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PREFACE 

The research presented in this dissertation represents an 

attempt to understand the membrane carbohydrate components of mouse 

cells and how these components change in malignant transformation. 

Special emphasis was aimed at the study of membrane glycoproteins of 

these cells. Membrane bound glycoproteins are very difficult to work 

with and some researchers have concluded that their detailed study is 

too complicated a task to be attempted at this time. The results of 

this dissertation indicate, however, that detailed chemical study of 

individual membrane glycoproteins is a realistic goal for the near 

future. The methods developed in this dissertation provide the first 

step toward this goal. 
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throughout graduate school. 
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ABSTRACT 

In recent years, a number of interesting alterations accompany

ing transformation have been detected in cell membrane components. 

These alterations include increased agglutinability by lectins, the 

presence of glycolipids of simplified structure, the loss of a large 

surface glycoprotein(LETS), the appearance of glycopeptides larger than 

those of normal cells after extensive pronase digestion, and the 

appearance of tumor specific antigens. Most of these changes have been 

detected on virus- or carcinogen-transformed cells. In contrast, there 

are several examples of spontaneously transformed cells which do not 

show these changes. 

In the present study, a series of normal and transformed BALB/c 

cell lines was developed. These include normal cells, virally trans

formed cells, and spontaneously transformed cells. Some of the trans

formed cell lines caused tumors that regress in BALB/c mice while 

others caused tumors that grow to kill BALB/c mice 100 percent of the 

time. Most of the transformed cell lines showed increased Concanavalin 

A agglutinability compared to normal cells. In contrast, two of the 

transformed lines, one which caused regressing tumors and one which 

caused killing tumors, demonstrated similar agglutinability to the 

normal cells. One killing tumor line (3T12T) was non-immunogenic in 

BALB/c mice while all other tumor lines tested were immunogenic. Cell 

mediated cytotoxicity by lymphocytes prepared from BALB/c mice bearing 

xi 
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regressing and progressing tumors and by lymphocytes sensitized in 

vitro by incubation on mitomycin C-treated cell monolayers was measured 

against normal and transformed cells. In all cases, lymphocyte cyto

toxicity could be measured, but generally did not show specificity. 

Lymphocyte mediated cytotoxicity was not useful as an assay to deter

mine cell surface changes between the normal and transformed cell 

lines. 

Membrane components of the BALB/c cell lines were compared. 

Glycolipid patterns of growing and confluent normal cells as well as 

one line of progressively growing spontaneously transformed tumor 

cells (3T12T) were identical. Other spontaneously and virally trans

formed cell lines demonstrated altered glycolipid patterns, showing 

decreased higher gangliosides and increased hematoside. Glycolipids 

detected by /~̂ H7-glucosamine labeling failed to predict tumorigenicity, 

as the cell line causing the fastest grov/ing tumors (3T12T) showed 

patterns identical to the normal cell line. Normal cells and 3T12T 

cells have a surface protein of about 2̂ 0,000 molecular weight (LETS) 

125 labeled by lactoperoxidase- I. Other transformed cell lines were not 

labeled in this region. The loss of the LETS protein is therefore not 

required for spontaneous transformation. Glucosamine labeled glyco

proteins appeared similar among the cell lines when analyzed by SDS-

polyacrylamide gel electrophoresis. Many of the transformed cell lines 

showed a new band of about 105,000 molecular weight which is absent in 

normal cells and 3T12T. When glucosamine labeled glycoproteins were 

exhaustively digested with pronase, two killing tumor lines (C5T and 



3T12T) showed an enrichment of higher molecular weight glycopeptides 

compared to normal cells. Regressing tumor lines did not show this 

change. Isolated membrane glycoproteins yielded glycopeptides of dif

ferent sizes after pronase digestion. Glycopeptides from several 3T12T 

glycoproteins sire larger than those of the corresponding glycoproteins 

of normal cells. It appears that glycopeptide alterations associated 

with transformation occur because of changes in several membrane glyco

proteins. These studies demonstrate that many of the cell surface 

changes characteristic of virus and carcinogen transformed cells are 

not required for spontaneous transformation. Since the only surface 

differences detected between 3T12T and normal cells are in glycopep

tides, these differences may play some role in the transformation 

process. 



INTRODUCTION 

It is becoming increasingly clear that the cell surface plays 

a primary role in the regulation of mammalian cell growth. This regu

lation is mediated by the interaction of the cell surface with external 

growth-controlling factors. Surface active growth factors include pep

tides such as fibroblast growth factor (Gospodarowicz 197*0» epidermal 

growth factor (Cohen 1962), nerve growth factor (Cohen and Levi-

Montalcini 1956), insulin (Holley and Kiernan 197*0 and many other 

hormones and serum factors (for review see Holley 1975; Gospodarowicz 

and Moran 1976). There is also evidence that cell-cell contact plays 

a role in growth regulation (Todaro, Lazar and Green 1965; Gurney 1969; 

Dulbecco and Stoker 1970), although the concept has recently been chal

lenged (Dulbecco and Elkington 1973; Stoker 1973; Holley 1975). These 

studies all demonstrate the importance of cell surface components 

(either receptors for growth factors or cell contact sensitive com

ponents) in normal cellular growth control. 

The basic characteristic of a transformed or cancer cell is the 

loss of normal growth regulation. Cancer cells _in vivo grow without 

any apparent regulation to form large and sometimes invasive tumors. 

In tissue culture, normal cells grow only to the point of forming con

fluent monolayers (Todaro, Green and Goldberg 1964)'. In contrast, 

transformed cells grow into very high density multilayers, paralleling 

their uncontrolled growth in vivo. The tissue culture property that 

1 
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best correlates with _in vivo tumorigenicity is the loss of contact or 

density dependent inhibition of growth (Aaronson and Todaro 1968). 

Since the cell surface appears to play a primary role in the regulation 

of cell growth, many studies have attempted to detect surface altera

tions of transformed cells that account for their loss of growth 

control. 

Glycoproteins and glycolipids have been particularly important 

in studies of transformed cell surface alterations. As major com

ponents of cell surfaces (Hakomori 1975)« they have been shown to be 

involved in biological recognition processes. Examples of biologically 

important glycoproteins and glycolipids include blood group antigens 

(Watkins 1966), histocompatibility antigens (Shimada and Nathenson 

1969), hormone receptors (Cuatrecasas 1973; Mullin et al. 1976), and 

specific cell aggregation factors (Roth, McGuire and Roseman 1971; 

Hausman and Moscoma 1975)- These molecules may also be involved in 

processes that control all growth via surface interactions. For this 

reason extensive comparisons of glycoproteins and glycolipids of normal 

and transformed cells have been made. 

Alterations of Cell Surface Carbohydrates 
in Transformed Cells 

Agglutination Studies 

Agglutination studies provided early evidence that cell surface 

complex polysaccharides are altered during transformation. Aub, 

Tieslau and Lankester (1963) first showed that a preparation of wheat 
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germ lipase agglutinated transformed cells at concentrations that had 

no effect on normal cells. The active component of this preparation, 

wheat germ agglutinin (WGA), was later isolated by Burger and Goldberg 

(1967). It was further demonstrated that WGA interacted with carbohy

drate components of cell surfaces since N-acetylglucosamine and chito-

biose v/ere both potent inhibitors of the agglutination reaction (Burger 

and Goldberg 1967). Since then, a large number of reports have been 

published showing the ability of various lectins (carbohydrate binding 

proteins isolated primarily from plant seeds) to preferentially agglu

tinate transformed cells over normal cells. These lectins include 

Concanavalin A (Con A) (Inbar and Sachs 1969), soybean agglutinin (Sela 

et al. 1970), Ricinus communis agglutinin (Nicolson and Blaustein 

1972), Phytohemagglutinin (Tomita et al. 1970) and many others (for a 

review see Rapin and Burger 197*0. Experiments using cells transformed 

by temperature sensitive tumor viruses have shown that the concen

tration of lectin required for agglutination is low at the permissive 

temperature and high at the non-permissive temperature for transfor

mation (Eckhart, Dulbecco and Burger 1971; Burger and Martin 1972). 

The agglutinability of cells correlates well with increased saturation 

density in vitro (Pollack and Burger 19&9) and with tumorigenicity in 

vivo (Inbar, Ben-Bassat and Sachs 1972). These studies have led to 

the conclusion that lectin agglutinability detects some alteration of 

cell surface components in many kinds of transformed cells. 

From these early agglutination studies, it was assumed that the 

increased agglutinability of transformed cells indicated higher 
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concentrations of lectin receptors (glycoproteins and glycolipids) than 

on normal cells. Experiments by Burger (1969) shov/ed, however, that 

normal cells were rendered as agglutinable as transformed cells by VGA 

after mild trypsin treatment. This led to the "cryptic site" theory 

which stated that normal and transformed cells contain similar numbers 

of lectin receptors, but most or all of these receptors are non-exposed 

in normal cells. Transformation or protease treatment was assumed to 

expose the normally cryptic receptors. In contrast to results pre

dicted by the "cryptic site" hypothesis, it was later shown that nor

mal and transformed cells bind similar amounts of either fluorescein 

or radioactive labeled lectins (Ben-Bassat, Inbar and Sachs 1971; 

Inbar, Ben-Bassat and Sachs 1971} Cline and Livingston 1971; Ozane and 

Sambrook 1971; Sela et al. 1971)• Following these reports, Nicolson 

(1971) found, using ferritin conjugated Con A and electron microscopy, 

that the Con A receptors on membranes from SVifO-transformed 3T3 cells 

were more clustered than on membranes from normal 3T3 cells. Since 

then this phenomenon has been demonstrated in many different systems 

using many lectins (for review see Nicolson 1976). It appears that 

clustering of lectin receptors is induced by the added lectin and that 

this clustering is required for cell agglutination (Nicolson 1971; 

Nicolson 1973; Inbar et al. 1973)* Therefore, the alteration of sur

face carbohydrate components detected by lectin agglutinability appears 

to be one of mobility of lectin binding sites and may not be related 

to any qualitative or quantitative change in the carbohydrates them

selves. 
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Alterations of Glycolipids in 
Transformed Cells 

Glycolipids are relatively simple in structure, readily ex

tracted with organic solvents, and easily separated using thin layer 

chromatography. This has led to the accumulation of a wealth of knowl

edge about glycolipids of normal and transformed cells. Rapport et al. 

(1959) first found that lactosylceramide is a tumor-specific hapten in 

many tumor systems. Later, changes in glycolipids were detected in 

transformed cells by Hakomori and Murakami (1968) in studies using 

polyoma transformed and spontaneously transformed baby hamster kidney 

(BHK) cells. A large decrease in the hematoside content and a cor

responding increase in lactosylceramide content was found in polyoma 

transformed BHK compared to normal BHK. Spontaneous transformed cells 

showed hematoside and lactosylceramide contents intermediate to BHK 

and polyoma BHK. Following these studies, similar glycolipid changes 

have been detected in virus, carcinogen, and spontaneous transformants 

of many mammalian cell types including mouse, hamster, chicken, rat, 

and human (for review see Hakomori 1975; Brady and Fishman 197*0. The 

alterations seen in these transformed cells generally consist of sim

plification of glycolipid structure due to blocked elongation of the 

carbohydrate chain. In most systems synthesis of hematoside or higher 

gangliosides is inhibited and an accompanying increase in the immediate 

precursor glycolipids is found. The loss of complex glycolipids has 

been shown to be due to the loss of specific glycolipid glycosyltrans-

ferases responsible for completion of the carbohydrate chain (Cumar 

et al. 1970; Den et al. 1971; Fishman et al. 197̂ ; Hakomori 1975). 
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Many of these glycolipid changes appear to be closely related to trans

formation since cells transformed by temperature sensitive tumor 

viruses often show reduction of complex glycolipids at permissive tem

peratures and normal glycolipids at non-permissive temperatures 

(Gahmberg, Kiehn and Hakomori 197̂ 5 Steiner et al. 197*0. The close 

relationship between altered glycolipids and transformation is also 

demonstrated by the "flat" revertants developed by Pollack, V/olman and 

Vogel (1970). These cell lines were obtained by treating SVkO trans

formed 3T3 cells with fluorodeoxyuridine. The flat revertants resemble 

normal cells in their morphology and lack of tumorigenicity in spite of 

the fact that they carry the viral genome and T antigen. Both higher 

ganglioside levels and UDP GalNAc hematoside: GalNAc transferase levels 

are decreased in SV*fO transformants, but are essentially normal in the 

"flat" revertants (Mora, Cumar and Brady 1971)• 

In recent years, however, evidence has been published support

ing the idea that changes in glycolipid patterns may not be primary to 

transformation. It v/as found that growing normal hamster cells demon

strate many of the glycolipid alterations that were previously detected 

in transformed cells (Hakomori 1970; Robbins and MacPherson 1971)• 

Upon cell contact or growth to high cell densities, the normal cells 

accumulate the more complex glycolipids shown in earlier studies. 

Transformed cells show no change of glycolipid patterns even when grown 

to very high cell densities. It should be noted that a similar contact 

dependent enhancement of complex glycolipid synthesis is not readily 

observed in normal mouse 3T3 cells (Fishman et al. 1972). It appears 
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that in at least some cell systems loss of complex glycolipids is not 

due to transformation, but instead is related to cell growth. 

Further evidence that the loss of complex glycolipids is not 

directly related to transformation came from studies using cloned NIL 

hamster cell lines (Sakiyama, Gross and Robbins 1972; Sakiyama and 

Bobbins 1973)• These studies showed that several clones isolated from 

normal NIL cells had normal levels of complex glycolipids and yet 

showed a loss of contact inhibition of growth _in vitro and demonstrated 

tumorigenicity in vivo. From these studies it was concluded that loss 

of the ability to synthesize complex glycolipids often accompanies 

transformation but probably plays no primary role in causing trans

formation. The exact role of glycolipids in transformation will prob

ably remain unknown until their normal biological function is under

stood. 

Alterations of Glycoproteins in 
Transformed Cells 

The study of cell membrane glycoproteins has proven to be much 

more difficult than membrane glycolipids. Most membrane glycoproteins 

are integral proteins as described by Singer and Nicolson (1972) and 

require detergents for solubilization. Even when detergents are used 

membrane glycoproteins tend to form aggregates. The glycoproteins 

behave anomalously in many chromatographic systems used for routine 

separation and analysis of proteins. Glycoproteins are also much more 

complex in structure than glycolipids, with the degree of glycosyla-

tion, size and nature of oligosaccharide groups, and amino acid 
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compositions varying widely between different glycoproteins. Because 

of these problems, the present knowledge of membrane glycoproteins in 

general and alterations of these molecules in transformation is very 

limited. 

Many observers have shown that transformation causes the loss 

of a large (220,000-250,000 M.W.) external glycoprotein. This differ

ence was first detected using the cell surface specific labeling tech-

125 
nique of lactoperoxidase catalyzed I iodination (Hynes 1973; Hogg 

197*0. The large glycoprotein was found to be highly labeled on normal 

NIL hamster cells and was removed from these cells by very mild tryp-

sinization. This large protein was not labeled on polyoma or hamster 

sarcoma virus transformed NIL cells. Hynes and Humphreys (197*0 showed 

125 
that the I labeled protein was a glycoprotein since it was also 

metabolically labeled with radioactive glucosamine and fucose. Trans

formed cells showed a failure to label this glycoprotein metabolically 

with either radioactive sugars or amino acids, indicating that the 

large glycoprotein was actually missing from transformed cells and not 

merely masked in some way from the lactoperoxidase reaction (Hynes and 

Humphreys 197*0 • This glycoprotein was later termed the LETS glyco

protein (large external transformation-sensitive glycoprotein) by 

Hynes and Bye (197*0. A similar glycoprotein has been reported to be 

present on normal cells but absent on transformed cells in many dif

ferent animal systems including chick (V/ickus, Branton and Robbins 

197*0, mouse (Hogg 197*+), rat (Stone, Smith and Joklik 197*0, and human 

(Pearlstein et al. 1976). The LETS glycoprotein can also be labeled 
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by the galactose oxidase - NaB̂ Ĥ  method, another surface specific 

labeling technique (Gahmberg and Hakomori 1973). It is of interest 

that one can detect large differences in the amount of LETS protein 

between normal and transformed hamster cells by use of the galactose 

oxidase technique, while very little difference is seen between normal 

and transformed mouse cells (Gahmberg and Hakomori 1973). In cells 

transformed by temperature sensitive tumor viruses, the disappearance 

of the LETS glycoprotein is also temperature sensitive (Wickus, Branton 

and Robbins 197̂ 5 Gahmberg, Kiehn and Hakomori 197̂ ; Hynes and Wyke 

1975). 

The dependence of the LETS glycoprotein exposure on the growth 

state of cells has been investigated. Hynes and Bye (197*0 looked for 

the presence of the LETS glycoprotein in both normal and transformed 

hamster cells at different cell densities and at different stages in 

the cell cycle. Transformed cells showed the characteristic absence 

of LETS at any cell density. Normal cells showed some density depend

ent appearance of LETS, with sparse, rapidly growing cells showing the 

least and more dense cultures showing higher amounts of the LETS glyco

protein. The LETS glycoprotein was detectable in normal cells at all 

cell densities and growth states. Normal cells arrested in phase 

by low serum concentrations showed high levels, cells passing through 

and S phases showed decreased levels and cells arrested in mitosis 

by colchicine showed the lov/est levels of the LETS glycoprotein. 

Gahmberg, Kiehn and Hakomori (197*0 showed larger differences in the 

amount of LETS glycoprotein present betv/een growing and confluent 



hamster cells than did Hynes and Bye using different cell lines (BKH 

vs. NIL) and different labeling techniques (galactose oxidase vs. lac-

toperoxidase). It appears that presence of the LETS glycoprotein does 

show some density dependence on normal cells, but the exact degree of 

this dependence remains unclear. 

As with most tumor specific phenomena described to date, there 

are exceptions to the general finding that transformed cells lose the 

LETS glycoprotein. Pearlstein et al. (1976) surveyed a series of 

viral, chemical, and spontaneous transformed cells as well as tumor 

cells from in vivo sources for the loss of the LETS glycoprotein. As 

expected, most transformed and tumor cells showed an absence of LETS. 

Several transformed cell lines, however, all derived from mice, demon

strated no loss of LETS in spite of their tumorigenicity. This is 

consistent with the earlier work of Gahmberg and Ilakomori (1973)• It 

appears that in at least some mouse systems, absence of LETS is not 

absolutely necessary for transformation. 

It has recently been demonstrated that many transformed cells 

release large amounts of the protease, plasminogen activator (Unkeless 

et al. 1973; Ossowski et al. 1973)• Since the LETS glycoprotein is 

very sensitive to trypsin, it is possible that the natural loss of 

LETS in transformed cells is due to released proteases. Hynes (197*0 

demonstrated that overlaying transformed cells on normal cells that 

were pre-labeled with I caused the loss of I-LETS from the normal 

cells. Control experiments using normal cell lines for overlaying 

showed no loss of LETS. Blumberg and Bobbins (1975) showed that the 



LETS glycoprotein of chick cells was susceptible to a variety of pro

teases including trypsin, collagenase, plasmin, and a-chymotrypsin. 

While these results suggest that protease released from transformed 

cells may cause the loss of LETS, several results cast doubt on this 

theory. First, Blumberg and Robbins (1975) showed that media harvested 

from growing transformed chick cells did not cleave the LETS glycopro

tein from normal chick cells. Second, Pearlstein et al. (1976) re

ported that release of plasminogen activator, the major protease re

leased by most transformed cells, was not sufficient to cause the loss 

of the LETS glycoprotein. While LETS is very susceptible to a number 

of proteases, it is still not known if transformed cells lack the gly

coprotein because of proteolytic activity or because they simply do 

not synthesize or incorporate it into their membranes. 

Since the LETS glycoprotein is absent on most cells which lack 

growth control, and since LETS is sensitive to levels of trypsin simi

lar to those that have been shown to stimulate contact inhibited cells 

into cell division (Burger 1970; Sefton and Rubin 1970), the theory 

has been made that the LETS glycoprotein may play some functional role 

in normal growth control. However, both Tang and Chen (1975) and 

Blumberg and Robbins (1975) demonstrated that while several proteases 

simultaneously caused cleavage of the LETS glycoprotein and stimulation 

of cell division, the protease thrombin was able to stimulate cell 

division of contact inhibited cells without cleaving LETS. Blumberg 

and Robbins (1975) concluded that loss of the LETS glycoprotein is not 

necessary for cell division, but may be sufficient for cell division 
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in some cases. Recent evidence of Yamada, Yamada and Pastan (1976) and 

Chen, Gallimore and McDougall (1976) suggests the LETS protein may be 

involved in cellular adhesion and not in cellular division. While LETS 

has appeared to be of interest in the biology of the cell surface, 

there is to date very little known about its chemical structure beyond 

a rough molecular weight estimate and the demonstration that it con

tains carbohydrate. 

Another interesting change that has been demonstrated in glyco

proteins of transformed cells is the appearance of pronase glycopep-

tides that sire larger than those in normal cells. Meezan et al. (1969) 

and Buck, Glick and Warren (1970) demonstrated that extensive pronase 

digestion of glucosamine or fucose labeled transformed cell membrane 

glycoproteins yielded glycopeptides which, compared to similar prepa

ration from normal cells, were enriched in faster migrating species on 

Sephadex G-50 chromatography. This phenomenon has now been demon

strated in a number of animal systems including mouse (Meezan et al. 

1969)» hamster (Buck, Glick and Warren 1970)« chicken (Warren, 

Critchley and MacPherson 1972) and rat (van Beck, Smets and Emmelot 

1973). If pronase glycopeptides are treated with neuraminidase before 

G-50 chromatography, the elution patterns of transformed cells appear 

essentially identical to normal cell elution patterns (Warren, Fuhrer 

suad Buck 1972). The appearance of neuraminidase sensitive large gly

copeptides is temperature dependent in cells transformed by temperature 

sensitive tumor viruses (Warren, Critchley and MacPherson 1972) Normal 

cells growing in log phase possess more of the larger glycopeptides 



than do resting normal cells (Buck, Glick and Warren 1971). Normal 

cells arrested in mitosis also show increased amounts of the large 

glycopeptides (Glick and Buck 1973)- As with previously discussed 

carbohydrate changes in transformed cells, the appearance of larger 

glycopeptides in transformed cells may reflect their constant state of 

growth and not be directly related to transformation. 

The exact cause of the enrichment of large pronase glycopep

tides in transformed cells is unclear. The fact that neuraminidase 

treatment of transformed cell glycoproteins renders them essentially 

identical to normal cell glycopeptides on G-50 and the fact that Warren, 

Fuhrer and Buck (1972) have detected a specific sialyltransferase in 

transformed cells that will transfer sialic acid to neuraminidase 

treated transformed cell glycopeptides and restore their original mo

bility seem to indicate that the difference is due to a greater sialic 

acid content of the transformed cell glycopeptides. How this is re

lated to the general finding that transformed cells possess lower 

levels of sialic acid and sialyltrainsferase (Grimes 1970; Den et al. 

1971; Perdue, Kletzien and V/ray 1972) remains unknown. Several lines 

of evidence show, however, that the difference may be more than just 

sialic acid content. The first such evidence came from the experiments 

of Warren, Fuhrer and Buck (1972) using the specific sialyltransferase 

isolated from transformed cells. The faster eluting glycopeptide 

material on G-50, which is enriched in transformed cells, does not 

serve as a sialic acid acceptor for this transferase. The faster 

eluting material does act as a good acceptor, however, after 



neuraminidase treatment. On the other hand, the slower eluting glyco-

peptide material on G-50 from normal cells is a poor sialic acid 

acceptor for this transferase. The specificity of this sialyltrans

ferase indicates that the neuraminidase-treated glycopeptides of trans

formed cells are not identical to untreated normal cell glycopeptides. 

Further evidence comes from the work of Ogata, Kuramatsu and Kobata 

(1976). They showed that 70$ of the small glycopeptides of normal BHK 

cells bound to Con A-Sepharose columns, while only 20$ of large glyco

peptides of polyoma transformed BHK cells bound, with or without 

neuraminidase treatment. They further found that glycopeptide cores 

from both the large and small glycopeptides generated using neuramini

dase, jS-galactosidase, and/3-N-acetylglucosaminidase bound to Con A 

Sepharose to the extent of 70$. The core regions appeared to be iden

tical by further enzymatic treatment. Therefore, there appear to be 

differences in galactose and/or N-acetylglucosamine content as well as 

sialic acid between the large and the small glycopeptides. Still to be 

answered are questions concerning the exact chemical differences be

tween glycopeptides of normal and transformed cells, the number of 

glycopeptides that show these differences, and if the glycopeptide 

difference is found on all or only some of the glycoproteins of trans

formed cells. 

Several reports have indicated that SDS-polyacrylamide gel 

electrophoresis patterns of normal and transformed cell membrane gly

coproteins are essentially identical (Sakiyama and Burge 1972; Sheinin 

and Onodera 1972). Isolated cases of new glycoproteins appearing on 



transformed cells have been reported (Gahmberg and Hakomori 1973)i but 

no changes consistent in many transformed cells have been noted. While 

few changes in the macro-structure of transformed cell glycoproteins 

appear to exist (detected primarily by SDS polyacrylamide gel electro

phoresis), it is possible that important micro-scale differences, such 

as the larger pronase glycopeptides discussed above, may be quite ex

tensive. That such minor alterations do exist on transformed cell 

glycoproteins is not only indicated by the pronase glycopeptide data, 

but is also implied by the many reports showing carbohydrate composi

tion and glycosyltransferase activity differences between normal and 

transformed cells (Vu et al. 1969; Grimes 1970; Den et al. 1971; Grimes 

1973). 

Immunological Detection of Transformed 
Cell Surface Alterations 

If cell surface changes are required for transformation, then 

cancer cells may possess new antigens not found on normal cells. In 

the past two decades there have been many reports showing that tumor 

bearing hosts make immune responses against their growing tumors (for 

reviews see Old and Boyse 196*+; Baldwin 1973; K. Hellstrom and I. Hell'strom 

197*0. If the host recognizes differences on the tumor cell surface, 

then the immune system may be utilized as an assay for the biochemical 

detection and isolation of tumor antigens, molecules which could prove 

of great importance in understanding and even treating cancer. 

The immune system involves two effector arms, a B-lymphocyte-

antibody mediated response and a T-lymphocyte mediated response. A 



variety of experiments indicate that the cell mediated response appears 

more important in successful anti-tumor activity. Mitchison (1955) 

showed that immunity to tumor allografts could be transferred from one 

animal to another using lymph node cells but not immune serum. It was 

demonstrated by V/inn (I960) and by Klein and Sjogren (i960) that if 

immune lymphocytes are inoculated into animals along with live tumor 

cells, the jLn vivo growth of these tumor cells was inhibited. Immune 

serum also had no effect in this test. Klein et al. (i960) demon

strated similar transfer of immunity and neutralization tests using 

primary autochthonous hosts, showing that such cell mediated immunity 

was actually due to anti-tumor activity and not to histocompatibility 

differences between tumor cells and test animals. 

In recent years, in vitro lymphocyte immunity tests have been 

developed in an effort to better understand the mechanism of tumor im

munity. The most widely used tests have been the colony inhibition 

assay (K. Hellstrom 196?) and the microcytotoxicity assay (Takasugi and 

Klein 1970; Hellstrom et al. 1971)• The colony inhibition assay 

measures the ability of immune lymphocytes to inhibit the formation of 

tumor cell colonies in Petri dishes. The microcytotoxicity assay 

measures the killing of pre-plated tumor cells by immune lymphocytes. 

Other _in vitro assays that have been used extensively include measure

ment of lymphocyte blastogenic responses to tumor cells or solubilized 

tumor antigen (Mavlight et al. 1973) and the macrophage migration in

hibition assay (Blasecki and Tevethia 1973). These in vitro techniques 

allow a more careful observation of reactions between immune 



lymphocytes and tumor cells and simpler autochthonous tests (where 

tumor cells and lymphocytes are taken from the same animal). 

It was first demonstrated by the colony inhibition assay that 

lymphocytes isolated from mice bearing methylcholanthrene induced 

tumors were able to kill these same tumor cells in vitro (Hellstrom 

and Hellstrom 1967; Hellstrom, Hellstrom and Pierce 1968). Later 

studies using both the colony inhibition assay and the microcytotox-

icity assay have demonstrated similar lymphocyte mediated cytotoxicity 

against chemically induced, virally induced, and spontaneously arising 

tumors of many animal systems including mouse (Hellstrom and Hellstrom 

1969; Lamon, Skurzak and Klein 1972; Heppner and Pierce 1969), rabbit 

(Hellstrom, Evans and Hellstrom 1969)« quail (Hayami et al. 1972), rat 

(Baldwin and Embleton 1971)» guinea pig (Cohen, Miller and Ketcham 

1972), and human (see review, Hellstrom and Hellstrom 197*0• From many 

of these studies, the concept has emerged that animals and humans bear

ing tumors possess lymphocytes that aire able to kill the tumor cells 

in vitro. This response appears to occur even in systems where the 

tumor is growing progressively, eventually killing the host. 

The reason for in vivo tumor growth in spite of demonstrable 

in vitro lymphocyte cytotoxicity against the tumor remains unclear. 

Several preliminary efforts to explain this phenomenon have not re

sulted in a clear understanding of the mechanism involved. One pos

sible explanation is that the developing immune response simply cannot 

keep pace with fast growing tumors and is simply outgrown by the tumor. 

Another idea is that lymphocyte cytotoxicity is just one stage of a 



very complex immune reaction and defects in this response may occur at 

other indicated stages. Another possible explanation is that tumor 

cells may construct some sort of chemical or charge barriers that can 

protect them from the immune response. It has been shown in some sys

tems that tumor immunogenicity is enhanced by neuraminidase treatment, 

implying that sialic acid may somehow be masking tumor antigens 

(Simmons, Rios and Ray 1971)* Probably the most attractive explanation 

is that tumor cells actively and specifically interfere with the anti

tumor immune response. Evidence for this was first demonstrated by 

Hellstrom and Hellstrom (1969). They showed that serum from mice with 

progressively growing tumors induced by Moloney sarcoma virus would 

inhibit the _in vitro cytotoxic activity of lymphocytes from the same 

mouse against Moloney sarcoma cells. Serum from progressively growing 

spontaneous tumors in methylcholanthrene induced tumors showed no in

hibition of cytotoxicity against Moloney sarcomas. Hellstrom and 

Hellstrom (1970) also showed that blocking of lymphocyte cytotoxicity 

was seen only in mice with progressively growing tumors and not from 

mice with regressing tumors. Regressor serum was even found to abro

gate the inhibiting effect of progressor serum when the two were mixed. 

Following these experiments, serum blocking of lymphocyte mediated 

cytotoxicity has been demonstrated in most systems where cytotoxicity 

has been detected (see review, Hellstrom and Hellstrom 197*0• At first 

the active factor in blocking serum was suspected to be anti-tumor 

antibody since it was demonstrated that the isolated 7S fraction of 

blocking serum was active in blocking lymphocyte cytotoxicity 
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(Hellstrom and Hellstrom 1969). More recent evidence has implied that 

antibody-antigen complexes (Sjogren et al. 1971; Baldwin, Price and 

Robins 1972) or free tumor antigen (Baldwin, Price and Robins 1973) may 

be more important than free antibody in the blocking of lymphocyte 

mediated cytotoxicity. If cytotoxic lymphocytes are able to recognize 

tumor cells with high specificity and reproducibility, and if solu-

bilized tumor antigen can block this cytotoxicity with equal specifi

city, this immune response could be used as a tool for the isolation 

of tumor cell antigens. This has yet to be tested. 

Goals of This Dissertation 

Of the many experiments used to study biochemical and immunolo

gical alterations of transformed cell surfaces, several weaknesses are 

apparent. In many of the biochemical studies the in vivo behavior of 

normal and transformed cells is poorly defined. Some "normal" cell 

lines actually cause tumors while some "transformed" cell lines have 

never been tested for tumorigenicity. Most of the transformed cells 

used for both biochemical and immunological studies were induced by 

viruses or by highly mutagenic chemicals. Both viral and chemical 

transformation may cause many cellular alterations that aire not specif

ically involved in transformation. Finally, the specificity and re

producibility of various in vitro immunological assays against trans

formed cells, especially involving spontaneous transformants, have not 

accurately been described. 

The goal of this dissertation is to compare surface components, 

primarily glycoproteins and glycolipids, of biologically defined normal 
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and transformed cells. Great emphasis has been applied to spontane

ously transformed cells as these probably more accurately imitate 

naturally arising cancer cells than do viral or carcinogen induced 

tumors. A system of normal and transformed cell lines has been de

veloped from the highly inbred BALB/c mouse strain. These cell lines 

are carefully characterized _in vivo and in vitro for important bio

logical parameters such as saturation density, tumorigenicity, and 

immunogenicity. Using this well defined cell system, comparisons of 

cell surface components are made. The usefulness of lymphocyte medi

ated cytotoxicity as an assay for cell surface alterations is tested. 

The possible role of cell surface differences and similarities found 

between these cell lines in causing their different biological be

haviors will be discussed. 



MATERIALS AND METHODS 

Cell Lines and Culture Conditions 

All cell lines used were derived from BALB/c mice. The fol

lowing cell lines were gifts of Dr. G. Todaro of NIH: A31 and B3T3, 

normal, contact inhibited 3T3 cells; SVT2, SVkO virus transformed A31 

cells; and 3T12, spontaneously transformed embryo cells. 3T12T cells 

were isolated in this laboratory from a tumor caused by injecting 3T12 

cells into a BALB/c mouse. C5 and C8 cells were clones showing altered 

morphology isolated from plates seeded with a low density of A31 cells. 

C5T and C8T were isolated from tumors caused by injecting C5 and C8, 

respectively, into BALB/c mice. KMSV cells are Kirsten strain murine 

sarcoma virus transformed BALB/c 3T3 cells and were a gift of Dr. L. 

Culp of Case Western Reserve University. KMSV cells do not produce 

virus or viral particles and have been shown to lack murine leukemia 

antigens (Aaronson and Rowe 1970). 2°KMSVT cells were isolated in 

this laboratory from a secondary tumor in a BALB/c mouse that had 

widespread metastases following an injection of KMSV cells. 2°KMSVT 

was the only cell line that showed frequent metastases. MSC cells 

were isolated from a tumor induced in a BALB/c mouse by the injection 

of Moloney strain murine sarcoma virus and were the gift of Dr. S. 

Russell of Scripps Clinic and Research Foundation. MSC cells actively 

release free murine sarcoma virus. FBC cells are low passage BALB/c 

21 
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embryo cells. The in vitro growth curves for many of these cell lines 

are presented in Figure 1. 

Cells were grown in Dulbecco's modified minimal essential 

medium (DMM) (Grand Island Biological Co., Santa Clara, California) 

supplemented with either 10% fetal calf serum for transformed cells or 

10% calf serum for normal cells and penicillin and streptomycin at con

centrations of 50 units and 50 pig/ml, respectively. Cells were grown 

in a humidified incubator containing 5% CÔ  at 37°• Routine tests for 

mycoplasma contamination were performed (Peden 1975) and all cells 

testing positive were discarded. Cells were routinely passaged with a 

5 minute treatment of 0.05% trypsin at 37°• In some labeling experi

ments minimal essential medium (MEM) (Grand Island Biological Co.) 

was used instead of DMM. 

Tumorigenic Studies 

Mice used for tumorigenic studies were three to four week old 

male BALB/c mice. Cells were harvested from culture bottles by trypsin 

treatment and were washed once in DMM. Cells were then suspended in 

DMM containing 0.5% fetal calf serum and injected subcutaneously into 

the backs of the mice. Mice were checked for palpable tumors at two 

to three day intervals. When first palpable, the tumors were three to 

four mm in diameter. The maximum size reached before tumor regression 

was frequently one cm or larger. 

Preparation of Spleen Lymphocytes 

Spleens were excised from control and tumor bearing mice and 

were placed in 60 mm Petri plates containing 5 ml DMM. Lymphocytes 
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Figure 1. Growth curves of normal and transformed cell lines. — 
Cells were grown on 35 mm Petri plates containing 2 ml of 
medium and 10% fetal calf serum. On day 0, 5 x 10̂  cells 
were added to the plates. Fresh medium was added and the 
cells were trypsinized and counted in a hemacytometer 
every other day. Figure taken from Grimes (197*0 • 



were teased from spleens, and adherent cells were removed by incubating 

the suspension for k3 min. at 37° in Petri plates. Non-adherent cells 

were then collected by centrifugation at 1000 x g for 10 min. Erythro

cytes were lysed by one addition of five ml of 0.75̂  NĤ Cl in 0.016 M 

Tris-chloride, pH 7.̂ » Lymphocytes were washed twice more with DMM and 

were suspended in DMM containing 10?£ heat inactivated fetal calf serum 

(Hl-FCS). 

Lymphocyte Cytotoxicity Assays 

Lymphocyte cytotoxicity was determined by tv/o methods. Target 

cells were plated in Microtest II plates (Falcon Plastics, Oxnard, 

California) at concentrations of 100-200 cells per well in 100 /il DMM 

containing 1C$ Hl-FCS as described by Hellstrom and Hellstrom (1971). 

Following overnight incubation at 37° to allow target cell attachment, 

100 Ml of lymphocyte suspension (prepared as outlined above) was added 

per well and the plates were incubated for bS hrs. further. Lympho

cytes and dead cells were removed from the wells with two washes of 

normal saline and the remaining live cells stained with crystal violet 

and counted under a phase contrast microscope. In the second method, 

the procedure described by McKhann, Cleveland and Burk (1973) was 

followed. Target cells were plated at 1000 cells per well in Micro-

test II plates in DMM containing 1C$ fetal calf serum and 2 MCi/ml 

/~̂ H7-uridine (29 Ci/tnM, New England Nuclear, Boston, Mass.) and incu

bated at 37° overnight. The labeled cells were then rinsed twice with 

sterile saline and lymphocytes suspended in 100 f*l of DMM containing 

1C$ Hl-FCS were added to each well. Following a ̂ 8 hr. incubation, the 



medium was removed from the wells, and the plates were washed twice 

with saline. The remaining labeled cells were removed with two 0.2 ml 

washes of 0.5 M NaOH and placed in scintillation vials. The aqueous 

volume was brought up to one ml with 0.6 ml of 20̂  glacial acetic acid 

and radioactivity was determined by use of a counting solution con

sisting of 2900 ml xylene, 960 ml Triton X-ll**, and 125 ml Liquifluor 

(New England Nuclear). Both cytotoxicity assays gave similar results. 

The percent cytotoxicity was determined by the following formula: 

% cytotoxicity = 

number of target cells (or CFM) sur 
 ̂ viving test lymphocytes 

number of target cells (or CFM) sur-
viving control lymphocytes 

x 100 

In Vitro Lymphocyte Activation 

Fibroblasts used for lymphocyte activation were incubated at 

3 x 10̂  cells/ml in DMM containing 20 jig/ml mitomycin C for 30 min. at 

37°• The cells were sedimented at 1000 x g, washed two times in DM, 

plated in 60 mm Petri plates at 1 x 10̂  cells/plate, and incubated 

overnight at 37°. Lymphocytes were isolated from spleens as described 

n 
above and suspended at a concentration of-1-3 x 10 cells/5 ml in 

Roswell Park Memorial Institute (RPMI) (Grand Island Biological) sen

sitizing medium (1% fetal calf serum, 2 ml 50 x MEM amino acids /Srand 

Island Biological̂ , 1 ml penicillin-streptomycin ̂ 3rand Island Bio-

logical7, 1 ml 200 mM glutamine, and 1 ml 100 mM sodium pyruvate 

brought to a final volume of 100 ml with RPMI l6*t0) as described by 

Kail and Hellstrom (1975). Five ml of the lymphocyte suspension was 



added to the mitomycin C treated monolayers and incubated for six days 

at 37°. Activated lymphocytes were removed from the cell monolayers by 

gentle shaking, sedimented at 1000 x g, washed twice in DMM, and sus

pended in DMM containing 10̂  Hl-FCS. Cytotoxicity of the in vitro 

sensitized lymphocytes was determined as described above. 

Concanavalin A Agglutination Studies 

Concanavalin A (Con A) agglutination was determined by a modi

fication of the microheme-adsorption assay of Furmanski, Phillips and 

Lubin (1972). The determination of Con A stimulated agglutination by 

this procedure has been shown to be similar to the conventional method 

using cells in suspension. The addition of a-methyl mannoside inhibits 

microheme-adsorption as well as conventional agglutination, demon

strating that the carbohydrate specificity for Con A is similar in both 

assays (Pollack and Burger 1969)# Outdated human type 0 positive red 

blood cells were v/ashed three times in PBS (O.l'f M NaCl, 2.7 mM KC1, 

15.3 mM Na2 HPÔ , 1.5 mM KHgPÔ , 0.9 mM CaCl2, 0.5 mM MgClgi pH 7.*+) and 

suspended at a concentration of 2SC by volume in PBS containing 1% bo

vine serum albumin. One to four days prior to determining hemagglu-

5 tination, 1 x 10 test fibroblasts were seeded onto 35 mm Petri plates. 

The monolayer was washed twice v/ith PBS and incubated in 0.5 ml PBS 

containing various concentrations of Con A for 10 min. at 37°. The 

monolayer was then washed twice more with one ml PBS. One ml of the 

red blood cell suspension was added and the plates were incubated for 

10 min. at 37° on a slow moving shaker. The.plates were then washed 

four times with PBS and scored for the number of fibroblasts 
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agglutinating red blood cells and for the number of red blood cells 

agglutinated per fibroblast. 

Radioactive Labeling 

125 Cells were surface labeled with I by the method of Hynes and 

and Humphreys (197*0 • Cells were plated in 60 ml Petri plates and in

cubated overnight at 37°• The cells were then v/ashed three times with 

PBS. The washed cells were labeled for 10 min. at room temperature 

in 0.5 ml/plate of a solution containing 5 mM glucose, 250 /xCi/ml 

125 
Na I (17 Ci/m mole, New England Nuclear), 20 fxg/ml lactoperoxidase 

(Calbiochem, La Jolla, California) and 0.1 u/ml glucose oxidase (Cal-

biochem) in PBS. The reaction v/as stopped by the addition of PBS 

containing a 100-fold excess of cold Nal. The monolayers were then 

washed twice with the PBS-cold Nal solution and one ml of Solution A 

(magnesium- and calcium-free PBS) containing 2 mM phenylmethylsulfonyl 

fluoride (a protease inhibitor) was added. The cells were scraped from 

the plate, pelleted at 2300 HPM, resuspended in 0.1 ml 1̂ 0, and stored 

frozen at -70°. Occasionally after the cells were labeled and washed 

they were exposed to 10 /zg/ml trypsin for 10 min. in a buffer con

sisting of A-0 mM Tris, 11.5 mM CaCl̂ , 0.88 M NaCl, pH 7»1« Control 

cells were incubated in the buffer alone. The cells were then har

vested as above. 

Labeling of cell membrane glycolipids and glycoproteins with 

flkC/ or ̂ ["̂ Ĥ -glucosamine was performed by incubating cell monolayers 

in 75 cm tissue culture flasks (Falcon Plastics) in 20 ml DMM con

taining IQfjo fetal calf serum and 5 HCi/mL /""̂ Ĥ -glucosamine (10.7̂  
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Ci/mmole, Nev/ England Nuclear) or'2 MCi/ml /~̂ c7-glucosamine (237.7 

mCi/mmole, New England Nuclear) for 2k to ̂ 8 hours. The labeled 

cells were washed three times with Solution A and removed from the 

flask by freeze-thawing in Solution A containing 2 mM phenylmethyl-

sulfonyl fluoride. The cells were then homogenized in a Dounce 

homogenizer, centrifuged at 1300 RPM for 5 min. to remove nuclei, and 

the labeled membrane fragments remaining in the supernatant solution 

were pelleted by centrifugation at 100,000 x g for 90 min. The mem

branes were then suspended in 0.1 ml ̂ 0 and stored at -70°. 

For determining the rate of glucosamine incorporation the cells 

were labeled in a similar fashion except 60 mm Petri plates were used 

in place of tissue culture flasks and in some experiments MEM (which 

contains one g/l glucose) used in place of DMM (which contains ̂ .5 

g/1). After labeling, the monolayers were precipitated with 1% phos-

photungstic acid (PTA) in 0.5 N HC1, scraped from the plate, pelleted 

by centrifugation at 2300 RPM and washed three times with the PTA 

solution. The washed pellet was then dissolved in 0.5 M NaOH for pro

tein and radioactivity determinations. In some experiments, the washed 

pellet was first extracted three times with chloroform:methanol (2:1), 

to separate glycoproteins and glycolipids, and the radioactivity in 

glycoproteins and glycolipids was determined separately. When the 

amount of labeled material released into the medium was quantitated, 

aliquots of labeled media were precipitated by a 10-fold excess of the 

PTA solution, washed and counted as above. 
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Thin Layer Chromatography 

Extracted glycolipids were analyzed by thin layer chromatography 

on Silica G-25 20 x 20 cm x .25 mm plates (Brinkman Inst., Westbury, 

N. Y.). Radioactive samples as well as authentic glycolipid standards 

were applied to the plates and developed with chloroform:methanol:0.25$ 

CaĈ  (60:35:8) until the solvent front was about 1 cm from the top of 

the plate. Plates were then dried and standard glycolipids were de

tected by reaction with iodine vapor. Radioactive glycolipids were 

detected by two methods. The plates were either sprayed with chloro

form containing 10$> PPO (2,5-diphenyloxazole), dried, and radioactivity 

determined by autofluorography on Kodak RP/R-14 film, or the plastic 

backed plates v/ere cut into 0.5 cm strips for radioactivity determina

tion in a scintillation counter. The glycolipid standards used were 

trisialoganglioside (Ĝ ), disialoganglioside (Ĝ &), monosialoganglio-

side an(i Tay-Sachs ganglioside purchased from Supelco, 

Inc. (Bellefonte, Penn.), hematoside, prepared from horse erythrocytes, 

and globoside, prepared from pig erythrocytes by Dr. W. J. Grimes. 

SDS-Polyacrylamide Gel Electrophoresis 

Labeled membrane samples were dissolved in a solution contain

ing 2C$ sucrose, 1% SDS, 0.0% dithiothreitol, 0.027 M Î SÔ , 0.054 M 

Tris, pH 6.1. The samples were then boiled five min. in the above 

solution and applied to either slab or tube gels. The complete elec

trophoresis system was as described by Neville (1971) and consisted of 

the following: upper reservoir buffer — 0.0b- M boric acid, 0.041 M 

Tris, 0.1% SDS, pH 8.64; lower reservoir buffer — 0.031 N HC1, 0.424 



M Tris, pH 9.19; stacking gel — y/o acrylamide in 0.027 M Ĥ SÔ , 0.03k 

M Tris, 5& glycerol; resolving gel — 7.3$ acrylamide in lower reser

voir buffer containing ICtfo glycerol. In all cases the ratio of acryl

amide to N,N'-methylenebisacrylamide in the gels was 25:1. Stacking 

and resolving gels were polymerized by the addition of 0.08̂  ammonium 

persulfate and 0.059& N, N,N', N1-tetramethylethylenediamine. Slab gels 

were dried and radioactivity was determined by autoradiography on Kodak 

125 HP/R-14 film for I or by autofluorography by the method of Bonner 

l'f 3 
and Lasky (197*0 for C or H labeled material. This involved soaking 

the gel twice in 20 volumes of DMSO for 30 min., placing the gel in 

four volumes of DMSO containing 22.2̂  PPO for three hours, and then 

soaking the gel in 20 volumes of Ĥ O for one hr. The gel was then 

dried and exposed on X-ray film as above. Tube gels were frozen, 

sliced into 1 mm slices, and labeled glycoproteins were eluted from 

the slices by shaking in one percent SDS overnight. The eluted mate

rial was counted in a scintillation counter. 

DEAE Cellulose Chromatography 

DE 52 (Whatman, Inc., Clifton, N. J.) was equilibrated in 5 mM 

Tris-PÔ , pH 7.2. The equilibrated ion exchanger was poured into an 

8l ml column and 100 ml 5 nM Tris-PÔ , pH 7.2 was run through the 

column. The sample was applied and the column was washed v/ith 50.0 

ml of buffer followed by a 200 ml linear gradient of 0 to 1.2 M NaCl 

in the same buffer. Two-ml fractions were collected and radioactivity 

was determined in a scintillation counter. 
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Isoelectric Focusing 

Isoelectric focusing was performed in an LKB model 8100 110 ml 

isoelectric focusing apparatus (LKB, Bromma, Sweden). A one percent 

concentration of pH 3-5 Ampholytes (LKB) was used. Isoelectric focus

ing was performed with the anode at the bottom of the column. The 

dense electrode solution consisted of 0.2 ml phosphoric acid and 12 g 

sucrose dissolved in l*f ml Ĥ O. The light electrode solution con

sisted of 0.1 g NaOH dissolved in 10 ml Ĥ O. A linear, 110 ml sucrose 

gradient was applied to the top of the dense electrode solvation. The 

gradient was made with 55 ml of a solution containing 75?<j of the 

Ampholytes and 28 g sucrose dissolved in b2 ml H20 and 55 ml of a 

solution containing 2of the Ampholytes in f̂ O. The light electrode 

solution was then layered on top of the gradient. Samples were applied 

as a small band in the middle of the gradient. 300 V was applied to 

the column for three days and the column was eluted from the bottom 

into 1.0 ml fractions. A pH reading was made on every other fraction 

and radioactivity of each fraction was determined in a scintillation 

counter. 

Pronase Digestion 

Labeled membrane preparations or SDS-gel sections containing 

labeled glycoproteins were incubated in a solution of 0.1 M Tris, 20 

mM CaĈ , pH 7«8, and pronase (Calbiochem) for 5-8 days at 37°• 

Routinely 100 fig pronase was added on day 0 and 50 /ig was added every 

other day. A few drops of toluene were added to each sample to in

hibit bacterial growth. 



Neuraminidase Treatment 

Glycopeptides prepared by pronase digestion were boiled for 

five min. to destroy pronase activity. The samples were then adjusted 

to pH 5.0 and incubated for two hr. with 10 I.U./ml Vibrio cholerae 

neuraminidase (Calbiochem) at 37° • When glycopeptides were prepared 

from SDS-gel sections, 20 mg/ml bovine serum albumin was added before 

neuraminidase treatment to bind excess SDS. 

G-50 Chromatography 

Sephadex G-50 (Pharmacia, Piscataway, N. J.) was equilibrated 

overnight in 0.05 M potassium phosphate, 0.02% sodium azide, pH 7.2 

and was poured into a 1.5 x 90 cm column. Samples were applied to the 

column and eluted in reverse flow with the same buffer. Two ml frac

tions were collected and radioactivity was determined in a scintilla

tion counter. Blue dextran 2000 (MW 2,000,000) was used as a void 

volume marker and phenol red (MW 35̂ «*0 was used as an end marker. 

Protein Assay 

Protein content was determined by the method of Lowry et al. 

(1951). 



RESULTS 

The following results were derived from biological, immuno

logical, and biochemical studies performed on normal and transformed 

BALB/c mouse fibroblasts. The biological experiments define in detail 

the cell lines involved and are followed by results of biochemical 

experiments on cell membrane components of the same cell lines. 

Biological Characterization 

Probably the most important biological property to be con

sidered in this study is the jLn vivo tumorigenicity of the various cell 

lines. This is illustrated in Figure 2. A31 and PBC cells caused no 

tumors at any cell dose in BALB/c mice. C5, C8, 3T12, and SVT2 cells 

all caused tumors that regressed in BALB/c mice. 3T12T and KMSV cells 

both caused tumors that always resulted in the death of BALB/c mice. 

Two important cell lines not included in Figure 2 are MSC and C5T. 

MSC has been shown to cause regressing tumors in BALB/c mice at low 

cell doses and killing tumors at high cell doses (Russell and Cochrane 

197*0. C5T is a killing cell line analogous to 3T12T and KMSV. Later 

studies with 3T12 have indicated that its in vivo growth pattern is 

more complex than originally determined. Tumors caused by 3T12 cells 

rapidly regress, but approximately 5C9> of the animals develop slow 

growing tumors after a delay of up to four months. The secondary 

tumors do not regress, but grow to kill tumor bearing mice. 
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Figure 2. Tumorigenicity studies of normeil and transformed cells. — 
Cells were injected into BALB/c mice as described in 
Materials and Methods. For each cell line tested, sets 
of 3 mice received either 5 x 103, 5 x 10̂ , 5 x 105, or 
5 x 10" cells. Each increment of the ordinate shows 
whether 1, 2, or 3 mice developed tumors at the indicated 
injected cell concentrations. Palpable tumors were scored 
as positive. Open areas under the tumor growth curves 
indicate animal death. 



A number of biological parameters have been used to character

ize transformed cells. For example, agglutination by low levels of 

lectins has been correlated with tumorigenicity (Pollack and Burger 

1969; Inbar, Ben-Bassat and Sachs 1972). The various cell lines were 

tested for agglutinability by Concanavalin A (Con A). As seen in 

Figure 3» A31 and PBC cells are agglutinable only by high levels 

(greater than 600 /ig/ml) of Con A. Most of the transformed cells are 

agglutinated by much lower levels of Con A with the exception of C8 and 

2°KMSVT. These two tumor lines show agglutinability similar to normal 

cell lines. If A31 and 2°KMSVT cells were treated with 0.002$ trypsin 

for two minutes before the agglutination assay, both cell lines be

come agglutinable by much lower levels of Con A. In Table 1, the 

agglutinability of each cell line is compared to their biological 

properties. While the general conclusion can be made that most trans

formed cell lines are agglutinable by low levels of Con A, this series 

of cell lines contains both a regressing and a killing line that have 

the same agglutinability as normal cells. Increased Con A agglutin

ability is not an absolute prerequisite for transformation. Con A 

agglutinability is one of several parameters generally used to define 

virus- and carcinogen-transformed cells that fails to predict tumori

genicity in the BALB/c system. Other such parameters will be discussed 

in later sections. 

The presence of tumor antigens was investigated by determining 

whether animals could be immunized against the BALB/c tumor cell lines. 

It was found that MSC, C5 and C5T cells were highly immunogenic since 
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Figure 3. The ability of Con A to cause normal and transformed cells to 
agglutinate red blood cells. ~ Details of the procedure are 
described in Materials and Methods. One half MAX indicates 
the concentration of Con A necessary to produce 5Q& maximal 
agglutination. TRYP indicates cells that were treated with 
0.0019S trypsin for 2 min. prior to determination of hem
agglutination. + indicates at least 10$ of the fibroblasts 
agglutinated red blood cells; ++ indicates approximately 
50% of the fibroblasts agglutinated red blood cells; and 
+++ indicates that approximately 100$ agglutinated red blood 
cells with most fibroblasts being heavily covered by the red 
blood cells. 
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Table 1. Comparison of Con A agglutinability, tumorigenicity, and 
tumor fate of .normal and transformed BALB/c cell lines. 

Cell Line 

Con.A Agglutinability 
(/ig/ml at 1/2 maximal 

agglutination) Tumorigeniqity Tumor Fate 

A31 1000 -

PBC 600 «•» 

SVT2 50 + Regressed 

KMSV 100 + Killed 

2°KMSVT 600 + Killed 

3T12 50 + Regressed 

3T12T 50 + Killed 

C5 100 + Regressed 

C8 1000 + Regressed 

The data are summarized from experiments described in legends of 
Figure 2 and Figure 3. Tumorigenicity was determined by injection 
of 5 x 10" cells into BALB/c mice. 



injecting irradiated tumor cells or tumor excision protected BALB/c 

mice from subsequent tumor challenge. C5 and C5T showed a cross reac

tivity in these experiments, with mice that had previously rejected 

C5 tumors showing immunity to C5T challenge. 3T12T appears to be non-

immunogenic since the same procedures failed to protect mice from 

subsequent 3T12T challenge, regardless of the tumor cell dose. 

3T12T tumors could not be rejected, even by immunized mice. 

The closely related 3T12 cell line either was rejected or produced 

tumors only after a considerable delay. I therefore determined whether 

3T12T tumors could be producing a systemic blocking of the anti-tumor 

immune response which would allow a more rapid growth of 3T12 cells if 

they were on the same mouse. Mice were injected with either 3T12 and 

3T12T cells at distant sites, or with each cell line alone. The 

rationale to these experiments was that if 3T12 and 3T12T cells share 

antigens (analogous to C5 and C5T cells), then a general blocking of 

the immune response against these antigens by 3T12T tumors could pro

mote the growth of 3T12 induced tumors. As shown in Table 2, the in 

vivo growth of both cell lines v/as independent of the presence or 

absence of the other tumor cells. In these and subsequent experiments 

(see below), no evidence was found to indicate the presence of tumor 

specific blocking factors in 3T12T tumor bearing mice. 

The ability of lymphocytes from tumor bearing mice to kill the 

various tumor cells _in vitro v/as determined. Animals were injected 

with tumor cells and at various times after injection, spleen cells 

were isolated and tested for cytotoxicity. Figure k shows the result 



Table 2. 3T12 and 3T12T dual injection. 

3T12 Alone 3T12T Alone Dual Injected 
Days After 
Injection Number Diameter(cm) Number Diameter Number 

3T12 
Diameter 

3T12T 
Number Diameter 

2 0/3 - OA - OA tm 0/k -

8 3/3 0.5 k/k 0.5 k/k 0.5 k/k 0.5 

10 3/3 0.5 k/k 0.9 k/k 0.5 k/k 1.0 

12 3/3 0.5 k/k 1.2 k/k 0.5 k/k 1.2 

15 3/3 0.5 k/k 1.5 k/k 0.5 k/k 1.7 

17 0/3 - k/k 2.0 0/k - k/k 2.0 

19 0/3 - k/k 2.1 0/k - k/k 2.1 

22 0/3 - k/k 2.2 0/k - k/k 2.5 

2k 0/3 - k/k 2.9 0/k mm k/k 2.6 

Three control mice were injected with 5 x 10 3T12 cells each on the left side. Four control mice 
were injected with 5 x 10" 3T12T cells on the right side. Four test mice were dual injected 
with 5 x 10 3T12 cells on the left side and 5 x 10° 3T12T cells on the right side. On the 
days indicated, the mice were examined for the presence of palpable tumors. Masses smaller 
than 0.3 mm were not counted as tumors. 
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Figure MSC tumor growth and cytotoxicity time course. ~ On day 0, 
3 week old male BALB/c mice were injected with 5 x 10° MSC 
cells. At the indicated time points, tumor volumes were 
determined, spleens were removed and weighed, and lympho
cytes were prepared and tested for cytotoxicity as described 
in Materials and Methods. 



of such an experiment using MSG cells injected under conditions that 

yield regressing tumors. Significant cytotoxicity starts to appear at 

about day 10 and remains until after the tumor regresses. It is inter

esting that the tumor bearer spleen shows an enlargement that parallels 

the growth and regression of the tumor. Figure 5 shows a similar ex

periment using 3T12T cells. Here cytotoxicity is seen starting on 

about day 12, increases until about day 2k, and then disappears com

pletely. The tumor grows rapidly during this time, with no evidence 

that the immunity detected by jLn vitro lymphocyte cytotoxicity assays 

has any effect on tumor growth. Spleens of 3T12T tumor-bearing mice 

also enlarge. In the case of 3T12T, splenomegaly continues until just 

before animal death. Similar experiments were observed in five sepa

rate time course experiments. Figure 6 shows a similar experiment 

using 3T12 cells. The tumor grows poorly, no spleen enlargement is 

seen, and very little stimulation of lymphocyte-mediated cytotoxicity 

is detected. 

We were interested in learning whether lymphocyte-mediated 

cytotoxicity could be used as an assay for determining tumor specific 

antigens. To be used as an assay, cytotoxic lymphocytes would have 

to be reproducibly specific for killing autochthonous tumor cells. 

In a series of experiments, lymphocytes from 3T12T tumor-bearing mice 

were tested for cytotoxicity at various time periods. Even during 

periods where optimal cytotoxicity was expected, as indicated by the 

time course experiments (corresponding to spleen weights of 100-200 mg), 

significant cytotoxicity was seen only 57 percent of the time (Table 3)« 
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Figure 5. 3T12T tumor growth and cytotoxicity time course. — 
The details of the experiment are as described in 
the legend to Figure k. All injected mice died by 
day 3k. 
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Figure 6. 3T12 tumor growth and cytotoxicity time course. ~ 
The details of the experiment are as described in 
the legend to Figure k. 



Table 3« Cytotoxicity of spleen lymphocytes from mice bearing tumors induced by 3T12T 
cells. 

Spleen Weight 
<100 mg 100-200 mg >200 mg 

Target No. Exp. Killing (%) No. Exp. Killing M) No. Exp. Killing (%) 

3T12 if 0 (0) k 1 (25) -

3T12T 6 1 (17) 7 k (57) 5 1 (25) 

Lymphocytes taken from 3T12 and 3T12T tumor bearers were tested for cytotoxicity as 
outlined in Materials and Methods at various stages of tumor growth. The stages of 
tumor growth were monitored by spleen weight. Spleens smaller than 100 mg indicated 
small tumors, spleens of 100-200 mg indicated medium size tumors, and spleens larger 
than 200 mg indicated large tumors. The number of total experiments as well as the 
number of experiments showing significant cytotoxicity (p <0.05 by the students' t-test) 
at each growth stage are indicated. 



It appears from these results that lymphocytes from tumor-bearing mice 

do not show reproducible cytotoxicity. In other experiments, lympho

cytes prepared from C5T and 3T12T tumor-bearing mice were observed to 

be cytotoxic for the autochthonous tumor cell as well as all other 

mouse cells tested (Table k). The hamster line BHK was the only line 

tested which was not killed by these lymphocytes. The low level of 

reproducibility and the lack of specificity for tumor cells indicate 

that lymphocyte-mediated cytotoxicity cannot be used as an assay to 

define unique tumor cell antigens. 

Recent reports have indicated that lymphocytes sensitized in 

vitro by incubation of mitomycin C-treated tumor cell monolayers are 

more cytotoxic than lymphocytes sensitized _in vivo against growing 

tumors (Kali and Hellstrom 1975)• Lymphocytes sensitized Jji vitro 

against several of the BALB/c cell lines were tested for cytotoxicity. 

The results (Table 5) indicate that very high levels of cytotoxicity 

are seen using ixl vitro sensitized lymphocytes. Lymphocytes incubated 

on B3T3 monolayers were not cytotoxic for any cell line and were used 

as controls. Lymphocytes incubated on 3T12T monolayers were highly 

cytotoxic for 3T12T cells as well as B3T3 and MSC cells. Lymphocytes 

incubated on MSC monolayers were cytotoxic against MSC cells but not 

3T12T or B3T3 cells. The specificity of the killing, however, was not 

great, especially using lymphocytes sensitized against 3T12T cells. 

It is interesting that while B3T3 monolayers could not activate lympho

cytes to kill any cell line, they were readily killed by lymphocytes 

activated against 3T12T cells. Lymphocytes activated in vitro on 
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Table 4. Specificity of cell mediated cytotoxicity by lymphocytes from 
mice with tumors caused by injecting C5T and 3T12T. 

Lymphocyte 
Source Target Cells cpm Remaining % Cytotoxicity 

none A31 
21695 - 1071 

control 
A31 

11037 - 1396 -

C5T A31 
7̂ 99 t 689 32 «0.01) 

3T12T A31 
5840 - 473 47 (<0.01) 

none C5T 9898 t 779 

control C5T 4727 - 527 -

C5T C5T 313'+ - 48l 34 (<0.01) 

3T12T C5T 2321 i 270 51 «0.01) 

none 3T12T 54244 - 4709 

control 3T12T 31846 t 2415 -

C5T 3T12T 18702 i 1818 41 «0.01) 

3T12T 3T12T 16902 - 1835 47 «0.01) 

none Swiss 3T3 89509 * 7779 

control Swiss 3T3 68030 t 4495 -

C5T Swiss 3T3 51187 - 9279 25 «0.01) 

3T12T Swiss 3T3 53770 - 5649 21 «0.01) 

none BHK 32861 i 7435 

control BHK 36065 - 3824 -

C5T BHK 41383 - 4555 -15 N.S. 

3T12T BHK 36051 - 7483 0 

Lymphocyte preparation and cell mediated killing determined by the 
%̂7uridine assay were performed as described in Materials and 
Methods. Lymphocytes were prepared from tumor bearing animals while 
the tumors were from 1-2 cm in diameter (usually days 18-26). Numbers 
in parentheses indicate p values as calculated by the students* t-test. 
N.S. indicates cytotoxicity was not significant by the same test. BHK 
sire baby hamster kidney cells. 
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Table 5« Cytotoxicity of in vitro sensitized lymphocytes. 

Sensitizing 
Monolayer 

Target 
Cell 

Number 
Surviving Cells 

Percent 
Cytotoxicity P 

B3T3 B3T3 . 53 + 8 -

3T12T B3T3 18 ± 6 66 .001 

MSC B3T3 5̂ + 5 15 N.S. 

B3T3 3T12T 

+
1
 K

\ O
O

 

-

3T12T 3T12T 
+
1
 00 

1 90 .001 

MSC 3T12T 72 + 12 13 N.S. 

B3T3 MSC 2k + 5 -

3T12T MSC 14 + 2 k2 .01 

MSC MSC !3 + 2 k6 .01 

Lymphocytes were sensitized in vitro against cell monolayers and 
tested for cytotoxicity against B3T3» 3T12T, and MSC target cells as 
outlined in Materials and Methods. The cytotoxicity test involved 
100-200 target cells/well and 10̂  sensitized lymphocytes/well. 
Lymphocytes incubated on B3T3 monolayers were not cytotoxic for any 
cell line and were used as controls, p value was determined by the 
students' t-test. N.S. indicates results are not significant by the 
same test. 



3T12T monolayers appear to have the same lack of specificity for kil

ling as lymphocytes prepared from animals bearing 3T12T tumors. 

The cytotoxicity demonstrated by jLn vitro activated lymphocytes 

appeared to be consistent enough to be used as a tumor antigen assay. 

The design of such an assay would be to test tumor bearer serum or 

tumor cell extracts for the ability to block lymphocyte cytotoxicity. 

3T12T tumor serum and papain digests of tumor cells (which have been 

shown to contain histocompatibility antigens by Shimada and Nathenson 

/19697, an(* tumor antigens by Baldwin, Price and Robins ̂ 19737) did not 

cause blocking of cytotoxicity by in vitro activated lymphocytes. The 

conclusion was drawn that blocking of lymphocyte cytotoxicity by tumor 

bearer serum or tumor cell extracts cannot be used to define specific 

tumor antigens. 

An interesting phenomenon demonstrated by all mice bearing 

large tumors was a vast enlargement of the spleen accompanying tumor 

growth. Spleens from normal mice ranged from 70-90 mg. Spleens from 

tumor bearers enlarged in some cases to 1200 mg. An experiment was 

performed to see if spleens from tumor bearing mice contain large 

numbers of dividing cells. Spleen cells were removed from normal and 

3T12T tumor bearing mice and /~̂ h7-thymidine incorporation into acid 

precipitable material was measured. Since a recent report indicated 

that tumor bearer lymphocytes cannot undergo cell division in vitro 

without extensive washing (Hattler and Soehnlen 197*01 thymidine in

corporation by the lymphocytes was measured before and after purifi

cation and washing procedures. It was found that adhering the spleen 
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cells to Petri plates (to remove adherent cells, primarily macrophages), 

removal of red blood cells, and washing up to six times with fresh 

medium had little effect on the thymidine incorporation of normal 

lymphocytes (Fig. 7). These same procedures allowed a large stimula

tion of thymidine incorporation by 3T12T tumor bearer lymphocytes. It 

is interesting that the stimulated thymidine incorporation of lympho

cytes from tumor bearing mice was measurable only in the first 2b hours 

after removal from the mouse (Fig. 8). The spleens of tumor bearing 

mice are enlarged and filled with lymphocytes that show a short term 

apparent stimulation of DNA synthesis after extensive washing. 

The above immunological studies have increased our understand

ing of the biological properties of the various cell lines. While no 

useful assay for the isolation of tumor antigens was found, these 

studies have defined the ̂ n vivo behavior of the tumor cell lines. A 

summary of the biological and immunological properties of some of the 

more interesting cell lines is given in Table 6. This cell system 

includes normal non-tumorigenic cells, transformed cells that cause 

regressing tumors, and transformed cells that cause killing tumors. 

One killing tumor line is non-immunogenic while all the other tumor 

lines appear immunogenic. One of the lines causing tumors that regress 

appears to share antigens with a cell line causing tumors which kill 

BALB/c mice. All of the tumor lines appear to induce both in vivo 

and in vitro the production of cytotoxic lymphocytes. It is of in

terest to see if biochemical studies of the membrane components of 

these biologically defined cell lines can help to explain their vastly 

different in vivo and in vitro behaviors. 
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Figure 7. Thymidine incorporation by control and 3T12T tumor bearer 
spleen cells. — Spleens were removed from control and 
3T12T tumor bearing mice. Lymphocytes were teased from 
spleens, adhered for 45 min. to plastic plates, treated 
with 0.75% NĤ Cl, 0.016 M Tris, pH 7.4, to lyse red blood 
cells, and washed 6 times in DMM. After adhering, NĤ Cl 
treatment, and the first, third, and sixth wash, 10̂  
lymphocytes were removed and incubated for 2 hr. in 0.1 
ml DMM containing 1 /iCi ̂ ""̂ riT-thymidine (New England 
Nuclear, 6.7 Ci/mM). At the end of 3 hr., the contents 
of each incubation mixture were pipetted onto Whatman 3MM 
2.3 cm circular filter papers. The filters were dried, 
washed 3 times with cold 10% trichloroacetic acid (TCA), 
once with room temperature 5% TCA, 2 times with 95% 
ethanol, once with 95% ethanol:acetone (1:1) and once 
with acetone. The filters were dried and counted in a 
scintillation counter. Each value is the average of five 
separate incubations. Bars indicate standard deviations. 
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Figure 8. Ihiration of stimulated thymidine incorporation of tumor 
bearer lymphocytes. — Control and 3T12T tumor bearer 
lymphocytes were prepared as described in the legend to 
Figure 7. After adhering, NĤ Cl treatment and 3 EMM 
washes, lymphocytes were placed in Microtest II wells in 
DMM. On days 0, 1, 2, 3, and 'f, 1 fid /~5h7-thymidine 
was added to 5 control and 5 tumor lymphocyte wells. The 
cells were incubated for 3 hr. and radioactivity deter
mined as in the legend to Figure 7. 
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Table 6. Summary of the biological and immunological properties of 
BALB/c cell lines. 

Generation of 
Cytotoxic Lyrapho-

Cell cytea 
Line Tumorigenicity Tumor Fate Immunogenicity* in vivo* in vitro 

PBC -

A31 -

B3T3 -

C5 + Regress + + + 

3T12 + ? N.D. +_ N.D. 

MSC + Regress or 
Kill 

+ + + 

C5T + Kill + + N.D. 

3T12T + Kill - + + 

N.D. indicates experiment not performed. 
+ indicates positive result. 
- indicates negative result. 
£ indicates questionable results. 

'Experiments performed in association with Dr. W. J. Grimes. 
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Biochemical Characterization 

Glucosamine Incorporation by Normal 
and Transformed Cells 

Radioactive glucosamine has been used to label complex poly

saccharides in a number of different normal and transformed cell sys

tems. This sugar can be converted metabolically to appear incorporated 

into macromolecules as either N-acetylglucosamine, N-acetylgalactosamine 

or sialic acid. It was necessary to determine if glucosamine labeling 

could be used for qualitative and quantitative comparisons of glyco

proteins and glycolipids in our BALB/c cell system. 

In initial experiments, the rate of glucosamine incorporation 

into acid precipitable products was measured among the various cell 

lines. In these studies, cells were labeled in medium containing low 

glucose concentrations to enhance radioactive glucosamine utilization. 

The results showed that the transformed cells demonstrated a greater 

glucosamine incorporation than normal B3T3 cells during a 2b hour 

labeling period (Table ?)• The killing tumor line, 3T12T, showed the 

greatest glucosamine incorporation, B3T3 cells showed the lowest, and 

the regressing tumor lines MSC and C5 showed intermediate levels. The 

normal cell line showed the greatest release of acid precipitable glu

cosamine labeled products into the medium, C5 and MSC showed inter

mediate amounts, and 3T12T showed the lowest release of labeled pro

ducts (Table ?)• In order to determine whether the apparent increased 

incorporation of glucosamine by 3T12T cells was into glycolipids and 

glycoproteins or into mucopolysaccharides, the following experiment 

was performed. B3T3 and 3T12T cells were labeled with ̂ ~̂ H7-gLucosamine 
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Table 7. Incorporation of ̂ Ĥ̂ -glucosamine 
cells. 

into normal and tumor 

Cell Line 
Total Acid Precipitable 
cpm per mg protein 

% Cell 
Associated 

oL /O 
Released 

B3T3 208,*+06 29.2 70.8 

MSC 257,816 60.6 39*k 

Clone 5 553,917 65.6 3k.k 

3T12T 689,6̂ 3 80.5 21.5 

Sixty mm Petri plates were seeded with 2 x 10 of the indicated cell 
type. After overnight incubation, cells were labeled in MEM contain
ing 5 PCi/ml ̂ f̂ -̂glucosamine for 2k hr. The medium was then removed 
from the plates and saved, and the cells were incubated 2k hr. further 
in normal, unlabeled medium. The medium was again collected and saved. 
The monolayers were precipitated with 1% PTA in 0.5̂  HC1, scraped from 
the plates, washed 3 times in the acid solution. One half of each 
washed pellet was used for radioactivity determination and the other 
half was dissolved in 0.5M NaOH and used for protein assay as de
scribed in Materials and Methods. The stored labeled medium was pre
cipitated with 1% PTA, washed with the acid solution, and radioactivity 
of the precipitate determined. Total acid precipitable CPM indicates 
the radioactivity associated with cell monolayers and first and second 
2k hr. labeled medium. The released CPM represents a combination of 
both the first and second 2k hr. labeled medium. 



and at various times the total phosphotungstic acid precipitable radio

activity (glycolipids and glycoproteins) and cetylpyridinium chloride 

precipitable radioactivity (mucopolysaccharides) were quantatated. As 

shown in Figure 9, there was virtually no difference in cetylpyridinium 

chloride precipitable radioactivity between B3T3 and 3T12T at amy time 

point. The acid precipitable material however, showed a steady in

crease in 3T12T labeling over B3T3, with 3T12T showing more than double 

the B3T3 incorporation in 2k hours. Therefore, the increased glucosa

mine incorporation by 3T12T is into the glycolipid and/or glycoprotein 

fractions. In order to determine whether glycolipids, glycoproteins, 

or both were responsible for the increased glucosamine incorporation 

by the transformed cells, B3T3, MSC, and 3T12T cells were labeled for 

2k hours, the cells were precipitated with phosphotungstic acid, and 

the washed precipitates were extracted three times with chloroform: 

methanol (2:1). The amount of radioactivity incorporated into 

chloroform-methanol insoluble material (glycoproteins) and chloroform-

methanol soluble material (glycolipids) was determined (Table 8). The 

radioactivity measured in the chloroform-methanol insoluble material 

was roughly equal for all three cell lines. The chloroform-methanol 

soluble material showed about a three-fold increase in radioactivity 

in the transformed cells compared to the normal cells. Thus, it 

appeairs that the increased incorporation of glucosamine by transformed 

cells was into a glycolipid fraction. 

If the incorporation of glucosamine into glycolipids and 

glycoproteins of Â  and 3T12T cells is compared under sparse and dense 



Figure 9. Incorporation of ̂ "̂ /-glucosamine into phosphotungstic 
acid and cetylpyridiniura chloride precipitable material. 

B3T3 and 3T12T cells were plated in 60 mm petri plates and 
incubated overnight. Cells were washed 3 times with MEM 
and at time 0, MEM containing 5 MCi/ml /~3H7-glucosamine 
was added. 'After 1, k, 8, and 2k hr., k labeled plates of 
each cell type were removed. Two of the plates were 
washed 3 times in MEM and precipitated with 1% phospho
tungstic acid (PTA) in 0.5 N HC1. The cells were scraped 
from the plate, and half of the precipitated material was 
used for protein assay while the other half was filtered 
on millipore filters, washed 3 times with 1% PTA in 0.5 N 
HC1, and the filters were counted in a scintillation 
counter. The cells from the 2 remaining plates were washed 
once with Solution A and removed from the plate with 10~3 
M EDTA in Solution A. 0.5 mg hyaluronic acid and 2.5 mg 
chondroitin sulfate A were added as carriers and the mix
ture was dissolved overnight in 0.1 M NaOH. After neu
tralization with 0.1 N HC1, the mixture was incubated with 
1 mg/ml pronase for 2k hr. at 37° and dialyzed extensively 
against 0.1̂  M NaCl and then against ̂ 0. The solution 
was made 0.0*+ M Na2S0/f and 2# cetylpyridiniura chloride 
(CPC) in 0.0*+ NagSOij. was added at a 1:10 ratio. The mix
ture was then incubated at room temperature overnight. 
The resulting precipitate was pelleted by centrifugation 
at 10,000 x g, washed 3 times with 0,2% CPC in Na2SO/4., 
and counted in a scintillation counter. 
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Figure 9. Incorporation of ̂ "̂ /-glucosamine into phosphotungstic acid 
and cetylpyridinium chloride precipitable material. 
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Table 8. Incorporation of ̂ ~̂ H7-glucosamine by B3T3, MSC, and 3T12T 
cells. 

CPM Ratio X 
Cell Line per fig Protein B3T3 

Chloroform:Methanol Insoluble Material 

B3T3 18.0 -

MSC 2k.3 1.35 

3T12T lk.5 0.80 

Chloroform:Methanol Soluble Material 

B3T3 38.3 -

MSC 104.7 2.73 

3T12T 112.9 2.95 

Cells were labeled in 60 ml Petri plates for 2k hr. as indicated in 
Table 7. The monolayers were then precipitated with 1% PTA in 0.5M 
HC1, scraped from the plates and washed 2 times in the same solution. 
The washed pellets were then extracted 3 times with chloroform: 
methanol (2:1). The chloroform methanol extracts were pooled, dried, 
and radioactivity was determined in a scintillation counter. The 
chloroform methanol insoluble material was dissolved in 0.5M NaOH. 
One half was used for protein assay and the other half was used to 
detect incorporated radioactivity. 
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growing conditions (Fig. 10), one can see that large differences are 

only detected between the dense cell cultures. When the labeled gly

colipids and glycoproteins of sparse and dense 3T12T cells are hydro-

lyzed and compared on paper chromatography, a large portion of the 

label from both glycoproteins and glycolipids grown under dense con

ditions migrates as a component that does not correspond to any known 

sugar (Fig. 11). This component is not a hydrolysis breakdown com

ponent of sialic acid. It appears that under dense growing conditions, 

3T12T cells may be converting the ̂ ""̂ Ĥ -glucosamine into products other 

than N-acetylglucosamine, N-acetylgalactosamine, or sialic acid. The 

metabolic utilization of glucosamine may be caused by the fact that 

dense cells rapidly deplete the low levels of glucose used in the 

labeling medium. In order to test this possibility, cells were labeled 

in medium containing 4.5 g glucose per liter instead of one g per liter 

used in earlier experiments. Under these conditions, the .rates of glu

cosamine incorporation by normal and transformed cells are similar, and 

the unknown labeled component is not seen. Subsequent experiments in

volving glucosamine labeling were performed in medium containing 4.5 g 

glucose per liter. 

Other important control experiments included determining the 

rates of glucosamine uptake, rates of glycoprotein and glycolipid 

turnover, and nucleotide sugar pool sizes for the different cell lines. 

To measure glucosamine uptake, B3T3 and 3T12T cells were incubated for 

10 minutes in medium containing 5 /*Ci/ml ̂ ~̂ H7-glucosamine. The cells 

were then washed three times with 0.14M saline, dissolved in 0.5M NaOH 
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G L Y C O L !  P I  D S  G L Y C O P R O T E I N S  

3TI2T 
0 

3TI2T 
D S 0 S S 

Figure 10. Incorporation of ^̂ -glucosamine into sparse and dense 
A31 and 3T12T glycoproteins and glycolipids. ~ Ayi cells 
were plated at 3 x 105 cells (sparse) and 1 x 10® cells 
(dense) per 60 mm Petri plate. 3T12T cells were plated 
at 2 x 105 (sparse) and 1 x 10" (dense) cells per 60 mm 
plate. The cells were incubated for 2k hr. in MEM con
taining 10% fetal calf serum and 7«5 fxCi/ml 
glucosamine. The cells were then washed 3 times with 
Solution A, precipitated with 1% PTA in 0.5 N HC1, and 
scraped from the plates. The precipitates were pelleted 
by centrifugation at 550 x g, washed 3 times in 1% PTA-
0.5 N HC1, and extracted 3 times with chloroform: 
methanol (2:1). The extracts were combined, dried, and 
counted in a scintillation counter. The chloroform 
methanol insoluble material was dissolved in 0.5 M NaOH. 
One half was counted in a scintillation counter and the 
other half was used for protein assay as described in 
Materials and Methods. (S), sparse; (D), dense. 



Figure 11 . Paper chromatography of /f̂ Ĥ -glucosamine labeled 3T12T 
glycolipid and glycoprotein acid hydrolysates. 

Sparse and dense 3T12T cells were labeled, harvested, and 
extracted with chloroform:methanol (2:1) as described in 
the legend to Figure 10. The separated chloroform-
methanol soluble (glycolipid) and insoluble (glycoprotein) 
material was hydrolyzed in 2N trifluoroacetic acid (TFA) 
for 90 min. at 120°. The hydrolysates were dried, resus-
pended in a small volume of HgO and applied, along with 
G1cNH2» Glc, said GlcNAc standards, to 2 inch wide strips 
of Whatman #1 chromatography paper. Descending paper 
chromatography was performed for 30 hr. in ethyl acetate: 
pyridine:H_0 (8:2:1). The paper strips were then dried, 
cut into 1 cm pieces, and radioactivity was determined 
in a scintillation counter. Standards were detected by 
spraying the paper strips with a solution made of one 
part 1% KMnÔ  in 2% Na_C0, and four parts of 2% NalÔ . 
Migration of standards is indicated by dashed circles. 
GL indicates glycolipids, GP indicates glycoproteins, 
and GlcNH2» Glc, and GlcNAc indicate glucosamine, glu
cose, and N-acetylglucosamine, respectively. 
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.1. Paper chromatography of /""̂ -̂glucosamine 
labeled 3T12T glycolipid and glycoprotein 
acid hydrolysates. 



and the total cell associated radioactivity per mg cell protein was 

determined. It was found that both cell lines had similar uptake 

rates, with B3T3 cells taking up 10,000 CPM per mg protein and 3T12T 

showing 12,300 CPM per mg cell protein in a 10 minute period. To 

measure turnover rates, B3T3 and 3T12T cells were labeled for 2b hours 

with ̂ "̂ 7-glucosamine, washed three times, and resuspended in normal 

medium. After incubation for various times up to 2b hours, the cells 

were acid precipitated and extracted with chloroform-methanol. The 

chloroform-methanol insoluble material from both cell lines showed the 

same turnover rate with about one half of the total label being lost 

in 2b hours (Fig. 12). V/hen the chloroform-methanol soluble material 

was tested in the same way, no turnover was seen in either cell line 

during the first 2b hours (Fig. 13)• In the next control experiment, 

nucleotide sugar pool sizes were determined for the various cell lines. 

As shown in Figure 1*+, standard nucleotide sugars can be easily sepa

rated from free sugars by paper chromatography, and UDP-amino sugars 

sire the fastest migrating of the nucleotide sugars in this system. 

Nucleotide sugars were extracted from the cells, a tracer amount of 

r-l̂  -7 UDP-£ C/-N-acetylglucosamine was added as a marker, and the nucleo

tide sugars were separated on paper chromatography as in Figure 1̂ . 

The developed chromatograms were dried and the region containing the 

nucleotide sugars (from the origin to just past the point of migration 

of UDP-£ C/-N-acetylglucosamine) was eluted and lyophylized. Alditol 

acetates were then prepared from sugars released by acid hydrolysis of 

the lyophilized material and analyzed by gas lipid chromatography. 
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B3T3 
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Figure 12. Turnover of glucosamine labeled glycoproteins. — B3T3 and 
3T12T cells were plated and labeled for 2k hr. in DMM con
taining 10?6 fetal calf serum and 5 MCi/ml 7-
glucosamine. The plates were then washed 3 times with 
unlabeled EMM and incubated in EMM containing 10$ fetal 
calf serum and cold glucosamine at a concentration of 100 
times the total glucosamine concentration of the labeling 
medium. At time 0, and after 1, k, 8, and 2k hr., 3 
plates of each cell type were washed 3 times with Solu
tion A and precipitated with 1% PTA in 0.5 N HC1. The 
precipitated cells were then scraped from the plates, 
pelleted by centrifugation at 2300 RPM and washed 2 times 
with the PTA solution. The pellets were then extracted 
2 times with chloroform:methanol (2:1) and once with 
chloroform:methanol:water (60:30:̂ .5)• The chloroform 
methanol insoluble pellets were dissolved in 0.5 M NaOH 
and counted in a scintillation counter. Bars indicate 
standard deviations. 
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B3T3 
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Figure 13. Turnover of glucosamine labeled glycolipids.— This 
figure represents a continuation of the experiment de
scribed in the legend to Figure 12. The chloroform-
methanol soluble material at each time point was com
bined, dried, and counted in a scintillation counter. 
Bars indicate standard deviations. 
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Figure lkm Paper chromatography of standard nucleotide sugars and free 
sugars. — The following combinations of labeled sugars and 
nucleotide sugars were applied to 2 inch wide Whatman #̂ 0 
ashless chromatography paper: UDP-/~1̂ G7-N-acetylglucosa-
mine (18,000 CPM) and UIP-/""%7-galactose (20,000 CPM); 
GDP-/̂ c7-mannose (20,000 CPM) and UIP-/̂ H/-galactose 
(20,000CPM); UIP-zf̂ W-N-acetylglucosamine (l8,000CPM) and 
/OH7-mannose (20,000 CPM); and UIP-/̂ £7-N-acetylglu-
cosamine (18,000 CPM) and /"̂ -glucosamine (20,000 CPM). 
Descending paper chromatography was performed in IM 
ammonium acetate:95$ ethanol (30:70), pH 3«6 for 2.k hr. 
The strips were cut into 1 inch pieces and counted in a 
dual channel scintillation counter. Migration of each 
sugar and nucleotide sugar was standardized to the migra
tion of UDP-/~̂ c7-N-acetylglucosamine • 
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With only a few exceptions, the levels of the nucleotide sugars 

appeared similar among all the cell lines tested (Table 9)« The only 

notable differences are elevated GDP-mannose levels in C5 and decreased 

UDP-glucose levels in C5T. GBP-fucose levels were very low or non-

detectable. The two nucleotide sugars that could be important in glu

cosamine incorporation, UDP-N-acetylglucosamine and UDP-N-

acetylgalactosamine were quite similar among all the cell lines. These 

control experiments demonstrate that under conditions of excess glu

cose, radioactive glucosamine can be used for qualitative and quanti

tative comparisons of complex polysaccharides of normal and transformed 

BALB/c cells. 

Glycolipids of Normal and Transformed Cells 

Glycolipids were labeled, extracted, and analyzed as described 

in Materials and Methods. Figure 15 shows the results of autofluorog-

jif -j 
raphy of TLC separated, £_ £/-glucosamine labeled glycolipids from the 

cell lines. It can be seen that confluent (track A) and growing (track 

B) Â  cells show identical patterns which consist almost entirely of 

Ĝ 2 an<* N° globoside or Ĝ  and very little Ĝ  is detected. 

MSC cells (track C) show a different pattern, possessing both globoside 

and Ĝ j and showing less Gĵ  than Â » C5 and C5T (tracks D and E) 

appear identical and show no globoside, but Ĝ  is detected and Ĝ  is 

decreased compared to Â . Most striking, however, is the fact that 

3T12T shows a glycolipid labeling pattern identical to Aĵ . Relative 

levels of ̂ /̂-glucosamine labeled glycolipids are compared in Table 

10. Â  confluent, A-̂  growing, and 3T12T show almost identical 



Table 9. Nucleotide sugar levels of BALB/c cell lines. 

Cell Line Nucleotide Sugar /ig/mg Protein 

GDP- fucose 0.07 
+ 
0.00 

GDP- mannose 0.65 
+ 0.03 

UDP- galactose 0.8k + 0.03 

UDP- glucose 2.42 
+ 0.13 

UDP- N-acetylglucosamine 1.56 
+ 
0.00 

UDP- N-acetylgalactosamine 0.25 
+ 0.20 

GDP- fucose 0.00 + 0.00 

GDP- mannose 1.72 
+ 
O.38 

UDP- galactose 1.20 
+ 
0.26 

UDP- glucose 3.20 
+ 
1.29 

UDP- N-acetylglucosamine 1.21 
+ 

0.75 

UDP- N-ace tylgalac tosamine 0.62 
+ 0.42 

GDP- fucose 0.00 
+ 0.00 

GDP- mannose 0.69 
+ 
0.38 

UDP- galactose 0.36 
+ 
0.00 

UDP- glucose 0.78 
+ 
0.52 

UDP- N-acetylglucosamine 1.80 
+ 
1.38 

UDP- N-ac e tylgalactosamine 0.73 
+ 
0.72 

GDP- fucose 0.04 
+ 
0.04 

GDP- mannose O.38 + 0.03 

UDP- galactose 0.90 + 0.06 

UDP- glucose 3.̂ 9 
+ 0.32 

ITDP- N-acetylglucosamine 1.35 
+ 0.70 

UDP- N-acetylgalactosamine 0.70 + 0.39 
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Table 9—Continued. 

Cell Line Nucleotide Sugar /xg/mg Protein 

3T12T GDP- fucose 0.11 
+ 0.00 

GDP- mannose 0.17 
+ 
0.1b 

UDP- galactose O.58 
+ 
0.19 

UDP- glucose 3.07 
+ 
0.32 

UDP- N-acetylglucosamine 0.90 
+ 
0.39 

UDP- N-ac e tylgalacto samine 0.25 
+ 
0.14 

2 Cells were grown in large roller bottles (1300 cm growing area), 
washed 3 times with normal saline, and scraped from the bottles in 
60# ethanol. The scraped cells were extracted 2 times in 60# ethanol 
in a boiling water bath. After each extraction the cells were 
pelleted by centrifugation at 900 x g and the supernatant solution 
was saved. The combined solutions were centrifuged at 33,000 x g 
for 20 min. and the supernatant solution was evaporated to dryness. 
The material was resuspended in 1 ml H2O and recentrifuged at 
33»000 x g for 20 min., the supernatant solution was collected and 
tracer amounts of UDP-̂ ^̂ Ĉ -glucosamine were added. The nucleo
tide sugar preparation was then subjected to descending paper 
chromatography as described in the legend to Figure 14. A 1 cm 
portion from the center of the paper chromatogram was cut into 1 cm 
strips and counted to locate the UDP-̂ ^̂ CjT-glucosamine. The por
tion of the chromatogram from the origin to just past the point of 
migration of the l̂ C marker was eluted with 60$6 ethanol, dried, and 
hydrolyzed in 2N TFA for 90 min. at 120°. Alditol acetates were 
prepared from the hydrolyzed sugars and analyzed by gas-liquid 
chromatography as described by Grimes and Greegor (1976). Amounts 
of each nucleotide sugar were calculated from the amount of each 
sugar hydrolyzed from the isolated nucleotide sugar fractions. 
Protein determinations were performed on the 60% ethanol insoluble 
pellet as described in Materials and Methods. - indicates standard 
deviation. 
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Thin layer chromatography of ~14£7-glucosa~ine labeled 
glycolipids . -- Cells were labeled with ~4c7-
glucosamine and extracted 3 times with chloroform: 
methanol (2: 1) . The chloroform- methanol extracts were 
analyzed by thin layer chromatography as described in 
Materials and Methods . After chromatography, the plate 
was dried , sprayed with chloroform containing 1ry~ PPO , 
dried, and exposed on X- ray film . Arrows at right mark 
the point of migration of standard glycolipids . (A) 
confluent A

31
; (B) growing A

31
; (C) MSC; (D) C5; (E) C5T; 

(F) 3Tl2T 
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Table 10. Thin layer chromatography of ̂ ~̂ H7-glucosamine labeled 
glycolipids. 

Percent of Total CHClj-MeOH soluble cpm in: 

Cell Line GT1 GDla 2̂ GM3 GLOB. Total 

Â -confluent 1 3k 33 5 1 9k 

Â -growing 2 k? 39 2 1 91 

MSC 0 29 11 33 2k 97 

C5 1 52 19 20 2 9k 

C5T 0 58 27 12 0 97 

3T12T 0 50 38 3 5 96 

/~5H7-glucosamine labeled membranes were prepeired as described in 
Materials and Methods. The labeled membranes were extracted 3 times 
with chloroform:methanol (2:1) and the extracts were pooled and 
dried. The extracts were then resolubilized in 20 jil chloroform: 
methanol (2:1) and spotted on Silica G-25 plates. Thin layer 
chromatography was performed as described in Materials and Methods. 
The plates were cut into separate panels for each cell line, and 
each panel was cut into 0.5 cm strips. The radioactivity of the 
strips was determined in a scintillation counter. Labeled glyco
lipids were identified by comparison to the migration of authentic 
glycolipid standards. 
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labeling with about 50$ of the label appearing as an<* ̂  

appearing as Ĝ * Five percent or less of the label appeared as °r 

globoside. These relative levels of glycolipids are very similar to 

those measured by Fishman, Brady and Aaronson (1976) for normal BALB/c 

3T3 cells-, using sialic acid determinations for glycolipid quantitation. 

The similarity of their results with the present data supports the idea 

that glucosamine labeling can be used for comparisons of relative 

levels of glycolipids between cell lines. Other transformed cells 

showed altered levels of glycolipids. MSC had 29% of the label in 

11$ in Gfy2' wî h 33 and 2ty/o appearing in and globoside, re

spectively. C5 and C5T showed similar amounts of label in Ĝ & as A31, 

but were reduced in an(i increased in Ĝ * MSC, C5, and C5T 

there appeeirs to be an inverse relationship between the amount of label 

appearing in °M2 and GM3" 

Surface Proteins of Normal and 
Transformed Cells 

125 
Cells were surface labeled with I as outlined in Materials 

and Methods and analyzed by SDS-polyacrylamide gel electrophoresis. 

Figure 16 shows the labeling patterns of A^ cells (A) and PBC cells 

(B). Both normal cell types show labeling of a large molecular weight 

band that appears to be analogous to the LETS protein detected in other 

systems (Hynes 1973; Gahmberg and Hakomori 1973; Hogg 197*0. A31 and 

PBC cells have generally similar labeling patterns, but a few differ

ences do appear in smaller molecular weight regions. PBC shows label

ing of a band of about 180,000 MV/ that does not appear on A31 while 

A31 shows several bands in the 100,000 MW region which do not appear 
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Figure 16. SUS-polyacrylamide gel electrophoresis of 125r labeled 
normal cell surface proteins. -- A31 (A) and PBC (B) 
cells were labeled using lactoperoxidase-125r and elec
trophoresed on slab gels as described in Materials and 
Methods. Approximately 50,000 CPM of each labeled mate
rial was applied to gels. Molecular weight markers used 
include: goat IgG, 155,000; bovine serum albumin, 
67,000; and hen egg albumin, 45,000. 
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125 
on PBC. Figure 17 shows the I profiles of the spontaneously trans

formed cell lines before and after mild trypsinization (10 fig/ml for 

10 min. at room temperature). C5 shows virtually identical patterns 

before (A) and after (B) trypsin treatment as does C5T (C and D). 

Virtually no labeling is seen in the LETS region, while a very heavily 

labeled band of about 105,000 MW appears in both the cell lines. The 

band is not sensitive to the mild trypsin treatment. 3T12T (E) is 

strikingly different from the other spontaneous transformants, with 

the heaviest labeling appearing in a band of 2̂ 0,000 MW, analogous to 

the LETS protein. 3T12T also shows increased labeling of several bands 

of about 165,000 MW (which are not trypsin sensitive) and about 135»000 

MW (which are trypsin sensitive) relative to C5 and C5T. There is no 

labeling of the 105,000 MW band in 3T12T. 

Membrane Glycoproteins of Normal 
and Transformed Cells 

In order to study the membrane glycoproteins of the various 

cell lines, glucosamine labeled membrane preparations were made as 

discussed in Materials and Methods. The membranes were then dissolved 

in detergents and subjected to various separation techniques. When 

labeled Â  membranes are dissolved in Triton X-100 and analyzed by 

P-100 chromatography (Fig. 18) all of the labeled material appears in 

the void volume of the column. Since membrane glycoproteins could be 

aggregating with lipid to form high molecular weight complexes, Â  

labeled membranes were first extracted three times with chloroform: 

methanol (2:1) and then solubilized in Triton X-100 and analyzed by 
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Figure 17. SDS-polyacrylamide gel electrophoresis of 125r labeled 
transformed cell surface proteins. -- Cells were labeled 
with lactoperoxidase-125r, subjected to mild trypsiniza
tion, and electrophoresed as described in Materials and 
Methods. Approximately 50,000 cpm of each labeled mate
rial was applied to gels. Molecular weight markers 
include: spectrin (large band), 24o,OOO; goat IgG, 
155,000; bovine serum albumin, 67,000; and hen egg albumin, 
45,000. (A), C5; (B), C5-trypsinized; (C), C5T; (D), C5T
trypsinized; (E), 3Tl2T; (F), 3Tl2T-trypsinized. 
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Figure 18. Bio-Gel P-100 chromatography of Triton X-100 solubilized 
5H7-glucosamine labeled B3T3 membrane glycoproteins. —— 

Biô Gel P-100 was equilibrated overnight in 0.05 M KgHPOî  
pH 7.2 containing 0.1% Triton X-100 and was poured into a 
1.5 x 90 cm column. Approximately 113»000 cpm was solu
bilized from the glucosamine labeled B3T3 membranes in 
0.1% Triton X-100, applied to the column and eluted with 
the equilibrating buffer. Two ml fractions were collected 
said radioactivity was determined in a scintillation 
counter. Blue dextran 2000 (fractions 16-18) was used 
as a void volume marker and phenol red (fractions 76-80) 
was used as an end marker. 
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P-100 chromatography (Fig. 19). It can be seen that all of the labeled 

material still elutes in the void volume of the P-100 column, indi

cating that the glycoproteins are greater than 100,000 MW or that the 

glycoproteins are still in some state of aggregation. Triton X-100 

solubilized glucosamine labeled 3T12T membranes were then analyzed on 

Bio-Gel A-0.5 M, which has a fractionation range of 10,000 to 500,000 

MW (Fig. 20). Here a portion of the labeled material elutes in the 

void volume while most of the label appears as a single peak of quite 

large molecular weight. Since there was only one major peak in the 

included volume, it appears that the glycoproteins are migrating as 

aggregates. Solubilization in SDS (Fig. 21) did not allow any better 

separation than Triton X-100 solubilization. These experiments demon

strate that gel filtration chromatography is not a useful method for 

the separation of membrane glycoproteins. 

Ion exchange chromatography was next attempted as a method for 

resolving individual membrane glycoproteins. Figure 22 shows the re

sult of DE 52 chromatography of 3M KCl solubilized glucosamine labeled 

components from MSC and 3T12T cells. The two cell lines yield patterns 

which are essentially identical. Several major components are resolved 

on DEAE: a region eluting at 0.4-0.5 M NaCl, a peak eluting at about 

0.7̂  M NaCl, one at about 0.8 on NaCl, and a peak eluting at about 

0.9 M NaCl. In Figure 23, glucosamine labeled material released into 

the medium by 3T12 and 3T12T cells v/as analyzed on DEAE 52. The two 

cell lines show identical patterns which appear very similar to the 

DEAE 52 patterns of the 3M KCl extracts. The three later eluting peaks 
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Fitrure 19. Bio-Gel P-100 chromatography of chloroform-methanol ex
tracted /"5h7-glucosamine labeled B3T3 membrane glyco-
proteinsT — Details of the experiment are identical to 
those described in the legend to Figure 18 except the 
labeled B3T3 membranes were extracted three times with 
chloroform:methanol (2:1) before Triton X-100 solubiliza

tion. 
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Figure 20. Bio-Gel A-0.5 M chromatography of Triton X-100 solu-
bilized ̂ ~3H/-glucosamine labeled 3T12T membrane glyco
proteins. — Bio-Gel A-0.5 M was equilibrated in 0.02 M 
KPOip 0.1% Triton X-100, pH 7«2 and was poured into a 
3 x 80 cm column. Approximately 220,000 cpm was solu-
bilized from ̂ ~̂ 7-glucosamine labeled membrane in 0.1%! 
Triton X-100 and applied to the column. The column was 
eluted with the equilibrating buffer. 6.k ml fractions 
were collected, and radioactivity of 2 ml aliquots was 
determined in a scintillation counter. Blue dextran 2000 
(fractions 2k and 25) was used as a void volume marker 
and phenol red (fractions 63-67) was used as an end 
marker. 
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Figure 21. Bio-Gel A-0.5 M chromatography of SDS solubilized /~̂ H7-
glucosamine labeled 3T12T membrane glycoproteins. — 
The details of the experiment are identical to those 
described in the legend to Figure 21 except the column 
was equilibrated with buffer containing 0.1% SDS and 
the glycoproteins were solubilized in 0.1% SDS. Blue 
dextran 2000 (fractions 18-20) and phenol red (frac
tions 60-6*0 were used as markers. 
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Figure 22. DEAE 52 chromatography of glucosamine labeled MSC and 
3T12T KC1 extracts. — MSC cells were labeled for 3 days 
in DMM containing 10% fetal calf serum and 1 fzCi/ml 

-glucosamine • 3T12T cells were labeled in the same 
way with 1 fiCi/ml /"̂ Ĉ -glucosamine. After labeling, 
the medium was removed and the cells were washed 3 times 
with Solution A. 3.0 M KC1 in Solution A was added and 
the cells were incubated overnight at k° on a slow 
moving shaker. The KC1 solutions were collected, cells 
were pelleted by centrifugation at 2300 rpm, and the 
supernatant solutions were dialyzed exhaustively against 
H2O and then against 5nM Tris-POî , pH 7.8. Approximately 
80,000 cpm of each KC1 extract was mixed and analyzed by 
DEAE 52 chromatography as described in Materials and 
Methods. 
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Figure 23. DEAE 52 chromatography of glucosamine labeled 3T12 and 
3T12T harvest media. — 3T12T cells were labeled for 
three days in EMM containing 10% fetal calf serum and 
1 jiCi/ml /"̂ -glucosamine. 3T12 cells were labeled in 
the same way using 1 ptCi/ml (̂̂ -glucosamine • The 
media were then removed from the cells and dialyzed 
exhaustively against HjO and then against 5mM Tris-POi+, 
pH 7.8. Approximately 50,000 cpm of each labeled medium 
was mixed and analyzed by DEAE 52 chromatography as 
described in Materials and Methods. 
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were suspected to be acid mucopolysaccharides, since they required such 

a high salt concentration for elution. To test this, 3T12T cells were 

"2 7 c 
incubated with either £ ̂-glucosamine or /"" s7-sulfate, which is 

incorporated only into mucopolysaccharides in mammalian cells (Lie, 

McKusick and Neufeld 1972). The labeled medium for these cells was 

dialyzed exhaustively to remove free glucosamine and sulfate, and equal 

amounts of each labeled medium was applied to a DE 52 column. As sus

pected, the three late eluting peaks are co-labeled with glucosamine 

and sulfate (Fig. 2k), indicating that they are mucopolysaccharides. 

The glycoproteins appear to be in the glucosamine labeled region elut-

7 C  

ing at 0.k-0.5 M NaCl, a region which shows no ̂ S/-sulfate incor

poration. If /~̂ H7-glueosamine labeled cells are first extracted with 

3M KC1 and then solubilized in Triton X-100, DEAE 52 chromatography 

reveals the presence of only the glycoprotein region (0.35-0.5 M NaCl), 

with no mucopolysaccharides appearing (Fig. 25). The large peak elut

ing before the NaCl gradient appears to be free glucosamine. This 

procedure extracts the glycoproteins free of mucopolysaccharide, but 

still does not provide good separation of different glycoproteins. 

Labeled 3T12T membrane glycoproteins were solubilized in Triton 

X-100 and subjected to isoelectric focusing as described in Materials 

and Methods. The results showed that ̂ ~̂ f£7-glucosamine labeled mate

rial formed one broad peak with an isoelectric point of 3.5-̂ .0 (Fig. 

125 
26). 3T12T membrane proteins labeled by the lactoperoxidase- I pro

cedure were subjected to isoelectric focusing in the same manner. Here 

the labeled material separates into two broad peaks (Fig. 27). One 

peak has an isoelectric point of 3*5-̂ .0 and appears identical to the 
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Figure 2k ,  DEAE 52 chromatography of /"̂ -̂glucosamine and /" s7~ 
sulfate labeled 3T12T harvest media. — 3T12T cells were 
labeled for 3 days in DMM containing 1C$ fetal calf 
serum and either 1 fiCi/ml /~5h7-glucosamine or 2 fiCi/ml 
/~35s7-sulfate. The labeled media were then removed 
from the cells and dialyzed exhaustively against H2O 
and then against 5mM Tris-POlf, pH 7.8. Approximately 
30,000 cpm of each labeled medium was then mixed and 
analyzed by DEAE 52 chromatography as described in Mate
rials and Methods. 
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Figure 25. DEAE 52 chromatography of /"̂ -glucosamine labeled 3T12T 
Triton X-100 extracts. — 3T12T cells were labeled for 
three days in EMM containing 1095 and 1 /xCi/ml 
glucosamine. The cells were then washed and extracted 
with 3.0 M KCl as described in the legend to Figure 22. 
The cells were then pelleted by centrifugation at 2300 
rpm and extracted with 0.1% Triton X-100, 5mM Tris PÔ , 
pH 7.8. DEAE chromatography was performed as described 
in Materials and Methods, except all solutions passing 
through the column were 0.1$ Triton X-100. 
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Figure 26. Isoelectric focusing of Triton X-100 solubilized glucosa
mine labeled 3T12T membrane glycoproteins. — /~3h7-
glucosamine labeled 3T12T membranes were extracted v/ith 
0,% Triton X-100 and analyzed by isoelectric focusing as 
described in Materials and Methods using pH 3-5 ampholytes. 
The heavy electrode solution, the sucrose gradient, and 
the light electrode solution all contained 0.5/S Triton 
X-100. 
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125 
Figure 27. Isoelectric focusing of Triton X-100 solubilized I 

labeled 3T12T membrane proteins. — labeled 3T12T 
membranes were analyzed by isoelectric focusing as 
described in the legend to Figure 26. 



glucosamine labeled peak. The second peak has an isoelectric point of 

1.3-2.5 and its nature is completely unknown. Isoelectric focusing in 

Triton X-100 did not provide separation of different membrane proteins 

or glycoproteins. 

Satisfactory resolution of different membrane glycoproteins was 

finally obtained using SDS-polyacrylamide gel electrophoresis as out

lined in Materials and Methods. Three main glucosamine labeled regions 

appeared in all the cell lines (Fig. 28). Region I appeared as a 

single peak and is very similar among all the cell lines tested. 

Region II consists of two major peaks (Ila and lib) in A31 and 3T12T 

cells, but shows a third peak (lie) in MSC, C5» and C5T cells. Region 

III appears similar in all the cell lines showing either a broad peak 

or separation into two closely migrating peaks. Region III consis

tently shows higher relative labeling in the transformed lines compared 

to A31. MSC shows several peaks between regions II and III which are 

not present on the other cell lines. In Figure 29t the same patterns 

can be visualized using autofluorography. Region I is about 2*+0,000 

MW, Region Ila about 165,000, lib about 135i°00, lie about 105,000 and 

Region III is about 70,000 MW. It should be pointed out that these 

are apparent molecular weights, as glycoproteins are known to migrate 

anomalously on SDS gels. When /̂ ~̂ H7-glucosamine labeled 3T12T membrane 

glycoproteins are compared by SDS-polyacrylamide gel electrophoresis 

to 3T12T membranes surface labeled by the galactose oxidase-NaB̂ Ĥ  

method (provided by Brad Litin of this laboratory), the patterns 

appeared very similar. The only band labeled with glucosamine that 
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Figure 28. SDS-polyacrylamide gel electrophoresis of /""̂ -̂glucosamine 
labeled glycoproteins.--Labeled membranes were prepared as 
in Materials and Methods. 60,000 cpm of each labeled mem
brane preparation was applied to 7.3& gels in 6.0 x 120 mm 
glass tubes. Gels were electrophoresed at 3 mA per tube 
for approximately 3 hr. Gels were rimmed from the glass 
tubes, frozen, and cut into 1 mm slices. Slices were 
shaken overnight in 2 ml 1# SDS to elute glycoproteins and 
the eluted materiad was counted in a Beckman liquid scin
tillation counter. Molecular weight markers used include: 
goat Ig£t, 155*000; bovine serum albumin, 67,000; hen egg 
albumin, 45,000. 
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SDS- polyacrylamide gel electr ophoresis and autofluor
ography of ;-~7-glucosamine labeled glycoproteins . -
Labeled membranes were prepared and analyzed by elec
trophoresis and autofluorography as described in 
Materials and Methods . Approximately 50 ,000 cpm of each 
labeled material was applied to wells in a 13 x 11 x 
0 . 125 em slab gel and electrophoresed at 150 V for about 
2 hours . Molecular weight markers are the same as those 
listed in the legend t o Fi gure 28. (A) , A31 growing; 
(B), A31 confluent ; (C) , MSC; (D), C5 ; (E), C5T ; (F), 
3Tl2T . 
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was not also labeled by galactose oxidase was Ila. A band migrating 

identical to Ila was labeled by the lactoperoxidase surface labeling 

techniques (Fig. 17), however. 

In all cases, when glucosamine labeled membrane preparations 

were run on SDS-polyacrylamide gel electrophoresis, a very large peak 

migrating with the dye front was observed (Fig. 28). This labeled 

material was absent from B3T3 membranes previously extracted with 

chloroform:methanol (2:1) (Fig. 30). The chloroform-methanol insoluble 

and chloroform-methanol soluble material from glucosamine labeled B3T3 

cells was collected, dried, hydrolyzed and analyzed for hexosamine con

tent on Dowex Ag 50 x 1, The chloroform-methanol insoluble material 

(Fig. 31) showed most of the label appearing as glucosamine with the 

glucosamine to galactosamine ratio being about 6:1. This is consistent 

with the known hexosamine content of glycoproteins of B3T3 cells 

(Grimes and Greegor 1976). The chloroform-methanol soluble material 

(Fig. 32) showed a majority of the label as galactosamine, consistent 

with the glycolipid hexosamine content of this cell line (Grimes and 

Greegor 1976). Thus it appears that regions I, II and III, which are 

chloroform-methanol insoluble aire glycoproteins, and the fast migrating 

chloroform-methanol soluble material is glycolipid. Later studies con

firmed this conclusion as regions I, II and III were sill protease sen

sitive (see below). 

Membrane Glycopeptides of Normal 
and Transformed Cells 

The glycopeptides from membrane glycoproteins were compared. 

/"~̂ c7-and/or ̂ /~̂ H7-glucosamine labeled membrane preparations were 
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Figure 30. SDS-polyacrylamide gel electrophoresis of H7-
glucosamine labeled membrsuies before and after chloroform-
methanol extraction. — Labeled B3T3 membranes were pre
pared as described in Materials and Methods. Half of the 
labeled membrane preparation was extracted 2 times with 
chloroform:methanol (2:1) and once with chloroform: 
methanol:HoO (60:30:4.5). The other half was left un
treated. Each half of the labeled preparation was then 
electrophoresed in separate 6.0 x 120 mm tubes as de
scribed in the legend to Figure 28. The data from the 
two separate electrophoresis runs are superimposed on 
one graph. 
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Figure 31. Dowex 50 W-Xl chromatography of /"•̂ '-glucosamine labeled, 
chloroform-methanol insoluble B3T3 membrane acid hydro-
lysates. — Labeled B3T3 membranes were prepared as de
scribed in Materials and Methods and were extracted 3 
times with chloroform:methanol (2:1). The chloroform-
methanol insoluble material was hydrolyzed in 2 N TFA 
for 90 min. at 120°. Dowex 50 W-Xl was equilibrated in 
0.33 N HC1 and was poured into a 1.2 x 50 cm column. The 
hydrolyzed material was added to the column along with 
"̂̂ Ĉ -glucosamine and galactosamine standards and eluted 
with 0.33 N HC1. Three ml fractions were collected and 
radioactivity was determined in a dual channel scin-̂  
tillation counter. Arrows mark the center of the £ C7-
glucosamine and galactosamine peaks. 
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Figure 32. Dowex 50 W-Xl chromatography of /~̂ H7-glucosamine labeled, 
chloroform-methanol soluble B3T3 membrane acid hydrolysates. 
~ The chloroform:methanol (2:1) soluble material from 
Figure 31 was hydrolyzed and analyzed as described in the 
legend to that figure. 
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digested exhaustively with pronase to yield glycopeptides consisting 

of one or several amino acids bound to intact oligosaccharide chains. 

The glycopeptides were then analyzed by Sephadex G-50 chromatography. 

Figure 33 shows the co-chromatograra of ̂ "̂ Ĥ -glucosamine labeled 

and / C/-glucosamine labeled 3T12T glycopeptides. It can be seen 

that 3T12T is enriched in higher molecular weight glycopeptide species 

compared to A31, confirming the work of Meezan et al. (1969) and Buck, 

Glick and Warren (1970)* If the glycopeptides are treated with nuera-

minidase prior to G-50 chromatography (Fig. 3*0» the A31 and 3T12T 

patterns appear essentially identical. A similar result is obtained 

_Tk _ 
if C/-glucosamine labeled 3T12T glycopeptides are compared to 

/"3H7-PBC glycopeptides before (Fig. 35) and after (Fig. 36) neura

minidase treatment. Reversing the label of the two cell lines gives 

the same result. In Figure 37, 2f"̂ H7~Slucosamine labeled A 31 confluent 

/-I** -7 glycopeptides are compared to / C/-glucosamine labeled growing A31 or 

transformed cell glycopeptides on G-50. 3T12T and C5T, the two killing 

tumor lines, both show an increase of large molecular weight glyco

peptides compared to A31. MSC shows perhaps a small enrichment of the 

larger glycopeptides, while C5 glycopeptides are identical to those of 

cells. There were no detectable differences between glycopeptides 

of growing and confluent A31 cells. 

The individual glycoprotein regions were separated from /~̂ H7-

—1k 
glucosamine labeled A31 and C/-glucosamine labeled 3T12T membrane 

preparations by electrophoresis in a large (1.5 x 15 cm) tube gel. 

Portions of the gel corresponding to regions I, II and II were 
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Figure 33 • G-50 chromatography of A31 and 3T12T pronase glycopep-
tides. — glucosamine labeled (•) and C7-
glucosamine labeled 3T12T (A) membrane preparations 
containing equal amounts of radioactivity were mixed and 
digested for 5 days with pronase. An aliquot of the 
digested material was then applied to a Sephadex G-50 
column (90 x 1.5 cm). Two ml fractions were collected 
and counted in a Beckman dual channel liquid scintilla
tion counter. B.D., blue dextran 2000; p. red, phenol 
red. 
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G-50 chromatography of neuraminidase treated A31 and 
3T12T pronase glycopeptides. ~ An aliquot of the pronase 
digest from Figure 33 was boiled for 5 min. and treated 
with neuraminidase as described in Materials and Methods. 
The glycopeptides were then analyzed by G-50 chroma
tography as described in the legend to Figure 33• (•), 
A31; (A), 3T12T. 
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Figure 35. G-50 chromatography of PBC and 3T12T pronase glycopeptides. 
— ̂ 7̂-glucosamine labeled PBC (•) and £̂ £7-
glucosamine labeled 3T12T (A) membrane preparations con
taining equal amounts of radioactivity were mixed and 
digested for 5 days with pronase. An aliquot of the 
digested material was applied to a Sephadex G-50 column 
(90 x 1.5 cm). Two ml fractions were collected and 
counted in a dual channel Beckman liquid scintillation 
counter. 
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Figure 36. G-50 chromatography of neuraminidase treated PBC and 3T12T 
pronase glycopeptides. — An aliquot of the pronase digest 
from Figure 35 was treated with neuraminidase as described 
in Materials and Methods. The glycopeptides were then 
analyzed by G-50 chromatography as described in the legend 
to Figure 35. (•), PBC; (A), 3T12T. 
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Figure 37. Comparison of confluent A31 pronase glycopeptides to , 
growing and transformed cell glycopeptides. — /_ H/-
glucosamine labeled confluent Ajji membrane preparations 
(•) were mixed with either Z"1 ̂/-glucosamine labeled 
growing A31 membrane preparations or /~1̂ c7-glucosamine 
labeled transformed cell membrane preparations ( A) and 
digested 6 days with pronase. The pronase digests were 
applied to a Sephadex G-50 column (90 x 1.5 cm). Two ml 
fractions were collected and counted in a dual channel 
Beckman liquid scintillation counter. 



separated, digested exhaustively with pronase, and the eluted glyco-

peptides were analyzed by G-50 chromatography (Fig. 38), In both cell 

lines, glycopeptides from Region I appear to be the smallest in size, 

those from Region II of intermediate size, and those of Region III as 

the largest. 3T12T regions I and II glycopeptides appear larger than 

regions I and II glycopeptides, respectively. Region III glyco

peptides appear to be the same size from both cell lines. Thus, there 

appears to be a multiple cause for the enrichment of large pronase gly

copeptides in 3T12T membranes. 3T12T has several glycoproteins 

(regions I and II) that contain larger glycopeptides than do the cor

responding glycoproteins of Â ., and 3T12T consistently shows increased 

glucosamine labeling over A31 of glycoproteins that contain the largest 

glycopeptides in both cell lines (Region III). If the separated 

regions I, II and III glycopeptides are treated with neuraminidase 

prior to C-50 chromatography (Fig. 39)« the migration of all three is 

shifted to a smaller molecular weight. The size order of Region III> 

Region II> Region I remains, however, after neuraminidase treatment. 

In addition 3T12T regions I and II glycopeptides remain larger than 

A31 regions I and III glycopeptides after neuraminidase treatment. 

These experiments indicate that different glycoproteins of the same 

cell contain different carbohydrate structures and that the nature of 

these differences involves mors than just sialic acid. They also show 

that the difference between 3T12T and Aji regions I and II glycopep

tides involve carbohydrates other than sialic acid. The results fur

ther demonstrate that the carbohydrate differences occurring in trans

formation are found in several glycoproteins (regions I and II). 
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Figure 38. G-50 chromatography of A31 and 3T12T pronase glycopeptides 
of isolated glycoprotein regions. — /~3j£T-glucosamine 
labeled A31 (•) and /~l̂ c7-glucosamine labeled 3T12T (4k) 
membrane preparations were mixed and coelectrophoresed on 
a 7.5& tube gel (1.5 x 15 cm). Part of the gel was sliced 
and counted and portions of the remaining gel correspond
ing to glycoprotein regions I, II, and III (see text) were 
excised and incubated for 8 days with pronase. The di
gested material from each region was then eluted from the 
gels, lyophilized, and applied to a Sephadex G-50 column 
(90 x 1.5 cm). Two ml fractions were collected and 
counted in a dual channel Beckman scintillation counter. 
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Figure 39. G-50 chromatography of neuraminidase treated A31 and 3T12T 
pronase glycopeptides of isolated glycoprotein regions# ~ 
/"̂ Ĥ -glucosamine labeled A31 (•) and (̂̂ -glucosamine 
labeled 3T12T ( a ) region glycopeptides were prepared as 
in Figure 38. The glycopeptides were boiled for 5 min. to 
destroy pronase activity and 20 rag/ml of bovine serum 
albumin was added to bind excess SDS. The mixture was then 
treated with neuraiminidase as described in Materials and 
Methods. The neuraminidase treated material was applied 
to a G-50 column and counted as described in the legend to 
Figure 38. Arrows mark the major elution peak of 7-
3T12T glycopeptides before neuraminidase treatment. 



DISCUSSION 

A number of surface alterations have been detected on trans

formed cells using both immunological and biochemical techniques. A 

vast number of recent reports have shown that tumor-bearing animals can 

recognize new surface antigens on their tumor cells and can produce an 

immune response (mediated primarily by activated lymphocytes) directed 

against these antigens (see reviews by Old and Boyse 196**; Baldwin 

1973; and Hellstrom and Hellstrom 197*0 • Chemical studies have also 

revealed surface changes. These include loss of the LETS protein 

(Hynes 1973; Gahmberg and Hakomori 1973; Hynes and Humphreys 197**; Hogg 

197*0, the appearance of large pronase glycopeptides (Meezan et al. 

1969; Buck, Glick and Warren 1970), simplification of glycolipid pat

terns (see reviews by Brady and Fishman 197*+; Hakomori 1975) 1 and 

altered carbohydrate compositions (Wu et al. 1969; Grimes 1970; Grimes 

and Greegor 1976). Most of the surface alterations detected either 

immunologically or biochemically have been associated with virus or 

carcinogen-transformed cells. In contrast, there are several examples 

of spontaneously transformed cells that fail to show either strong 

antigenicity (Baldwin and Embleton 197*0 or characteristic chemical 

changes (Sakiyama, Gross and Robbins 1972; Grimes and Greegor 1976). 

These results imply that many of the cell surface changes detected in 

viral or carcinogen transformants are not necessary for transforma

tion. 
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In the present study, a series of closely related BALB/c cell 

lines was developed. This system includes normal, non-tumorigenic cell 

lines (PBC, Â , B3T3), virally transformed cell lines (KMSVT, 2°KMSVT, 

MSC, SVT2), and spontaneously transformed cell lines (3T12, 3T12T, C5» 

C5T, C8). The transformed cells include lines that cause regressing 

tumors in BALB/c mice (SVT2, C5, C8), lines which cause progressively 

growing, killing tumors (KMSV, 2°KMSVT, 3T12T, C5T), and one line that 

can be manipulated to cause either regressing or progressing tumors 

(MSC). In our studies transformation is characterized by the ability 

to cause tumors in both athymic nude mice and in BALB/c mice. With 

this biologically defined cell system, inferences may be made concern

ing the relative importance of immunological and biochemical cell sur

face alterations. Earlier studies have shown that many alterations 

detected in virally transformed cells are probably secondary in nature 

(see above). It may be that spontaneous transformants will have fewer 

secondary changes and thus be more similar to tumors arising in vivo. 

Immunological studies revealed interesting differences among 

the various transformed cells. As expected, all of the regressing 

tumor lines tested appeared to be immunogenic. BALB/c mice could be 

protected against challenge by C5 and MSC cells by prior immunization. 

C5T, one of the killing tumor lines, also appeared immunogenic by the 

same tests. C5 and C5T appear to share antigens, as mice that have 

rejected C5 tumors are immune to C5T challenge. In contrast to C5T, 

3T12T, another killing tumor line, does not appear to be immunogenic. 

Mice could not be protected from 3T12T challenge by any method 



attempted. It is interesting that one cell line grows to kill BALB/c 

mice with IOCfo frequency despite being immunogenic and another line 

growing in the same manner is not measurably immunogenic. These two 

cell lines may represent two different methods by which tumors escape 

the host immune response. If malignant human tumors also have similar 

VEiriation in immunogenic properties, then effective therapeutic regimes 

may have to vary for different kinds of tumors. 

It was found that mice bearing both regressing and progressing 

tumors possessed spleen lymphocytes that were cytotoxic for the tumor 

cells ̂ n vitro. These results are consistent with those of many in

vestigators using a variety of animal systems (Hellstrom and Hellstrom 

197*0 • One of the goals of the immunological studies was to test the 

usefulness of cytotoxic lymphocytes in assaying for tumor cell anti

gens. It was found that cytoxicity of lymphocytes from tumor-bearing 

animals was non-specific for target cells and had a low degree of re

producibility. When lymphocytes were activated in vitro against tumor 

cells, a much higher degree of cytotoxicity was seen and reproduci

bility approached 100$. The cytotoxicity of in vitro activated lympho

cytes was non-specific as lymphocytes sensitized against tumor cells 

would even kill normal cells. In vitro activated lymphocytes showed 

the same lack of specificity for target cells as did lymphocytes from 

tumor-bearing animals. Attempts to use blocking of lymphocyte 

mediated immunity to detect tumor antigens were unsuccessful. The 

conclusion was reached that lymphocyte cytotoxicity cannot be used as 

an antigen assay. When the entire process of lymphocyte activation and 
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cytotoxicity becomes understood in greater detail, lymphocytes may be 

more useful in this regard. 

In the immunological studies performed with the various tumor 

lines, a most interesting and consistent observation was the enlarge

ment of the spleen. This was apparently related to a stimulation of 

DNA synthesis in the spleen cells. The enlargement of the spleen in 

tumor bearers was also accompanied by a three- to ten-fold increase 

relative to control mice in the total number of non-adherent spleen 

lymphocytes. These observations are similar to those from studies of 

spleen lymphocytes in mice bearing Moloney sarcoma virus induced tumors 

(Kirchner et al. 1973)• In the latter case it was suggested that the 

dividing spleen cells were actually suppressors of immune reactivity. 

Risdall, Aust, and McKhann (1973)i studying C3H mice injected with 

syngeneic sarcoma cells, suggested that enlargement of the spleen or 

regional lymph nodes correlated with a failure of the immune response 

to combat the growing tumor. The results of the present study are 

consistent with these observations. 

Biochemical studies have revealed interesting differences not 

only between normal and transformed cells but also between the various 

transformed cell lines. The glycolipids of MSC, C5i and C5T cells 

showed changes characteristic of many transformed cells (Brady and 

Fishman 197̂ 5 Hakomori 1975). These changes consisted of decreased 

levels of the higher gangliosides ajid and increased levels of 

hematoside and, for MSC, globoside. In contrast, 3T12T glycolipid 

patterns were identical to those of normal AJ-J_ cells. This confirms 
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the earlier report of Sakiyama, Gross and Robbins (1972) that malig

nant spontaneously transformed cells do not always show glycolipid 

changes. 

Surface proteins were also shown to vary among the cell lines. 

The normal A31 and PBC cells, as well as 3T12T cells, showed a 2̂ 0,000 

125 molecular weight band when labeled by the lactoperoxidase- I pro

cedure and analyzed by SDS-polyacrylamide gel electrophoresis. This 

protein was trypsin sensitive and appeared to be analogous to the LETS 

protein detected in other systems (Hynes 1973; Gahmberg and Hakomori 

1973; Hynes and Humphreys 197̂ 5 Hogg 197*0. This result was consistent 

with earlier work showing that the LETS protein is not always absent 

from transformed mouse cells (Gahmberg and Hakomori 1973; Pearlstein 

et al. 1976). The LETS protein was not detected on C5 or C5T cells. 

C5 and C5T showed another difference characterized by the presence of 

a major band of about 105,000 molecular weight which was not found on 

the normal cells or 3T12T cells. 

Similar results were seen when membrane glycoproteins were 

compared by SDS-polyacrylamide gel electrophoresis. Three main regions 

were labeled by 7 or /"̂ (̂ -glucosamine in all the cell lines. 

Region I was about 220,000-250,000 molecular weight and appeared to be 

identical or very similar to the LETS-like protein labeled by lacto

peroxidase. It is interesting that this region is labeled equally 

among all the cell lines with glucosamine but is only detected on 

125 normal and 3T12T cells using lactoperoxidase- I. This may be due to 

the fact that the protein has different surface exposure on the various 
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cell lines or to the fact that the glucosamine and ̂ ~""'"̂ I/7-labeled 

proteins may actually be different proteins despite their similar 

migration on SDS-polyacrylamide gels. Region II consisted of glyco

proteins of 105,000-165,000 molecular weight. Again, A31 and 3T12T 

appeared very similar and showed two major glycoproteins, Ila and lib, 

in this region. C5, C5T, and MSC showed these same two glycoproteins 

as well as a third glycoprotein, lie, which was not present on normal 

or 3T12T cells. This glycoprotein has an apparent molecular weight of 

about 105,000 and appears to be the same new protein detected by lac-

125 
toperoxidase- I labeling. Region II appeared similar among all the 

cell lines, showing either a broad band or a closely migrating doublet 

of about 70,000 molecular weight. These studies, in contrast to those 

of Sakiyama and Burge (1972), showed that glycoprotein differences 

could be detected between normal and several transformed cells by SDS-

polyacrylamide gel electrophoresis. It should be noted that SDS-

polyacrylamide gel electrophoresis was the only method attempted that 

offered satisfactory separation of membrane glycoproteins. Several 

methods of gel chromatography in different detergents, DEAE chroma

tography, and isoelectric focusing in Triton X-100 all failed to sepa

rate the membrane glycoproteins into more than one or two broad, 

heterogeneous peaks. 

Surface glycoproteins were of primary interest in the study, 

since these are the molecules that could potentially act as antigens 

or be involved in growth regulation. Comparisons were made of the 

glucosamine labeled glycoproteins and those labeled by the surface 

specific techniques of lactoperoxidase iodination and galactose 
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oxidase - Na treatment. The comparisons indicated that Region I 

(at least in normal and 3T12T cells), Regions Ila, b, and c, and Region 

III detected by glucosamine labeling are also labeled by one or both of 

these surface techniques. This implies that glucosamine labeled mem

brane glycoproteins are present on the cell surface. 

It is interesting that while most of the transformed cells of 

this BALB/c system demonstrated characteristic surface alterations, 

3T12T, the cell line that caused the fastest growing tumors _in vivo 

and caused the most rapid animal death showed few detectable differ

ences from normal cells. Glycolipids, surface proteins, and membrane 

glycoproteins (as detected by SDS-polyacrylamide gel electrophoresis) 

of 3T12T cells were essentially identical to those of A31 cells. These 

results confirm earlier reports that many of the typical transformation 

specific changes detected in membrane components may be secondary in 

nature and not necessary for expression of the transformed phenotype. 

The lack of substantial surface alterations in 3T12T is paralleled by 

its lack of immunogenicity. Also of interest aire preliminary studies 

in this laboratory showing that anti-tumor antibody is present in 

BALB/c mice bearing MSC, C5» and C5T tumors, but not in animals bearing 

3T12T tumors (Kamm, personal communication 1976). The antibody from 

MSC, C5 and C5T bearers appears to cross-react among all three of these 

cell lines, but does not react with 3T12T cells. It appears that 

3T12T tumors may escape immune destruction by the host because it has 

surface features so similar to normal cells that it is not recognized 

as foreign. On this point the antibody and immunization data appear 
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to be in contrast to the lymphocyte cytotoxicity and spleen enlargement 

data. The former data, consistent with the chemical results, imply 

there are no surface alterations on 3T12T cells. In contrast, cyto

toxicity of lymphocytes from tumor bearers and the ability of mono

layers to activate lymphocytes _in vitro suggest the presence of new 

antigens on 3T12T cells. It may be that both cell mediated and anti

body mediated responses are needed for tumor immunity. 

The only consistent biochemical difference detected between 

3T12T and normal cells was the presence of larger glycopeptides on the 

transformed line. When glucosamine labeled whole membrane glycopro

teins are exhaustively digested with pronase, 3T12T shows an enrichment 

of higher molecular weight species as determined by gel chromatography. 

These results are consistent with those of Meezan et al. (1969) and 

Buck, Glick and Warren (1970) using viral transformants. When whole 

membrane glycopeptides are treated with neuraminidase, 3T12T and 

normal cell glycopeptides appear virtually identical, agreeing with 

the results of Warren, Fuhrer and Buck (1972). This implies that 

sialic acid is involved in the glycopeptide difference between normal 

and transformed cells. This glycopeptide change was only seen in the 

two killing tumor lines, 3T12T and C5T. Glycopeptides from MSC and 

C5 cells appeared very similar to normal cells. 

When glycoprotein regions from 3T12T and cells were sepa

rated by SDS-polyacrylamide gel electrophoresis and digested with 

pronase, it was found that the different glycoproteins yield glyco

peptides of different molecular weight. The smaller glycoproteins 



tend to yield larger glycopeptides. The size differences of the gly

copeptides from the different glycoproteins are retained even after 

neuraminidase treatment. These results confirm those of Sakiyama and 

Burge (1972) indicating that a number of different kinds of carbohy

drate structures are likely found on cellular glycoproteins. These 

results are also consistent with those of Buck et al. (197*0 which 

showed a glycopeptide shift upon transformation in every subcellular 

membrane system of the cell. Glycopeptides prepared from 3T12T glyco

protein regions I and II are both of higher molecular weight than 

glycopeptides from the corresponding regions of Â . Therefore, it 

appears that the presumed alteration of transformed cell glycopeptides 

occurs on more than one type of carbohydrate structure. The difference 

between 3T12T and Â i regions I and II glycopeptides remains after 

neuraminidase treatment, showing that the transformation change prob

ably involves other carbohydrates as well as sialic acid. These 

results also demonstrate that glycoproteins which appear identical on 

SDS-polyacrylamide gel electrophoresis can have minor carbohydrate 

differences. The exact nature and importance of these minor differ

ences remains unknown. The fact that glycopeptide changes were the 

only surface alterations detected on 3T12T cells implies that these 

differences may be of primary importance. 

This study has provided information on biological and bio

chemical properties of a series of normal and transformed mouse cells. 

This dissertation is an introduction to the study of a very complex 

field. Isolation of tumor cell antigens is still a very important goal. 
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While lymphocyte cytotoxicity does not appear useful as a tool for 

antigen isolation, current studies in this laboratory have indicated 

that anti-tumor antibodies may be useful in this regard. The antibody 

response involves protein molecules rather than live cells and there

fore is much easier to manipulate into an assay than activated lympho

cytes. Combining the immunological studies with the chemical studies 

will, one hopes, provide a way of testing which, if any, of the cell 

surface differences detected by biochemical techniques are actually 

tumor antigens. 

The results presented in this dissertation have begun to define 

the complexity of cell membrane glycoproteins and how to approach their 

study in detail. Methods for the separation of membrane glycoproteins 

and resulting glycopeptides have been established and information re

garding the number and size of the major glycoproteins has been pro

vided. Analysis of the pronase glycopeptides of individual glyco

protein regions was begun and the results revealed that a number of 

different carbohydrate structures are found on the different glyco

proteins. The next step in these studies, which is currently in pro

gress in this laboratory, is to scale up these same techniques so that 

sufficient membrane material can be analyzed to allow detailed chemical 

studies. The goal of this laboratory is to determine the carbohydrate 

composition and the carbohydrate structure of individual membrane gly

coproteins and to determine if and how these structures vary in trans

formation. V/hile this represents a difficult task, the information 

provided in this dissertation is a step toward these goals. 
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