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ABSTRACT 

Ataxia-telangiectasia (AT) is an autosomal recessive genetic disorder which 

is characterized by loss of coordination and telangiectases, hypersensitivity to 

ionizing radiation, progressive neuronal degeneration, immunodeficiency and 

increased cancer risk. Recently, the ATM (mutated in AT) gene has been cloned and 

been shown to bear significant homology to phosphatidylinositol3-kinases (PI3Ks) 

suggesting that its product may function in signal transduction. It has been 

reported that the NF-KB transcription factor is constitutively activated in AT cells, 

possibly as a result of the ATM gene product. NF-KB is an inducer of the interferon 

S gene. Since interferon S produces a wide range of biological effects including 

slowing of cell proliferation, virus inhibition, immunomodulation and alterations in 

differentiation, a dysfunction of interferon l3 regulation could have serious 

consequences for the cell. Therefore, the hypotheses investigated in this thesis 

were that the levels of interferon S-inducible proteins are elevated in AT cells as a 

result of constitutive activation of the interferon S induction pathway; altered 

ubiquitin cross-reactive protein (UCRP) kinetics may be linked to cell cycle 

differences that exist between AT and normal cells; and dysregulation of the 

interferon S induction pathway may be related to cancer. 

Using immunohistochemistry, elevated levels of UCRP were observed in two 

distinct fibroblast cell Lines derived from patients with AT when compared to 

controls. Immunofluorescence studies suggested that differences in UCRP 

localization may normally occur between dividing and stationary cells, while UCRP 

levels are constitutively elevated in dividing and stationary AT cells. 

Immunoblotting experiments showed elevation of free UCRP, not conjugated 

UCRP, in AT cells. A low molecular weight protein, LMP2, which is a proteasome 
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1 
1 subunit, was also found to be elevated in AT cells. However, the induction by 

i 
1 interferon 13 of free UCRP, UCRP conjugates and of LMP2 was the same in normal and 

AT cells, suggesting that AT cells possess a defect in the regulation of interferon 

B levels. Culturing three successive passages of an AT cell strain in the presence 

of different concentrations of neutralizing antibodies against interferon S caused 

partial and complete reduction, respectively, of free UCRP and LMP2 immunoreactive 

proteins to normal levels. These results indicate that there is a constitutive 

activation of the interferon B induction pathway in AT cells, which causes the 

secondary activation of interferon B-inducible proteins. 

Since AT cells are susceptible to cancer, a mechanism involving constitutive 

activation of the interferon B induction pathway may also be responsible for 

upregulation of interferon B-inducible proteins in cancer cells. A preliminary study 

of UCRP levels in human lung and bladder cancer tissue showed that these tissues 

had elevated UCRP levels. Thus, this mechanism could represent an early mutational 

event in carcinogenesis that dysregulates the activation pathway for the interferon 

13 gene. 
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THESIS FORMAT 

As a non-traditional thesis, the organization of this thesis requires some 

introduction. This thesis has six main sections : general introduction, experimental 

approach, three papers written for publication, and general conclusion. 

The general introduction provides the background for all of the research 

presented in the thesis. 

The experimental approach outlines the hypotheses that were tested and 

details the development of the methodology that was followed in the ensuing papers. 

The first paper describes the novel observation that the levels of two 

interferon Ij-inducible proteins are elevated in ataxia-telangiectasia cells and that 

their elevation can be inhibited by treating the cells with neutralizing antibodies 

against interferon Ij. This paper also explores the possible events that may lead to 

UCRP elevation in AT cells. 

The second paper investigates differences in UCRP immunolocalization between 

normal and AT fibroblasts at different stages of cell division and discusses the 

possibility that the differences observed may play a role in determining cell cycle 

events. 

The third paper is a feasability study which examines UCRP levels in various 

human tumour tissues and attempts to put the findings in context with UCRP 

elevation in AT cells and with the cancer proneness associated with this disease. 

Further work with proper control tissues is still to be carried out. 

The general conclusion attempts to unify the findings of this thesis, put them 

in context with the existing literature, and to propose new directions of research 

suggested by this work. 

xii 



INTRODUCTION 

1.1 Ataxia-telangiectasia Syndrome 

The first clinical report of ataxia-telangiectasia was published by Syllaba and 

Henner in 1926, followed by a second clinical description by Denise Louis-Bar in 

1941. The ataxia-telangiectasia (AT) syndrome was first named after two of its major 

characteristics in 1952 by Boder and Sedgwick, who identified a number of patients 

with similar symptoms [ I ] .  Genetic studies soon revealed that the multi-faceted AT 

syndrome is inherited in an autosomal recessive fashion. The worldwide incidence of 

AT varies from 1 in 40,000 to 1 in 100,000 and patients usually die during the second 

or early third decade of life [2]. 

Clinically, AT patients are characterized by loss of coordination and 

telangiectases , hypersensitivity to ionizing radiation, progressive neuronal 

degeneration, immunodeficiency, and cancer proneness [3,4 ] . Dilated blood vessels 

(telangiectases) occur in the conjunctivae of the eye, the facial skin, and sometimes 

in other sunlight-exposed areas of the body. Immunological deficiencies include 

absence or underdevelopment of the thymus and severe deficiencies in the humoral 

and cellular immune responses that can cause recurrent sinopulmonary infections. 

The cancer proneness of AT homozygotes is manifested as a predisposition to 

lymphoreticular malignancies. On the other hand, AT heterozygotes have a 4.0 fold 

increase in relative risk for breast cancer [4]. 

The cellular features of AT lymphocytes, lymphoblasts , or fibroblasts include 

hypersensitivity to ionizing radiation and radiomimetic drugs and elevated 

spontaneous chromosomal instability [3,4,5 ] . 
One of the most common characteristics of cell lines derived from AT patients 

is that they do not undergo the inhibition of DNA synthesis that is typical of normal 



cells following ionizing radiation treatment [6,7] . Following ionizing radiation 

i treatment, normal cultured cells block in either GI-S or G2-M, depending on which 

1 phase of the cycle they are in, to repair the DNA damage caused by the X-rays. 

1 Similarly cells block in S phase in response to X-rays [ I  ] . In AT cells, however, 

I flow cytometric studies have consistently revealed that AT cells do not undergo an 

X-ray induced cell cycle arrest in GI and G2  phases, but undergo a subsequent 

delay in G2lM [8,9] . Delayed cell cycle progression in AT cells treated with X-rays 

is also observed [ I  ] . 
Initially, the AT locus was localized to the q22-23 region of chromosome 11 by 

linkage analysis [ lo].  Recently, the ATM gene, which is mutated in ataxia- 

telangiectasia was identified by positional cloning on chromosome 11 [ 2,111 . Four 

complementation groups, A,  C , D , and E have been identified in AT by characterizing 

heterokaryons and the ATM gene was found to be mutated in AT patients from all 

complementation groups. Thus, mutations in this gene are probably the sole cause 

of this disease. 

The pleiotropic nature of AT mutations may be explained by the "mosaic" 

structure of the ATM protein which has domains similar to other known proteins. The 

COOH-terminal of the ATM gene product is highly similar to the catalytic subunit of 

several yeast and mammalian phosphatidylinositol 3-kinases (PI3Ks) which are 

involved in mitogenic signal transduction, meiotic recombination, and cell cycle 

control. Another region closer to the N-terminus of the protein bears close homology 

to the yeast rad3 and mecl DNA repairlcell-cycle checkpoint genes [12] . 
PI3K is a heterodimer composed of a 110 kDa subunit and an 85 kDa subunit. 

The catalytic domain resides in the 100 kDa subunit, while the 85 kDa subunit may 

have a regulatory role. Recent studies have indicated that the 110 kDa subunit may 

display both lipid kinase and serinel threonine protein kinase activity. PI3K has been 



shown to phosphorylate phosphatidylinositol at the D-3 position of the inositol ring 

to produce phosphatidylinositol 3-phosphate. However, the resulting 3- 

phosphorylated lipids are not hydrolyzed and are not components of the 

phosphoinositide cascade suggesting phosphatidylinositol3-phosphate itself may act 

as a second messenger that mediates the effects of activated PI3K. Inducers of PI3K 

activity include certain growth factors such as platelet-derived growth factor 

(PDGF) , colony stimulating factor 1 (CSF-1) , insulin-like growth factor 1 (IGF-1) , 

epidermal growth factor (EGF), nerve growth factor (NGF), and stem cell growth 

factor and elevated PI3K activity has been found to be associated with cells 

transformed by polyoma middle T, v-src, v-fms, and v-abl [55]. 

DNA-dependent protein kinase (DNA-PK), a serinelthreonine kinase, is a 

member of the phosphatidylinositol 3-kinase (PI3K) family [39] and is also related 

to the ATM gene product [40]. DNA-PK shows no detectible activity towards lipids, 

but it is most similar to PI kinases that are involved in cell cycle control, DNA repair 

and DNA damage responses [40]. This particular protein kinase is activated by 

double-stranded breaks (DSBs) or other discontinuities in the DNA double helix. In 

fact, cells that are defective in components of the DNA-PK recognition pathway are 

hypersensitive to killing by X-rays, as they are unable to repair DSBs effectively. 

In addition, DNA-PK phosphorylates several transcription factors including p53, 

Spl , Fos, Jun, and Myc and is a potent inhibitor of transcription by RNA polymerase 

I suggesting that it is a modulator of checkpoint mechanisms activated by DNA 

damage [41] . 
Following exposure to DNA damaging agents, an elaborate signal transduction 

pathway involving DNA-PK is initiated in mammalian cells. The activation of plasma 

membrane receptor tyrosine kinases results in the activation of c-ras (RAS-GTP) , 

which, in turn, leads to the activation of a serinelthreonine kinase cascade that 



Figure 1. Signal Transduction Following DNA Damage in Mammalian Cells1 
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includes mitogen-activated kinase (MAPK) and MAPK-activated protein kinases . 
Targets of the MAP kinases include immediate-early transcription factors, such as 

Jun, Fos, Myc, and SRF. At the same time, DNA damage activates DNA-PK to target 

these same transcription factors and p53, which is stabilized through a post- 

translational mechanism and activates the G1 checkpoint growth-arrest mechanism 

(See Figure 1) [41] . In addition, stress-activated (SAP) protein kinases, that are 

related to the MAP kinase family, are activated by tumour necrosis factor, UV light, 

and Ha-ras to phosphorylate the activation domain of c-jun [42]. Therefore, even 

though the exact biochemical function of ATM remains unknown, it seems possible 

that the ATM defect may be in some aspect of this pathway, the dysregulation of 

which ultimately manifests itself as the high cancer incidence observed in AT 

patients. 

Growing evidence suggests that the ATM protein is involved in the signal 

transduction of a DNA damage surveillance network that also includes initiation of 

apoptosis in response to low doses of ionizing radiation [56]. A high frequency of 

spontaneous apoptosis has been observed in Purkinje and granule cells in AT 

patients and inappropriate apoptosis has been reported in AT cells in response to X- 

rays [56,57,58] . Together, these observations support a model in which a DNA 

damage response pathway involving apoptosis is deregulated in AT cells. 

1.2 Cancer and the Cell Cycle 

Cancer is a disease of uncontrolled cell division. Diminished growth control 

causes malignant cancer cells to invade local tissues and, eventually, to spread to 

other parts of the body. This colonization can interfere with the body's vital 

functions and prove to be incompatible with life. Our understanding of cancer, 

therefore, is limited by our present understanding of cell growth and division. 



Cancer cells contain genetic damage, which appears to be the cause of 

carcinogenesis. Two types of genes have been implicated in the development of 

cancer. Various proto-oncogene products are known to stimulate cell cycle 

progression, whereas various tumour suppressor gene products inhibit cell cycle 

progression. A great deal of experimental evidence has accumulated to show that 

activated or altered proto-oncogene expression and loss or inactivation of tumour 

suppressor gene expression can contribute significantly to the tumour cell 

phenotype [13] . Proto-oncogenes can be converted to oncogenes via point mutations, 

small insertions or deletions, and juxtaposition to other chromosome sequences 

resulting in higher transcription rates. On the other hand, in general, both copies 

of a tumour suppressor gene must be inactivated by mutation or deleted via loss of 

the entire gene, a region of the chromosome, or the entire chromosome in order to 

produce oncogenicity, since their action is growth inhibitory [13]. 

In the last decade, numerous connections between oncogenesis and the 

regulatory components of the cell cycle have been discovered. Most of the 

components implicated in cancer through mutation or overexpression, or through 

their absence in tumours or transformed cells, have been found to act at specific 

points upon the cell cycle (See Figure 2 ) .  Briefly, the cell cycle is composed of 

chromosome duplication followed by segregation of the genomes into two daughter 

nuclei; subsequent cytokinesis gives rise to two independent new cells. Various 

phases of the cell cycle have been delineated, GI, S, G2,  M,  and GO. GO represents 

the state of non-cycling cells. GI and G2 are known as the llgapll phases that occur 

before S and M phases, respectively. Each "gap" is characterized by preparation for 

the phase that directly follows it. S is the synthetic phase of the cycle during which 

DNA synthesis and doubling of the genome occurs. M is the mitotic phase during 

which the duplicated chromosomes segregate. If the right conditions for S and M 



Figure 2. Cell Cycle Regulators Implicated in Cancer1 

Growth Fauors Restrlctlon Polnt 

Phase 

All data are from reference [16]. 

7 

S Phase 



phases do not prevail, for example, in the case of DNA damage or nutrient 

unavailability, then, in most cases, the cell may block the cycle in GI or G2. Thus, 

the GI-S transition and the G2-M transition can serve as important cell cycle 

checkpoints to ensure viability of the cell under adverse circumstances [14,15]. 

A group of proteins known as cyclins and cyclin-dependent kinase proteins 

(CDKs) regulate the cell cycle and its transitions. The cyclins can be divided into 

GI cyclins (cyclins C , D l ,  D2,  D3, E and F) , S-phase cyclins (cyclin A)  and mitotic 

cyclins (cyclins B 1 and B2) 1151 . At least one class of cyclin, cyclin H , has been 

found to be present throughout all phases of the cell cycle and the specific cell cycle 

role of another cyclin, cyclin G ,  is presently unknown [16]. 

Generally, according to the phase of the cell cycle, the corresponding cyclins 

associate with stage-specific CDKs thereby activating them and driving the cell cycle 

on (See Table 1). Once each cyclin has activated its CDK, its level generally declines 

rapidly via the ubiquitin conjugation system or some other degradative mechanism 

[18,19] . For example, cyclins A and B are targetted for degradation via conjugation 

with ubiquitin. Both contain a 9 amino acid sequence in their carboxyl terminal, the 

lldestruction box", that is thought to be recognized by some component of the 

ubiquitin conjugating system [ 17,181 . In contrast, human GI cyclins ( C  , D , and E)  

have been found to contain a PEST sequence in their carboxy terminus that is 

implicated in rapid protein degradation by an unidentified mechanism [19]. The 

Saccharomyces cerevisiae GI cyclin, CLN2 (the yeast homologue of the human D 

cyclins) contains a sequence which bears weak homology to the "destruction box1' of 

cyclins A and B [18], which implies that G I  cyclin levels in humans may also be 

regulated via ubiquitin conjugation. 

Recently, a family of small cyclin-dependent kinase inhibitor proteins (CDIs) 

that bind to and inactivate the CDKs has also been isolated [16]. It is therefore not 
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surprising that the persistent expression of certain cyclins has led to their 

identification as proto-oncogene products and that individual inhibitor proteins have 

often been found to be absent from transformed cells thereby resembling inactivated 

tumour suppressors [16] . 

1.3  Ubiquitin Conjugation and Protein Degradation 

The ATP-dependent ubiquitin conjugation system for intracellular protein 

degradation is common to all eukaryotic cells. Once covalent attachment of ubiquitin 

tags a protein, it is recognized and degraded by a non-lysosomal, cytosolic protease 

complex, known as a proteasome [ 20,211 . 
Several steps are involved in the conjugation of ubiquitin, which is an 8.6 kDa 

protein, to its target proteins (See Figure 3 ) .  Firstly, ubiquitin is activated to form 

ubiquitin-adenylate . Secondly, ubiquitin complexes with the activating enzyme E l  

and is transferred to a site where it forms a thiol ester between its terminal carboxyl 

and a sulphydryl group on the enzyme. Thirdly, the ubiquitin is transferred to the 

thiol group of E2, a ubiquitin-conjugating enzyme. Lastly, ubiquitin is ligated to the 

target protein by forming a peptide bond between its terminal carboxyl group and 

an amino group of a lysine on the target protein. This process may require additional 

"ligationt1 enzymes called E3s. Multi-ubiquitin chains with up to 20 units ligated to 

the lysine (Lys-48) of the target protein-bound ubiquitin molecule may be formed. 

Furthermore, ubiquitin may also be conjugated to more than one lysine residue on 

a given target protein. Support for the hypothesis that formation of multi-ubiquitin 

chains rather than single ubiquitination is required for degradation comes from a 

study which showed that a mutant ubiquitin molecule with a cysteine substituted for 

lysine at position 48 did not form multi-ubiquitin chains and did not tag its target 

protein for proteolysis [22]. 
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Besides degrading ubiquitinylated proteins, proteasomes are also involved in 

degrading non-assembled protein subunits, regulatory proteins, and metabolically 

regulated enzymes [23] . Two types of proteasomes, 20s and 26S, have been 

distinguished according to their sedimentation coefficients. 20s proteasomes are 

composed of a set of small subunits belonging to the a- or 13-subunit family (See 

Table 2 ) ,  while 26s  proteasomes are composed of a central 20s proteasome and two 

terminal subsets of other multiple subunits attached to the central core in opposite 

orientations (See Table 3) [24] . Interestingly, in response to certain extracellular 

signals such as interferon y and to a lesser degree interferon 13, some B-type 

subunits appear to be replaced by different but homologous 13-subunits thereby 

altering the specificity of proteasomes. For example, interferon y was found to 

induce the synthesis of the MHC-encoded proteasome subunits LMP2 and LMP7 and 

result in the almost complete loss of proteasome subunits X and Y in various human 

cells. The proteasomes synthesized following interferon y treatment showed 

increased trypsin- and chymotrypsin-like activity, while peptidylglutamyl-peptide- 

hydrolyzing activity was depressed. However, the ATP- , ubiquitin-dependent 

activity of the newly assembled proteasomes was not affected. Thus, it appears that 

functional diversity can be acquired through altering proteasome subunit assembly 

following cytokine treatment [ 25 ] . 
The ubiquitin-proteasomal pathway is involved in the programmed destruction 

of several regulatory proteins including cyclins , p53, c-mos , c-myc, c-fos and c-jun 

that are closely connected to cell cycle progression [26,27] . The ubiquitin- 

proteasome system is also responsible for activation of the NF-KB transcription 

factor by converting the p105 precursor protein into its p50 and p65 subunits and 

by degrading the IKB inhibitory protein [28]. In addition, it is involved in the 

removal of abnormal proteins in the cell [24]. 
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I There is much evidence to suggest that the ubiquitin-proteasome pathway 
I 

plays an essential role in cell growth and division. Disruption of yeast genes 

encoding proteasomal subunits causes the complete cessation of cell growth followed 

by cell death indicating the essential role of proteasomes in the eukaryotic cell cycle 

[29]. Proteasomes are highly expressed in rapidly growing embryonic tissues of 

rats, chicks, Xenopus , and Drosophila. Moreover, proteasomal expression has been 

found to be high in all cancer cells examined including human hepatoma, leukemia, 

and primary kidney cancer cell lines [29]  . Various ubiquitin species are also elevated 

in leukemic and renal cancer cells [29]. In addition, high concentrations of 

proteasomes have been found to be associated with spindle microtubules in dividing 

cells. In contrast, treatment of leukemic cells with compounds such as phorbol 

esters, dimethylsulfoxide, retinoic acid or butyric acid that induce differentiation 

into monocytes, granulocytes, and erythrocytes results in the down-regulation of 

proteasomal subunits and ubiquitin [29]. 

There is evidence to suggest that changes in ubiquitin conjugation kinetics, 

at specific points in the cell cycle, can result in altered cell cycle regulation. For 

example, a yeast cell cycle mutant with a post-irradiation defect similar to AT has 

been well characterized. These mutants of - S .  cerevisiae (RADG) are extremely 

sensitive to DNA damage caused by ultraviolet light, X-rays and chemical mutagens, 

as they are totally deficient in repairing the mutations caused by these agents. The 

RADG gene encodes a ubiquitin-conjugating enzyme of the E2 family [30]. A 

homologous gene, the yeast CDC34 gene, encodes a related ubiquitin-conjugating E2 

isozyme that is required for the transition of cells from GI to S phase in the cell cycle 

[31] .  The RAD9 mutant of - S .  cerevisiae is also highly sensitive to radiation and is 

characterized by the absence of a radiation-induced G2 delay [32] ; it may encode a 

related protein that is involved in ubiquitin conjugation. Further support comes from 



studies using yeast to express a mutant ubiquitin molecule that irreversibly 

conjugates to protein thereby gradually depleting ubiquitin stores. The cells 

expressing this protein display characteristics consistent with ubiquitin deficiency 

or a mutant deficient in ubiquitin conjugation. They have slow growth and sensitivity 

to various forms of environmental stress and to ultraviolet light [33] .  

1.4 Ubiquitin Cross-Reactive Protein (UCRP) 

Originally, ubiquitin cross-reactive protein (UCRP) was identified as a 15 kDa 

protein that was released by interferon 13-induced human lymphocytes and monocytes 

into the surrounding medium [34] .  Subsequently, it was found to consist of two 

domains, both of which bear significant homology to ubiquitin. The amino-terminal 

domain of UCRP displays 40% homology and the carboxyl-terminal domain shows 53% 

homology to ubiquitin at the amino acid level. Immunological cross-reactivity was 

demonstrated by cross-reaction of UCRP with affinity-purified antibodies against 

SDS-denatured ubiquitin using immunoblot analysis and solution phase 

radioimmunoassay [35] .  Homology between residues that determine the secondary 

structure of ubiquitin indicates that both proteins may share a common folding motif. 

The fact that UCRP has the same hexapeptide sequence required for activation of the 

mature peptide during isopeptide bond formation and recognition for processing in 

its COOH-terminal as ubiquitin, suggests that the two proteins undergo similar 

enzymatic transformations. Like ubiquitin, UCRP is conjugated to other proteins and 

it has been proposed that such adduct formation may mediate some of the diverse 

biological effects of interferon [36] . 
UCRP is one of the earliest genes induced following interferon a or 13 treatment 

and is observed in all cell types sensitive to these cytokines [36] .  Low levels of 

interferons are present in most human tissues, however biological stimuli including 



infection by various viruses, bacteria, mycoplasma and protozoa, and exposure to 

certain cytokines and growth factors such as interleukin-1, interleukin-2, tumour 

necrosis factor, and colony-stimulating factor-1 enhance their biosynthesis. 

NF-KB , which is activated by a variety of DNA damaging agents including UV 

light and X-rays via a complex pathway (See Table 4) [43], is an important 

transcriptional activator of the interferon D gene, but, apparently, only in response 

to virus infection (See p .42) [44] . NF-KB helps to induce an antiviral status 

involving growth arrest in interferon-induced cells. However, NF-KB is not 

sufficient on its own to activate the interferon D gene promoter. The promoter region 

of the human interferon 13 gene is made up of four positive regulatory domains 

(PRD) , PRDI-PRDIV, each of which binds a different transcription factor. Members 

of the interferon regulatory factor (IRF) family of transcription factors bind to both 

PRDI and PRDIII; the NF-KB heterodimers, p50 and p65, bind to PRDII; the ATF-2 

homodimer or the ATF-2-c-jun heterodimer binds to PRDIV; and HMGI(Y) binds to 

the AT-rich region within PRDII and to the two AT-rich sequences flanking the ATF 

binding site in PRDIV. Induction of the interferon 13 gene requires coordinate 

activation of each of the PRDs [45]. 

Once they are induced, interferons usually act in a paracrine fashion. 

Interferons a and J3 compete for the same cell-surface receptors on target cells and 

interferon a is known to activate interferon-stimulated gene factor-3 ( ISGF-3) as a 

result of the signal that is generated by the occupied receptor. In turn, ISGF-3 

mediates the transcriptional activation of interferon-inducible genes by binding to 

the interferon-stimulated response element (ISRE) in their 5'-flanking regions. This 

results in the rapid activation of a large set of genes (including UCRP) that are 

involved in mediating the antiproliferative and antiviral effects of the type I 

interferons (interferons a and 13) (See Figure 4) [36,37] . Interferon induction also 



stimulates the conjugation of UCRP to various proteins [36].  Thus far, UCRP has 

been found to conjugate to proteins that bind to cytoskeletal elements including 

several types of intermediate filaments such as keratin and vimentin [38] .  In 

addition, interferon B manifests some of its antigrowth effects by reducing the mRNA 

expression of Myc, Ras, cyclin A and cyclin Ds, factors that control entry into S 

phase of the cell cycle [46] .  Interestingly, an unidentified protein, ATDC, has been 

isolated on the basis of its ability to complement the ionizing radiation sensitivity of 

AT group D fibroblasts and the ATDC protein interacts with vimentin [59] .  

1.5 Summary 

The study of ataxia-telangiectasia provides a unique opportunity to examine 

a llproto-cancerl' cell and to identify any biochemical changes that may be related, 

in part, to its predisposition to cancerous transformation. Even though no singular 

event is likely to be responsible for carcinogenesis, the AT mutation results in 

drastic changes to the cell cycle. AT cells closely resemble yeast cell cycle mutants 

that have mutations in ubiquitin conjugation. Furthermore, ubiquitin has been found 

to play an important role in the cell cycle. Interestingly, however, ubiquitin cross- 

reactive protein (UCRP), not ubiquitin, has been found to be dysregulated in AT 

cells. Therefore, like its relative ubiquitin, this interferon B-inducible protein could 

be involved in cell cycle regulation. 
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EXPERIMENTAL APPROACH 

The central hypotheses addressed in this thesis are outlined below. 

1 The levels of interferon B-inducible proteins are elevated in certain AT cells 

as a result of dysregulation of the interferon B induction pathway. 

2. The elevation of UCRP levels resulting from the dysregulation of the 

interferon I3 induction pathway in AT cells may be related to the cell cycle 

differences that exist between AT and normal cells. 

3. Dysregulation of the interferon B induction pathway may be an early step in 

carcinogenesis . 

The background for the experimental techniques employed in this thesis is presented 

below. 

Cell Culture - The human fibroblast cell strains for these studies were 

obtained from a cell repository, thus limiting selection. Relatively old AT cell lines 

with a reasonable growth potential and doubling efficiency close to that of normal 

cells, and normal cell lines with a normal karyotype (since not all the normal cell 

lines at the repository had normal karyotypes) , were chosen. These cell lines were 

matched as closely as possible for age and, therefore, ranged between passages 13 

and 20. Initially, SV40-transformed normal and AT cell lines were considered for the 

immunoblotting experiments because of their superior doubling efficiency. However, 

due to an unexpected reversal of free UCRP levels in the transformed cell lines as 

compared with the non-transformed cell lines, it was decided to revert to working 

2 0 



with the non-transformed cell lines for these particular experiments. 

Immunohistochemistry - The procedure was adapted for peroxidase staining 

of ubiquitin and UCRP (53) and provided qualitative information regarding 

differences in ubiquitin andlor UCRP levels between normal and AT cells. This 

technique provided a useful tool for detecting the striking difference in UCRP levels 

between normal and AT cells in stationary phase; however, it did not detect any 

differences in UCRP levels between normal and AT cells in log phase. Cells were 

always seeded at the same density (5.5 x 10~110~ cells) in 8-cm2 dishes and grown for 

the same period of time (48 hours15 days) to obtain log phase and stationary phase 

cultures, respectively. All experiments were repeated at least 3 times and the 

different cell lines were matched in passage number as closely as possible. Trials 

with normal and AT cells of different passage numbers showed the same response 

with respect to UCRP levels. Controls included normal and AT cells grown to log 

phase or confluency on coverslips and these were subjected to the 

immunohistochemical procedure without primary antibody. A s  expected, no 

peroxidase reaction was observed in the controls. 

Flow Cytometry - To determine whether cell cycle differences in ubiquitin and 

UCRP distribution existed between normal and AT cells, cell cycle synchronization 

was carried out using the cell cycle inhibitor, aphidicolin, in normal and AT 

fibroblasts prior to cell sorting. Flow cytometry was carried out with D r .  P. Olive 

at the British Columbia Cancer Research Centre. However, the AT cells appeared 

to be highly sensitive to aphidicolin resulting in a high percentage of cell death. 

Other inhibitors were also tried including quercetin and dimethylsulfoxide, but these 

were equally toxic. 

Immunofluorescence - Therefore, as an alternative technique for studying 

differences in ubiquitin conjugates and UCRP localization between normal and AT 

cells in different growth phases (38,53), immunofluorescence studies were 

undertaken. Although this technique proved to be more sensitive than 



immunohistochemistry for studying differences in levels of UCRP between normal and 

AT cells in log phase, there was some variation between experiments. Changes in cell 

growth rate between experiments due to ageing, for example, may have affected the 

results. Cells were always seeded at the same density (9  x l o 4 / l .  25 x lo5 cells) in 8- 

cm2 dishes and grown for the same period of time (48 hours15 days) to obtain log 

phase and stationary phase cultures, respectively. Each experiment included one 

normal and one AT culture and was repeated 2-3 times. Controls included the same 

normal and AT cultures grown to log phase or confluency on coverslips and these 

were subjected to the immunofluorescence procedure without primary antibody. Only 

background fluorescence was observed in the controls, which were given identical 

exposure times when photographed to the test slides. Alternatively, using pre- 

immune serum instead of primary antibody would constitute another, perhaps 

preferable, type of control. 

Irnmunoblotting - To detect differences between the levels of conjugated and 

unconjugated UCRP pools in normal and AT cells, proteins were separated 

electrophoretically and probed using polyclonal antibodies. It was also a more 

quantitative assay to determine the efficacy of treating the AT cells with different 

concentrations of neutralizing antibodies against interferon 13 and to determine the 

response of cells to different concentrations of interferon 13. In order to enhance the 

resolution of low molecular proteins, such as UCRP and LMP2, a slight modification 

in the composition of the running gel was introduced. All the protein samples 

collected in this study were electrophoresed on 15% running gels instead of on 12% 

running gels. Cells were always seeded at the same density (6 x lo5 / lo6  cells) in 

55-cm2 dishes and grown for the same period of time (48 hours15 days) to obtain log 

phase and stationary phase cultures, respectively. All experiments in which protein 

levels were dramatically different between normal and AT cells were performed 3 or 

more times to ensure reproducibility. All experiments in which protein levels were 

equivalent between normal and AT cells were performed 2 or more times ; triplicates 

and doubling dilution experiments were used to demonstrate equal ratios. Control 



experiments included subjecting blotted protein samples to the ECL detection 

procedure without incubating the blots with primary antibody. No protein bands 

were detected in the controls. In the case of treatment with antibodies or interferon 

13, controls included untreated normal and AT cells. 
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IN ATAXIA-TELANGIECTASIA CELLS1 

' A significant portion of this section has appeared in Cancer Research, 56: 443-447, 
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ABSTRACT 

The recently cloned ATM gene has been shown to bear considerable homology to 

phosphatidylinositol3-kinases (PI3Ks) and, therefore, its product may function in 

signal transduction. In this study, we report constitutively elevated levels of two 

interferon S-inducible proteins, ubiquitin cross-reactive protein (UCRP) and low 

Mr protein, LMP2, in human fibroblasts with the inherited disease ataxia- 

telangiectasia (AT). Using immunoblotting, it was found that a 15 kDa band 

representing free UCRP was hardly detectible in normal cells, while it was the 

predominant band in AT cells. Similarly, the expression of a 23 kDa protein, LNIP2, 

was found to be higher in AT cells than in normal cells. Culturing three successive 

passages of the AT cell line in the presence of different concentrations of 

neutralizing antibodies against interferon S caused partial and complete reduction, 

respectively, of the free UCRP and LMP2 signals to normal levels. These results 

indicate that UCRP and LMP2 pools may be basally elevated in AT cells due to 

constitutive activation of the interferon 13 induction pathway and are in keeping with 

the recently reported constitutive activation of the NF-KB transcriptional activator 

in AT cells. 



INTRODUCTION 

Ataxia-telangiectasia (AT) is a multi-faceted autosomal recessive genetic 

disorder. Clinically, AT is characterized by loss of coordination and telangiectases , 

hypersensitivity to ionizing radiation, progressive neuronal degeneration, 

immunodeficiency and cancer proneness (1). Recent identification of the AT gene 

defect suggests that the symptoms of ataxia-telangiectasia are caused by mutation 

of a single gene called ATM ( 2 ) .  The ATM gene has been found to bear homology to 

several different Saccharomyces cerevisiae yeast genes including TEL1, MEC1, 

Torlp and Tor2p and to the catalytic subunit of the human DNA-dependent protein 

kinase gene ( 3 ) .  The one feature common to the protein products of these genes is 

that they all have motifs found in phosphatidylinositol 3-kinases (PI3Ks) at their 

COOH-termini, as does the ATM protein. Mammalian PI3Ks are protein kinases that 

have been implicated as mediators of signal transduction (4 ) .  Thus, it is possible 

that the ATM protein also plays a role in signal transduction. 

Recently, it has been reported that the NF-KB transcription factor is 

constitutively activated in AT cells (5) .  NF-KB is a member of the Re1 family of 

transcriptional activator proteins. Stimulation of one or more signal transduction 

pathways involving protein kinases by certain DNA damaging agents, bacterial 

pathogens, viruses, and inflammatory cytokines, causes NF-KB activation and 

induces the expression of many genes, including interferon 13 (Figure 1) ( 6 ) .  

In this study, we report that levels of two interferon I3-inducible proteins, 

ubiquitin cross-reactive protein (UCRP) and LMP2, are constitutively elevated in 

human fibroblasts derived from AT patients when compared to normal cells (7,8). 

Culturing three successive passages of an AT cell line in the presence of different 

concentrations of neutralizing antibody against interferon I3 caused partial and 



complete reduction, respectively, of the free UCRP and LMP2 immunospecific signals 

to normal levels. This result indicates that UCRP and LMP2 protein levels are 

elevated in AT cells due to abnormal interferon l3 induction (Figure I ) ,  consistent 

with the constitutive activation of NF-KB in AT cells, measured as the binding of NF- 

KB to its KB recognition site (5). However, we observed no differences in expression 

of the p65, p50, and IKB-a components of the NF-KB activation pathway between AT 

and normal cells suggesting that some other element of this pathway may be 

dysfunctional. Thus, there appears to be constitutive activation of the interferon 

l3 gene in AT cells as a result of a defect in some aspect of the NF-KB activation 

pathway. 

MATERIALS AND METHODS 

Chemicals. Sodium azide , bovine serum albumin, sodium dodecyl sulphate 

(SDS) , Ponceau S solution, and molecular weight standard (14 kDa) were purchased 

from Sigma. Tween-20, Tris , Temed , ammonium persulphate , bromophenol blue, 13- 

mercaptoethanol , acrylamide , bisacrylamide , broad range molecular weight 

standards, and Coomassie Blue R250 were from Bio-Rad. Glycerol was from BDH. 

The ECL detection reagent kit and hyperfilm for ECL visualization was obtained from 

Amersham. Human recombinant interferon IJ-lb was generously provided by Berlex 

Laboratories for these experiments. 

Antibodies. As previously described, rabbit anti-ubiquitin and anti-UCRP 

polyclonal antibodies were generated against SDS-denatured ubiquitin and 

recombinant mature human UCRP , respectively, and affinity purified (9,lO) . The 

LMP2 polyclonal antibody was very kindly provided by D r .  Keiji Tanaka (Institute 



for Enzyme Research, Tokushima, Japan). Antibodies to p65 and p50 were obtained 

from Upstate Biotechnology Incorporated (Lake Placid, NY) and the antibody to IKB- 

a was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti- 

human interferon 13 neutralizing antibody was purchased from Lee Biomolecular (San 

Diego, CA) . 
Cell Lines and Culture. The primary cell cultures of normal (5757) and AT 

(1588) non-transformed human fibroblasts were obtained from the Coriell Cell 

Repositories (Camden, N J )  . Fibroblast cultures were grown in Dulbecco's modified 

Eagle media (D-MEM , Flow, McLean, VA) supplemented with 15% heat-inactivated 

fetal calf serum (FCS, Gibco, Grand Island, NY) , penicillin (100 unitslml) and 

streptomycin (100 pglml). All stock cultures were maintained in 75-cm2 culture 

flasks at 37OC in incubators with a 5% C0,/95% air atmosphere. In all experiments, the 

indicated concentration of anti-interferon 13 was added directly to the culture media 

during passaging or media change. 

Western blotting. Log and stationary cultures of 5757 and 1588 primary 

fibroblasts were rinsed with PBS, followed by lysis in Laemmli buffer [I19 mM Tris, 

pH 6.8, 20% glycerol, 4% SDS, 5% vol/vol 13-mercaptoethanol] (11). The samples were 

sonicated for 20 seconds and boiled for 4 minutes. The protein content of each sample 

was determined in duplicate using a standard Coomassie dye binding assay according 

to Bradford (12). SDS-PAGE was performed on 15% acrylamide slab gels (0.1% 

bisacrylamide, 11 cm height). Equal amounts of protein (200 pg)  were loaded in each 

lane. For immunodetection, the samples were electrophoretically transferred to a 

polyvinylidene difluoride (PVDF ) membrane ( Bio-Rad) using a Tris-glycine buffer 

(25 mM Tris, pH 8.3, 192 mM glycine). The transfer was carried out at a constant 

current of 350 mA for 2 hours at 4OC. Proteins bands were visualized on the blot with 

Ponceau red [O. 1% Ponceau S (w/v) in 5% acetic acid (vlv) I .  



Nonspecific binding was blocked by incubating the blots with 5% non-fat dried 

milk in Tris-buffered saline with Tween-20 [TTBS; 50 mM Tris, p H  7.4, 155 mM 

NaC1, 0.5% (vol/vol) Tween-201 for 60 minutes. The blots were rinsed with TTBS 

and then incubated with the primary antibody in 1% bovine serum albumin in TTBS 

(0.5% sodium azide) . After 3 washes lasting 10 minutes each in TTBS , the blots were 

incubated with protein A-peroxidase (1 :5000) in 1% bovine serum albumin in TTBS 

for 90 minutes. The peroxidase activity was visualized using hminol (ECL, 

Amersham). The exposure time was 30 seconds to 1 minute. All steps of the 

immunodetection procedure were carried out at room temperature with gentle 

shaking, except for the incubation with the primary antibody which was performed 

overnight at 4OC. The ubiquitin and UCRP antiserum (9,lO) was used at a dilution 

of 1 pglml. The LMP2 antiserum was used at a 11500 dilution. The ~ 6 5 ,  ~ 5 0 ,  and 

IKB-a antisera were all used at a dilution of 1 pg/ml. 

RESULTS 

Elevation of UCRP in AT Cells. Like AT cells, certain yeast cell cycle 

mutants, such as the - S .  cerevisiae RAD6 mutant, are deficient in DNA repair 

following X-irradiation. The RADG gene encodes a ubiquitin-conjugating E2 enzyme 

(13). Therefore, initially, Western blot analysis was used to test for any differences 

in ubiquitin levels that might arise between normal and AT cells due to a defect in 

ubiquitin conjugation (Fig. 2a. ) No difference in ubiquitin levels was observed. 

However, the affinity purified anti-ubiquitin probe used in these studies bound to 

a 15 kDa band in the AT cells (Fig.2a, lanes 2 ,4) ,  but not in the normal cells 

(Fig. 2a, lanes 1,3), which most likely represented unconjugated UCRP (9) .  This was 



followed by experiments in which normal and AT protein samples were probed with 

an affinity purified anti-UCRP antibody. The results obtained confirmed that a 15 

kDa band representing UCRP was abundant in the AT cells while it was barely 

detectible in the normal cells (Fig. 3a). 

SDS-PAGE was performed on total proteins obtained from normal and AT 

fibroblast cell lines, in both log and stationary phases, and the Western blots were 

probed with an affinity purified polyclonal antibody directed against UCRP as 

specified in Materials and Methods. 

In normal log phase cells, the UCRP antibody recognized one major band of 100 

kDa (Fig. 3a, lane 1 ) . In normal stationary phase cells (Fig. 3a, lane 3),  the UCRP 

antibody also recognized a protein species of 55 kDa in addition to the 100 kDa 

protein band. In contrast, in AT log and stationary phase cells (Fig.Sa, lane 2), 

three major protein species of an apparent molecular weight of 100, 55, and 15 kDa 

were recognized by the UCRP antibody. The 15 kDa protein band corresponded to 

free UCRP. The UCRP antibody also recognized less abundant protein bands of high 

molecular weight in the stationary cells. 

Although, the free UCRP protein band of 15 kDa was present in different 

amounts in normal cell cultures (see Fig. 3a, lanes 1,3 and Figs. 4a & 5a, lane I ) ,  free 

UCRP was always more abundant in AT cells than in normal cells, especially in 

stationary phase cultures. 

Elevation of LMP2 in AT Cells. A s  UCRP is inducible by interferon Ij 

treatment, it was of interest to find out whether other interferon Ij-inducible 

proteins were also elevated in AT cells as compared with normal cells. SDS-PAGE was 

performed on total proteins obtained from normal and AT fibroblast cell lines, in both 

log and stationary phases, and the Western blots were probed with a polyclonal 

antibody directed against LMP2 as specified in Materials and Methods. 



The LMP2 antibody recognized one major band at approximately 23 kDa in 

normal log and stationary cells (Fig. 3b, lanes 1,3) . One major protein species of 

approximately 23 kDa was also recognized by the LMP2 antibody in both AT log and 

stationary cells (Fig. 3b , lanes 2,4)  . 
The LMP2 protein was recognized to different extents in normal cultures (see 

Fig. 3b, lanes 1,3 and Figs .4b,5c & 5d, lane 1)  but, as with UCRP, the LMP2 

appeared to be more abundant in AT than in normal cells. This contrast was more 

pronounced between log than stationary phase cultures. 

Interferon D Neutralization Blocks UCRP and LMP2 in AT cells. To determine 

whether the elevation of interferon 13-inducible proteins in AT cells resulted from 

constitutive interferon 13 production, UCRP and LMP2 levels were measured following 

anti-interferon 13 treatment. Normal and AT cells in stationary phases were treated 

with anti-interferon fi over a period of three generations as specified in Materials 

and Methods to neutralize any interferon I3 generated by the cells. 

In the first experiment (Fig.4), the anti-interferon I3 was used at a 

concentration of 10 neutralizing units per ml. After treatment with anti-interferon 

IJ, the 15 kDa band representing the free UCRP pool was slightly reduced in the 

normal cells as compared to the control (Fig.$a, lanes 3 and 1, respectively), while 

it was significantly reduced in the AT cells as compared to the control (Fig. 4a, lanes 

4 and 2,  respectively). After treatment with anti-interferon TJ, there was no 

decrease in the 23 kDa band representing LMP2 in the normal cells as compared to 

the control (Fig. 4b, lanes 3 and 1, respectively), while there was a decrease in the 

LMP2 level in the AT cells as compared to the control (Fig.4b, lanes 4 and 2,  

respectively). 

In the second experiment (Fig.5a & 5b), the anti-interferon 13 was used at a 

concentration of 100 neutralizing units per ml. As before, following the anti- 



interferon 13 treatment, the free UCRP pool was unchanged in the normal cells 

(Fig. 5a, lane 3),  but was greatly reduced in the AT cells (Fig. 5a, lane 4 ) .  Similarly, 

the LMP2 pool remained unchanged in the normal cells (Fig.5bY lane 3),  but was 

significantly reduced in the AT cells (Fig. 5b, lane 4 ) .  

Interferon B Induction of UCRP and LMP2 is Normal in AT Cells. In order to 

test whether AT cells are responsive to interferon 13 and whether inhibition by the 

anti-interferon 13 antibody can be overcome by high levels of interferon, the cells 

were exposed to various concentrations of interferon 13. Previous studies have shown 

that interferon 13 treatment induces UCRP and its conjugates in cultured human cells 

( 9 ) .  As expected, in normal and AT stationary cells treated with interferon 13 at 

concentrations of 10 IUIml (Fig. 5c, lanes 1 and 2 ,  respectively), 100 IUIml (Fig. 5c, 

lanes 5 and 6,  respectively), and 1000 IU/ml ( F i g . 5 ~ ~  lanes 9 and 10, respectively) 

for 24 hours, UCRP and its conjugates were induced as compared to the untreated 

cells (Fig. 5a, lanes 1 and 2,  respectively) . In normal and AT stationary cells pre- 

treated with anti-interferon 13 (1 00 neutralizing units lml) for 3 generations, 

treatment with interferon 13 at a dose of 10 IU/ml ( F i g . 5 ~ ~  lanes 3 and 4,  

respectively) and 100 IU/ml ( F i g . 5 ~ ~  lanes 7 and 8, respectively) did not cause any 

visible UCRP induction demonstrating neutralization by the antibody. However, 

treatment with interferon 13 at a dose of 1000 IU/ml of normal and AT stationary cells 

pre-treated with anti-interferon 13 (100 neutralizing unitslml) for 3 generations 

caused induction of UCRP and its conjugates (Fig. 5c, lanes 11 and 12 ,  respectively) 

as compared to the untreated cells (Fig.5a, lanes 1 and 2,  respectively) 

demonstrating inability of the antibody to neutralize higher concentrations of 

interferon 13. 

In normal and AT stationary cells treated with interferon 13 at concentrations 

of 10 IU/ml (Fig.5dY lanes 3 and 4 ,  respectively), 100 IUIml (Fig.5d, lanes 5 and 6, 



respectively), and 1000 IU/ml (Fig.5dY lanes 7 and 8, respectively) for 24 hours, 

LMP2 was induced as compared to the controls (Fig. 5d, lanes 1 and 2,  respectively) 

demonstrating that it is an interferon 13 responsive protein in AT cells. 

p65, p50, and IKB-a Levels are Normal in AT Cells. In order to test whether 

the apparent increase in expression of the interferon 13 gene in AT cells is caused 

by changes in the expression of components of the NF-KB activation pathway, the 

levels of p65, p50, and IKB-a were compared in normal and AT cells. SDS-PAGE was 

performed on total proteins obtained from normal and AT fibroblast cell lines in 

stationary phase and the Western-blots were probed with a polyclonal antibody 

directed against p65, p50, or IKB-a as specified in Materials and Methods. 

In normal and AT stationary phase cells, the p65 antibody recognized an 

equivalent band of 65 kDa (Fig.Ga, lanes 1 and 2,  respectively), the p50 antibody 

recognized an equivalent band of 50 kDa (Fig. Gb, lanes 1 and 2,  respectively), and 

the IKB-a antibody recognized an equivalent band of 42 kDa (Fig. 6c, lanes 1 and 2,  

respectively). No differences in expression of these proteins in AT compared to 

normal cells were evident. 

DISCUSSION 

The results obtained show that free UCRP levels are constitutively elevated 

in AT cells. Two significant 100 kDa and 55 kDa adducts that are present in normal 

cells are also present in the AT cells but are less abundant than the 15 kDa free 

UCRP species. Moreover, variations in the UCRP pools appear to be growth phase 

dependent since free UCRP is found to be more abundant in stationary than in log 

AT cells. In contrast, most of the UCRP in both log and stationary normal cells 



appears to exist as either the 100 kDa or 55 kDa adduct while free UCRP is barely 

detectible. This suggests a difference in the dynamics of UCRP pools between AT 

and normal cells. However, cell synchronization studies would be required to 

identify the precise nature of these variations according to each stage of the cell 

cycle. LMP2 levels are also constitutively elevated in AT cells. This contrast is more 

pronounced between log phase than stationary phase AT and normal cells, as LMP2 

levels are less abundant in log phase than in stationary normal cells while there does 

not appear to be much change in the LMP2 levels of log and stationary AT cells. Once 

again, this indicates the possibility that variations in LMP2 pools may be growth 

phase dependent and that there is a difference in the dynamics of LMP2 pools 

between AT and normal cells. 

The induction of UCRP, UCRP conjugates and LMP2 following 24 hours of 

interferon D treatment at doses of 10 IU/ml, 100 IUIml, and 1000 IUIml appears to be 

normal in AT cells. Furthermore, culturing in the presence of anti-interferon I3 for 

3 generations at concentrations of 10 neutralizing unitslml and 100 neutralizing 

unitslml caused partial and complete reduction, respectively, of the elevated free 

UCRP and LMP2 in AT cells to normal levels. Taken together, these results suggest 

that interferon 13-inducible proteins are elevated in AT cells due to interferon 

autoinduction, indicating that AT but not normal cells are producing interferon 8. 

The results presented above indicate that AT cells exhibit constitutive 

activation of interferon IJ gene regulation resulting in basally elevated levels of the 

interferon-inducible proteins, UCRP and LMP2. The transcription factor, NF-KB , 
is required for the transcriptional activation of the interferon I3 gene since 

interferon I3 gene induction can be blocked by NF-KB antisense RNA (14,15). 

Therefore, the elevation of UCRP observed in AT cells is consistent with constitutive 

NF-KB activation resulting in continuous induction of the interferon D gene. 



However, it appears that the abnormal induction of the interferon D gene is not 

caused merely by changes in the expression of the p65 or p50 NF-KB subunits or in 

the IKB-a inhibitory protein in AT cells. 

The interferons are a family of molecules (a, 13, and y ) which induce a wide 

range of biological functions in cells including antiviral, antigrowth and 

immunomodulatory activities. A variety of proteins or mRNAs are known to be 

induced by interferon I3 treatment including UCRP and LMP2, while others are 

downregulated. Interferon treatment inhibits the expression of certain growth 

competence-related genes or oncogenes, such as c-myc and ras (l6,l7,l8). 

Moreover, interferon IJ has been reported to decrease the mRNA expression of 

several genes that control entry into S phase, including cyclin A and cyclins D l  and 

D2 (19). It has also been shown that p53 and interferon IJ can work in concert to 

produce a GO/Gl type of arrest in MI cells (19). The role of p53 in arresting cycling 

cells at the GI-S boundary in response to DNA damage following X-ray exposure has 

been well documented (20) and this complementation between p53 and interferon D 

may represent another step in the pathway. The fact that the interferons retard the 

growth and proliferation of tumour cells as well as normal cells by prolonging the cell 

cycle has been successfully exploited to various degrees in providing the first 

effective cancer therapy (21,22,23,24) . However, interferon expression has also 

been linked to certain growth stimulating processes. For instance, interferon y has 

been found to induce the expression of certain proteasomal subunits including LMP2 

(8,25,26) . Proteasomes are ubiquitous, multifunctional enzymes involved in the ATP- 

dependent degradation of proteins conjugated with ubiquitin (27,28) . The unusually 

high expression of proteasomes has been implicated in development, cell growth and 

proliferation, viral transformation, and cancer (29,30,31,32). Recently, UCRP has 

been shown to act extracellularly as a cytokine in the subsequent induction of 



interferon y and thus to indirectly modulate the immune response in humans (33) .  

Thus, one possibility is that the constitutive elevation of free UCRP and LMP2 

together could result in an increase of proteasome activity in AT cells which could 

be linked, in part, to the induction of cancer in this disease. 

In conclusion, it is important to note the possible clinical application of this 

research. If the ATM gene causes activation of a pathway leading to constitutive 

interferon B gene induction, then treatment with anti-interferon B could help to 

suppress the possibly damaging effects of this continuous interferon induction by 

reducing cellular interferon levels to a minimum. However, at present there is no 

evidence to suggest that the elevation of UCRP and LMP2 observed in AT cells is 

connected to the etiology of cancer proneness associated with this disease. 
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FIGURE LEGENDS 

Figure 1. Hypothetical Pathway for NF-KB Activation. This diagram 

represents a hypothetical pathway for NF-KB activation and its subsequent induction 

of the interferon I3 gene in normal ( N )  and AT cells [adapted from (6) 1.  The 

question marks on the AT side of the diagram denote points in the pathway that may 

be affected by the ATM gene resulting in the constitutive activation of 

NF-KB . 
Figure 2a 81 b . Immunoblot Analysis of Ubiquitin in Log and Stationary Normal 

and AT Fibroblasts. Normal (5757) and AT (1588) fibroblast cultures were grown to 

log or stationary phase, rinsed twice with PBS, and solubilized into SDS sample 

buffer. Parallel samples of AT and normal fibroblast extracts were resolved by SDS- 

PAGE and either stained with Coomassie blue dye (panel b ) ,  or transferred to a 

PVDF membrane, and probed with ubiquitin antiserum (panel a ) .  The arrow to the 

right of panel a denotes the position of free UCRP. Lane 1. untreated normal 

fibroblasts in log phase; Lane 2. untreated AT fibroblasts in log phase; Lane 3. 

untreated normal fibroblasts in stationary phase Lane 4. untreated AT fibroblasts 

in stationary phase. 

Figure 3a. Immunoblot Analysis of UCRP in Log and Stationary Normal and AT 

Fibroblasts. Normal (5757) and AT (1588) fibroblast cultures were grown to log or 

stationary phase, rinsed twice with PBS, and solubilized into SDS sample buffer. 

Parallel samples of AT and normal fibroblast extracts were resolved by SDS-PAGE, 

transferred to a PVDF membrane, and probed with UCRP antiserum. The arrow to 

the right of panel a denotes the position of free UCRP. Lane 1. untreated normal 

fibroblasts in log phase; Lane 2. untreated AT fibroblasts in log phase; Lane 3. 

untreated normal fibroblasts in stationary phase Lane 4. untreated AT fibroblasts 

in stationary phase. 



Figure 3b. Immunoblot Analysis of IMP2 in Log and Stationary Normal and AT 

Fibroblasts. Normal (5757) and AT (1588) fibroblast cultures were grown to log or 

stationary phase, treated exactly as described in Figure l b  and were then probed 

with LMP2 antiserum. The arrow to the left of panel b denotes the position of LMP2. 

Lane 1 .  untreated normal fibroblasts in log phase; Lane 2. untreated AT fibroblasts 

in log phase; Lane 3.  untreated normal fibroblasts in stationary phase; Lane 4 .  

untreated AT fibroblasts in stationary phase. 

Figure 4a. Immunoblot Analysis of UCRP in Normal and AT Fibroblasts 

Following Anti-interferon 13 Treatment (10 neutralizing unitslml) . Normal (5757) and 

AT (1588) cell cultures were passaged and cultured in the presence of anti- 

interferon 13 (10 neutralizing unitslml) for 3 generations. The normal and AT 

fibroblasts were grown to stationary phase and treated as described in Figure 1. 

Lane 1. untreated normal fibroblasts; Lane 2. untreated AT fibroblasts; Lane 3. 

treated normal fibroblasts; Lane 4 .  treated AT fibroblasts. 

Figure 4b. Immunoblot Analysis of LMP2 in Normal and AT Fibroblasts 

Following Anti-interferon S Treatment (10 neutralizingunitslml) . Normal (5757) and 

AT (1588) cell cultures were passaged and cultured in the presence of anti- 

interferon 13 (10 neutralizing unitslml) for 3 generations. The normal and AT 

fibroblasts were grown to stationary phase and treated as described in Figure 1. 

Lane 1. untreated normal fibroblasts; Lane 2. untreated AT fibroblasts; Lane 3 .  

treated normal fibroblasts; Lane 4 .  treated AT fibroblasts. 

Figure 5a. Immunoblot Analysis of UCRP in Normal and AT fibroblasts 

Following Anti-interferon 13 Treatment (100 neutralizing units/ml) . Normal (5757) 

and AT (1588) cell cultures were passaged and cultured in the presence of anti- 

interferon 13 (100 neutralizing unitslml) for 3 generations. Then, treated and 

untreated cells were grown to stationary phase and subjected to the same procedure 

as described in Figure 1. Lane 1 .  untreated normal fibroblasts; Lane 2. untreated 

AT fibroblasts; Lane 3.  treated normal fibroblasts ; Lane 4. treated AT fibroblasts 



Figure 5b. Immunoblot Analysis of LMP2 in Normal and AT fibroblasts 

Following Anti-interferon B Treatment (100 neutralizing units/ml) . Normal (5757) 

and AT (1588) cell cultures were passaged and cultured in the presence of anti- 

interferon 13 (100 neutralizing unitslml) for 3 generations. Then, treated and 

untreated cells were grown to log phase and subjected to the same procedure as 

described in Figure 1. Lane 1. untreated normal fibroblasts; Lane 2. untreated AT 

fibroblasts ; Lane 3. treated normal fibroblasts ; Lane 4. treated AT fibroblasts 

Figure 5c. Immunoblot Analysis of UCRP in Normal and AT fibroblasts 

Following Anti-interferon S Treatment and Interferon S Treatment. Normal (5757) 

and AT (1588) cell cultures were passaged and cultured in the presence of anti- 

interferon 13 (100 neutralizing unitslml) for 3 generations. Then, treated and 

untreated cells were grown to stationary phase and incubated with interferon 13 (10 

IU/ml, 100 IU/ml, or 1000 IU/ml) for 24 hours followed by the same procedure as 

described in Figure 1. Lane 1. normal fibroblasts treated with interferon D (10 

IUIml) ; Lane 2. AT fibroblasts treated with interferon 13 (10 IUIml) ; 

Lane 3.  normal fibroblasts cultured in anti-interferon 13 (100 neutralizing unitslml) 

and treated with interferon 13 (10 IU/ml); Lane 4. AT fibroblasts cultured in anti- 

interferon 13 (100 neutralizing unitslml) and treated with interferon B (10 IUIml) ; 

Lane 5. normal fibroblasts treated with interferon I3 (100 IUIml); Lane 6. AT 

fibroblasts treated with interferon 13 (100 IUIml); Lane 7. normal fibroblasts 

cultured in anti-interferon B (100 neutralizing unitslml) and treated with interferon 

I3 (100 IU/ml) ; Lane 8.  AT stationary fibroblasts cultured in anti-interferon B (100 

neutralizing unitslml) and treated with interferon 13 (100 IUIml); Lane 9. normal 

fibroblasts treated with interferon I3 (1000 IU/ml) ; Lane 10. AT fibroblasts treated 

with interferon B (1000 IU/ml); Lane 11. normal fibroblasts cultured in anti- 

interferon I3 (100 neutralizing unitslml) and treated with interferon 13 (1000 IUIml) ; 



Lane 12. AT fibroblasts cultured in anti-interferon IJ (100 neutralizing unitslml) and 

treated with interferon 13 (1000 IU/ml) . 

Figure 5d. Immunoblot Analysis of LAP2 in Normal and AT fibroblasts 

Following Interferon B Treatment. Normal (5757) and AT (1588) cell cultures were 

grown to stationary phase and incubated with interferon 13 (10 IUIml, 100 IUIml, or 

1000 IUIml) for 24 hours followed by the same procedure as described in Figure 1 .  

Lane 1. normal fibroblasts; Lane 2. AT fibroblasts; Lane 3. normal fibroblasts 

treated with interferon IJ (10 IU/ml) ; Lane 4. AT fibroblasts treated with interferon 

IJ (10 IUIml) Lane 5. normal fibroblasts treated with interferon IJ (100 IUIml) ; Lane 

6. AT fibroblasts treated with interferon IJ (100 IUIml); Lane 7. normal fibroblasts 

treated with interferon IJ (1000 IUIml); Lane 8. AT fibroblasts treated with 

interferon IJ (1000 IUIml) . 
Figure 6a. Immunoblot Analysis of p65 in Normal and AT Fibroblasts. Normal 

(5757) and AT (1588) cell cultures were grown to stationary phase and subjected to 

the same procedure as described in Figure 1. Lane 1.  normal fibroblasts; 

Lane 2. AT fibroblasts. 

Figure 6b. Immunoblot Analysis of p50 in Normal and AT Fibroblasts. Normal 

(5757) and AT (1588) cell cultures were grown to stationary phase and subjected to 

the same procedure as described in Figure 1. Lane 1.  normal fibroblasts; 

Lane 2. AT fibroblasts. 

Figure 6c. Immunoblot Analysis of IKB-a in Normal and AT Fibroblasts. 

Normal (5757) and AT (1588) cell cultures were grown to stationary phase and 

subjected to the same procedure as described in Figure 1. Lane 1. normal 

fibroblasts; Lane 2. AT fibroblasts. 



Figure 1 . Hypothetical Pathway for NF-KB Activation' 
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IMMUNOLOCALIZATION OF UCRP IN 
ATAXIA-TELANGIECTASIA CELLS 



ABSTRACT 

One of the most generalized phenomena among ataxia-telangiectasia (AT) cell 

lines is that they do not undergo the cell cycle arrest following ionizing radiation 

treatment typical of normal cells in the G1 and G2 phases of the cell cycle but, 

subsequently, experience a prolonged delay in G2IM. As  certain yeast cell cycle 

mutants with post-irradiation defects similar to AT have been well characterized as 

ubiquitin conjugation mutants, the hypothesis tested in this study was that AT cells 

may display altered ubiquitin or ubiquitin cross-reactive protein (UCRP) kinetics. 

Using immunocytochemical techniques, we investigated the cellular localization of 

ubiquitin and of the interferon-inducible protein, UCRP, in two normal human 

fibroblast lines and in two human fibroblast lines obtained from AT patients. No 

differences in ubiquitin localization were observed between normal and AT cells. 

However, UCRP levels were consistently elevated in dividing and stationary AT cells 

as compared with normal cells. A s  reported previously, UCRP was found to be 

distributed in a cytoplasmic fibrous pattern closely resembling that for cytoskeletal 

proteins. Given our observation, we suggest that some critical element of UCRP 

regulation, which could have possible consequences for the cell cycle, may be 

affected in AT cells. 



INTRODUCTION 

Ataxia-telangiectasia (AT) is an autosomal recessive genetic disorder, which 

is characterized by loss of coordination and telangiectases, hypersensitivity to 

ionizing radiation, progressive neuronal degeneration, immunodeficiency and cancer 

proneness (1). One of the most generalized phenomena among cultured AT cell lines 

is that they do not undergo the inhibition of DNA synthesis following ionizing 

radiation treatment typical of normal cells (1,2) . Usually, following ionizing 

irradiation treatment, cultured human cells block in GI-S and G2-M phase of the 

cycle in order to repair the DNA damage caused by the X-rays. However, in the case 

of AT, flow cytometric studies have consistently revealed that AT cells do not 

undergo an X-ray induced GI-S or G2-M delay, but subsequently experience a 

prolonged delay in G2 /M (1,3,4) . Interestingly, AT cells have also been reported 

to display altered cellular morphology due to a more abundant and well defined actin 

microfilament array than normal cells (5). 

A yeast cell cycle mutant with a post-irradiation defect similar to AT has been 

well characterized. RAD6 mutants of - S. cerevisiae are extremely sensitive to DNA 

damage caused by ultraviolet light, X-rays and chemical mutagens, as they are 

totally deficient in repairing mutagenesis induced by these agents. The RADG gene 

encodes a ubiquitin-conjugating enzyme of the E2 family (6). A homologous gene, the 

yeast CDC34 gene encodes a related ubiquitin-conjugating E2 isozyme that is 

required for the transition of cells from GI to S phase in the cell cycle (7 ) .  

Therefore, we postulated that AT cells may possess altered ubiquitin or ubiquitin 

cross-reactive protein (UCRP) kinetics which could result in perturbations of the 

cell cycle. 



Previous Western blotting studies have revealed that UCRP, but not ubiquitin, 

levels are elevated in AT cells. Using an immunocytochemical approach, we decided 

to investigate possible differences in cellular localization of UCRP between dividing 

and stationary, AT and normal fibroblasts. Although no major differences in 

ubiquitin localization between dividing and stationary AT and normal cells appear to 

exist, we found that dividing and stationary AT fibroblasts consistently stained 

intensely for UCRP. In contrast, UCRP staining was consistently faint in stationary 

normal fibroblasts, while it was variable in dividing normal fibroblasts. Since UCRP 

has been found to associate with certain cytoskeletal proteins which may be involved 

in cell cycle regulation, the observations presented in this paper may be relevant to 

differences in cell cycle that exist between AT and normal cells ( 8 ) .  

MATERIALS AND METHODS 

Chemicals. Bovine serum albumin, Tris , and p -phenylenediamine were 

purchased from Sigma. Glycine and diethyl ether were from BDH. 

Antibodies. Rabbit anti-ubiquitin and anti-UCRP polyclonal antibodies were 

generated against SDS-denatured ubiquitin and recombinant mature human UCRP, 

respectively, and then they were affinity purified, as previously described (9,lO). 

FITC-conjugated goat anti-rabbit IgG antibodies were bought from Sigma. 

Cell Lines and Culture. Strains of normal (5757 and 8333) and AT (1588 and 

2052) non-transformed human fibroblasts were obtained from the Coriell Institute 

(Camden, N J )  . Fibroblast cultures were grown in Dulbecco's modified Eagles media 

(D-MEM, Flow, McLean, VA) supplemented with 15% heat-inactivated fetal calf serum 

(FCS, Gibco, Grand Island, N Y ) ,  penicillin (100 unitslml) and streptomycin (100 



pglml). All stock cultures were maintained in 75-cm2 culture flasks at 37OC in 

incubators with a 5% C0,/95% air atmosphere. 

Irnrnunofluorescence. Cultures of 5757, 1588, 8333 and 2052 primary 

fibroblasts were grown to log phase or stationary phase on glass coverslips. The 

cells were rinsed twice with phosphate-buffered saline and fixed successively with 

70% ethanol for 15 min, 50% ethanol/50% ether for 30 min, 70% ethanol for 3 min, 50% 

ethanol for 15 min, and H 2 0  for 15 min. Fixed cells were then rinsed five times in 

PBS. The samples were blocked by incubating them in Blocking Solution [50 mM 

Tris-Cl (pH 7 .6 ) ,  150 mM NaC1, and 25 mg/ml BSA] for 30 rnin to eliminate non- 

specific binding. The coverslips were incubated with anti-ubiquitin or anti-UCRP 

antibodies (10 pg/ml) diluted in Blocking Solution at room temperature for 1 hour. 

This was followed by three rinses of 10 min each with Tris-saline. Next, the cells 

were incubated for 1 hour at room temperature with FITC-conjugated goat anti- 

rabbit antibody and the coverslips were rinsed three times with Tris-saline. The 

coverslips were inverted and mounted onto glass slides using a glycine buffer 

containing the antiquenching agent, p-phenylenediamine (0.1%) . The slides were 

viewed under an Olympus fluorescence microscope using a blue FITC filter with 

absorbance maximum at 495 nm. 

RESULTS 

Imrnunocytochemical Localization of Ubiquitin in Log Phase Cells. In order to 

test whether ubiquitin levels are similar in normal and AT cells in logarithmic growth 

phase, two normal (5757,8333) and two AT (1588,2052) fibroblast lines were grown 

on glass coverslips to log phase and were fixed. The fixed cells were incubated with 



affinity purified anti-ubiquitin antibody specific for the conjugated form of ubiquitin 

at a concentration of 10 pglml and incubated with 10 pglml of FITC-conjugated goat 

anti-rabbit antibody. The intracellular distribution of ubiquitin was determined 

using an Olympus fluorescent microscope. In both normal cell lines (Fig. 1A & C) , 

nuclear and cytoplasmic staining was observed, demonstrating the existence of 

conjugated ubiquitin in dividing normal fibroblasts. In the two AT cell lines (Fig. l B  

& D ) ,  the nuclear and cytoplasmic staining was comparable to that observed in the 

normal cell lines demonstrating the existence of apparently normal pools of 

conjugated ubiquitin in dividing AT fibroblasts. The background fluorescence in the 

non-immune controls was negligible (Fig.5). When viewed under a light microscope, 

the density of the control cells was equivalent to that of the cells incubated with the 

primary antibody. 

Immunocytochemical Localization of Ubiquitin in Stationary Cells. In order 

to test whether ubiquitin levels are similar in quiescent normal and AT cells, the 

same two normal and AT fibroblast lines were grown on glass coverslips to 

confluency and were treated as described above. In both normal cell lines (Fig. 2A 

& C ) ,  some nuclear and cytoplasmic staining was observed, demonstrating the 

existence of conjugated ubiquitin in stationary normal fibroblasts. In the two AT cell 

lines (Fig. 2B & D )  , the nuclear and cytoplasmic staining was comparable to that 

observed in the normal cell lines demonstrating the existence of apparently normal 

pools of conjugated ubiquitin in stationary AT fibroblasts. The background 

fluorescence in the non-immune controls was negligible (Fig. 6). When viewed under 

a light microscope, the density of the control cells was equivalent to that of the cells 

incubated with the primary antibody. 

Immunocytochemical Localization of UCRP in Log Phase Cells. In order to test 

whether UCRP levels are similar in dividing normal and AT cells, the same two normal 



and AT fibroblast lines were grown on glass coverslips to log phase and were fixed. 

The fixed cells were incubated with affinity purified anti-UCRP antibody that 

recognizes both conjugated and unconjugated forms of UCRP at a concentration of 

10 pglml and incubated with 10 pglml of FITC-conjugated goat anti-rabbit antibody. 

In the past, immunofluorescence studies have revealed that UCRP tends to have a 

cytoplasmic fibrous distribution closely resembling that for cytoskeletal proteins with 

a perinuclear pattern that becomes more punctate toward the cell periphery (10). In 

fact, UCRP conjugates have been found to be distributed along intermediate 

filaments of the keratin and vimentin variety in human cells (10). In one of the 

normal cell lines (Fig. 3A), almost no staining was visible demonstrating very low 

levels of UCRP, while in the other normal cell line some staining with a perinuclear 

pattern and a cytoplasmic fibrous distribution was observed (Fig. 3C) demonstrating 

the existence of UCRP. Thus, this difference in intensity of staining between the 

8333 cell line and the 5757 cell line suggests that there is some variability in the 

levels of UCRP in normal dividing cells, perhaps according to stage of the cell cycle. 

However, in both AT cell lines (Fig.3B & D ) ,  staining with a characteristic 

perinuclear pattern and a cytoplasmic fibrous distribution was observed 

demonstrating the existence of UCRP pools in dividing AT fibroblasts. The latter 

result suggests that perhaps there is not much variation in the UCRP levels of 

dividing AT cells. Based on previous data, the UCRP in the normal and AT cells may 

be associated with intermediate filaments of the cytoskeletal network. The 

background fluorescence in the non-immune controls was negligible (Fig. 5 ) .  When 

viewed under a light microscope, the density of the control cells was equivalent to 

that of the cells incubated with the primary antibody. 

Immunocytochemical Localization of UCRP in Stationary Cells.  In order to test 

whether UCRP levels are similar in quiescent normal and AT cells, the same two 



normal and AT fibroblast lines were grown on glass coverslips to confluency and 

were treated as described above. In both normal cell lines (Fig. 4A & C) , very weak 

cytoplasmic staining was observed, demonstrating the existence of very low levels 

of UCRP in stationary normal fibroblasts. However, in the two AT cell lines (Fig.4B 

& D ) ,  intense cytoplasmic staining with a fibrous distribution was observed as 

compared to the normal cell lines demonstrating the existence of high levels of UCRP 

in stationary AT fibroblasts. The background fluorescence in the non-immune 

controls was negligible (Fig. 6 ) .  When viewed under a light microscope, the density 

of the control cells was equivalent to that of the cells incubated with the primary 

antibody. 

DISCUSSION 

From the results obtained using immunochemical techniques, there are no 

apparent differences in ubiquitin levels between log and stationary phase normal and 

AT cells. However, UCRP levels appear to be elevated in stationary AT cells as 

compared with stationary normal cells in which UCRP is barely detectible. In 

addition, it appears that UCRP levels are variable between different cultures of 

dividing normal cells, while they are not as variable between different cultures of 

dividing AT cells. Moreover, variations in UCRP pools appear to be growth phase 

dependent since UCRP, when present, is more abundant in dividing than in 

stationary normal cells. The difference in UCRP levels between the two different 

cultures of dividing normal fibroblasts may be explained by a difference in rate of 

cell division such that one culture may have a higher percentage of cells in GI, S ,  

or G2 phase than the other culture at any given time. In contrast, in AT cells, UCRP 



levels do not appear to be as variable between different cultures of stationary and 

dividing cells suggesting a difference in the dynamics of UCRP pools between AT and 

normal cells. Cell synchronization coupled with flow cytometry would be very useful 

for comparing variations in UCRP according to each stage of the cell cycle between 

normal and AT cells. 

The results presented above indicate that UCRP is overexpressed in dividing 

and stationary AT cells. Interestingly, a previous immunocytochemical study 

revealed that UCRP levels are constitutively present in human lung carcinoma cells 

(10). UCRP is a 15 kDa protein that is highly homologous in its sequence to 

ubiquitin, one of the most highly conserved eukaryotic proteins. Ubiquitin is 

involved in tagging cellular proteins for destruction via an energy-dependent 

conjugation process. As the crucial role of ubiquitin in the programmed destruction 

of specific proteins such as cyclins during the cell cycle has been generally 

acknowledged, changes in ubiquitin conjugation kinetics can have a profound impact 

on the cell cycle (11,12). UCRP has also been found conjugated to many other 

proteins including proteins that bind to intermediate filaments of the cytoskeleton 

such as cytokeratins and vimentin (8,13). However, the biochemical significance of 

this process is still unclear. 

The role of cytoskeletal proteins in the cell cycle, particularly during mitosis, 

is extensive. Immunofluorescence studies have revealed that proteasomes colocalize 

with intermediate filaments of the cytokeratin type during G2 and around M phase 

of the cell cycle (14). As proteasomes have been implicated in cell cycle regulation 

via specific protein degradation, this association of proteasomes with cytokeratins 

may indicate a timely degradation event during the cell cycle. Furthermore, the 

intermediate filament-associated protein (IFAP) , IFAP 300, has been shown to be a 

physiological substrate of the p34cdc2 kinase which coordinates the mitotic 



reorganization of the vimentin intermediate filament network mediated by IFAP 300 

as a result (15). Efficient exit from mitosis also occurs only under conditions where 

~ 3 4 ~ " '  kinase remains associated with centrosomal microtubules, suggesting that 

normal mitotic exit may be regulated by the microtubule assembly state (16). It has 

been demonstrated in cycling cells that eukaryotic elongation factor 2 (eEF-2) is 

located near the nucleus in the endoplasm. Following the transition from proliferation 

to GO phase of the cell cycle, eEF-2 becomes redistributed mainly along the 

intermediate filaments and/or microtubules. Reversion of the cells to a proliferative 

state is accompanied by rearrangement of the actin cytoskeleton resulting in the 

original pattern of eEF-2 distribution (17). So, it appears that the different 

cytoskeletal elements in eukaryotic cells can be involved in organizing the protein- 

synthesizing machinery according to phase of the cell cycle. Thus, given the above, 

it seems plausible that the regulated induction of UCRP could have possible 

consequences for the cell cycle by increasing its association with specific proteins 

that produce changes in cytoskeletal structure. 

The gene for ATM has been recently identified and its product may function 

in signal transduction (18). The pathway for UCRP regulation may be affected by 

this gene resulting in the constitutive elevation of UCRP which we have observed in 

AT cells. UCRP is one of a number of proteins that are induced in cells following 

interferon a and IS treatments (13). Interferons are responsible for producing a wide 

range of biological effects including virus inhibition, slowing of cell proliferation, 

immunomodulation , and alterations in differentiation. Usually, the induction of 

interferon-inducible genes is transient lasting only 6-8 hours even in the continued 

presence of the inducer (19). However, previous Western blotting studies have 

revealed constitutive activation of the interferon IJ gene resulting in continuous 

induction of free UCRP in AT cells with no corresponding increase in UCRP 



conjugation (20 ) .  Therefore, using flow cytometry, it would be interesting to 

determine if any differences in UCRP induction and conjugation occur between 

synchronized normal and AT cells following X-ray-induced DNA damage. The 

constitutive elevation of UCRP in AT cells may be linked to the abnormal cell cycle 

kinetics observed in AT cells following ionizing radiation treatment, as constitutive 

activation of the growth inhibitory interferon B gene may be indicative of a faulty 

DNA damage response pathway in AT cells. This DNA damage response pathway may 

normally stimulate UCRP conjugation to proteins that determine changes in 

cytoskeletal structure according to phase of the cell cycle. 
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FIGURE LEGENDS 

Figure 1 .  Immunocytochemical Detection of Ubiquitin in Dividing Normal and 

AT Fibroblasts. Normal (5757,8333) and AT (1588,2052) fibroblast cultures were 

grown on glass coverslips to log phase, rinsed with PBS twice and fixed. The fixed 

cells were stained with affinity purified anti-ubiquitin (10 pglml) and incubated with 

FITC-conjugated (10 pglml) goat anti-rabbit antibodies. A. normal (5757) 

fibroblasts B. AT (1588) fibroblasts C. normal (8333) fibroblasts D. AT (2052) 

fibroblasts 

Figure 2. Immunocytochemical Detection of Ubiquitin in Stationary Normal and 

AT Fibroblasts. Normal (5757,8333) and AT (1588,2052) fibroblast cultures were 

grown on glass coverslips to confluency, rinsed with PBS twice and fixed. The fixed 

cells were stained with affinity purified anti-ubiquitin (10 pglml) and incubated with 

FITC-conjugated (10 pg/ml) goat anti-rabbit antibodies. A. normal (5757) 

fibroblasts B. AT (1588) fibroblasts C. normal (8333) fibroblasts D. AT (2052) 

fibroblasts 

Figure 3. Immunocytochemical Detection of UCRP in Dividing Normal and AT 

Fibroblasts. Normal (5757,8333) and AT (1588,2052) fibroblast cultures were grown 

on glass coverslips to log phase, rinsed with PBS twice and fixed. The fixed cells 

were stained with affinity purified anti-UCRP (10 pglml) and incubated with FITC- 

conjugated (10 pglml) goat anti-rabbit antibodies. A. normal (5757) fibroblasts 

B. AT (1588) fibroblasts C. normal (8333) fibroblasts D. AT (2052) fibroblasts 

Figure 4. Immunocytochemical Detection of UCRP in Stationary Normal and AT 

Fibroblasts. Normal (5757,8333) and AT (1588,2052) fibroblast cultures were grown 

on glass coverslips to confluency, rinsed with PBS twice and fixed. The fixed cells 

were stained with affinity purified anti-UCRP (10 pglml) and incubated with FITC- 

conjugated (10 pg/ml) goat anti-rabbit antibodies. A. normal (5757) fibroblasts 

B. AT (1588) fibroblasts C. normal (8333) fibroblasts D. AT (2052) fibroblasts 



Figure 5. Log Phase Controls. Normal (5757,8333) and AT (1588,2052) 

fibroblast cultures were grown on glass coverslips to log phase, rinsed with PBS 

twice and fixed. The fixed cells were incubated with FITC-conjugated (10 pglml) 

goat anti-rabbit antibodies. A. normal (5757) fibroblasts B. AT (1588) fibroblasts 

C .  normal (8333) fibroblasts D. AT (2052) fibroblasts 

Figure 6. Stationary Phase Controls. Normal (5757,8333) and AT (1588,2052) 

fibroblast cultures were grown on glass coverslips to confluency, rinsed with PBS 

twice and fixed. The fixed cells were incubated with FITC-conjugated (10 pg/ml) 

goat anti-rabbit antibodies. A.  normal (5757) fibroblasts B . AT (1588) fibroblasts 

C .  normal (8333) fibroblasts D. AT (2052) fibroblasts 
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A PRELIMINARY STUDY OF UCRP LEVELS IN HUMAN LUNG 
ANDBLADDERCANCERS 



ABSTRACT 

Constitutive activation of the interferon B gene has been previously shown to 

cause the continuous induction of UCRP observed in AT cells, probably as a result 

of a defect in the NF-KB activation pathway. As  one of the main clinical features of 

AT is cancer proneness, investigating the distribution of UCRP in cancer cells may 

be significant. In this preliminary study, we report elevated levels of ubiquitin 

cross-reactive protein (UCRP) in human lung and bladder tumour tissue sections 

using immunohistochemical techniques. The abnormally high expression of UCRP in 

two different human ataxia-telangiectasia (AT) fibroblast strains was compared to 

that in the cancerous tissues. It is possible that the elevation of UCRP in cancer 

cells may also result from constitutive activation of the interferon S gene. 

Interferons are responsible for producing a wide range of biological effects including 

virus inhibition, slowing of cell proliferation, immunomodulation and alterations in 

differentiation. This group of molecules retards the growth and proliferation of cells 

by prolonging the cell cycle and inhibiting the expression of certain proto- 

oncogenes. Thus, a dysregulation of the activation pathway for interferon B may  

represent a fundamental change in cell metabolism in the early stages of 

carcinogenesis . 



INTRODUCTION 

Ubiquitin, a protein consisting of 76 amino acids, is one of the most highly 

conserved proteins from yeast to humans (1). Together, proteasomes and ubiquitin 

comprise the ATP-dependent , nonlysosomal proteolytic pathway in eukaryotic cells. 

Ubiquitin is responsible for tagging cellular proteins for destruction via an energy- 

dependent conjugation pathway, while the proteolytic complexes known as 

proteasomes catalyze the actual breakdown of the ubiquitinated proteins (2,3) . 
Ubiquitin has been found to be involved in a wide range of cellular functions 

including DNA repair, cell cycle progression, modification of polypeptide receptors 

and biogenesis of ribosomes (4,5,6,7) . The fact that certain yeast cell cycle 

mutants, such as RAD6 and CDC34, encode mutant ubiquitin conjugation enzymes 

supports a role for ubiquitin in cell proliferation (4,5). Furthermore, various 

proteins including c-myc, c-fos, and p53 that are involved in cell cycle regulation 

have been shown to be degraded by ubiquitin-mediated proteolysis (8,9) . Moreover, 

the crucial role of ubiquitin in the programmed destruction of specific proteins such 

as cyclins during the cell cycle has been generally acknowledged (10). An elevation 

of both proteasomes and ubiquitin has been reported in human renal cancer cells 

(11). Proteasome expression has also been found to be unusually high in human 

leukemic cells ( 1 2 )  . 
UCRP is a 15 kDa protein that is highly homologous in its sequence to 

ubiquitin and is one of a number of proteins that are induced in cells following 

interferon a and I3 treatments (13). Interferons produce a wide range of biological 

effects, most notably the slowing of cell proliferation (14). They may also be 

involved in producing a coordinate cell cycle arrest with p53 (15). Like ubiquitin, 

UCRP has been found to be conjugated to many other proteins including those 

proteins which associate with certain cytoskeletal elements (16,17) ; however the 



biochemical function of UCRP conjugation is currently unknown. Nevertheless, the 

role of cytoskeletal proteins in the cell cycle, particularly during mitosis, is 

extensive (18) and it is possible that UCRP may carry out an opposite function to 

ubiquitin in cell division, for example, arresting it simply by associating with 

regulatory proteins. 

Ataxia-telangiectasia (AT) is a multi-faceted autosomal recessive genetic 

disorder that is characterized by loss of coordination and telangiectases, 

hypersensitivity to ionizing radiation, progressive neuronal degeneration, 

immunodeficiency and a predisposition to cancer (19).  One of the most generalized 

phenomenon among cultured AT cell lines is that they do not undergo the inhibition 

of DNA synthesis following ionizing radiation to repair their DNA damage as do 

normal cells and, therefore, resemble a well characterized yeast cell cycle mutant 

(20). RADG mutants of & cerevisiae are extremely sensitive to DNA damage caused 

by ultraviolet light, X-rays and chemical mutagens, as they are totally deficient in 

repairing genotoxic damage induced by these agents. The RADG gene encodes a 

ubiquitin-conjugating enzyme of the E2 family ( 4 ) .  Therefore, it seems possible that 

a mutation affecting UCRP metabolism could also have a profound effect on cell cycle 

kinetics. 

Previous studies have revealed that UCRP levels, but not ubiquitin levels, are 

elevated in AT cells compared with normal cells due to a dysregulation of the 

interferon 6 activation pathway (21). In the present study, to determine whether 

elevated UCRP levels are present in tumour cells, we used immunohistochemistry to 

examine the expression of UCRP in various human tumours. A s  observed in AT 

fibroblasts, using this technique, we showed that UCRP levels are also elevated in 

lung and bladder tumour tissues when compared with normal tissue. 



MATERIALS AND METHODS 

Chemicals. Tris , saponin and 3,3'-diaminobenzidine tetrahydrochloride 

(DAB) were purchased from Sigma. The rabbit immunohistochemical detection system 

was from Oncogene Science. 

Antibodies. Rabbit anti-ubiquitin and anti-UCRP polyclonal antibodies were 

generated against SDS-denatured ubiquitin and recombinant mature human UCRP, 

respectively, and then were affinity purified as described in (13). 

Cell Lines and Culture. The primary cell cultures of normal (5757) and AT 

(1588 and 2052) non-transformed human fibroblasts were obtained from the Coriell 

Institute (Camden, NJ). Fibroblast cultures were grown in Dulbecco's modified 

Eagles media (D-MEM, Flow, McLean, VA) supplemented with 10% or 15% heat- 

inactivated fetal calf serum (FCS, Gibco, Grand Island, NY) ,  penicillin (100 

unitslml) and streptomycin (100 pglml) . All stock cultures were maintained in 75-cm2 

culture flasks at 37OC in incubators with a 5% C02/95% air atmosphere. 

Immunohistochemistry . Confluent cultures of 5757,1588, and 2052 primary 

fibroblasts were grown on glass coverslips. The cells were rinsed with phosphate- 

buffered saline three times and fixed with 80% methanol for at least 20 minutes. 

Endogenous peroxidase was blocked with 1% H 2 0 2  dissolved in 100% methanol for 30 

minutes. The coverslips were pre-treated with 0.2% saponin for 30 minutes and the 

samples were blocked with goat serum f o r  30 minutes. The coverslips were incubated 

with anti-ubiquitin (3.2 pglml) or anti-UCRP (1 pglml) at 4OC overnight. The next 

day, the cells were incubated for 30 minutes at room temperature with the 

biotinylated anti-rabbit IgG followed by incubation for 30 minutes with peroxidase- 

conjugated streptavidin, as specified by the manufacturer. Each step except for the 

serum block was followed by two rinses in PBS. Diaminobenzidine was used as the 



chromogen. The coverslips were counterstained with Gill's haematoxylin, dehydrated 

and mounted onto slides. 

Slides from four individual experiments were coded and scored blindly. The 

intensity of staining was assessed as negative (0) , weak ( I ) ,  medium (2),  or strong 

(3). The scores for normal and AT cells were averaged for all the experiments and 

statistical analysis was performed using a standard t-test for two independent 

samples. 

Tissue sections selected for staining were baked overnight on a slide warmer 

at 37•‹C and placed in three changes of xylene f o r  10 minutes each the next day. This 

was followed by two changes of 100% ethanol lasting 5 minutes each, one change of 

95% ethanol for 1 minute, one change of 70% ethanol for 1 minute and, finally, the 

slides were placed in distilled water. Next, the slides were blocked with 3% H202 

dissolved in 100% methanol for 30 minutes and then, the exact same procedure as 

described above was followed. 

RESULTS 

Immunohistochemical Localization of Ubiquitin in Normal and AT Fibroblasts. 

Two AT fibroblast lines and one normal fibroblast line were grown on glass 

coverslips to confluency and fixed in 80% methanol. Fixed cells were stained 

overnight with affinity purified anti-ubiquitin antibody at a concentration of 3.2 

pg/ml. The intracellular distribution of ubiquitin was examined using a light 

microscope where ubiquitin in the cell cytoplasm stained dark brown and the nuclei 

stained blue. In the normal cell line (Fig. 1A) , dark brown staining was observed in 

the cytoplasm suggesting the existence of large ubiquitin pools in stationary phase 



normal fibroblasts. In the two AT cell lines (Fig. 1B & C) , dark brown staining was 

also observed in the cytoplasm suggesting the existence of large ubiquitin pools in 

stationary phase AT fibroblasts. Even though this particular experiment was not 

repeated sufficient times to perform statistical analysis, no apparent difference in 

staining was observed for ubiquitin between normal and AT cells (See Table 1) .  

Imrnunohistochernical Localization of UCRP in Normal and AT Fibroblasts. Two 

AT fibroblast lines and one normal fibroblast line were grown on glass coverslips to 

confluency and fixed in 80% methanol. Fixed cells were stained overnight with 

affinity purified anti-UCRP antibody at a concentration of 1 pglml. The intracellular 

distribution of UCRP was examined as for ubiquitin. In the normal cell line (Fig. 2A) , 

little or no cytoplasmic staining was observed, indicating that only a small UCRP pool 

exists in stationary normal fibroblasts. In the two AT cell lines (Fig. 2B & C) , dark 

brown staining was observed with a cytoplasmic fibrous distribution, thereby 

suggesting the existence of large UCRP pools in stationary AT fibroblasts. UCRP 

scores were found to be significantly different between normal and AT cells 

(P < .025) [See Table 21. However, since the UCRP antibody used in the experiments 

does not distinguish between free and conjugated polypeptide, it was not possible 

to determine whether the UCRP distribution observed in the AT fibroblasts 

represents free, conjugated or both forms of UCRP. 

Immunohistochemical Localization of UCRP in Normal Tonsil. Normal tonsil 

tissue was obtained from an individual at surgery, preserved in formaldehyde and 

embedded in wax. A tissue section was stained overnight with affinity purified anti- 

UCRP antibody at a concentration of 1 pglml. The intracellular distribution of UCRP 

was examined using a light microscope. In this specimen (Fig. 3A), epithelial tissue 



from a normal tonsil, very weak cytoplasmic staining was observed around the blue 

nuclei of the cells suggesting the presence of little UCRP in this normal tissue 

section. The UCRP levels in these normal epithelial cells are comparable to those in 

the normal fibroblasts (Fig. 2A) suggesting that very low levels of UCRP are normally 

found in these two types of human cells. 

Irnmunohistochemical Localization of UCRP in Bladder Cancers. Pre-malignant 

and malignant bladder tissue was obtained from three different adults at surgery, 

preserved in formaldehyde and embedded in wax. Tissue sections were stained 

overnight with affinity purified anti-UCRP antibody at a concentration of 1 pg/ml. 

The intracellular distribution of UCRP was examined using a light microscope. In the 

first specimen (Fig.SB), a dysplastic lesion of the bladder, some granular 

cytoplasmic staining was observed in many cells suggesting the accumulation of 

UCRP in this pre-malignant bladder section. In the second specimen (Fig.3C), an 

invasive carcinoma of the bladder (grade 3), homogeneous dark brown staining was 

observed in the cytoplasms of many cells suggesting the existence of large UCRP 

pools in this tumour section. In the third specimen (Fig. 3D) , another invasive 

carcinoma of the bladder (grade 3), homogeneous dark brown cytoplasmic staining 

was also observed in almost all the cells suggesting the presence of large UCRP pools 

in this tumour section. Interestingly, as compared with the normal fibroblasts 

(Fig.2A) and normal epithelial tissue (Fig.SA), the UCRP levels appear to be 

elevated in the tumour cells and are comparable to the elevation of UCRP observed 

in the AT fibroblasts. However, as the UCRP antibody used in the experiment does 

not distinguish between free and conjugated polypeptide, it is not possible to 

determine whether the UCRP distribution observed in the tumour tissue sections 

represents free, conjugated or both forms of UCRP. 



Immunohistochernical Localization of UCRP in Lung Cancer. Tumour tissue 

was obtained from an adult with lung cancer at surgery, preserved in formaldehyde 

and embedded in wax. A tissue section was stained overnight with affinity purified 

anti-UCRP antibody at a concentration of 1 pglml. The intracellular distribution of 

UCRP was examined using a light microscope. In this lung tumour specimen 

(Fig.3E), areas of brown cytoplasmic staining were observed around cell nuclei 

suggesting the existence of UCRP pools in this tumour section. Once again, as 

compared with the normal fibroblasts (Fig. 2A) and normal epithelial tissue (Fig. 3A), 

the UCRP levels appear to be elevated in these tumour cells and are comparable to 

the elevation of UCRP observed in the AT fibroblasts. 

DISCUSSION 

From the results obtained using immunochemical techniques, it appears that 

UCRP levels are constitutively elevated not only in AT cells, which are susceptible 

to malignant transformation, but also in human tumours including two bladder and 

one lung cancer specimen. Two different AT fibroblast lines showed extensive 

cytoplasmic staining with the anti-UCRP antibody, while the corresponding normal 

fibroblast line had barely detectible levels of UCRP. Sections from a dysplastic lesion 

of the bladder and two different invasive bladder carcinomas stained highly positive 

for UCRP. A lung tumour tissue section also stained positively for UCRP, while a 

normal epithelial tissue section was negative. These results suggest a difference in 

the dynamics of UCRP pools between AT, pre-malignant and malignant cancer cells, 

which display high UCRP expression and normal cells, which have low levels of UCRP 

in comparison. Furthermore, the fact that cells from a pre-malignant bladder lesion 



already display elevated UCRP levels suggests that this may be an important step in 

cells undergoing rapid proliferation or carcinogenesis. The elevation of UCRP in 

cells from individuals with AT who are highly susceptible to certain cancers further 

supports this hypothesis. 

As the UCRP antibody used in these experiments does not distinguish between 

free and conjugated polypeptide, it is not possible to determine whether the UCRP 

distribution observed in the tumour tissue sections represents free, conjugated or 

both forms of UCRP. However, Western blotting analysis showed that it was free 

UCRP levels that were elevated in an SV40-transformed normal human fibroblast line 

as compared to a non-transformed control (unpublished results). Furthermore, 

previous studies have also shown that the elevated UCRP pools observed in AT 

fibroblasts represent free UCRP (21). This elevation of UCRP can be blocked by 

treating the AT cells with neutralizing antibodies against interferon 13 over a period 

of three generations. Thus, constitutive activation of the interferon 13 gene causes 

continuous induction of UCRP in AT cells, probably as a result of a defect in the 

NF-KB activation pathway. In fact, the gene mutated in ataxia-telangiectasia cells 

(ATM) has been recently identified as a possible phosphatidylinositol 3-kinase 

(PI3K) which may be involved in signal transduction (19). An interesting possibility 

is that the elevation of UCRP observed in the pre-cancer and cancer cells could also 

result from a similar deregulation of the activation pathway for the interferon 13 gene 

by way of a mutation. 

In the past, disturbances in interferon expression have been linked to certain 

conditions predisposing to cancer. Previously, defective interferon y production 

has been reported in peripheral blood mononuclear cells from patients with AT (22). 

Wasted mice, which spontaneously develop a disease that resembles AT in humans, 

have also been noted to display abnormalities in interferon production (23). A 



reduction in interleukin-6 (IL-6), also known as interferon 13, has been reported in 

cultured cells from patients with Fanconifs anemia (24). Together, these 

observations support the importance of normal interferon regulation in maintaining 

control over cell growth and division. 

Tumour suppressor genes are genes that are responsible for inhibiting cell 

growth by counterbalancing the effects of growth-promoting proto-oncogenes (25). 

The overexpression of oncogenes caused by a variety of mutational events can result 

in cellular transformation, while the elimination or inactivation of tumour suppressor 

genes by mutational events also results in transformation (26 ) .  p53 was initially 

identified as an overexpressed antigen in chemically transformed sarcoma cells 

suggesting that it was an oncogene. However, wild-type p53 cDNAs were later found 

to be strongly growth suppressive and to inhibit transformation indicating that it 

was mutant p53 alleles that favour cell growth (25,27) . Thus, like p53, a regulatory 

component of the interferon fi activation pathway, such as the ATM gene, or the 

interferon fi gene itself may qualify as a tumour suppressor gene, as any mutation 

diminishing the normal activity of interferon could have severe consequences for the 

cell cycle. In this scenario, the elevation of UCRP observed in the cancer cells could 

be the effect of an event, namely the dysregulation of interferon expression, that 

occurs early on during tumorigenesis. This could be caused by a mutation in some 

component of interferon regulation pathway, which could result in decreased 

inhibitory control over cell division. 

In conclusion, AT cells have elevated UCRP levels resulting from constitutive 

activation of the interferon fi gene. It is likely that the dysregulation of the 

interferon 13 gene in AT cells is caused by the direct effect of the ATM gene product 

on the interferon fi activation pathway. Since AT cells are predisposed to cancer but 

are not yet cancer cells, the elevation of UCRP observed in tumour tissue may also 



indicate constitutive activation of the interferon l3 gene in cancer cells. This could 

be tested by treating cultured cancer cells with neutralizing antibodies against 

interferon 13 for a period of three generations. If the UCRP elevation in the cancer 

cells were also found to be caused by constitutive activation of the interferon B 

gene, then this would suggest that dysregulation of the interferon 13 activation 

pathway could be directly related to the induction of cancer in cells. Alternatively, 

interferon IJ levels may be elevated in both AT and cancer cells as a response to 

endogenous carcinogenic stimuli. In either case, the possible clinical application of 

this research might include using UCRP as a biomarker to identify pre-cancerous and 

cancerous tissue in its earliest stages of development. 
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FIGURE LEGENDS 

Figure 1 .  Immunohistochemical Detection of Ubiquitin in Normal and AT 

Fibroblasts. Normal (5757) and AT (1588,2052) fibroblast cultures were grown on 

glass coverslips to confluency, rinsed with PBS three times and fixed in 80% 

methanol. The fixed cells were treated with anti-ubiquitin (3.2 pglml) in blocking 

solution followed by incubation with a biotynylated secondary antibody and then with 

peroxidase-conjugated streptavidin. A. normal (5757) fibroblasts B. AT (1588) 

fibroblasts C. AT (2052) fibroblasts 

Figure 2. Immunohistochemical Detection of UCRP in Normal and AT 

Fibroblasts. Normal (5757) and AT (1588,2052) fibroblast cultures were grown on 

glass coverslips to confluency, rinsed with PBS three times and fixed in 80% 

methanol. The fixed cells were treated with anti-UCRP (1 pglml) in blocking solution 

followed by incubation with a biotynylated secondary antibody and then with 

peroxidase-conjugated strep tavidin . A. normal (5757) fibroblasts B . AT (1588) 

fibroblasts C. AT (2052) fibroblasts 

Figure 3. Immunohistochemical Detection of UCRP in Normal, Dysplastic and 

Neoplastic Tissues. Normal, dysplastic , and cancer tissue sections were treated with 

anti-UCRP (1 pg/ml) in blocking solution followed by incubation with a biotynylated 

secondary antibody and then with peroxidase-conjugated streptavidin. A. normal 

tonsil B . dysplastic bladder C .  bladder tumour D. bladder tumour E. lung tumour 
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t Results of one experiment. * Intensity was assessed as negative (0), weak ( I ) ,  medium (2), or strong (3) and 500 cells were scored per slide. 
Controls in which antibody was omitted showed 0 staining. 

t Results of four separate experiments. * Intensity was assessed as negative (O), weak (I), medium (2), or strong (3) and 500 cells were scored per slide. 
Controls in which antibody was omitted showed 0 staining. 
Significance was P < .025 comparing the means of N (5757) and AT (1588). 
Significance was P < .025 comparing the means of N (5757) and AT (2052). 



CONCLUSION 

Studies of the cellular defect resulting in the AT phenotype have identified 

several features which suggest a defect in a central DNA damage response pathway 

involving a G I  growth-arrest mechanism such as defective induction of stress- 

activated protein (SAP) kinase activity and p53 following X-irradiation, constitutive 

activation of NF-KB, and constitutive activation of the interferon IJ gene (as part of 

this thesis) [42,47,48]. The AT gene product is a relative of DNA-dependent protein 

kinase, which is a relative of PI 3-kinase. If the ATM protein is a DNA-PK-like 

protein, then it would be expected to affect Jun, Fos, Myc and p53 regulation and, 

therefore, to have an impact on the G I  checkpoint. In support of this hypothesis, 

faulty p53 induction in response to ionizing radiation treatment has been correlated 

with the absence of a G I  arrest in AT cells [47]. Furthermore, recent evidence 

indicates that PI 3-kinase activity may be normally important in regulating the p53- 

dependent G 1  checkpoint in response to X-ray-induced DNA damage [54]. p53 has 

also been reported to produce a coordinate growth arrest in MI cells with interferon 

13 suggesting that interferon 13 may cooperate with p53 in preventing efficient entry 

into S phase [46]. Tumour necrosis factor-a, one of the inducers of interferon IJ, 

can activate NF-KB which, in turn, has been shown to stimulate p53 activation 1491. 

IRF (interferon regulatory factor) binding to upstream IRF sequences in the p53 

promoter has also been reported [50]. Together with the above observations, the 

anti-proliferative properties of interferon 13 would be consistent with its possible 

participation in a G I  growth-arrest mechanism in response to DNA damage. If this 

is the case, altered activation of NF-KB, IRF, or Jun by a mutant AT protein could 

affect activation of the interferon I3 gene and result in altered interferon 13 

regulation in response to DNA damage. 



AT cells are more susceptible to cancer: how could the constitutive activation 

of the interferon 13 gene be linked to carcinogenesis? A possible mechanism would be 

that the ATM protein, a PI 3-kinase, constitutively activates a signal transduction 

pathway resulting in the downstream constitutive activation of the interferon 13 gene. 

The level of interferon 13 induced in AT cells is sufficient to decrease cell growth 

rate but is not enough to arrest cell division. At the same time, the mutant kinase 

is not responsive to its usual activators which normally induce a state of cell cycle 

arrest in dividing cells by increasing interferon 13 and p53 levels. Thus, this DNA 

damage response pathway including G I  arrest does not operate in AT cells following 

exposure to stimuli such as X-irradiation and, therefore, the cells cannot repair the 

resulting DNA damage. Instead, the AT cells continue to divide slowly, thereby 

replicating mutations caused by the DNA damaging agent; the accumulation of these 

mutations ultimately results in cancer (See Figure 5). 

The data presented in this thesis are consistent with the above hypothesis that 

the interferon 13 gene may not only be activated in response to viral infection but 

may also play an important role in growth arrest following DNA damage. Firstly, 

these studies have shown that the activation pathway for the interferon 13 gene is 

dysregulated in AT cells which may have a faulty DNA damage response pathway. 

Secondly, the elevation of UCRP is an indirect indication of the altered interferon 

13 regulation in both AT and cancer cells, thereby suggesting a role for interferon 

TJ in maintaining normal cell growth and division. So far, studies have not been 

performed to rule out this possibility. However, further experimental evidence for 

direct involvement of interferon 13 in the G I  growth-arrest mechanism is required. 

To accomplish this, one could treat synchronized cells in G I  phase of the cell cycle 

with X-rays and testing for the subsequent induction of interferon 13 or UCRP by 

flow cytometry and/or immunoblotting analysis. Induction of this DNA damage 



response pathway would be expected to be defective in AT cells following exposure 

to X-rays. 

Finally, it is interesting to consider the possible consequences of elevated 

levels of interferon IJ and interferon IJ-inducible proteins, such as UCRP and LMP2, 

in AT cells. The biochemical function of UCRP conjugation to proteins awaits 

elucidation. However, UCRP has been recently found to act extracellularly as a 

cytokine in the subsequent induction of interferon y in human cells [51]. The role 

of interferon y in cells is primarily as an immunoregulator [37]. One of its effects is 

to induce the synthesis of LMP2 and LMP7 proteasomal subunits resulting in altered 

proteasome composition and, therefore, in proteolytic specificity [ 25 ] . Proteasomes 

have been shown to perform at least two essential cellular functions: firstly, 

catalyzing antigen processing and, secondly, regulating the cell cycle by specific 

proteolysis [29]. Changes in proteasome composition may effect both of these 

activities [24,52]. Interestingly, AT patients characteristically display certain 

immunological defects and a propensity for developing cancer, particularly 

lymphoreticular malignancies. Just recently, interferon y treatment of vascular cells 

has been shown to indirectly induce apoptosis in human leukemic cells [60]. Thus, 

it is possible that the elevation of interferon fi and certain interferon B-inducible 

proteins observed in cultured cells from AT patients may be associated with some of 

the clinical manifestations of this disease. 



Figure 5. Hypothetical Pathway for GI Growth-Arrest 

* modified IkB transcript that does not 
inhibit NFKB etfectlvdy 
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