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1. INTRODUCTION 

Cancer cells are different .from no~al cells in that 

their grolith is not limi ted by the host. In general, normal 

cells in adult individuals are continuously dying off and are 

continuously replaced by new cells. A fairly constant equi

librium is maintained between the death rate of old cells and 

the rate of multiplication for new cells. During repair of a 

wound the cells multiply more rapidly and once the repair is 

completed the equilibrima between death and multiplication of 

the cells will be reinstated. Such an equilibrium serves as 

a control exerted by the body to prevent the overgrowth of 

one type of cells so that ha~ony is maintained in the body. 

Somehow, cancer cells multiply continuously faster than they 

die off, and such a growth is not limited by the body. What 

makes this growth unlimi ted has not been demonstrated. Since 

cancer and no~ cells are different in their luode of growth 

a difference somewhere in the cell is also suspected to exist 

betto1een them. The difference may be minute, but sufficient 

to effect the unlimited growth of cancer oells. The searoh 

for a difference is then logical with. the h.ope of throwing 

some light on the nature and the origin of cancer. 

At present, canoer cells are considered to arise from 

no~al somatic cells (9). A genetic alteration in a no~al

cell may lead ~o the rise or deletion of some enzymes and may 
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thus alter the cellular metabolism. Alteration of cellular 

metabolism may possibly result in cancerous growth. Since 

chromosomes are considered to be the apparatus for the trans

fer of hereditary info~tion, chromosomal change would be a 

good evidence for a genetic alteration. Indeed, chromosomal 

anomalies of cancer cells of different species have baan re

peatedly reported (18,36,51,56). The anomalies can be 

arbitrarily classified into three groups; namely, variations 

in chromosome morphology, variations in gene arI'angemont and 

variations in chromosome number, and these may overlap to 

some extent. However, there is no evidence that the chromo

some alterations are directly responsible for the cancerous 

growth. Furthermore, similar alterations can be induced by 

carcinogens and viruses without the production of tumors, and 

tumors can be produced wi thout any apparent chromosome altar

ations (56). 

A tremendous amount of research has bean done in an 

attempt to find some biochemical differences between nonmal 

and cancer cells. \iarburg (104) discovered that a high level 

of glycolysis and a high production of lactic acid are gener

ally characteristic of malignant cells. He has proposed that 

respiration in tumors is defective. This hypothesis has been 

disputed by Weinnouse (106) on the basis that there is simply 

no evidence for defective or damaged respiration. Greenstein 

(29,30) found apparent biochemical similarities among tumors 

from tissues of different origin. While he recognized the 
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great diversity in the biology of tumors, he suggested the 

Uhypothasis of convergencatf that tumors of different origin 

tend to have a similar biochemical pattern. But a unique 

characteristic cannot be established. Some enzymes have been 

shown to be absent or present at very low lavel (6,7,11, 12). 

Potter (76) has proposed the t'delation hypothesis tt that dele

tion of catabolic enzymes in one way or another may lead to 

more efficient use of substrates via anabolic pathways and 

may then cause a loss of growth restraint which could lead to 

neoplasia. But so far there is no conclusive evidence to 

correlate the deletion of enzymes and the neoplastic growth. 

Numerous exceptions have been encountered whenever a general 

explanation has been proposed to distinguish cancer cells 

from no~al cells. 

Perhaps the anomalies of caneer cells lie at the 

genic level, which may be difficult to detect. Alteration of 

a deoxyribonucleic acid (DNA) molecule may give rise to a new 

gene, and hence a new enzyme which may alter the metabolic 

control mechanism and lead to ra.alignant growth. Pauling et 

al. have observed that the abnormal electl:'opb.oretic behaviour-
of sickle cell hemoglobin is due to a single amino acid sub

stitution in the protein molecule (71). It bec~e evident 

that abnonmal biochemical structure due to gene mutation at 

the molecular level may indeed cause metabolic diseases (38). 

An analogy of this 1d.nd to cancer cells would help toeluci

date the origin and nature of malignancy_ Wi th the advent of 
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the discovery that enz~;nes may ~cist in multiple molecular 

forras, or isoenz~~aes (37,85,101,111), the detection of quali

tative blochemical mal'~ker(s) in cancer calls can be apPl')oached 

in a Yl10re s ansi tiva Tllay. 

The concept of multiple molecular forms of enz~r.mes

has been well established in the last five years. The advance

ment of this concept luay be attributed to the development of 

the starch gel electrophoresis by Smithies (86) for the 

separation of closely related proteins, and to the development 

of histochemical methods (37,57) for visualizing the iso

enz'J71ues directly on starch gels. This invGstigation is a 

search for distinctive biochemical marker(s) in cancer cells 

at the isoenzJ71U.o level and to correlate malignancy H'ith the 

isoenzJ7!Ue patterns of lactate dehydrogenase (LDH), glucose-6

phosphate dehydrogenase (G-6-PD), malate dehydrogenase (rjIDH) 

and non-specific esterases in ascites tumor cells. It is 

hoped that by studying the isoenzJ~le patterns of the enz~nes

chosen, information might be obtained regarding possible 

alteration of the main catabolic pathways in cancer cells. 

Ascites tumor cells have been found to produce high 

concentrations of lactic acid (104). Lactate dehydrogenase 

is thus selected to represent the enzymes in the Embden

l'lyerhof--Parnas pathway (28). It requires the coenz-yme 

nicotinamide adenine dinucleotide (NAD) for catalyzing the 

reaction of the interconversion of lactate and pyruvate: 
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LDH 
pyruvate + IF + 1>lADH -(---~) lactate + NAD+ 

Malate dehydrogenase is an enzyme in the tricarboxy

lic acid cycle which is the main pathway for producing energy 

under aerobic conditions. It also requires NAD for the 

reaction: 

MDH 
malate + NAD+ ~(---_~. oxaloacetate + ~ + HADH 

Glucose-6-phosphate dehydrogenase leads into the 

pentose phosphate shunt which is the main pathway for the 

biosynthesis of ribose phosphate (28). Beaconsfield and 

Reading (8) have reported that the utilization of the pentose 

phosphate shunt in glucose catabolism is in parallel with the 

biosynthesis of nucleic acid. Since ascites tumor cells are 

fast growing, they should have a high rate of nucleic acid 

synthesis, and may have a parallel high activity of G-6-PD. 

For this reason, G-6-PD would seem. to be important in rela

tion to the rapid growth of malignant cells. This enzyme 

requires the coenzyme nicotinamide adenine dinucleotide phos

phate (NADP) and magnesium tor the following reaction: 

G-6-PD, IvIg++
glucose-6-phosphate + NADP+ < ? 6-phosphogluconate 

+ NADPH + IF 

Non-specific esterases are believed to consist of a 

variety of closely related enzymes using a broad spectrum of 
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substrates. Although the substrate specificity for the dif

ferent esterases may vary, they all catalyze the reaction of 

breaking the ester bond of the substrate. Esterase was the 

first enzyme to be identified histochemically on starch 

gel (37). 

In the experimental work to be described, conventional 

starch gel electrophoresis with a discontinuous buffer system 

(77) has been used to determine the isoenzyme patterns of non

specific esterases, LDR, G-6-PD and MDH in the cells from a 

variety of ascites tumors and their sublines maintained by 

serial passage in mice. Similar studies have also been made 

with established tissue culture lines of several varieties of 

ascites tumor cells. Several of these lines were established 

in tissue culture for more than five years and had lost their 

tumorigenio capacity; some recently established lines still 

retained this capacity. Back transplantation of the cells of 

the tunlOrigenic tissue culture lines into mioe was undertaken 

and the isoenzyme patterns were also studied. 



2. HISTORICAL REVIE1rJ 

Similar enzymes isolated from different organisms may 

have wide variations in their physical properties a.lthough 

they catalyze the same reactions (3,5,19,93). Freudenberg in 

1940 (25) first reported the presence of other proteolytic 

enz~rmes associated 'Vlith pepsin in gastric juioe and that they 

had different pH optima. This observation has been supported 

by Buchs (111.), Ryle and Porter (82) and Tang ~ &. (91). 

In 1950, Meister (62) found ~vo protein fractions of 

crystalline beef heart lactate dehydrogenase (LDH) in the 

Tiselius electrophoresis. This was confiFilled by Neilands (66) 

Tvi th the further observation that both the fractions possessed 

InH activity. Thus, a purified enzyme may exist in more than 

one active form. However, these fo~s might have been derived 

from a single-component enzyme due to the purification pro

cedure. When human serum was found to contain multiple protein 

fractions with lactate dehydrogenase activity by Sayre and 

Hill (83) and by Vesell and Bearn (101), it became quite 

clear that an enzyme from a single organism can exist in 

electrophoretically distinct forms. Unfortunately, there 

was no evidence for the direct origin of the different fonus 

of lactate dehydrogenase. The possibility still remained 

that only a single form l'las synthesized in the cells but 

appeared as multiple active forms in the blood. This 
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doubt was soon removed when various anz~~es from different 

organs and tissues of an organism" and from cells of estab

lished tissue culture lines, were found to consist of 

mUltiple fo~s (37,57,74,98,107). Finally, enzymes from 

single cell organisr~, such as lactate dehydrogenase (31,68), 

hexokinase (40) and fumarase (35) in yeast, aspartokinase (87) 

in Escherichia coli and esterase in Tetrahymena pyriforms (2), 

were also shown to have more than one component. With all 

this evidence, it has become obvious that enzymes commonly 

exist in multiple molecular forms within the cells of a 

single organism or even within a single cell. 

Markert and M~ller in 1959 (58), realizing the limit

ation of the classification of enzymes based on substrate 

specificity, proposed to use the term "isozyme" to describe 

the different molecular forms in which proteins from an 

organism may exist with the same enzymatic specificity. The 

Standing Committee on Enzymes, of the International Union of 

Biochemistry (105) has recownended a system for the nomencla

ture of multiple enzyme fo~s. The system is: 

U]>lultiple enzyme forms in a single species should be 

known as isoenzymes; the term isoz~~e is acceptable since it 

has been widely used. Multiple enzyme forma may be distin

guished from one another by any of several means, e.g. 

electrophoresis, chromatography, salt fractionation, ultra

centrifugation, immunochemistry and reaction kinetics. When 

mUltiple forms of an enzyme are identified by electrophoretic 
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separation, they should be given consecutive numbers, the 

form having the highest mobili ty towards the anode being nU1D.

bered one. It 

Accordingly; the term isoenzyme shall be used through

out this report. About one hundred enzymes have thus tar been 

sho'Wtl to be separable in mul tiple molecular forms ldth similar 

substrate specificity (85,103). And the phenomenon of iso

enzymi c .forms has been found to be 'Wi.dE!spread in the whole 

biologioal kingdom inoluding plants, animals and unicellular 

organisms. 

Among the numerous en~Jmes which have been observed 

to exist in multiple forms, lactate dehydrogenase is the one 

most extensively studied. Wieland and Pfleiderer (67) first 

demonstrated five distinct isoenzymes of LDR with paper and 

starch gel electrophoresis and showed that the isoenzyme pat

terns are species and tissue specific based on the distribu

tion of the isoenzymes. This was confirmed by Harkert and 

l\lepller <58), who compared the LDH isoenzyme pattern of beef 

heart with the patterns of isoenzymes from the hearts of 

sheep, pig, mouse and rabbit. Each pattern was found to be 

unique. Although the electrophoretic positions of the iso

enzymes remained unchanged, the number of 1soenzymas and the 

relative amount of the different isoenzymes present may be 

different for the s~e organ from different species. For 

example, mouse heart has all five LDH isoenzymes wi th the 

number 3 and number 4 predominant; whereas pig hea:r-t has only 
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two isoenzymes (nos. 1 and. 2 ) with no. 1 predominant. v.lhen 

the LDH isoenzyme patterns of seven different tissues of the 

pig were examined (58), each of these patterns was shown to 

be different to some degree from all the others and lias thus 

tissue~specific. Furthermore, embryonic tissues were found 

to contain isoenzyme patterns differing from the patterns of 

the corresponding adult tissues. The heart from a 12 am 

embryonio pig, an active functioning organ at this embryonic 

stage, contains a l~ger number of LDHisoenzymes (three 1so

enz-ymes) than adult pig heart (two isoenzymas). Embryonic 

skeletal muscle, on the other hand, oontains fewer isoenzymes 

than adult muscle. The final adult pattern is reached by 

both gains and losses in the isoenzym.e repertory of embryonic 

tissues. This observation has been conti~ed by Markert and 

Ursprung (59) and Fine !.i!!. (24) and also in chick embryo 

by CaJ.m !i&. (16), Lindsay (54) and Nebel and Conklin (65). 

The variations ot the LDH isoenzyme pattern have 

raised many questions with regard to phylogeny, ontogeny, 

cell differentiation, genetics, physiology "and metabolic 

control mechanisms. Why should a cell contain more than one 

form. of an enzyme to give the similar function? Does the 

presence of more than one form of an enzyme otter any advan

tage to an organism concerning the physiology and the metabol

ic control mechanism? How do the isoenzymes evolve? What is 

the relationship of isoenzymes to phylogeny and ontogeny? 

Are the isoenzymas synthesized individually and controlled by 
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different genes or are they all derived from ona fund~ental

form controlled by a single gena? How do the isoenzymes dif

fer ohemically and struoturally from each other? The numer

ous studies conducted in the attempt to answer some of these 

questions in the last five years appear to have led to some 

understandings of certain fund9lllental problems in biology, 

such as cell differentiation and metabolic control meohanisms. 

In analyzing the ~nno acid oomposition of the five 

different LDH isoenzJ11lles from the rat, Wieland and Pfleiderer 

(108) have shown that although all the isoenzymes have the 
. . 

s~e molecular weight (130,000), they differ from each other 

in their protein primary structure and in the ratio of acidic 

to basic side chains, on which the electrophoretic mobility 

depends. The LDH isoenzymes have also been found to be dif

ferent with respect to their pH optima, influence of pyruvate 

concentration, antibody-inhibition (75), and the use of co

enzyme analogues (42). Based on all these observations, 

Appella and Markert (4) proposed the subunit theory of two 

distinot genes for the biosynthesis of the LDR isoenzymes. 

They treated crystalline LOH from beaf heart with 5l~ guanidine

H01. The LDH molecule was dissociated into four subunits of 

equal molecular weight, as determined by sedimentation stUdies. 

These subunits, or polypeptide ohains, were shown to exist in 

two differentelectrophoretio varieties which were designa.ted 

as subunit A and B. They theorized that the five isoenzymes 

are the five different tetr~ers that would be obtained by 
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associating these two subunits in all possible combinations 

of four <4,59). The subunit fo~ula for the LDH isoenzymes 

has the relationships: LDH-1 = BBBB, LDH-2 = BBBA, 

LDH-3 = BBAA, LDH-4 = BAM and LDH-5 = AAAA. Calm!1 &. 
(16) and Lindsay (5t~), using chicken LDH, showed that the two 

Itpureu tetramers (LDH-l and LDH-5) are immunologically dis

tinct and, further, that the three inta~ediate iaoen~es

(LDH-2, 3 and 4> are cross-reaotive with both tJpureu types. 

Then, Markert (60) dissociated LDR-l and LDH-5 into subunits 

by freezing in 1M NaCl; after thawing, the subuni ts recom

bined at random in groups of four to yield all five 1soenzymas 

in approximately the expected ratio of 1:4:6:4:1 with a cor

responding reduction in the quantities of LDH-l and LDH-5. 

Thus, the subunit theory is well established. 

In advancing the subuni t theory, l.farkert at,!.l. <4,59) 

have suggested that the two different polypeptides, A and B, 

are under the control of two separate genes. This hypothesis 

was oonfi~ed by Shaw and Barto (84) with genetic data from 

crossing homozygous and heterozygous deer mice. 

Since the isoenzyme patterns of LDH are different 

during the course of ontogenio development, it may imply that 

the expression of the genes is also changing (15,24,54,58,59, 

65) at the SaDle time. The possible relation between cellular 

differentiation and the ohange of the LDR isoenzyme patterns 

during embryonic development was excellently discussed by 

tJIarkert (61). The embryonio patterns of mouse wi th LDH-5 
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predominant in all tissues (59) suggest that the gene for the 

subun..t t polypeptide A first becomes active. Later the shift 

in pattern with the appearance of the other isoenzymes that 

occurs in most tissues implies that the ganefor the subunit 

B is progressively activated while the A gene is relatively 

suppressed. This sequence of gene activation and inhibition 

is not true in all tissues, skeletal muscle being a notable 

exception with LDH-5 predominant in the adult pattern. In 

general, those tissues subject to relative anaerobiosis tend 

to be richer in LDH-5 while those abundantly supplied with 

oxygen have more LDH-l at the other end of the spectrum. 

These distributions a.x-e also correlated with the synthesis of 

lactio acid. \'lherever lactic acid tends to accumulate, LDli-5 

is likely to be the most abundant isoenzyme. This is true 

tor adult skeletal muscle gnd also for the tissues of the 

early mamm.alian 61nbryo which has little supply of oxygen. It 

is clear that by regUlating the rate of production of the two 

subunits the tissues can accomplish the appropriate isoenzyme 

patterns to suit their physiological functions at various 

stages. 

Although all the LDH isoenzymes catalyze the s~e

reaction tor the interconversion of pyruvate and lactate, 

their catalytic efficiencies vary with such oonditions as pH 

and substrate concentration. Plagemann et ale (75) and CaLm 

et ale (16) have demonstrated th.at LDH-l (predominant in 

heart) is maximally active at low concentrations of pyruvate 
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(predominant in skeletal muscle) maintains its activi ty a.t 

relatively high pyruvate concentrations. These facts may be 

related to function in the following way. In skeletal musole 

there is a requirement for sporadic, sudden release of energy 

in the relative absence of oxygen. This energy is supplied 

by glycolysis, which produces large ~ounts of pyruvate and 

requires its reduction to lactate. Muscle LDH (LDH-5) allows 

this reaction to take place despite high levels of pyruvate 

and temporary accumulation of high levels of lactate which 

may be toxic to the oell. In the heart, a steady supply of 

energy is favourable, and this is maintained by the complete 

oxidation of pyruvate ~d lactate in mitochondria. The inbi

bi tion of heart LDH (LDH-l) by high level of Pn'uvate favors 

this oxidative pathway and also protects the heart from toxio 

concentrations of laotic acid. It is clear that the LDH Iso

en~e patterns are significant in the metabolic control 

mechanism in relation to the physiological functions of the 

different tissues. 

Isoenzymes can be used as a genetic marker to iden

tify certain genotypes which are different from nonual. 

Deficiency in erythrocytic glucose-6-phosphata dehydrogenase 

(G-6-PD) activity is well recognized as an enzyme defect 

which has been found in all major races of man in varying 

frequencies (81). It has been sho'WIl that :R.rlmaqulne causes 

hemolysis in the otherwise healthy individuals having this 
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anzJ7ID.e defect_ Boyer.!.t a;t.- (12,13) reported tti"O electro

phoretic forms (fast and slow) of erythrocytic G-6-PD in 

American Negroes. The G-6-PD in deficient l'lagro males 

usually migrates to the fast position. The slow fonm of the 

enzyme is the common type found in Caucasians. Studies in 

humans by ~r~ and Hendrickson (1.J5) and in Drosophila by 

Young .E:.i!!!. (114) have shown that the different G-6-PD 

phenotypes distinguishable by their electrophoretic Iso... 

enzymes follow: a sex-linked mode of inheritanca. The genes 

responsible for G-6-PD are linked with the X chromosome. 

Thus, the examination of the isoenzyme pattern of G-6-PD.may 

serve as a tool to diagnose a congenital metabolic error. 

Furthermore, Davidson et al. (21) using tissue culture tech
.' -

nique, demonstrated the existence of two distinct populations 

of oells in women heterozygous for qualitative G-6-PD 

variants. From the same tissue of the heterozygous tamale, 

one type of cell has the tast moving G-6-PD isoenzyme, and 

the other type has the slow moving one. This would indioate 

that, as tar as the gene locus for G-6... PD is concerned, only 

one X chromosome in each cell is functional. This seems to 

be direct evidence to support the "Lyon Hypothesis" whioh 

proposes that in, each somatic oell of the.female, one of the 

mlo X chromosomes is genetically inactive. 

With regard to evolution, Kaplan !1~. <!tJ.,42,llO) 
have studied the lactate dehydrogenases and malate dehydro

genases of about one hundred speoies. By determining the 
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molecular t-leight, amino acid composition and fingerprint pat

tern, and by measurements of temperature stability, eleotro

phoretic mobility and catalytic activity with coen~e

analogs, they were able to oonclude that the dehydrogenases 

are phylogenetically related and the changes of the dehydro

ganasas appear to be associated with evolution. It seams 

that the studies of isoenzymes are also valuable in compara

tive biochemistry and in taxonomy. 

No~a1 human serum was found to have a characteristic 

LDH isoenzyme pattern (112). Characteristic alterations in 

the distribution of the isoen~es were found in a variety of 

diseases associated with elevated serum LOR levels (20,109, 

112). For example, there is an increased level of the fast 

moving LDH isoenzymes in the serum of patients sUffering from 

myocardial infarction, hemolytic anemia and renal injury, and 

an inorease of the slow moving LDR isoen~e in liver disease 

(109) and muscular dystrophy (43,72). The elevation of the 

serum LDH isoenzyme levels generally reflects the sites of 

organ injury. Thus, the LDH isoenzyme patterns of serum can 

be used as a means of diagnosis in clinical pathology. 

Studies by Umbarger and Brovm (99) reveal that 

Escheriohia coli has two different threonine deaminases, o:r ............................""""'--
two isoenzymes of this enzyme, one of which is under the 

selective feed back control by isoleucine, whereas the other 

is .formed only under anaerobic conditions in the absence of 

fermentable sugars, and is not SUbject to end-metabolita 
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regulation. It is best explained in the following illustra

tion. 

Threonine 

(aerobic) 

Threonine ----+ 

deaminase-

I 

(anaerobic) 

Threonine 

deaminase-

II 

Repression and d:- -Katobutyrate 
feed back· / ~
inbibi tion .~

~Isoleucine Fe~entation products 

The above schema shows how the isoenzymes control 

the common steps both in synthetic and degradative processes. 

'Vlhen fermentable sugars are available under aerobic condi

tions, the pathway for the synthesis of isoleucine is 

favoured without the over accumulation of isoleucine due to 

the feed back inhibi tion. vlhen fenuentable sugars are not 

available under anaerobic conditions, the other pathway is 

favoured by using a different isoenzyme for the manufacture 

of sugars for energy. The two different isoenzymes help the 

call to avoid conflict between end-product regulation gnd 

energy metabolism. This is another mode of action of iso

enzymes in the metabolic control mechanism. Umbarger pro

posed the principle (100) that "whenever a chemical reaction 

in a cell is catalyzed by an enzyme whose fonmation ~d

activity are under the rigid control of repression and end
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product inhibition, a second enz~r.me will be needed by the 

cell if there is some other essential role for that reaction 

to play in the cell. n This principle might explain the sig

nificance of the existence of multiplo active forms of an enz~ne.

Malate dehydrogenase (rIDE) catalyzes the reaction of 

the interconversion of malate and oxaloacetate. It has been 

established that it exists in two main forms, nrollely, the 

supernatant :HDH, and the mitochondrial IJDH (23,32,48,9L~).

The number of fIDE isoenzyraes is different depending on the 

species. Kun and .Volfin (l.,-9) recently repo11ted that oxalo

acetate above 10-L~H causes marked substrate inhibition of 

mitochondrial FIDE isolated in pure form. from beef heart, but 

not the supernatant l-'1DE. The degree of' substrate :i.nhibi tion 

of the mi tochondrial HDH b~r oxaloacetate 1.rlas found to be a 

function of the concentratj~on of the coenzyme reduced nico

tina~mide adenine dinucleotide (NADH+). This shows that iso

enzymes may ~cist at different sites in the cell. It is 

conceivable that different parts in the cell would have dif

ferent condi tions 't~ith regard to pH and the concentrations or 

substrates and cofactors. One single form of enzyrr16 may not 

be able to carry out its function efficiently under different 

condi tions. Perhaps this is tihy a cell needs more than one 

form of an enzyme so that the appropriate function of the 

enzyr~e can be accomplished under different conditions at dif

ferent loci in the cell. The compartmentation of isoenzymes 

in a cell appears to add another advantago to the metabolic 
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control mechanism.

The studies of isoenzyme patterns vuth tissue culture 

methods are also of notable interest. Paul and Fottrell (70) 

and Vesall et &. (102) have observed that the isoenzyme pat

terns may or may not change and are species-specific when 

cells are grown in tissue culture and thiss~eciticity is 

retained even after long tenn culturing (e.g. Hela cells in 

tissue culture for ten years). The isoenzyme patterns of 

esterases are very stable and no essential differance has 

been found between the pattern in fresh tissue, short-te~

and long-te~ tissue culture cells (9,47,70). The LDH iso

enz~e patterns were found to be unstable in tissue culture. 

1ihen cells were propagated in v~troJ there was a prog~ess.ive

loss of the more rapidly migrating anodal band(s) (67,73,79). 

Calm at ale (16) and Cahn (17) have shown that during the 

development of the chick embryo breast muscle, the LDH-5 sub

unit charaoteristio of adult breast muscle makes its appear

ance abruptly at approximately 6-10 days and no similar 

change in embryonic chick heart muscle occurs. The adult 

heart LDH pattern is almost identical to the pattern of the 

heart prior to 6-10 days, which is predominant with the LDH-l 

isoenzyme. Heart cells never synthesize LDH-5 in any signi

ficant amounts in vivo; however, when heart cells were put in 

tissue culture, within a few days, LDH-l was found to decrease 

and LDH-5 incpease greatly, although the heart cells ware 

still beating. Citpic acid cycle intermediates, coenzyme A 
~\vE-~R;/-r~'
/' \j\'"'" ,if 

(f il"'- \ 

~;c:' :) 
,,,,~:})'ts,~{ /;~ Tt' hI ;::\f"; ~/

"-:;"~~~~~~~~--
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and high oxygen culture conditions retarded the appearance of 

this newly acquired synthetic capacity. Gal~~ suggested that 

the act of explantation and culturing of the heart tissue in 

itself caused a rapid Hturning onu of the gene controlling 

the functioning of the LD}~5 subunit. How tissue culture 

condi tions cause the Uturning onu of a gene remains unansl'1ered. 

lcvith regard to cancer, since the level of LDH in can

cer cells has long been lnnown to be generally higher th~~ in 

normal cells (10t~), studies of the isoenzJ-7Tile patterns of LDH 

in malignant tissues appear to be valuable in attemptiT'~ to 

understand the nature of malignancy. Starl~leather and Schoch 

(38), comparing the LDH isoenzJ~le patterns of many normal and 

neoplastic htunan tissues, have reported that thel~e is a shift 

of the pattern in all the malignant tissues examined by them. 

Tv.mar l/DE tends to los e the high degree of heterogeneity 

observed in nornla1 htunan tissues and there is a significant 

increase in the LDH-3 in all malignant tissues. The 

Michaolis constants for the LDH-3 in different malignant tis

sues are about the same but differ markedly from the 

Michaelis constant for the LDH-3 in normal tissues. The data 

suggest that LDI~3 associated with neoplastic tissues may 

represent a structurally different protein characteristic of 

neoplastic tissue. Other vJ'orkers have also sh01in the shift 

of the LDH isoenzyme patterns of cancer tissues 1-J'ith incl~eased

levels of the slow moving LDl~5 (27,80,81,113). Benign tmnors 
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't1ere ound to be essentially indistinguishable from their 

no~al tissue of origin in the comparison of the LDR iso

enzyme patterns (27). Prout et al. (7,8) reported also the 

increased levels of LDH-4 and LDH-5 in sera from patients 

with prostatic carcinoma, and removal of the tumor suppressed 
'" 

the level to normal. It seems that, when a tissue undergoes 

malignant transfo~ation, the lactate dehydrogenase iso

enzyme distribution changes from that characteristic of the 

normal tissue towards the uniform pattern of cancer 'tv! th a 

preponderance of the slow-moving LDR isoenzymes. 

Oertain viruses are known to be associated with the 

production of malignancy in animals. There is a possibility 

that the same will prove true in man. Adenovirus type 12 

has been shown to produce malignant tumors when inoculated 

into newborn hamsters (97). Latner et al. (50) infected 

primary cynomologus-monkey kidney cells and human thyroid 

cells in tissue culture with adenovirus type 12 and polio

virus (not found to be oncogenic). They found that there was 

a significant increase of the total LDH in the adenovirus

infected cultures but not in the poliovirus-infected ones 

which had similar or lower total LDH in the uninfected 

cultures. Furtherm.ore, the adenovirus infection resulted in 

a complete disappearance of the fastest-moving LDR isoenzyme 

demonstrated in the uninfected and the poliovirus-infected 

CUltures, and in a marked increase of the slow-moving LDR 

isoen~e. It appears that adenovirus causes the LDR 
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isoenzyme pattern to shift from normal to malignant pattern.

The correlation of isoenzyme patterns with malignwnt trans

fo~ation may possibly shed some light on the mystery of

cancer.



----
3.1 Ivlaterials 

3.1.1 Regular ascites tumor cell lines (in vivo) 
~.

Ehrlich carcinoma in ascites form was developed from 

Bolid form by Loewenthal and Jalm in 1932 (89) and has been 

carried by mouse transplantation in different laboratories 

throughout the world. Its tissue origin cannot be traced. 

TA3 originated as a spontaneous m~ adenocarcinoma 

in a female A strain mouse in 1949 (118). After 16 passages 

in A strain mice, it was gradually converted to the ascites 

fom by Klein (118) and has been maintained in A strain mice. 

6C3HED is a lymphoma that was originated in 1940 by 

Gardner in a female C3H mouse treated with estradiol benzoate. 

It was transfonned into the ascites fonm in 1951 also by 

Klein (lIS) and has been maintained in C3H mice. 

SAl is a spontaneous ascites tumor in a Swiss mouse, 

Connaught strain, discovered in this laboratory by Dr. J.F. 

Morgan in 1963. Its tissue origin is not known. It has 

been maintained in Swiss mice, Connaught strain. 

To determine if the environment of regUlar mainten

ance of the tumors would influence the isoenzyme patterns, 

ascites tumors of the s~e strains were collected from other 

laboratories. Table 1 ShOrTS the types and sources of all the 

regular ascites tumors used. The ascites tumors regularly 
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T01vl0R SOURCE 

Ehrlich carcinoma 

Ehrlich carcinoma 

Ehrlich carcinoma 

Ehrlich carcinoma 
(Lettre) 

Ehrlich carcinoma 
(hyperdiploid) 

Ehrlich carcinoma 
(hypertriploid) 

Ehrlich carcinoma 
(hypotetraploid) 

TA3 mammary carcinoma 

TA3 mammary carcinoma 

6C3HED lymphosarcoma 

6C3rllill) lymphosarcoma 

6C3HED lymphosarcoma 

Dr. J .F. 11organ, this Departm.ent 

Dr. D.G.R. Blair, this Department 

Dr. G.A. LePage, Stanford Research 
Institute, Menlo Park, Calif. 

Dr. M.J. Fraser, Dept. of Biochem
istry, University of Manitoba, 
\iinnipeg 

Dr. S.C.J. Fu, The Children's Cancer 
Research Foundation, Boston 

Dr. S.C.J. Fu 

Dr. S.C.J. Fu 

Dr. J .F. Horgan 

Dr. G.A. LePage 

Dr. J.F. }'lorgan 

Dr. G.A. LePage 

Dr. J.D. Broome, University of 
Alberta Cancer Research Unit, 
Edmonton 

Table 1. Regular ascites tumor lines 
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maintained in this laboratory were used throughout this 

investigation except where otherwise mentioned. 

3.1.2 SN and INSN ascites tumor lines 

The SIf and IIISN lines are variants developed from the 

regular asci tas tumors maintained in this laboratory by 

Dr. J.F. Morgan. These ascites tumor lines are characterized 

by tb.e presence of a large number of peculiar enlarged bal

loon cells (95,96) shown to have different chromosomal number 

(80-155) from the cells of the mother line (about 78). The 

SN lines are different from the INSN lines in that inositol 

was used for the development of the INSN lines but not tor 

the development of the SN lines. The procedure for the 

development of the SN and INSN lines will be described in the 

method section. Table 2 shows all these cell lines used and 

the mother cell lines from which they were derived. 

3.1.3 Mice used for the maintenance of the ascites tumors 

All the ascites tumors have been maintained by serial 

passage in Swiss mice, Connaught strain, except the regular 

6C31mD lymphosarcoma for which C3H nucs were used. Adult 

mioe of both sexes and of 9-13 weeks of age were used for 

regular passage of the asci tes tumors. The weights of the 

adult Swiss mice were betWeen 23-30 grams, and of the C3H 

mice were between 20-25 grams. 

For the experiment to compare the isoenzyme patterns 

of the ascites tumor cells grown in adult and in immature 
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Tumor Variant Mother Asoites Tumor Line 

SN-Ehrlich-576 

SN-Ehrlich-578 

SH-TA3 

Sn-SAl 

lNSN-Ehrlich 

llTSN- TA3 

lNSN-6C3BED 

Ehrlich carcinoma 

Ehrlich carcinoma 

TA3 mammary carcinoma 

SAl spontaneous ascites tumor 

Ehrlich carcinoma 

TA3 mammary carcinoma 

6C3}ffiD lymphosarcoma 

Table 2. SN and lNSN lines 
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mice, three famale adult Swiss mice of 11 weeks old (about 26 

grams) and three immature female Swiss mice of 4 weeks old 

(about 15 grams) were used. 

For the comparison of the isoenzyme patterns of the 

regular 6C3HED lymphosarcoma from different laborat~ries,

both adult female Swiss mice and C3H mice were used. 

3.1.4 Tissue culture cell lines 

Tissue culture lines of Ehrlich, TA3 and 6C3HED ascites 

tumors were established in Dr. J.F. Horgan's laboratory in 

ottatia (33,34). These lines have been kept in tissue culture 

for more than five years and have lost the capacity of pro

ducing tUI1l.ors when back transplanted into mice. Uelv lines of 

the s~e ascites tumors were recently established in tissue 

culture for the comparison of isoenz~ue patterns with the old 

lines and with the ascites cells grown in mioe. These new 

lines retain the tumorigenic capacity after six months in tis

sue CUlture, and their establishment will be described in a 

later section. Table 3 shows all the tissue culture lines 

used in the in vitro experiments. 

3.1.5 Apparatus 

Ordinary centrifugation was performed with an Inter

national Centrifuge Model H, with rotor number 23; ultracen

trifugation was perfo~ed with a Spinco ultraoentrifuge, 

model L, with Type 40 rotor. 
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....,... 

Tissue Culture Lines 

Old New tissue origin 
(non-tumorigenic) (tumorigenic) (ill vivo ascites tumor) 

-
Ehrlich Ehrlich Ehrlich carcinoma 

TA3 TA3 TA3 mammary carcinoma 

6C3EED 6C3HED 6C3HED lymphosarcoma 

SAl SAl spontaneous ascites tumor 

Table 3. Tissue culture lines 
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For the sonication or ascites tumor cells, a Type 

NT20 11SE Ul trasonic Oscillator, set at 125 volts, was used. 

For the X-ray irradiation of' Ehrlich ascites tumor 

cells, a Pickerts X-ray machine with a Type OEG-60 X-ray tUbe 

was used. 

The inositol (myo) treatment of Ehrlich ascites tumor 

cells was perro~ed in a Dubnoff Metabolic Shaker. 

Protein determinations on the cell-free extracts of 

ascites tumors were made with a Bausch and Lomb Colorimeter 

using Spectronic 20 cuvattes, employing the Lowry method (55). 

3.1.6 Solutions and ra.edia 

Hanks' balanced salt solution and Puck's balanced 

salt solution were used for washing and suspending ascites 

tumor cells. Trypsin solution (O.05~) was used to detach 

cells from the glass surface in tissue culture experiments. 

Balloon cells and regular-sized cells were separated by gra

dient centrifugation for which Ficoll solution was used. To 

induce ascitic flu~d in no~al mice, Freund's complete adju
. . 

vant (Difco Laboratories, Detroit, U.S.A.) was used. Tissue 

culture media, M150 and Waymouth's }IB572/l were prepared in 

this laboratory. All chemicals used were commercial prepara

tions. The formulae of these solutions and tissue culture 

media are presented here. 
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Hanks t Balanced !Salt So lution (g/li "G.:r;:e ) 

sodium chloride 8.0 

potassium chloride 0.4 
calcium chloride 0.14 
magnesiunl sulrate (7H..,O) 0.1 c-

magnesium chloride (6H20) 0.1 

disodium phosphate 0.048 

monopotassium phosphate 0.06 

D-glucose 1.0 

sodilliu bicarbonate 1.4 
double distilled water to 1000 ml 

Puck's Balanced Salt Solution 

Tho salt contents or Puck t s balanced salt solution 

are the same as Hanks' balanced salt solution, but calcil..Ul1 

and magnesium ions were omitted. 

Trypsin Solution 

A trypsin (1:250, Difco Laboratories, Detroit, 
1',/r. ,.. )

1'12. C nJ.g an solution of o.05~ was prepared in Puck's balanced 

salt solution. 

Picall Solution 

Ficoll 'VIas pUl~chased from Pharmacia Company" Uppsala, 

Sweden. The Ficoll solution l'JaS prepared 'Hi th 23. LI_ g. of 

17 icol1 in TIBSS to make up 100 ml solution. This solution 

gave a specific gravity of 1.08. 
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Compositions of Media (milligr~s per litr~) (64,69) 

~laymquthts 
Chemical M150 HB752!1~~

DL-alanine 

L-arginine- HCl 

DL-aspartic acid 

L-cysteine·HCl 

L-cystine 

DL-glutamic acid 

L-glutam1na 

glycine 

L-histidina-HCl 

hydroxy-L-proline 

DL-isoleucine 

DL-leucine 

L-lysina-HCl 

DL-methionine 

DL-phenylalgnine 

L-proline 

DL-serine 

DL-threonine 

DL-tryptophan 

L-tyrosine 

DL-valine 

p-aminobenzoic acid 

biotin 

calcium pantothenate 

50 
70 

60 

20 

150 

100 

50
20

10

L~O

120 

70 

30 

50 

40 
50 
60 

20 

40
50

0.05 

0.01 

0.01 

75
60 

90 

15 

150 
350 

50 

150 

25
50 

240 

50
50
50

75 
40 
40 

65 

leO 
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vofaymouth's 
Chemical I-IB752/1~i-_ 

choline chloride 

folic acid 

inositol 

niacin 

nlacinamide 

PY1'li doxal·He1 

pyridoxine-Hel 

riboflavin 

thi arnine·He 1 

vitamin B12 

vi tarnin Ii 

ascorbic acid 

tX. -tocopherol phosphate 

calc:t:Cerol 

menadione 

adenine 

guanine-Hel 

hypoxanthine 

tb:~l1nine

u:r~acil

xanthine 

adenylic acid 

2-deoxy-D-ribose 

D-ribose 

Tween 80 (oleic acid) 

0.01 

0.05 

0.025 

0.025 

0.025 

0.025 

0.01 

0.01 

0.10 

0.05 

0.01 

0.10 

0.01 

10.0 

0.2 

1.0 

1.0 

1.0 

1.0 

10.0 



- 33 

Chemical M150 

cholesterol 

D-g1ucose 

glutathione (reduced) 

sodium acetate 

adenosinetriphosphata 

NaCl 

KCl 

Cap12 

MgC12-6H20 

1-1gS04-7H20 

Na2HPO~l

KH2P04 

NaHC03 

Fe(N03) 3- 9H20 

phenol red 

0.2 

1000.0 

0.05 

50.0 

8000.0 

4°0.0 

14°.0 

100_0 

100.0 

48.0 

60.0 

1400.0 

0.1 

20.0 

5000.0 

6000.0 

150.0 

90.0 

240.0 

200.0 

300.0 

80.0 

224°.0 

Note: Both media were supplemented with 20 percent whole 
calf serum. Double distilled and deionized water was 
used for the preparation of all media. 

* Those amino acids indicated in DL-fo~ were used for M150 
but only L-forms were used for Waymouth's MB752/l medium. 
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3.1.7 The following abbreviations have been used throughout 

this report: 

HESS - Hanks' balanced salt solution 

PBSS - Puck's balanced salt solution 

LDH - lactate dehydrogenase 

}1DH - malate dehydrogenase 

G-6-PD - glueose-6-phosphate dehydrogenase 

N.AD+ - oxidized nicotinamide adenine dinucleotide 

NADH - reduced nicotinamide adenine dinucleotide 

NADP+ - oxidized nicotinamide adenine dinucleotide phosphate 

UADPH - reduced nicotinamide adenine dinucleotide phosphate 

PMS - phenazina methosulfate 

MTT - 3<4,5 - dimethyl thiazoly1 1-2)2,5 - dipheny1
tetrazoliumbromide 

Tris - tris(hydroxymethyl)aminomethane 

Fast blue B - commercial name of' tetrazotized O-dianisidine 

3.2 Methods 

3.2.1 Regular passage of' the ascites tumors 

Maintenanoe of the regular ascites tumor lines has 

been carried out by conventional methods. About f'ive million 

ascites tUIl'lor cells in 0.25 ml HESS were injected intraperi

toneally in a healthy mouse. A group of three mice was used 

for each regular passage. 

SN and INSN lines have been maintained by another 

method. Freshly harvested ascites were subjeoted to ordinary 

centrif'ugation for 15 minutes at 2,500 r.p.m. in the model H 



International Centrifuge (rotor nurnber23). The majority of 

the cells settlod on the bottom and a layer of balloon cells 

floated on the top Hi th the sup011natant i'luid in bat't-Joan. 

Some balloon cells remained in suspension in the supernatant. 

The supernatant was carefully draW!l out 'tV'ith a Pasteur pipette 

and 1..Tas subjected to ordinary centrifugation twiee more as just 

described to remove as many cells as possible. The reSUlting 

supernatant fluid was finally centrifuged at high speed, 

35,000 r.p.m., for one hour in the Spineo Model L Ultracentri

fuge (Type 40 rotor). At this stage, the supernatant fluid 

stlll contained some balloon cells of which the number \',ras not 

counted; 0. 2.r:; 1111 of this supernatant fluid 'Vlas inj ected intra

peritoneally in each of three mice. 

3.2.2 Development of the SN ~~d INSN ascites tumor lines 

The method of developing the SN lines "tV'as reported by 

Tolnai ~ al. (95). Tumor cells ware removed from freshly 

harvested ascitic fluid by ordinary centrifugation once and 

high-speed centrifugation once as described. The clear super

natant T1as then inoculated intraperi toneally into mice (0.25 

1ml pe1 mot.1S e) • If as cites tumor d0veloped, a large l1Ul11ber of 

balloon cells would be seen in the ascitic fluid from which 

the supernatant was again usod by the same method to inoculate 

other nuce. By the third or fourth serial passage of the 

supernatant fluids, the incidence of ascites tumor for~mation

reached loo;t. 
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To develop INSN lines, tumor cells rrom regular 

ascites tumor lines were spun down rrom rreshly harvested 

ascites by ordinary centrifugation as described. The super

natant was removed, and the cells were washed with HBSS and 

were spun down as before. The washing was repeated twice 

more. Then the cells were suspended wi th two volumes of 5~b

aqueous myo-inositol solution. The cell suspension in inosi

tol solution was left to stand at room temperature (approxi

mately 25°C) ror one hour. The cells were removed by ordinary

centrifugation as described. The supernatant obtained was

ultracentrifuged at 35,000 r.p.m. for one hour in the Spinco

Hodel L Ultracentrifuge to remove ~ny,l.'Gl1!8.i:p.ing: c811s.'

Of this rinal supernatant 0.25m1 was injected intraperitone

ally into each of five Swiss mice or the Connaught strain.

If tur.~r to~ed, it was passed to other mice with the super

natant fluid from the tumor ascites with the sgme method of

maintaining the SN lines. The characteristic of the presence

of a large number of balloon cells lias maintained in the sub

sequent regular passages or the INSN lines.

3.2.3 Establishment of new tissue culture lines of the 

ascites tumors 

Tissue culture lines of Ehrlich, TA3 and 6C3H1:ID 

ascites tumors were established by Guerin and Morgan (34), 

and Guerin and Kitchen (33). These lines have been kept in 

tissue culture for more than five years and have lost the 

capacity of producing ascites tumors when back transplanted 
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into mice from tissue culture. It was felt that new tissue 

culture lines of the same ascites tumors should be established 

in order to compare the isoenzyme patterns. 

The new 6C3HED tissue culture line was established in 

a modified medium M150 (64) supplemented with L-asparagine 

(100 mg/li tre), and the new Ehrlich, TA3 and SAl lines in 

Waymouthts medium MB752/l (69). Both media were supplemented 

with 20% calf serum. 

To grow cells in tissue culture, approximately 10-15 

million ascites cells (three drops of ascitic tumor fluid 

with a Pasteur pipette) were cultured in 10 ml of medium in a 

T-60 flask. The majority of the cells died out gradually 

over a period of two weeks. The cells were fed with fresh 

medium when the change in colour of the medium from pink to 

yellow indicated acidity. But some cells attached to the 

glass surface and bec~e spindle-shaped, and soma of these 

cells began to multiply to form colonies. When multiplica

tion of the cells was continuous, eventually a monolayer was 

fo~ed and it was necessary to transfer the cells to other 

flasks to maintain cell multiplication. Cells were fed with 

fresh medium once or twice a week depending on the degree of 

change of the pH of the medium. 

At the time of the isoenz-yme study, the new cell lines, 

namely the new Ehrlich, TA3, 6C3EED and SAl lines had been 

kept in tissue culture with Wgymouthts medium MB752/1 for six 

months and were at their fifth passage. When cells 
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(approximately one million/mouse) of these new lines were 

injected into mice from tissue cUlture, typical ascites tumors 

developed after 2-3 weeks. Thus, these new tissue culture 

lines were tumorigenic. 

3.2.4 Methods of harvesting the ascites tumor cells for 

isoenzyme study 

(a) Regular cell lines 

Ascites tumors developed rapidly with a tremendous 

increase of tumor cells and fluid in the peritoneal cavity. 

Within nine to fourteen days after inoculation the ascitic 

fluid was withdrawn with a hypodermic needle and was SUbjected 

to ordinary centrifugation as described previously. The 

clear supernatant was removed and was either discarded or 

kept for isoenzyme study. The packed cells were washed with 

HESS by repeated pipetting. The HESS was then removed by 

centrifugation. The washing was repeated twioe more, after 

which the packed cells ware considered to be essentially free 

from ascitic fluid. At least 0.2 ml of packed cells was 

required to prepare sufficient cell-free extract for iso

enzyme detection. 

(b) SN and INSN lines 

Because of the presence of the large balloon cells in 

these lines, the ordinary centrifUgation would sediment a 

mixed cell population of both the balloon cells and cells of 

regular size. In order to obtain a good separation of the 

tliO types of cells in a convenient way, dens!ty gradient 
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centrifugation was used. Approximately 1.5-1.8 ml (one 

Pasteur pipettaful) of Ficoll solution was mixed with 5-6 ro1 

of the ascitic tumor fluid. After the ordinary centrifuga

tion as described previously, the balloon cells formed a layer 

on top of the supernatant and the cells of regular size sedi

mented at the bottom with the clear supernatant in bett'leen. 

The regular-size cells at the bottom were obtained by ramoving 

the supernatant after the balloon cells were l-1i thdrawn. Cells 

of both kinds were washed with HESS three times as previously 

described before being used for the preparation of cell-free 

extract. It should be noted that the balloon cells would 

sediment in HBSS by ordinary centrifugation. 

3.2.5 Tissue culture methods for obtaining cells for the 

isoenz~ne studies 

Seven ascites tumor cell lines in tissue culture were 

used. As mentioned before, they were the three old non

tumorigenic lines, namely, Ehrlich, TA3 and 6C3HED, and the 

four new tumorigenic lines, n~ely, Ehrlich, TA3, 6C3HED and 

SAl-

Attempts were made to propagate all the cell lines in 

both media M150 and MB752/1 supplemented with 20% calf serum. 

Conventional tissue culture methods and sterile techniques 

were employed. Cells were grown in T-60 flasks until a mono

layer was fo~ed. In order to obtain sufficient numbers of 

cells, it was necessary to transfer the cells to other flasks 

for further propagation. Passage was done by trypsinizing 
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the monolayer cells. The medium 1-<las first removed and the 

monolayer was washed twice with PBSS. Five to six ml of 

0.05% trypsin in PBSS was added to each T-60 flask. After 

about 15 minutes at 37°C, the cells detached from the glass 

surface and were dispersed by gentle trituration with a 

Pasteur pipette. The cell suspension was then divided into 

three approximately equal portions, each of which was trans

ferred to a new T-60 flask with 10 m1 of culture medi~~. The 

cells were found to multiply rapidly and to form a new mono

layer in about two weeks. For each cell line at least five 

heavy monolayer cultures in T-60 flasks were required to pro

vide sufficient cells for the isoenzyme stUdy. About 0.3 m1 

of packed cells was obtained from five such monolayers. The 

cells obtained were washed three times with HESS before being 

used for the preparation of cell-free extract. 

To examine if trypsin would affect the isoenzyme pat

tern, a control experiment was done by using a rubber polioe

man to scrape off the cells from the glass surface instead of 

using trypsin. 

3.2.6 Preparation of cell-free extracts 

Two parts of double distilled water were mixed with 

one part of packed cells. The cell suspension was SUbjected 

to sonication for one minute with a Type MT20 MSE ultrasonic 

oscillator. The cell debris and any unbroken cells ware 

removed by centrifugation at 17,500 r.p.m. in the Spineo Model 

Ultracentrifuge for 30 minutes. The clear supernatant 
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obtained was the cell-free extract and was stored at -200 C. 

The cell-free extracts thus obtained were the samples used 

for the isoenzyme studies. The samples were thawed immedi

ately before use and were ne-s'tored at -20°C immediately after 

use so that the enzyme activity would not decrease appreoiably. 

To examine if sonication would affect the isoenzyme 

pattern, the method of repeated freezing and thawing was also 

used for the disruption of ascites tumor cellse A cell sus

pension was divided into two equal portions, one was subjected 

to sonication, the other to freezing and thawing. Aftar 

freezing and thawing for three times, the cell suspension was 

homogenized with. a Potter and Elvehjem homogenizer before 

being sUbjeoted to ultraoentrifugation for the cell-free 

extract. 

3.2.7 Protein detettunation of the cell-free extracts 

The ~ounts of the enzymes applied for electrophore

sis were not controlled. It was felt later that protein con

centrations of the cell-free extracts should be examined. 

Protein conoentration was measured oolorimetrioally with the 

method developed by Lowry ~~. (55). Crystalline bovine 

serum albumin (]Viann Research Laboratories, new York) was used 

as the standard protein and a Bausoh and Lomb Colorimeter was 

used for the colorimetric measurement of protein. The protein 

concentrations of the cell-free extracts were found to be in 

a wide range between 12 and 47 mgm of protein per 0.1 ml of 

cell-free extract. 
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3.2.e Ascitic fluid induced by Freund's adjuvant 

Freundts complete adjuvant (Difco Laboratories~

Detroi t, l'1ichigan) was inj ected intraperi toneally into a 

group of five adult famale Swiss mice with 0.5 m1 per mouse. 

Another similar dose was given after ten days. Within a 

month after the first injection, a large volume of fluid 

accumulated in the peritoneal cavity and a clear ascitic 

fluid was obtained. Cells were rarely found in this ascitic 

fluid when it was examined under the microscope. This fluid 

was used for a comparison with the isoenzyme studies of the 

ascites tumor cells. 

3.2.9 Treatment of Ehrlich ascites tumor cells with inositol 

Ehrlich ascites tumor cells freshly harvested from an 

adult female Swiss mouse were divided into ~10 equal parts. 

The ascitic fluid was removed by the ordinary centrifUgation 

procedure. The cells in one tube were washed once with HESS 

and those in the other tube with 5% inositol (myo) solution. 

The cells were then resuspended in the corresponding solutions 

in 1:10 dilution (1 part of cells in 9 parts of HBSS or inosi

tol solution). The cell suspensions were gently shaken at 

37°C in a Dubnoff Metabolic Shaker for one hour with a speed 

of 1 cycle/second. Finally three mice were inoculated with 

each cell suspension (about five million cells per mouse). 

Cells left over from inoculation were washed once with HESS 

as the controls for the isoenzyme stUdy. ~ihen the ascites 

tumors developed in the mice, cells were harvested for a 
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comparison of the isoenzyme patterns. 

3.2.10 Irradiation treatment of Ehrlich ascites tumor cells 

Ehrlich ascites tumor fluid was sUbjected to ordinary 

centrifugation at 2500 r.p.m. in the Model H International 

Centrifuge to remove the supernatant. The cells were washed 

twice and then diluted with HESS to about 25,000,000 cells 

per rol. Five ml of this cell suspension were placed in 

60 x 15 :rom. tissue culture Petri dishes for X-ray irradiation. 

The radiation doses given to cells were 500, 1000, 1500, 2000, 

2500 and 3000 rads with a Picker's 50KVP X-ray tube at the 

dose rate of 43 rads per second. A s~ple of the srone cell 

suspension which was not irradiated served as the control. 

Each irradiated cell suspension was diluted to 4,000,000 cells 

per ml and 0.25 ml of this cell suspension containing 1,000,000 

cells was injected into each of a group of five mice. The 

mice used were female about the same weight (26 grams). When 

the ascites tumors developed, cells were harvested from the 

mice inoculated with cells treated with X-rays of different 

doses. The cells harvested were used for the isoenzyme stUdy. 

3.2.11 Cloning of the ascites tumor cells of the tumorigenic 

tissue culture lines 

Cloning of the cells of the tumorigenic Ehrlich, TA3 

and 6C3HED tissue culture lines was undertaken. A T-60 flask 

of healthy monolayer cells was selected. The culture was fed 

36 hours prior to use. Cells were harvested and dispersed by 
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using 0.05% trypsin as described previously and were counted 

with a Neubauer cell counting chamber. Two separate counts 

(about 185 cells per total area) were made and the difference 

between the two counts was found to be less than 20%. The 

average of the two counts was used. Cell clumps were found 

to be lass than 3%. The cell suspension was diluted serially 

with the culture medium (~faymoutht s 11IB752/l) until a .final 

dilution of 10 cells per ml was reached. Six m1 of the final 

cell suspension were placed into each of three tissue culture 

Petri dishes (60 x 15 mm) to give 60 cells per dish, and 3 m1 

into each of another three dishes to give 30 cells per dish. 

To make up the total volume of 6 ml per dish, 3 ml of the 

medium were added into each of the latter three dishes. The 

cuItures 'tiere incubated for 14 days in 5% C02 in air to main

tain the pH. By microscopical examination a well isolated 

clone was selected .from each of the six dishes. 

The olonal cells were obtained with the following 

method. A siliconed sterilized glass cylinder was placed 

over the clone selected to isolate it from the cells of other 

clones nearby. The cylinder was pressed down .fir-~D1ly so that 

it would stiok (by the silicone) to the bottom of the dish. 

With a fine Pasteur pipette the medium was ramoved from within 

the cylinder. The clone was washed twice wi th PBSS. Then the 

cylinder was filled with 0.05% trypsin. The clonal cells were 

detached from the dish after about 20 minutes o.f incubation 

at 37°0, and were transferred to ~other Petri dish containing 



- 45 
6 ml of the medium. After two weeks of inoubation in 5% C02 

in air, the olonal oells were transferred to a T-30 flask. 

From then on, oells were propagated by oonventional tissue 

oulture methods until five heavy T-60 flask cultures were 

obtained for the isoenzyme study. 

3.2.12 Staroh gel electrophoresis 

Horizontal staroh gel electrophoresis in a disoontin

uous buffer system (77) was employed to separate the iso

enzymes. Thirteen grams of hydrolysed staroh (Connaught l-led

ical Researoh Laboratories, University of Toronto) per 100 

ml of buffer was heated to a clear sol, de-aired with vacuum 

and then poured in plastic molds with a trough size of 

30 x 1.9 x 0.6 ,am. To obtain an even surface of the gels, a 

sheet of plastic was pressed down on the starch before it 

solidified. The gels were then cooled at 4°C for 2-3 hours. 

A piece of vfuatman No. 3 filter paper (1.5 x 0.4 em) was used 

to absorb 25 microliters of cell-free extract and was then 

inserted in the gel at a point 5 em from the cathodal end of 

the gel. Electrophoresis was perfo~led at 4°C by connecting 

the gels to the bridge bUffer by two layers of ordinary 

flgnnel. The gels were then oovered with Saran Wrap to pre

vent loss of moisture. After 20 minutes of electrophoresis, 

the filter papers were removed from the gels, and the gels 

were again covered with the Saran Wrap. Electrophoresis ,was 

resumed until the appropriate length of time was reached. 
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Different systems of electrophoresis "'lere employed 

for different enzymes in order to obtain the best possible 

separation of the different molecular forms of each enzyme. 

For the separation of isoenzymes of LDR, G-6-PD ~d

~IDH, the buffer for making up the gels was 0.05 M Tris 

adjusted to pH 8.6 with Rel; the bridge bUffer contained 

0.3 M boric acid adjusted to pH 8.6 with NaOR. Electrophore

sis was run at 10 V/cm for seven hours for IDR, and two hours 

for G-6-PD and l'IDH. The same gel was used to separate G-6-PD 

and ~lDH. After the electrophoresis the gel was sliced hori

zontally into two halves, one for identifying G-6-PD and the 

other for NDH. 

For the separation of isoenzymes of esterases, gels 

were prepared with Tris-citrate buffer at pH 8.6 (0.076 1·1 

Tris, 0.0057 M citric acid). The bridge buffer used was the 

same as for LDH, G-6-PD and !vIDH. Electrophoresis 't-las run at 

6 V/cm for 5 hours. 

3.2.13 Identification of the isoenzymes 

After electrophoresis the location of enzyme activity 

on the starch gel was visualized by incubating slices of the 

gels in the following media" at room temperature. 



For LDH:

For G-G-PD: 

For HDH: 

- L~7 -

Tria bUffer, pH 7.2 

Sodium lactate (DL) 

NAD+ 

NTT 

H"IS 

KeN 

0.1 mg/ml 

0.2 mg/ml 

0.1 mg/rnl 

0.3 mg/ml 

Incubation time: 2-5 hours

Tria buffer, pH 7.2 

Glucose-6-phosphate
( sodium salt) 

NADP+ 0.1 mg/ml 

!"ITT 0.2 mg/ml 

H·m 0.1 mg/ml 

NgC12-6H20 0.1 mg/ml 

Incubation time: !~-7 hours 

Tris bUffer, pH 7.6 0.1 M 

Halic acid (DL) 

NAD+ 0.1 mg/ml 

HTT o•2 mg/r111 

0.1 mg/ml 

Ken 0.3 mg/m2 

Incubation time: 2-5 hours
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For esterases: 

Phosphate buffer, pH 5.8, 0.1 M 
(1000 ml KH2 PO1.t 0.1 r1 + 96 ml 
Na2HP04, 0.1 M) 

100 ml 

Fast blue B 20 mg 

Alpha-naphthyl acetate 
acetone) 

(1% in 2ml 

Incubation time: about 6 hours 

3.2.14 Washing and storage of the gels 

Starch gels with coloured bands were washed for about 

three hours in a solution containing 10 parts glacial acetic 

acid, 50 parts methanol and 50 parts distilled water. The 

gels 'L'lere 1'inally kept in water in the dark at room tempera

ture. The colour of the bands faded only slightly after six 

months of storage. The slight fading of the colour did not 

significantly affect the resolution of the bands. 

3.2.15 Photography of the starch gels 

A Zeiss Contarex camera with a Tessar lens (1:3.5, 

f = 115 ram) was used to photograph the gels. Kodak High 

Contrast films (35 rom) were used and were developed in D-ll 

developer for 6 minutes. The pictures were printed with 

Kodak Bromide papers (single weight) developed in Dektol 

(1 Dektol: 2 water). 



4- OUTLINE OF EXPERIHENTAL ~10RK

4.1 ~ vivo experiments 

Conventional starch gel electrophoresis and histo

chemical stains were used to study the isoenzyme patterns of 

LDH, G-6-PD, J:.IDH and esterases in mOl1se asci tes tumors of 

different tissue origin. The samples for comparison were the 

ascitic fluids of the ascites tumors after the tumor cells 

were removed and the ascitic fluid induced by Freundts 

complete adjuvant in Svriss mice. 

To obtain uniform and reproducible results, the effects 

of the age and the sex of the mice used, the age of the ascites 

tumors, the storage of the cell-free extracts, and alternative 

methods for disrupting the cells were studied. 

The isoenzyme patterns of LDH, G-6-PD and MDH in the 

regular cell lines and the derived SN and INSN lines were 

compared. In addition, the same regular ascites tumors were 

acquired from other laboratories to check the isoenzyme 

patterns. 

The effects of X-irradiation and of inositol on the 

isoenzjr.me patterns of Ehrlich ascites tumor cells were also 

studied. 
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4.2 !£ vitro experiments 

Ehrlich, TA3 and 6C3HED mouse ascites tumor cells have 

been maintained in tissue culture for more than five years. 

These are designated old lines and have lost the capacity to 

produce tumors. The s~e three ascites tumors and the SAl 

spontaneous ascites tumor were again established in tissue 

cu1ture and have been maintained up to novl. These new lines 

still retained the capacity to produce tumors when they were 

back transplanted into mice. The isoenzyme patterns of the 

old lines and the new lines ~ vitro, of the new lines on 

back transplantation and of the regular lines 1£ vivo were 

compared. 

It was suspected that the new tissue culture lines 

might consist of a heterogeneous population of different cell 

types which might have different isoenzyme patterns. Accord

ingly, cloning of the new cell lines was undertaken and the 

isoenzyme patterns of the different clones obtained were 

studied. 

Since the ascites tumor cells may lose their tumori

gencity after long term CUlturing in vitro, it would be 

interesting to check the isoenzyme patterns of the tumorigenic 

cell lines from time to time. The LDH isoenzyme pattern of 

the SAl tissue culture line was examined at two different 

times after the cell line was established. 



5. EXPERII1ENTAL RESULTS 

5.1 General 

All the results are presented in photographs or dia

grams. Each band shown in the pictures represents an iso

enzyme. It is unfortunate that the bands are not delineated 

as clearly as they actually occur in the starch gels. The 

cathode end of the starch strips was the point at which the 

samples were inserted. This point was the origin from which 

the isoenzymes travelled towards the anode. In all cases, no 

isoenzymes were observed migrating to the cathode side of the 

origin. 

The numbering of the isoenzymes is according to the 

system recommended by the Standing Committee on Enzymes, of 

the International Union of Biochemistry (105). The system is: 

q'fuen multiple forms of an enzyme are identified by electro

phoretic separation, they should be given consecutive numbers, 

the form having the highest mobility towards the anode being 

numbered one.' 

Coloured bands appeared at the areas containing 

enzyme activity after 30 minutes of incubation in the staining 

solution. The colour deepened as inoubation was continued. 

There was not a fixed period of time for the development of 

the bands to the right intensity because the amount of enzymes 

applied for electrophoresis was not unifonm. Prolonged 
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incubation with the staining solutions gave a deep bacl~round

stain to the gels. And the bands closely separated nught 

coalesce with their individuality beconung less distinct. 

This was particularly true with LDII. If the incubation time 

was not long enough, some isoenz~~es with slight activity 

might not be visualized at all. Thus, the incubation times 

given for the enzymes are quite arbitrary. 

Due to the different dyes used, the bands of the 

dehydrogenases are deep blue, the Gsterases deep brolm. 

5.2 Control work 

5.2.1 Isoenz~~e patterns of the ascitic supernatant fluids 

It is currently postulated that LDH in normal mouse 

tissues exists in five molecular forms. The present study does 

not seem to agree fully vIi th this prevalent concept. In Fig. 1 

the ascitic fluids from rr~ce with various ascites tUTI10rS and 

from mice treated with Freund's complete adjuvant have basic

ally six LDH isoenz'Y!i1Gs, five close together and one 't'lith 

much higher mobility towards the anode. The 5 bands in a 

group are not vIel1 shol.Jn in the diagrrou. TA~..., appears to con

tain 3 bands, Ehrlich, SAl and Ehrlich-S:N-576 fOUl" bands in 

the group. During the colour developnlent of the bands, 

actually, 5 distinct bands were observed. The wasb~ng solu

tion decolourized sornE) bands of vel~~t light intensity. Occa

sionally, 6 main bands in the group instead o.f five t.,rere 

obs ol"ved. This is poorly shoHn in the starch strips of SN-TA3 

ana of Freund's adjuvant in Fig. 1. The number of bands may 
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va~~ slightly, but their positions of mobility are consistent. 

The fastest moving band is very faint in Ehrlich and in 

Ehrlich-SN-576. Tumor cells were inIDlediately removed from 

these fluids after they 'Vlere Hi thdrawn 1'rOll1 the mice. An,d 

the ascites induced by Freund's adjuvant contained an insig

n:.tficant number of cells. The characteristic LDH isoenzyme 

pattern 01' these fluids, shown in Fig. 1, may serve as a 

reference to compare vIi th the IJDH isoenzJ11ne patterns of the 

as ci tes tUIrlOrs. 

Purthermore, the serum of healthy S"tviss mice, obtained 

by heart puncture, was examined. It was found to possess the 

characteristic LDH isoenzyme pattern as shown in Pig. 1. 

The enzyme activities of NDE and G-6-PD in these 

ascitic fluids were extremely low so that no bands or only 

very, very faint bands could be detected on the starch gels. 

5.2.2 Effects of sex and age of the mice 

The physiological conditions of the host may influence 

the growth and the metabolism of tumor cells, particularly those 

due to the ho~onal and inwunological factors involved in twaor 

transplantation. It Has felt that the age and the sex of the 

mice used should be checked in order to see if the isoenzyme 

patterns might be affected by these factors. As shown in 

Fig. 2, the isoenzyme patterns of G-6-PD in Ehrlich ascites 

tumor cells are the same when the tUTI10r was grown in male and 

female adult (both 11 weeks old) and immature famale (4 weeks 

old) 111ice; the same resl),lts 1-101')e f'oundfor HDH and LDH. It 
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appears that the age and sex of the mice used have no effect 

on the isoenzyme patterns of the ascites tumors. 

5.2.3 Effect of age of the asci tes tumol'ls in the hosts 

It is possible that the isoenzyrae patterns may be 

different when cells are harvested at different growth phases. 

If there is a difference, the age of the tumor must be con

trolled in order to obtain unifo~ and reproducible results. 

Fig. 3 shows that the MDH isoenzyme patterns of 

Ehrlich ascites tumor cells, harvested 8, 11 and 14 days 

after inoculation, were the same. Thus, the age of the tWlor 

did not seem to affect the isoenzyme patterns. This would 

imply that it does not matter ~1hen the asci tes tumors are 

itJithdra~m from the mice, since the isoenzyme patterns should 

remain the sarne. 

5.2.4 Effect of the methods used for disrupting the cells 

Heat is generated during the time of sonication. This 

could lead to the denaturation of some enzymes or isoenzyrnes. 

To check if the isoenzyme patterns would be affected by the 

sonication, the cells were also broken by freezing and thavJ'ing. 

In Fig. L~ the rIDE isoenzyme patterns of Ehrlich asci tes tumors 

are shown to be similar when the cells were disrupted by 

either method. In the starch strip from freezing and thawing, 

the separation does not appear to be clear. But the pattern 

of one fast-moving band and one slo'tv-moving diffused zone is 

apparent. The slovJ-movir...g zone appears to have two bands. 
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It was also found that the isoenzyme patterns of LDH and 

G-6-PD were not affected by the two methods for disrupting 

the cells. 

5.2.5 Effect of storage of the cell-free extracts 

It was felt that when it was possible, electrophore

sis for the isoenzymes of the different tumors should be run 

at the same time so that a comparison of the positions of the 

b~~ds would be more accurate. The cell-free extracts of dif

ferent tumors could not be obtained at the same time .Que to 

the extensive manipulations involved. Consequently, many 

extracts had to be stored in a commercial deep freezer (-200 0) 

until the other samples were prepared for analysis. Enzymes 

may be denatured considerably during storage. Therefore, it 

was necessary to ascertain whether the isoenzyme patterns 

would be changed by storage. 

As shown in Fig. 5, the isoenzyme pattern of }IDH of 

the 6C3HED new tissue culture line remained the same even 

after 142 days of storage at -20°C. Only G-6-PD appeared to 

have a slight decrease of activity. But again its isoenzyme 

pattern was not altered. 

In fact, it was observed that the enzymes studied 

were reasonably stable during 6 months of storage at -20°C. 

Further examination for longer periods was not carried out. 
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5.2.6 Effect of trypsin 

In the !n vitro experiments, cells were harvested 

from the tissue culture flasks by using trypsin to detach the 

cells from the glass surface. The proteolytic activity of 

t~JPsin could conceivably cause a leaking of enzymes from the 

cells and the isoenzyme patterns might be changed. To test 

this possIbility, cells grown in tissue culture were also 

harvested by using a rubber policeman to rub off the cells 

from the glass surface. Fig. 6 shows that trypsin has no 

effect on the isoenzyme pattern of MDH of the TA3 new tissue 

culture line. This was also true for LDH and G-6-PD. 

5.3 !n Yi!£ experiments 

5.3.1 Comparison of the isoenzyme patterns of the regular 

tumor lines 

The isoenzyme patterns of r~H, G-6-PD, MDH and ester

ases in the four ascites t~10rs and the ascitic fluid induced 

by Freund's adjuvant are sho~fn in Fig. 7 which consists of 

five pictures. In Fig. 7a, LDH in the tumor cells grown in 

mice has a sinlilar pattern of five main bands in spi to of the 

different tissue origins of the tumors. Sometimes a band may 

be observed betHeen bands 3 and 4, bands i~ and 5, and another 

band may occur after band 5. This will be shown in other pic~

tures later. The results were not unifo~. It is indeed dif

ficult to number the bands due to the slight irregularity of 

the results. HO't'1ever, the relative posi.tion of the bands remains 

quite constant. The nlli~ering of the bands is thus based on 
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the constancy of the positions of the bands. It is the pat

tern of the bands which is of primary importance. .And it is 

clear that the isoenzyme pattern of the ascitic fluid induced 

by adjuvant is different from that of the tumor cells. It 

was also observed that the serum from healthy Swiss mice had 

LDH isoenzyme patterns similar to those shown by the ascitic 

fluid. 

In Fig. 7b, the G-6-PD isoenzyme patterns of the four 

kinds of tumors are the same with two distinct bands while 

the ascitic fluid has practically no enzyme activity. 

In Figs. 7c and 7d, MDH also has two main bands. 

Band 1 is always very distinct and band 2 is a big diffused 

one. Sometimes two bands may be observed in the band 2 posi

tion and this is seen in Ehrlich cells in Fig. 7c when the 

electrophoretic time was extended. Again almost no enzyme 

activity of MDH was observed in the ascitic fluid induced by 

Freund's adjuvant. 

In Fig. 7e, as was found in the case of the other 

enzymes, the four ascites tumors all had the same esterase 

isoenzyme pattern characterized by sevan bands, a pattern 

which was entirely different from the pattern of the ascitio 

fluid. 

From the five pictures of Fig. 7, it is clearly demon

strated that the respective isoenzyme patterns of LDH, G-6-PD, 

11DH and esterases in ascites tumors of four different tissue 

origins were the same when the tumor cells were grovm in mice. 
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5.3.2 Comparison of the isoenzyme patterns o~ the same 

ascites tumors from different laboratories 

(A) Lactate dehydrogenase 

The LDH isoenzyme patterns of Ehrlich, TA3 and 6C3rlliD 

ascites tumors ~rom different laboratories are sho11n respect

ively in Figs. 8a, 8b and 8c. There 1-Jas no major difference 

in case of the Ehrlich carcinoma (Fig. 8a), evan the three 

sublines from Dr. Pu, v-Thich had different cl1J::lomosome numbers. 

In the TA3 mammary carcinoma, there was also no great differ

ence between the two lines tested, although the tumor from 

Dr. Morgan's laboratory appeared to have three bands at the 

band 1 region, while the tumor from Dr. LePage's laboratory 

showed only one (Fig. 8b). Three bands at the band 1 region 

were rarely observed. 

In case of the 6C3tlliD lymphosarcoma, the tumor 

obtained from Dr. LePage seemed to have a di~ferent pattern 

from. that of the tumors maintained in Dr. Horgants and Dr. 

Broome's laboratories, as shown in Fig. 8c. This was one of 

the earliest experiments done and the labelling Has different 

from that in the other pictures. The two starch strips on 

the left showed the isoenzyme pattern of the 6C3HED tumor 

from Dr. Norgan. 6C3HED ascites tumor originated from C3H 

mice and has been regularly passaged only in C3H mice. HOH

ever, it has been successfully transplanted in Swiss mico in 

this laboratory. An extra band Hhich moved much farther 

towards the anode was observed in the 6C3tffiD tmaor obtained 
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from Dr. LePage. This extra band was consistently shown 

regardless of whether this ascites tumor was grown in 03H 

mice or in Swiss mice. No extra band was observed for the 

same tumor from Dr. Morgan and Dr. Broome. 

(B) Glucose-6-phosphate dehydrogenase 

Figs. 9a, 9b and 9c show that G-6-PD had two bands 

for all the tumors. The second. band was very faint for the 

Ehrlich ascites tumor from Dr. LePage and from Dr. Fu (2N) 

(Fig. 9a), and for the 6C3HED from Dr. LePage; and the pic

tures (Figs. 9a and 9b) do not appear to show it at all due 

to the deficiency of photography. In this case, there may 

be some quantitative difference, but no qualitative differ

ence in the isoenzyme pattern of G-6-PD. 

(0) Malate dehydrogenase 

Malate dehydrogenase had basically similar isoenzyme 

pattern for all the ascites tumors from different laborator

ies, as shown in Figs. lOa, lOb and 10c. The pattern shows 

~~o heavy bands of which the second one diffused out in a 

large area. A distinct small band vIas SODlotimes observed 

between the two heavy bands, such as shown for the Ehrlich 

ascites tumors from Morgan, Lettr~ and Fu (3N) in Fig. lOa. 

It would appear that there is more than one isoenzyme at the 

band 2 region, which could not be separated by the electro

phoretic systam used in these experiments. It should also be 

noted that the second band of Fu t s Ehrlich (41·T) diffused out 

very near band 1. Of the TA3 (Fig. lOb) and 6C3}llm (Fig. lac) 
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ascites tumors from different laboratories, the ~IDH isoenz~~e

patterns 'tiere extreluely uniform and no small band bet't4een the 

two heavy bands was found. 

To summarize the results presented, it appears that 

the respective isoenzyme patterns of LDH, G-6-PD and }IDH were 

qui te similar in all the mous e asci tes tunlors obtained from 

different laboratories, even though the chromosome numbers 

and tissue origin were different. 

5.3.3 Comparison of the isoenzyme patterns of the regular 

ascites tumor lines with those of their derived super

natant lines 

(A) Lactate dehydrogenase 

It has been mentioned that the SN and INSN ascites 

tumor cell lines are characterized by having a large number 

of enlarged balloon cells in addition to the tumor cells of 

regUlar size. Upon gradient centrifugation with Ficoll, the 

balloon cells floated on top of the ascitio supernatant fluid 

and the oells of regular size sedimented to the bottom of the 

centrifuge tubes. The isoenzyme patterns of these two oell 

types were examined; in the piotures ttTop1f simply designates 

the balloon cells and "bottom" the cells of the regular size. 

As shown in Figs. lla, lIb, llc and lId, the results 

were very irregUlar. It appears that, in general, the LDH 

isoenzyme patterns of the SN and INSN lines were similar to 

the patterns of their mother lines. One characteristic of 

these supernatant lines, wi th the exception of SN-Ehrlich-.5"7'o, 
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is that the cells on the bottom had a fast moving band towards 

the anode, which was not found in the mother cell lines (Fig. 

lla). Fig. lIb shows that the INSN-TA3 balloon cells had 

only two bands. In Fig. llc, the balloon cells of INSN-6C3HED 

also had the fast-moving band. 

For better comparison, the gels of all the SN lines 

and of all the INSN lines respectively were put together and 

were photographed. Fig. lIe shows that the SN lines of dif

ferent tissue origin had similar LDH isoenzyme pattern; the 

same was true with the INSN lines shown in Fig. Ilf. 

(B) Glucose-6-phosphate dehydrogenase 

The G-6-PD isoenzyme patterns of the SN and INSN lines 

were compared with the patterns of their respective mother 

lines, as shown in Figs. 12a, l2b, 12c, and 12d. It is obvi

ous that the balloon cells of all the lines had less enzyme 

activity so that the second band was shown very faintly or 

was not shown at all. 

Of all the SUb-lines, the cells of regular size at 

the bottom after centrifugation had the srome two bands as the 

mother cell lines. Fig. 12e shows that the balloon cells of 

all SN lines were missing the second band. Of the INSN lines, 

all the balloon cells possessed the second band, though very 

faint, except the INSN-6C3HED lines, as shown in Fig. 12f. 

(0) Malate dehydrogenase 

Figs. 13a, 13b, 130, 13d, 13e and 13f show the }lDH 

isoenz~~e patterns of the SN and INSN lines. No apparent 
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difference was shown bettveen the mother lines and the SN and 

INSl\T suh-lines. In Figs. 13a and 13b, a small band was found 

betvreen the two large bands in the EhI'lich and TA3 mother 

lines and in the cells of regular size of the SN and INSN sub

lines with the exception of SN-Ehrlich-576 (bottom). This 

small band was not found in any balloon cells. As shown in 

Figs. 13c and l3d, the 6C3HED and SAl lines had two large 

bands, and of their sub-lines both the balloon cells and the 

cells of regUlar size had the same MDH isoenzyme pattern. 

It appears that the SN and INSN lines had similar ~IDH

isoenzyme patterns, as shown in Figs. l3e and 13f. 

5.3.4 Effect of radiation on the isoenzyme patterns of 

Ehrlich ascites tumor 

Ehrlich ascites tumor cells were irradiated with dif

ferent X-ray doses and then injected into groups of mice. 

When the tun~rs developed in the mice, cells were harvested 

for isoenzyme studies. 

Figs. l4a, l4b and l4c respectively show the isoenzyme 

patterns of LDH, G-6-PD and :MDH in the Ehrlich asci tes tumor 

cells which 'Vlere the progeny of the cells previously treated 

with X-rays of different doses. It appears that the isoenzyme 

patterns remained relatively stable even after the treatment 

of 2500 rads. The only small difference observed was a fast 

moving band towards the anode, which appeared in LDH in the 

cells wi th the 2500 rad. treatment, as shoilm in Fig. 14a. 

Cells with X-ray treatment of 1500 rads. and 3000 rads. were 
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not collected for isoenzyme studies. 

It may be concluded that X-ray treatment of up to 

2000 rads. had . 'no effect on the isoenzyme patterns of 

Ehrlich ascites tumor cells developing in the mouse after the 

irradiation treatment. 

5.3.5 Effect of exposure to inositol on the isoenzyme pat

terns of Ehrlich ascites tumor cells 

Ehrlich ascites tumor cells were suspended in HESS 

or in 5% aqueous inositol for one hour. Part of the cells 

were used to inoculate mice and the rest of the cells were 

used for isoenzyme studies. vfuen tumors developed in the 

mice, cells were harvested for comparative isoenzyme studies. 

Figs. 15a, 15b and 15c show the isoenzyme patterns of LDH, 

G-6-PD and MDH. In Fig. l5a, after the Ehrlich ascites tumor 

cells had been treated with 5% inositol, the LDH isoenzyme 

pattern was the s~e as the pattern of the cells suspended in 

HBSS, which served as a control. The trea;bed cells gave rise 

to the ascites tumor as rapidly as in no~al passage. When 

cells were harvested from the mice, the previously IffiSS

treated tumor had the s~e LDH isoenzyme pattern, whereas the 

previously inositol-treated tumor appeared to have only three 

bands, as shown by starch strip no. 4 in Fig. l5a. The 

fastest-moving and the slowest-moving bands were missing in 

the LDH pattern. The isoenzyme patterns o~ G-6-PD and }IDH 

remained constant (Figs. l5b and 15c). 
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5.4 ~ vitro experiments 

5.4.1 Comparison of the isoenzyme patterns of the tissue 

culture cell lines 

Tissue culture lines of Ehrlich, TA3 and 6C3HED cells 

had been maintained for five years ~ vitro and had lost 

their tumorigenic capacity. New tissue culture lines of 

these ascites tumors were now established and when these tis

sue culture cells were injected into mice, tumors were 

produced. In other words, the newly established tissue cul

ture lines still retained their tumorigenicity. The isoenzyme 

patterns of the old lines and the new lines were compared in 

order to determine whether there was any difference. 

Figs. 16a, 16b, 160 and 16d respectively show the 

isoenzyme patterns of LDH, G-6-PD, MDH and esterases of all 

the tissue culture cell lines. 

In Fig. 16a, it is obvious that the LDH isoenzyme 

pattern of the tunmrigenic lines was distinctively different 

from that of the non-tumorigenic lines. There were more 

bands in the ne1-l tumorigenic lines, particularly one or two 

fast-moving bands towards the anode, which were never found 

in any of the non-tumorigenic lines. All the tumorigenic 

lines had the s~e LDH isoenzyme pattern and all the non

tumorigenic lines had another type of pattern. Although the 

3 non-tumorigenic lines appear to have the same LDH isoenzyme 

pattern, the bands of the Ehrlich line did not move as far as 

those of the TA3 and 6C3HED lines. 
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The isoenzyme patterns of G-6-PD in the tissue cul

ture lines are shown in Fig. l6b. The tumorigenic TA3 and 

6C3EED lines had an extra band which was the fastest-migrating 

one towards the anode. This band was not observed in the 

tumorigenic Ehrlich and SAl lines and in any of the non

tumorigenic lines. 

In Fig. 160, all the tumorigenic tissue culture lines 

had an extra band for their MDH isoenzynle pattern, except the 

Ehrlich line. Again, this extra isoenzyme was the fastest 

moving one towards the anode in the electrophoretic separation 

and was never found in the non-tumorigenic tissue culture 

lines. 

Fig. 16d shows the isoenzYTIle pattern of the esterases. 

It appears that all the tissue culture lines, either tumori

genic or non-tumorigenic, had the same isoenzyme pattern. 

However, when the tumorigenic lines were back transplanted 

into mice, in all cases a slow-moving band appeared 't-Ihich was 

never found in any cell line in tissue culture. Also on back 

transplantation, the fastest moving esterase disappeared and 

band-4 became quite prominent. The old Ehrlich tissue culture 

line had also lost band-I. 

5.4.2 Comparison of the isoenzyme patterns of the ascites 

tumors in vivo and in vitro-- --_..... 

(A) Lactate dehydrogenase 

The LDH isoenzyme patterns of the ascites tumor cells 

grown ill Y1:.!2., lli vi tro, and on back transplantation into the 
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mice for two passages are compared in Figs. 17a, 17b, 17c and 

17d. 

As sho'Vv"11 in Fig. 17a, the Ehrlich asci tes tumor cells 

had different LDH isoenzyme patterns when the cells were grown 

in vivo and in vitro. Furthermore, the two tissue culture 

lines, of which one has lost the tumorigenicity and the other 

still retained this property, had completely different LDH 

isoenzJr.me patterns. vfuen cells oE the tumorigenic line in 

tissue culture were back transplanted into r~ce, the LDH iso

enzyme pattern remained the same as that in tissue culture. 

The results of TA3 and 6C3HED were about the sgme in that the 

LDH isoenzyme pattern of the non-tumor~genic lines resembled 

that of the in vivo lines, and that the tumorigenic lines and.......~
their cells on back transplantation into nuce had a similar 

LDH isoenzyme pattern among themselves but different from 

that of the in vivo and the non-tumorigenic lines, as shown.........................

in Figs. l7b and 17c_ 

In case of SAl' as shown in Fig. 17d, a non-tumorigenic 

tissue culture cell line has not been established. The obser

vation was again true that back transplantation into nuce did 

not change the LDH isoenzyme pattern of the tumorigenic tissue 

culture line. It shQuld be pointed out that on the second 

passage of the back transplantation experiment, a very slow

moving band towards the cathode was found and this was also 

observed in TA3
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In smmnary, the results show that the LDH isoenzyme 

pattern of the tumorigenic tissue culture cell lines was 

distinctively different from that of the non-tumorigenic tis

sue culture lines with the characteristic of having one or 

t1'10 extra isoenzymes whioh migrated faster than the other iso

enzymes on starch gel electrophoresis. Back transplantation 

did not alter the LDH isoenzyme pattern" significantly. 

(B) Glucose-6-phosphate dehydrogenase 

Figs. 18a and 18b show that Ehrlich and SAl ascites 

tumor cells had the srone isoenzynle pattern of G-6-PD disre

garding their tumorigenicity. In vivo or in vitro growth-- -_.......
conditions and back transplantation did not affect the iso

enzyme pattern in any detectable manner. 

lrli th regard to TA3 and 6C3BED asci tes tumors, an extra 

band was occasionally found at the anode end of the starch 

strips as shown in Fig. 18c and l8d. This band was generally 

quite small in comparison to the ~iO main bands. SOInetimes 

this extra band was observed in the TA3 cells grOvtn ~ vivo 

(Fig. l8c). The extra band of G-6-PD in the tumorigenic line 

disappeared on back transplantation into the mice. 10Jhether 

C3 H or Swiss mice were used, the effect was the same (Fig. IBd). 

An extra isoenzyme or G-6-PD was found in the tmaor

igenic TA3 and 6C3HED tissue culture lines, but not in the 

t~~origenic Ehrlich and SAl tissue culture lines. This extra 

isoenzyme disappeared on back transplantation. 
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(C) Malate dehydrogenase 

Figs. 19a, 19b, 19c and 19d show the }IDH isoenz~~e

patterns of the ascites tumor cells grown in vivo and in........ -.......... .........

vitro. Again, an extra }IDH isoenzyme was found in all the 

tumorigenic cell lines in tissue culture with the exception 

of the tumorigenic Ehrlich line. The Ehrlich ascites tumor 

in vivo, its two tissue culture lines and the tumorigenic 

line on back transplantation had the same MDH isoenzyme pat

tern (Fig. 19a). The extra IIDH isoenzyme was distinctly 

shown in the tumorigenic TA3' 6C3HED and SAl lines in tissue 

culture and it was at the anode end of the starch strip as in 

the cases of LDH and G-6-PD. Again, back transplantation 

caused the disappearance of this extra band (Fig. 19b,19c 

and 19d). 

5.!~.3 Effect of different tissue culture media on the iso

enzyme patterns 

(A) The tumorigenic (new) tissue culture lines 

All tumorigenic lines were quite new in tissue cul

ture. The Ehrlich, TA3 and SAl lines were established in 

Wayraouthts MB752/l medium and the 6C3HED line in a modified 

M150 medium, both supplemented with 20% calf serum. At the 

time of the experiments on isoenzymes, the cell lines had 

been maintained in culture for only about six months. The 

morphology of the cells of all these tissue culture lines was 

fibroblastic-like. They all grew very well in W~outhts

l'1B752/l medium. In H150, the SAl line did not grOl'1 at all, 
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the Ehrlich line grew very poorly" and the TA3 and 6C31IED 

lines did not grow as well as in Waymouthts MB752/1 medium. 

Consequently" only the TA3 and 6C3BED lines could yield 

enough cells for the comparison of the isoenz~ne patterns 

when the cells were cultured in M150 medium. 

Figs. 20a, 2Gb and 20c show that the isoenzyme pat

terns were the same when different media were used for cultur

ing the cells. The LDH patterns (Fig. 20a) ShOH relative 

un1fo~ty. The extra band of G-6-PD and HDH in 6C3IIED cul

tured in M150 was relatively small (Figs. 2Gb and 200). But 

in all cases, the extra isoenzyme or isoenzymes stood out 

sharply as the fastest-moving band towards the anode end of 

the starch strips. 

It is concluded that the isoenzyme patterns were the 

s&~e with Waymouth's MB752/1 and M150 media. 

(B) The non-tmaorigenic (old) tissue culture lines 

These tissue culture lines were fairly old (five 

years) in comparison to the newly established lines which 

were still tumorigenic. The morphology of the cells of these 

old lines in tissue culture was epi thelial-like. They gre'tV' 

well both in Waymouthts ~rn752/1 and M150 media. 

As shown in Figs e 2la, 2lb and 21c" the respective 

isoenzyme patterns of LDH, G-6-PD and HDH iiere the same 'tvhen 

cells were cultured in Waymouthts MB752/1 or in M150 medium. 

It was again true that the medium used had no effect on the 

isoenzyme patterns. 
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5.4.L~ Isoenzyme patterns of cells from clones 

Cloning of the cells was done for all the tumorigenic 

tissue culture lines. Unfortunately, the procedure did not 

prove successful except for the Ehrlich lines. Cells of the 

other tumorigenic lines died out in the cloning experiments. 

Four clones of the Ehrlich lines were obtained for the iso

enzyme stUdy. They all had the same type of isoenz~na pat

terns as shown in Figs. 22a, 22b and 22c. Also, the general 

cell population from which the clones were isolated had the 

similar isoenzyme patterns to the clones. 

5.4.5 Effect of the length of time after the establishment 

of the cell line in tissue culture on the isoenzyme 

pattern 

The SAl ascites tumor cells from mouse were cultured 

in Waymouth l s MB752/1 medium. .A.fter five weeks and one sub

CUltivation, cells were harvested for isoenzyme study_ The 

LDH isoenzyme pattern 1s shown with the starch strip 1 (Fig. 

23); an extra fast moving band was found. This cell line has 

still been kept in tissue culture. After another four months, 

the cells ware again harvested when it was in the seventh 

passage. The extra band did not disappear. In fact, instead 

of one extra band, ~iO were observed. These results indicate 

that the LDH isoenzyme pattern of the SAl ascites cells was 

changed when the cells were put in tissue culture, but once 

the pattern was changed, it remained quite similar for four 

months at least. 



6. DISCUSSION

6.1 Choice of enzymes 

This investigation is based on the assumption that 

some enzyme or enzymes in cancer cells may have isoenzyme 

patterns different from those of normal cells. It is also 

assumed that not all the enzymes would change their isoenz:yme 

pattern once a cell becomes malignant, for change of every 

enzyme might upset the cellulal'l metabolism to such an extent 

that a lethal effect would result. Thus, one of the problems 

in this investigation is to choose several enzymes for study 

whose isoenzyme patterns might yield direct info~ation in 

relation to malignancy. Since ascites tumor cells are fast 

growing, it would seem promising to work on some enzymes in 

the biosynthetic pathways of nucleic acid, but adequate 

methods for separating and visualizing these enzymes have not 

yet been developed. Most of the current research on iso

enzymes is oarried out on dehydrogenases, probably due to the 

availability of methods for visualizing their enzJ~e activity 

directly on starch gel after separation by electrophoresis. 

This is one of the reasons that three dehydrogenases, namely 

lactate, malate, and glucose-6-phosphate, were chosen for 

this isoenzyme-pattern study. 

The three dehydrogenases ohosen are enzymes involved 

in different pathways of glucose catabolism. Lactate 
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dehydrogenase has been of considerable interest in the bio

chemistry of cancer since Warburg 1 s classical observation 

(1930) that malignant cells produced a large amount of excess 

lactic acid under both aerobic and anaerobic conditions. Its 

isoenzyme pattern in cancer tissues has also been found to be 

different from the pattern of normal tissues (27,80,81,113). 

Apart from this, the LDH isoenzyme pattern has been found to 

be related to evolution (110), ontogeny (58,59), genetics 

(21,84), cellular differentiation (61), metabolic control 

mechanisms (16,1-14) and pathology (109,112). For all these 

reasons, LDH was chosen for this isoenzyme study. 

Malate dehydrogenase is an enzyme in the tricarboxylic 

acid cycle. It will serve as a comparative parameter in con

junction with LDH as far as energy production is concerned. 

The conversion of malate to oxa1oacetate by }IDH appears to be 

an important reaction since oxa1oacetate is involved with 

several pathways such as the synthesis of amino acids th~ough

aspartate, energy production through either the TeA cycle or 

the glyoxylate by-pass, and conversion to pyruvate (28). 

Malate dehydrogenase was thus chosen. 

G1ucose-6-phosphate dehydrogenase is the enzyme which 

initiates the pentose phosphate shunt through whioh five

carbon sugars are produced for the synthesis of 5-phospho

ribosy1-~-1-pyrophosphate,an important intermediate ror the 

~ novo synthesis of nucleic acid. This enzyme is also 

genetically interesting as mentioned previously (21,45,114). 
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The isoenzyme study of G-6-PD might conceivably yield some 

valuable info~nation about cancer cells. 

Esterase was chosen for two reasons. Firstly, it is 

easily separated and visualized in starch gel. Secondly, the 

isoenzyme pattern of non-specitic esterases has been sho\n1 by 

Paul and Fottrell (70) to be genetically stable and to be 

essentially the same even atter cells have been maintained in 

tissue culture for several years. In searching for a bio

chemical marker due to gene mutation, the stability of the 

isoenzyme pattern of esterases would be of interest, especially 

with regard to those ascites tumor cells in tissue culture 

which had lost their tumorigenic capacity. 

In sunwary, the four enzymes studied were selected 

because of the involvement of three of them in three differ

ent pathways of carbohydrate metabolism, nronely, LDH in gly

colysis for energy production under anaerobio conditions, }IDII 

in TeA cycle for energy production under aerobic conditions, 

and G-6-PD in pentose phosphate shunt for the biosynthesis of 

five-carbon sugars which are essential for nucleic acid 

synthesiSe The fourth one (esterase) has been found to be 

genetically stable and was thus not expected to have altered 

its isoenzyme pattern. 

6.2 Electrophoretic systems 

One of the problems in this investigation was to find 

a suitable electrophoretic system for separating the different 

Xllolecular f'orms of the enzymes studied. No single system is 
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suitable for all four enzymes; a syst~~ may be good for separ

ating the isoenzymes of one enzyme but not for the others. 

In preliminary studies, the most widely used bu£fers such as 

tris-citrate, phosphate, veronal and borate were tested, with 

both continuous and discontinuous systems at different pIlls 

and different ionic strengths. All were found to be unsatis

factory for the separation of LDH from asci tes tuxl10r cells. 

Paulik's discontinuous buffer system (77) gave good separation 

of the isoenzymas of asterases, but when higher voltage was 

applied for LDH, the gels tended to break off at the slit 

where the cell-free extract was inserted. Tris buffer of 

0.05 1·1 at pH 8.6 appeared to be most satisfactory for prepar

ing the starch gels for seve:r~al reasons. First, it gave 

fairly good separation of the isoenzymes of the three dehydro

genases. Secondly, the gels prepared vli th this buffer had 

suitable consistency for easy handling. Thirdly, higher 

voltage could be applied without producir~ too much heat in 

the gel. Thus, the buffer system finally selected was 0.05 M 

tris (pH 8.6) for the preparation of starch gels and 0.3 M 

borate (pH 8.6) for connectip~ the current. This SystOOl was 

used for separating the isoenzyraes of the three dahydrogenases 

and only the time of electrophoresis was different (7 hours 

for LDH, and two hours for G-6-PD and MDH). The electrophore

tic time was relatively short in comparison with the 10-20 

hour periods reported by most other 'tiorkers (24,58). Another 

advantage of the present method l-laS that G-6-PD and I-IDE could 
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be studied simultaneously with one gel. Half of the gel was 

used for identifyip~ G-b-PD and the other half for ~IDH. In 

this vTay, much time VIas saved. Also, in the preliminary 

studies, the coloured bands of LDH }TOre often found to be 

distorted. This discrepancy was later found to be due to the 

little piece of filter paper used for absorbing the cell-free 

extract. vvhen this filter paper was removed from the gel 

after 15-20 minutes of electrophoresis, the b~ds l{ere seldom 

observed to be distorted. For consistent results, the removal 

of the filter paper 't:'1flS found to be necessary. 

6.3 Staining for enzyme activity 

The isoenzymes wore not identified by staining them 

directly on the gels; indirect methods for visualizing them 

were used. The methods were adopted from histochemdstry. 

lilor the staining of tho dehydrogenases on starch gel, 

a modification of the method developed by Harkert and Ursprung 

(59) was used. This method has general applicability to any 

electrophoretically mobile enzyme using NAD+ or NADP+ as co

enzyme. vlhen a dehydrogenase catalyzes a reaction, the sub

strate is oxidized and loses two hydrogen atoms. The coenzyme 

NAD+ is in turn reduced to become NADE. In this staining 

method, phenazine methosulfate is used to transfer the elec

tron from the reduced coenzyme NADH to the tetrazolium salt 

(HTJI1
) to form the insoluble formazan in the gel. Formazan 

has a deep blue or purple colour and, thus, the enzyme activity 

can be localized directly on the gel. By using different 



- 76 

substrates, the isoenzyn16s o~ different dehydrogenases can be 

identified. 

In the preliminary tests, specifically, NAD+ was 

found to be used by LDH and HDH, and NADl*by G-6-PD. All 

three dehydrogenases were stained between pH 7.0 - 8.2, but 

the baclr~round stain of the gel vias more intense at higher 

pH. This made it very di~ficult to distinguish the bands, 

especially for LDH. For this reason, relatively low pH was 

used for the staining media, 7.2 for IJDH and G-6-PD, and 7.6 

for IvIDH. IvIagnesiunl ions were not found to be essential for 

the activity of' G-6-PD but it did enhance the activity. 

Potassiunl cyanide, used for LDH and !<l:DH, is to block the 

electron transfer from the NADH to the cytochrome system so 

that the tetrazolima salt is reduced more readily. 

The intensity of the colour of the bands reflects the 

accumulated activity of the enzyme durjMng the incubation per

iod, and it is dependent on the concentration of the active 

enzyrne present and on the length or the incubation tillle. For 

this reason, longer incubation time is required in order to 

visualize very faint bands. 

Various tetrazolium salts, e.g. nitro blue tetrazolium. 

and neo 
r-

tetrazoliLUll chloride, were tested and l"iTT ",ras found 

to be the best dye for two reasons. It is readily soluble in 

the buffer solutions. It produces formazan in the gel faster 

than other tetrazolium salts. The widely used nitro blue 

tetrazoliuol was proved less satisractory than MTT. 
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For the staining of the non-specific esterases, the 

commercial diazonium salt, Fast blue B, was used as the dye 

coupler and oL-naphthyl acetate as the substrate. Esterase 

breaks the ester bond of .d:. -naphthyl acetate and the naphthol 

released is allowed to couple with the dye to form a brown 

precipitate at the site of the enzyme. No other substrates 

were used to test the substrate specificity. 

6.4 Reproducibility of the results 

In the preliminary experiments, attention was given 

to examinir~ whether the isoenzyme patterns observed were 

reproducible. The amount of cell-freo extract applied was 

not found to be critical. Similar isoenzyme patterns were 

obtained with 15-35 microlitres of sample. The mobility of 

the isoenzymes was not affected by more sample used. lfuwever, 

for LDH, over 25 nncrolitres of sample seemed to cause trail

ing and intense background stain, and thus prevent separation 

of the bands. 

In the ia vivo experiments, the age and sex of the 

mice used appear to have no influence on the isoenzJ~e pat

terns as shown in Fig .• 2. The age of the as oi tes tumOl'l" the 

methods used for brealring the cells and storage of the ce11

free extracts up to 142 days also do not seem to affect the 

isoenzyme patterns as shovm in Figs. 3, l~ and 5. In the ia 

vitro experiments, the usa of trypsin to collect the cells 

from the tissue culture flasks gave the same isoenz~ne pattern 

as 't-vhen a rubber policeman l'1as used (Fig. 6). None of these 



- 78 

factors appeared to have any effect on the reproducibility of 

the results. 

It should be pointed out that slightly irregular 

results were observed from time to time. For example, the 

second band of VillH in Ehrlich cells (Fig. 3) appears to have 

split into two distinct bands as Shovffi in Fig. 7c. In regard 

to LDH, sometimes band 1 was not observed and a slow-migrating 

band may appear behind band 5, and sometimes a small band may 

appear bett.;een bands 3 and 4, as well as bands 4 and 5 wi th 

the conditions used. But the relative positions of the bands 

were very constant. The reasons for the small irregulro~ity

of the results were not investigated further, since minor 

inconsistency did not appear to affect significantly the gen

eral interpretation of the results. The isoenzyme pattern of 

G-6-PD was found to be most consistent except that the second 

band was very faint on rare occasions. Since the ronount of 

enzyme which was applied for electrophoresis was not controlled 

precisely, perhaps slight irregularity of the results is 

unavoidable. 

6.5 Lactate dehydrogenase 

Ehrlich, TA3, 6C3}Uffi and SAl ascites tmaor cells 

grovffi in mice are shovm to have a similar LDH isoenzyme pat

tern (Fig. 7a) under the experimental conditions described. 

Although the pattern consists mainly of five discrete bands, 

as many as eight bands were observed occasionally as shown in 

6C3}ffiD (Morgan) from Swiss mice (Fig. 8e). There was no 
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obvious explanation for this variation. Notwithstanding, the 

relative positions of the five main bands are consistent, and 

the number of bands, though found to be variable on rare 

occasions, does not necessarily alter the pattern. In compar

ison 'trJ'i th the pattern of the asci tic fluids from both the 

tumor-bearing and non-tumor bearing mice, the pattern of the 

ascites tumor cells appears to be different in that the asci

tic fl~ids always show a distinct fast-moving band and the 

other bands are closer to each other and fonm a group. Since 

ascitic fluid is a physiological fluid of the host and the 

LDH in this fluid comes from tissues of the mouse, its iso

enzyme pattern may serve as a reference to the isoenzyme pat

tern of the host. This may imply that the LDH isoenzyme 

pattern of the ascites tumor cells is different from the pat

tern of the mouse tissues. However, the ascitic fluids from 

the tumor-bearing mice may have contained some LDIf originally 

from the tumor cells that had died in the peritoneal cavity. 

Ascitic fluids induced by Freund's adjuvant were obtained 

from the mice in abnormal physiological conditions. It is 

debatable whether the LDH isoenzyme pattern of these ascitic 

fluids represents the true pattern of the normal physiological 

fluid from the mice. This doubt was ramoved when sera from 

normal heal thy Stvis s mice 't'\Tere found to have the same IJ)H 

isoenzyme pattern as the ascitic fluid used. 

The LDH isoenzyme pattern of the ascitic fluids is 

itself interesting with regard to the origin of the fast-moving 
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band. No literature re~erence has been found to contain a 

description of such a band. Using a different electrophore

tic system, Allen reported (1) a slow-moving band migrating 

towards the cathode in mature mouse testis. Indeed, spe~

specific LDH isoenzymes have been found in a variet'] of anirllals 

(10,26,115,116). But the fast-moving band found in the ascitic 

fluid does not seem likely to be related to the spe~-specific

isoenzymes. 

The ~our ascites tumors may represent different tis

sues o~ the mouse although the tissue of origin of Ehrlich 

carcinoma and SAl is not known. TA3 mamma~J carcinoma and 

6C3BED lymphosarcoma have dif~erent tissue origins. The 

sirrdlarity of the LDH isoenzyme patterns of these tumors 

agrees with the observation that LDH isoenzyme patterns o~

malignant tissues of different origin from the human tend to 

converge to a common pattern in spite of the difference among 

the patterns shovm by the respective no~al tissues (27,81,88). 

The similari~J of the LDH isoenzyme patterns of the ascites 

tumors cannot be related to malignancy without further studies 

of the individual isoenzymes. Also, the occasional appearance 

of eight LDH bands for the ascites tumors cannot be explained 

with respect to genetics and malignancy. 

For the X-ray irradiation experiment" the LDH iso

enzyme pattern of Ehrlich ascites tumor cells remained similar 

up to 2500 rads of treatnlent with a small exception that the 

progeny of the 2500 rad-treated cells gave a fast-moving band. 
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Such a fast-moving band has also been found in the cells of 

regular size of the SN and IITSN lines. Since the experiment 

was not repeated, it is questionable whether the appearance 

of this fast-moving band is due to the effect of the high 

dosage of radiation. 

The treatment of the Ehrlich asci tes cells 'tvi th 5% 

inosi tal (myo) for one hour did not alter the LDH isoenzyrrle 

pattern. But when the treated cells were propagated in TIuce, 

tt'l}'O main bands 'tvere missing and a faint fast-moving band 

appeared. This fast-moving band has also been found in the 

regular-sized cells of the INSN-Ehrlich line which was devel

oped with the treatment of 5% inositol. Perhaps this fast

moving band is related to the development of the peculiar 

balloon cells. 

With regard to the !a vitro experiments, the tumori

genic cell lines and the non-tumorigenic cell lines had two 

distinctly different LDH isoenzyme patterns, although these 

two kinds of tissue culture line have the same tissue origin. 

The tumorigenic pattern has several more bands of vJhich one 

or two are fast moving. The fast-movip~ bands are quite 

prom1nent and were never found in the non-tumorigenic lines. 

The slow-moving bands appear to be more prominent in the non

tUIi10rigenic lines which had lost the fast-moving bands. It 

seems difficult to relate the loss of these electrophoreti

cally fast-moving LDH isoenzymes to the loss of malignancy 

because these fast-moving LDH isoenzymes 'tv-ore seldom found 
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in the ascites tmnor cells grown in rdce. 

It is also difficult to relate the fast-moving LDH 

isoenzJr,mes to malignancy for the same reason that they were 

seldoln obsel"'~vec1 in the asci tes tumor cells grovm in mice. 

If thes e f~s t-moving isoenzyraes are necessary for the metabo

li8m of malignant cells, they should have also shown up 

consistently in the ascites tmuor cells groHn in mice as well 

as grown in tissue culture. It appears that the tumorigenic 

ascites cells possess the potential to synthesize some LDH 

isoenz~nes of different electrophoretic mobility, which have 

not been found in the non-tumorigenic cells of the S8J."1le tis

sue origin. This potentiality alone is interesting although 

its importance in relation to li1alignancy is beyond the present 

speculation. 

Enzyme activi~! levels in various organs and tissues 

of an animal show relatively large variations (58). Lieberraan 

and Ove (53) have found that human cells of different tissues 

in tis sue cuI ture have marked similari ty in their enz:y"'!Ue 

activity levels. In general, as rar as enzJ~le activity levels 

are concerned, few conspicuous differences were noted betvleen 

tissue culture cell lines of the same species, whether derived 

from normal or malignant tissues (52). At the isoenzJnne level, 

the present results also indicate that the convergence to a 

connnon pattern is true when cells of different tissue origin 

are cultured in vitro since all the trnnorigenic tissue cul
......... J

ture lines shot-J a similar LDH isoenz~rr\1e pattern (Fig. loa). 
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This sirrllarity between the tumorigenic lines is not surpris

ing for the cells of the different ascites tumors gro~~ in 

:Y!.Y.Q. have already shown a con:unon LDH isoenzyrl10 pattern. The 

LDH isoenzyme pattel~ns of the four asci tes tUlllors are re:mark

ably uniform in each type of condition and at each time of 

alteration. Cells of the different ascites tumors had a com

mon LDH isoenz~lle pattern when they were grovITl in mice (Fig. 

7a). If ascites cells were ra~oved from the nuce and propag

ated in tissue culture, a new LDlf isoenzyme pattern appeared 

which was also COlmnon to all the ascites tQillOrS (Figs. 17a, 

17b, 17c). This new pattern due to the ~ vitro cultivation 

remained unchanged after the cells were back transplanted into 

nuee for ~~o passages. The ~ vivo conditions did not appear 

to reverse the ig vitro pattern, at least for ~iO passages in 

mice. Furthe~nore, the non-tumorigenic tissue culture lines 

originated from the same ascites tumors shovled another type 

of LDH isoenzyme pattern vihich vias different from the in vi tro- ........................

pattern of the tumorigenic lines. Since the non-tumorigenic 

lines had been kept in tissue culture for five years and the 

twnorigenic lines for only six months, it may imply that the 

in vitro LDH isoenzyrae pattern of the twnorigenic lines would 

shift to the non-tmuorigenic pattern after a longer time of 

cultivation ill vitro. On close exaxn1nation the non-tumorigenic 

pattern of TA3 and 6C3HED is similar to the pattern o:f the 

tuu10r cells serially grovvu in mice (Figs. l7b, 17c). The 

abovo observations raise a number of questions of their 
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biological implications. Why do the different ascites tumors 

have a similar LDH isoenzyme pattern? ~fuy did they change to 

a new pattern when cultivated ~ vitro, and why did this new 

pattern not change back to the original i£ vivo pattern when 

the cells were transplanted back into mice? 1:Jhy did they 

change to another new pattern after a long time of cultiva

tion !a vitro? How did they lost their malignancy in tissue 

culture? How did all these changes come, about? What is the 

relationship between all these changes of LDH isoenzyme pat-

t ern and roa1 " ? IJ'lould the non- turaorig eni c pattern con~gnancy.

tinue to change after even longer time of cultivation ill 
vitro? Would the non-tumorigenic cells change back to be 

tumorigenic ones? Huch will have to be done if these ques

tions are to be answered satisfactorily. 

The similarity of the LDH isoenzyme patterns of the 

ascites tumors may be significantly related to malignancy. 

Since the common pattern is shovm consistently in different 

types of malignant cells" it would seem that such a pattern 

is essential for the type of metabolism characteristic of 

malignant growth. The origin of the conwon pattern could be 

achieved during the transformation of cells .from normal to 

malignant. Whether such an LDH isoenz~~e pattern causes 

malign~~cy or whether malignancy causes the advent of such a 

pattern, or whether they are actually two independent events, 

cannot be resolved at the present time. Starkweather rold 

Sho ch (88) reported that the LDH isoenzyme in human tUll10rs 
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had different l"Iichaelis constants .for lactic acid 1rlhen com

pared vli th the LDH isoenzym0s for normal tissues. They 

suggested that a structurally different protein characteris

tic o.f neoplastic tissue may have evolved. 

The change of the LDH isoenzyme pattern due to !!l 
vitro conditions could be essential for the adaptation of the 

cells to the new enviromnent. It should be emphasized that 

the influence of horrllones and of other unlmown factors from 

the host is ramoved once cells are put in tissue culture. 

The appearance of the new isoenzymes may then be caused by 

the loss of this influence from the host. Jacob and Monod 

(39) have proposed that the synthesis of individual proteins 

may be provoked or suppressed 1'vi thin a cell under the influ

ence of specific external agents or conditions, and such an 

operation is generally essential to the survival of the cell. 

The change of the growth conditions may not be a direct caUse 

for the change of the LDH isoenz~ne pattern. It is possible 

that some metabolic pathways may have to operate more actively, 

some remain about the same, and some become less active when 

cells are transferred from mice to tissue culture. The alter

ation of activi~J of one pathway may lead to the alterations 

of some others. Thus, the alteration of the LDH isoenzJ~e

pattern could be caused by the alteration of some other path

ways. The consistent appearance of a few more isoenzJ~es ~

vitro may occur due to the operation of one or more suppressed 

gene(s) which is or are not supposed to function. Cam1 (17) 
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has observed that embryonic chick heart cells never s~rnthes

ize muscle-LDH in any significant amo'unts if left ill ovo, but 

when they were put in tissue culture for six days, the muscle

LDH increased from less than 0.01% to 41% with a corresponding 

decrease of heart-LDH from 65% to 1%. lIe suggested that the 

1E. vitro conditions caused the "turning on" of gene expression 

i'or the muscle-I,DH. Perhaps the appearance of the extra LDH 

isoenz~nes in the tuw~rigenic ascites cells is due to this 

mechanism of the ltturning onn of gene expl"ession 'tihen the 

cells are grovID in tissue culture. 

NitowsbJ ~~d Sodefluan (67) reported that the electro

phoretic LDH isoenzyme pattern of fetal mouse liver cells in 

primary clll ture ShOltled the appearance of a net.;, faster-

moving anodal isoenzyme after 13 days of growth. This seems 

to agree with the results described in the present study. No 

extra electrophoretically fast-moving isoenzyme in Ill0use tis

sue has been reported. This is partiCUlarly interesting 

because fetal cells were used instead of adult cells. This 

Illay imply that the ascites tumor cells resemble the fetal 

cells as far as the LDH isoenzyme pattern is concerned. This 

will lead to another question as to whether tmnor cells really 

reverse to the more prilnitive stage, that is, less differen

tiated than their original cells. Nebel and Conklin (6.5) 

reported that chicken liver transplanted to the chorioallan

toic membrane of the chick ambryo changed its LDH isoenzyrae 

pattern to a more primitiva bJpe. This luay seem to sugges t 

that the reversion to a less differentiated cell type would 
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be Sh01ffi by the LDH isoenzyme pattern. l'Jhether this is the 

case in the ascites tumors is not lmown. 

Tsao (98), using a different buffer system for starch 

gel electrophoresis, found only one LDII band in mouse fibro

blast cells and mouse ascites lymphoma cells in tissue culture. 

The results of this stUdy do not agree with his observations. 

Perhaps his electrophoretic syst~n was not good enough to 

resolve the isoenzymes. Perhaps the cell lines he used did 

have only one LDH isoenzyme. It is unfortunate that the 

names of the cell lines used were not mentioned in his report. 

The tu~origenic cells in tissue culture persist in 

having the new LDH isoenzyme pattern 'tV'hen back transplanted 

into mice. This is an intriguing phenomenon. Theoretically, 

the new pattern should change back to the original ill vivo 

pattern when cells are transplanted back into rrlce. If the 

nev! pattern 'tias caused by the "turning on" of gane(s) under 

tissue culture conditions, perhaps the gene(s) cannot be 

turned off once the operation is turned on. Penicillinase 

is induced in BacIllus cereus Hhen penicillin is added in the 

medium (39). However, the synthesis of penicillinase con

tinues for a long time, at a decreasing rate, after ramoval 

of inducer (penicillin) from the medium. Perhaps ~10 passages 

of the tissue culture cells in nnca were not long enough to 

reverse the LDH isoenzylue pattern back to the original 2:n 
vivo pattern. It 1-'lould be most interesting to carry on the 

mouse passage further following back transpl~~tation of the 
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cells into mice; the persistenco of the new pattern after 

back transplantation fro~ tissue culture may then be better 

explained. 

The change of the LDH isoenzyme pattern after long 

term (five years) cultivation in tissue culture presents 

another intriguing problem. Ehrlich ascites cells had their 

pattern changed to a distinctly new pattern after long te~

cultivation, but the pattern of TA3 and 6C31JED cells changed 

to a pattern similar to the original pattern for ascites 

tumor cells serially propagated in nnce. Thus, the change 

of the 1£ vitro tumorigenic LDH isoenzyme pattern to ~~other

new pattern does not seem to be related to the loss of tW1~r

igenic capacity of the old tissue culture cell lines. The 

change of LDH isoenzyme pattern and the loss of tumorigenic 

capacity may be two independent events occurring in the cells 

during long terra cultivation. There are other alternatives 

to explain the change of the isoenzyme pattern i£ vitro. 

First, the initial cultures may consist of more than one type 

of cell. The culture conditions may favour the growth of a 

certain cell type and thus selectively outgrow the other 

types of cells after a long time in tissue culture. It is 

possible that the cell ~Jpe selected gives the new isoenz~ne

pattern. Secondly, the inactivation o~ gene(s) due to the 

cultural conditions could lead to a new isoenzyrae pattern. 

This is unlikely to be the case ror why should the cells 

shift their isoenzyme pattern again to another pattern after 
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longer time (five years) under similar cultural conditions. 

Thirdly, gene mutation can cause the ch~nge of the isoenzyme 

pattern. It would be interesting to examine the chemical and 

l11uTIunological properties of the LDH isoenzyrnes of the non

tumorigenic cells in tissue culture. If they are immunologi

cally different from those isoenzymes of the tumorigenic cells, 

inference could be made that a gene mutation may have occurred 

in the cells during the long time of cultivation ill vitro. 

The purpose of cloning of the turnorigenic tissue cul

ture lines was to see if the culture consisted of' a mixed 

population of different cell types as far as isoenzyme pattern 

is concerned. Clones of TA3 and 6C3IlliD lines were not obtained 

since the cells did not grot,; in the cloning experiments. But 

the four clones of the tumorigenic Ehrlich tissue culture 

line did not show any significant difference in 

their isoenzyme patterns of LDH (Fig. 22a). Clone a and 

clone b seem to have fe-VTer bands than clone c and clone d, 

but the pattern appears to be similar. It is possible that 

the tissue culture line has a homogeneous cell population. 

On the other hand, if the cell line has a heterogeneous cell 

population, the randomly isolated clones could still show a 

similar isoenzyme pattern for the following reasons. Since 

only four clones i'l1'ere isolated, they could be of the same 

type of cells· which vias predominant in the mixed cell 

population. Or even if the clonos were of different cell 

types, they could still shotv' a similar isoenzyme pattern for 
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the tissue culture conditions may make the closely related 

cell types converge their isoenzyme patterns to a common pat

'1:;ol'1n, or different closely related cell t~rpes may indeod be 

silnilar Hi th regard to their isoenzJ7l110 patter~n.

The growth of the ascites tumor cells in tissue cul

ture depends greatly on the mediurll used. ~-[a~rmouthts HB752/l 

maditlm wi th 203;; calf serum appears to be rnost sui table for 

the grol'J'th of these cells. The recently established cell 

lines grew poorly in H150 medium. This is understandable 

since the cell lines tv-ore established in H'aYl11Quth t s medivlr.L. 

Perhaps these new cell lines need a period of time of adapta

tion before they can be propagated well in another medium, 

or N150 is simpl~1' not as sui table for the gro't'l1'th of these 

asci tea cells. HOlvover, the LDH isoenzyme pattern of the 

tissue culture lines rernainod the sarne l'\Then H150 l'JaS used" 

al though the cell gro'tv-th vJas not as good as in Hajj:nouth t s 

:'l • (""71 • ') "1)meOlUTIl 1llgS. C.a, c- a • No correlations Here observed betHeen 

cell morphology or nutrient medilJlU and LDH isoenzyme pattern. 

In the SAl tissue culture line, a fast-moving band 

'VIas obsel~ved in the LDH isoenzyme pattern aftOl'l fi va i/Joeks 

and one subcultivation (l=i1ig. 23). Another neVI band appeared 

at a similal') posi tion after another L14 months and six subcul

tivations. The appearance of the second neH band TIlay be due 

to further adaptation of the cell in tissue culture. The true 

nature of the rise of neH isoenzJroles as cultivation continues 
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6.6 Glucose-6-phosphato dehydrogenase 

'::[111.e isoenz~1:l1e patterns of G-6-PD in the regula!l asci tes 

tumor lines ill vivo are similar to each other though some of 

the tuxl0rs were obtained from other research laboratories. 

No quali tativa cliff crence 'tfas found. vIi th regard to the super

natant lines, it appearod that the G-6-PD enz~ae activi1;,y- was 

generally lO\-J01'"' than the regular lines on gross examination 

of the bands. But quantitative analysis of the enzyme activity 

't-Jas not carried out. Balloon cells of all the SN lines 

appeared to lose the second band (Fig. 12e) Hhich 'tfas qui to 

faint for the regular-sized cells. It is possible that the 

balloon cell SN lines have lost the second band due to the 

transfo~mation of cell ~jpe (at least morphologically differ

ent). On the other hand, the loss of the second band rlay 

simply be due to the presence of less active enZJ'1110 in the 

cell-free extract. Although the same dilution (1 parlt of 

packed cell; 2 parts of "tiatar) "V'las us ed for obtaining c011

free extract, since the balloon cells contain large vacuoles, 

the same volume of packed balloon cells may not give as much 

enzyme as the s~e volume of packed regular cells to the 

cell-free extract. In fact, the protein deterrnnation (data 

not presented herein) indicates that the cell-free extracts 

of the balloon cells have a lOlrler protein concentration. 

Conclusion cannot be made that the second band of G-6-PD is 

m:tssing in balloon cells of the SN lines. Besides, this sec

ond band is shown in the balloon cells of the INSN-Ehrlich 
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and INSN-TA3 lines. Inositol and X-irradiation were found to 

have no effect on the isoenzyme pattern of G-6-PD. 

In the !a vitro experiments, the G-6-PD isoenzJrole 

pattern was the same in all cases except that a fast-moving 

band was shovm in the tumorigenic TA3 and 6C3IillD tissue culture 

lines. It should be emphasized that this extra fast-moving 

band was never observed in any of the non-tumorigenic tissue 

cuI ture lines and in the tumorigenic Ehl~lich and SAl tissue 

culture lines (Fig. 16b). Furthermore, cells when back 

transplanted into mi.ce from ti.ssue culture did not 8h01-1 this 

extra band (Figs. 18b, 18c). In other words, the isoenz~ne

pattern of G-6-PD in the tumorigenic TA3 and 6C3II8D lines 

reversed back to the 1£ vivo pattern when back transplanted 

into mice from tissue culture. Here a different picture is 

seen when compared with the LDH isoenzJ~e patterns. vvith 

regard to LDH, all the ascites tumor lines changed to the 

smae pattern when the cells were grown in tissue culture, 

"t-J"hel~eas with regard to G-6- PD, Ehrli ch and SAl lines remained 

unchanged but TA3 and 6C3IlliD changed to a new pattern with 

an extra fast-moving band. These results Here observed in 

three expoI'iments. Only on one occasion the extra fast-

moving band was faintly shown in cells groHn in lnice, that 

is in TA3 (Fig. ISb). The loss of the extra band of G-6-PD 

in the tumorigenic TA3 and 6C31TIm tissue culture lines on 

bac1c transplantation into mice Has probably due to the 

adaptation to the fo~er environment. 
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The extra fast-moving band does not seenl to be related 

to malignancy for the same l'loasons as mentioned in the case 

of LDH. If this band is essential to the metabolism at malig

nant growth, it should consistently show up in the ~ vivo 

experiments, and Eb~lich and SAl should also possess such a 

band when their cells from mice are grown in tissue culture. 

Moreover, the non-malignant tissue culture lines have the 

same pattern as the regular lines ill vivo. Nevertheless, 

this band found in TA3 and 6C3IiED would serve as a difference 

from SAl and Ehrlich. It is possible that SAl and Ehrlich 

are of a similar or more closely related cell type, and TA3 

and 6c31nm of another cell type. 

6.7 Malate dehydrogenase 

The isoenzJ~e patterns of ~IDH were similar throughout 

the !ll vivo experiments with two large bands of which the 

second (slower-moving) one was sometimes shown as a large dif

fused zone. A very small band between the two main large 

bands was frequently observed (Figs. lOa, 13e, 13f) in the 

regUlar cell lines and in the cells of regUlar-size of the SN 

and INSN lines, but never in the balloon cells. Whether this 

small band was truly missing is again the question of the 

enz~~e concentration applied for electrophoresis, which may 

not have been high enough to show the band. This small band 

is unlikely to be related to malignancy since it is not 

observed consistently. 
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The results of the NDII :tsoenzyme patterns for the 

ill vi tro experiments are similar to those of G-6-PD. .f.U1 

extra fast-moving electrophoretic band was observed in the 

tumorigenic TA3' 6C3HED and SAl tiSst16 culture lines (Pig. 

16c). This is slightly different from the results of G-6-PD 

in that the extra band was never shovm in the isoenzyme pat

tern of G-6-PD in SAl- This 't-lould serve to distinguish the 

~iO ascites tumors,SAl and Ehrlich. Again, as in G-6-PD, the 

extra band was missing when the cells were back transplanted 

into rdce from tissue culture. Since the extra band was not 

observed in the non-tumorigenic tissue culture lines and in 

the regular in vivo lines, it would appear that the extra 

band is not significantly related to malignancy'. The loss of 

the extra band 1",hen cells 1V'ere back transplanted into mice 

from tissue culture was probably due to the adaptation of the 

cells to the fo~er conditions. No difference of the MDH 

isoenzyme pattern was ShOvID in the four clones from the 

tumorigenic Ehrlich line in tissue culture. 

6.8 Non-specific 0sterases 

The isoenzyn10 pattern of non-specific esterases has 

been found to be essentially no different in fresh tissue, in 

primary cell cultures and in cells gro'tffi for many years in 

tis sue culture (9,4-7,,70). This finding has suggested a high 

degree of genetic stabili ty of the esterases. Atternpts to 

induce changes of the isoenzyme pattern of non-specifj~c

esterases by culturir~ them in the presence o~ a substrate 
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(an aromatic ester) failed to preduoe~a change (70). In this 

investigation, studies o~ esterases had not been carried out 

as extensively as "Lvi th tho three dehydrogenases. Nevertheless, 

the results obtained demonstrate convincing evidence of 

changes of the isoenzJ71l1e patterns of these enzymes (Figs. 7e, 

l6d) • 

The four regular ascites tumors grovm in vivo had the 

S~le esterase isoenzyme pattern characterized by seven bands 

(Fig. 7e). Ascitic fluids had an entirely different pattern. 

All tissue culture lines had a sirrdlar pattern with an excep

tion of missing band-l in the non-tumorigenic Ehrlich line. 

The tissue culture pattern is different from the pattern of 

the regular !E:. vivo cell lines in that band-4 is very faint 

and band-6 and band-7 are l11issir~. ~olhen cells of the tumori

genic tissue culture lines were back transplanted into nuca, 

band-l was nlissing, band-Ii- became prominent again, band-6 and 

band-7 did not reappear, and a very distinct slow-moving band 

appeared 't1hich was not found in other conditions. These 

results do not agree with Paul and Fottrell's observations 

that esterases are genetically stable (70). The marked dif

ference between the patterns of the tumor colI lines, either 

is vitro or .ill. vivo, and the pattern of ascitic fluids could 

be important with regard to malignancy. Bands-l,5,6,7 were 

not found in ascitic fluids which had vO~J prominent bands 

not found in tumors. Whether the extra esterases found in 

tllmOrS exist in normal tissues of the mouse is not Imown. 
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It -v.Jould be most interesting to examine the isoenzyme patterns 

of non-specific esterases in different normal tissues. If 

these esterases are sho1,m to be nlissing in normal tissues, 

they may then be significant in relation to malignro1cy. The 

lack of the tvlo esterases found in asci tic fluids could be 

important to the metabolism of malignant growth. Potter's 

"deletion theory" (63,76) suggests that the loss of an enzyme 

could lead to the accumulation of its substrate, which could 

lead other pathway (s) to operate at a higher rate. .Anc1 if 

the pathway(s) being dr1.ven are of anabolic nature, uncontrol

lable groHth of the cell might result. It would be too auda

cious to suggest such a relation between the missing of 

esterases and malignant growth with the present preliTIunary 

rosul ts. 

It is most intriguing that band-I should have been 

missing when cells of tumorigenic tissue culture lines were 

back transplanted into nnce for this band was consistently 

shown in regular 1£ vivo lines and in tissue culture lines. 

No reasonable explanation was found for this observation. 

The appearance of a ne'tl esterase on bacle transplantation into 

mice presents similar problems for an ex.planation vIi th l')egard 

to the physiological significance of this new enzyme. 



7• SDJviI'LA..IIT 

1. Respective isoenz'J-rrne patterns of lactate, glucose-6

phosphato and malate dehydrogonases, and han-specific 

esterases were essentially similar in Ehrlich, TA3' 

6C3HED and SAl asci tos tl).mOl~S grovm in mice. The 

enzyme activities of G-6-PD and MDH in ascitic fluids 

Here too 101'1 for visualization of their isoenzyme 

patterns in starch gels. Ascitic fluids had differ

ent isoenzyme patterns of LDH and non-specific ester

asos from the four ascites tumors. 

2. Ascites tumors of the same origins but from other 

laboratories had sirr.Lilar isoenzyme patterns of the 

tr~ee dehydrogenases. 

3 Balloon cells appeared to be different from the 

regular ascites tt~10rs, and tho cells of regular 

size of SN and rNSN ascites tumor lines, with rogard 

to isoenzyme patterns of the three dehydrogenases. 

1!.. X-ra~r treatment up to 2500 rads to Ehrlich asci tes 

tumor cells did not change the isoenzyme patterns 

of the three dehydrogenases in the progeny of the 

treated cells. 
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5. Treatnwnt of 5% inositol solution to Ehrlich ascites 

cells for one hour had no effect on the isOenZj~le

patterns of G-6-PD and MDH in the progonJT of the 

treated cells, but led to a change in tho LDH iso

enzyme pattern with the appearance of an extra fast

moving band and the los s of t'trro original bands. 

6. Ehrlich, TA3' 6C31illD and SAl ascites tlli~ors were 

established in tissue culture in Waynlouthfs MB752/l 

medium supplemented ~vi th 20;~ calf ser~um. These 

colI linos were found to retain tmnorigenic capacity 

H11.en their colIs were back transplanted into mice 

from tissue culture arter six months 8..J.~d at least 

five subcultivations in tissue culture. 

7. Comparisons of isoenz~rrl1e patterns of the ascites 

tumor cells 'trlero made betvleen the l')egular cell 

lines 112 viva, the recently established tLunorigenic 

tissue culture lines, the long-term cultured non

tUTIlorigenic lines of the srone tissue origins, and 

tlJ.e cells on back tra.Ylspluntation into mice :CrOIn 

tissue cuI ture. 

8. Isoenzyme patterns of LDH in all the tUIl10rigenic 

cell lines were similar and characterized by having 
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one or ttrlo extra fast-moving electl'ophoretic 130

enz~r111e bands i'ThIch 1'11'Ore not found in cells of the 

non-tmaorigenic tissuo culture lines and the regu

lar ascites tumor cells !!1 vivo. The LDH isoenzJcrme 

patterns of the tumorigenic lines ro~d of the non-

tumol'ligenic linos in tissue cuI ture 1"ere different 

from each other. Back transplantation of cells of 

the turuorigenic lines into mice frorn tissue culture 

did not reverse the LDH j~soenzym.e pattern to the 

original pe.ttern of the regular lines !E:. vivo. 

9. IsoenzY'r'ne patterns of G-6-PD in tho tumorigenic 

TA3 a.."1d 6C3HED tis sue cultur e lines ha~ an extra 

fast-moving electrophoretic isoenzyme band which 

Has not found in the tUTllorigenic Ehrlich and SAl 

lines, all the non-tml~rigenic lines in tissue 

culture and the regular lines in vivo. Back tra1.1s

plantation of cells into rdee caused deletion of 

this fast-moving band and the reversion of the pat

tern to the original pattern of the regular lines 

10. Isoenzyrae patterns of llijH in the tumorigenic TA3' 

6C3BED and SAl tissue culture lines had an extra 
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fast-moving electrophoretic isoenz~rrl1e band as in 

the case of G-6-PD. This e:OK.tra band 1>las not found 

in tb.e tumOl~igenic Ehrlich line and all the non-

tumorigenic lInes in tissue culture, and the regu

lar lines in vivo. Back transplantation of cells...........................

into mice caused deletion of this extra band and 

the reversion of the pattern to the original pat

tern of' the regular lines 1£ viva. 

11. Tissue culture lines of Ehrlich, TA31 ~~d 6C3IffiD 

asci tos tUlllor cells had a similar isoenzjrne pat

tern of non-speci~ic esterases with an exception 

of missing band-l in the non-tull1origenic Ehrlich 

tissue culture line. The tissue culture pattern 

'Has different from. the pattern of the regular 

lines ill vivo in that band-It became very faint and 

bands-6 and 7 'trlere ll1is sing. Back transplantation 

of cells into mice caused the disappeal"Jance of 

bands-I, 6 and 7 and the appearance of a sloH-moving 

band which was never observed in other cases; such 

changes lod to an entirely new esterase isoenzyme 

pattern 't-J'hich was dif1'erent from the tissue culture 

pattel~n and the ol'liginal lli vivo pattern of the 

regular lines. 
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12. Four clones isolated from the tu:morigenic Ehrlich 

tissue culture lines showed no difference in the 

respective isoenzynle patterns of LDH, MDH and 

G-6-PD. 

13. Cells propagated in tissue cuI tUl") 0 in ':Jay.lJl0uth t s 

MB752/1 and M150 media supplemented with 20% calf 

serum had similar isoenzyme patterns. 
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Figure 1. LDH isoenzyme patterns of the ascites fluids 

from nnce bearing different kinds of ascites tumor. 

The ascitic fluid induced by Freundts complete adjuvant 

served as the comparison. The cathodal end of the 

starch strips was the origin at which enzyme samples 

Here inserted. 

Figure 2. G-6-PD isoenzyme patterns of Ehrlich ascites 

turnor grOlrID in male and female mice, and in adult and 

irnmature female mice. 

Figure 3. I1DH isoenzyme patterns of Ehrlich ascites 

tumor cells harvested 8, 11 and 14 days after 

inoculation. 
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Figure l~. MDH isoenzyme patterns of Ehrlich asoi tes 

tumor cells. The cells were disrupted by two different 

methods: freezing and thawing, and sonication. 

Figure 5. MDH isoenzyme patterns of the tumorigenic 
" 

6C3HED line in tissue culture; the same cell-free 

extract was used after 14 and 142 days of storage at 

Figure 6. ~IDH isoenzyme patterns of the tumorigenic 

TA3 line in tissue culture. Trypsin had no effect on 

the isoenzyme pattern. 
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Figura 7- Comparison of the isoenzyme patterns of the 

regular ascites tumors ia!!!£. The ascitic fluid was 

induced by Freund's complete adjuvant in mice bearing 

no tumor. 

a. LDH 

b. G-6-PD 

o. IvIDH - electrophoretic time: 2 hours 

d. IvIDH - electrophoretic time: 90 minutes 

e. Estarasas 
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Figure 8. Comparison of the LDR isoenzyme patterns of 

the same ascites tumors from different laboratories. 

The names are the research workers from whom the tumors 

were obtained; Fu (2N) designates the hyperdiploid 

tumor line from Dr. Fu, 3N the hypertriploid line, and 

4N the hypo tetraploid line. 

a. Ehrlich carcinoma 

b. TA3 mammary carcinoma 

c. 6C3HED lymphosarcoma 
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Figure 9. Comparison of the G-6-PD isoenzyme patterns 

of the same ascites tumors from different laboratories. 

a. Ehrlich carcinoma 

b. TA3 maramary caroinoma 

c. 6C3HED lymphosarooma 
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Figura 10. Comparison of the MDH isoenzyme patterns of 

the same ascites tumors from different laboratories. 

a. Ehrlich carcinoma 

b. TA3 mamrllary carcinoma 

c. 6C3HED lymphosarcoma 
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Figure 11. Comparison of the LDH isoenzyme patterns of 

the regular ascites tumors with those of their super

natant lines. tfToptt designates the balloon cells, 

tfbottom tl the cells of regular size. 

a. Ehrlich and its supernatant lines 

b. TA3 and its supernatant lines 

c. 6C3HED and its supernatant line 

d. SAl and its supernatant line 

e. All the SN (supernatant) lines 

f. All the INSN (inositol supernatant) lines 
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Figure 12. Comparison of the G-6-PD isoenz~ne patterns 

o~ the regular ascites tlli~ors with those of their super

natant lines. 

a. Ehrlich and its supernatant lines 

b. TA3 and its supernatant lines 

c. 6C3HED and its supernatant line 

d. SAl and its supernatant line 

e. All the SN lines 

f. All the INSN lines 
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Figure 13. Comparison of the HDH isoenzyme patterns of 

the regular ascites tumors with those of their super

natant lines. 

a. Ehrlich and its supernatant lines 

b. TA3 and its supernatant lines 

c. 6C3BED and its supernatant line 

d. SAl and its supernatant line 

e. All the SN lines 

f. All the INSN lines 
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Figure 14. Effect of X-irradiation on the isoenzyr.lo 

patterns of Ehrlich ascites tumor cells. 

a. LDH 

b. G-6-PD 

c. l\1IDH 
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Figure 15. Effect of inositol on the isoenzyme patterns 

of Ehrlich ascites tumor cells. 

1 - cells treated 1'1i th Hank t s balanced sal t solution for 

one hour 

2 - cells treated with 54;0 inositol for one hour 

3 - cells treated lvith }TI3SS grown in mice 

l~ - cells treated 1'1ith 5% inositol grown in mice 

a. LDH 

b. G-6-PD 

c. NDH 
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Figure 16. Comparison of the isoenzyme patterns of the 

tissue culture lines of the ascites tumors. 

Old 

New 
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(non-tu..llorigenic) ':P.C. 
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(B.T.) 

- the old tissue culture 

lines, non-tumorigenic 

- the new tissue culture 

lines, tumorigenic 

- back transplantation of 

cells of the new lines 

into mice 

a. LDH 

b. G-6-PD 

c. IvIDH 

d. Esterases 
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Figure 17. Comparison of the LDJ:I isoenzyme patterns of 

the ascites tumors in !!!£, fa vitro and following back 

transplantation from tissue culture. 

New (B.T.)-l - The first mouse passage of the cells of 

the new lines in back transplantation, 

i.e. from tissue culture into Duce 

New (B.T.)-2 - The second mouse passage in back trans

plantation, i.e. from mouse to mouse 

a. Ehrlich carcinoma 

b. TA3 mammary carcinoma 

c. 6C3HED lymphosarcoma 

d. SAl spontaneous ascites tumor 
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Figure 18. Comparison of the G-6-PD isoenzyme patterns 

of the ascites tumors in vivo, in vitro and following-- -_........
back transplantation into mice from tissue culture. 

a. Ehrlich carcinoma 

b. TA3 marnrllury carcinoma 

c. 6C3HED lymphosarcoma 

d. SAl spontaneous ascites tumor 
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Figure 19. Comparison of the ~IDH isoenzyme patterns of 

the ascites tumors 1£ vivo, 1£ vitro and following back 

transplantation into mice from tissue culture. 

a. Ehrlich carcinoma 

b. TA3 marn:mary carcinoma 

c. 6C3IiED lymphosarcoma 

d. SAl spontaneous ascites tumor 
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Figure 20. Ef'f'ect of dif'ferent media on the isoenzyme 

patterns of the tumorigenic lines of ascites tumor cells 

in tissue culture. 

a. LDH 

b. G-6-PD 

c. 1'1DH 



+

TA3 6C3HED TA3 6C3HED 

WAYMOOTH MI50 

(20 a) 

TA3 6C3HED

WAYMQJTH

TA3 6C3HED 

MI50 WAYMa.JTH MI50 

(20b) (20c) 



Figure 21. Effect of different media on the isoenzme 

pa.tterns of the non-tumol"ligenic lines of asci tes tumor 

oells in tissue culture. 

a. IJJH 

b. G-6-PD 

c. MDH 
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Figure 22. Comparison of the isoenzyme patterns of the 

clonal cells from the tumorigenic Ehrlich tissue culture 

line. 

a. LDH 

b. G-6-PD 

c. HDH 
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Figure 23. The LDH isoenzyme patterns of the SAl tissue 

culture line at two different times after the cell line 

was as tablis hed. 

I - Cells harvested after five weeks in tissue culture 

in the first passage 

2 - Cells harvested after four months in tissue culture 

in the seventh passage. 
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