAB 13 + + + + + + + +
JBS5 + + + + + + + + + +

Table 5.7. Expression of /?| integrins in MEP and A6fgr cells cultured with 

DHCC.
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Antigen

CD50

CD54

CD102

MEP MEP A6fgr A6fgr
Cadmium Cadmium Cadmium Cadmium

Antibodies
none DHCC none DHCC

BRIC79 + + 4-4- -t- 4-
CG106 + + 4-4- 4-4- 4-4-
CBR-IC3/1 + + 4-4- 4- 4-
CBR-IC3/3 + 4- - /  4- -/4-
CBR-IC3/4 - - - -
CBR-IC3/5 + + 4-4- 4- - /  4-
CBR-IC3/6 + 4- 4- - /  4-
WDS 3A9 + + 4-4- 4-4- 4-4-
BY44 4-4- 4-4- 4- 4-
TPl/24 4-4- 4-4- 4- 4-
HP2/19 4-4- 4-4- 4- 4-
KS128 4-4- 4-4- 4- 4-
152-2D11 4-4- -t- 4- 4-
140-11 4-4- 4-4- 4- 4-
101-1D2 4-4- 4-4- 4- 4-

F10.2 4-4- 4-4- 4-4- 4-4-4-
1304.100.4 4-4- 4-4- 4-4- 4-4-4-
CBRICl/3 4-4- 4-4- - /  4- 4-4-
CBRICl/4 4-4- 4-4- 4-4- 4-4-4-
CBRICl/11 4- 4- 4-4- 4-4- 4-4-4-
CBRICl/12 4-4- 4-4- 4-4- 4-4-4-
7F7 4-4- 4-4- 4-4- 4-4-4-
8-4A6 4-4- 4-4- 4-4- 4-4-4-
MAY.029 4-4- 4-4- 4-4- 4-4-4-
RRl/1 4- 4- 4-4- 4-4- 4-4-4-
YH370 4-4- 4-4- 4-4- 4-4-4-

CBR-IC2/1 _ -/ -t- -/4 -
CBR-IC2/2 - - -/4 - -1 +
6D5 - - 4- 4-

Table 5.8. Expression of ICAMs in MEP and A6fgr cells cultured with DHCC.

170



Antigen

CD44

CD44v9

MEP MEP A6fgr A6fgr
Cadmium Cadmium Cadmium Cadmium

DHCC DHCC
Antibodies

DH12.8F5 + + 4-4- -k-k -k-k
KZl 4-4-4- 4-4-4- -k-k-k -k-k-k
BRIC 214 4-4- 4-4- 4-4-4- -k-k-k
BRIC 222 4-4-4- -f- -f- -k 4-4-4- -k-k-k
BRIC 235 4-4-4- -k-k-k 4-4-4- -k-k-k
212.3 4-4-4- 4-4-4- -k-k-k 4-4-4-

4.C3 4-4-4- 4-4-4- -k-k-k -k-k-k
3F12 4-4-4- 4-4-4- 4-4-4- 4-4-4-

BU-75 4-4-4- 4-4-4- 4-4-4- -k-k-k
A1G3 4-4-4- -k-k-k 4-4-4- -k-k-k
A3D8 -k 4- 4- 4-4-4- -k -f  4- -k-k-k
CD44-9F5 4-4-4- -k-k-k 4-4-4- 4-4-4-

CD44-6B6 4-4-4- 4-4-4- -k-k-k 4-4-4-

50B4 4-4-4- 4-4-4- 4-4-4- 4-4-4-

HP2/9 4-4-4- 4-4-4- 4-4-4- -k-k-k
NIH44-1 4-4-4- 4-4-4- 4-4-4- -k-k-k
156-3C11 4-4-4- 4-4-4- -k-k-k 4-4-4-

HERMES-3 ■4- 4- 4- 4-4-4- -k-k-k -k-k-k
L178 4-4-4- 4-4-4- -k-k-k 4-4-4-

FlO-44-2 4-4-4- -k -k -k -k-k-k 4-4-4-

FW11.24 .

Table 5.9. Expression of CD44 in MEP and A6fgr cells cultured with DHCC.
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MEP
Cadmium

none

MEP
Cadmium

DHCC

A6fgr
Cadmium

none

A6fgr
Cadmium

DHCC
Antigen

CD31

Antibodies

TPl/15 + + + + 4-4- 4-4-
CD43 CBR5D.1 nd nd 4-4-4- 4-4-

(319-1 + + + + + + 4-4-4- 4-4-
GlO-2 + + + + + + 4-4-4- 4-4-

CD47 MP30-1 + + 4-4- 4-4-4- 4--H
CD47 B6H12 nd nd 4- 4-
CD48 Mo2PT501 nd nd 4- -H4-

CD51 AMF7
13CZ - - -1 + -/+
23C6 - - -
LM609 - - -

CD56 NCAM - - -
CD61 7E3 -/+ 4-4- - -/4-

7G2 - - -
CLB-throm/1 - - -
AP5 - - -
C5.1 - - - -

CD81 1D6 nd nd
5A6 nd nd -

CD98 GRVl + + + 4-4-4- 4-4-4- 4-4-4-
CDIOO AS + 4- 4- 4-
CD103 F4F1 - - -

F3F7 - - -

LF61 - - -

BER-ACn* 8 - - -

HML-1 - - -

CD104 AA3 - - -

UM-A9 - / + -1 + 4- 4-
439-9B - - 4-
450-1lA l - - 4- 4-

CD106 INCAMllO - - -

HAE-2a - / + -/ + - -

beta 7 BP6
ACT-1 - - - .

unknown 4A11 - - - _
J3-119 +  + 4-4- 4- 4-
J4-81 4- 4- 4- 4-
FB12 - - - -

LAM2 - - - _
G28-8 -

Table 5.10. Expression of various adhesion molecules in MEP and A6 fgr cells 

cultured with DHCC.
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CD Molecule Family

CD lla alpha subunit LFA-1 Integrin
CD llb alpha subunit Mac-1, Gonflement receptor 3 Integrin
CD llc alpha subunit pl50,95, Gonflement receptor 4 Eitegrin
CD13 Aminopetidase N
CD14 LPS receptor
GDIS X-hapten
CD16 Fc gamma RUI
CD17 lactosylceramide
CD18 beta 2 subunit with GDll Integrin
CD29 beta 1 subunit with GD49 Integrin
CD31 PEGAM-1 Immunoglobulin
CD32 Fc gamma RE
CD34 sialomucin-like
CD35 Complement receptor 2
CD43 leulosialin
CD44 Pgp-1
CD49a alpha subunit VLA-1 Integrin
CD49b alpha subunit VLA-2 Integrin
CD49c alpha subunit VLA-3 Integrin
CD49d alpha subunit VLA-4 Integrin
CD49e alpha subunit VLA-5 Integrin
CD49f alpha subunit VLA^ Integrin
CD50 IGAM-3 Immunoglobulin
CD51 alpha V subunit Integrin
CD54 ICAM-1 Immunoglobulin
CD56 NCAM Immunoglobulin
CD61 beta 3 subunit Litegrin
CD64 Fc gamma RI
CD65 a ceramide
CD67 GEA
CD68 Lamp 1
CD71 Transferrin receptor
CD81 Tetraspan
CD87 urokinase Pa receptor
CD88 Gonflement 5a receptor.
CD102 IGAM-2 Immunoglobulin
CD103 alpha E subunit
CD104 beta 4 subunit Litegrin

Table 5.11. The identity of myeloid and adhesion CD antigens.
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5.3. DISCUSSION.

5.3.1. The role of c-fgr in the growth and differentiation of U937 cells.

U937 cells were transfected with a full coding sequence of the c-fgr gene or with 

the pMEP4 vector alone and individual clones selected. Expression of the 

transfected gene was induced by cadmium ions and the effect of induction was 

compared to uninduced cells or control cells treated with cadmium ions. This 

method of transfection and selection has subsequently been used to transfect other 

genes into U937 cells, such as the VDR (Hewison et al 1994) and retinoic acid X 

receptors (T Brown, Dept Molecular Pathology, unpublished data).

The growth rate of U937tf and A6 fgr cells was not significantly different from 

MEP or from the parental U937 cells. Induction of the transfected c-fgr gene by 

cadmium ions had no effect on the growth of U937tf and A6 fgr cells compared to 

control cells. Thus, despite clear induction of pSS*'-̂ '̂  expression the growth of 

U937tf and A6 fgr cells was not affected. The response of U937tf and A6 fgr cells 

to PMA, DHCC, TNFa and retinoic acid was similar to that of MEP and U937 

cells. These agents increase the expression of the endogenous c-fgr gene (see 

chapter 3) but induction of the transfected c-fgr gene failed to enhance the response 

of the cells to these agents. These results confirm the earlier finding in chapter 3 

and strongly suggest that the c-fgr gene does not play a role in controlling cell 

growth or in controlling changes in cell growth associated with differentiation.

5.3.2. The role of c-fgr in the surface phenotype of U937 cells.

The surface phenotype of MEP and A6 fgr cells was assessed by using a panel of 

antibodies directed against myeloid and adhesion antigens as part of the Fifth 

International Workshop of Leukocyte Antigens.

Increase in staining by a particular antibody, either of the number of cells stained 

or of the mean fluorescence of the cells, is most often interpreted as increased 

expression, that is an increase in the number of molecules on the surface of the
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cells which is recognised by the antibody. However, this may not always be the 

case. An increase in antibody staining may occur without a change in the number 

of molecules on the surface due to a change in the conformation of the molecule 

revealing a new epitope, such as an activation site, or to a change in the isoform 

of the molecule by alternative splicing.

The differences in the surface phenotype between MEP and A6 fgr cells raises the 

possibility that c-fgr plays a role in controlling the expression of certain myeloid 

and adhesion molecules on the surface of U937 cells. The most striking difference 

was seen with antibodies which recognised CD54 pCAM-l], CD 102 pCAM-2] and 

CD50 pCAM-3]. The cytoplasmic domains of the three ICAM molecules do not 

contain the consensus motifs for binding to the SH2 or SH3 of the src family of 

tyrosine kinases (de Fougerolles et al 1993, see section 1.8), so it is unlikely that 

p55‘̂ '̂’ is directly modulating ICAM expression or activation state by tyrosine 

phosphorylation of the cytoplasmic domain of the molecules. ICAM-1 expression 

on monocytes can be modulated by a variety of agents, for example 7 IFN (Most 

et al 1992), TNFa (Tiisala et al 1994), PMA (Ohh et al 1994) and GM-CSF 

(Bemasconi et al 1995) but not by DHCC alone. However, DHCC in combination 

with TGFjS or IL-6 , can increase ICAM-1 expression in U937 cells (Testa et al 

1993, Duits et al 1992). This suggests that hyper-expression of pSS®-̂ '’ is capable 

of supplying the additional factor necessary to increase ICAM-1 expression in 

DHCC treated A6 fgr cells. Although the mechanism of increased ICAM-1 

expression in these cells is not known, genistein (a tyrosine kinase inhibitor) has 

been shown to enhance the effect of TNFa and 7 IFN on ICAM-1 expression on 

endothelial cells (Tiisala et al 1994). Increased ICAM-1 expression can be achieved 

by increasing mRNA stability (Ohh & Takei 1994) or by increasing the rate of 

transcription (Aoudjit et al 1994). ICAM-2 is not expressed on U937 cells so 

hyper-expression of p55‘̂ -̂ '' in A6 fgr cells has caused transcription of this gene. In 

the case of ICAM-3, a decrease in expression due to shedding of the molecule 

from the cell surface has been reported in neutrophils treated with PMA (del Pozo
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et al 1994) and a similar mechanism may be involved in the decreased expression 

of ICAM-3 in A6 fgr cells.

5.3.3. The role of c~fgr in adhesion to extracellular matrix.

The ability of myeloid cells to adhere to extracellular matrix is important in their 

migration to sites of infection and inflammation. U937 cells can adhere to 

fibronectin using CD44 or the )8 i integrins. U937 cells express CD44 and some 

isoforms of CD44 have chondroitin sulphate side chains which bind to the heparin 

binding domain of fibronectin (Humphries 1990, Jalkanen & Jalkanen 1992). The 

j8 i integrins or the VLA antigens [VLAl-VLA-6 ] are comprised of a common jSi 

subunit [CD29] and 6  different a subunits [CD49a-CD49f]. A6 fgr cells express 

low levels of VLA-2 and VLA- 6  and medium levels of VLA-4 and VLA-5, of 

which only VLA-4 and VLA-5 can bind to fibronectin. These receptors bind to 

different cell binding domains within the fibronectin molecule via a conserved 

sequence motif. The motif recognised by VLA-4 is Leu.Asp.Val and the motif 

recognised by VLA-5 is Arg.Gly.Asp (Humphries 1990). The avidity of VLA-4 

and VLA-5 for fibronectin can be increased by agents such as PMA or antibodies 

which bind to the jSi subunit and this does not involve an increase in the number 

of receptors on the cell surface (Kovach et al 1992, Wayner & Kovach 1992).

U937 and U937tf cells can adhere to fibronectin and this was increased by treating 

the cells with DHCC. Although the expression of CD44 and the f t  integrins was 

not affected by treating the cells with DHCC, it is nonetheless possible that this 

treatment may have activated the VLA-4 [CD49d/CD29] and VLA-5 

[CD49e/CD29] receptors or may have changed the isoforms of CD44 so that more 

CD44 molecules had chondroitin sulphate side chains. These activated or modified 

receptors would then show enhanced interaction with fibronectin.

Exposure of U937 and U937tf cells to cadmium ions reduced the ability of both 

cell types to adhere to fibronectin. This effect may have been due to cadmium
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toxicity although the concentration and the length of exposure used did not 

significantly effect the growth of the cells or their ability to respond agents, such 

as to PMA, DHCC, TNFa or retinoic acid (see sections 5.2.2 and 5.2.3). 

However, in other cell types treatment with cadmium ions has had a specific effect 

on cell adhesion. Treatment of Swiss mouse 3T3 cells with cadmium ions resulted 

in altered cytoskeletal organisation with defects in microtubules and microfilaments 

(Li et al 1994). In THP-1 cells, exposure to cadmium ions interfered with the 

ability of the cells to be activated by LPS (Leibbrandt & Koropatnick 1994). A 

similar effect was achieved by anti-sense downregulation of metallothionein 

expression, leading to altered adhesion and invasion of basement membranes 

(Leibbrandt et at 1994).

Hyper-expression of the transfected c-fgr gene did not alter the adhesion of U937tf 

cells to fibronectin compared to U937 cells. This suggests that c-fgr does not play 

a role in the adhesion of U937 cells to fibronectin either via the j8 i integrins, CD44 

or other potential receptors pathways.

Berton et al (1994) suggested that c-fgr does play a role in signalling in ^2 integrin 

mediated adhesion. Neutrophils plated in the presence of TNFa, PMA and fMLP 

underwent spreading and adhered firmly to fibrinogen coated plates. This triggered 

the kinase activity of p55®’̂ '' and resulted in the phosphorylation of a number of 

proteins. Several proteins ranging from 50-115KDa were tyrosine phosphorylated 

and detected in lysates of these cells, with the most consistent increase in tyrosine 

phosphorylation being found in three proteins migrating at 56-60KDa. In addition, 

there was an increase in p55®‘-*'‘ kinase activity shown by autophosphorylation of 

p55®-*'’ and phosphorylation of enolase. A close correlation existed between the 

time course of the increase in kinase activity p55®*̂ '’ and the time course shown for 

enhanced tyrosine phosphorylation of the cellular proteins, although the time course 

seen in TNFa treatment was different from that for PMA and fMLP treatment. 

The spreading and adhesion of neutrophils on fibrinogen could be mimicked by
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plating the cells on immobilised anti-jSj integrin antibodies. The same pattern of 

tyrosine phosphorylation and p55‘"-̂ '’ kinase activity was detected in neutrophils 

plated on anti-jS2 integrin antibodies as was seen in cells plated on fibrinogen. 

When neutrophils were pre-incubated with the anti-j82 integrin antibody, IB4, this 

totally blocked the activation of p55‘"-*'̂  kinase activity and the phosphorylation of 

cellular proteins in response to fibrinogen adhesion and TNFa, PMA and fMLP 

treatment. Thus, p55®-̂ '̂  activity is implicated in signalling events which result from 

^2 integrin mediated adhesion.

5.3.4. The tyrosine kinase activity of p55^^ in myeloid cells.

MEP and A6 fgr cells contained a number of tyrosine phosphorylated proteins 

detected by western blotting and immunoprécipitation. However, induction of the 

transfected c-fgr gene did not increase the number or amount of tyrosine 

phosphorylated proteins detected in A6 fgr cells with the exception of a single 

protein, which is probably p55‘̂ '̂̂  itself.

The most likely explanation for the failure to detect increased tyrosine 

phosphorylation in A6 fgr cells expressing p55®’̂ '' is that the protein was not active 

under these conditions. It is possible that hyper-expression of p55®"-̂ '' was not 

sufficient to overcome the normal regulatory mechanisms in myeloid cells which 

keep this enzyme inactive. A novel tyrosine kinase csk has been shown to down 

regulate the activity of other tyrosine kinases such as src, fyn, Jyn, Ick (Nada et al 

1991, Hata et al 1994, Koegl et al 1994, Bergman et al 1992) and now c-fgr 

(Ruzzene et al 1994). The activity of p55‘"'̂ '’ was down regulated when Tyr523 was 

phosphorylated by csk and this then prevented autophosphorylation of Tyr412. 

Phosphorylation of both Tyr412 and Tyr523 occurred in the presence of 

polycationic peptides such as polylysine, histones and protoamines and resulted in 

the stimulation of catalytic activity (Ruzzene et al 1994). If the exogenous pSS®'-*'', 

present in A6 fgr cells treated with cadmium ions, is phosphorylated primarily on 

Tyr523 then this may be responsible for keeping the protein in an inactive
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conformation. It is interesting that in contrast with transfection into U937 cells, 

when c-fgr was transfected into the murine fibroblast cell line, NIH 3T3, the 

tyrosine kinase activity of p55®-̂ '' was apparent. It is possible that the normal 

regulatory mechanisms, such as csk or repressor protein (Ley et al 1989), were not 

active in these cells.

The tyrosine kinase activity of p55‘"'̂ '’ has been demonstrated in monocytes and 

neutrophils (Stefanova et al 1993, Hamada et al 1993, Morio et al 1994, Berton 

et al 1994), in HL60 cells treated with retinoic acid (Notario et al 1989, Miyazaki 

et al 1993), in a murine monocytic cell line (Hatakeyama et al 1994) and in NIH 

3T3 cells transfected with various mutants of the c-fgr gene (Inoue et al 1991, 

Sartor et al 1991, 1992, 1993).

A 130KDa protein band was detected in c-fgr and c-fgr^^^ transfected clones and 

additional proteins of 65KDa, 80KDa and 70KDa were observed in clones 

transfected with c - fg i^ ^ .  Another band of 95KDa, in addition to the previous 

130, 65, and 80KDa proteins, was detected in clones transfected with c-fgr^^^ and 

c-fgi^^^^. Other experiments identified a further band phosphotyrosine protein of 

36KDa present in lysates of cells transfected with c-fgr^^^^, but not c-fgr (Sartor & 

Robbins 1993, see section 1.12). Sartor et al (1991) used an immune complex 

kinase assay to confirm that and p55^^ °̂ were directly responsible for the

phosphotyrosine proteins detected by western blotting. Incubation of anti- 

phosphotyrosine antibodies with lysates of NIH 3T3 cells transfected with c-fgr and 

c-fgr^^^^ resulted in immunoprecipitates which contained a tyrosine kinase capable 

of phosphorylating proteins of 130, 95, 85 and 60KDa.

Sartor & Robbins (1993) were able to identify five of these tyrosine phosphorylated 

proteins. They were GAP, pl25'^^, a 130KDa protein recognised by monoclonal 

antibody AF4, a 120KDa protein recognised by monoclonal antibody 2B12 and a 

85Kda protein recognised by monoclonal antibody 4F11. A physical association
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between and the 130KDa protein was demonstrated when anti-Fgr antiserum 

co-precipitated the 130KDa protein from cell lysates of NIH 3T3 transfectants 

containing (Sartor et al 1991, 1993). This 130KDa protein was then

recognised by the AF4 monoclonal antibody (Sartor & Robbins 1993).

Miyazaki et al (1993) also examined tyrosine phosphorylation of cellular proteins 

in cells containing high levels of p55 :̂ \̂ Untreated HL60 cells contained a major 

tyrosine phosphorylated band of about 116KDa and several minor bands. During 

96 hours of DMSO treatment, the 116KDa band disappeared and a doublet of about 

170KDa appeared as a strongly tyrosine phosphorylated band. At the same time c- 

fgr expression and kinase activity increases, with maximal levels of protein and 

p55‘"-̂*'' kinase activity present after 48-72 hours of treatment.

In neutrophils, high levels of p55‘=-̂*'' have been detected in cell fractions enriched 

for plasma membranes, secondary and tertiary granules. Activation of neutrophils 

by cytochalasin B and formyl-Met-Leu-Phe [fMLP] resulted in release of secondary 

and tertiary secretory granules, with subsequent loss of and kinase activity 

from these fractions. However, treatment with cytochalasin B alone, which resulted 

in only secondary granule release, did not change the level or activity of pSS'"-̂ '' in 

these fractions. Thus, p55̂ -̂ '̂' was associated with the release of tertiary secretory 

granules by neutrophils in response to activation by fMLP (Gutkind & Robbins 

1989).

In peripheral blood monocytes, p55‘"-̂*'' kinase activity could be increased by 

stimulating cells with LPS (Stefanova et al 1993) or superantigen (Morio et al 

1994). LPS is known to interact with CD 14, a GPI-linked protein found on the cell 

of monocytes (Golenbock et al 1993, Haziot et al 1993, Ziegler-Heitbrock & 

Ulevitch 1993). However, was not detected in anti-CD 14

immunoprecipitates suggesting that there is not direct physical association between 

p55':^  ̂ and CD 14. Treatment of monocytes with toxic shock syndrome toxin-1
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induced rapid activation of both p55‘̂ -̂ '' and p59^*as shown by autophosphorylation 

and phosphorylation of an exogenous substrate in an immune complex assay. A 

similar result was obtained with staphylococcal enterotoxin A and with crosslinking 

anti-MHC Class n  antibodies (see section 4.3.3). Analysis showed that upon 

activation pSS®*-̂ '' was phosphorylated on 2 tyrosine residues, Tyr412 and a tyrosine 

residue in the N-terminal portion of the molecule.

Another protein that has been suggested as a target for pSS®'̂ '' is FcyRII. Hamada 

et al (1993) isolated human neutrophils from peripheral blood and showed that 

p55®-*'' was present in FcyRII immunoprecipitates. This association is discussed in 

more detail in chapter 6 .

5.3.5. Conclusions.

The work presented in this chapter shows that hyper-expression of the transfected 

c-fgr gene in A6 fgr cells did not effect the growth of the cells, their response to 

PMA, DHCC, TNFa or retinoic acid, their ability to adhere to fibronectin or the 

level of tyrosine phosphorylated proteins in the cell, other than p55®' '̂’ itself. This 

is probably because the exogenous p55®-*'' was not active in A6 fgr cells under these 

conditions. However, there were differences in the expression of some myeloid and 

adhesion antigens, notably an increase in ICAM-2 expression, a decrease in ICAM- 

3 expression and an increase in ICAM-1 expression in the presence of DHCC. This 

suggests that c-fgr may play a role in controlling ICAM expression as well as 

signalling via ^2 integrins.

The tyrosine kinase activity of p55‘̂ -̂ '' has been demonstrated under a number of 

conditions : when transfected into fibroblasts, during myeloid differentiation, 

during ^ 2  mediated adhesion to fibrinogen and tertiary granule release in 

neutrophils and in response to LPS and superantigen stimulation in monocytes. A 

number of different proteins are phosphorylated when p55®‘-*'’ is activated and some 

of these have been identified.
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CHAPTER 6 . THE ROLE OF C-FGR IN PHAGOCYTOSIS.

6.1. INTRODUCTION.

6.1.1. The structure and function of Fc^Rs.

The receptors for the Fc portion of the immunoglobulin G [FcyR] play a 

considerable role in the host’s defense against infectious agents. Opsonisation of 

pathogens with IgG (and/or complement) allows phagocytic cells to recognise a 

wide variety of micro-organisms using a limited number of receptors. FcyR-IgG 

interaction results in phagocytosis and subsequent degradation of the micro

organisms by lysosomal enzymes and is also associated with the respiratory burst 

which releases reactive oxygen intermediates. This process plays an important role 

in the clearance of many viruses, bacteria and parasites.

FcyRs are divided into three classes on the basis of the differences in their structure 

and affinity for IgG (reviewed by Wallace et al 1994, Winkel & Anderson 1991). 

The 3 classes of FcyRs belong to the immunoglobulin supergene family.

FcyRI (CD64) has three immunoglobulin extracellular domains and binds 

monomeric IgG with high affinity as well as binding IgG immune complexes. Three 

highly homologous genes encoding for FcyRI have been identified. FcyRI 

expression is almost exclusively restricted to monocytes and macrophages, but can 

be induced in neutrophils.

FcyRII (CD32) has only two extracellular immunoglobulin domains and low affinity 

for IgG. This receptor does not bind monomeric IgG but reacts with IgG immune 

complexes and opsonised particles. Six isoforms of FcyRII have been identified and 

are encoded by three homologous but distinct genes. A, B and C, with major 

differences found in the transmembrane and cytoplasmic region of the molecule. 

The FcyRII is expressed by a range of haematopoietic cells including platelets, 

natural killer cells, B lymphocytes, as well as monocytes, macrophages and 

neutrophils. Expression of FcyRII is largely unaffected by cytokines and other
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agents.

FcyRin (CD 16) also has 2 immunoglobulin extracellular domains and has low to 

medium affinity for IgG. The receptor binds monomeric IgG, IgG immune 

complexes and opsonised particles. FC7 RIII is encoded by 2 different genes, A and 

B, which are selectively expressed by different cell types. Although the genes are 

highly homologous there is a critical difference at amino acid position 230, where 

Phe230 in FC7 RIIIA ensures the receptor remains an integral membrane protein, 

whereas the Ser230 in FC7 RIIB specifies a glycosyl-phosphatidyl-inositol [GPI] 

linkage with loss of the transmembrane and cytoplasmic domains of the molecule. 

FC7 RIIIA is expressed in macrophages and natural killer cells and requires other 

accessory molecules for full functioning. FC7 RHB is expressed on some monocytes, 

macrophages, neutrophils and natural killer cells and expression can be increased 

by cytokines.

6.1.2. FcyRs on U937 cells.

U937 cells express both FC7 RI and FC7 RII, but not FC7 RHI (see section 5.2.4.). 

Expression of FC7 RI and FC7 RII can be increased by 7 IFN and PMA (Nambu et 

al 1989, Grattage et al 1992) but does not appear to be affected by treatment with 

DHCC (section 5.2.4.).

6.1.3. The association of pS5^^ with FcyRs.

Hamada et al (1993) investigated the association of p55‘̂ '̂̂  with FcyRs in 

neutrophils. Human neutrophils isolated from peripheral blood preferentially 

express FC7 RIIA, FC7 RIIB and FC7 RIIIB. FC7 RII and FC7 RIII were 

immunoprecipitated from lysates of neutrophils and a kinase assay using the FC7 RII 

immune complexes resulted in the phosphorylation of several proteins including a 

58KDa and a 40KDa protein which were thought to be autophosphorylated p55®*-̂ '̂  

and the FC7 RII itself. No such phosphoproteins were detected in kinase assays using 

anti-Fc7 Rm  immunoprecipitates. The identity of the 58KDa phosphoprotein was
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verified when p55®' '̂‘ was re-immunoprecipitated from the anti-FcyRII, but not from 

the anti-FcyRni immunoprecipitates. In addition, peptide mapping analysis, using 

V8  protease, identified the same pattern of bands from digestion of the 58KDa 

protein and from p55‘̂-̂ '̂  precipitated directly from neutrophils with an anti-p55'^'" 

antibody.

In the same study, Hamada et al (1993) showed the effect of receptor cross-linking 

on the activity of p55®'-*'' and its association with FcyRII molecules. Neutrophils 

were incubated with an anti-FcyRII antibody and cross-linked by F(ab ')2  fragments. 

This treatment resulted in significant loss of detergent-soluble p55®'-̂ '’ within fifteen 

minutes, compared to neutrophils incubated with F(ab ') 2  fragments alone. This loss 

was thought to be due to a movement of pSS®"-̂ '' from a detergent-soluble form into 

a detergent-insoluble form and correlated with the internalisation of the FcyRII 

molecules upon crosslinking. At least 60-80% of p55‘̂ '̂' present in the cells was co

modulated with FcyRII, following crosslinking. The crosslinking of the FcyRII was 

also associated with an increase in the tyrosine kinase activity of p55®‘̂ ''. 

Autophosphorylation of and phosphorylation of enolase was increased three 

to five fold when neutrophils were treated with heat aggregated, human IgG or 

when antibodies were used to crosslink FcyRII.

In the murine monocytic cell line J774.1, p59®-̂ '‘ has been found in association with 

several different cell surface molecules (Hatakeyama et al 1994). Surface proteins 

of J774.1 were radio-iodinated and cell lysates subjected to immunoprécipitation 

with anti-Fgr antiserum. A range of proteins were co-precipitated with p59®‘̂ '', 

including prominent bands of 70 and 80KDa. Other members of the src family have 

previously been found in association with GPI-linked molecules (Stefanova et al 

1991) as well as FcyRs, so J774.1 cell lysates were immunoprecipitated with anti- 

Ly6 C, (a GPI-linked molecule) and anti-FcyRII antibodies. In an immune complex 

kinase assay, the anti-Ly6 C immunoprecipitate but not the anti-FcyRII 

immunoprecipitate showed kinase activity, a phosphorylated protein band that had
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the same molecular mass as that obtained with the anti-Fgr immunoprecipitates. To 

confirm the identity of the phosphorylated band as p59^’̂ '’, the phosphorylated bands 

from the anti-Ly6 C and anti-Fgr immunoprecipitates were subjected to V8  protease 

digestion. The peptide mapping patterns of the two proteins was identical showing 

that the protein co-precipitated with Ly6 C was p59̂ -̂ '̂ . Unlike human neutrophils, 

no association between FcyRII and p59^*^ was detected in the murine monocytic 

cell line J774.1.

6.1.4. Aims.

The aim of this study was to compare FcyR-mediated phagocytosis in U937, MEP 

and A6 fgr cells (section 6.1.2); to ascertain whether FcyR crosslinking (section 

6.2.2) or phagocytosis (section 6.2.3) in U937 cells resulted in the modulation of 

p55®*-*'̂ , as shown for neutrophils, and whether any pSS®'-'̂ '’ kinase activity was 

associated with this modulation (section 6.2.3).

6.2. RESULTS.

6.2.1. Phagocytosis of antibody-coated sheep red blood cells.

The ability of U937, MEP and A6 fgr cells to phagocytose was assessed by 

incubating the cells with chromium^^ labelled, antibody-coated sheep red blood cells 

[Ab-SRBC]. U937 cells phagocytosed Ab-SRBC at a relatively uniform rate over 

the first hour of incubation and a slower rate thereafter (Figure 6.1). Ingestion of 

Ab-SRBC was confirmed by microscopic examination of U937 cells at the end of 

the assay (data not shown).

U937, MEP and A6 fgr cells phagocytosed Ab-SRBC at a similar rate and this rate 

was not signiBcantly affected by culturing the cells with cadmium ions prior to the 

assay (Figure 6.2). Therefore induction of c-fgr expression in A6 fgr cells did not 

appear to alter the ability of the cells to phagocytose compared to control cells.

When MEP and A6 fgr cells were cultured with DHCC for 24 hours in a range of
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cadmium ion concentrations, increasing cadmium ion concentration had no effect 

on phagocytosis of Ab-SRBC (Figure 6.3). In a similar experiment with PMA 

differentiated cells, the overall level of phagocytosis was higher in MEP cells than 

in A6 fgr cells, but this was not statistically significant (Figure 6.3).

6.2.2. Modulation of by crosslinking FcyRs with specific antibodies.

The modulation of p55®'-̂ '' on FcyR crosslinking was examined in U937 cells treated 

with PMA for 48 hours. FcyR crosslinking was achieved by incubating the cells 

with monoclonal antibodies specific for FcyRI, FcyRII and FcyRIH, followed by 

a further incubation with a crosslinking antibody. The crosslinking antibody was 

composed of (Fab); to prevent non-specific binding to any of the FcyRs. The cells 

were then transferred to 37®C for up to 45 minutes. Both pSS®-*'' and jS-actin were 

detected in the unseparated cell lysates. However, p55®"-̂ '’ was present in the 

membrane samples but was not detected in the cytosol samples and /8 -actin was 

present only in the cytosol sample and not in the membrane sample (Figure 6.4). 

Analysis of the results by densitometry showed that in general there was a decrease 

in the level of p55‘̂ -̂ '' in the total lysate during the incubation at 37 °C in all the 

treatments, although the decrease was more marked in the anti-FcyRI treatment 

[CD64] (Figure 6.5). The levels of p55‘"-*'’ found in the membrane samples during 

incubation at 37°C appeared to decrease in the control and anti-FcyRm [CD 16] 

treatments and increased transiently in the FcyRII [CD32] and FcyRI [CD64] 

treatment (Figure 6.5). However, the degree of change in the membrane samples 

was small, ranging from 1.5-3.5 fold, and occurred in 1 out of 2 experiments.

6.2.3. Modulation of pS5^^ by crosslinking FcyRs with Ab-SRBC.

Modulation of p55‘"-̂ '‘ was also investigated by crosslinking the FcyRs non- 

specifically with Ab-SRBC (Unkeless 1989). U937 cells were treated with PMA or 

DHCC for 48 hours and incubated with Ab-SRBC for up to 45 minutes. The 

method of sample preparation was also changed to NP40 lysis, as used by Hamada 

et al (1993). The level of p55®-̂ '' in the total cell lysates showed little change when
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U937 cells treated with DHCC were exposed to Ab-SRBC (Figure 6 .6 ). Higher 

levels of p55®-̂ '' were detected in the detergent-soluble samples than in the 

detergent-insoluble samples. In the detergent-soluble samples there was a transient 

increase in the amount of p55®-̂ '̂  after 5 minutes exposure of the cells to Ab-SRBC 

and this was mirrored by a transient decrease in the amount of p55 -̂ '̂‘ detected in 

detergent-insoluble samples (Figure 6.7). A similar pattern of p55°" '̂’ levels was 

detected when PMA treated U937 cells were exposed to Ab-SRBC, although the 

changes were not as clear as for DHCC treated cells. The level of p55®'-̂ '’ in the 

total cell lysate decreased over the 45 minute incubation when U937 cells treated 

with PMA were exposed to Ab-SRBC. There was a small increase in the amount 

of pSS®'-*'' detected in the detergent-soluble samples, 5-15 minutes after exposure to 

Ab-SRBC and a more marked decrease in p55®-*'̂  detected in the detergent-insoluble 

samples at the same time (Figure 6 . 6  and Figure 6.7). This pattern of response was 

detected in 2 out of 3 similar experiments.

6.2.4. Tyrosine phosphorylation of cellular proteins upon Fc^Rs crosslinking 

by Ab-SRBC.

To assess whether there was any change in the tyrosine phosphorylation of cellular 

proteins upon FcyRs crosslinking parallel samples were prepared in the presence 

of phosphatase inhibitors and tyrosine phosphorylated proteins were detected by 

western blotting. U937 cells were cultured in the presence of PMA or DHCC for 

48 hours and then incubated with Ab-SRBC for up to 45 minutes. Several bands 

were detected five minutes after exposure to AB-SRBC. There was no further 

change in the amount or number of tyrosine phosphorylated proteins over the 45 

minute incubation (Figure 6 .8 ).

MEP and A6 fgr cells were incubated with PMA or DHCC for 48 hours and in 

some samples cadmium ions were added for the final 24 hours of culture. The cells 

were then exposed to Ab-SRBC for up to 20 minutes and samples prepared in the 

presence of phosphatase inhibitors to allow detection of tyrosine phosphorylated
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proteins. There was no significant difference in the amount or pattern of tyrosine 

phosphorylated proteins detected in the MEP and A6 fgr cells exposed to Ab-SRBC. 

The induction of the transfected c-fgr gene by cadmium ions had no affect on the 

pattern of tyrosine phosphorylated proteins in A6 fgr cells compared to cells cultured 

in the absence of cadmium ions (Figure 6.9).
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Figure 6.1. Phagocytosis of Ab-SRBC by U937 cells.

5x10^ U937 cells were exposed to 1x10  ̂chromium^^ labelled Ab-SRBC for up to 

2 hours. Non-ingested Ab-SRBC were removed by lysis and the number of 

ingested Ab-SRBC quantified by measuring the amount of chromium^^ in the U937 

cells.
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Figure 6.2. The effect of inducing expression of the transfected ^-fgr gene on 

phagocytosis by A6 fgr cells. U937, MEP and A6 fgr cells were cultured at 5x10^ 

cells/well for 24 hours with or without lO^M cadmium chloride. Uptake of 

chromium^^ labelled Ab-SRBC was then measured.
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figure 6.3. The effect of inducing expression of the transfected c-fgr gene on 

phagocytosis by A6 fgr cells treated with DHCC or PMA. MEP and ABfgr cells 

were cultured at 5x10^ cells/well for 24 hours with lOOnM DHCC or 5ng/ml 

PMA, in the presence of increasing concentrations of cadmium chloride. Uptake 

of chromium^^ labelled Ab-SRBC was then measured.
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Figure 6.4. Levels of p55̂ '̂ '̂ in U937 cells after Fc^R crosslinking by specific 

antibodies. U937 cells were cultured with 5ng/ml PMA for 48 hours and then 

incubated at 4°C with monoclonal antibodies 22.2 (FcyRI), IV.3 (FC7 RII), and 

3G8 (FC7 RIII) and then (Fab); fragments of a crosslinking antibody. The cells were 

then incubated at 37°C for up to 45 minutes. The cells were then either lysed 

directly (total sample) or subjected to hypotonic lysis followed by physical 

disruption and separated by centrifugation into membrane and cytosol samples. The 

level of pSS®-̂ '̂  and /3-actin in the samples was then determined by western blotting.
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Figure 6.5. Quantification of p5S^^ levels in U937 cells after FcyR 

crosslinking. The autoradiographs from Figure 6.5 were scanned and the density 

of the p55®' '̂’ and jS-actin bands was measured. The p55®"-̂ 7j8-actin ratio for the 

total samples (o) and the separated samples ( • )  was calculated. For the separated 

samples, the amount of p55‘̂-*'' present in the membrane samples was normalised 

for loading using the density of the corresponding jS-actin band present in the 

cytosol samples.
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Figure 6 .6 . Levels of in U937 cells after FcyR crosslinking by Ab-SRBC.

U937 cells were cultured with 5ng/ml PMA or lOOnM DHCC for 48 hours and then incubated at 37°C with Ab-SRBC for up to 45 minutes. 

The cells were lysed in 1 % NP40 lysis buffer and lysates separated into detergent-soluble and detergent-insoluble samples by centrifugation. 

The level of p55‘̂ '̂̂  and /8 -actin in the samples was then determined by western blotting.
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figure 6.7. Quantification of in U937 cells exposed to Ab-SRBC.

The autoradiographs from Figure 6.7 were scanned and the amount of p55‘̂ '̂" was 

normalised for loading using the density of the corresponding jS-actin band.
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Figure 6 .8 . Tyrosine phosphorylation in U937 cells exposed to Ab-SRBC.

U937 cells were cultured with 5ng/ml PMA or lOOnM DHCC for 48 hours and 

then incubated at 37°C with Ab-SRBC for up to 45 minutes. The cell lysates were 

prepared in the presence of phosphatase inhibitors and jS-actin and any tyrosine 

phosphorylated proteins present in the samples was determined by western blotting.
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Figure 6.9. Tyrosine phosphorylation in MEP and A6 fgr ceils exposed to Ab- 

SRBC. MEP and A6 fgr cells were cultured with 5ng/ml PMA or lOOnM DHCC 

for 48 hours and with and without 10/xM cadmium chloride for the final 24 hours 

of culture. The cells were then incubated at 37°C with Ab-SRBC for up to 20 

minutes. The cell lysates were prepared in the presence of phosphatase inhibitors 

and any tyrosine phosphorylated proteins present in the samples was determined 

by western blotting.
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6.3. DISCUSSION.

6.3.1. The role of c,-fgr in phagocytosis.

Monocytes and macrophages play an important role in defending the host against 

infectious disease and phagocytosis is one of the major mechanisms used in this 

process. Micro-organisms coated with opsonins such as IgG and complement are 

phagocytosed via specific receptors. U937 cells can phagocytose Ab-SRBC. 

However, induction of the transfected c-fgr gene in A6 fgr cells did not effect the 

ability of these cells to phagocytose compared to uninduced A6 fgr cells, MEP or 

U937 cells.

Lowell et al (1994) have looked at the relationship between p55®"-̂ '’ and 

phagocytosis using an in vivo approach. They reported the effect of targeted 

disruptions in the hck and c-fgr genes on macrophage function in two single 

homozygote mouse strains, hckr̂ ' and fgr^', and in a double homozygote hck ' .fgr''. 

Histological samples of bone marrow, spleen, liver, thymus, lymph nodes and 

peripheral blood from both single and double homozygous mutants were normal 

by conventional light microscopy. FACS analysis revealed no abnormalities in the 

total number or percentages of cells within the myeloid or lymphoid compartments. 

Mutant animals had normal numbers of resident peritoneal macrophages as defined 

by cytological morphology and the murine macrophage marker F4/80. There were 

no apparent deficiencies in haematopoietic development and no gross pathological 

or histological changes in nonhaematological tissues observed in the mutant mice. 

Ten separate in vitro tests of macrophage function, including FcyR mediated 

phagocytosis, respiratory burst and cytokine production, could not detect any defect 

in macrophages from fgr^‘ mice. The in vivo immune response to infectious 

challenges by Leishmania major and Listeria monocytogenes was also assessed. 

Wild type and single homozygous, hck' ’̂ or fgr^’, mice were able to mount an 

effective humoral and cell-mediated response to chronic Leishmania infection. 

However, the double homozygous hckr̂ ’.fgr'’ mice when challenged with Listeria 

by intraperitoneal injection showed an impaired ability to resolve the infection and
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a higher mortality than the wild type or single homozygous mutant mice.

Lowell et al (1994) failed to find a defect associated with the absence of c-fgr 

(alone) in these mice. This raises the possibility that this gene is not critical for 

macrophage development and function. However, this does not rule out a specific 

function for c-fgr in macrophages as it is possible that another tyrosine kinase 

compensated for the lack of c-fgr in these mice so that there is no apparent loss of 

function (see section 6.3.2).

6.3.2. The association of p55^^ with FeyRs.

When U937 cells encounter Ab-SRBC, FcyRs on the surface of the cell bind to the 

antibody and this binding triggers phagocytosis. This process can also be induced 

by crosslinking the FcyRs with specific antibodies. In neutrophils, p55®‘̂ '’ becomes 

associated with FcyRU upon receptor engagement and is activated as a tyrosine 

kinase (Hamada et al 1993); this has not previously been examined in monocytes.

When U937 cells were treated with PMA and FcyRs were crosslinked by specific 

antibodies, there was a decrease in the total amount of present in cell lysates 

compared to control cells. When lysates were divided into membrane and cytosol 

samples, there was an increase in the amount of p55®‘-̂ '̂  in the membrane sample 

although the source of the increase is not clear as the cytosol sample did not 

contain detectable levels of p55‘̂-̂ '̂ .

When U937 cells were treated with PMA or DHCC, were exposed to AB-SRBC 

to crosslink the FcyR and the lysates treated with detergent, there was an apparent 

shift of pSS®*-*'' from the detergent-insoluble to the detergent-soluble fraction. In 

contrast, Hamada et al (1993) found a decrease in the amount of pSS®-*'' in the 

detergent-soluble fraction. However, in the experiments of Hamada et al (1993), 

p55®-̂ *'' was immunoprecipitated from the cell lysates and then detected by western 

blotting, whereas in this study pSS®-̂ '' was detected directly by western blotting.
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Hamada et al (1993) also did not test the level of p55‘̂ '̂' in the detergent-insoluble 

sample presumably because this could not be subjected to immunoprécipitation. 

They suggested that p55®*̂ '' becomes associated with FcyRII and is then removed 

from the surface by endocytosis. This would be consistent with an increase in p55®* 

in small membrane vesicles which may not be available for immunoprécipitation 

but could be detected by direct western blotting of the detergent soluble fraction. 

Hence, the increase in detergent-soluble p55®‘-*'̂  in my experiments and the 

consequent loss of detergent-insoluble p55®*-̂ '', which would contain larger plasma 

membrane fragments rather than smaller membrane vesicles, may be consist with 

the results of Hamada et <2/ (1993).

The results presented here and those of Hamada et al (1993) are dependent on 

relatively small (about 1-4 fold) changes in protein levels as measured by 

densitometry. Quantification of protein levels by this method can be difficult and 

I feel more experiments are needed before firm conclusions can be made from this 

data. Hamada et al (1993) also showed a direct association of p55®‘-̂*'‘ with FC7 RII 

in neutrophils and immunoprécipitation studies should show whether the same is 

true for monocytes.

Other tyrosine kinases, including p72^, Hck and Lyn, have been implicated in 

FC7 R mediated signalling. In THP-1 cells, crosslinking of FC7 RII resulted in 

endocytosis which was dependent on tyrosine kinase activity and was blocked by 

genistein (Ghazizadeh & Fleit 1994). Hck and Lyn have been coprecipitated from 

these cells after FC7 R crosslinking (Wang et al 1994, Ghazizaden et al 1994). 

Furthermore, crosslinking of FC7 RI and FC7 RII resulted in the tyrosine 

phosphorylation of several proteins, including PLC7 I, PLC7 2 , Vav, GAP, p72^ 

and FC7 RII (Kiener et al 1993). p72^ activation by FC7 R crosslinking has also 

been seen in HL60 cells (Agarwal et al 1993), 7 IFN treated U937 cells (Durden 

& Li 1994), human monocytes and macrophages (Darby et al 1994) and murine 

macrophages (Greenberg et al 1994, Shen et al 1994). These findings emphasise
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that c-fgr is not the only tyrosine kinase involved in FcyR-mediated signalling and 

indicates the kinds of compensatory mechanisms that might be active in vivo.

6.3.3. Conclusions.

U937 cells are capable of phagocytosing Ab-SRBC, but hyper-expression of the c- 

fgr  gene in A6 fgr cells did not affect their ability to phagocytose or to 

phosphorylate cellular proteins during this process. There is some evidence that 

there is modulation of p55®*̂ '' upon FcyR crosslinking and that p55°'-*'’ is involved 

in the signal transduction pathways controlling phagocytosis in monocytes as well 

as neutrophils.
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CHAPTER 7. GENERAL SUMMARY.

The expression of c-fgr was investigated in monoblastoid cells using U937 cells as 

a model system of cells of the monocyte-macrophage lineage. Treatment of U937 

cells with PMA, DHCC, TNFa or retinoic acid resulted in decreased growth and 

increased levels of c-fgr mRNA and p55®-̂ '’. However, changes in levels of c-fgr 

gene expression were not correlated with the effectiveness of these agents to induce 

differentiation as measured by growth inhibition. Thus, it would appear that c-fgr 

is not critical in controlling the change from a proliferating population of cells into 

a non-dividing, terminally differentiated population of cells (chapter 3).

The role of second messengers in regulating the level of c-fgr mRNA was also 

examined. Autocrine production of TNFa is not responsible for the rapid induction 

of c-fgr mRNA seen in response to TNFa, compared to PMA, DHCC and retinoic 

acid. Both PKC and PKA were implicated in the regulation of c-fgr mRNA by 

PMA and PKA was implicated in the regulation of c-fgr mRNA by TNFa. 

However, tyrosine kinases were not involved in the regulation of c-fgr mRNA by 

either PMA or TNFa. The time taken for the induction of c-fgr mRNA by DHCC 

or retinoic acid, suggests that these agents do not have a direct effect on c-fgr 

transcription (chapter 3).

The expression of c-fgr was also investigated in 3 Burkitt’s lymphoma cell lines. 

The BL41 and BL41-B95/1 cell lines showed a decrease in growth in the presence 

of retinoic acid, whereas BL41-CL16 did not. However, all 3 cell lines showed 

induction of c-fgr mRNA in response to retinoic acid treatment. There was 

therefore no correlation between the degree of growth inhibition and the levels of 

c-fgr mRNA induced by retinoic acid (chapter 4).

The c-fgr gene was transfected into U937 cells under the control of an inducible 

promoter so that the characteristics of the transfected cells could be compared 

before and after induction of c-fgr expression. Hyper-expression of the transfected
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c-fgr gene did not affect cell growth, responses to PMA, DHCC, TNFa or retinoic 

acid, adhesion to fibronectin, phagocytosis or tyrosine phosphorylation of cellular 

proteins (chapter 5 and chapter 6 ). However, the expression of some myeloid and 

adhesion molecules was altered by hyper-expression of the transfected c-fgr gene 

in A6 fgr cells. There was increased staining with antibodies against 52U, a myeloid 

cytoplasmic antigen and ICAM-2, and decreased staining with antibodies against 75- 

6-16, W17/1, VIM15, M5D12 and RM3/1 myeloid antigens and ICAM-3. There 

was increased staining with antibodies against ICAM-1 in A6 fgr cells treated with 

DHCC and with antibodies against ^2 integrins in both MEP and A6 fgr cells treated 

with DHCC (chapter 5).

U937 cells are able to phagocytose Ab-SRBC. When U937 cells treated with DHCC 

or PMA were exposed to Ab-SRBC, there was a shift of p55®*-*'’ from a detergent- 

soluble into a detergent insoluble form and tyrosine phosphorylation of a number 

of cellular proteins (chapter 6 ).

Several aspects of the work presented in this thesis merit further investigation. The 

surface phenotype changes in A6 fgr cells which hyper-express c-fgr could be 

studied further to determine how the staining pattern of the antibodies is being 

modified. This could be achieved by altering transcription rates, post-transcriptional 

modifications, transport of molecules to the cell surface, endocytosis or shedding.

The development of an anti-sense transfectant might prove useful. Preventing c-fgr 

expression may facilitate investigations into the role of p55®' '̂' in the surface 

phenotype and in functional activities.

The modulation of in response to FcyR crosslinking, suggested by Hamada 

et al (1993) requires further confirmation. The detection of a number of cellular 

proteins that become tyrosine phosphorylated following a phagocytic stimulus is of 

considerable interest and it is important that these proteins be identified.
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Abstract

The c-fgr proto-oncogene is expressed in Burkitt’s lymphoma (BL) cells and cell lines 
derived from them. When Epstein-Barr virus (EBV)-negative BL cell lines that contain low  
levels of c -^ r  m RNA are infected with EBV, transcription of the c-fgr gene is further induced. 
In this paper we show that treatment of EBV-negative and EBV-positive BL cell hnes with all- 
trans retinoic acid also stimulates an increase in c-fgr mRNA levels, varying between 2- and 
13-fold depending on the cell Une. An increase is detectable 12 to 48 h after treatment, 
depending on the cell line, suggesting that the c-fgr gene is not regulated directly by retinoic 
acid but responds to other retinoic acid-induced changes in the cell. We also show that 
treatment of BL cell lines with all-mans retinoic acid either results in a dose-dependent 
decrease in growth rate, or has no effect on growth, depending on the cell line. It has 
previously been suggested that the c-fgr gene product might have a role in regulating the 
growth of BL cells, since treatment of the EBV-positive BL cell line Daudi with a-interferon 
results in a decrease in c-fgr m RNA levels followed by a decrease in growth rate. Our data 
indicate that there is no general correlation between c-fgr m RNA levels and growth rate in BL 
cells and so argue against a role for the c-fgr gene product in growth regulation in these cells.

Introduction

The c-fgr proto-oncogene belongs to the c-src gene family, along with 
the blkf fyrij hck, Ick, lyn, c-yes and yrk  genes (1). The cytoplasmic tyrosine 
kinases encoded by these genes are components of signalling pathways 
responsible for regulating changes in the behavior of a range of cell types 
(1). Expression of the c-fgr gene is normally restricted to mature monocytes 
and granulocytes (2 ). In cultured myelomonocytic precursor cell lines, c-fgr 
gene expression is activated when the cells undergo growth inhibition and 
differentiation (2-5). The function of the c-fgr gene product in myeloid cells 
is not known, but is thought to involve the regulation of responses of 
differentiated cells to external stimuli, rather than the regulation of differen
tiation itself (3-6).
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Expression of the c-fgr gene has not been detected in normal lympho
cytes under physiological conditions, but is detectable in BL cells and in cell 
lines derived from them (7-10). The c-fgr gene is also expressed in B- 
lymphoblastoid cell lines derived by in vitro infection of peripheral blood B 
lymphocytes with EBV (11, 1 2 ). When EBV-negative BL cell lines that 
contain low levels of c-fgr mRNA are infected with the B95-8 strain of 
EBV, there is an increase in the rate of transcription of the c-fgr gene 
(11-14). However, EBV does not seem to be the only agent that can 
stimulate c-fgr gene expression in BL cells. Thus, whilst many EBV- 
negative BL cell lines maintain low level expression of the c-fgr gene 
throughout long periods of culture, some such cell lines acquire elevated 
levels of c-fgr m RNA without having been infected by EBV (10). It is 
therefore of interest to identify other factors that influence c-fgr gene 
expression in BL cell lines. Growth inhibition of the EBV-positive BL cell 
line Daudi in response to a-interferon treatment is preceded by a decrease 
in c-fgr mRNA levels, prompting the suggestion that the c-fgr gene may be 
involved in regulating the growth of BL cells (18). All- trans-retinoic acid, a 
naturally-occurring vitamin A metaboHte, inhibits the growth of some 
human myeloma and B cell hybridoma cell hnes (15-17) and so we 
examined its effects on the growth of BL cell lines and on the levels of c-fgr 
mRNA that they contain. We found that all-trans retinoic acid can cause a 
decrease in the growth rate of BL cells, whilst inducing the accumulation of 
c-fgr mRNA.

Materials and Methods
Cell culture

lARC BL41 is an EBV-negative BL cell line (19). lA R C  BL41-B95/1 and lARC BL41- 
CL16 are sublines derived by infection of lARC BL41 with the immortahzing B95-8 strain of 
EBV and the non-immortaUzing BL16 strain of EBV, respectively (11). Cells were maintained 
in RPMI 1640 medium supplemented with 10% (v/v) foetal calf serum (Sera-Lab, Crawley 
D own, UK) and 2 mM L-glutamine. Stock solutions of all-rrans retinoic acid (Sigma, Poole, 
UK) were prepared in ethanol. Cultures were supplemented with 1 pi of stock solution per 1 
ml of medium. Control cultures were supplemented with 1 pi of ethanol per 1 ml of medium.

Proliferation assay

Cells were plated in 96-well, flat-bottomed plates (Gibco-BRL, Paisley, UK) at 3 x 10  ̂
cells/well (lARC BL41-CL16 and lARC BL41-B95/1) or at 5 x lO'̂  ceUs/well (IARC BL41) in 
a volume of 200 pi. All-trans retinoic acid was added to the desired concentration. Treatments 
were performed in triplicate. A t 18, 42 or 66 h after plating, 0.7 pCi of 5-p^^I] iodo-2'- 
deoxyuridine (5 Ci/m g, IC N  Biochemicals Ltd., H igh W ycombe, UK) were added to each 
well. After a further 6h  of culture, cells were harvested on to glass fibre mats using a Titertek 
harvester (Skatron, Norway). The amount of radioactivity incorporated into each sample was 
measured using an N E 1600 gamma counter (Nuclear Enterprises Ltd., Reading, UK). The 
mean and standard deviation were calculated for each set of tripUcate determinations.

R N A  isolation and N orthern blotting

Total cellular R N A  was isolated from cell pellets by the acid guanidinium thiocyanate- 
phenol-chloroform method (20), electrophoresed on 1.1% (w/v) agarose MOPS-formal-
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Figure 1. Incorporation of radio-iodinated 2'-deoxyuridine into three BL cell lines treated for 
72 h with different doses of all-trans retinoic acid. Values shown are the mean ±  SD of three 
determinations, '^p <  0.05 (Student’s t-test).
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dehyde gels and blotted onto Gene Screen Plus filters (Du Pont Ltd., Stevenage, UK) in lOx 
SSC. A ^^P-labelled antisense R N A  probe specific for c-fgr m RNA was synthesized as 
previously described (5), using human c-fgr cD N A  clone pFd97 (8) as a template after 
linearization with X bÀ . A  ^^P-labelled antisense R N A  probe specific for P-actin m RNA was 
synthesized as previously described (5), using murine P-actin cD N A  clone pAL41 (21) as a 
template after linearization with jEcoRI. Filters were hybridized overnight at 65 with 10  ̂
cpra/ml of ^^P-labelled probe in 60 % (v/v) formamide, 5x Denhardt’s solution, 5x SSC, 1 % 
(w/v) SDS, 20 mM sodium phosphate pFi 6.8, 200 pg/ml single-stranded sonicated herring 
testis D N A , 10 pg/ml poly-A, 100 pg/ml yeast total R N A . Final washes were performed in
O .lx SSC, 0.5 % (w/v) SDS at 80 °C for the c-fgr probe and at 65 “C for the P-actin probe. The 
filters were then autoradiographed. Sizes of transcripts were determined by reference to RNA  
size markers (Gibco-BRL, Paisley, UK). As shown previously (5, 11), the c-j^r probe does not 
cross-hybridize to transcripts of other members of the c-src family under the conditions used.

Densitometry

The c-fgr and p-actin m RNA bands in each track of the autoradiography were analyzed 
using a Bio-Rad 620 video densitometer and the area under each peak was calculated using the 
system’s software.

Results

Growth rate o f  BL cells treated with all-trans retinoic acid
Treatment of lARC BL41 cells with retinoic acid resulted in a small but 

statistically significant (p <  0.05) dose-dependent decrease in radio-iodi- 
nated 2 '-deoxyuridine incorporation (Fig. 1). A more dramatic dose- 
dependent inhibition of growth resulted when retinoic acid was added to 
cultures of I ARC BL41-B95/1 cells, which had a higher initial growth rate 
than lARC BL41 cells (Fig. 1). I ARC BL41-CL16 cells had an initial 
growth rate similar to that of lARC BL41-B95/1 cells, but showed no 
statistically significant changes in growth rate when treated with retinoic 
acid (Fig. 1).

The effect of 1 pM retinoic acid on radio-iodinated 2 '-deoxyuridine 
incorporation into lARC BL41-B95/1 cells was detectable after 48 h of 
treatment and became more marked after 72 h of treatment (Fig. 2 ). The 
much smaller, but still statistically significant (p <  0.05), effect of 1 pM 
retinoic acid on radio-iodinated 2 '-deoxyuridine incorporation into lARC 
BL41 cells was also detectable after 48 h of treatment (Fig. 2).

Levels o f  c-fgr m R N A  in BL cells treated with all-trans retinoic acid

As we have previously shown (11), untreated lARC BL41 and lARC 
BL41-CL16 cells contain very low levels of c-fgr m R N A  (Fig. 3A, track i; 
Fig. 3B, track i). Treatment with 1 pM retinoic acid led to an increase in c- 
fgr mRNA levels of approximately 2-fold in I ARC BL41 cells (Fig. 3 A, 
tracks a-h; Fig. 3D) and of approximately 13-fold in lARC BL41-CL16 
cells (Fig. 3B, tracks a-h; Fig. 3D). In the case of lARC BL41, an increase 
was first detectable after 48 h of treatment. In the case of lARC BL41-
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Figure 2. Incorporation of radio-iodinated 2'-deoxyuridine into BL cells treated for different 
lengths of time with 1 [aM all-trans retinoic acid. lARC BL41 cells (a), lARC BL41-CL16 cells 
(b), lARC BL41-B95/1 cells (c). Values shown are the mean ±  SD of three determinations. 
* p <  0.05 (Student’s t-test).

CL 16, an increase was first detectable after 12 h of treatment and reached a 
maximum at 24 h. Untreated lARC BL41-B95/1 cells contain approxi
mately 10-fold higher levels of c-fgr mRNA than I ARC BL41 and I ARC 
BL41-CL16 (11; Fig. 3C, track i). Treatment of lARC BL41-B95/1 cells 
with retinoic acid led to a further induction of c-fgr mRNA levels of 
approximately 7-fold (Fig. 3C, tracks a-h; Fig. 3D), This increase was first 
detectable after 12 h of treatment and reached a maximum at 48 h.

Discussion

Retinoic acid is a metabolite of vitamin A (retinol) that affects the 
proliferation and differentiation of a range of cell types. In this paper we 
have shown that treatment of an EBV-negative BL cell line, lARC BL41, 
and of an EBV-strain-B95.8-infected derivative, lARC BL41-B95/1, with 
all-trans-retinoic acid results in a dose-dependent decrease in proliferation. 
The effect on lARC BL41-B95/1 cells was clear, whilst the effect on lARC 
BL41 cells was sUght, but statistically significant. In both cases, the decrease 
became apparent beween 24 and 48 h after treatment. Retinoic acid had no

Figure 3. Levels of c-/gr mRNA in BL cells treated with all-trans retinoic acid. ►
A: Autoradiographs of Northern blots of total RNA (10 p.g per track) from lARC BL41,
I ARC BL41-CL16 or I ARC BL41-B95/1 cells treated with 1 pM all-trans retinoic acid for 1,
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T i m e  ( h o u r s )

2, 4, 8, 12, 24, 48 or 72 h (tracks a-h), or cultured for 72 h in the absence of added all-trans 
retinoic acid (track i). Blots were hybridized with a probe for c-fgr mRNA (black arrowhead 
labelled fgr). Reprobing of blots for P-actin mRNA showed that approximately equal amounts 
of RNA were present in each track (data not shown). This was also indicated by the level of 
non-specific hybridization of the probe to 28S rRNA (open arrowhead labelled 28S).
B: The blots shown were analyzed by scanning densitometry as were the same blots 
hybridized with the probe for P-actin mRNA. The relative level of c-/grm R N A  in each track 
was calculated as the ratio of the intensity of the c-fgr band to the intensity of the P-actin band. 
The graph shows the increase in relative c-fgr mRNA levels, compared to those in untreated 
cells, plotted against time of treatment with 1 pM all-trans retinoic acid.
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significant effect on the proliferation of I ARC BL41-CL16 cells, derived by 
infection of I ARC BL41 cells with the CL 16 strain of EBV. All-trans- 
retinoic acid inhibits the growth of human myeloma cell lines (15-17) as a 
result of the down-regulation of interleukin-6 receptors on the cell surface
(17), The dose-dependence and timing of this effect were similar to that 
described here. Our data demonstrate that the growth-inhibitory effect of 
retinoic acid on B-lymphoid cells is not restricted to myeloma cells. The 
growth inhibitory activity of all-trans retinoic acid contrasts with the 
activity of retinol, which is absolutely required for the growth of EBV- 
positive B-lymphoblastoid cell lines (22). This growth-promoting activity is 
a property of metabolites of retinol other than all-trans-retinoic acid (22).

Retinoic-acid-treatment of all three of the BL cell lines that we studied 
led to an increase in levels of c-fgr mRNA. This was most marked in the 
case of lARC BL41-B95/1, which has the highest basal levels of c-fgr 
mRNA, but was also significant in I ARC BL41 and I ARC BL41-CL16 
cells, which have very low basal levels. These data indicate that c-fgr gene 
expression in B-lymphoid cells is responsive to factors other than EBV and 
that all-trans-retinoic acid may be one such factor. The time-course of the 
increase in c-fgr mRNA levels was slower than would be expected if the c- 
fgr gene were a direct target for nuclear retinoic acid receptors that had 
bound retinoic acid, and there is no indication that the c-fgr gene promoter 
used in B-lymphoid cells contains a retinoic acid response element (13). It 
therefore seems likely that the changes in c-fgr mRNA levels that we have 
detected are the result of other retinoic-acid-induced changes within the 
cell.

It has previously been shown that treatment of the EBV-positive BL cell 
line Daudi with a-interferon results in a decrease in c-fgr mRNA levels 
followed by a decrease in growth rate (18). This led to the suggestion that 
the c-fgr gene product might be involved in growth regulation in BL cells
(18). In contrast, our data demonstrate that BL cells treated with retinoic 
acid have increased c-fgr mRNA levels but decreased or unchanged growth 
rates. In consequence, there does not seem to be a general correlation 
between growth rate and c-fgr mRNA levels in BL cells and it therefore 
seems unlikely that the c-fgr gene product has a role in regulating BL cell 
growth. In line with this, it is thought that the activation of c-fgr gene 
expression in differentiating myeloid cells does not contribute to their loss 
of proliferative ability but rather contributes to some feature of the 
phenotype of fully differentiated myeloid cells (3-6). It remains to be 
determined whether the c-fgr gene product modifies the phenotype of BL 
cell lines in some way unrelated to their growth potential or whether c-fgr 
gene activation is a phenotypically neutral consequence of tumorigenesis in 
BL cells.
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Summary

Probucol is a clinically important drug that decreases plasma cholesterol in humans and has a marked 
anti-atherogenic effect in hyperlipidaemic Watanabe rabbits. The action of probucol in this animal model 
has been partly attributed to its anti-oxidant abilities. Probucol can decrease the oxidative modification 
of low-density lipoprotein and hence diminish its uptake by macrophages. In this paper, we have examined 
the effect of probucol on the monoblastic cell line U937,and on U937 cells induced to differentiate towards 
a macrophage phenotype by 1,25-dihydroxycholecalciferoI (DHCC), tumour necrosis factor-a (TNF-a) or 
phorbol myristate acetate (PMA). We found that probucol enhanced the proliferation of undifferentiated 
U937 cells. Probucol also enhanced proliferation in cultures that had been pre-treated with DHCC or TNF- 
a, but had no effect on cultures that had been pre-treated with PMA. In contrast, when U937 cells were 
treated simultaneously with probucol and DHCC or TNF-a, there was a more marked decrease in pro
liferation than was induced by these agents in the absence of probucol. Probucol had little effect on the 
phenotype of resultant cells. The surface expression of CD 13 (aminopeptidase N), CD4, CD35 (C3b recep
tor), CD64 (FcyRI), CD71 (transferrin receptor) and HLA Class II was not affected by probucol. Probucol 
treatment led to a small increase in the surface expression of CD 16 (FcyRIII) in TNF-a treated cells and 
to a small decrease in the expression of CD 14 (a monocyte marker) in PMA-treated cells. The induction 
of c-fgr mRNA and TNF-a mRNA by DHCC or PMA or TNF-a was not significantly altered in the 
presence of probucol. The affect of probucol on U937 cells does not appear to be due to its anti-oxidant 
abilities because butylated hydroxytoluene (BHT), an equally powerful anti-oxidant, did not have the same 
effect on the cell proliferation as probucol and because no changes were detected in the levels of lipid perox
idation in U937 cell culture supernatants.

Correspondence to: Ms L. Faulkner, University College and 
Middlesex School of Medicine, Bland-Sutton Institute, 48,
Riding House St., London, W IP 7PN, UK.
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Introduction

Accumulation of lipid-loaded foam cells in the 
sub-endothelial region of the arterial wall is an 
early event in the pathogenesis of atherosclerosis. 
The foam cells are mostly macrophages that have 
taken up modified low density lipoprotein (LDL) 
via the scavenger receptor [1]. These macrophages 
appear to arise from monocytes that attach to the 
vessel wall at sites of endothelial abnormality and 
then migrate into the intima [1,2].

Monocytes and macrophages cannot be con
verted into foam cells by incubation with even high 
levels of native LDL. Modification of LDL, for ex
ample, by lipid peroxidation, is a critical factor in 
causing foam cell formation as it increases the up
take of LDL by monocytes and macrophages 
[1,3,4]. Lipid peroxidation is known to occur in 
human atherosclerotic lesions and may therefore 
play an important pathological role in lesion 
development [1,5].

There has been considerable clinical interest in 
identifying compounds that inhibit lipid peroxida
tion and therefore have the potential to interfere 
with the formation of foam cells. Certain anti
oxidants, such as a-tocopherol and butylated hy
droxytoluene (BHT), are chain-breaking inhibitors 
of lipid peroxidation and have been suggested as 
potentially useful therapeutic agents [6,7]. The 
BHT dimer, probucol (4,4- [isopropylidenedi- 
thio]bis [2,6-di-tertbutylphenol]) is another syn
thetic chain-breaking inhibitor of lipid peroxida
tion, originally introduced as a drug that lowers 
plasma cholesterol levels in humans. However, the 
marked anti-atherogenic effect of probucol in 
hyperlipidaemic rabbits has been shown to be 
largely unrelated to its ability to decrease 
cholesterol levels [8-10]. Rather, there is evidence 
that the antioxidant properties of probucol con
tribute to its anti-atherogenic action [6,8,11-13], 
since probucol can decrease the oxidative 
modification of LDL and thus diminish the uptake 
of modified LDL by macrophages [13,14]. In addi
tion, probucol can exert more general effects on 
lipid metabolism [15,16] and can affect specific 
macrophage functions, such as the release of 
interleukin-1 [17].

In order to study the direct effects of probucol 
on myeloid cells we have examined its effects on 
the human monoblastic cell line U937 [18], which 
can be induced to differentiate towards a macro
phage-like phenotype by 1,25-dihydroxycholecal- 
ciferol (DHCC) or tumour necrosis factor-a 
(TNF-a) or phorbol myristate acetate (PMA) 
[19-21]. The U937 cell line has been used fre
quently as a model system to study the process of 
differentiation in the monocytic series and the cells 
that are generated have been used further to ex
amine monocyte/macrophage effector mechanisms 
[22,23]. In the present paper we report the effects 
of probucol on the growth of undifferentiated and 
differentiated U937 cells, on several features of the 
macrophage phenotype and on levels of lipid 
peroxidation in U937 cells.

Materials and Methods

Cell culture
The U937 cell line was obtained from the Euro

pean Collection of Animal Cell Culture (Porton 
Down, UK). Cells were maintained in stationary 
suspension culture in RPMI 1640 medium sup
plemented with 10% (v/v) heat inactivated foetal 
calf serum, 2 mM L-glutamine, 100 units/ml 
penicillin, 100 /ig/ml streptomycin, 2.5 fig/ml am
photericin B, 10 mM Hepes (pH 7.3) and 50 ^M 
2-mercaptoethanol (all from Gibco-BRL, Paisley, 
UK) at 37°C in a humidified atmosphere contain
ing 5% CO]. Cells were subcultured every 3-4 
days from an initial concentration of 2 X 10̂  
cell/ml and cell viability was assessed by trypan 
blue exclusion.

U937 proliferation and differentiation assays 
U937 cells were cultured for 48 h at a concentra

tion of 2 X 10  ̂ cell/ml in medium alone or in 
medium containing 100 nM 1,25-dihydroxychole- 
calciferol (DHCC) (gift of Dr M. Uskokovic, 
Hoffmann La Roche, Nutley, USA) or 50 ng/ml 
human recombinant TNF-a (Genentech, San 
Francisco, USA) or 5 ng/ml PMA (Sigma, Poole,



UK). Cells were harvested, washed twice and then 
plated in quadruplicate in 96-well, flat-bottomed 
plates (Nunc, Gibco-BRL, Paisley, UK) at 
2 X 10"* cells/well. Varying concentrations of pro
bucol were added and the cells cultured for 24, 48 
or 72 h in a final volume of 0.2 ml. In some experi
ments, U937 cells were cultured at 2 X 10  ̂
cells/ml for 48 h in medium alone, washed and 
then plated at 2 X 10 "^cells/well for a further 72 h 
with varying concentrations of DHCC or TNF-a 
or PMA, with or without probucol or butylated 
hydroxytoluene (BHT).

Stock solutions containing different concentra
tions of probucol were prepared in ethanol and 
stock solutions containing different concentra
tions of BHT were prepared in dimethyl sulphox- 
ide (DMSO). The final concentrations of ethanol 
and DMSO in assay cultures were 1.25% and 
0.01%, respectively. The presence of either ethanol 
at 1.25% or DMSO at 0.01% had no effect on the 
prohferation of U937 cells compared with cells 
grown in medium alone.

Proliferation was assayed by measuring 5- 
[^^^I]iodo-2-deoxyuridine incorporation (5 Ci/mg, 
Amersham International, UK). Cells were pulsed 
with 0.7 ^Ci/well for the last 6 h of incubation and 
then harvested on to glass fibre filter mats using a 
Titertek harvester (Skatron, Norway). Radioactive 
^̂ Î incorporation was measured using a NE 1600 
gamma counter (Nuclear Enterprises Ltd, Oxford, 
UK). The mean and standard deviation of the 
counts per minute were calculated.

Duplicate samples of cultures were harvested 
and analyzed for end-products of lipid peroxida
tion using the thiobarbituric acid assay.

Measurement o f the thiobarbituric acid reactive 
material

The thiobarbituric acid (TBA) assay is widely 
used for the measurement of lipid peroxidation. 
TBA (1 ml of 1% w/v) in 0.05 M NaOH and 1 ml 
of 28% (w/v) trichloroacetic acid (TCA) were 
added to 1 ml aliquots of culture supernatants con
taining 0.1 ml of 2% (w/v) butylated hydrox
ytoluene (BHT). Tubes were heated in a water 
bath at 80°C for 20 min to allow colour due to the 
(TBA)]MDA adduct to develop. The chromogen 
formed was extracted with 2 ml butan-l-ol and the 
absorbance of the organic layer measured at 532

nm. The addition of BHT to the reactive mixture 
before the addition of TBA and TCA minimizes 
increases in colour due to iron-ion-dependent 
hydroperoxide decomposition during the acid 
heating stage [24-26].

Cell surface markers 
U937 cells were cultured for 72 h in 100 nM 

DHCC or 10 ng/ml TNF-a or 5 ng/ml PMA, with 
or without 5 /iM probucol. The cells were washed 
3 times in 10% (v/v) normal rabbit serum in PBS 
containing 0.2% (w/v) sodium azide (NRS/PBS). 
The presence of sodium azide prevents capping 
and subsequent internalization of surface mole
cules labelled with antibody. The cells were plated 
out at 5 X 10  ̂ cells/well in U bottomed 96-well 
plates, incubated with primary antibody in 
NRS/PBS for 45 min on ice, washed twice and in
cubated with a 1/20-dilution of rabbit anti-mouse 
FITC conjugated antibody in NRS/PBS for 30 min 
on ice. After two further washes, cells were fixed 
in 4% paraformaldehyde in PBS and stored at 4°C 
until analysis by FACscan (Becton Dickinson). 
Antibodies used were UCHMl (CD 14) [27], CLB- 
Fc gran I (CD16) [28], 10.1 (CD64) [29], 7E11 
(CD35) [30], B4 (CD19) [31], DA6.231 (HLA 
Class II) [32], CLB-mon gran II (CD 13), T4 
(CD4), BU-55 (CD71) and TILP (CD5) [33]. The 
antibody TILP was used as an isotype-matched 
control (IgGl) for UCHM l, CLB-Fc gran I and 
CLB-mon gran II. The antibody B4 was used as an 
isotype matched control (IgG2) for 10.1, 7E11, 
DA6.231, T4 and BU-55.

Northern blotting 
U937 cells were cultured for 2, 4 and 8 h in 

100 nM DHCC or 50 ng/ml TNF-a or 5 ng/ml 
PMA, with or without 25 fiM probucol. Total 
cellular RNA was isolated from treated U937 cells 
by the acid guanidinium thiocyanate-phenol- 
chloroform method of Chomczynski and Sacchi 
[34]. RNA (10 pig per track) was electrophorezed 
on 1.1% (w/v) agarose MOPS-formaldehyde gels 
and blotted overnight on to GeneScreen Plus 
filters (Du Pont Ltd, Stevenage, UK) in 10 x 
saturated sodium citrate (SSC). Filters were 
hybridised overnight at 65°C in 60% formamide 
hybridisation mix with a ^^P-labelled anti-sense 
RNA probe as described in Brickell and Patel [35].



Three different anti-sense RNA probes were syn
thesized from jVofl-linearised, human TNF-a 
cDNA clone, XI6-4 [36], Æ'coRI-linearised, murine 
j8-actin cDNA clone, pAL41 [37] and Xbal- 
linearised, human c-fgr cDNA clone pFd97 [35]. 
After hybridisation the filters were washed in 
0.1 X SSC, 0.5% (w/v) SDS at 80®C for the c-fgr 
probe and at 65°C for the TNF-a and jS-actin 
probes.

The c-fgr, TNF-a and j3-actin mRNA bands in 
each track of the autoradiographs were analyzed 
by scanning densitometry using a Bio-Rad 620 
video densitometer. The density of the c-fgr and 
TNF-a mRNA bands were normalized for any dif
ferences in RNA loading using the density of the 
jg-actin mRNA bands as a control.

Results

Effect o f probucol on U937 proliferation
We first looked at whether the presence of pro

bucol would affect the growth of U937 cells. U937 
cells were cultured in the presence of 10 /iM and 
50 pM probucol and proliferation was measured at 
24, 48 and 72 h. Both concentrations of probucol 
caused a marked increase in the growth of U937

cells, as shown by the incorporation of 5- 
[^^^I]iodo-2-deoxyuridine, compared with cells 
cultured in medium alone (Fig. 1). This increase 
was detectable at all three time points and showed 
some degree of dose dependency at 72 h (Student’s 
r-test P < 0.5).

Effect o f probucol on U937 cell differentiation
We next examined whether probucol would af

fect the response of U937 cells to the differen
tiating agents DHCC, PMA and TNF-a [19-21]. 
One of the phenotypic changes associated with dif
ferentiation of U937 cells in response to these 
agents is growth arrest. Exposure of U937 cells to 
DHCC alone, or TNF-a alone for 72 h caused a 
dose-dependent decrease in proliferation com
pared with cells grown in medium alone (Figs. 2a 
and 2b). PMA caused a 99% decrease in prolifera
tion in U937 cells after 72 h (Fig. 2c).

When added to the culture at the same time as 
DHCC or TNF-a, probucol led to a larger 
decrease in the proliferation of U937 cells (Figs. 2a 
and 2b) than was seen with DHCC or TNF-a in 
the absence of probucol. The effect of probucol 
was dose-dependent and was seen at different con
centrations of probucol and at different concentra-
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Fig. 1. The effect of probucol on the growth of U937 cells. U937 cells were plated at 2 x 10  ̂cells/ml in the presence or absence of 
probucol. The growth of U937 cells was measured at 24, 48 or 72 h by the addition of 5-[*^^I]iodo-2-deoxyuridine for the last 6  h 

of culture. The results of triplicate wells are given as mean counts per minute with error bars as ±  S.D.
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Fig. 2. The effect of probucol on the response of U937 ceils to 
differentiation-inducing agents. U937 cells were cultured for 72 
h with (a) DHCC, (b) T N F-a or (c) PMA, in the presence or 
absence of probucol. The growth of U937 cells was measured 
by the addition of 5-[’^^I]iodo-2-deoxyuridine for the last 6  h 
of culture. The results o f triplicate wells are given as mean 
counts per minute with error bars as ±  S.D. Radioactivity in
corporation by cells grown in medium alone (no probucol and 
no differentiation-inducing agents) (a) 62 570
counts/min ±  1439, (b) 35,927 counts/min ±  461, (c) 62 570 

counts/min ±  1439.
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Fig. 2 (continued).

tions of DHCC and TNF-a. There was no 
difference in the growth of PMA-treated U937 
cells when they were cultured in the presence or 
absence of probucol, even at the highest concen
tration of 50 nM  (Fig. 2c). The failure of probucol 
to affect the growth of PMA-treated U937 cells 
may be due to the fact that PMA-treated cells 
essentially cease proliferation within 24 h of treat
ment, even in the absence of probucol (Fig. 2c).

Effect o f probucol on the phenotype o f U937 cells
Differentiation of U937 cells is not only 

associated with growth arrest but also with a 
number of other phenotypic changes, which result 
in cells with a more mature, macrophage-like 
phenotype [22,23,38]. We therefore examined the 
effect of probucol on the expression of eight cell 
surface markers and on the levels of two 
monocyte-specific mRNAs.

We compared the expression of a range of 
monocyte cell surface markers on U937 cells in
duced to differentiate in the presence or absence of 
probucol. U937 cells expressed high levels of 
CD 13 (aminopeptidase N) which were not affected 
by treating the cells with DHCC or TN F-a or 
PMA (Table 1). Other monocyte markers such as 
CD4, CD35 (C3b receptor), CD64 (FcyRI) and 
HLA Class II were present at low levels and also



remain unchanged when U937 cells were treated 
with the three differentiating agents (Table 1). Pro
bucol had no effect on the surface expression of 
CD13, CD4, CD35, CD64 and HLA Class II.

The expression of CD71 (transferrin receptor), 
CD 14 and CD 16 (FcyRIII) varied depending on 
the treatment of the U937 cells. Exposure of U937 
cells to DHCC caused a decrease in CD 16 and 
CD71 expression and an increase in CD 14 expres
sion. These levels were not affected by the presence 
of probucol (Table 1). TNF-a alone did not affect 
the expression of CD 16 on U937 cells, but increas
ed levels of CD 16 were detected on cells treated 
with both TNF-a and probucol (Table 1 and Fig. 
3a). TNF-a also caused an increase in CD71 ex
pression which was not affected by probucol 
(Table 1). Although PMA treatment of U937 cells 
had no effect on CD 16 (Fig. 3b) or CD71 expres
sion, PMA did cause an increase in CD 14 expres
sion which was inhibited by the presence of 
probucol (Table 1).

The c-fgr proto-oncogene encodes a myeloid- 
specific protein tyrosine kinase that we have 
recently shown to be a useful index of U937 cell 
differentiation [39]. TNF-a synthesis is also 
associated with activated monocytes and 
macrophages [40,41], and TNF-a mRNA is pro
duced by U937 cells in response to TNF-a or 
PMA treatment [39]. We therefore examined the 
levels of c-fgr and TNF-a mRNA in U937 cells in
duced to differentiate by DHCC or TNF-a or

PMA, in the presence and absence of probucol. 
Probucol had no significant affect on the levels of 
c-fgr mRNA or TNF-a mRNA present in U937 
cells cultured in TNF-a or PMA (Fig. 4 and Table 
2) or in DHCC (data not shown).

Effect o f probucol on pre-differentiated U937 cells
We next examined whether probucol would af

fect the growth of pre-differentiated U937 cells. 
U937 cells were cultured for 48 h with DHCC, 
washed and then exposed to probucol for 24,48 or 
72 h, A dose-dependent increase in proliferation 
was seen in the presence of probucol (Fig. 5a). The 
effect of probucol on cells that had been pre
treated with TNF-a for 48 h was less pronounced, 
but there was clear stimulation of proliferation 
above the control after the cells had been cultured 
in 10 pM or 50 pM  probucol for 72 h (Fig. 5b). In 
contrast, U937 cells exposed to PMA for 48 h did 
not show any change in the levels of proliferation 
when washed and cultured for a further 24, 48 or 
72 h, in the presence or absence of probucol (Fig. 
5c).

The ability of probucol to stimulate the pro
liferation of U937 cells treated for 48 h with 
DHCC or TNF-a could be due to the effect of pro
bucol on a sub-population of undifferentiated 
cells. DHCC and TNF-a are less effective at in
ducing growth arrest than PMA, and probucol did 
not affect the growth of U937 cells pre-treated for 
48 h with PMA. However, DHCC and TNF-a in-

TABLE 1

EXPRESSION OF VARIOUS CELL SURFACE MARKERS

U937 cells were grown for 72 h in the presence of 100 nM DHCC, 10 ng/ml TNF-a or 5 ng/ml PMA, with (+) or without (-) 5 /iM 
probucol. Cells were incubated with primary antibody which was detected with a rabbit anti-mouse FITC-conjugated secondary 
antibody and the fluorescence level of 5000 cells was analysed by FACscan. The results are corrected for background by subtracting 
the mean fluorescence for isotype-matched controls and expressed as * < 1 0 0 ; ** > 1 0 0 , < 2 0 0 ; *** > 2 0 0  mean fluorescence.

Probucol Medium DHCC TNF-a PMA

- + - + - + - +

CD13 *** *** *** *** *** ÿ 9|C *** ***

CD16 ** ** * * ** *** ** **

CD71 ** ** * * *** *** ** **

CD14 * * ** ** * * ** *

CD4 * * * * * * * *

CD35 * * * * 1 * * .  * *

CD64 * * * * * * * *

HLA Class II * * * * * * * *
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duce similar levels of growth inhibition in U937 
cells (Fig. 2), but U937 cells pre-treated with 
DHCC were more responsive to the addition of 
probucol than TNF-a pre-treated cells.

Effects o f probucol on lipid peroxidation products 
In order to test the possible relationship bet

ween the anti-oxidant properties of probucol and 
its effects on the proliferation and differentiation

TABLE 2

THE E FFEC T O F PROBUCOL ON TH E LEVELS O F c-fgr mRNA AND T N F -a  m RN A  IN  U937 CELLS

The autoradiographs shown in Fig. 4 were subjected to scanning densitometry. The density o f the c-fgr and T N F-a mRNA bands 
were normalised for any differences in RN A  loading using the density o f the |S-actin bands as a control.

Probucol Treatment of U937 cells

PM A TN F-a

- + - +

c-fgr mRNA 2 h 0.05 0.03 0 . 1 0 . 0 2

4 h 3.4 0 . 6 0 . 2 0.3
8  h 5.8 3.8 1 . 0 1 .1

T N F-a mRNA 2  h 1 . 6 1.3 0 . 8 0.5
4 h 1.4 2 . 0 0 . 1 0 . 2

8  h 0 . 6 1.3 0.04 0.04
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and 25 probucol (tracks 4 -6 ) , 5 ng/ml PMA (tracks 7 -9 ), or 5 ng/ml PMA and 25 /iM probucol (tracks 10-12).
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Fig. 5. The effect o f probucol on the growth o f pre-differentiated U937 cells. U937 cells were cultured for 48 h with (a) 100 nM  DHCC,
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counts per minute with error bars as ±  S.D.

of U937 cells, the levels of lipid peroxidation pro
ducts in cell homogenates were measured by the 
TEA test. BHT was added with the TEA reagents 
to block peroxidation during the test itself and to 
correct for any effects on the assay of anti
oxidants added to, or present within, the cells 
[24,43]. The TEA test shows a high false positive 
rate [44,45], but is sensitive enough to detect even 
very low levels of peroxidation products [46]. 
However, levels of TEA-reactive material in all 
culture supernatants were very low (As32

0.015-0.033) and did not differ significantly in the 
presence or absence of probucol, DHCC, TN F-a 
or PMA.

Effect o f  the anti-oxidant BH T  
We also examined whether the effects of pro

bucol could be attributed directly to its anti
oxidant activity by using the structurally similar 
anti-oxidant, EHT. EHT had no effect on the 
growth of U937 cells and did not alter the response 
of the cells to DHCC, TNF-a or PMA (Fig. 6).
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Fig. 6 . The effect of BHT on the response of U937 cells to differentiating agents. U937 cells were cultured for 72 h with 100 nM 
DHCC, 50 ng/ml TNF-a or 5 ng/ml PMA, in the presence or absence of BHT. The growth of U937 cells was measured by the addition 
of 5-[*^^I]iodo-2-deoxyuridine for the last 6  h of culture. The results of triplicate wells are given as mean counts per minute with

error bars as ±  S.D.

Discussion

Our initial objective was to use differentiated 
U937 cells as a model system to analyze the 
cellular and molecular effects of the synthetic anti
oxidant, probucol, on monocytes and macro
phages. This required preliminary analysis of the 
effects of probucol on the parent cell line. We 
found that probucol induced a dose-dependent 
proliferative response both in untreated U937 cells 
and in U937 cells pre-treated for 48 h with DHCC 
or TNF-a. However, probucol had no effect on 
U937 cells that had been pre-treated with PMA. 
The effects of probucol on U937 cells pre-treated 
with DHCC or TNF-a may reflect stimulation of 
cells that have not undergone growth arrest and 
differentiation in these cultures. Very few undif
ferentiated cells remain in cultures treated for 48 h 
with PMA, and this probably accounts for the lack 
of growth stimulation in response to probucol in 
these cultures.

However, the growth stimulatory effect of pro
bucol on U937 cells contrasts with previous data 
showing that anti-oxidants can inhibit the pro

liferation of several different cell types, including 
smooth muscle cells [47], fibroblasts [48] and lym
phocytes [49-52]. In the case of lymphocytes, 
these effects of anti-oxidants have suggested a role 
for the reactive oxygen intermediates as positive 
signals during T and B cell activation.

When probucol was added at the same time as 
DHCC or TNF-a, it led to a larger growth inhibi
tion than that seen in DHCC or TNF-a treated 
cells in the absence of probucol. Again probucol 
had no effect on the growth of U937 cells when 
added at the same time as PMA. Despite these ef
fects on growth and differentiation probucol had 
little affect on the resultant phenotype of differen
tiated U937 cells. In the presence of probucol there 
was a decrease in expression of CD 14 on PMA- 
treated U937 cells and an increase in the expres
sion of CD 16 on TNF-a-treated cells, but no effect 
on the levels of CD4, CD13, CD35, CD64, CD71 
and HLA Class II expression. Probucol did not in
duce any significant changes in the levels of 
mRNA encoding the myeloidrassociated protein 

or TNF-a.
One possible explanation for our findings could
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be that probucol is acting as an anti-oxidant and 
preventing membrane damage by peroxyl radicals. 
By thus improving membrane fluidity and ligand 
binding to surface receptors probucol could 
enhance the response of U937 cells to a range of 
growth factors and differentiating agents. 
However, it seems unlikely that probucol is acting 
solely as an anti-oxidant because BHT, a chemical
ly similar and equally powerful anti-oxidant, had 
no effect on the proliferation of U937 cells or on 
their response to DHCC or TNF-a. In addition, 
the TBA assay should have detected some changes 
in the levels of lipid peroxidation products in U937 
cell culture supernatants, but it did not.

Our data suggest, however, that probucol may 
be exerting biological effects in addition to its anti
oxidant activity. These are being explored further 
in this laboratory.

Probucol has been shown to have a marked 
anti-atherogenic effect in animal models of 
atherosclerosis. Probucol can inhibit oxidative 
modification of LDL [6,14] and so prevent the 
development of foam cells by decreasing the up
take of modified LDL by macrophages [53]. Pro
bucol treatment also leads to decreased secretion 
of interleukin-1 by murine peritoneal macrophages 
[17] and to a reduction in the number of 
macrophages in atherosclerotic lesions in the 
Watanabe heritable hyperlipidaemic rabbit [54], 
In this paper we show that probucol can also affect 
the growth of undifferentiated and differentiated 
U937 cells. The U937 cell line has been widely used 
to study monocytic differentiation as well as 
macrophage effector mechanisms [22,23,38]. The 
use of this cell line at different stages of develop
ment may therefore be helpful in assessing the ef
fects of probucol on the pathobiology of 
monocytes and macrophages in the atherosclerotic 
lesion.
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SUMMARY

The U937 cell line was used to investigate the induction of messenger RNA (mRNA) for the c-fgr 
mRNA tyrosine kinase proto-oncogene in cells of the monocyte-macrophage lineage. U937 cells 
were exposed to tumour necrosis factor-alpha (TNF-a). TNF-/Î and transforming growth factor- 
alpha (TGF-a). alone and in combination with PMA and 1,25-dihydroxycholecalciferol (1.25- 
DHCC). TNF-a and TNF-j8. but not TGF-a, decreased the proliferation of U937 cells in a time- and 
dose-dependent manner, and both TNF-a and TNF-/Ï enhanced the response of U937 cells to PMA 
during the first 24 hr of treatment and to 1,25-DHCC over 72 hr. TNF-a induced a rapid increase in c- 
fg r  mRNA levels within 4 hr. in contrast to slower induction by PMA and 1,25-DHCC. TNF-a and 
1,25-DHCC together had an additive effect on c-/grmRNA levels. In U937 cells exposed to PMA. c- 

fg r  mRNA levels continued to increase over 72 hr. Levels of c-fgr mRNA induced by the various 
modulating agents did not correlate clearly with the changes in proliferation. Therefore, we suggest 
that although the c-fgr gene product may have a role in differentiation, the more significant role is 
likely to be in the fully differentiated macrophage.

IN TR O D U C TIO N

The cells of the monocyte-macrophage lineage play a central 
role in both inflammation and immunity.' To facilitate investi
gation of the biology of this lineage several model systems have 
been developed. Many natural and synthetic compounds have 
been used in ciiro to induce monocytes to differentiate into fully 
activated macrophages with greatly enhanced functional capa
bilities. Myeloid leukaemic cell lines, such as the promyeloid 
HL-60 and the histiocytic U937, have been used extensively to 
study the mechanism of cell differentiation towards monocytes 
and/or macrophages. Numerous reports have documented the 
role played in differentiation and activation by cytokines such as 
interferon-gamma (IFN-y),- interleukins,^ and tumour necrosis 
factor (TNF);^ by colony-stimulating factors (CSF) such as 
CSF-P and granulocyte-macrophage (GM)-CSF;^ and by 
other substances such as phorbol I2-myristate 13-acetate 
(PMA),’ relinoic acid" and 1.25-dihydroxycholecalciferoP 
( 1,25-DHCC). In our laboratory we have examined the effects of 
phorbol esters and different metabolites of vitamin D on 
monocyte differentiation using the U937 cell line as a model 
system. PMA. 1,25-DHCC and 24,25-DHCC all inhibit the 
proliferation of U937 cells in a dose-dependent manner, but 
with varying degrees of effectiveness."’ "

C o rre sp o n d e n c e : L. F au lk n e r. D ep t, o f  H is to p a th o lo g y , B land  
S u tto n  In s titu te , M idd lesex  H osp ita l, R id in g  H o u se  S tree t, L o n d o n  
W I P 7 P N .  U .K .

Although the effects of these different chemical and biologi
cal agents are well established, the mechanism of their action on 
cells of the monocyte-macrophage lineage remains poorly 
understood. For example, although the role of PMA as an 
activator of protein kinase C is documented in both T cells and 
B cells, much less is known about how PMA affects monocytes 
and adherent phagocytes. In the case of TNF-a, the ability of 
monocytes to respond is not always related to the number or 
affinity of TNF-a binding sites, suggesting that a post-receptor 
mechanism controls responsiveness.'- '̂  The binding of TNF-a 
to its receptor results in a number of molecular events, including 
NFkB induction,''* phosphorylation of the cytosolic protein p26 
on serine residues,'^ a reduction in the levels of both c-myc and 
histone H3 messenger RNA (mRNA). a transient increase in 
c-fos mRNA levels, and a marked induction of the TNF-a gene 
itself.'*

Recent observations have also highlighted the role of 
tyrosine phosphorylation in signal transduction pathways 
within the cells of the immune system. This is illustrated by the 
role of p56** in T-cell activation." The cytoplasmic domain of 
the CD4 or the CD8a molecule interacts with a unique sequence 
in the amino-terminal domain of p56''*.'" "  Antibody-mediated 
cross-linking of CD4 activates p56** and leads to tyrosine 
phosphorylation of a number of proteins including the zeta 
chain of the T-cell receptor.'’There is also evidence that tyrosine 
phosphorylation is important in cells of the monocyte-macro
phage lineage, since the expression of the c-fgr and hck tyrosine
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kinases appears to be restricted to granulocytes, monocytes and 
tissue macrophages.*®'^' The oncogenes hck, Ick and c-fgr are all 
members of the c-src family of structurally related genes 
encoding protein tyrosine kinases (reviewed in ref. 2 2 ).

The function of the c-fgr tyrosine kinase in these cells is not 
known. Ley et al.-° found that differentiation of U937 cells in 
response to PMA was accompanied by an increase in the levels 
of c-fgr mRNA. However, the phenotype and functional 
capabilities of monocytes and macrophages can vary depending 
on the modulating agent.*^--  ̂ For example, exposure of U937 
cells to 1.25'DHCC results in the up-regulation of C D lla , 
CD lib . CD! Ic and CD 18 expression, whereas PMA treatment 
only up-regulales CDl la and CD! Ic.-^ PMA also causes strong 
induction of interleukin-Ij3(IL-l/î) and TNF-a mRNA in U937 
cells, whereas 1,25-DHCC does not.*® It is therefore important 
to determine whether other differentiating agents have a similar 
effect to that of PMA on c-fgr mRNA levels in U937 cells. We 
therefore investigated the effects of TNF-a. TNF-^ and TGF-a, 
alone and in combination with PMA and 1,25-DHCC on the 
levels of c-fgr mRNA in U937 cells.

.MATERIALS AND M ETH O D S

Cell culture
The U937 cell line was obtained from the European Collection 
of Animal Cell Cultures (Porton Down. Wilts. U.K.) and 
maintained routinely in stationary suspension culture in RPMI- 
1640 medium supplemented with 10% heat-inactivated foetal 
calf serum (FCS). 2 mM L-glutamine. 100 U.'ml penicillin. 100 
/(g;ml streptomycin. 2-5 ^g/ml amphotericin B. 10 mM HEPES 
and 50 /jm 2-mercaptoethanol (all from Gibco-BRL. Paisley, 
Renfrewshire. U.K.) at 37 in a humidified atmosphere contain
ing 5"(> CO:. Passage was performed every 3-4 days and seeding 
was at an initial concentration of 2  x 1 0 - cell/ml. Cell viability 
was assessed by trypan blue exclusion.

Proliferation assays
Stock solutions of 1.25-DHCC (gift from Dr M. Uskokovic. 
Hoffmann La Roche, Nutley. NJ) and PMA (Sigma. Poole, 
Dorset. U.K.) were prepared in absolute ethanol and dimethyl- 
sulphoxide (DMSO) respectively. U937 cells were plated out in 
96-well, fiat-bottomed plates (Nunc. Gibco-BRL) at 2 x I0‘‘cell/ 
well and cultured for 72 hr in a final volume of 0-2 ml. At 0.24 or 
48 hr 0 1-50 ng/ml of human, recombinant TNF-a. TNF-/I or 
TGF-a (Genen tech. San Francisco. CA) were added, alone or in 
combination with optimal concentrations of 1.25-DHCC (100 
nM) and PMA (5 ng/ml),'® resulting in exposure of the cells to 
these modulating agents for a total of 24, 48 or 72 hr. 
Appropriate dilutions of ethanol (1/1000) and DMSO (1/ 
100.000) were included as negative controls. There were no 
significant differences between these negative controls and cells 
cultured in medium alone (data not shown). All treatments were 
performed in triplicate.

Proliferation was quantified after 72 hr by measuring 5- 
['-’I]iodo-2-deoxyuridine incorporation (5 Ci/mg, ICN Biome
dicals Ltd, High Wycombe, Bucks. U.K.). Cells were pulsed for 
the final 6  hr with 0 7 fxCilweW and then harvested on to glass 
fibre filter mats using a Titertek harvester (Skatron, Lier, 
Norway). The incorporation, in counts per minute, was 
measured using a NE 1600 gamma-counter (Nuclear Enterprises 
Ltd. Oxford, U.K.). The mean and standard deviation of each

triplicate was calculated and statistical analysis of the means 
performed using the Student’s Mest.

Anti-sense RNA probes
The human c-/gr cDNA clone pFd97*’ was linearized with Xbal 
and a ^-P-labellcd anti-sense RNA probe was synthesized by 
incubating 2 pg of template DNA at 37" for 2 hr in 40 mM Tris- 
HCI (pH 7-2) containing 6  mM MgCL, 30 mM DTT, 4 mM 
spermidine, 0-5 mM ATP. 0 5 raM GTP. 0-5 mM UTP, 2 pM CTP, 
I U/^1 RNase inhibitor (Boehringer Mannheim, Lewes, U.K.), 
70 /tCi [a-^"P]CTP (800 Ci/mmol. Du Pont, Stevenage, U.K.), 
0 8  U/^1 T7 RNA polymerase (Boehringer Mannheim). The 
template was digested by incubation with I \J/p\ RNase-free 
DNase (Boehringer Mannheim) at 37° for 10 min, and unincor
porated nucleotides were removed, following phenol/chloro
form extraction, by ethanol precipitation, ^-f-labelled anti
sense RNA probes for human TNF-a and human )3-actin were 
synthesized by the same protocol using (Vorl-linearized human 
TNF-a cDNA clone, AI6-4*® and £coRI-Iinearized murine P- 
actin cDNA clone, pAL41.-’

Northern blotting
Total cellular RNA was isolated from cell pellets by the acid 
guanidinium thiocyanate-phenol-chloroform method of 
Chomczynski and Sacchi.-*® electrophoresed on 11% (w/v) 
agarose MOPS-formaldehyde gels and blotted overnight on to 
GeneScreen Plus filters (Du Pont Ltd, Stevenage, Herts. U.K.) 
in 10 X SSC. Filters were hybridized overnight at 65° with the 
■•P-labelled anti-sense RNA probe (10® c.p.m./ml) in 60% (v/v) 
formamide. 5 x Denhardt's solution, 5 x SSC. I % (w/v) SDS. 20 
mM sodium phosphate pH 6 -8 , 200 /<g/ml single-stranded 
sonicated herring testis DNA. 10 /ig/ml poly-A and 100 ug/ml 
yeast RNA. Final washes were performed in 0 1 xSSC. 0 5% 
(w/v) SDS at 80 for the c-fgr probe and at 65 for the TNF-a 
and )3-actin probes. The sizes of transcripts were determined by 
reference to RNA size markers (Gibco-BRL).

As shown previously.^' the probe for c-fgr transcripts does 
not cross-hybridize to transcripts of the other members of the c- 
src family under the conditions of hybridization and washing 
used. For example, there is no cross-hybridization to the 2-2 
kilobase (kb) hck mRNA which is also present in myeloid 
cells.-'-^-

Densitometry
The c-fgr and /(-actin mRNA bands in each track of the 
autoradiographs were analysed using a BioRad 620 video 
densitometer. The area under the peak [OD(mm)] was calcu
lated from the size and optical density of each band using the 
system’s software (Ud620).

RESULTS

The differentiation of U937 cells in response to various 
modulating agents was assessed by measuring inhibition of 
proliferation and by changes in cell adherence to plastic. We 
theft attempted to correlate these findings with the changes in 
c-/gr mRNA levels detected in U937 cells treated with the same 
modulating agents.
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Figure 1. Effect of IN F  on the proliferation of U937 cells. U937 cells 
were cultured at 2 x 10̂  cel I/ml in medium alone (a), or with varying 
concentrations of TNF-a (b) or TNF-/3 (c) for 24 hr (O). 48 hr ( ■) or 72 
hr ( A ) .  Proliferation was measured by incorporation of 5-[‘-^I]iodo-2- 
deoxvuridine at 72 hr.
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Figure 3. Effect of IN F  and 1.25-DHCC on the proliferation of U937 
cells. U937 cells were cultured at 2 X 10̂  cell/ml with 100 nM 1.25-DHCC 
alone (a) or in combination with varying concentrations of TNF-a (b) or 
TNF-/Î (c) for 24 hr (O). 48 hr (■) or 72 hr ( a ). Proliferation was 
measured by the incorporation of 5-[‘-^I]iodo-2-deoxyuridine at 72 hr.
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Figure 4. Effect of TNF and PMA on the proliferation of U937 cells. 
U937 cells were cultured at 2 x 10̂  cell/ml with 5 ng.ml PMA alone (a) or 
in combination with varying concentrations of TNF-a (b) or TNF-^ (c) 
for 24 hr (0). 48 hr (■) or 72 hr ( a ). Proliferation was measured by the 
incorporation of 5-['--I]iodo-2-deoxyuridine at 72 hr. (Note the change 
of scale on the vertical axis compared to Figs 1 and 3).
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Figure 2. Effect of TGF-a alone and in combination with 1.25-DHCC or 
PMA on the proliferation of U937 cells. U937 cells were cultured at 
2 X 10̂  cells/ml with varying concentrations of TGF-a alone or in 
combination with PMA. 1.25-DHCC for 24. 48 or 72 hr. Proliferation 
was measured by the incorporation of 5-('‘^l]iodo-2-deoxyuridine at 72 
hr. [Note the change of scale on the vertical axis in panels (C) and (c)|. 
Cells were cultured in medium alone (a). TGF-a alone (A). 100 nM 1.25- 
DHCC alone (b). 100 nw 1,25-DHCC and TGF-a (B). 5 ng/ml PMA 
alone (c) or 5 ng/ml PMA and TGF-a (C) for 24 hr (O). 48 hr (■) or 72 hr
( A ) .

The effect of various m odulating agents on the proliferation of 
U937 cells

U937 cells were exposed to varying concentrations of TNF-a. 
TNF-/i and TGF-a for 24.48. or 72 hr. As shown in Fig. 1, TNF- 
a caused a time- and dose-dependent decrease in proliferation of 
U937 cells compared to those cultured in medium alone (10 ng/ 
ml. P < 0 05). TNF-^ caused a similar, but less marked effect ( 10 
ng/ml. F^O 05) (Fig. I). In contrast, no such decrease occurred 
when cells were exposed to TGF-a (Fig. 2Aa).

Using the same assay system, U937 cells were exposed to an 
optimal concentration of 1,25-DHCC" in combination with 
varying concentrations of TNF-a. TNF-/Î and TGF-a. When 
used alone. 1.25-DHCC caused a progressive decrease in U937 
proliferation, causing a reduction of approximately 75% in 
incorporation of radiolabel at 72 hr compared to controls (Fig. 
3). When cells were exposed to both 1,25-DHCC and TNF-a, or 
to both 1.25-DHCC and TNF-/Î, then the inhibitory effect was 
additive in a time- and dose-dcpcndcnt manner (Fig. 3).
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Figure 5. Levels ofc-lgr  mRNA in U937 cells treated with 1.25-DHCC. 
TN F-a or PMA. Total cellular RNA was isolated from U937 cells at 4. 
8. 12. 24,48 and 72 hr after treatment with 5 ng/ml PMA. 100 nM 1.25- 
DHCC. 50 ng/ml TN F-a. 100 nM 1.25-DHCC and 50 ng/ml TN F-a and 
from untreated cells (medium) at 72 hr. Samples were analysed by 
Northern blotting for c-fgr and //-actin m RNA. as indicated to the right 
of the blots.

Table I. Densitom etnc analysis o f c-lgr m RNA levels in U937 cells 
treated with 1.25-DHCC. TN F-a and PMA. The band size and optical 
density was measured using a BioRad 620 video densitometer and was 
calculated, using the system s software, as the peak area (OD(mm)|. The 
ligures in the table have been normalized to //-actin band size and 
density. The c-fgr mRNA level tor untreated U937 cells was 0 27 

OD(mm)

hr

4 8 12 24 48 72

PMA 0-69 3 54 4 24 416 898 114

1.25-DHCC 098 362 3 11 240 304 266

TNF-a 3 28 3 03 3 35 2 81 222 1 54

T N F-a 1.25-DHCC 337 5 57 498 4 13 5 12 508

Exposure of cells to 1.25-DHCC in combination with TGF-a 
gave levels of proliferation similar to exposure with 1,25-DHCC 
alone (see Fig. 2Bb).

U937 cells were also exposed to 5 ng/ml PMA alone and in 
combination with varying concentrations of TNF-a. TNF-^ 
and TGF-a. As expected. PMA had a profound effect on the 
ability of U937 cells to proliferate and produced an adherent 
monolayer of large spindle-shaped cells. Exposure of cells to 5 
ng/ml PMA caused a 95% reduction in growth within 24 hr.

Figure 6. Levels o f T N F-a mRNA in U937 cells treated with 1.25- 
D HCC. TN F-a or PMA. The filter shown in Fig. 5 was reprobed for 
T N F-a mRNA.

with further, small reductions at 48 and 72 hr (Fig. 4). Exposure 
of cells to PMA in combination with either TNF-a or TNF-/S 
caused an additive, dose-dependent decrease in proliferation 
which occurred only at the 24-hr time-point ( 10 ng/ml. f  ̂ 0  05) 
(Fig. 4). Failure of the cells to respond further to TNF-a or 
TNF-/? at 48 and 72 hr presumably reflects the almost total 
growth inhibition induced by PMA alone (Fig. 4). When U937 
cells were exposed to PMA and TGF-a together there was no 
change in the level of proliferation with increasing concentra
tions ofTGF-a. beyond that induced by PMA alone (Fig. 2Cc). 
PMA alone or in combination with TNF-a. TNF-^. or TGF-a 
caused a strikingly tight adherence to plastic within 24 hr. No 
such change was detected in U937 cells exposed to 1.25-DHCC. 
TNF-a. TNF-// or TGF-a alone or in combination.

Effect of 1.25-DHCC, PMA and TNF-a on the level of c-fgr 
mRN’.A

To examine the levels of c-fgr mRNA. Northern blots were 
prepared using total cellular RNA extracted from U937 cells 
cultured in the presence of the different modulating agents and 
harvested at several time-points. A radiolabelled anti-sense 
RNA probe, complementary to most of the c-fgr coding 
sequence, was used to detect c-fgr transcnpts. The results of the 
Northern blot hybridization are shown in Fig. 5.

Previous studies have shown that the probe hybridizes to 
mature c-fgr mRNA of 3 0 kb and to a minor, incompletely 
processed transcript of 3 6  kb.-' Both transcripts were detected 
at ver>' low levels in untreated U937 cells and at varying levels in 
differentiated cells. TNF-a caused a marked increase in c-fgr 
mRNA levels within 4 hr. This was maintained for a further 8 hr 
but then slowly declined (Fig. 5 and Table I). In contrast, 
treatment with PMA or 1,25-DHCC resulted in a slower 
induction of c-fgr mRNA levels in U937 cells. In 1.25-DHCC 
treated U937 cells, maximal levels of c-/gr mRNA were reached 
by 8  hr and continued to remain high, with only a slight decrease 
by 72 hr. In PMA-treated cells levels of c-fgr mRNA continued 
to rise, showing very strong induction by 72 hr ( Fig. 5 and Table 
I). When U937 cells were exposed to both TNF-a and 1.25- 
DHCC the effects of these agents on the levels of c-fgr mRNA 
were combined (Fig. 5 and Table I). High levels of c-/gr mRNA 

^were found at 4 hr, similar to those found in cells treated with 
TNF-a alone, whereas at the later time-points the pattern ot c-
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fgr mRNA levels was similar to those found in U937 cells treated 
with 1.25-DHCC alone. Furthermore, the levels ofc-/gr mRNA 
after 8  hr were higher when cells were treated with both TNF-a 
and 1.25-DHCC than when treated with either agent alone, and 
remained high when levels in TNF-a-treated cells were declin
ing. No changes in c-fgr mRNA levels were seen in U937 cells 
exposed to TGF-a for 24 hr (data not shown).

To establish that the observed differences in mRNA levels 
were not due to variation in the amounts of total RNA present 
on the blots, the same blots were re-hybridized with a radio
labelled anti-sense RNA probe for /3-actin mRNA. the level of 
which does not change during U937 cell differentiation. 
Densitometric readings of the intensity of the c-fgr mRNA 
bands, normalized to the intensity of the corresponding /S-actin 
bands, are presented in Table 1.

Effect of 1,25-DHCC, PMA and TNF-a on the level of TNF-a 
mRNA

Since the endogenous TNF-a gene is activated when U937 cells 
are induced to differentiate by T N F - a . i t  is possible that 
autocrine production of TNF-a contributes to the rapid induc
tion of c-fgr mRNA levels seen in these cells. Therefore, the 
same blots were rehybridized with a radiolabelled anti-sense 
RNA probe complementary to the coding sequence of human 
TNF-a (Fig. 6 ). Elevated levels of TNF-a mRNA were detected 
after 4 hr in response to PMA and TNF-a, but not in response to 
cither 1.25-DHCC alone or in combination with TNF-a.

D ISC U SSIO N

PMA and 1.25-DHCC inhibit the growth of U937 cells and 
induce differentiation along the monocyte-macrophage path
way.''-'" In this study we have examined the effects of treating 
U937 cells with the recombinant cytokines TNF-a. TNF-^ and 
TGF-a. alone and in combination with PMA and 1.25-DHCC. 
We have attempted to correlate the effects of these modulating 
agents on U937 cells with the levels o ï c-fgr mRNA that they 
induce.

Differentiation of monocytes into macrophages generates 
cells displaying a variety of phenotypic features and functional 
capabilities that can vary depending on the modulating 
agent.--” --''' One hypothesis that may account for this is that the 
different agents may act through different receptor mechanisms 
and different signal transduction pathways, although there is 
also evidence that these pathways interact.

Numerous studies have shown that TNF-a and TNF-)? exert 
a range of biological effects on various cell types. For example, 
TNF-a stimulates bone reabsorption.” inhibits gene expression 
in adipocytes'*^ and can be involved in the differentiation of 
monocytes.-”  The present study has shown that both TNF-a and 
TNF-/I, but not TGF-a. inhibit proliferation of U937 cells in a 
time- and dose-dependent manner. Furthermore, both are 
capable of enhancing the response of U937 cells to PMA during 
the first 24 hr of treatment and to 1,25-DHCC over 72 hr. Recent 
evidence suggests that U937 cells express two types of TNF 
receptors.-** TNF receptor type II is capable of binding both 
TNF-a and TNF-/I, but there are conflicting reports on the 
binding capacity of T N F receptor type I.” -"’-*"’ Different patterns 
of receptor distribution may go some way to explain the 
diversity of cellular responses to TNF-a and TNF-j8 . However.

in many cases TNF-a responsiveness is not obviously related to 
the number or affinity of binding sites, suggesting a post
receptor mechanism of control.*^ In U937 cells, exposure to 
either TNF-a or TNF-)3 results in rapid phosphorylation of a 
cytosolic protein p26 on serine residues.*^ Preliminary investiga
tions by Schutze et al}^ showed that a protein of the same 
apparent molecular mass was also phosphorylated in PMA- 
treated U937 cells. In Jurkat cells, both PMA and TNF-a cause 
PKC activation and NKjcB induction, and the use o f PKC 
inhibitors has demonstrated that in the case of TNF-a, NKkB is 
induced via a PKC-independent pathway.'"' Therefore, the 
additive efffects of PMA and TNF-a, and of PMA and TNF-jS, 
seen in this study may be due to a complex interaction of the 
PKC, p26 and NFkB signal transduction pathways.

1.25-DHCC is the most active metabolite of vitamin D and is 
classically associated with mineral homeostasis. The detection 
of high affinity receptors for 1.25-DHCC on myeloid cells led to 
research which showed this factor also had a role in mediating 
inflammatory and immunological r e a c t i o n s . T h e  1,25- 
DHCC receptor is a member of the steroid hormone receptor 
family and the receptor-ligand complex acts by binding to 
specific DNA sequences in or near target genes and then 
modulating their transcription.”  However, in addition to 
receptor-mediated effects, 1,25-DHCC has a direct effect on the 
plasma membrane of cells. In both duodenal mucosal cells”  and 
HL-60 cells”  1.25-DHCC increases membrane fluidity and 
causes a rapid calcium ion efflux. 1,25-DHCC can act in synergy 
with other factors, such as retinoic acid, activators of cAMP" 
and PMA (ref. 46; M. Hewison. A. Brennan. R. Singh-Ranger, 
J. C. Walters. D. R. Katz and J. L. H. O 'Riordan. unpublished 
observations). When present with PMA. 1.25-DHCC enhances 
the ability of PKC to phosphorylate endogenous substrates. If 
TNF-a and TNF-^ induce PKC activation in U937 cells then
1.25-DHCC may further enhance its action and this may explain 
the ability of TNF-a and TNF-# to enhance the response of 
U937 cells to 1.25-DHCC.

In addition to these signal transduction pathways there is 
evidence that some members of the c-src family of protein 
tyrosine kinases are also involved in regulating the behaviour of 
cells of the immune system. The initial observation to support 
this was that some members of the c-src family show lineage- 
specific expression in cells of the immune system. Thus. Ick is 
expressed in T cells."*'-”  lyn is expressed in B cells, monocytes, 
macrophages and platelets”  and both c-fgr and hck are found in 
granulocytes, monocytes and macrophages.-"--'

This study shows that PMA. 1,25-DHCC and TNF-a but 
not TGF-a, are capable of up-regulating c-fgr mRNA levels in 
U937 cells. Ley et a/.-" also found that PMA treatment of U937 
cells resulted in elevated levels of c-fgr transcripts, with levels 
peaking between 8  and 1 2  hr and then slowly declining between 
12 and 24 hr. We found an early increase in c-fgr mRNA levels 
with little change between 12 and 24 hr, followed by a marked 
rise in mRNA after 24 hr. These later time-points were not tested 
by Ley et al.-° Both PMA and 1,25-DHCC treatment of U937 
cells resulted in similar levels o f c-fgr mRNA by 4 hr although it 
is not clear whether these two factors use a similar mechanism of 
gene induction. Levels o f c-fgr mRNA continued to rise in 
PMA-treated U937 cells compared to cells treated with 1,25- 
DHCC, suggesting that additional mechanisms operate to 
increase the levels of c-fgr mRNA in PMA-treated cells. In 
contrast to PMA and 1.25-DHCC, TNF-a induced high levels
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of c-fgr mRNA within 4 hr suggesting that molecular changes 
induced either specifically or efficiently by TNF*a are respon
sible for this rapid induction of c-fgr mRNA. Both PMA and 
TNF-a are capable of inducing endogenous TNF-a mRNA in 
U937 cells.* Elevated levels of TNF-a mRNA were detected at 
4 hr in U937 cells treated with TNF-a alone and with PMA 
alone, so the induction of endogenous TNF-a mRNA is 
probably not responsible for the rapid induction of c-/grmRNA 
found in cells exposed to TNF-a.

TNF-a and 1,25-DHCC alone produced similar growth 
inhibition in U937 cells and induced similar levels of c-fgr 
mRNA, but the kinetics of mRNA induction were different. 
TNF-a enhanced the ability of 1.25-DHCC to inhibit the 
proliferation of U937 cells and this was reflected in increased 
levels of c-fgr mRNA in cells exposed to both TNF-a and 1,25- 
DHCC compared to 1,25-DHCC or TNF-a alone. PMA caused 
a profound reduction of proliferation and a marked increase in 
adhesion within 24 hr compared to either TNF-a or 1.25-DHCC 
alone. However, this was not accompanied by similarly marked 
increase in the levels of c-/gr mRNA during this time. We found 
the highest levels of c-fgr mRNA in U937 cells treated with 
PMA for 72 hr, in adherent non-proliferating cells which most 
resemble the fully differentiated macrophage.

Differences in the induction of members of the c-src gene 
family have also been correlated with phenotypic changes in 
other myeloid cells. For example, in HL-60 cells the induction of 
/vn, lyn and c-fgr mRNA varied depending on whether PMA.
1.25-DHCC, TGF-^i or retinoic acid was used, whereas no 
mRNA for c-src, hck, Ick and c-yes was detected in HL-60 
before or after treatment.^*

The changes in c-fgr mRNA levels during differentiation of 
myeloid cells suggest two possible roles for the gene product. 
p 5 5 '" \ that are not mutually exclusive. Thus. p55‘‘"f'' could 
control the progression of cells from division into a post-mitotic 
differentiated state and/or could be a marker of the differen
tiated state with a role in the biological functions of the mature 
macrophage. The latter possibility would explain why the 
appearance of increased levels of c-fgr mRNA in U937 cells 
treated with a variety of modulating agents does not correlate 
invariably with changes in their growth characteristics. In 
mature macrophages c-fgr mRNA levels are down-regulated 
following lipopolysaccharide (LPS), or LPS and IFN-y treat
ment, but not by IFN-y alone.'* In neutrophils p55‘‘'*''transloca
tion within the cell has been associated with secondary granule 
secretion induced by f-Met-Leu-Phe.“  These studies support the 
idea that the c-fgr gene product is involved in regulating mature 
cell function rather than in the control of the myeloid differen
tiation process itself. However, the precise function(s) of p55' '*' 
in myeloid cells, and in particular its target substrates, remain 
elusive and have yet to be identified.
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Abstract. The c-fgr proto-oncogene, which is a member of the c-src gene family, encodes the cytoplasmic tyrosine 
kinase Expression of the c-fgr gene is activated in human B lymphocytes following infection with Epstein-
Barr virus, and the viral protein EBNA-2 is involved in mediating this effect. The only normal cells in which the c-fgr 
gene is known to be expressed are peripheral-blood granulocytes and monocytes, and tissue macrophages. In accor
dance with this, levels of c-fgr mRNA increase when the human promonocytic cell line U937 and the human 
myelomonocytic cell line HL60 are induced to differentiate. The enzyme activity and the expression pattern of 
p55̂ -fî  suggest that it is involved in regulating the responses of terminally differentiated granulocytes and monocytes 
to external stimuli, perhaps by controlling changes in cytoskeletal structure.

Introduction of approximately 260 amino acids which catalyses the
phosphorylation of proteins on tyrosine residues. Within 

The c-fgr proto-oncogene was identified as a result of the diverged region, at position 2, is a single conserved
its transduction by the Gardner-Rasheed strain of feline glycine residue. Post-translational myristoylation of this
sarcoma virus [for review, see ref. 1]. In humans, the residue in p55(=-(̂  and the other family members is
c-fgr gene is located at chromosome Ip36.2-p36.1 [2], thought to account for localisation of the protein to the
and genomic clones [3] and human [4-6] and murine [7, inner surface of the plasma membrane and other cyto-
8] cDNA clones have been isolated. Nucleotide sequence plasmic membranes [10]. These cytoplasmic protein-
analysis of these clones has shown that c-fgr is a member tyrosine kinases, therefore, form a group distinct from
of a gene family which also includes c-src, fyn, hck, Ick, the membrane receptor protein-tyrosine kinases, such as
lyn and c-yes [reviewed in ref. 9]. Mature c-fgr mRNA is platelet-derived growth factor receptor, and from other
approximately 3 kilobases in length and is translated intracellular protein-tyrosine kinases, such as pl50‘̂-®*’'.
into a protein (pSS*̂ "̂ )̂ of 529 amino acids with an The similarity between the products of the c-src gene
approximate relative molecular mass of 55,000 [5, 10]. family is reflected in the structure of the genes. Each
Comparison of the predicted amino acid sequences of gene has 10 highly conserved exons (numbered 3-12 in
the protein products of the c-src gene family shows that c-fgr) which encode the conserved carboxyl-terminal re-
the carboxyl-terminal 450 amino acids have been con- gion, whilst the upstream exons (la, lb and 2 in c-fgr) are
served, whilst the amino-terminal 50-80 amino acids divergent in number, size and sequence [fig. 2, ref. 3].
have diverged. Within the conserved region is a domain Differences in the 5' regions of the genes, which are also
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Fig. 1. Expression of c-fgr mRNA in cell lines. Total RNA (15 pg 
per lane) was electrophoresed, Northern-blotted and hybridised 
with a [32p]-labelled probe for c-fgr transcripts. Filters were rehy
bridised with a probe for actin transcripts, which showed that equal 
amounts of intact RNA were present in all lanes (data not shown). 
Methods were described by Patel et al. [15]. The size of c-fgr mRNA 
is indicated in kilobases. a Total RNA from EBV-negative BL cell 
line lARC BL41 (lane 1), EBV strain H R-1-converted cell line lARC 
BL41-CL16 (lane 2) and EBV strain B9 5-8-con verted cell line lARC 
BL41-B95/1 (lane 3). b Total RNA from U937 cells (lane 1) and 
U937 cells treated for 24 h with 8  X 10”’ Af PMA (lane 2).

likely to contain regulatory sequences, are presumed to 
account for the different expression patterns of the 
family members [reviewed in ref. 9]. Thus, the c-src 
family of genes encodes a family of proteins which have 
a common enzymatic activity, but which are expressed 
in different cell types where they are likely to interact 
with different substrates and regulatory molecules by 
means of their diverged amino termini. The proteins are 
thought to be components of signalling pathways which 
regulate different aspects of the behaviour of differen
tiated cell types.

Expression of the c-fgr Gene in Human B 
Lymphocytes Infected with Epstein-Barr Virus

Epstein-Barr virus (EBV) immortalises human B lym
phocytes in vitro with high efficiency, yielding B lym- 
phoblastoid cell lines (B-LCL). This property underlies 
the involvement of EBV in several human diseases. EBV 
causes infectious mononucleosis, which is characterised 
by B lymphocyte proliferation, and is involved in the 
aetiology of Burkitt’s lymphoma (BL), which is a B lym
phocyte malignancy, and of invasive B lymphocyte pro
liferations which occur in immunosuppressed individu
als [for a review, see ref. 11]. The mechanism by which 
EBV stimulates B lymphocyte proliferation is unknown.

However, the viral protein EBNA-2 is sufficient by itself 
to induce proliferation and immortalisation, although 
the efficiency of immortalisation is increased by other, 
unidentified, viral functions [12].

Infection of human peripheral-blood B lymphocytes 
in vitro with the immortalising B95-8 strain of EBV 
results in the accumulation of high levels of c-fgr mRNA 
[13], and established B-LCL derived from such cultures 
invariably contain high levels of c-fgr mRNA [13-15]. 
EBV-negative BL biopsies and cell lines established from 
them contain low levels of c-fgr mRNA, but these levels 
increase 10- to 30-fold following EBV conversion with 
B95-8 (fig. 1) as a result of an increase in the rate of 
transcription of the c-fgr %cnc [15]. In contrast, EBV con
version of EBV-negative BL cell lines with the non
immortalising mutant HR-1 strain of EBV does not 
result in an elevation of c-fgr mRNA levels (fig. 1) [13, 
15]. Since the HR-1 strain of EBV lacks the genes encod
ing EBNA-2 and EBNA-LP, this implicates one or both 
of these proteins in the pathway leading to c-fgr gene 
regulation by EBV. Knutson [13] has confirmed the 
involvement of EBNA-2 by showing that increased levels 
of c-fgr mRNA are found following infection of EBV- 
negative BL cell lines with recombinant viruses carrying 
the EBNA-2 gene alone. In addition to suggesting that 
EBNA-2 is involved in regulating c-fgr gene expression, 
these data raise the possibility that increased levels of 
p55̂ 'fl̂  may contribute to the altered properties of B lym
phocytes infected with EBV.

The implications of these findings for normal B lym
phocyte function are unclear, since c-fgr mRNA has not 
been detected in normal resting B lymphocytes [14, 16] 
or in limited studies of B lymphocytes stimulated by 
other mitogens [14,17]. However, it would be interesting 
to examine c-fgr gene expression in B lymphocytes in 
other physiological states, such as when they are adher
ing to other cell types or acting as accessory cells in an 
immune response.

Expression of the c-fgr Gene in Granulocytic and 
Myelomonocytic Cells

The only normal cells in which the c-fgr gene is known 
to be expressed are peripheral-blood granulocytes and 
monocytes, and tissue macrophages [16, 18]. When 
quiescent adherent bone marrow monocytic cells are 
stimulated with colony-stimulating factor I, increased c- 
fgr mRNA levels are induced in 4-6 h. These remain 
high for a further 10 h and then decline to basal levels
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within 24 h of treatment [17]. In primary myeloid leu
kaemia cells, levels of c-fgr mRNA vary as a function of 
their maturation state; the more differentiated the cell 
the higher the level of c-fgr mRNA it contains [17].

Established cell lines have also been used as model 
systems in which to study c-fgr gene expression during 
granulocytic and monocytic cell maturation. Very low 
levels of c-fgr mRNA are present in the human promono
cytic cell line U937. Treatment of U937 cells with phor
bol myristate acetate (PMA) induces differentiation into 
monocytes and leads to an increase in c-fgr mRNA lev
els, which is detectable 2-4 h after treatment [16]. Sub
stantially increased levels of c-fgr mRNA are also present 
24 h after treatment (fig. 1). Ley et al. [16] also showed 
that cycloheximide induces an increase in c-fgr mRNA 
levels in U937 cells, suggesting that the low level of 
expression in untreated U937 cells results from the activ
ity of a labile repressor protein. They argued that the 
increase in c-fgr mRNA levels which follows PMA treat
ment is a result of an increase in the rate at which the 
c-fgr gene is transcribed.

Treatment of the human myelomonocytic cell line 
HL60 with PMA, which induces monocytic differentia
tion, or with dimethylsulphoxide, which induces granu
locytic differentiation, also leads to accumulation of c- 
fgr mRNA and pSŜ -̂ r̂ [10].

The c-fgr gene is not the only member of the c-src gene 
family to be expressed in mature cells of the monocytic 
and granulocytic lineages. The hck %cne is also expressed, 
but differences in the response of the hck and c-fgr genes 
to external stimuli [7, 19] suggest that they have distinct 
roles to play.

Regulation of c-fgr Gene Expression

The data discussed above suggest that the c-fgr gene is 
transcriptionally regulated during both EBV infection of 
B lymphocytes and maturation of myelomonocytic cells. 
In order to identify nucleotide sequences responsible for 
this regulation, we isolated and characterised a human 
c-fgr genomic cosmid clone [3], a map of which is shown 
in figure 2. Transfection of HeLa cells with this clone 
and selection with hygromycin led to the isolation of a 
stable cell line containing high levels of c-fgr transcripts 
of the same size as mature c-fgr mRNA (fig. 2). This 
indicates that the cosmid clone contains a functional 
promoter. We are currently searching for functional se
quences by placing fragments of the 5'-flanking sequence 
of the gene upstream of a chloramphenicol acetyl trans
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Fig. 2. Expression of a c-fgr genomic clone, a Restriction map Ol 
the insert o f c-fgr genomic cosmid clone cF2.3 [3j. Shaded boxes 
represent vector, b Positions of c-fgr exons. Open boxes are 5' and 3' 
untranslated regions. Black boxes are translated regions. Arrows 
indicate alternative polyadenylation signals. Restriction enzyme 
sites are: Bg = Bglll; X = Xhol; Xb = Xbal. c Northern blot o f total 
RNA (10 pg per lane) from a stable HeLa cell line carrying tran
sfected cF2.3 (lane 1), a stable HeLa cell line carrying transfected 
cosmid vector cos202 (lane 2), lARC BL41 cells (lane 3) and lARC 
BL41-B95/1 cells (lane 4), hybridised with a probe for c-fgr trans
cripts as described in the legend to figure 1. The size o f c-fgr mRNA 
is indicated in kilobases.

ferase (CAT) reporter gene and assaying for fragments 
which are able to direct CAT expression in EBV-con- 
verted BL cell lines.

The Function of p55‘='̂ 8̂

By analogy with other protein-tyrosine kinases, the 
proteins encoded by the c-src gene family are presumed 
to be components of signalling pathways, and there is 
growing evidence that they are important in post-mitotic 
cells [reviewed in ref. 9]. The timing of c-fgr gene expres
sion in granulocytic and monocytic cells suggests that 
pSS'̂ '̂ r̂ could be involved in signalling the cessation of 
cell division, which precedes terminal differentiation, or 
in regulating other changes which mark maturation. Al-
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tematively, p55‘='̂ ŝ  could be involved in regulating the 
responses of terminally differentiated granulocytes and 
monocytes to external stimuli. Such responses include 
chemotaxis, phagocytosis, the respiratory burst and the 
secretion of inflammatory mediators. Gutkind and Rob
bins [20] have shown that enzymatically active p55(='^ is 
associated with plasma membrane and secondary and 
tertiary granules in normal human neutrophils. Activa
tion of these cells under conditions favouring tertiary 
granule release caused no significant change in pSS^’̂ r̂ 
distribution, but during secondary granule release there 
was a decrease in levels of pSŜ '̂̂ r̂ associated with sec
ondary granules and an increase in levels associated with 
plasma membrane [20]. These data raise the possibility 
that is involved in neutrophil degranulation, per
haps by regulating the rapid cytoskeletal changes which 
facilitate it.

Expression and subcellular localisation studies have 
thus gone some way to identifying the stage on which 
p55 ’̂̂8f plays. A more detailed understanding of its role 
awaits the identification of molecules which regulate its 
activity and molecules which are its substrates.
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Transfection of Vitamin D Receptor cDNA into the 
Monoblastoid Cell Line U937

The Role of Vitamin D3 in Homotypic Macrophage Adhesion^

Martin Hewison,* Michal D abrow ski/^ Lee Faulkner/ Elaine H ughson / Shilpa Vadher,* 
Andrew Rut,* Paul M. Brickell,* Jeffrey L. H. O'Riordan,* and David R. Katz^*

Departments of ^Immunology, ^Molecular Pathology, and *Medicine, University College London Medical School,
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A 2-kB cDNA for the vitamin D receptor (VDR) was cloned in sense orientation into the plasmid pMEP4 (con
taining a cadmium-inducible metallothionein II promoter and a hygromycin-resistance selection gene) and trans
fected into monoblastoid U937 cells. The resultant cell line, DH39, expressed two species of VDR mRNA: 4.6-kb 
wild-type mRNA (present in native U937 cells or cells transfected with pMEP4 alone) and 2-kb transfected mRNA, 
which increased with cadmium treatment. Binding studies (using the active vitamin D metabolite, 1,25-dihy
droxycholecalciferol (1,25-DHCC)) showed that DH39 cells contained five times more VDR per cell than controls, 
and ten times more after cadmium treatment. DH39 were sensitive to 1,25-DHCC: adding cadmium with 100 nM 
1,25-DHCC for 72 h completely inhibited proliferation and induced concomitant differentiation. Unlike control 
cells, differentiation of DH39 by 1,25-DHCC led to homotypic cell-cell adhesion and formation of macrophage 
clusters. FACS analysis showed that 1,25-DHCC increased the number of cells expressing CDl lb  in both DH39 
and controls, and the number of cells expressing CDl Ic in DH39. There was a quantitative increase in mean 
fluorescence intensity of expression of CDl la  and C D l8 in DH3.9. Northern blotting showed increased CDl la  
and C D l8 mRNA in DH39. Ab inhibition of 1,25-DHCC-induced homotypic adhesion showed that CDl la/18 
mediated the cell-cell clustering. CD50 expression was decreased on DH39, but the CDl 1 a/18 ligand implicated 
was CD54. DH39 provides a model system not only for investigating the VDR role in 1,25-DHCC anti-proliferative 
effects, but also for regulation of homotypic macrophage adhesion mechanisms that are important in disease 
pathogenesis. The journal o f Immunology, ) 994, ^ 53‘. 5709.

I n recent years it has become clear that the vitamin D 
endocrine system can influence a wide variety of tar
get tissues, including those that are not normally as

sociated with calcium homeostasis (1). In particular, the 
active hormonal form of vitamin D, 1,25-dihydroxychole-
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calciferol (1,25-DHCC),^* has been identified as a potent 
immunoregulatory agent (2). 1,25-DHCC plays a role in 
control of proliferation of precursor myelomonocytic cells 
(3) and in differentiation of these cells along the mono
cyte-macrophage pathway (4), as well as in peripheral 
macrophage (5) and T cell function (6, 7). The antiprolif
erative effect is not confined to the immune system. For ex
ample, in the skin the antiproliferative effect of 1,25-DHCC 
has been exploited in the treatment of psoriasis (8, 9).

The principal actions of 1,25-DHCC have been shown 
to be mediated by vitamin D receptors (VDR) which lo
calize to the nucleus in target cells (10). The ligand-occu
pied form of VDR acts as a transcriptional regulator by 
binding to vitamin D response elements upstream of target

Abbreviations used in this paper: 1,25-DHCC, 1,25-dihydroxycholecaicif- 
erol; ICAM, intercellular adhesion molecule; LMP, low melting point; MRS, 
normal rabbit serum; VDR, Vitamin D receptor; [’ ^ ÎJdUr, 5-l'^®l]iodo-de- 
oxyuridine.

Copyright © 1994 by The American Association of Immunologists 0022-1767/94/502.00
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genes, notably those associated with calcium homeostasis 
(11). Thus, control of relative receptor expression may be 
a crucial factor in determining how cells respond to the 
hormone. This phenomenon is especially evident in the 
immune system. Activated but not resting T cells express 
VDRs (12), and the level of receptor expression correlates 
with proliferation. This in turn dictates the sensitivity of 
the activated T cell to the effects of 1,25-DHCC, such as 
growth inhibition and down-regulation of the cellular 
proto-oncogene c-myc (13). VDRs are also expressed in 
myeloid cell lines (14) and several groups have docu
mented that this is a factor in determining the anti-prolif
erative effect of 1,25-DHCC (15,3). Our own studies have 
shown an autocrine role for 1,25-DHCC, with the hor
mone regulating expression of its own receptor as well as 
the hydroxylase that converts the active to the less active 
metabolite (16). These changes were associated with sig
nificant shifts in both cell function and surface phenotype.

The human VDR gene has now been cloned (17) and 
this has facilitated new ways to investigate the role of 
VDR in the mechanism of action of 1,25-DHCC, both in 
terms of cell kinetics and in terras of immunoregulation. In 
this study, we have used the monoblastoid cell line U937, 
and have generated stable transfectants that hyperexpress 
the VDR gene, at both mRNA and protein levels. Our 
approach has been designed to allow us to discriminate 
between the endogenous and transfected VDR. We have 
examined the functional responses of transfectant cells 
(compared with plasmid only controls) after treatment 
with 1,25-DHCC, and our results confirm the role of VDR 
in mediating the effect of 1,25-DHCC on cell proliferation 
and differentiation.

Interestingly, 1,25-DHCC was also shown to induce ex
tensive homotypic clustering of DH39 and to stimulate 
macrophage-like adhesion to plastic surfaces. Investiga
tion of adhesion molecule expression and function in these 
cultures showed significant changes in the pattern of /32 
integrin expression, and suggested that the CDlla/18- 
CD54 (LFA-l-ICAM-1) interaction mediates the homotypic 
clustering. Thus, the DH39-transfected cells provide a useful 
model for studying diseases characterized by homotypic ag
gregates of macrophages, and in particular conditions such as 
sarcoidosis, in which abnormal regulation of 1,25-DHCC 
metabolism has been previously documented (18).

Materials and Methods

Cell culture

U937 cells were cultured in RPMI 1640 (Life Technologies, Inc., UK) 
supplemented with 10% FCS, 10 mM HEPES, 2 mM L-glutamine, and 50 

2-ME. The culture medium for transfected cells also contained 150 
fig/ml of selective drug hygromycin B (Calbiochem Novabiochem, Not
tingham. UK). Cadmium (CdClj) was used at a final concentration of 20 
/iM . Functional studies were conducted by using 1.25-DHCC and the 
vitamin D metabolites, 25-hydroxycholecalciferol, 24.25-dihydroxy- 
cholecalciferol. and 1.25.26-trihydroxycholecalciferol. Ethanol was used 
as a vehicle at a concentration of 0.1%.

VDR TRANSFEC

Plasmid construction

Receptor cDNA was cloned into the EBV episomal vector pM EP4 (In- 
vitrogen Corporation. San Diego, CA) (19) which has an expression cas
sette downstream from a metallothionein-Il promoter, thus allowing in
creased transcription of plasmid inserts in the presence of heavy metal 
divalent cations such as cadmium (20). The human VDR cDNA used was 
a fragment from position 4 to 2005 of the original 4.6-kb cDNA (17) 
cloned in the EcoRI site of pBluescript K S - .  The pKS-VDR cDNA 
construct (which included all of the coding region and 600 bp of 3 '-  
untranslated region) was cut with £coRI. staggered ends were filled in 
with Klenow enzyme, and //in d lll linkers were added by using T4 ligase. 
The VDR cDNA fragment was isolated on 1% NuSieve LMP agarose gel 
and cloned into the //w d lll site of pMEP-4. Ampicillin resistant clones were 
screened for the 2-kb VDR cDNA insert by Ffmdlll digestion, and digestion 
with X hol and P stl was conducted to determine sense orientation.

U937 cell transfection and selection

U937 cells were electroporated (21) by using a Gene-Pulser (Bio-Rad. 
Hertfordshire, UK). Fifty micrograms of plasmid DNA/20 fil HnO was 
added to 2 X 10’ U937 cells/250 fil PBS in a 0.4-cm electroporation 
cuvette, m ixed by pipetting, and pulsed with impulse parameters 960 ^ F  
and 220V. Immediately thereafter, 1 ml o f culture medium was added 
and the cells were transferred to a tissue culture flask containing 4 ml of 
10% FCS-supplemented RPMI. Cells were allowed 2 days to equilibrate 
and were subsequently transferred to selective culture medium containing 
hygromycin B (150 Mg/ml) to which only the transfected cells were re
sistant. Cells transfected with VDR cDNA were referred to as DH39. 
Control cells, transfected with vector only, were designated MEP.

PNA analysis

RNA was isolated by the guanidinium thiocyanate method (22). For de
tection of VDR and j32 integrin mRNA. 20 /xg of RNA was subjected to 
electrophoresis on a 1.1% agarose/60% formaldehyde gel. transferred to 
a GeneScreen Plus membrane (DuPont. Stevenage, UK) by capillary 
blotting, and fixed by baking at 80°C for 2 h. Prehybridization overnight 
was conducted at 42°C in a buffer containing 60% deionized formamide. 
2X D enhardt’s. 5X SSC. 0.05 M phosphate buffer (pH 6.8), and 200 
/ig/m l denatured salmon sperm DNA. VDR (650-bp insert corresponding 
to the steroid binding domain of \T )R ), C D lla . C D l lb , C D llc .  CD 18. 
c-myc, and /3-actin cDNAs were labeled with [^‘PjdCTP by using a 
M egaprime kit (Amersham. Buckinghamshire, UK). All probes were se
lected for specificity and had not been shown to cross-react with other 
mRNA species. Hybridization was performed in hybridization buffer 
(same as pre-hybridization buffer but with 10% dextran sulfate) at 42°C 
overnight. Filters were washed four times in 2X SSC-0.1% SDS at room 
temperature and four times in O.IX SSC-0.1% SDS at 50°C. Northern 
blots were analyzed by autoradiography (Hyperfilm, Amersham) and 
quantified by densitometry with the use of an Imagestore 5000 (UVP, 
Cambridge, UK) and Gelbase/Gelblot software (UVP).

Measurement of VDR number and affinity

Receptors for 1,25-DHCC were measured by whole cell nuclear associ
ation of ^H-labeled 1.25-DHCC (173.5Ci/mmol; Amersham) (16). Cells 
were harvested, washed twice in PBS, and resuspended in serum-free 
RPMI at a density of 10’ cells/ml. Aliquots of these cells (100 /xl) were 
added to tubes containing increasing concentrations (0.02 to 3.0 nM) of 
^H-labeled 1,25-DHCC in the presence or absence o f a large excess of 
unlabeled 1.25-DHCC (to determine nonspecific binding) and incubated 
for 1 h at 37®C. Cells were then washed three times with 500 fxl cold PBS 
(centrifugation at 500 X g) and twice with 500 /xl lysis buffer (0.25 M 
sucrose. 20 mM Tris-HCl, 1.1 mM M gQ j, and 0.5% Triton X-100; centrif
ugation at 1000 X g). The resulting crude nuclear pellets were dissolved in 
100 /xl of PBS and 500 /xl ethanol and incorporated radiolabel assessed by 
scintillation counting. Data were analyzed by Scatchard plots.

Proliferation assays

Cells were seeded in 96-well plates (250 /xl/well at 2 X 10^ cells/ml) in 
medium with or without cadmium (20 /xM CdCl;), and in the presence'or
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FIGURE 1. Expression of VDR mRNA 
in U937 cells transfected with VDR 
cDNA. Northern blots of untransfected 
control cells (U937), transfected control 
cells (MEP), and VDR cDNA-transfected 
cells (DH39) after 72 h culture with or 
without CdClj (20 juM).

4.6Kb

2.0Kb

DH39 U937 MEP
fC dC I; fCdClz fC dC lz 

DH39 U937 MEP

R-actin

absence o f 1,25-DHCC as indicated. The resulting cultures were incu
bated for 24, 48, or 72 h, and 0.7 /xCi of 5-[^^f]iodo-2-deoxyuridine 
([^^IJdU R ) (A m ersham ) per w ell was added for the final 6 h of each 
period. Cells were harvested by using a Titretek cell harvester (Skatron 
Instruments, New Market, UK) and the amount of [ ‘^I]dU R  incorporated 
was measured on a gamma counter. Results are expressed as mean cpm ±  
SO of triplicate wells, and each experiment was conducted at least twice.

A ssessm en t o f  c e ll surface A g  expression

Expression of various m yeloid and adhesion m olecules was assessed, in 
the presence or absence of cadm ium , and with or without 1,25-DHCC. 
For these studies, a panel of m Abs from the 5th Human Leukocyte D if
ferentiation A g W orkshop was used. Representative prim ary A bs in
cluded in subsequent detailed analysis were CD 14 (U C H M l), CD 18 
(BL5, L130), C D lla  (S6F1, 25.3.1, T S 1/22), C D l lb  (CC1.7, C B R M l/ 
23), C D llc  (C B R p l5 0 /2 C l, KB23), ICAM-1 (C B R lC l/3 , C B R iC l/1 2 , 
8 -4 A 6 ) ,  lCAM -2 (CBR1C2/2, 6D5), lCAM -3 (HP2/19, CBRIC 3/3), and 
CD44 (BRIC222). For the fluorescence study, briefly, cells were w ashed 
twice in 10% normal rabbit serum /H BSS (10% N RS/HBSS) at 4®C and 
resuspended to give 5 X 10^ cells/m l). One hundred m icroliter aliquots 
were placed in 96-w ell U -bottom  m icrotiter plates, centrifuged at 500 X 
g to pellet cells, and 50 /xl o f  prim ary Ab were added at 1:100 concen
tration. A fter incubation at 4°C  for 1 h, the cells were again washed tw ice 
in 10% NRS/HBSS and then incubated for 30 min with secondary Ab 
(FITC-jabeled rabbit anti-m ouse IgG, 1/20 dilution) (Dako Ltd, B uck
inghamshire, UK). A fter final washes, the cells were resuspended in 4% 
form aldehyde/PBS and stored at 4°C. FACS was conducted by using a 
Becton Dickinson FACScan.

Q uantifica tion  a n d  inh ibition  o f  h o m o typ ic  
c e ll adh esion

DH39 cells were treated with 20 /xM cadm ium  for 72 h in the presence 
or absence o f 10 nM  1,25-DHCC. The cells were centrifuged, resus
pended in 10 ml HBSS plus 1 mM  EDTA, and m onitored to ensure that 
they were dispersed into a single cell suspension. The cells were recen- 
trifiiged, washed in HBSS containing 0 .2 %  BSA, resuspended at a d i
lution of 4 X 10^ cells/m l, and seeded on a 96-well plate on ice (50 /xl 
per well). After the addition o f  50 /xl of Ab solution (diluted 1:60 in 
HBSS/BSA), the plate was incubated on ice for 30 min. One hundred 
microliters o f full m edium  w as added per well, and the plate was placed 
at 37"C overnight.

For qualitative studies, each Ab was added to two wells containing 
cells that had received 1,25-DHCC and to one well with cells that had 
had no 1,25-DHCC; the cells were then observed in a W ilovert inverted 
m icroscope. For quantitative assays, each Ab was added to 4 w ells o f 
cells (that had received 1,25-DHCC). Controls included w ells w ith no 
Ab, an irrelevant Ig G l mAb, and cells that had had no 1,25-DHCC treat

ment. Counting was perform ed by using a Leitz D iavert m icroscope. 
Each well was previously divided into quadrants, and three fields (each 
field =  0.13 m m ') per quadrant was scored. Cells in groups o f five or 
m ore were counted as “clustered”, and the percentage o f clustered cells 
was calculated. The mean and SE for each Ab was evaluated. A range of 
isotypes was represented in both inhibitory and noninhibitory Ab groups.

Results
Expression o f  VDR m RN A in transfectant U 9 3 7  ce lls

Northern blotting (Fig. 1) confirmed the presence of a 2-kb 
VDR mRNA corresponding to the sense orientated trans
fected receptor cDNA in the cells designated DH39. This 
band was detected when the cells were cultured in normal 
medium for 72 h but was enhanced when cells were cul
tured with supplementary cadmium. There was also a sec
ond band at 4.6-kb, corresponding to wild-type VDR 
mRNA, which was the only VDR mRNA species present 
in control U937 and in cells transfected with the pMEF4 
vector alone (MEP). Expression of wild-type VDR mRNA 
was unaffected by the addition of cadmium to the culture 
medium.

VDR transfectants express in creased  VDR leve ls

Figure 2 shows that the presence of high levels of trans
fected VDR mRNA resulted in a substantial increase in the 
number of VDR in these cells. The Scatchard plot in Fig
ure 2A indicated that the binding pattern of ^H-labeled
1,25-DHCC in control MEP cells (3780 VDR/cell ± 620, 

= 0.23 nM ± 0.08) was similar to the values reported 
previously for untransfected U937 cells. Treatment with 
cadmium for 72 h had no significant effect on VDR ex
pression in these cells (Fig. 2B). Cells transfected with 
VDR cDNA (Fig. 2C) expressed considerably greater 
numbers of VDR (18,000 VDR/cell ± 4,400) than control 
cells and treatment with cadmium (Fig. 2D )  further stim
ulated expression of the transfected receptors (39,500 
VDR/cell ± 16,000). The of the transfected receptors 
in DH39 and DH39 -F cadmium was slightly higher (0.43
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FIGURE 2. Increased 1,25-DHCC binding in VDR-transfected cells. Scatchard plots of ^H-labeled 1,25-DHCC binding in 
control (MEP A - pan el A) and VDR cDNA transfected cells (DH39 ■  - pan el Q  cultured for 72 h in the presence or absence 
of CdCk (20 fiM) {B and D). Maximal binding (B^ax) is indicated by the intercept with the x-axis whereas affinity of the VDR 
for 1,25-DHCC (K^) is represented by the slope of the plot.

nM ± 0.06 and 0.98 nM ± 0.17, respectively) than wild- 
type receptors in MEP cells, indicating a lower affinity for
1,25-DHCC. These binding characteristics of wild-type 
and transfected VDR were confirmed by analysis of 1,25- 
DHCC binding in cytosolic extracts of MEP and DH39 
(data not shown).

Effects o f  VDR transfection on response to  
125-D H C C

DH39 cells showed an augmented response to 1,25-DHCC 
compared with control cells. Figure 3 shows that the in
hibition of proliferation of DH39 by 1,25-DHCC was sig
nificantly greater than that seen in either U937 or MEP 
cells. DH39 cells alone (without cadmium) were more sen
sitive to 1,25-DHCC than U937 or MEP cells but only at 
10 nM and 100 nM (Fig. 3A). DH39 cells treated simul
taneously with cadmium and 1,25-DHCC showed signif
icantly greater inhibition of proliferation in response to all 
concentrations of 1,25-DHCC (p  < 0.01) (Fig. 35). Fig
ure 3, C and D  show that both in the presence and absence 
of cadmium, the DH39 cells required more than 24 h to 
demonstrate increased sensitivity to the antiproliferative

effects of 1,25-DHCC. Further proliferation assays using a 
variety of vitamin D metabolites confirmed the specificity 
of DH39 cells for la-hydroxylated vitamin D metabolites 
(data not shown).

! ,25-D H C C -induced differentiation in 
VDR-transfected cells

In parallel with growth inhibition, there was an increase in 
differentiation surface marker expression on DH39 after
1,25-DHCC treatment. Figure 4 shows the changes in ex
pression of the peripheral monocyte-macrophage marker 
CD14 on cadmium-treated MEP and DH39 cells after 72 
h culture in the absence (Fig. 4, A and C, respectively) or 
presence of 10 nM 1,25-DHCC (Fig. 4, B and D, respec
tively). As expected, the control MEP cells showed an 
increase in the number of cells expressing CD 14 after 
treatment with 1,25-DHCC but this effect was much more 
marked in the receptor-transfected DH39 cells. This effect 
was not associated with an increase in CD 14 mean fluo
rescence intensity (data not shown). The effects of hyper
expression of VDR were also demonstrable by visible 
changes in morphology (Fig. 5). Both the parent cell line
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FIGURE 3. VDR transfectants show increased sensitivity to 1,25-DHCC. Inhibition of proliferation of control and transfected 
U937 cells by 1,25-DHCC. A. Changes in the incorporation of [’^^IJdUR after treatment of U937 (O), MEP (A), and DH39 (■) 
with 1,25-DHCC (1 to 100 nM) for 72 h without CdClj (20 fiM). B. With CdCI  ̂ (20 /xM). C  Time course of inhibition of 
proliferation of control and transfected cells in the presence of 10 nM 1,25-DHCC without CdClz- D. Time course of inhibition 
of proliferation of control and transfected cells in the presence of 10 nM 1,25-DHCC with CdCI  ̂ (20 ixM). {* =  statistically 
significant, compared with non-CdClj-treated DH39 cells, p  <  0.005).

(data not shown) and the MEP cells grow routinely in 
suspension culture as single cells, and adding cadmium 
had no obvious effect (Fig. 5A). Likewise, cadmium added 
to the DH39 cells did not change the appearance of the 
cells (Fig. 5C). However, in contrast to control MEP cells 
(Fig, SB), DH39 grown in the presence of both cadmium 
and 10 nM 1,25-DHCC showed striking homotypic clus
tering (Fig. 5D) as a constant and reproducible feature.

1,25-D H C C -induced h om otyp ic  adhesion in 
VDR-transfected cells

The nature of this homotypic clustering was studied fur
ther by monitoring adhesion molecule expression in con
trol and transfected cells, with and without 1,25-DHCC 
(Table I). FACS analysis with the use of Abs against 
CD54 (ICAM-1), CD102 (ICAM-2), CD50 (ICAM-3),

and both J31 and ]S2 integrins, together with appropriate 
positive and negative control Abs, showed that some mol
ecules, such as CD54 (ICAM-1), CD 102 (ICAM-2), and 
CD44, were expressed constitutively in >95% of control 
cells, and were not affected by either addition of exoge
nous 1,25-DHCC or by VDR transfection. Numbers of 
cells expressing CD 11b (MAC-1 a-chain) were increased 
by 1,25-DHCC in both MEP and DH39, whereas CD 11c 
(pl50, 95 a-chain) was up-regulated by 1,25-DHCC in 
DH39 only. The number of cells expressing CDlla 
(LFA-1 a-chain) and CD18 (2 integrin chain) was not af
fected, as there was 100% expression on the starting pop
ulation, but the mean fluorescence intensity of staining 
was increased on 1,25-DHCC-treated DH39.

Northern analysis (Fig. 6) was consistent with these 
findings. The control c-m yc  cellular proto-oncogene probe
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FIGURE 4 .  Differentiation of control and VDR transfectant cells in the presence of 1 ,25-DHCC, Histograms showing the level 
of CD14 expression (solid lines) in 72 h cadmium-stimulated cultures of MEP (A), MEP + 10 nm 1,25-DHCC {B), DH39 (Q  
and DH39 4- 10 nM 1,25-DHCC (D). Dotted lines indicate expression of isotype-matched negative controls.

showed reduced mRNA expression after addition of 1,25- 
DHCC (densitometry: MEP,1.0; MEP 4- 1,25-DHCC 0.5; 
(normalized on actin control (Fig. 6F)), which was more 
pronounced in the DH39 cells (densitometry; DH39, 0.9; 
DH39 + 1,25-DHCC 0.3), consistent with the change in 
growth pattern (Fig. 6E). Analysis of CDlla (Fig. 6A) and 
CD 11b (Fig. 6B) identified appropriate species of mRNA 
in the 1,25-DHCC-treated DH39 cells, which were not 
present in either the control cells (with or without 1,25- 
DHCC) or the DH39 cells alone. The sizes of these species 
(CDlla = 5.1 kb; CDllb = 4.7 kb) corresponded to pub
lished data for these integrin a-chain sub-units. In addi
tion, both blots also showed a smaller mRNA band, which 
was the same in all four samples and was also present in 
the CD 11c samples (Fig. 6C). Densitometry of the CDllc 
blot showed no significant changes, regardless of treat
ment (data not shown). Blots probed for CD 18 mRNA 
(Fig. 6D) identified a single 3.1-kb species which was in
creased in 1,25-DHCC-treated MEP cells (densitometry: 
MEP, 1.0; MEP + 1,25-DHCC, 1.7) and which showed an

even more pronounced rise in 1,25-DHCC-treated DH39 
(densitometry: DH39, 1.1; DH39 + 1,25-DHCC, 2.4).

All three of the ICAMs studied were expressed at a high 
percentage in control MEP cells and were not affected by 
treatment with 1,25-DHCC. However, CD50 (ICAM-3) 
expression was decreased in the VDR transfectants, and 
this was demonstrable regardless of whether 1,25-DHCC 
was added or not. This observation was a consistent fea
ture which was confirmed by using several Abs to CD50 
(ICAM-3) (data not shown).

The functional contribution of these changes to 1,25- 
DHCC-induced cell clustering was assessed by Ab inhi
bition of cell-cell adhesion (Fig, 7). The control MEP cells 
showed <1% clustering without 1,25-DHCC treatment, 
and <6% adhesion in the presence of 1,25-DHCC (data 
not shown). After treatment for 72 h with cadmium and
1,25-DHCC, inhibition of DH39 clustering was seen with 
7 of 14 anti-CDlla Abs, 5 of 11 anti-CD 18 Abs, and 6 of 
11 Abs against CD54 (ICAM-1). In contrast, clustering in 
the presence of anti-CD lib  (nine Abs), anti-CD 11c (10
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(fi), DH39 (O, and DH39 + 10 nM 1,25- 
DHCC (D).

c .  DH39 + CdCl,

B . MEP 4- CdCl; + 1,25DHCC

w a T* /

D . DH39 + CdCl, + 1,25DHCC

''*^v» ;

i r . V '

$

Abs), anti-CD102 (ICAM-2) (three Abs), and anti-CD5G 
(ICAM-3) (11 Abs) was the same as in control samples. 
The effect of representative inhibitory Abs was quanti
tated, and Figure 7 also illustrates that Abs against CDlla 
(25.3.1, TSl/22) and CD18 (BL5, L130) caused almost 
complete inhibition of clustering, whereas Ab CBRICl/12 
(against CD54) caused partial inhibition. Abs directed 
against CDllb and 11c, and against CD 102 and CD50, 
again caused no inhibition of clustering. Thus, in sum
mary, the 1,25-DHCC-induced homotypic clustering of 
DH39 cells involves the CDlla/18-CD54 pathway pri
marily, but is also associated with changes in the relative 
expression of other j32 integrins and of CD50.

Discussion

The role of 1,25-DHCC as an immunoregulatory hormone 
has been documented previously in several different model 
systems (2-7), but thus far the use of genetic manipulation 
to study this action has not been widely adopted. In par
ticular, there has been no attempt to modify expression of 
the receptor for 1,25-DHCC and then study the conse
quences in terms of immune cell function.

In this study, we have shown that it is possible to gen
erate stable transfectants of U937 monoblastoid cells 
which express high numbers of VDR. The transfectants 
were morphologically identical to the parent cell line, and

showed similar base line proliferation kinetics. The sensi
tivity of the transfectants to 1,25-DHCC was substantially 
increased and it was possible to enhance this sensitivity 
still further after cadmium-mediated induction of the 
expression vector’s metallothionein promoter. The trans
fected VDR showed higher values than the wild-type 
VDR, indicating a lower affinity for 1,25-DHCC. This 
may reflect post-translational modiflcation of VDR (23) or 
may be a direct effect of increased receptor density (24); it 
is unlikely that the transfection itself alters the affinity, 
because previous reports of VDR transfection into VDR- 
deflcient Cos 1 cells described normal 1,25-DHCC bind
ing (25). Irrespective of the underlying mechanism, these 
changes in affinity did not affect responsiveness to the la- 
hydroxylated forms.

Perhaps even more striking than these biochemical 
events were the morphologic findings, which gave further 
clear evidence for the potential role of 1,25-DHCC as an 
immunoregulatory hormone. In the absence of cadmium, 
and of 1,25-DHCC, there was no obvious surface marker 
difference between the DH39 cell line and control cells. 
Likewise, the addition of 1,25-DHCC at low molar con
centration had minimal effect on the cultural characteris
tics and appearance of the cells. However, the combination 
of cadmium induced-receptors and higher concentrations 
of 1,25-DHCC led to the formation of striking homotypic
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Table I. Analysis of adhesion moiecuie expression in MEP and DH39‘

CD Molecule Ab

Cell Line

MEP l+CdClj) DH39 l+CdClz)

N0  1.25DHCC + T25DHCC No 1.25DHCC + 1,25DHCC

m.f.i. % + ve m.f.i. % + ve m.f.i. % + ve m.f.i. % + ve

54 ICAM-1 CBRIC 1 / 1 2 306* 99.7** 293 99.8 270 99.7 273 99.7
1 0 2 ICAM-2 6D5 150 97.1 205 99.9 172 96.0 2 0 1 94.0
50 ICAM-3 BRIC 79 284 94.8 252 96.5 99* 9.4* 1 2 2 * 14.6*
1 1 a LFA-1 a TSl/22 375 1 0 0 387 1 0 0 333 1 0 0 470*/** 1 0 0  -
1 1 b Mac 1 a CBRM1/23 163 2 1 . 8 2 5 3 " 8 9 .7 " 167 25.0 322*'** 98.1**
1 1 c pi 50,95 KB90 198 1 2 . 0 171 1 0 . 8 179 4.5 131 55.0*/**
18 j32 integrin TS1/18 350 99.9 392 99.9 379 99.9 450*'** 1 0 0

44 BRIC 222 496 1 0 0 459 1 0 0 497 1 0 0 488 1 0 0

*48-h  cultures of cadmium-treated (-l-CdCl;) MEP and DH39 (with or without additional 1,25DHCC (+1,25) at lOnM) were analyzed by FACS after incubation 
with Abs to CD54, GDI 02, and CD50, ^2 integrin sub-units and CD44, including isotype-matched controls. The data are represented as mean fluorescence 
intensity, and as % of cells expressing an individual molecule, and each experiment was performed three times, with similar results. The significant changes are 
underlined; * denotes significant differences between MEP and DH39 cells (p <  0.05); ** denotes significant differences between 1,25DHCC treated cells and 
untreated cells (p <  0.05).

m.f.i., mean fluorescence intensity.
% +  ve, number of positive cells.

aggregates. The net effect of this treatment was therefore 
to generate in vitro a cluster of cells which were not only 
adherent to each other but were also simultaneously dif
ferentiated toward a monocyte/macrophage, as judged by 
the induction of cell surface markers such as CD 14.

The formation of homotypic .monocyte/macrophage 
clusters in vitro is a relatively unusual event. In contrast 
with heterotypic adhesion and clustering events, such as 
those that occur between monocyte/neutrophil and endo
thelium, and between macrophages and T cells, homotypic 
processes have been investigated relatively infrequently. 
There is evidence that B and T cell lines do form such 
clusters, and that Abs against a variety of cell surface mol
ecules are able to induce this pattern of aggregation (26, 
27) but neither U937 nor its differentiated derivatives have 
been shown to behave in this fashion. However, under 
physiologic conditions, the formation of macrophage clus
ters is a key feature of several disease processes. For ex
ample, the atheromatous plaque represents such a cluster, 
in which there are aggregates of so-called “foam cells” in 
the intima of the blood vessel, and the typical granuloma
tous response is in fact a homotypic cluster of macro
phages in epithelioid form.

One in vivo example, which might be analogous to the 
homotypic aggregates seen in this study, is the sarcoid 
granuloma. Previous studies have shown that in this dis
ease there is over-production of 1,25-DHCC by alveolar 
macrophages. This macrophage over-production of 1,25- 
DHCC is considered to be responsible for the hypercalce
mia and hypercalciuria which are sometimes a feature of 
the disease (28). Control of 1,25-DHCC synthesis in the 
alveolar macrophage has been shown to be under the con
trol of immune cytokines and to be dependent upon cal
cium-modulated eicosanoid metabolism (29). There have 
also been some recent studies that examined changes in

adhesion molecule expression on alveolar macrophages: 
increases in CDlla and CD54 have been reported (30- 
32). However, these changes have been linked to the al
veolitis, and to the interaction of CD4'"' T cells with the 
alveolar macrophages, rather than to the formation of the 
granulomata themselves, and have not been correlated 

. with the altered 1,25-DHCC metabolic pathway in the al
veolar macrophages.

In view of the striking nature of the clustering, we 
sought to clarify the mechanism involved, by using a 
combination of phenotyping and functional analysis. The 
FACS profile showed that 1,25-DHCC up-regulated both 
CDllb and CDllc, but the numbers of cells expressing 
CDllc were increased in the- VDR transfectants only. 
Northern analysis showed induction of CDllb mRNA in 
the 1,25-DHCC-treated DH39. Previous studies have 
shown a role for 1,25-DHCC-VDR interaction in regula
tion of jSl integrin gene expression (33), but this has not 
been documented with respect to the j32 group. The origin 
of the smaller transcripts observed in all these blots, and 
in the CD lla a: subunit blot, is not clear. The probes 
have not been reported to cross-hybridize with tran
scripts of any other gene, and so it is possible that the 
smaller transcripts represent alternative species of 
CDlla and CD llc RNA.

CDlla and CDIS were constitutively expressed on vir
tually all the cells. At mRNA level, the CDlla findings 
were similar to those seen with CDllb. There was also an 
increase in CD18 mRNA levels when 1,25-DHCC was 
added, both in the control cells, and even more strikingly, 
in the DH39 cells. This correlates with increased mean 
fluorescence intensity for CD 18 in DH39 cultured with
1,25-DHCC, and suggests the possibility that the jS2 inte
grin subunit may also be transcriptionally regulated 
by 1,25-DHCC-VDR interaction. Despite the changes in
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numbers of cells expressing CDllb and CDllc outlined 
above, the functional studies identified that CDlla/CDlS 
(LFA-1) (rather than CDllb/18 or CDllc/18) is the prin
cipal J32 integrin adhesion molecule implicated in the ho
motypic clusters.

Another relevant finding in relation to cell adhesion 
molecules is that CD50 (ICAM-3) expression was down- 
regulated in DH39 compared with controls, whereas CD54 
(ICAM-1) was constitutively expressed and no change 
was seen. Because both CD54 and CD50 are able to act as 
a ligand for CDl la/18, the down-regulation of CD50 in 
DH39 may thus represent an important indirect mecha

nism for enhancement of CD54 binding. Our findings sug
gest that the interaction of CDlla/18-CD54 may have dif
ferent effects on homotypic cell-cell clustering when 
compared with a mixed CDlla/18-CD54 and CDlla/18- 
CD50 interaction, and that the DH39 cell line provides a 
useful way to demonstrate and examine this directly.

The current study indicates that there may be a different 
‘way to look at the role of 1,25-DHCC in granuloma for
mation, as seen in sarcoidosis. The possibility is raised that 
perturbation of the vitamin D metabolic pathway, and of 
the 1,25-DHCC-VDR interaction may play a key role in 
defining the pathogenetic mechanism of the histologic
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FIGURE 7. Homotypic adhesion of DH39 cells. After differentiation in cadmium and 1,25-DHCC, cells were dispersed with 
EDTA, allowed to recluster for 14 h in the presence of anti-adhesion molecule Abs, and the percentage of cells in clusters was 
counted (Fig. 6). Results from representative Abs against C D lla  (S6F1, 25.3.1, TSl/22), C D llb  (CCI.7, CBRMl/23), C D llc  
(CBRpl50/2Cl, KB23), CD18 (BL5, LI 30), CD54 (ICAM-1) (CBRICl/3, CBRICl/12,8-4A6), CDl 02 (ICAM-2) (CBRIC2/2,6D5), and 
CD50 (ICAM-3) (HP2/19, CBR1C3/3) are shown. Controls are irrelevant control Ab (IgGl), and no Ab, with 1,25-DHCC-treated 
(DHCC^) or non-treated (DHCC~) cells. The figure shows the mean of four wells per Ab treatment ±  standard error.

hallmark of the disease, and of the disease per se, as well 
as playing a role in the hypercalcaemia. Increased synthe
sis of 1,25-DHCC, as documented previously, may be one 
way to approach the disease process; but changes in re
ceptor expression may be of equal importance. In more 
general terms, if we regard 1,25-DHCC as an important 
autocrine monocyte/macrophage hormone, then it is pos
sible that the triggering of this pathway may be a central 
feature of granulomatous processes. Furthermore, the di
rect links (as opposed to indirect links, in which 1,25- 
DHCC acts purely as a differentiation-inducing agent) be
tween the 1,25-DHCC pathway and homotypic adhesion 
mechanisms operating between immune cells may be 
more significant than has previously been appreciated.
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A bstrac t— We have isolated and  characterized a new M H C  class II tran scrip tion  m u tan t cell line, 
called UV. This cell line was derived I'rom the mouse B lym phom a A 20 by UV light-induced 
m utagenesis and  im niunosclection lo r  the loss o l'su rlace  M H C  class II molecules. It expresses only 
5%  o f  the level o f M H C  class II m olecules on A 20 and this is associated w ith a sim ilar reduction  
o f  class II specific tnR N A . This defect canno t be restored by the M H C  class II tran scrip tion  inducers,
IL-4 and  IFN y, confirm ing tha t the m utation  acts a t the transcrip tion  level. T he m u ta tio n  also affects 
M H C  class I expression, but the transcrip tion  o f class 1 molecules is no t affected. In con trast, the 
expression o f  o th e r m arkers, such as the invarian t chain and  the surface im m unoglobulins G  and 
M , is no t modified. Such a variant should  prove useful for the study o f  the transcrip tion  factors 
involved in the regulation o f M H C  class 11 expression.

IN T R O D U C T IO N

MHC class II molecules play a critical role in the 
regulation of the immune system, acting both at the level 
of positive and negative T cell selection (Marrack and 
Kappler, 1988) and T helper cell stimulation (Dierer 
et III., 1989). This function is related to a restricted 
pattern of tissue expression (reviewed by Glimcher and 
Kara, 1992). Only a subset of immune cells, including B 
lymphocytes, some macrophages and lymphoid dendritic 
cells express constitutively MHC class H molecules. 
MHC class II expression is not only determined at the 
level of cell type, but also by the cell’s acti- 
vation-differentiation state and by its response to vari
ous lymphokines. The degree of complexity of MHC 
class II regulation is further increased by the existence of 
still unknown mechanisms allowing coordinate versus 
non-coordinate expression of various MHC class H 
isotypes. For instance, IFN-y induces coordinate ex
pression of I-A and I-E molecules on a macrophage cell 
line (Paulnock-King et al., 1989). In contrast, a B 
lymphoblasloid cell line expresses only some MHC’ class 
II isotypes (Ono et al., 1991).

The mechanism responsible for this complicated pat
tern of expression is not fully understood. The cis-acting 
promoter elements, such as the W, XI, S.2 and Y boxes, 
are already well documented, whereas much less is 
known about the trans-acting protein factors that bind 
to these promoters (Glimcher and Kara, 1992). The gel 
retardation assay has allowed the isolation and cloning 
of several DNA binding factors, including factors bind
ing to the XI, X2 and V boxes (Glimcher and Kara, 
1992). This method is limited by the fact that binding 
does not necessarily correlate with a regulatory function. 
The restoration of MHC class II expression in MHC 
class II negative transcription variant cell lines trans

fected with genomic DNA (Guardiola ei a i ,  1986) opens 
a n  alternative way to clone MHC class II regulatory 
genes. Several such variants have already been isolated 
from human cell lines (Gladstone and Pious, 1978; 
Accolla, 1983; Caiman and Peterlin, 1987), and, in only 
a few cases, from mouse cell lines (Glimcher et a i ,  1985). 
In this paper, we describe the isolation and characteriz
a tio n  of a new mouse MHC class II transcription mutant 
cell line derived from the mouse B lymphoma A20.

R E S U L T S

Cell sur face e.xpressiuu uj M H C  molecules on U V

I he expression of cell surface MHC class II molecules 
on UV and .A20 cells was measured by direct immu- 
nolUiorescence using tiuoresceinated monoclonal anti
bodies (niAbs), TIB 120 (which recognize both I-A'̂  and 
l-L' molecules), and HB 3 (spedlie for I-A''). The results 
are shown in I'igs IA and IB. The level of staining 
(median lluorescence channel, on a linear scale) with HB 
3 and TIB 120 on UV represents 2.5% of the level of 
staining on A20, indicating that antigenic determinants 
on both I-A and I-E have been lost. To eliminate the 
possibility that two different mutations could have 
allected the conformation of both I-A and I-E molecules 
such tliai neither molecule was recognized by the two 
niAbs. cells were stained with a polyclonal rabbit serum 
raised against mouse MHC class II molecules. As shown 
in Fig. 1C, the staining on UV reaches less than 10% of 
the staining on A20, suggesting that cell surface ex
pression of MHC class II molecules on UV is substan
tially down-regulated.

In order to confirm that the low levels of class II MHC 
molecules expressed on the surface of UV cells do not 
show any major structural changes, cell surface
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Fig. I. FACS analysis ol B cell lines aller staining wuh antibodies against MHC class II molecules. 
A20 (positive control), AK34 (negative control) and UV cells were directly stained with (A) 
FITC-TIB 12Ü (l-A'‘ and I-E'' specitic; , , or (B) FITC-HB 3 (I-A'' specific; ...) or (A) and (B)
FITC-3TP (I-A'’ specific: ---- ), or (C) indirectly stained with rabbit anti-MHC class II antiserum
(diluted at I/IÜÜ;...) or normal rabbit serum ( N.MS) (diluted at 1/1ÜU). Values of'the specific binding 
on A20 were 228 in A. 262 in B and 247 in C. Values of the specific binding on UV were 3.9 in

.A, 6.2 in B and 11 in C.

radioiodinated molecules were immunopreciptiaied 
from A20 and UV using a rabbit polyseruiu against l-.A'' 
and I-E'' generated against immuno-alliniiy isolated 
MHC class II molecules, or a rabbit polyserum against 
a peptide corresponding to the mtracytoplasmic tail of 
I-Aa''. As shown in Fig. 2.A, an autoradiograph exposed 
for a short time reveals membrane MHC class 11 
molecules on A20 (lane A and D) but not on UV 
(lane D and E). The rabbit serum, which was raised 
against intact immunoalfinity purified MHC class 
II complexes containing the invariant chain, li, im- 
munoprecipitaies from A20 three molecules corres
ponding to MHC class 11 a and /I chains, and the 
invariant chain (li) (Fig. 2A. lane A). The band 
corresponding to the a chain is fainter than the band 
corresponding to the /I chain, perhaps because ihe 
efficiency of radioiodinatioii of the a chain is lower 
(Germain and Hendrix, 1991). In contrast, the anti
body raised against the cytoplasmic tail of 1-Aa does 
not immunoprecipitate li, indicating that li is ex
pressed on the cell membrane but is not associated 
with the majority of surface MHC class 11 molecules. 
Longer exposure of the gel revealed the presence of 
MHC class II li chain on UV (Fig. 2B, lanes D and E). 
In contrast, neither the a chain nor li could be detected. 
The fact that li is not detected cannot be explained by 
a difference of efficiency in radioiodination (see Fig. 2A. 
lane A), but is likely to reflect the absence of li on the 
surface of UV.

Biosvmhesis uj c/a.ss II MHC on UV cells

We investigated whether the low expression of mem
brane MHC class 11 molecules on UV arose from a 
defect in their biosynthesis, or from a failure to assemble. 
Cells were metabolically labelled with methionine 
and cysteine for 2.5 hr and MHC class II molecules 
were immunoprecipitated with the mAh directed against 
the mtracytoplasmic tail of the I-Aa'' chain. This anti
body immunoprecipitated l-Aot, 1-A/i and li from A2U, 
but it was not possible to detect newly synthesized MHC 
class 11 molecules on UV (data not shown).

The absence of newly synthesized MHC class II 
molecules in UV could have been the result of a de
creased rate of biosynthesis, or an increased rate of 
degradation. In order to distinguish between these two 
possibilities, we compared the level of mRNA coding for 
MHC class Ihnolecules on A20 and UV. Northern blots 
of mRNA from A 20, UV and the T hybridoma DOll.lO 
(as a liaplotype matched class II negative control) were 
hybridized with a class II specific probe corresponding to 
the gene coding for I-A/i (probe expected to cross-react 
with the class II // chain of other H-2 alleles and isotypes 
because of the high sequence homology between these 
molecules), or a class I specific probe. The results are 
shown in Fig. 3A. The amount of mRNA transcript for 
MHC class 11 j{ chain in UV cells (lane B) was greatly 
reduced compared to A2Ü cells (lane A). More precisely, 
densitometry analysis showed that the level of class II P
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Fig. 2. Iniinunoprecipiiation o f cell iiirlace Ml 1C ckibs 11 molecules Irom A2Ü and UV cells. .A20 
cells (lanes A. B, C) and UV cells (lanes D. E, E‘) were surface lodinaied, and Ml 1C class 11 molecules 
were im munoprecipiiated wuh rabbit an ti-M llC  class 11 aniiserum (lanes A and D), rabbit antibody 
against 1-Aa'* m tracytoplasm ic tail (lanes U and E). or normal rabbit serum (lanes C and F), and 
Protein A Sepharose. Im munoprecipitated proteins were denatured at 100 C under reducing 
conditions. Protein gel electrophoresis was performed on a 12.5% acrylamide gel. The gel was 

exposed to X-ray him for 1 day (autoradiograph A) or 3 days (autoradiograph B).

chain niRNA on UV was 7% of the level of class 11 ji 
chain mRNA on A20. In contrast, total RNA (Fig. 3B) 
and MHC class I transcription was identical in both B 
cell lines (Fig. 3, lanes D and E). DO 11.10 cells also 
showed a band corresponding to class 1, but not class II 
transcript. The lower levels of class I transcription 
reflects a lower total RNA loading onto this lane of the 
gel (see Fig. 3B, F). The size of mRNA coding for MHC 
class II li chain is identical m both cell lines, suggesting 
that MHC class II (i genes in UV have not undergone 
any major deletion.

Ke^uUition o f M HC class / /  expression on A 20 and UV 
MHC class II molecule expression on human B cell 

lines can be up-regulated by IFN-y and IL-4 (Rousset 
et al., 1988). In order to determine whether these 
lymphokines could rescue the defect in expression of 
MHC class II molecules, A20 and UV were incubated 
with 50 U/ml of recombinant IL-4 and/or 250 U/ml of 
recombinant IFN-y for 24 hr and the MHC class II 
expression was analysed by FACS analysis using mAh 
riB 120. The results are presented in Table I. Incubation 
of A20 with IL-4 or IFN-y results in a 1.5 fold increase
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of MHC class II expression. There is no synergisuc ell eel 
when bolh lymphokines are added togeiher. In con
trast, the expression of MHC class II molecules on UV 
is not affected either by IL-4 or by IFN-y, alone or in 
combination.

Peptide binding to MHC class II molecules has been 
shown to increase the expression of MHC class II 
molecules on splenic B cells as a result of a confor

mational stabilization (Germain and Hendrix, 1991). 
However, a peptide restricted by I-A'̂ , OVA 323-339, 
had no el fee I on the expression of MHC class II 
molecules on either A 2D or UV (not shown).

ilxp rcw tu n  of oi/icr m a rkers  on U V  ceil line

In order to analyse the specificity of the mutation in 
UV. the expression of three other glycoproteins. Class 1

28 S

18 S

A B C D B F

B 28 S

18 S

Fig. 3. N orthern blot analysis o f M H C class II and class 1 inRN A  in A2Ü, UV and HOI 1.10 cells. 
A; Total RNA from A20 (lanes A and D), UV (lanes B and F) and O Ol 110 cells (lanes C and F)
was blotted on nylon m em brane and hybndi/ed  with MHC' class 11 (I-A'' /( chain) (lanes A, Ü, C)
or M H C class II (K^, A2,,^j) (lanes I), li, F) radiolabelled DNA probes. Then 15 /<g o f total RNA 
was loaded on each lane. X-ray him was exposed to membranes for 6  hr (I), li. 1) or overnight (A, 
B, C). B; Photography of RNA gel before northern blot, l anes A, B, ( '. D. li and F correspond

respectively to lanes A . B. ( . I). F and F o f A.



A new m urine M H C  class II cell line 1437

fable 1. The effect of IL-4 and IFN gamma on MHC class II 
membrane expression on A20, UV and AK34 cells

A20 UV AK34
MHC class II expression‘s

Medium 249 4.8 0

IL-4 422 4.5 0

IFN-y 355 4.4 0

IL-4-f IFN-y 418 4 . 0

'A20, UV or AK34 cells were cultured overnight in the 
presence or absence of IL-4 (50 units/ml) and/or recombi
nant IFN-gamma (250 units/ml). Cells were then washed 
and stained with FITC-TIB 120 (I-A*̂  and I-E**) or FITC- 
3TP (I-A**). The level of MHC class II expression is given 
by the formula: m (FITC TIB I20)-m (FITC 3TP), where m 
is the linear value of the median of FLl.

MHC, li and surface Ig was analysed. Unexpectedly, 
class I MHC biosynthesis measured by immunoprécipi
tation was substantially reduced (Fig. 4A). By contrast, 
the expression of li is only slightly reduced in UV 
(Fig. 4B). Note that, presumably because of a large 
excess of free invariant chain in A20 cells, I-Aa and I-A/Î 
are not detectable on this autoradiograph, but they can 
be detected on an autoradiograph exposed for a much 
longer time (data not shown). The reduction of MHC 
class I expression on UV was confirmed by immu
nofluorescence using a directly conjugated K** specific 
antibody (HB77) and FACS analysis. Median linear 
fluorescence (measured as mean channel number) for 
class I specific staining was reduced from 261 to 26, a 
reduction of 90%. This result was further confirmed by 
immunoprécipitation of cell surface radioiodinated mol
ecules with an antibody directed against the intracyto- 
plasmic tail of MHC class I molecules (data not shown).

We also compared the level of membrane expression 
of immunoglobulins (Ig) since A20 cells are known to 
express membrane associated IgG and IgM. UV ex
presses similar levels of IgG and IgM as the parent A20, 
indicating that the defect in the mutant is not a general
ized failure in the biosynthesis of cell surface glyco
proteins (data not shown).

Functional analysis o f  UV

In order to analyse whether the residual class II MHC 
molecules were functional we tested the ability of UV to 
present antigen to DO 11.10, a T cell hybridoma specific 
for OVA 323-339. As shown in Fig. 5, UV was unable 
to present either native ovalbumin (Fig. 5A) or peptide 
(Fig. 5B), even at concentrations for which A20 could 
maximally stimulate DOIl.IO.

DISCUSSION

We have generated an MHC class II low expressor 
variant cell line, which we have named UV, from the 
mouse B lymphoma cell line A20, by UV light-induced 
mutagenesis and immunoselection. FACS analysis and 
immunoprécipitation of cell surface radioiodinated 
MHC class II molecules show that UV has a reduced

expression of both I-A and I-E molecules, estimated by 
FACS analysis to be about 5% of the level of expression 
of MHC class II molecules on the original cell line A20.

The finding that both MHC class II isotypes are 
down-regulated was expected since immunoselection was 
performed against a variety of antigenic determinants 
present on I-A and on I-E molecules. Mutations induc
ing coordinate down-regulation of MHC class II ex
pression may, in fact, be more frequent than mutations 
a fleeting the expression of only some isotypes, since 
several variants immunoselected against a particular 
epitope have been shown to lose the expression of all 
MHC class II molecules (Accolla, 1983; Caiman and 
Peterlin, 1987).

The low expression of MHC class II molecules is 
reflected by a low level of steady state I-A/i mRNA. This 
is not due to a general defect in mRNA transcription 
because MHC class I mRNA is found in normal 
amounts. The low level of class II specific mRNA could 
be explained by two hypotheses, a specific defect in 
MHC class II [i chain mRNA transcription or decreased 
stability (i.e. decreased degradation) of the mRNA tran
scripts. IL-4 and IFN-y have been shown to regulate 
expression at the transcriptional level (Boothby et a i ,  
1988; Benoist and Mathis, 1990), Because both 
lymphokines failed to increase MHC class II expression 
on UV we would favour the former hypothesis.

.Although low levels of MHC class II P chain mRNA 
could be the result of cis- or trans-acting mutations in 
the promoter-enhancer region, cis mutations seem less 
likely since this would necessitate at least four mutations 
(one for each isotype on each chromosome). In contrast, 
two kinds of trans-mutation could be envisaged: (a) the 
activation of a gene responsible for the maintenance of 
low level of MHC class II p chain mRNA. Such 
repressor genes have been shown to down-regulate the 
expression of MHC class II molecules on plasmacytomas 
(Venkitaraman et a!., 1987; Dellabona et al., 1989) and 
it is supposed that they are inactivated in MHC class 11̂  
cells; or (b) the inactivation of an activator gene respon
sible for the up-regulation of MHC class II P chain gene 
transcription. This mechanism has been shown to be 
involved in a number of MHC class II" variants by 
somatic cell hybridization with splenic B cells or MHC 
class lU B cell lines (Salter et al., 1985; Accolla et al., 
1985u, b). Even a single mutation of a gene coding for 
a positive regulatory trans-acting factor regulating the 
transcription for all MHC class II P chain genes, while 
leaving the second copy of this gene active on the other 
chromosome, could result in the loss of 95% of MHC 
class II expression since the control of transcription is 
extremely dependent on the cell concentration of trans
acting factors (Scholer et al., 1991).

Although the level of MHC class I mRNA is not 
altered in UV, the level of biosynthetically labelled MHC 
class I molecules is lower than on the original cell line. 
Such a deficiency could be explained by the inability of 
the protein to fold properly, so that it is no longer 
recognized by mAb HB75, and is not transported to the 
cell surface. This inability could result from the absence
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Fig. 4. Im m unoprec ip i iaU ü ii  ol M H C  class 1 molecules a n d  li f rom  A2Ü an d  UV cells. A2Ü cells (A 
an d  B. lanes A an d  B), a n d  UV cells (A a n d  B, lanes C  a n d  D) were b iosyn ihei ica l ly  labelled with 
^^melhionine a n d  cysteine lo r  2.5 hr. a n d  lysed immediately . P os t-nuc lear  s u p e rn a ta n t  o f  cell lysate 
was precleared  with n o rm a l  m ouse  se rum  an d  Prote in  A S epha rose  (A) o r  n o rm a l  ra t  se rum  an d  
P ro te in  A S epharose  (B). P rote ins were im m u n o p re c ip i ta te d  with 11B75 (11-2D‘' specific; A, lanes 
B an d  D) o r  n o rm a l  m ouse  se rum  (A, lanes A a n d  Cl.  o r  rat m A b  aga ins t  li co u p led  to Sepharose  
beads (B, lanes B an d  D), o r  n o rm a l  ra t  Ig coupled  to S epha rose  beads  (B. lanes A an d  C). 
Im m u n o p re c ip i ta te d  pro te ins  were d e n a tu re d  u nde r  reducing c o n d i t io n s  a n d  ana lysed  on  a 12.5% 

acry lam ide  (A) o r  1U% acry lam ide  (B) S D S - P A G E  gel.

o t '[ i lm  (R ein  et uL, 1987), o r from  a deficiency in peptide 
b inding to  M H C  class I m olecules (T ow nsend  ei uL, 
1989, 1990; C eru n d o lo  ei ul„ 1990). R ecent rep o rts  have 
revealed the existence o f  tw o g roups o f  genes crucial for 
pep tide b ind ing  to M H C  class 1 m olecules (review ed by 
M onaco , 1992u, b). Since bo th  these g roups o f  genes are 
found  w ith in  the class II M H C  locus, e ither o r b o th  gene 
expression  cou ld  have been a ltered  in UV.

T he low expression  o f  M H C  class II m olecules on  UV 
only slightly  affects the expression o f  in tracellu lar li, as 
m easured  by im m unopréc ip ita tion . We do  no t know  
w hether the sm all decrease in expression co rresp o n d s to 
a  true d o w n-regu la tion  o f  li gene expression o r if it

rcllects an increased  d eg rad a tio n  o f  li because o f  the 
absence o f  M H C  class 11 m olecules. H ow ever, a lthough  
li can be detected  on the surface o f  A2Ü cells, li canno t 
be detected  a t the cell su rface in UV, suggesting tha t 
tran sp o rt o f  this m olecule is critically  dependen t on its 
association  w ith class II M H C . O u r results a re  consisten t 
w ith the pheno type o f  som e (C aim an  and  Peterlin , 1987; 
G lim cher ei u/., 1985) a lth o u g h  no t all M H C  class II 
negative m u tan ts  (L evine ei u/., 1985), suggesting tha t 
the m echanism  o f  regu la tion  o f  M H C  class II m olecules 
and  li are no t to tally  identical.

UV is not able to p resen t O V A  323-339 peptide to  the 
specific T  cell hyb ridom a D O  11.10, a lthough  it expresses
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Fig. 5. Presentation o f native ovalbum in and OVA 323 339 to 
D O ll.lO  T  cell hybridom a by live A2Û and UV cells. One 
hundred thousand A20 cells (open circles) or UV cells (solid 
circles) were incubated with 5 x 10'* D O ll.lO  T hybridom a 
cells in the presence or absence o f (A) native ovalbum in or (13) 
OVA 323-339 peptide, for 24 hr at 37'"C. Culture supernatant 
was then collected and lL-2 production by DO 11.10 cells was 
measured as described in M aterials and M ethods. lL-2 pro
duction is represented by the OD. E rror bars represent the 

standard  deviation o f the mean o f triplicate samples.

2.5% of the MHC class 11 molecules expressed on the 
original cell line A20. This could be explained by the fact 
that the number of peptide/MHC class II complexes on 
UV is too low to stimulate DOl 1.10, The inability of UV 
cells to activate DOl 1.10 could also be the result of the 
considerably increased distance between OVA 
323-339/MHC class II complexes on the cell surface of 
UV. This distance can be estimated, assuming MHC 
class II molecules are uniformly distributed on the cell 
surface, by the formula = [(3.14 x r*)/(« x a x />)], 
where r is the radius of UV cells (estimated to lO r̂m), 
n is the number of I-A molecules on A20 cells (estimated 
to be 5 X 10*), <2 is the percent MHC class II expressed 
on UV as compared to A20 (5%), and b is the percent 
of MHC class II bound to OVA 323-339 (2% on both 
UV and A20). According to this formula, the distance 
between two stimulating complexes would be 177 nm on
MIMM W/I&-D

A20 and 800 nm on UV. Thus, it is likely that MHC 
class II molecules expressed on A20 diffuse to a contact 
point with DOl 1.10 cells (Watts, 1988), whereas on UV 
cells diffusion of MHC class II fails to bring stimulating 
complexes in to close contact.

UV has a unique phenotype among the other MHC 
class II negative variant cell lines published until now. 
Variants 6.1.6, RJ 2.2.5, RM3, M12.B4 and M12.C3 
have completely lost cell surface MHC class II ex
pression but still express MHC class I molecules 
(Gladstone and Pious, 1978; Accolla, 1983; Caiman and 
Peterlin, 1987; Glimcher et al., 1985). Variant RM2 
presents a low expression of MHC class II molecules and 
a normal expression of MHC class I molecules (Caiman 
and Peterlin, 1987). Finally, variant M l2.A3 does not 
express I-A molecules but still expresses I-E molecules. 
Because of its specific phenotype, defined by a strong 
decrease of MHC class II transcription, and by a 
moderate decrease of the level of biosynthetically 
labelled MHC class I molecules, the UV cell line rep
resents a valuable tool for the identification of new 
regulatory factors.

M A TERIA LS AND M E T H O D S

Celb ami reagents

A20 is a murine B lymphoma cell line expressing class 
II H-2'* molecules and was purchased from the ATCC. 
AK34 is a hybridoma cell line derived from fusion of 
A2Ü and the B cell hybridoma K3 which does not express 
MHC class II molecules (Venkitaraman et al., 1987). It 
was kindly provided by Dr A. Venkitaraman (Cam
bridge, U.K.). DOll.lO is a T cell hybridoma which is 
specific for I-A‘* and a peptide fragment encompassing 
residues 323-339 of ovalbumin (OVA 323-339) 
(Shimonkevitz et al., 1983) and was purchased from the 
ATCC. TIB 120 is an mAb against I-A** and I-E*̂  
molecules. HB3 is an mAb against I-A** molecules. HB75 
is an mAb against H-2D'*. HB77 is an mAb against K"*. 
MAbs were obtained from the ATCC. OVA 323-339 
was obtained from Ihe peptide facility at ICRF 
(London). Rabbit serum raised against peptides corre
sponding to the intracyloplasmic tail of I-Aa (sequence 
RSGGTSRHPGPL) and the intracytoplasmic tail of 
class I (sequence QSSEMSCRDCKA) were a kind gift 
of Dr T. Levine (ICRF, London).

Pruiluction o f  U V cell line

One million A20 cells were mutagenized by exposure 
to short wave ultraviolet light (UV lamp model R-52G, 
UVP Inc., San Gabriel, U.S.A.) for 1 min, and were then 
subjected to negative selection by several rounds of 
treatment with antibodies against MHC class II mol
ecules (20 /ig/ml) and rabbit complement (Cedarlane). A 
mixture of antibodies, including rabbit serum anti-MHC 
class II molecules, TIB 120 and HB3, was used in order 
to avoid the selection of cells expressing a normal 
amount of mutagenized MHC class II molecules. Anti
body dependent complement treatment was performed 
approximately every 3 days, over a period of 1.5 months.
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The surviving cells were then cloned twice by limiting 
dilution and one of the sub-clones, called UV, was kept 
for further analysis.

Immunqfiuorescent staining

For direct immunofluorescent staining, 10̂  cells were 
incubated with excess FITC-conjugated mAbs at 4X  for 
45 min, washed twice with PBS containing 1% FCS 
(washing buffer), and cell-associated fluorescence was 
analysed on a cytofluorimeter (FACSCAN, Becton- 
Dickinson).

Indirect fluorescent staining was performed by incu
bating cells at 4"'C for 45 min with serum diluted at 1 /20Ü 
in washing buffer. Cells were then washed once at 4 C 
and further incubated at 4̂ C for 30 min in FITC-goat 
anti-rabbit Ig (Sigma). Cells were washed twice at 4 C 
and cell-associated fluorescence was analysed on a 
cytofluorimeter.

Specific binding was deduced after subtraction of the 
median of the linear value of FLl in the presence of the 
negative control antibody.

T cell hybridoma assay

One hundred thousand A20 cells were incubated with 
antigen and 5 x lO** DOll.lO cells in the presence or 
absence of native ovalbumin or OVA 323-339 peptide, 
for 24 hr at 3TC. Culture supernatant was then tested 
for IL-2 production as follows. IL-2 dependent cells, 
CTL-L, were washed twice and incubated at 3 T C  in 
culture medium for 1-2 hr. After two more washes,
3 X lO'* cells in 50 /il of culture medium were added to 
50 /il serial dilutions of the samples to be tested and were 
cultured at 3TC . After 24 hr, cell viability was assessed 
using the MTT assay as described elsewhere (Tada e t uL, 
1986).

SD S-PA G E  analysis

Cell surface proteins were radioiodinated with Na'*M 
(Amersham) using the lactoperoxidase method 
(Johnstone and Thorpe, 1987). Alternatively, newly syn
thesized proteins were radiolabelled by providing cells 
with methionine and cysteine (Amersham) fo r
2.5 hr (Johnstone and Thorpe, 1987). Radiolabelled cells 
were incubated at 4"C for 15 min in lysis bufl'er (Triton 
X-lOO 0.5%, Tris pH 7.4 10 mM, EDTA 1 mM, NaCl 
0.15 M, BSA 10 mg/ml) supplemented with the pro tease 
inhibitors leupepiin (1 /iM, Sigma) and pefabloc (I mM, 
Pentapharm, Switzerland). Post-nuclear supernatant 
was precleared in the presence of Protein A Sepharose 
(Pharmacia) and normal serum. Immunoprécipitation 
was performed by rotating lysates in the presence of 
specific antibodies and Protein A-Sepharose, or mono
clonal antibodies directly coupled to Sepharose, at 4 C 
for 2 hr. Samples were washed successively at 4"C with 
lysis buffer, high salt lysis buffer (NaCl 0.5 M in lysis 
buffer), low salt lysis buffer [0.1% SDS (w/v) in lysis 
buffer] and TET buffer (Tris 10 mM, EDTA 5 mM, 
Triton X-100 0.1%), supplemented with protease inhibi
tors. Samples were resuspended in 50/il sample buffer 
(SDS 2%, Glycerol 10%, Tris pH 6.8 62.5 mM, 2-ME

5%, bromophenol blue 0.01%), and separatedt 
SDS-polyacrylamide gel electrophoresis. Molecu\̂ >̂i? 
weight markers were: myosin, 200 kD; phosphorylasy x
97.4 kD; bovine serum albumin, 69 kD; ovalbumin;, 
46 kD; carbonic anhydrase 30 kD, trypsin inhibitor,\
21.5 kD; lysozyme, 14.3 kD (rainbow protein molecular 
weight markers, Amersham). The gel was exposed to an 
X-ray film (X-OMAT AR, Kodak) at -70°C.

Northern blot analysis

Total RNA was isolated from 5 x 10̂  A20, UV or 
DOll.lO cells using the acid guanidium thiocyanate- 
phenol-chloroform extraction method (Chomczynski 
and Sacchi, 1987). Each sample was separated on a 
MOPS-lbrmaldehyde agarose gel and blotted on a nylon 
filter (Gene Screen Plus, Dupont) as described elsewhere 
(Sambrook et al., 1989). The nylon filter was prehy
bridized for 1 hr at 65‘̂ C in hybridization buffer [(SDS 
7%, BSA 1%, EDTA 1 mM) 2/3, (Na.HPOJ M pH 7) 
1/3] and then with the radiolabelled probe (5 x lO^cpm) 
in fresh hybridization buffer at 65°C overnight. The 
nylon filter was then washed successively in (5 x SSC, 
0.5% SDS) for 15 min, in (2 x SSC, 1% SDS) twice for 
15 min, and in (0.1 x SSC, 0.5% SDS) twice for 30 min 
(Sambrook et al., 1989). The nylon filter was exposed to 
an X-ray film.(X-OMAT AR, Kodak). Levels of specific 
mRNA were measured by densitometry (videodensito
meter BioRad Model 620).

Labelling of DNA probe with a-̂ *P

Purified cDNA probes for mouse MHC class 11 and 
MHC class I were provided by Dr H. Stauss (ICRF, 
Middlesex Hospital, London). The MHC class II probe 
was a gel purified cDNA corresponding to the gene 
coding for 1-A'’ p chain. The MHC class 1 probe was a 
gel purified cDNA corresponding to the hybrid 
A,3 A,2 K„ where Â j and Â ; represent, respectively, the 
portion of the gene coding for the third and second 
domains of HLA-A2, and K,, represents the portion of 
the gene coding for the first domain of H-2K\ These 
probes were labelled using the Klenow fragment of 
E. co li DNA polymerase 1, in the presence of random 
primers (Pharmacia) as follows. To 0.1 /tg denatured 
cDNA were added 10 /d of OLB buffer (OLB 5X:[(Tris 
Cl 1.45M pH 6, MgCI, 0.15M) 865/d, 2-ME 18/tl, 
(dATP 10mM, dGTP 10 mM, dTTP 10mM) 50/d]
100 /d [Hepes 2 M pH 6.6] 250 /d, [Pd(N)(,90 U/ml in 
distilled water pH 7.5] 150/il}, 2.5 units of Klenow 
fragment of E. coli DNA polymerase 1 and 50/zCi of 
a -P-dCTP (Amersham) and the mixture was left at 
37 'C for 1 hr to allow labelling to proceed. The probe 
was then purified by gel filtration on a G75 Sephadex 
column prewashed with TE buffer pH 7.5 (lOmM Tris 
Cl pH 7.4, 1 mM EDTA pH 8). The radioactive probe 
was eluted with NaCl 500 mM, Tris Cl 10 mM, EDTA 
50 mM, SDS 0.1%). The probe (5 x lO’ cpm) was boiled 
before hybridization with the purified RNA.
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