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Abstract 


Subcellular localization of polyoma mT was determined by immuno

fluorescence microscopy, using primary monoclonal/ poly clonal antibodies 

and secondary polyclonal antibodies conjugated with fluorescent dyes. Our 

results confirm and extend previous studies reporting the association of mT 

with an intracellular compartment. However, it is shown that the perinuclear 

compartment containing the bulk of mT expressed in MRC5 cells is both 

Brefeldin A resistant and distinct from the known compartments of the 

secretory pathway. The integrity of most subcellular compartments was not 

altered by mT expression. However, secondary lysosomes and late endosomes 

were reorganized in cells expressing mT. Early in cell transformation mT 

alters several members of the cytoskeletal array, with the most profound 

effects on actin. In cells coinfected with viruses encoding either mT or pp60c

src, the areas of subcellular localization of both proteins are largely 

overlapping. In addition, mT recruits She to this subcellular localization 

indicating that mitogenesis as well as morphological cell transformation may 

be regulated from this novel intracellular compartment. 
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1. Introduction 


Transformation of cells from a normal to a tumorigenic phenotype is a 

complex process, which involves many incompletely understood intra

cellular and extracellular events. Cell transformation can be caused by a 

variety of agents such as chemical carcinogens, radiation, and DNA- and 

RNA-viruses. Early gene products of members of a DNA virus group - the 

papovavirus group- have been found to transform cells (1). The papovavirus 

group includes viruses such as simian virus 40 (SV40), baculo virus (BK

virus) and polyoma virus (1). Specifically, for polyoma virus, the middle T 

(tumor) antigen (mT) has been found to be involved in transformation of a 

wide variety of cells (1, 2, 32). Expression of mT is sufficient to transform 

established cell lines and a variety of tissues (3, 4, 5, 36, 86). In transgenic mice 

mT induces tumors like salivary gland adenocarcinoma, thyroid 

adenocarcinoma, mammary carcinoma and liver haemangioma (87). 

Inducible cell transformation by mT is therefore an excellent model system 

for investigating the components of this process. 

1.1 Characteristics of transformed cells 

Transformed cells in tissue culture are defined by several key features 

(reviews 1 & 90). The most notable characteristics of transformed cells that 

distinguish them from normal cells are alterations in cell morphology and 

unregulated cell division. 
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1.1.1 Cell morphology 

Three different classes of filamentous assemblies (microfilaments, 

intermediate filaments and microtubules) form the cellular cytoskeleton, 

which is responsible for cell shape, vesicle transport and cell migration. 

Cellular shape changes are due to alterations in one or more components of 

this intracellular cytoskeletal network. In untransformed anchorage 

dependent mammalian cells such as fibroblasts, DNA synthesis and growth 

control is usually dependent on the cell shape (91, 64). In contrast, 

transformed fibroblasts exhibiting spheroidal cell morphology have lost the 

capacity for growth arrest, dependence on anchorage for growth and contact 

inhibition (reviewed in 1, 90, 91). 

The first class of filamentous assembly important in determining cell 

morphology is a structural network consisting of microfilaments and adjacent 

proteins. Microfilaments are polymers composed of actin subunits (90, 91). 

Actin is a globular protein with a molecular weight of 42 kDa. The actin 

binding protein a-actinin crosslinks actin filaments to stress fibres (90, 92). In 

normal non-muscle cells, actin filaments are found as stress fibres and as a 

filament network beneath the plasma membrane (91). In cellular focal 

adhesions actin filaments are connected via the proteins a-actinin, vinculin, 

and talin to the cytoplasmic domains of the transmembrane adhesion 

proteins of the integrin protein family (92, 93). Actin stress fibres are therefore 

connected through integrins to the plasma membrane and also linked to 

extracellular matrix proteins such as fibronectin and vitronectin (92, 93). 
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There is evidence that the rounded morphology of transformed fibroblasts is 

due to a reduced amount or total loss of actin filaments (102, 103). Loss of actin 

stress fibres can coincide with a loss in fibronectin binding capacity and 

therefore decreased adhesiveness to the substrate (91). In addition, 

transformed cells are also found to lack or have reduced amounts of surface 

fibronectin (103, 91). Furthermore, transformed cells are found to secrete 

plasminogen activator (reviewed in 90). Plasminogen activator is a protease 

capable of converting plasminogen, a protein contained in serum, into the 

serine protease plasmin, which also contributes to cell shape changes by lysing 

extracellular matrix proteins (90). In normal cells, protease treatment has also 

been implicated in loss of actin filaments (90). Finally, in Rous sarcoma virus 

(RSV) transformed cells with cytoskeletal alterations, vinculin, a protein 

important in linking actin stress fibres to focal adhesion plaques, was shown 

to be a target of pp60c-src (94). Other putative pp60c-src cytoskeletal substrates 

might be involved in the process (78, 79). Taken together, these results suggest 

that alterations in components of the microfilament cytoskeleton contribute 

to cellular morphology changes that accompany cell transformation. 

The second class of filamentous assembly important in determining cell 

morphology is a structural network consisting of microtubules. Microtubules 

are formed from a helical array of a- and [3-tubulin heterodimer subunits (90). 

Both a- and [3-tubulin are globular proteins with a molecular weight of 50 

kDa. In fibroblasts microtubules are involved in determination of cell 

morphology, mitosis, organelle movement, and in translocation of secretory 
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vesicles (reviewed in 90, 91). Normal cells are thought to contain twice as 

much tubulin as transformed cells (104). However, this observation as well as 

reports of alterations in the organization of microtubules after cell 

transformation is controversial (104, 105, 106). Some report a difference in the 

organization or amount of microtubules (104, 106) while others do not (102, 

105). 

In contrast to microfilaments or microtubules, the third class of 

filamentous assembly, intermediate filaments, are reported to maintain 

structural properties in transformed cells (91). The intermediate filaments in 

fibroblasts are composed of units of the protein vimentin (reviewed in 90, 91). 

Two units of vimentin form a coiled coiled dimer. Antiparallel aggregation of 

two dimers then form a tetramer, which subsequently polymerizes with other 

tetramers to a protofilament. Finally, eight protofilaments form a cylindrical 

intermediate filament (90). Intermediate filaments span cells from the 

nucleus to the plasma membrane and are often found to be associated with 

microtubules (90, 91). 

The alterations in the intricate cytoskeletal structural network 

responsible for changes in cell morphology seen in transformed cells are most 

pronounced for microfilaments, but little is known about the mechanism that 

mediates this effect. 

1.1.2 Mitogenic signalling 

The second overall aspect of cell transformation is the alteration of normally 

4 




regulated signal transduction pathways that initiate cell division. In 

untransformed cells, these pathways transmit signals originating from 

extracellular mitogenic stimuli (hormones, growth factors) through receptors 

located in the plasma membrane via recruitment and phosphorylation of 

cytoplasmic protein substrates, production of secondary messengers to the 

nucleus or other cytoplasmic targets (reviewed in 88). This results in a 

pleiotropic cell ·response necessary for cell differentiation, controlled cell 

division, growth and behaviour (88). Alteration of these strictly regulated 

signal transduction pathways can cause cell transformation (88). 

As a result transformed cells require lower concentrations of growth 

factors and hormones for continued cell growth. Some cells are even found to 

produce and release their own specific growth factors (90). 

The transforming protein of polyoma virus (mT) is believed to cause cell 

transformation by associating with members of the signalling pathways. It has 

been suggested, that 11mT transforms cells by acting as a functional homologue 

of an activated tyrosine kinase-associated growth-factor receptor'' (27). 

1.2 Polyoma virus and its encoded proteins 

The polyoma virus is a member of the papovavirus group, which also 

includes simian virus 40 (SV40, host: monkey) and the baculo virus (BK

virus, host: insects) (1). Mice are the natural hosts of the polyoma virus, and 

cells from other rodents have been classified as permissive, semipermissive 

or nonpermissive (1). Only mouse cells are fully permissive for infection: 

5 




upon infection, cells support viral DNA replication, produce proteins 

necessary for virus packaging, are lysed and release large quantities of virus 

particles (1). Upon infection of semipermissive hamster cells, only a few cells 

produce low yields of virus. In contrast, nonpermissive rodent cells lines (e.g 

some rat cells) express the early T-antigen proteins upon virus infection, and 

a small number of cells undergo changes resulting in cellular 

immortalization or transformation (1). 

The polyoma virus genome consists of a small, double stranded , closed 

circular DNA. The reading frames of the six known proteins are partly 

overlapping. The early genes (transcribed prior to the onset of viral DNA 

replication) encode three proteins known as the large (785 amino acids), 

middle (421 amino acids) and small (195 amino acids) T (tumor) antigens (1, 

32). All three T-antigens are encoded in the same area of the genome and 

have a common N-terminus (1). However, differential splicing of the 

messenger RNA causes different reading frames for translation, and all three 

T -antigens possess unique sequences at the C-terminus (1). The remaining 

three proteins are the late capsid proteins VP1, VP2, and VP3 (1, 2). 

In infected cells, the function of small T -antigen (sT I 22kDa) is not yet 

determined. However, primary sequence similarities between sT and some 

hormones, e.g. glycoprotein hormones such as thyroid-stimulating hormone, 

have been found (1). Large T-antigen (IT) is predominantly located in the 

nucleus, where it controls cellular and viral DNA/ RNA synthesis, and is 

important for cell immortalization (1, 32). In infected and transformed cells, 
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IT is observed to be highly modified by phosphorylation (1). The various 

molecular weights (88 kDa-100 kDa) observed may be explained by different 

modifications of IT; these modifications may confer functional specificity in 

vivo (1). 

The viral protein involved in cell transformation is the middle T 

antigen (mT) (1, 2, 32). Expression of mT causes key characteristics of 

transformed cells in established cell lines, such as anchorage independent 

growth of cells in agar, lower cellular contact inhibition, disruption of 

cytoskeletal structures and subsequently changes in cell morphology (1). 

Furthermore, expression of mT is sufficient to transform a variety of tissues, 

and causes tumors in transgenic mice (3, 4, 5, 36, 86, 87). MT is a 

phosphoprotein of 421 amino acids with a calculated molecular weight of 49 

kDa (1). However, mT usually migrates in SDS-PAGE as a 56 KDa or 58 kDa 

protein (1). The two forms differ in their pattern of serine phosphorylation in 

the C-terminus (1). Approximately 30% of the amino acids of mT are 

hydrophobic, and the amino acid residues near the C-terminus are arranged 

in a sequence present in a large number of transmembrane proteins (1). A 

continuous hydrophobic stretch spanning 22 amino acids (amino acids 394

415) is flanked by several positively charged amino acids such as lysine and 

arginine (1, 33). Proteins, including mT, which lack a N-terminal signal 

sequence, but contain this C-terminal motif (termed an insertion sequence), 

are proposed to spontaneously associate with membranes post-translationally 

(60). In mT, truncation or mutation of this region result in loss of both mT 
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membrane attachment and cell transformation (32, 33). No intrinsic 

enzymatic activity has been detected for mT (1, 2, 32). However, mT associates 

with members of signalling pathways including tyrosine kinases (2, 8-15, 65), a 

phosphatidylinositol kinase (16, 17), a phosphatase (23, 24), the recently 

characterized adapter molecule She (27, 71), and some isoforms of the 14-3-3 

protein family (57). Mutational analysis of mT has shown that if some of 

these specific protein interactions are missing, mT is no longer able to 

transform cells in tissue culture (31). Therefore, specific mT-protein 

interactions are believed to be responsible for transformation (31, 32). 

1.3 Polyoma middle T binding proteins 

1.3.1 Src family kinases 

The protein tyrosine kinase activity associated with mT results from the 

binding of one or more members of the src family of tyrosine kinases. At 

present there are nine known members of the src gene family, and fourteen 

different src related gene products. All these proteins are tyrosine kinases and 

three members of this family, pp60c-src, pp60c-yes and pp59c-fyn, have been 

found to associate with mT in cultured cells (2, 8-15, 65). 

All Src-protein family members contain the following conserved 

regions: (a) aN-terminal myristoylation signal, (b) Src homology (SH) 3, (c) 

SH2 regions, (d) a kinase (SH1/ catalytic) domain and (e) a C-terminal non

catalytic tail (65). In pp60c-src the initiator amino acid methionine is absent and 

a N-terminal glycine is fatty acylated with myristic acid. Myristoylation is 
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essential for pp60c-src membrane binding. 

SH3 domains contain -60 amino acids and are present in protein 

families otherwise unrelated to each other. A large number of SH3 containing 

proteins are associated with membranes, suggesting that SH3 domains are 

involved in subcellular localization (73). In addition, a role in regulating 

protein-protein interactions during signalling has been indicated (66, 67). 

Specificly, the SH3 domain of pp6Qc-src mediates the recruitment of substrates 

to this protein tyrosine kinase (68). 

The SH2 domain region (-100 amino acids) of src family tyrosine kinases 

shares high homology with other tyrosine kinases, and is present in many 

signalling proteins (30, 67, 68). SH2 domains bind to phosphorylated tyrosine 

residues with high affinity (68). The sequence of three residues immediately 

C-terminal to the phospho-tyrosine determines the binding specificity for 

different SH2 domains. SH2 domains are thought to regulate protein-protein 

interactions during signal transduction by binding to specific tyrosine 

phosphorylated sites on growth factor receptors and cytoplasmic proteins (67, 

68). 

Within the catalytic ATP binding site of the SHl domain of pp60c-src, a 

lysine residue (lys 295) has been found to be essential for the proteins kinase 

activity (95). The lysine residue is conserved in all known protein kinases 

containing this motif (95). It has been proposed that "the primary amino 

group of lysine carries out the specialized function of proton exchange in the 

phosphotransferase reaction" (95). 
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The amino terminal region of mT interacts with the fifteen carboxy

terminal amino acids of the non-catalytic tail of pp60c-src and thereby prevents 

phosphorylation of tyr 527 within the C-terminus (5, 9, 58). An increase in 

pp60c-src kinase activity is correlated with dephosphorylation of its tyrosine 

527 residue. This dephosphorylation is suggested to cause conformational 

changes in pp60c-src and, subsequently, autophosphorylation of Tyr-416 (part of 

the catalytic domain) which results in a stimulatory effect on the kinase 

activity (65). 

As a consequence of association with mT, three members of the Src 

family (pp60c-src, pp60c-yes and pp59c-fyn) undergo autophosphorylation and 

subsequently phosphorylate mT in vitro (22). Activation of one or more src 

family kinases has been suggested to be necessary, but not sufficient for mT 

mediated cell transformation (65, 9). Previously published data indicate that, if 

necessary, pp60c-src kinase activity can be compensated by residual levels of 

Yes, Fyn kinase activity and phosphatidylinositol 3-.kinase (PI3-K) activity in 

some cells (22). In immortalized pp60c-src-negative fibroblasts, the formation 

of foci on cell monolayers and colony formation in soft agar were both 

induced by mT. The level of mT phosphorylation in pp6Qc-yes and pp59c-fyn 

immunoprecipitates in pp60c-sre-positive or negative cell lysates did not 

change. However, mT associated PI3-K activity was reduced 30-60% in pp60c

src-negative cells (22). 

Activation of src family non-receptor tyrosine kinases results in the 

phosphorylation of tyrosine residues (297, 250, 315 and 322) of mT. The 
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phosphorylated tyrosine residues 250 and 315 of mT are the major sites for 

interaction with other proteins (97). 

Another signalling pathway, that may be altered by mT via pp6Qc-src, is 

the inositol lipid pathway. Activation of pp60c-src after complex formation 

with mT leads to elevated levels of inositol 1,4,5-trisphosphate (IP3). Hence 

the activation of phospholipase C may be a direct or indirect consequence of 

pp60c-src activation (21). 

Phospholipase Cis a critical regulator of the inositol lipid pathway. After 

activation, the enzyme hydrolyses phosphodiesterbonds that link 

phosphorylated inositol units to acetylated glycerol moieties (phospholipids 

of plasma membrane). The resulting IP3 and diacylglycerol (DAG) act as 

second messengers: IP3 opens Ca2+ channels thereby increasing cytoplasmic 

Ca2+ levels, and DAG activates protein kinase C (PKC) (72). 

1.3.2 Phosphatidylinositol 3-kinase 

Phosphorylation of mT tyrosine 315 enables mT to bind to the N

terminal SH2 domain of the 85 kDa regulatory subunit of phosphatidyl

inositol 3-kinase (PI3-K) (16-20). In normal cells PI3-K is a heterodimer 

consisting of a 85 kDa regulatory and a 110 kDa catalytic subunit. The 

regulatory subunit is a multidomain protein containing an N-terminal SH3 

domain, followed by a region with homology to the breakpoint cluster region 

gene (Bcr), and two SH2 domains which are separated by a previously 

characterized inter-SH2 region (20, 69). The Bcr gene is located on 
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chromosome 22 and has been shown to encode a 160 kDa phosphoprotein 

(112). Regions with homology to Bcr are also found in proteins that interact 

with and activate GTPases, suggesting that the regulatory subunit of PI3-K 

may also have a role in activating such proteins. The C-terminal region of the 

110 kDa catalytic subunit shares significant sequence homology with the 

Saccharomyces cerevisiae VPS34 gene product, which is implicated in vacuole 

sorting, suggesting a possible role for PI3-K in membrane trafficking and 

vesicle morphogenesis (69,70). PI3-K associates with both receptor and 

nonreceptor tyrosine kinases involved in growth and transformation. Recent 

data demonstrate that binding of consensus sequences containing 

phosphorylated tyrosine to either the N- or C-terminal SH2 domain of the 

regulatory 85 kDa subunit generates an intramolecular signal propagated 

through a 102 amino acid segment of the inter-SH2 region to allosterically 

activate the 110 kDa catalytic subunit (19, 20). This kinase attaches a phosphate 

group to the 3'-hydroxyl group of the inositol ring of phosphatidylinositol (PI) 

and/ or its phosphorylated derivates phosphatidyl-inositol 4-phosphate (PI-4

P) and phosphatidylinositol 4,5-bisphosphate (PI-4,5-P2) (16, 20, 96). These 

substrates are generated during signal transduction by phosphorylation of the 

4' -hydroxyl and 5' -hydroxyl groups of the phosphatidylinositol ring (PI) of 

some plasma membrane phospholipids (72). This modification generates 

three novel polyphosphoinositides: phosphatidylinositol 3-phosphate (PI-3

P), phosphatidyl-inositol-3,4-bisphosphate (PI-3,4-Pv and phosphatidylinositol 

triphosphate (PIP3 /PI-3, 4, 5-PJ) (16, 96). All three are thought to act as second 
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messengers (16). However, the novel polyphosphoinositides are not 

substrates of any known phospholipase Cs (%, 99). It was therefore suggested 

that the novel polyphosphoinositides either act directly as second messengers 

as part of a novel signalling pathway or are substrates for a phospholipase D 

(99). Phospholipase D would then be capable of hydrolysis of the 

phosphorylated inositol units bound to the acetylated glycerol moieties 

(phospholipids of plasma membrane) and generate the inositol phosphate (IP) 

derivates IP4, IPs and IP6 (99). 

In transformed cells PI3-K associates with mT-pp60c-src complexes in 

which mT is phosphorylated at Tyr 315 and produces elevated levels of these 

three polyphosphoinositides (16, 96). Accumulation of these 

phosphatidylinositol phosphates correlates with cell growth and 

transformation in vivo (16). Only mT-pp6Qc-src complexes associated with PI3

K are implicated in full cell transformation (21). Therefore, complex 

formation of PI3-K with mT is necessary, but not sufficient for cell 

transformation (16, 21, 95). 

1.3.3 Phosphatase 2A 

Another protein which associates with mT is phosphatase 2A (PP2A). 

However, whether or not this association plays an important role in mT cell 

transformation has yet to be determined. PP2A is an abundant cytoplasmic 

serine I threonine protein phosphatase that regulates glycolysis, gluconeo

genesis, fatty acid breakdown and amino acid breakdown. It consists of a 34-37 
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kDa catalytic subunit, a 58-69 kDa regulatory subunit and a 54, 55 or 72 KDa 

regulatory subunit (24, 31). Like pp6Qc-src, PP2A also interacts with the amino 

terminal regions of polyoma mT (23, 25). As shown by monoclonal antibodies 

with well defined epitopes on mT, PP2A and pp60c-src occupy distinguishable, 

though, partly overlapping regions at the N-terminus of mT (25). 

Nevertheless, PP2A/ mT complexes and PP2A/ mT I src family kinase 

complexes are found in both transformed and infected cells, and exhibit 

phosphoseryl protein phosphatase and/ or tyrosine protein kinase activities 

(24). 

1.3.4 She 

The adapter protein She (~rc homologous and £Ollagen protein) also 

binds to mT (27). The She eDNA encodes two overlapping proteins with 

predicted molecular weights of 46.8 and 51.7 kDa (26). However, in a wide 

variety of cells antibodies to She recognize proteins with three different sizes: 

46 kDa, 52 kDa and 66 kDa (26, 27). p46 and p52, which differ at their N

termini, are likely products of translation initiation at different sites (26). The 

variably expressed 66 kDa protein is thought to be encoded by the same gene, 

though, by a different distinct She transcript (26). She was found to consist of a 

C-terminal SH2 domain and an adjacent glycine/ proline rich motif, which 

contains regions of homology to the a1 chain of collagen. No catalytic domain 

has yet been identified (26). However, She was found to bind to activated 

epidermal growth factor receptor (EGFR), resulting in She phosphorylation 
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(71, 77). Constitutive expression of She leads to cell transformation (26, 27, 28). 

Recent results suggest the existence of a multimolecular complex consisting of 

mTI Src family tyrosine kinases/ PI3-K and She in transformed cells (71). They 

imply that the mechanism of aberrant signal transduction induced by mT 

results from the mT complex acting as a functional homolog of an activated 

tyrosine kinase-associated growth factor receptor (27, 71). 

Non-receptor tyrosine kinases of the src family associate with mT and 

subsequently cause phosphorylation of several mT tyrosine residues. As 

described in section 1.3.2, phosphorylation of Tyr 315 enables the N-terminal 

SH2 domain of the 85 kD regulatory subunit of PI3-K to bind to mT. 

Furthermore, when the NPTY250 (Asn-Pro-Thr-Tyr) motif of mT is 

phosphorylated it binds to the SH2 domain of She (27, 71). As a result She is 

tyrosine-phosphorylated by pp60c-src and can bind to the SH2 domain of 

growth factor receptor bound protein 2 (Grb2) (28, 29). The SH3 domains of 

Grb2 connect She to the Ras signalling pathway through an interaction with 

Sos, a homolog of the Drosophila guanine-nucleotide-exchange factor (29, 30). 

This association with members of signal transduction pathways is consistent 

with earlier results, suggesting that p21c-ras lies downstream of mT and pp60c

src in the same pathway (56). 

1.3.5 14-3-3 protein family 

Recently some isoforms of the 14-3-3 protein family were found in a 

complex with mT (57). This protein family was originally thought to be brain 
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specific, but more recently has also been found in other tissues (58), and may 

have a role in the regulation of cell proliferation. 14-3-3 proteins have been 

suggested to mediate PKC translocation and to inhibit phospholipid/Ca2+

dependent protein kinase C (PKC) (58). Recent data also demonstrate that 

members of the 14-3-3 protein family interact with and activate protein kinase 

RAF-1, which is suggested to play an important role in cell growth control, 

cell transformation and differentiation (108, 109). 

1.4 MT localization 

Most of the above mT binding proteins or proteins influenced by mT (e.g 

Ras, phospholipase C) are thought to be directly attached to the plasma 

membrane (e.g. pp6Qc-src), to be recruited to the plasma membrane by growth 

factor receptors (She, PI3-K, PP2A) or to be located in close proximity of the 

inner surface of the plasma membrane (e.g Ras [29, 100], Grb2, Sos [28, 29]). 

With most of its target proteins thought to be close to the plasma membrane, 

early studies in lytically infected or transformed cells always inferred that mT 

was attached to the plasma membrane (49, 50, 85). This was further supported 

by the notion of mT being a membrane attached protein on the basis of its 

amino acid sequence of the C-terminus (1, 33, 59, 60), However, recent results 

have cast doubt on this model. In contrast to early results obtained by 

biochemical approaches employing different cell fractionation techniques (49, 

50, 85), recent studies in lytically infected or transformed cells employing 

indirect immunofluorescence and immunoelectron microscopy support an 
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association of mT with intracellular structures such as the endoplasmic 

reticulum (ER) and the Golgi apparatus (34, 110). Furthermore cell 

fractionation in non-ionic detergents implicated different mT-sub

populations (63). One of these sub-populations was extractable together with 

the microtubule network (63). We recently reported that after cell 

fractionation the majority of mT is found in fractions enriched for membrane 

skeleton in mT transformed Rat-2 cells, suggesting a direct role for mT in the 

alterations in cellular morphology that accompany cell transformation (3). 

However, all the above studies that localize mT to membranes have 

been carried out in cell lines which are lytically infected or transformed. It is 

not known what impact morphological transformation has on cellular m T 

distribution. Ideally one would like to examine mT localization before 

transformation occurs in an otherwise normal cell. 

1.5 New approach in mT localization 

To study the initial site of subcellular localization of mT at the onset of 

cell transformation, we developed a novel cell system. This novel cell system 

uses essentially normal embryonal, human kidney fibroblasts (MRCS). The 

cells are infected with a viral vector encoding mT antigen. Because the gene 

inserted encoding the mT antigen sequence replaces part of the early E1A and 

E1B regions of the adenovirus vector used (35, 55), virus replication is 

defective, but expression of the early region of the viral vector permits 

expression of the encoded protein after cell infection. By controlling cell 
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infection we were able to express large enough quantities of mT protein to 

detect it by indirect immunofluorescence and immunoblotting. In addition to 

localizing mT at the onset of the morphological alterations that accompany 

transformation, we could also assess mT interference in both aspects of cell 

transformation, namely alteration of cell morphology at the site of its initial 

localization and interaction with mitogenic signalling pathways. Evidence is 

provided that the observed morphological alterations in cells infected with 

the viral vector encoding mT are specific for mT. We demonstrate that 

perinuclear mT localization at the onset of the morphological alterations that 

accompany transformation, is different from compartments of the secretory 

vacuolar system and endosomes. In addition, the results demonstrate that m T 

alters cytoskeletal elements at this perinuclear localization, partially co

localizes with pp60c-src in coinfected cells and recruits She from the cytoplasm 

to this location. 
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2. Material and Methods 


2.1 Biological reagents 

Embryonal human kidney fibroblasts (MRCS) and human kidney cells 

(293 N3S) were provided by F. Graham, McMaster University. Adenovirus 

vectors, the first encoding polyoma virus middle T-antigen (Ad5/mT), the 

second encoding the rabies virus G-protein (Ad5/Gp) and the third encoding 

the proto-oncoprotein pp60c-src (AdS/ c-src), were provided by L. Prevec and J. 

Hassell, McMaster University. All viruses were propagated in 293 cells, 

harvested 48 to 72 h afterwards and then titered. 

Polyclonal antiserum was raised against a fragment of mT from amino 

acids 176 to 393, as described previously (3). Immunoaffinity purified 

antibodies from this antiserum were prepared as described in 2.2. Monoclonal 

antibodies 421, 422, 721 and 722 to mT were generously provided by S. 

Dilworth, Royal Postgraduate Medical School, University of London, England. 

Monoclonal antiserum to the rabies virus G-protein was a gift from L. Prevec, 

McMaster University and A. Wandeler, Animal Disease Research Institute, 

Nepean, Ontario, Canada. Monoclonal antibodies (mAbs) against the ER

Golgi intermediate compartment marker ERGIC-p53, and polyclonal antisera 

to the cation-independent mannose-6-phosphate receptor (CI-MPR), 

antibodies to the zeta and epsilon form of the 14-3-3 protein family, the 

endosomal marker LE, the trans Golgi marker TGN-38, the Golgi apparatus 

marker mannosidase II, the adapter protein She and the ER marker calnexin 
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were provided by J.J.M. Bergeron, McGill University, Montreal, Quebec, 

Canada. Polyclonal antibodies to the Golgi marker (3-COP were provided by J. 

Lippincott-Schwartz, National Institute of Health, Bethesda, Maryland. 

Monoclonal antiserum to the proto-oncoprotein pp60c-src was a gift from J.S. 

Brugge, Howard Hughes Medical Institute, University of Pennsylvania, 

Philadelphia, Pennsylvania. The polyclonal antiserum to the ER marker 

oligosaccharyl transferase was provided by R. Gilmore, University of 

Massachusetts Medical School, Worcester, Massachusetts. Polyclonal rabbit 

antibody to the a- and (3-subunit of the signal recognition particle receptor 

(SR(3) was generated using conventional methods. Monoclonal antibody to 

the a-subunit of the signal recognition particle receptor (SRa) was kindly 

provided by P. Walter, Department of Biochemistry and Biophysics 

University of California, Medical School San Francisco, California. Polyclonal 

antibody to the a- and the (3-subunit of the signal sequence receptor (SSRa 

and SSR(3) were a gift from Dr. E. Hartmann, Institut fuer Molekularbiologie, 

Berlin, Germany. Antisera to full-length PI3-K and the SH2 domain were a 

generous gift from B. Schaffhausen, Tufts University, Boston, MA. Antibodies 

to Phosphastase 2A (PP2A), and the SH3 domain of PI3-K were purchased 

from UBI, Lake Placid, N.Y. 

Tetramethylrhodamine isothiocyanate (TRITC) conjugated phalloidin 

was obtained from Sigma Chemical Co., St.Louis, MO. Anti-(3-tubulin (clone 
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KMX-1) and anti-vimentin (clone V9) mAbs, tropomyosin, fodrin and 

vinculin were purchased from Boehringer Mannheim. Secondary antibodies 

conjugated to Fluorescein isothiocyanate (FITC), Lissamine rhodamine 

sulfonyl chloride (LSRC), Texas Red sulfonyl chloride (TRSC) and alkaline 

phosphatase were from Jackson lmmunoresearch Laboratories. 

Brefeldin A was purchased from Epicenter Technologies and stored as a 

Smg/ml stock solution in ethanol at -200C. 

2.2 Immunoaffinity purification of polyclonal anti-middle T serum 

The rabbit polyclonal antiserum to amino acids 176-393 of mT was 

purified by incubating the crude antiserum with protein coupled to Sepharose 

beads. The full protocol is described in appendix 5.1. 
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2.3 Determination of virus titer by plague assay 

293 N3S cells were cultured in Minimal Essential Medium (a-MEM) 

supplemented with 10% newborn calf serum, penicillin, streptomycin at 370C 

in 5% C02. After 24 h, virus was serially diluted (10-1 to 10-8) in phosphate

buffered saline++ (PBS++: PBS [25x: 5 M NaQ, 67 mM KCI, 36 mM KH2P04, 130 

mM Na2HP04], 0.68 mM CaCl2, 0.5 mM MgCl2). Cells grown to - 80% 

confluence (visual assessment) in 60 mm dishes were infected with 0.2 ml of 

the viral dilutions in triplicate. Viral adsorption was carried out for 45 min at 

370C in 5% C021 rocking the plates twice. After adsorption 10 ml of overlay 

medium equilibrated to 440C was added to each dish (overlay: 1x F11+++ 

supplemented with 5% horse serum and 0.5% agarose; F11+++ : F11, 1% 

penicillin/ strepto-mycin [100x stock-solution: 16.75 mM Penicillin/ 3.43 mM 

Streptomycin-sulfate], 1% L-glutamine [100x: 200 mM L-glutamine] and 0.05% 

yeast extract). The overlay was allowed to set, and the dishes were then 

incubated for 6-8 days at 370C in 5% C02. The viral titer was determined by 

counting the number of plaques per dish for the entire dilution series. 
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2.4 Immunofluorescence 

Cells were cultered in a-MEM supplemented with 10% fetal calf serum, 

penicillin, streptomycin and Fungizone (GIBCO) at 370C in 5% C02. 24-36 h 

before infection cells were plated on glass coverslips and grown to ,.., 40% 

confluence. If not otherwise stated, all cell confluence statements are visual 

assessments of cell density in 100 mm tissue culture dishes and are probably 

accurate ± 10%. 

Cells were infected with either 5.6 x 108 PFU of Ad5/mT, Ad5/c-src or 

Ad5/Gp per 100 mm dish. After viral adsorption for 45 min at 370C in 5% 

C02, cells were incubated in a-MEM with 2% horse serum. 

For further analysis the glass coverslips were transferred to six-well 

plates, washed twice with phosphate-buffered saline, and fixed for 30 min in 

4% paraformaldehyde at 240C. After washing once with PBS, cells were 

permeabilized by 1% Triton X-100 in PBS for 10 min. Cells were washed with 

0.02% Tween 20 in PBS for 5 min, and then blocked with 1% Bovine Serum 

Albumin (BSA) I 0.02% Tween 20 in PBS. Primary antibodies against specific 

cell compartment markers were used at different dilutions (3% BSA in PBS) 

for 1 hat 370C as described in Table I. After a 5 min wash with 1% BSA/ 0.02% 

Tween 20 in PBS, the cells were incubated with secondary antibodies against 

mouse or rabbit, which were conjugated with FITC, LSRC or Texas Red. All 

secondary labeled antibodies were diluted 1 I 30 with 3% BSA in PBS. Cells 

incubated only with secondary antibodies resulted in negligible signals. Actin 

staining was performed with TRITC-conjugated phalloidin in 3% BSA/PBS. 
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Table I. Primary antibodies and dilutions used in indirect immuno

fluorescence studies. 

Marker Dilution 

mT (polyclonal affinity purified) 

721/722 rat anti-mT 

Gp 

SSRa, SSRp, SRa(pAb, mAb), SRj:J 

oligosaccharyl transferase 

calnexin 

calnexin (affinity purified) 

Ji-COP 

mannosidase II 

p53 

TGN-38 

CI-MPR 

LE 

PP2A 

PI3-I<: SH2 (p85) & full length 

P13-K: SH3 (p85) 

14-3-3: zeta(~) & epsilon (e) isoforms 

pp6()c-src 

She 

p.-tubulin 

vimen tin 

vinculin 

tropomyosin 

fodrin 

1/30 

1/2 

l/30 

1/20 

1/60 

l/30 

1/30 

1/2000 

1/1000 

1/60 

1/60 

1/1000 

1/100 

1/20 

l/15 

1/30 

1/30 

1/30 

1/160 

1/60 

l/60 

1/60 

1/60 

1/20 
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After antibody incubation, cells were washed with 0.02% Tween 20/PBS for 5 

min, and then with PBS for 5 min. Finally the coverslips were dried at 370C 

for 45 min before mounting in a solution of 80% glycerol and 2.5% Dabco 

quencher in PBS. 

For Brefeldin A assays, cells were treated with 5JLg/ml of BFA for 45 min 

prior to preparation for immunofluorescence. Coverslips were then 

transfered to 6 well dishes, fixed with 4% paraformaldehyde for 30 min, and 

further processed as described above. As a positive control for BFA, one slide 

of uninfected cells was stained with antibodies to ~COP. 

To obtain cytoskeletal preparations, the coverslips were washed twice 

with cytoskeletal stabilizing buffer (CSB: 4 M glycerol, 25 mM PIPES pH 6.9, 1 

mM EGTA, and 1 mM MgC12). A subsequent incubation in the same buffer 

containing 0.2% Triton X-100 at 240C for 5 min permeabilized the cells and 

extracted soluble cell contents (73). The resulting coverslips were washed 

twice for 5 min in PBS, and then processed as above for fixation and staining 

without the permeabilization step. To rule out differences in cell infection, 

coverslips with adherent fibroblasts were taken from the same dish and each 

was then treated with antibodies against the different cytoskeletal markers. 

2.5 Confocal laser scanning microscopy and image processing 

Immunofluorescence data were analyzed by confocal laser scanning 

microscopy (LSM 10 BIOMED/ Zeiss). For FITC-excitation an external Argon 
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laser (488 nm.) was used; for LSRC- and Texas Red-excitation internal 

Helium/ Neon laser (543 nm) were used. In addition, a barrier filter for S1S 

S6S nm for the external laser and S7S - 640 nm for the internal laser were 

employed. Upper and lower optical sections of the cells were discarded; only 

sections representing the inner cell layers were used for analysis. The collected 

images were further processed with Vidas software 2.1 (Kontron Inc.) and 

Image I software (Universal Imaging Corporation). H not otherwise stated, all 

image scale bars in the following study indicate 2S 11m. 

2.6 	Membrane preparation 

Cells were maintained in a-MEM supplemented with 10% fetal calf 

serum (MRCS) or 10% newborn calf serum (293 N3S), penicillin, streptomycin 

and Fungizone (GffiCO) at 370C in S% C02. For expression of mT or the rabies 

G-protein, the cells were infected with either S.6 x 108 PFU of AdS/ mT or 

AdSI Gp per 1SO mm dish at - 70% confluence. After viral adsorption for 4S 

min at 370C in S% C02, the cells were incubated with Minimal Essential 

Medium (a-MEM) supplemented with 2% horse serum. 

293 N3S-cells were harvested at 20 h, MRCS-cells at 40 h post infection 

and uninfected cells at- 80% confluence, washed twice in PBS, resuspended 

in hypotonic buffer (10 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethane

sulfonic acid, pH 7.8], 1S mM KCI, 2 mM MgCh, 0.1 mM EDT A, 1 mM 
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dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 0.1 J,tg of chymostatin 

per ml, 0.1 J,tg of antipain per ml, 0.1 J.tg of leupeptin per ml, 0.1 J.tg of pepstatin 

per ml, 1 U of aprotinin per ml) and incubated on ice for 10 min. After cell 

disruption with a homogenizer (-30 strokes) at 40C, cell nuclei were pelleted 

by a centrifugation step at 1,000 x g for 5 min, 40C. The supernatant was then 

centrifuged at 100,000 x g and the resulting pellet (P100) containing 

membranes was resuspended in a buffer containing 50 mM triethanolamine 

(pH 8.0) and 250 mM sucrose. The protein content was determined by the 

Bradford assay (following manufacturers instructions, 111). Aliquots of the 

supernatant (5100) and P100 solution were stored at -700C. 

2.7 	Phase partitioning 

For phase separation of proteins from P100 fractions, 50 J.tg (-25 J,tl) of 

protein was added to 100 J,tl of 2 x solubilisation buffer (20 mM Tris-HCl [pH 

7.4], 300 mM NaCl, 2% Triton X-114, 10% glycerol) and protease inhibitors (0.1 

J.tg of chymostatin per ml, 0.1 J.tg of antipain per ml, 0.1 J,tg of leupeptin per ml, 

0.1 J.t g of pepstatin per ml, 1 U of aprotinin per ml, and 1 mM 

phenylmethylsulfonyl fluoride). After 5 min incubation on ice, ice-cold water 

was added to bring the final concentration to 10 mM Tris-HCl (pH 7.4), 150 

mM NaCl, 1% Triton X-114, 5% glycerol. The mixture was incubated for an 

additional 15 min on ice. After centrifugation at 14,000 x g for 10 min at 40C, 
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the pellet containing the detergent-insoluble cytoskeleton components (Csk) 

was resuspended in 80 Ill of SDS-Page loading buffer (20% SDS, 0.2 M Tris [pH 

8.9], 4 mM EDTA, 0.02% Bromophenol blue, 20% sucrose and 0.25 M 

dithiothreitol). 

The supernatant was layered on a cushion containing 6% sucrose, 10 

mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.06% Triton X-114 (TX-114), 1% glycerol 

and was incubated at 300C for 3 min. After centrifugation at 735 x g for 3 min 

at room temperature, the pellet contains hydrophobic membrane proteins (3, 

52). The aqueous phase containing luminal contents and membrane skeleton 

components was then removed from the cushion, additional detergent (10% 

TX-114) at a ratio of 1:20 (vollvol) was added, and incubated for 3 min on ice 

to ensure complete solubilization of the detergent. The solution was then 

layered on the same cushion, incubated at 300C for 3 min to induce phase 

separation, and centrifuged at 735 x g for 3 min at room temperature. The 

pellet containing the detergent phase was kept on ice for precipitation of 

hydrophobic proteins with trichloroacetic acid. 

The supernatant and half of the cushion were removed, and 10% TX-114 

at a ratio of 1:10 (vol/ vol) was added. After incubation on ice for 3 min, the 

solution was layered on a new cushion, and the phases were separated and 

the detergent pelleted as described above. The detergent pellet of the second 

cushion was discarded. 

The supernatant was centrifuged at 150,000 x g (28 lb I in2 in a Beckman 

airfuge rotor A100 I 30) for one hour at 40C. The pellet of this centrifugation 
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step containing the membrane skeleton was resuspended in 80 ~tl of SDS-Page 

loading buffer and designated M. The supernatant was treated with 1I 2 

volume of 50% trichloroacetic acid to precipitate the luminal proteins. After a 

15 min incubation on ice, the mixture was centrifuged in a microcentrifuge 

for 15 min, 40C and washed with an ice-cold solution containing 50% 

ethanol/ SO% ether (vol/ vol) to solubilize the detergent. After a second 

centrifugation in the microfuge (Sorvall) for 15 min, 40C, the pellet was 

resuspended in 80 ~tl of SDS-Page loading buffer and designated Aq. 

The detergent phase of the first cushion was resuspended in 300 ~tl of 

wash buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl), the mixture was 

incubated on ice for 3 min and layered on a new cushion. Additional 

incubation at 300C for 3 min produced phase separation and the detergent 

phase containing the hydrophobic proteins, was pelleted as described above. 

The new detergent phase was resuspened in wash buffer and protein 

precipitated with trichloroacetic acid as described above. The resulting pellet 

was then dissolved in 80 ~tl of SDS-Page loading buffer (D). 

2.8 Immunoblotting 

20 ~tl of each of these fractions obtained by phase partitioning (Csk, M, 

Aq, D) was loaded on a 10% SDS-Page gel, electrophoretically separated (62) 

and transferred to a nitrocellulose membrane in a buffer containing -30 mM 

Tris base, 240 mM glycerol, 20% methanol (constant current, 100 mA for 1 h) 
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using a Hoefer semi-phor transblotter (model #TE77). The membrane was 

blocked for 30 min in 140 mM NaCl, 10 mM Potassiumphosphate [pH 7.4], 

0.02% NaN3 and 0.5% skim milk powder at room temperature, washed three 

times in wash buffer (140 mM NaCl, 10 mM Potassiumphosphate [pH 7.4], 

0.02% NaN3, 0.1% Triton X-100) and then probed for~ 4 hours with primary 

antiserum. Primary polyclonal antisera were used in polyclonal antibody 

buffer (0.1% Triton X-100, 560 mM NaCl, 0.02% SDS, 10 mM Potassium

phosphate [pH 7.4], 0.01% NaN3, 1% BSA) in the following dilutions: mT: 

1/1000, She: 1/5000, Gst: 1/1000. Primary monoclonal antiserum to the rabies 

G protein (dilution: 1/1000) was incubated in monoclonal antibody buffer 

(polyclonal buffer without SDS). After repeated washing, the filter was then 

incubated for at least 2 hours at room temperature with secodary antibody 

conjugated with alkaline phosphatase (AP) against rabbit or mouse (1 I 2000 

dilution), and then colorimetrically developed in 10 ml of AP buffer (100 mM 

Tris [pH 9.5], 100 mM NaCl, 5 mM MgCh) using the substrates Nitroblue 

Tetrazolium Chloride (NBT) and 5-Bromo-4-chloro-3 indolylphosphate p

Toluidine salt (BCIP) according to the manufacturers instructions (Gibco 

BRL). 
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3. Results 


3.1 Characterization of immunoaffinity purified anti-middle T antibody for 

immunofluorescence 

To identify the initial site of subcellular localization of mT in non

transformed cells, MRCS cells were infected with AdS I mT an adenovirus 

encoding mT in the early region of the virus. Preliminary immuno

fluorescence results using polydonal anti-mT serum to localize mT in 

AdSI mT infected MRCS cells indicated that the antiserum had to be further 

purified, because of high background staining (data not shown). The crude 

anti Gst-mT serum was therefore immunoaffinity purified as described in 

appendix S.l. 

The immunopurified polyclonal anti-mT antiserum was characterized 

for immunofluorescence microscopy by infecting MRCS cells with equal 

amounts (S.6xlOB plaque forming units [pfu]) of either the virus strain 

AdSimT or the control virus AdSIGp. AdSIGp encodes the rabies virus G

membrane protein in the early region of the adenovirus and was used as a 

control to address the question of anti-mT antibody crossreactivity with vector 

encoded proteins, other than mT, or with MRCS cell-specific proteins. The 

AdSimT virus was kindly provided by J. Hassell, McMaster University, and 

the AdSIGp virus was a generous gift from L. Prevec, McMaster University, 

and A. Wandeler, Animal Disease Research Institute, Nepean, Ontario, 

Canada. Characteristic image overlays obtained by immunofluorescence 
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FIG. 1. Characterization of immunopurified polyclonal mT antibody through 
immunofluorescence localization of mT in infected MRCS cells by confocal 
microscopy. MRCS cells were grown to 40% confluency and infected with 
same amounts (S.6xl Q8 plaque forming units [pfu]) of either AdS I mT or 
AdS/ Gp and prepared for immunofluorescence as described in section 2.4. A) 
mT staining with the affinity purified anti mT antibody and B) with a mixture 
of two rat monoclonal antibodies (721 I 722) (2S) in AdS I mT infected MRCS 
cells at the onset of morphological alterations as defined in section 3.2. C) 
Staining of AdS I Gp infected MRCS cells with polyclonal affinity purified 
antibody against mT. Note that center sections of each cell are shown. 
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confocal laser scanning microscopy using immunoaffinity purified anti

polyoma mT antigen (polyclonal), rat monoclonal antibodies 721/722 and 

fluorescein conjugated secondary antibodies are shown in figure 1. The 

monoclonal antibodies 721 I 722 were a gift from and characterized by S. 

Dilworth (2S). 

In MRCS cells infected with the adenovirus strain AdS I mT and stained 

using the affinity purified mT antibody intense fluorescence was observed in 

intracellular structures in the perinuclear area of the cells (Fig. l.a). A similar 

perinuclear mT staining pattern was also observed with rat monoclonal mT 

antibodies (721 I 722). However, although not clear in photographic 

reproduction, the 721 I 722 monoclonals resulted in images with a higher 

background fluorescence compared to the affinity purified polyclonal antibody 

(Fig. l.b). As expected, control cells infected with AdS I Gp exhibited no visible 

staining with the affinity purified polyclonal mT antibody (Fig. 1.c). Therefore 

antigen staining in AdSI mT infected MRCS cells depended on expression of 

mT, and the mT antibody did not crossreact with either the other AdS-vector 

encoded or MRCS cell-specific proteins. If not otherwise stated, the 

immunoaffinity purified mT antibody was used in the following study in 

images representing mT staining. 
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3.2 Momhology and subcellular localization of mT early in the infection of 

non-transformed fibroblasts. 

Because we wanted to study the mitogenic and morphological aspects of 

mT at the onset of cell transformation, stably transfected or viral infected 

transformed cell lines were unsuitable. Instead we chose an third alternative 

and used a recombinant adenovirus with a gene inserted encoding the desired 

protein sequence to infect non-transformed cells. Each vector inserted 

sequence replaces part of the early ElA and ElB regions of the adenovirus (35, 

55). This replacement renders the virus replication defective, but still permits 

expression of the encoded protein after infection. AdS/ mT contains the 

coding sequence for polyoma mT antigen, AdS/Gp the coding sequence for 

the rabies virus G-membrane protein and AdS/c-src, which was also kindly 

provided by J. Hassell, McMaster University, the coding sequence for pp60c-src. 

This way we achieved a high, but controlled rate of cell infection, and were 

able to express a large quantity of the encoded protein which was then 

detectable by indirect immunofluorescence and immunoblotting. In addition, 

by infecting normal embryonal, human kidney fibroblasts (MRCS) with 

AdSI mT we were able to study mT localization at the onset of morphological 

transformation by mT. With this system we could assess whether mT 

influences both aspects of cell transformation, namely interfering with 

mitogenic signalling pathways and alteration of cell morphology, at the site of 

initial localization. The vector AdS I Gp was used as a control to assess the 

effect of the vector expressing a non-transforming membrane protein on cell 
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morphology. 

MRC 5 cells were infected with equal amounts (5.6x108 plaque forming 

units [pfu]) of the virus strains AdS/mT and AdS/Gp. Characteristic images of 

cells obtained by phase contrast microscopy are shown in figure 2. In addition, 

representative results obtained by immunofluorescence confocal laser 

scanning microscopy using immunoaffinity purified anti-polyoma mT 

antigen (polyclonal), anti-rabies G-protein (monoclonal) antibodies and 

Tetramethylrhodamine isothiocyanate (TRITC) conjugated phalloidin are 

shown in figure 3. If not otherwise stated, all image scale bars in the following 

study indicate 2S 11m. 

The first changes in cell morphology were detectable in MRCS cells at 40 

hours post AdS I mT infection using phase contrast microscopy (Fig. 2.a). By 

this time approximately half of the cells were starting to alter cell shape. 

However, these changes were not present in MRCS cells infected with the 

AdS/Gp control vector (Fig. 2.b). This became even more obvious, when the 

morphology of cells infected with either AdS I mT (Fig. 2.c) or AdSI Gp (Fig. 

2.d) at 50 hours post virus infection was compared. At 50 hours most of the 

AdS/mT infected cells exhibited dramatic morphology changes (Fig. 2.c). In 

contrast, cells infected with the contol vector still had a normal cell shape (Fig. 

2.d). Alteration of cell morphology in AdS/mT infected cells was therefore 

dependent on mT expression and not due to expression of other vector 

encoded proteins. 

Using immunofluorescence, the earliest time for detectable polyoma mT 
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FIG. 2. Cell morphology of AdS I mT or AdS I Gp infected MRCS cells at 40 and 
50 hours. MRCS cells were grown to 40% confluency and infected with same 
amounts (5.6x108 plaque forming units [pfu]) of either Ad5/mT or Ad5/Gp 
virus. Shown are images obtained by phase contrast microscopy. A) MRCS 
cells infected with Ad5/mT and B) with Ad5/Gp at 40 hours. C) MRCS cells 
infected with Ad5/mT and D) infected with Ad/Gp at 50 hours. 

36 




expression was also 40 hours post infection (Fig. 3.a). At this time point the 

-50% of cells beginning to change shape also express detectable amounts of 

mT. Antigen-staining was confined to intracellular structures in the 

perinuclear area. Only occasionally were cells observed with weak plasma 

membrane staining. In the same cell, phalloidin staining of actin filaments 

revealed that first alterations in cell morphology correlated with expression 

and perinuclear localization of mT at 40 hours (Fig. 3.b ). By comparision, in 

AdS/Gp infected MRCS cells, 40 hours post infection the rabies G-protein was 

prominent in intracellular membranes (Fig. 3.c), but phalloidin/ actin staining 

(Fig. 3.d) showed no alterations in the cytoskeleton or cell morphology 

consistent with the results obtained by phase contrast microscopy (Fig. 2.b). 

At 50 hours post AdS/mT infection, most of mT antigen is still located in 

the perinuclear area (Fig. 3.e). By this time phalloidin staining of actin in the 

same cell revealed total disassembly of the actin cytoskeleton (Fig. 3.£) 

consistent with the partial loss of cell adherence obvious in figure 2.c. In 

contrast AdS/ Gp infected cells still showed no alteration in cell morphology 

(Fig. 3.g, h), despite staining around perinuclear membranes, in structures 

throughout the cytoplasm and at the plasma membrane (Fig. 3.g). 

72 hours after AdS I mT infection, the cells exhibit a rounded cell shape, 

disassembly of the actin cytoskeleton (Fig. 4.b), mT distribution throughout 

the cell, and consistent areas of plasma membrane staining (Fig. 4.a) were 

observed. At this time, AdS/ Gp infected cells exhibited high levels of 

expression of rabies G-protein throughout the cells (Fig. 4.c), with only slight 
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FIG. 3. Immunofluorescence localization of mT, rabies G-protein (Gp) and 

actin in infected MRC5 cells by confocal microscopy. MRC5 cells were grown 

to 40% confluency and infected with 5.6x108 pfu of either Ad5/mT or Ad5/Gp 

and prepared for immunofluorescence as described in section 2.4. Cells were 

costained for mT and actin or Gp and actin respectively. A) mT staining and 

B) actin staining 40 hours after AdS/ mT infection. C) Gp specific and D) actin 

specific staining 40 hours after AdS I Gp infection. E) MT staining, F) actin 

staining at 50 hours post AdS I mT infection. G) Gp staining, H) actin staining 

of cells at 50 hours post Ad5/Gp infection. Note: at 40 hours roughly 1/2 of the 

cells are not yet producing detectable mT or Gp. Expression of the proteins is 

obvious in all cells at 50 hours. Bars, 25 JliD. 
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FIG. 4. Immunofluorescence localization of mT, rabies G-protein (Gp) and 

actin in infected MRCS cells by confocal microscopy late in infection. MRCS 

cells were grown to 40% confluency, infected with AdSimT or AdSIGp, and 

processed as described in section 2.4. Cells were costained for mT and actin or 

Gp and actin respectively. A) mT staining (arrowheads indicate plasma 

membrane staining) and B) actin staining of AdS I mT infected cells at 72 

hours. C) Gp staining and D) actin staining of AdS I Gp infected cells at 72 

hours. 
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FIG. 5. Immunofluorescence staining of rabies G-protein and mT-antigen in 

AdS I mT and AdS I Gp coinfected MRCS cells at 50 hours. Cells were coinfected 

with equal amounts of AdSimT and AdS/Gp virus and processed as described 

in section 2.4. Representative image overlays of staining A) specific for Gp 

(arrowheads indicate staining of plasma membrane) and B) specific for mT. 
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alterations in the actin cytoskeleton and cell morphology (Fig. 4.d). The 

change in cell morphology is probably due to the extended period of growth in 

media containing only 2% horse serum (as described in section 2.4) because 

uninfected MRCS cells grown under the same conditions exhibited the same 

slight changes in morphology (data not shown). Therefore the experimental 

conditions used here are not suitable for examining subcellular changes that 

occur more than 70 hours after infection. 

In MRCS cells coinfected with Ad5/mT and Ad5/Gp, mT was still located 

around the perinuclear area 50 hours after infection (Fig. S.b). In contrast the 

rabies G-protein was detected in both perinuclear and at the plasma 

membrane (Fig. S.a). As expected the morphology of coinfected cells was 

characteristic for those infected with AdS/ mT. 

Our findings regarding the localization of polyoma mT confirm the 

previous reports of mT antigen in a perinuclear area in transformed or 

lytically infected cell lines (35,36). However, at early time points (40-50 hours) 

mT is not localized to the plasma membrane. In addition, cell morphology 

can be altered by mT at this perinuclear location early in infection. These 

results suggest that the mT population found at the plasma membrane in 

previous biochemical analysis (49, 50, 85) and in Ad5/mT infected MRCS cells 

later on in the infection is not involved in the subcellular changes that occur 

at the onset of cell transformation by mT. 
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3.3 Subcellular compartment of initial polyoma mT localization. 

To more precisely localize polyoma mT in fibroblasts, we used several 

antibodies against markers of specific membrane compartments. These 

markers were analyzed in normal MRCS cells, and selected markers showing 

compartment specificity were also used in cells 40 hours post Ad5/mT 

infection. Cells expressing mT were identified by the onset of morphology 

changes. Only cells early in infection with morphology changes characteristic 

for perinuclear localized mT were examined. In addition, to ensure that a 

productive infection with AdS I mT had occured one coverslip from the same 

dish was stained for mT and examined by confocal microscopy. 

Cells were grown to - 40% confluence and then processed as described in 

2.4. Table II gives an overview of the antibodies used, the compartments 

identified in MRCS cells, and indicate whether or not changes in the staining 

pattern occured after AdS/mT cell infection. Antibodies against specific 

compartments marked with an asterisk were used to further investigate mT 

antigen subcellular localization. Typical representative images from confocal 

laser scanning microscopy are presented in figures 6 and 7. 

To identify the endoplasmic reticulum in MRCS cells we examined 

antibodies to the a-subunit (SRa [polyclonal rabbit], SRa [monoclonal 

mouse]) and the (3-subunit (SRfl) of the signal recognition particle receptor, 

the a-subunit (SSRa) and (3-subunit (SSR(3) of "signal sequence receptor'', 

oligosaccharyl transferase and calnexin. SSRa and monoclonal SRa 
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Table IT. Antibodies used in immunofluorescence studies a&ainst markers of 

the Endoplasmic reticulum CER), Gol&i apparatus and intermediate 

compartment. 

Marker MRCS uninfected MRCS AdS/mT infected 

Endoplasmic reticulum 
(ER): 

SSRa no staining 

SSR(3 weak ER specific staining 

SRa high background 
(poly clonal) 

SRa no staining 
(monoclonal) 

SR(3 non-specific staining 

oligosaccharyl transferase non-specific staining 

calnexin high background 

calnexin (affinity purified)* ER specific staining 

Golgi apparatus: 

(3-COP* Golgi apparatus specific staining 

mannosidase II Golgi apparatus specific staining 

Intermediate 
compartment: 

ERGIC-p53* Staining characteristic 
(mouse monoclonal) for ERGIC-53 

n/a 

no change visible 

no change visible 

n/a 

no change visible 

no change visible 

no change visible 

no change visible 

no change visible 

no change visible 

no change visible 
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Table IT. Antibodies used against markers of the trans-Golgi network ITGN), 

late endosomes, tubular endosomes and mT antigen. 

Marker MRC5 uninfected MRC5 Ad5/mT infected 

Trans-Golgi 
network (TGN): 

TGN-38 non-specific staining no change visible 

Late endosomes & TGN: 


CI-MPR* (mannose- specific staining no change visible 


6-ph-receptor) 


Secondary lysosomes 
& late endosomes: 

LE* specific staining at later times staining 
around perinuclear 

area and 
plasma membrane 

Uninfected or AdS/mT infected MRCS cells were grown to- 40% confluence 

and then treated as described in section 2.4. All primary antibodies are 

polyclonal rabbit antisera unless otherwise stated. Secondary antibodies were 

conjugated with FITC. Marker stainings of uninfected and infected cells were 

analyzed by indirect immunofluorescence with a confocal laser microscope. 

Antibodies marked with an asterisk were used in further studies. 
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antibodies exhibited no binding in normal MRCS cells. Antiserum against 

SR(:l showed non-specific cell staining, and polyclonal antibodies to SRa a 

high background and nuclear staining was visible. Nuclear and non-specific 

staining of these antibodies in MRCS cells is likely to be caused ~ 

crossreactivity of the antiserum. The only antiserum of the signal recognition 

particle receptor or signal sequence receptor series which gave specific ER 

staining was SSRfl. Staining of an intracellular membrane network 

concentrated around the perinuclear area, but at the same time also extended 

throughout the cytoplasm characteristic of the ER was visible (41). There was 

no change in the staining pattern after AdS I mT infection. Polyclonal antisera 

against the endoplasmic reticulum markers oligosaccharyl transferase or 

calnexin resulted in high background and non-specific staining. However, 

when immunoaffinity purified polyclonal anti-calnexin antibodies were used, 

excellent staining of the ER was evident (Fig. 6.a). The antibodies stained a 

perinuclear region and structures throughout the cytoplasm, resembling ER 

specific staining in other cells (41, 37), but distinct from subcellular mT 

localization (Fig. 3.a), suggesting that mT is not found in the ER. Infection of 

the cells with AdSI mT did not produce visible changes in ER structure or 

morphology (Fig. 6.b), confirming the results observed with SSR(3 antibodies. 

The Golgi apparatus, identified by indirect immunofluorescence as a 

network of stacked tubular membranes usually located on one side next to the 

nucleus (89), plays a key role in protein processing. Data obtained with 
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FIG. 6. Fluorescent immunolocalization of different subcellular compartment 
markers in uninfected and AdS/mT infected MRCS cells. Cells were prepared 
as described in section 2.4. Staining pattern specific A) for calnexin (ER
marker), C) for ~COP (Golgi-marker) and E) for CI-MPR (Late endosome and 

TGN marker) in uninfected cells. Staining for B) calnexin, D) ~COP and F) CI
MPR in AdS I mT infected cells at 40 hours after infection. 
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FIG. 7. Fluorescent immunolocalization of ER-Golgi intermediate 
compartment marker ERGIC-S3 in uninfected and AdS I mT infected MRCS 
cells and double immunofluorescence localization of ERGIC-S3 and mT in 
AdS I mT infected MRCS cells. Cells were prepared and infected as described in 
section 2.4. Staining pattern specific for ERGIC-S3 (intermediate compartment 
marker) A) in uninfected cells and B) in AdS/mT infected cells at 40 hours 
after infection. C) Staining for ERGIC-S3 and D) staining for mT in ERGIC
S3ImT costain in cells at 40 hours after AdSimT infection. Insets in (C) and 
(D) are enlargements of the areas indicated by arrowheads and show partial 
non overlap (arrowheads in insets) of mT and ERGIC-S3 staining pattern. 
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antibodies against the Golgi markers (3-COP ([£oatomer ~ssociated ~rotein], Fig. 

6.c/Tab. mand mannosidase II (Tab. II) resulted in prominent staining of the 

Golgi apparatus in uninfected MRCS cells which coincided with the staining 

pattern in normal rat kidney (NRK) cells as described above (89). This Golgi-

specific staining pattern also differed from the mT compartment. (3-COP is a 

component of the non-clathrin-coated vesicles and is present in a 

multisubunit protein complex named "coatomer'' (48). This complex plays an 

essential role in the transport between the ER and the Golgi apparatus and 

between early Golgi compartments (48, 107). Infection of fibroblasts with the 

AdS I mT vector did not have any impact on Golgi apparatus configuration 

and subsequently no change in the staining pattern was obvious (Fig. 6.d/Tab. 

II for (3-COP and in Tab. II for mannosidase II). 

Late endosomes and the trans-Golgi network can be identified with 

antibodies against the £(1tion-independent mannose-6-12hosphate receptor (CI

MPR), a component of the protein sorting mechanism which mediates the 

transport of lysosomal enzymes marked with mannose-6-phosphate (38). 

Staining with polyclonal antibodies against CI-MPR revealed the expected 

trans-Golgi pattern (38), consisting of prominent staining of accumulated 

vesicles close to the nucleus, for uninfected (Tab. 11/Fig. 6.e) and AdS/mT 

infected cells (Tab. 11/Fig. 6.£), with no overlap with mT. Therefore mT is not 

located in late endosomes or in the trans-Golgi network. In addition, the 

compartments appear not to be targets of mT during cell transformation. 
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In contrast, staining of the recently defined ER-Golgi ;intermediate 

.s_ompartment (ERGIC) using monoclonal antiserum to ERGIC-53 (39, 40, 41, 

42) in either uninfected or Ad5/mT infected MRC5 cells showed a perinuclear 

staining pattern in MRC5 cells very similar to mT (fab. II/ Fig. 7.a and b). The 

ERGIC-53 pattern in MRC5 cells was also consistent with previous results 

obtained in Vero cells (41). 

To further investigate the relationship of the intermediate compartment 

and mT distribution at the onset of cell transformation, mT and ERGIC-53 

double immunofluorescence was performed. MRC5 cells were grown and 

infected as described above. All results of double label immunofluorescence 

have been verified and controlled with secondary antibodies conjugated to 

different fluorescent dyes (as described in 2.1 and 2.4). In addition, the results 

were confirmed by using either affinity purified polyclonal rabbit anti-mT 

antibody or monoclonal rat anti-mT antibodies (721/722). Representative 

results for ERGIC-53/mT costains are shown in figure 7.c and d. 

Immunofluorescence analysis of ERGIC-53 I mT confirmed earlier results 

suggesting a perinuclear localization of both proteins at 40 hours post 

infection (Fig. 7.c and d). However, as shown by the insets (Fig. 7.c and d, area 

indicated by arrowheads) mT and ERGIC-53 staining of perinuclear areas did 

partly non overlap (indicated by arrowheads in insets). Furthermore, in a 

number of infected cells the mT specific staining extended further into the 

cytoplasm than did ERGIC-53 staining (data not shown). 
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3.4 The mT compartment is Brefeldin A resistant. 

To address the possibility that the mT distribution partially overlaps that 

of the intermediate compartment identified by ERGIC-53 we examined the 

sensitivity of both compartments to BFA. The fungal metabolite BFA is 

widely used in the field of membrane trafficking and organelle structure 

research, and has provided important insights into the dynamic organization 

of the ER/Golgi membrane system (43, 44, 48). In a number of cells, BFA 

prevents the assembly of COPs coated vesicles, which were until recently only 

implicated to be essential for membrane traffic from the ER to the Golgi 

apparatus (44, 48). However, previous results suggest that COPs coated vesicles 

also play an important role in retrograde vesicle transfer from the Golgi to the 

ER (107). Whether anterograde and retrograde vesicles are coated with two 

different sets of COPs has still to be determined (107). Because BFA prevents 

the assembly of COPs onto coated vesicles, newly synthesized proteins cannot 

exit the ER (44, 48). The recent results implicating COPs coated vesicles also in 

retrograde vesicle transfer offer an possible explanation for the second 

phenomena namely that BFA treatment of cells disrupts the structure of the 

Golgi apparatus and causes retrograde (tubular) transport from the Golgi to 

the ER (44, 48). This transport was thought to occur through uncoated tubules 

(44, 48). In addition, previous findings suggest that the retrograde moving 

vesicles that lack COPs are no longer able to bud off the Golgi apparatus and 

therefore whole Golgi tubules are integrated into the ER (107). The effects of 

BFA treatment on the trans-Golgi network (fGN) are less clear (43, 46, 45, 38). 
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While some cells exhibit morphology changes, e.g. induction of an 

extensively fused network of membranes derived from the TGN and early 

endosomes (43,46), others observe a collapse of the majority of the TGN 

around the microtubule organizing center (45, 38). However, it is 

unanimously agreed that BFA treatment does not cause retrograde transport 

from the TGN to the ER, and endocytic traffic from the cell surface to the TGN 

is unaffected (44). The influence of BFA on the ERGIC-53 containing 

intermediate compartment is cell type specific. In some cell systems, the 

compartment appears resistant to the drug (48); while in others vesicular 

redistribution over the entire cytoplasm is observed (47). 

To investigate whether perinuclear localized mT and the intermediate 

compartment marked by ERGIC-53 were similarly or differentially sensitive to 

BFA, MRCS cells were infected for 40 hrs with AdS I mT, treated with BFA and 

then stained with antibodies against mT, ERGIC-53 and ~COP. Corresponding 

negative controls without BFA were prepared as usual. Representative 

confocal laser scanning micrographs are shown in figure 8. 

BFA treatment did not affect mT staining (Fig. 8.a and 3.a) as the molecule 

is still located in the perinuclear region. However, the staining pattern of 

ERGIC-53 showed dramatic changes after exposure to BFA. The perinuclear 

distribution of ERGIC-53 (Fig. 7.a, b, c) was converted to large dots spread over 

most of the cytoplasm (Fig. 8.b). As a positive control for the expected effects of 

BFA on the cells, fibroblasts were also stained for (3-COP. As expected BFA 
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FIG. 8. Immunofluorescence localization of mT, ERGIC-53 and B-COP after 

brefeldin A treatment of Ad5/mT infected MRCS cells. Cells were infected as 

in Fig. 11. Before further processing, cells were incubated for 45 min with 

5~Jgl ml BFA, then fixed and prepared as described in section 2.4. Staining 

pattern specific for mT (A), ERGIC-53 (B) and p-COP as BFA positive control 

(C) are shown. 
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treatment of infected cells disrupted the Golgi structure and (3-COP was widely 

dispersed throughout the cytoplasm (Fig. 8.c). The positive control was 

therefore consistent with results obtained earlier in normal rat kidney (NRK) 

cells (89). 

Therefore the subcellular structure that contains polyoma mT antigen is 

BFA resistant, and does not coincide with the intermediate compartment 

marked by ERGIC-53. 
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3.5 Identification of a mT target 

The 100 kDa protein LEis found primarily in secondary lysozomes and 

late endosomes (personal communication J.J.M. Bergeron). In uninfected cells 

the majority of the protein was distributed in a typical punctate pattern 

throughout the cytoplas~ with small amounts in plasma membranes (Fig. 

9.a, b). Although mT clearly does not co-localize with LE, staining with 

tubular endosomal antibody against the marker protein LE revealed 

alterations in morphology after cell infection. At 40 hours post infection the 

pattern was not radically different from that observed in uninfected cells (Fig. 

9.c) even though morphology is clearly altered (Fig. 9.d). However, by 50 

hours post infection staining for LE in AdSI mT infected MRCS cells was more 

concentrated around the nucleus (Tab. III/Fig. 9.e, f). In addition, prominent 

plasma membrane staining (indicated in figure 9.e by arrows) confirmed that 

this subcellular compartment is dramatically reorganized 50 hours post 

infection with Ad5/mT. 

To further investigate secondary lysosomes and late endosomes identified 

by the protein marker LE and their relationship with mT subcellular 

localization, double immunofluorescence was performed. For LE/mT double 

immuno-fluorescence, polyclonal rabbit LE antiserum and monoclonal rat 

anti-mT antibodies 721/722 were used. In LE/mT costains, both proteins 

exhibited perinuclear staining; however, LE staining extended further into the 

cytoplasm and was also very prominent at plasma membranes at 50 hours 
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FIG. 8. Immunofluorescence localization of mT, ERGIC-53 and B-COP after 

brefeldin A treatment of Ad5/mT infected MRCS cells. Cells were infected as 

in Fig. 11. Before further processing, cells were incubated for 45 min with 

5~Jgl ml BFA, then fixed and prepared as described in section 2.4. Staining 

pattern specific for mT (A), ERGIC-53 (B) and p-COP as BFA positive control 

(C) are shown. 
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after AdS/mT infection (data not shown), confirming above results (Fig. 9). 

The results suggested therefore, that mT distribution does not coincide with 

the tubular endosome population represented by the LE marker, but that the 

distribution of LE is altered as cellular morphology is rearranged by mT. 
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3.6 Early changes in c;ytoskeletal components induced by mT 

Our initial examination of morphology changes induced by mT in 293 

N3S and Rat-2 cells suggested that at least part of the actin cytoskeleton is 

associated with mT complexes (3). To examine these changes in more detail 

and to examine other elements of the contractile cytoskeleton, we assessed the 

interaction of polyoma mT at the perinuclear location with components of 

the cytoskeleton in AdS I mT infected MRCS cells at the onset of the 

morphology changes. The cytoskeleton is formed by three different classes of 

filamentous assemblies: microfilaments, intermediate filaments and 

microtubules. Together they define cell shape and are responsible for vesicle 

transport, shape changes and cell migration. As typical representatives of 

these classes in fibroblasts, we selected the proteins actin (microfilaments), 

vimentin (intermediate filaments) and ~-tubulin (microtubules). 

MRCS cells were infected with AdSimT virus, incubated for 40 hours, and 

processed in the usual manner with either a fluorescent phalloidin conjugate 

(staining filamentous actin) (74), or monoclonal antibodies against vimentin, 

anti-~-tubulin, or polyclonal immuno-purified anti-mT antibodies. In 

addition, a set of slides was prepared by permeabilizing cells before fixation 

with a buffer that extracts soluble proteins to determine if any of the 

cytoskeletal components were disassembled and therefore extractable. As 

controls uninfected fibroblasts were treated similarly and stained for the same 

markers. In addition, actin staining was examined in AdSI Gp infected cells 

after 50 hours. 
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Characteristic images obtained by confocal laser scanning microscopy are 

presented in figure 10 and figure 11. In uninfected cells treated with the 

cytoskeletal extraction buffer, markers for vimentin (Fig. 10.a), actin (Fig. 10.b) 

and p.-tubulin (Fig. 10.c) show an intact and widespread filamentous network. 

As expected at the onset of the morphology changes induced by mT 

expression, all three cytoskeletal markers showed some alterations in 

normally prepared/fixed cells (Fig. 11.a, c, e, g). The image in Fig. 11.c shows 

altered cell morphology, rearrangement of the actin skeleton, and the first 

stage of actin depolymerization (also seen in figure 3.b). Because phalloidin 

binds to actin filaments, but not to actin monomers, phalloidin fluorescence 

is a good measure of the amount of filamentous actin in cells (74). Vimentin 

filaments started to collapse at the the outer cell border but remained a largely 

intact filament network (Fig. ll.e). This process was even more obvious in fl

tubulin stained cells (Fig. 11.g). 

In MRCS cells treated with the cytoskeletal extraction buffer 40 hours after 

AdSI mT infection, only a small fraction of the mT staining remained in the 

cells presumably indicating that this mT was partially bound to the 

cytoskeleton at the perinuclear location after extraction of soluble cellular 

proteins. Visual inspection of the slides suggests only ,., 30% of the expressed 

mT remained bound to detergent insoluble structures (Fig. ll.b). However, all 

of the filamentous actin was extracted with the low salt detergent containing 

buffer (figure 11.d). In contrast, components of the vimentin network 
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FIG. 10. Fluorescent immunolocalization of the cytoskeletal markers actin, 
vimentin and B-tubulin in normal MRCS cells after extraction of soluble 
proteins. Cells were grown to ~ 40% confluency and treated with the cyto
skeleton stabilizing buffer. Soluble proteins were extracted, the remaining 
cytoskeletal elements were fixed and treated as described in section 2.4. 
Staining pattern specific for phalloidin binding to vimentin filaments (A), 
and for actin (B) and !3-tubulin (C). 
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FIG. 11. Immunofluorescent localization of mT (A, B), actin (C, D), vimentin 

({E, F) and f}-tubulin (G, H) in AdS/ mT infected MRCS cells at 40 hours. Cells 

were infected with AdS I mT as described in section 2.4. Half of the cells were 

fixed, permeabilized and stained as usual (A, C, E, G). The other cells were first 

treated with the cytoskeletal stabilizing buffer, then soluble proteins were 

extracted; the cells were fixed and then treated as usual (B, D, F, H). Actin 

staining was not visible after extraction of soluble cell proteins. 
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FIG. 12. Immunofluorescence localization of actin in AdS/ Gp infected MRC5 

cells at 50 hours (A, B). Cells were infected with AdS I Gp as described in 

section 2.4, treated with the cytoskeletal stabilizing buffer, and soluble proteins 

were extracted. The cells were then fixed and treated as usual. 
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were not extractable (Fig. ll.f) and only slight differences in (:J-tubulin staining 

were observed (Fig. ll.h). This result confirmed our earlier observation, that 

actin cytoskeleton appears to be an early target of mT (3). Furthermore it 

suggests that after actin depolymerization remaining mT is associated with 

other detergent insoluble structures. At the onset of morphology changes 

these structures could be vimentin or (:J-tubulin. 

In an assay performed at 50 hours post infection in AdSI Gp infected 

MRCS control cells, the actin cytoskeleton remained intact (Fig. 12.a and b). As 

indicated in Fig. 3.g presented in section 3.2, the rabies-Gp protein is clearly 

overexpressed at 50 hours post AdS I Gp infection. Therefore this finding 

confirms our earlier results presented in section 3.2 that depolymerization of 

filamentous actin depends on mT expression and is not due to expression of 

other AdS-vector encoded proteins. 

In MRCS cells prepared using our standard procedure, incubation of the 

cells for more than 50 hours after infection resulted in alterations in all three 

filament markers. Whereas the remaining actin staining was in close 

proximity of the plasma membrane (Fig. 4.b), vimentin and (:J-tubulin 

staining were concentrated in a structure resembling the microtubule 

organizing center (data not shown). 

These data support an interaction of perinuclear located mT with distinct 

cytoskeleton components. In addition, it raises the possibility that mT might 

influence one primary cytoskeletal target which then causes other cytokeletal 
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components to alter. Of the three cytoskeleton filaments assessed here, the 

actin cytoskeleton is the primary target of mT during early alterations in cell 

morphology. 

Other components of the fibroblast cytoskeleton, which were tested 

include tropomyosin, vinculin and the spectrin homolog fodrin. Indirect 

immunofluorescence experiments with antibodies to tropomyosin indicated a 

rearrangement in AdS/mT infected MRCS cells similar to actin (data not 

shown); antisera to vinculin and fodrin did not give conclusive staining 

patterns and were therefore not tested further. 
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3.7 Colocalization of known mT binding proteins involved in the signal 

transduction pathway with mT in perinuclear structures. 

The finding that mT is localized to the perinuclear area during the initial 

alterations in cell morphology raises the question as to whether mT is also 

able to stimulate mitogenesis from this location. To test this, we looked for 

colocalization of several proteins involved in the putative mT-signal 

transduction complex at 40 hours post infection in cells in which morphology 

changes were just beginning. 

The proteins investigated were PP2A, PI3-K, two different 14-3-3 protein 

family isomers, pp60c-src and She. MRCS cells were grown to - 40% con

fluency, infected with either AdS/mT, AdS/ c-src or coinfected with both 

viruses and prepared for immunofluorescence as in 2.4. The results are 

summarized in table III. Antibodies used against PP2A, different domains of 

PI3-K and the zeta or epsilon isoform of the 14-3-3 protein family did not give 

informative staining patterns and were therefore not further investigated. 

Representative images from confocal laser scanning microscopy for pp60c-src 

and She are shown in figures 13 and 14. 

Mouse monoclonal antibody to pp60c-src revealed weak perinuclear 

membrane staining in uninfected and AdS/ mT infected MRCS cells. 

However, the expression of pp60c-src in these cells was too low to draw any 

definitive conclusions. Therefore an AdS/ c-src virus was used to increase 

expression of pp60c-src. 40 hours after AdS I c-src infection most staining of 

pp60c-src was around perinuclear membranes similar to mT staining in 
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Table ill. Antibodies used against proteins known to interact with mT antigen 

and their staining pattern in uninfected and infected MRCS cells. 

Marker MRCS uninfected MRCS Ad5/mT infected 

PP2A 

P13-K: 

SH2-domain (p85) 

SH3-domain (p85) 

full-length PI3-K 

14-3-3 family: 

zeta ~ isoform 

& 

epsilon E isoform 

pp6()c-src 

pp60c-src* in Ad5/c-src 
infected MRCS cells: 

She* 

non-specific nuclear membrane 
and inner nuclear area staining 

non-specific staining 

non-specific staining 

Binding of cytoskeletal 
components 

large dots over 
the entire cytoplasm 

large dots over 
the entire cytoplasm 

weak perinuclear staining 

perinuclear and 

plasma membrane 

staining 


cytoplasmic staining 

no change visible 

no change visible 

no change visible 

no change visible 

no change visible 

no change visible 

no change visible 

no change visible 

perinuclear and light 
cytoplasmic staining 

Uninfected or AdS I mT infected MRC5 cells after 40 hours grown to 40% 
confluence and then treated as described under 2.4. Secondary antibodies were 
conjugated with FITC. Marker stainings were analyzed by indirect 
immunofluorescence with a confocal laser microscope. Proteins marked with 
an asterisk were used in further investigations. 
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AdS/mT infected MRCS cells (figure 13.a, large arrow); however, pp60c-src was 

also located at the plasma membrane (small arrows in figure 13.a). 

MRCS cells were also coinfected with AdS/mT and AdS/c-src virus 

strains, incubated for 40 hours and then stained with mouse monoclonal 

antibody to pp6Qc-src, affinity purified rabbit polyclonal mT antibody and were 

further analyzed as described above. In coinfected cells both proteins, mT (Fig. 

13.c) and pp6Qc-src (13.b), revealed the characteristic pattern of perinuclear 

staining. However, the area marked by pp60c-src extended further into the 

cytoplasm (Fig. 13.b). In contrast with the perinuclear staining patterns 

observed with other markers (Fig. 6.c, e and Fig. 9.a, b, c) staining was 

coincident in some structures suggesting that mT and pp60c-src occupy partly 

overlapping cellular compartments (Fig. 13.b, c indicated by arrowheads in 

insets). 

Recent reports indicate that mT in transformed Rat-2 cells binds to 

tyrosine phosphorylated She (27). Therefore the location of She in normal 

MRCS fibroblasts was assessed and compared to She localization in infected 

cells. 

As expected for a cytosolic protein, the polyclonal affinity purified anti

She antibody revealed protein evenly distributed over the entire cytoplasm in 

uninfected cells (Fig. 14.a). Significantly, recruitment of She protein to the 

perinuclear mT location was observed in AdS/mT infected cells (figure 14.b). 

In some cells not all of the She was relocalized as weak cytoplasmic staining 

was also visible. In addition, in some cells faint staining of the plasma 
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FIG. 13. Polyoma mT-antigen and pp60c-src immunofluorescence of AdS/mT 

infected or AdS I mT and AdS I c-src coinfected MRCS cells at 40 hours. Cells 

were prepared as described in section 2.4. Staining pattern specific for pp60c-src 

in AdS/ c-src infected cells (A); small arrowheads indicate plasma membrane 

staining and large arrowhead indicates perinuclear staining. Staining pattern 

specific for pp60c-src (B) and for mT (C) in AdS/ mT and AdS/ c-src coinfected 

cells. Insets in (B) and (C) are enlargements of the areas indicated by 

arrowheads and show partial overlap of pp60c-src and mT staining pattern 

(indicated by arrowheads in insets). 
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FIG. 14. Fluorescence immunolocalization of She in uninfected or Ad5/mT 

infected MRCS cells, and effects of brefeldin A treatment. Fibroblasts were 

infected and prepared as in section 2.4. Brefeldin A treated cell samples were 

incubated with 51Jg/ml BFA for 45 min prior to cell fixation. FITC staining of 

She in uninfected cells (A), in Ad5/mT infected cells 40 hour post infection 

(B), in Shc/mT costains of Ad5/mT infected cells at 40 hours (C) and in 

Shc/mT costains of Ad5/mT infected cells at 40 hours treated with BFA (E) are 

shown. Texas red staining of mT in Shc/mT costains of Ad5/mT infected cells 

at 40 hours (D) and of mT in Shc/mT costains of Ad5/mT infected cells at 40 

hours treated with S~tg/ml BFA (F). 
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membrane was seen. However, plasma membrane staining was only evident 

in cells which exhibited more advanced changes in morphology similar to 

cells in which mT was also detected at the plasma membrane. 

In She/ mT costains, both mT and She were seen in perinuclear 

structures (Fig. 14.c and d). Similar to mT, brefeldin A had no effect on She 

distribution (figure 14.e and f). 

Together these results suggest that mT can potentially interact with 

pp60c-src and She while located in the perinuclear region. Therefore the 

signals for mitogenesis transduced by proteins like pp60c-src and She may 

occur at the perinuclear rather the plasma membrane. 
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3.8 Examination of She and mT-antigen distribution in different MRCS cell 

fractions. 

The results of the immunofluorescence investigations predicted that the 

difference in She subcellular localization after mT infection in MRCS cells 

should be detectable by biochemical cell fractionation techniques. After 

AdSI mT cell infection 7S% of total mT is normally retained in P100 (at 100,000 

xg pelletable fraction) membrane containing fractions (3). Therefore in 

infected MRCS cells the She associated with mT should redistribute from 

cytosolic fractions to the P100 fraction. 

Uninfected MRCS cells were grown to- 80% confluence, and MRCS cells 

for AdS I mT infection, as described in section 2.6, to - 70% confluence. S100 

(cytosolic) and P100 fractions of uninfected and of AdSimT infected MRCS 

cells at 40 hours post infection were obtained as described in 2.6. These 

fractions were then analyzed for She (uninfected cells) or She and mT 

(infected cells) distribution by immunoblotting. Representative results are 

shown in figure 1S a, b, c. 

As expected from previous studies (26), western blot analysis of She in 

uninfected MRCS total cell lysate, nuclear, cytosolic and membranous 

fractions showed that the majority of She was present in the cytosol. In 

addition, small amounts of She were present in nuclear and membrane 

fractions (Fig. 1S.a). The affinity purified polyclonal antibody to She 

recognized three to four protein bands in MRCS cells. Molecular weights of 

these species estimated from mobility in SDS-Page revealed apparent 
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FIG. 15. Western blot analysis of mT and/ or She distribution in different cell 
fractions of Ad5/mT infected or uninfected MRCS cells. Aliquots of different 
cell fractions from equal number of cells were electrophoretically separated by 
SDS-Page, transferred to nitrocellulose and probed with primary antibodies to 
She or mT as described in section 2.8. Antibody bands were then detected with 
anti-rabbit alkaline phosphatase-conjugated antibody. A) Immunoblot of 1/5 
of cell lysate (T), nuclear (N), cytosolic (S) and P100 fractions (P) of uninfected 
cells probed with primary anti-She antibody. B) Immunoblot for She of 
cytosolic (S) and P100 fractions (P) from two different preparations (1, 2) of 
AdS I mT infected cells expressing different amounts of mT at 40 hours. C) 
Corresponding membrane fractions (P1, P2) probed with anti-mT antibody. 
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molecular weights of 62 kDa, 54 kDa, 50 kDa and 47 kDa. The 62 kDa, 50 kDa 

and 47 kDa proteins were detected in every immunoblot, whereas the 

expression of the 54 kDa protein varied strongly between the different 

immunoblots of different cell preparations of AdS I mT infected MRCS cells. 

The 47 kDa, 50 kDa and 62 kDa proteins likely represent the 46 kDa, 52 kDa 

and 66 kDa She isoforms found in other established cell lines (26, 27). 

In AdSI mT infected MRCS cells, the relative amount of cytosolic and 

PlOO fraction associated She varied between different cell preparations (Fig. 

15.b) and correlated with the level of cellular mT expression (Fig. 15.b and c). 

The residual amount of She remaining in the SlOO fraction is consistent with 

the results reported above obtained by indirect immunofluorescence. The 

total She in uninfected MRCS cells was similar to that of infected cells, 

indicating that an alteration in subcellular localization rather than an increase 

in total protein accounts for the results. Furthermore the amount of She 

detected in nuclear fractions (probably due to contamination with unbroken 

cells) of the different preparations from infected and uninfected cells was 

approximately the same (data not shown). 

Using phase partitioning to separate cytoskeletal markers from integral 

membrane proteins (3, 52), our lab has shown that most of the mT antigen 

expressed in mT transformed Rat-2 cells and at late times in AdS/ mT infected 

293 N3S cells is located in the fraction enriched for membrane skeleton (3). 

Therefore, we used phase partitioning to examine She and mT in PlOO 

fractions of AdS I mT infected MRCS cells early in transformation. 
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The P100 fractions prepared from uninfected and AdS I mT infected 

MRCS cells were solubilized in buffer containing TX-114 and glycerol. 

Insoluble cytoskeletal components (C) were removed by centrifugation. Phase 

separation at 300C was used to separate hydrophobic membrane proteins (in 

the detergent phase [D]) from luminal contents and membrane skeleton 

components. A final centrifugation step separated the aqueous phase into 

predominently soluble hydrophilic proteins (A) and a fraction enriched in 

membrane skeleton (M). 

As a positive control for the correct partitioning of adenovirus vector 

encoded proteins, the transmembrane rabies G-protein was examined. As 

expected the protein was found in the detergent phase (D) after phase 

partitioning (figure 16). Therefore, even when expressed at high levels in 

adenovirus infected cells, membrane proteins are still found primarily in the 

detergent fraction after separation by phase partitioning. The enrichment of 

mT in the membrane skeleton containing fraction is therefore not due to an 

artifact of overexpression using an adenovirus vector. 

After phase partitioning of P100 membrane fractions prepared from 

AdS I mT infected MRCS cells, immunoblotting with affinity purified 

polyclonal antibody to She revealed that most of the protein fractionates in 

the cytoskeletal fraction (C), with a small amount in the aqueous (A) and in 

the membrane skeleton (M) fractions (Fig. 17.a). In immunoblots probed with 

anti-mT antibody, half of mT was detected in the membrane skeleton (M) and 

half in the cytoskeleton fractions (C) 40 hours after infection (Fig. 17.b). 
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FIG. 16. Western blot analysis of phase partitioning of rabies G-protein. Phase 

partitionings of AdS I Gp infected 293 N3S cells were prepared as described in 

section 2.7. Aliquots were electrophoretically separated by SDS-Page, 

transferred to nitrocellulose and probed with primary monoclonal antibody to 

rabies G-protein. Antibody bands were then detected with anti-rabbit alkaline 

phosphatase-conjugated antibody. Cytoskeleton (C), aqueous (A), membrane 

skeleton (M) and detergent (D) phase of total PlOO (P) of AdS I Gp infected 293 

N3S cells. 
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FIG. 17. Western blot analysis of phase partitioning of proteins in infected 

MRC5 cells at 40 and 48 hours. Phase partitioning of PlOD fractions from 

Ad5/mT infected MRC5 cells were prepared as described in section 2.7. 

Aliquots were electro-phoretically separated by SDS-Page, transferred to 

nitrocellulose and probed with primary antibodies to mT or She. Antibody 

bands were then detected with anti-rabbit alkaline phosphatase-conjugated 

antibody. Immunoblot of cytoskeleton (C), aqueous (A), membrane skeleton 

(M) and detergent phase (D) probed with primary antibody to She at 40 hours 

(A), with primary anti-mT antibody at 40 hours (B) and at 48 hours (C). 
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Phase partitioning of membranes prepared from MRCS cells infected for 48 

hours (Fig. 17.c) confirmed our previous data with transformed Rat-2 cells 

and infected 293 cells (3): almost all of mT was detected in the membrane 

skeleton fraction (M) and only a small amount of mT was present in the 

cytoskeleton fraction. 

The above results are consistent with the observations made by indirect 

immunofluorescence. When mT is expressed in MRCS cells, She partly 

redistributes from the cytosol to a perinuclear structure. Our co-fractionation 

data suggest She redistributes from the cytosol to a cytoskeletal structure in 

these cells. After phase partitioning of the PlOO fraction from AdS/mT 

infected MRCS cells, mT distribution at later times coincides with our 

previous results in infected 293 N3S cells or Rat-2 cells. At late times, when 

actin is disassembled as shown by indirect immunofluorescence data, mT is 

found in the membrane skeleton fraction probably associated with actin 

containing structures (3). In contrast, at early times, at the onset of roT

transformation and before extensive actin depolymerization mT is found also 

in the cytoskeleton fraction. Taken together our immunofluorescence data 

and biochemical analysis provide evidence that there is a difference in 

intracellular events at early compared to late times after cell transformation is 

initiated by mT. 
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4. Discussion 


In this study we have demonstrated by indirect immunofluorescence 

that early in infection of non-transformed embryonal fibroblasts, the vast 

majority of polyoma mT (mT) antigen is localized to a perinuclear 

compartment and is not associated with the plasma membrane. In addition, 

the perinuclear compartment containing mT is distinct from ER, 

intermediate compartment, Golgi, TGN, secondary lysosomes and late 

endosomes. Evidence is provided that mT triggers the dismantling of the 

actin cytoskeleton from this perinuclear location. At later times, secondary 

lysosomes and late endosomes were reorganized in cells expressing mT. The 

results also demonstrate partial colocalization of pp60c-src and mT in 

coinfected cells, and that perinuclear mT recruits She from the cytoplasm to 

the perinuclear structure. These results raise the possibility that at this 

perinuclear localization, mT influences both aspects of cell transformation, 

namely interfering with mitogenic signalling pathways and alterating cell 

morphology. 

4.1 MT localization 

The location of mT in lytically infected or transformed cells is 

controversial. Early studies using cell fractionation indicated that 80-95% of 

polyoma mT antigen is found in plasma membranes (49, 50). This result was 

consistent with the notion of mT being a membrane associated protein, based 
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on the presence of a hydrophobic amino acid sequence at the C-terminus (1, 

33). In addition, proteins of the mitogenic signalling pathways interact or form 

complexes with mT (2, 8-20, 23, 25, 27, 65, 71). These proteins are also known 

to associ~te and interact with membrane bound growth factor receptors and 

with other members of the signalling pathways in close proximity to the 

plasma membrane (88). These observations suggested a model wherein mT 

molecules interacting with signal transduction proteins were exclusively 

located at the plasma membrane (38, 88). However, the generality of this 

model for signal transduction has beeen weakened by the recent observations 

of intracellular localization of members of the mitogenic signalling pathway. 

For example, pp6Qc-src was found to associate with endosomal membranes in 

mammalian fibroblasts (38), and mSos, Grb2, phosphotyrosine-modified She 

and phospho-tyrosine activated EGFR were found in rat liver parenchyma 

endosomes (77). In addition, investigations in lytically infected or 

transformed cells using indirect immunofluorescence and immuno-electron 

microscopy support an association of polyoma mT with cytoplasmic 

membranes, suggested to resemble the Golgi and the ER (34, 110). The data 

presented in this study show that at the onset of the transformation process, 

mT is found in a subcellular perinuclear structure distinct from the ER, with 

no mT detected at the plasma membrane (Fig. 3.a). Small amounts of mT 

located at plasma membranes are detectable only late in transformation (Fig. 

3.e and Fig. 4.a). The reported differences in mT localization can be explained 

by the fact that previous studies (34, 49, 50) were done in lytically infected or 
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transformed cells, whereas our results were obtained from a novel cell system 

using non-transformed cells infected with a viral vector encoding mT 

antigen. This adenovirus is not capable of replication as the mT coding 

sequence replaced part of the early viral region needed for replication. Because 

the vector does not replicate or express viral late proteins, alteration of the cell 

is minimal. With this system we examined the localization and effects of mT 

before morphological transformation was complete. Evidence was provided 

that a similar viral vector encoding the plasma membrane rabies G-protein 

did not alter cell morphology, confirming that the observed changes are 

specific for mT (Fig. 3). 

Based on sequence homology, it has been postulated that mT is targeted 

post-translationally to its target membrane via the C-terminal hydrophobic 

tail (60). However, secretory proteins and proteins found in the plasma 

membrane normally travel unidirectionally through a vacuolar system that is 

composed of several membrane-bound compartments (48, 43, 45). Newly 

synthesized protein enters the system at the endoplasmic reticulum and 

continues through the cis, medial and trans Golgi cisternae complex, which 

plays a key role in processing, maturation and sorting (48, 43, 45). The protein 

then travels to the trans Golgi network (TGN) with the unique function of 

packing proteins into different types of transport vesicles, from which it can 

be routed to lysosomes, secretory granules or plasma membrane. The TGN 

also participates in retrieval and re-utilization of plasma membrane 

components internalized by endocytosis such as the receptors for mannose-6
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phosphate and transferrin (48, 43, 44, 45). Recently an intermediate 

compartment (ERGIC) localized between the ER and the Golgi has been 

described (39, 40). To determine whether mT is localized to one of the above 

compartments, we stained them with antibodies recognizing compartment 

specific markers and compared the staining with mT perinuclear localization 

(Figs. 6 and 7). The possible co-localization of mT with any of the 

compartment specific proteins was investigated using costains. In addition, 

we used brefeldin A, a drug that specifically alters certain components of 

cellular membrane trafficking to disrupt some subcellular compartments. 

Staining of cellular markers representing ER, Golgi apparatus, TGN and 

late endosomes did not coincide with subcellular mT localization (Fig. 6). The 

only known compartments which partly resembled the staining pattern for 

mT were the intermediate compartment (FIG. 7I marked by ERGIC-53), and 

secondary lysosomes and late endosomes (Fig. 9 I characterized by the marker 

LE). Furthermore, mT expression altered the normal staining pattern of 

secondary lysosomes and late endosomes, an effect not seen when using 

markers for the other subcellular compartments (Fig. 9). The original 

distribution of the organelle (over the majority of the cytoplasm in normal 

cells and early after infection) was changed to a perinuclear and partial plasma 

membrane staining at later time points after infection (Fig. 9). Therefore 

secondary lysosomes and late endosomes are reorganized in cells expressing 

mT; however, mT is unlikely to be located in the plasma membrane and be 

recycled by endocytosis at the onset of cellular transformation. 
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The compartment most closely resembling mT staining in uninfected as 

well as in AdS/mT infected cells was the intermediate compartment 

characterized by the marker ERGIC-53 (Fig. 7). However, mT /ERGIC-p53 

costaining demonstrated only a partial overlap of both markers in the 

perinuclear regio}\. as shown by mT and ERGIC-53 staining patterns in inserts 

(Fig. 7.c and d). To more precisely examine the relationship between mT and 

ERGIC-53 subcellular localization, we conducted further experiments using 

the fungal metabolite brefeldin A (BFA). 

Previous work with BFA has provided important insights into the 

dynamics and organization of the ER/ Golgi membrane system. BFA 

treatment of cells has characteristic effects on the structure of the Golgi 

apparatus, TGN and early endosomes. The ER and intracellular endocytic 

traffic from the cell surface to the TGN are unaffected by BFA (44). In some 

cell systems the ERGIC seems to preserve its identity (48), in others, a 

vesicular distribution of the compartment over the entire cytoplasm takes 

place (47, 39, 51). The latter observation was made in Vero cells (African green 

monkey fibroblasts). Therefore, we expected a similar ERGIC-53 distribution 

in human fibroblasts (MRCS cells) after BFA treatment. As expected, BFA 

treatment of human MRC5 fibroblasts resulted in discrete dots of ERGIC-53 

staining all over the cytoplasm (Fig. 8), confirming previous BFA data for 

ERGIC-53 in Vero cells (39, 47). In contrast, there was no change in the 

distribution of polyoma mT after BFA treatment (Fig. 8). We therefore 

excluded the possibility that mT is located in the ERGIC-53 containing 
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intermediate compartment. The above data suggest that if mT is associated 

with a membrane compartment, it is perinuclear, insensitive to BFA and 

differs from the ER, TGN and late endosomes, tubular endosomes and the 

intermediate compartment. Other subcellular compartments do exist, for 

example, the recently described compartment, distinct from endosomes and 

lysosomes, which is specialized in the transport and loading of class IT MHC 

molecules in B lymphocytes (54). Therefore we suggest that mT is not located 

in one of the established vacuolar compartments of the secretory pathway, but 

in a novel perinuclear structure which is resistant to BFA. 

4.2 Implications for mitogenesis 

Indirect immunofluorescence with antibodies against pp6Qc-src in infected 

fibroblasts overexpressing the protein revealed a perinuclear distribution with 

slight plasma membrane staining (Fig. 13), similar to previously published 

results in a cell line derived from Rat-1 cells infected with a retroviral 

construct expressing chicken pp6Qc-src (38) and in pp60c-src transfected murine 

fibroblasts (79). MRCS cells overexpressing both pp60c-src and mT showed a 

partial overlap of staining in the perinuclear area, however, pp60c-src extended 

further into the cytoplasm in mTI pp60c-src costains (Fig. 13). MT also interacts 

with at least one other member of the mitogenic cellular signalling pathways 

at this perinuclear location, as She is recruited from its usual cytoplasmic 

distribution (26) to this perinuclear structure after mT expression (Fig. 14). 

Furthermore treatment with BFA had no effect on this perinuclear She 
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recruitment (Fig. 14). 

These results obtained using immunofluorescence were confirmed with 

immunoblot analysis of cytosolic and membrane cell fractions of She (Fig. 15). 

In uninfected fibroblasts, She was found in the cytosolic fraction; in contrast, 

She is found primarily in P100 fractions of cells expressing mT. The amount 

of She redistribution is also correlated with the amount of mT expressed. 

These results are consistent with recent studies indicating that transformation 

by mT involves She, and that tyrosine phosphorylation of mT (Tyr 250) acts as 

a binding region for the SH2 domain of She (27, 71). Our results suggest that 

the recruitment of She to this perinuclear area by mT is an important aspect of 

this process. 

She binds to the growth factor receptor binding protein 2 (Grb2); a 

homolog of the Drosophila guanine-nucleotide-exchange factor Sos then 

connects this complex to the Ras signalling pathway (29, 30). Mf may initiate 

activation of this signalling pathway by binding She at its specific perinuclear 

localization, rather than at the plasma membrane. The possibility of 

activation of the Ras signalling pathway at sites other than the plasma 

membrane is further supported by the presence of a complex of mSos, Grb2, 

phosphotyrosine-modified She and phosphotyrosine-activated EGFR in 

endosomes of rat liver parenchyma after exposure to EGF (77). In addition, 

studies with the v-sis oncogene, which is structurally related to the B chain of 

platelet-derived growth factor (PDGF), indicate that cell transformation is 

mediated by internal activation of the PDGFR by v-sis before transport of 
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either p28v-sis or the PDGFR to the cell surface (53, 83, 84). Therefore we 

suggest that mT influences cell transformation by interfering with mitogenic 

signalling pathways at this perinuclear localization . 

4.3 Effect on components of the cytoskeleton 

Another aspect of cell transformation is the alteration of cell morphology. 

Phase partitioning in infected MRCS cells (Fig. 17) revealed that mT is found 

attached to the cytoskeleton or in the membrane skeleton fraction at a time 

when it is localized to the perinuclear area by immunofluorescence (40 hours 

after infection). Eight hours later, while the majority of mT is still located to 

perinuclear areas, we observed an increase in the membrane skeleton 

associated mT, with a concomitant decrease in the cytoskeletal mT (Fig. 17). 

These results confirmed previous data of a mT sub-population in the 

membrane skeleton after detergent phase partitioning in transformed Rat-2 

and AdSI mT infected 293 cells (3). The inability to detect mT associated with 

the cytoskeleton in these cells can be attributed to the fact that the earlier 

studies were performed in completely transformed cells. Evidence has been 

presented that transformed fibroblasts have reduced amounts or totally lack 

actin filaments (102, 103, 91). It seems likely that at the earliest time points of 

mT cell transformation, more mT is associated with the cytoskeleton than at 

later time points when the actin cytoskeleton is disassembled. However, at 

both time points the majority of She is associated with the cytokeleton, with 

only small amounts in the aqueous phase and membrane skeleton phase (Fig. 
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17). 


It was therefore of interest to examine mT interaction with the three 

classes of filamentous assemblies of the contractile cytoskeleton when 

localized to the perinuclear area early in infection (Fig. 11). Representative 

markers for all three classes of the contractile cytoskeleton (actin for 

microfilaments, vimentin for intermediate filaments and (3-tubulin for 

microtubules) in fibroblasts were found to undergo structural changes during 

the early stage of mT expression (Fig. 11). In contrast to total actin 

depolymerization upon cell infection, vimentin and (3-tubulin filaments 

rather appeared to collapse at the the outer cell border with a remaining intact 

filament network. This data coincides with earlier reports that in viral 

transformed fibroblasts actin filaments are depolymerized, microtubules can 

be partly impaired and intermediate filaments remain intact (91, 102, 103, 104, 

106). Furthermore, by using a procedure that extracts soluble protein but 

leaves cytoskeletal elements and associated proteins intact, we demonstated 

that actin is the primary cytoskeletal target at early stages of mT expression 

(Fig. 11). Roughly 70% of total mT was extractable with the actin at this time 

point. In contrast, in AdS/ Gp infected control cells no actin was extractable 

and therefore no actin depolymerization took place (Fig. 12). This data 

suggests an interaction of a significant sub-population of mT with specific 

components of the cytoskeleton. 

This interaction may either be a direct mT -actin interaction, or indirect 

through binding of mT to pp6Qc-src, pp60c-src substrates (78, 79), She or other 
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unknown components. Compatible with our results, mitogen induced 

reorganization of actin filaments has recently been demonstrated in several 

studies with other growth factor receptors (80, 81, 82). For example, after 

treatment of A431 cells with epidermal growth factor, the EGF receptor 

associates through a specific cytoplasmic domain (amino acid residues 984

996) with the actin microfilament system. Similar to the results we have 

observed, this interaction also alters the microfilament organization. 

Other findings that are directly relevant to our results include 

cofractionation of a mT sub-population in a pp60c-src dependent manner with 

the cellular microtubule network in mT transformed rat and mouse cells (63), 

the association of several pp60c-src substrates with actin filaments in pp60c-src 

transformed chicken embryo cells (78) and in pp60c-src transfected murine 

fibroblasts (79), and co-localization of endosomal associated pp6Qc-src with the 

mirotubule organizing center (38). It is possible that the -30 % mT that is not 

extractable may be associated with the microtubule organizing center. The 

pp60c-src population in endosomes was found to co-localize with the 

microtubule organizing center (38); this localization changed after treatment 

with nocodazole, a microtubules depolymerization agent. However, co

fractionation of a sub-population of mT with the cellular microtubule 

network was not altered upon cell treatment with nocodazole (63). These 

results are contradictory, but may be explained with different properties or 

location of vesicles associated with activated mTI pp60c-src or inactivated 

pp60c-src alone (63). Furthermore, both results were obtained in transformed 
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cells. It is possible that mT interacts with the microtubule organizing center 

via pp60c-src if examined at the earlier critical time points that we have 

investigated in our system. 

Taken together, these results suggest the following model of m T 

function: Early in transformation mT interacts with components of the 

cytoskeleton at a perinuclear localization, thereby producing cell morphology 

alterations. This mT containing compartment has novel characteristics: It is 

insensitive to BFA and differs from all other previously recognized 

structures, including the ER and the intermediate compartment containing 

the marker ERGIC-53. In addition, at this same location mT may initiate 

mitogenesis by recruiting members of the cellular signalling pathways. It is 

very likely that both of these effects are mediated through proteins known to . 

associate with mT or their substrates. She and pp60c-src appear to be involved. 

Our data raise the possibility that at this perinuclear localization, mT initiates 

both aspects of cell transformation, namely triggering alterations in cell 

morphology and interfering with mitogenic signalling pathways. 
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5. Appendix 


5.1 Immunoaffinity purification of polydonal anti-middle-T serum 

Preliminary immunofluorescence results using polyclonal anti-mT 

serum to localize mT in Ad5/mT infected MRC5 cells indicated that the 

antiserum had to be further purified, because of high background staining 

(data not shown). A common strategy to immunoaffinity purify polyclonal 

antisera is to overexpress the antigen in bacteria, purify large quantities of the 

pure protein, couple it to CNBr activated Sepharose beads, and then incubate 

the beads with the antiserum. After several washing steps, fractions enriched 

in affinity purified antibodies are released with an appropriate buffer. Because 

a mT -Gst fusion protein was used as the antigen an additional step was 

included to remove antibodies that bind Gst. 

5.1.1 Gst-mT protein overexpression, purification and characterization 

Competent cells of the Escherichia coli strain NM522 were transformed 

with the plasmid pSPGEXmT (made by Gil Abisdris). The plasmid encodes 216 

amino acids (aa:176-393) of mT fused to the carboxyl end of glutathione S

transferase (Gst-mT-protein). A saturated culture grown in superbroth (3.2% 

bactotryptone, 2% yeast extract, 85 mM NaCl, 5 mM NaOH, 100~tg/ml 

ampicillin) was diluted 1:10, incubated for 90 min, then induced with 1 mM 

final concentration of isopropyl-B-D-Thiogalactopyranoside (IPTG) and grown 
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for additional 4 hours. The cells were then processed as described previously 

(61). 

For further protein purification, the cell lysate was applied to 2 ml of 

Glutathione Sepharose (Pharmacia) packed in a 10 ml column (BioRad). The 

column was washed with 5 bed volumes of phosphate-buffered saline (PBS) 

and then equilibrated with 3 bed volumes PBS/1% Triton X-100. After loading 

the cell lysate, the column was washed with 5 volumns of PBS. The 

remaining Gst-mT fusion protein bound to the Glutathione beads was then 

eluted with 5 volumns 5 mM reduced Glutathione/50 mM Tris-HCl pH 8.0. 

The protein content of the collected elution fractions was measured using the 

Bradford assay (BioRad protein dye reagent). 

Figure 18 shows the elution profile of the glutathione column. Most of 

the fusion protein is contained in fractions two, three, four and five. Fractions 

one, six, seven, eight, nine and ten contained only minimal quantities of 

protein, and were discarded. 

To analyze the purity of the fusion protein in these fractions, aliquots of 

these fractions were electrophoretically separated by SDS-Page (62) and 

proteins stained with Coomassie Blue (figure 19). Two major bands are 

visible. The upper dominant band of approximately 51 kDa was identified as 

the desired Gst-mT protein on the basis of expected size and detection by 

western blot analysis with unpurified mT antiserum (data not shown). The 

lower also prominent band marked with an asterisk was also seen in 

untransformed NM522 lysates (data not shown), and is therefore a NM522 
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FIG. 18. Glutathione-column elutionprofile of Gst-mT. NM522 cell lysate 

containing overexpressed Gst-mT fusion protein was applied to a glutathione 

column. Gst-mT fusion protein was eluted with 5 mM reduced Glutathione, 50 

mM tris-HCl pH 8.0, and protein was quantified by Bradford assay. 
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FIG. 19. Analysis of Glutathione column elution fractions three and five. 

Aliquots of Gst-mT protein elution fractions three and five (lanes 1 and 2) 

were electrophoretically separated on a SDS-Page and stained with Coomassie 

Blue. 
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protein, rather than a Gst-mT degradation product. Protein fractions two to 

five (total protein yield of -1.5 mg) were pooled, concentrated with a spin 

column (Centriprep-10 Concentrator, Amicon), and coupled to hydrated 

Cyanogen Bromide (CNBr) activated Sepharose (below). 

5.1.2 Coupling of Gst or Gst-mT to cyanogen bromide activated Sepharose 

Because the serum was raised against the Gst-mT fusion protein, 

antibodies to gluthathione-S-transferase as well as to mT were present in the 

serum. To ensure minimal contamination of the purified mT antibodies with 

Gst antibodies, the crude anti-Gst-mT serum was depleted of anti Gst 

antibodies by using an immunoaffinity chromatography column containing 

Gst protein coupled Sepharose. Therefore, both Gst protein and Gst-mT 

fusion protein were coupled to cyanogen bromide activated Sepharose. 

100 mg Cyanogen Bromide (CNBr) activated Sepharose beads (Sigma) 

were washed 10 times with 1 ml of 10 mM HO; 0.5 ml of coupling buffer (0.1 

M NaP04 pH 7.0) was added, the slurry was quickly mixed and the beads 

pelleted by centrifugation. The coupling buffer was then immediately replaced 

with a protein solution (pH 7.0) containing 1 mg of purified Gst protein 

(purified by Gil Abisdris) or 1 mg of purified Gst-mT fusion protein. The 

solution was incubated on a rotating platform at 40C for ~ 6 h. After 

centrifugation, the supernatant was saved for determination of unbound 

protein by a Bradford assay. 500 ~tl of 1M ethanolamine pH 7.5 was added to 

the beads to block reactive sites and mixed at 40C overnight. The following 
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day the beads were pelleted by centrifugation, the supernatant was discarded 

and the coupled beads were washed 3 times with 1% Triton X-100/100 mM 

Tris-HCl pH 8.0/100 mM NaCl/ 10 mM EDTA. 

5.1.3 Immunoaffinity purification of anti-Gst and anti-mT antibodies 

Prior to incubation with the serum, the Gst-coupled beads were prepared 

by washing with different buffers. Buffer A contained 1mM PMSF, 1xPIN (0.1 

11g of chymostatin per ml, 0.1 11g of antipain per ml, 0.1 11g of leupeptin per ml, 

0.1 11g of pepstatin per ml, 1 U of aprotinin per ml) in PBS. To remove non

covalently attached material, the beads were washed twice with elution buffer 

(0.2 M glycine pH 2.6). Thereafter the column was washed with buffer C (lmM 

PMSF, 1xPIN, 0.1 M NaHC03 pH 8.3, 0.5 m NaCl) and buffer A to establish 

neutral pH. Serum (3 ml) was diluted with 4 ml PBS and incubated with the 

beads for 1 hour at 40C on a rotating platform. The beads were then packed in 

a 10 ml propylene econo-chromathography column from BioRad and the 

serum flowthrough was saved for later incubation with Gst-mT coupled 

beads. The column was washed with 20 ml of PBS, and bound anti-Gst 

antibody eluted with 0.2 M glycine pH 2.6. 200 111 fractions were added to 600 

111 of 1 M Tris-HCl pH 8.0. Altogether twelve elution fractions with a total 

protein content of 2.05 mg were collected and stored at -800C. 

When purified anti-Gst fractions (figure 20.a) were analyzed by 

immunoblotting (as described in 2.8), a distinct band the size of 32 kDa 

corresponding to the glutathione S-transferase bound to the nitrocellulose 
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was present in elution fractions one to nine. 

For affinity purification of mT antibodies, Gst-mT coupled CNBr 

activated Sepharose beads were prepared and treated as described above. To 

ensure minimal contamination of the purified mT antibodies with Gst 

antibodies, the beads were incubated with the serum flowthrough of the Gst 

column. Again twelve elution fractions each 200 111 were collected and added 

to 600 111 of 1M Tris-HCl pH 8.0. The antibody concentration of the different 

elution fractions were quantified by Bradford assay and stored at -SOOC. Total 

yield of anti-mT antibody was 2 mg. 

Western blot analysis (slot blot) of fractions from the Gst-mT column, 

using the PlOO fraction of AdSimT infected 293 N3S cells as the nitrocellulose 

bound probe, indicated that significant antibody was present in fractions one 

to ten (figure 20.b). The major band detected as a doublet in fractions 2-4 may 

correspond to different modified isomers of mT antigen. The identity of the 

other bands on the Western blot is unclear; the lower band marked with the 

small arrowhead may be a degradation product of mT (3), and the upper two 

bands (+) may be alternate splicing products or read through of the termina

tion codon (3). All three of these bands are detected in Western blots of PlOO 

from 293 N3S cells infected with AdS I mT using a variety of monoclonals to 

mT. Therefore they are derived from mT and dependent on AdSimT 

infection of 393 N3S cells. However, when this immunoaffinity purified mT 

antibody was used in Western blot analysis of mT from AdS I mT infected 

MRCS cells as in figure 17.c, only one major reactive product was detectable. 
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FIG. 20. Western blot analysis of immunoaffinity purified polyclonal anti-Gst 
(A) and anti-mT (B) antibodies. 2.5 J.Jg of total purified Gst protein (A) and 5 
J.Jg total protein of 293 N3S PlOO fraction (B) were electrophoretically separated 
by SDS-Page and transferred to nitrocellulose. The resulting blots were probed 
on a slot blot apparatus with aliquots of the elution fractions (diluted 1/50 in 
polyclonal antibody buffer). Antibody bands were detected with anti-rabbit 
alkaline phosphatase-conjugated antibodies. 
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