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ABSTRACT 

Genomic DNA isolated from a series of rat hepatomas 

and from normal rat liver tissue has been compared by 

restriction fragment analysis. The objective has been to 

identify a tumor-specific restriction fragment that would 

be present in rapidly growing tumors and missing in 

normal tissues. Using a hexokinase probe, several 

changes in DNA restriction fragment lengths in rat 

hepatoma versus normal rat liver have been identified. 

One Hinf I fragment of 13.4 kilobase pairs was found to 

be present in rapidly growing rat hepatomas, but missing 

in hormal rat tissue and in hepatomas of slow or 

intermediate growth rate. 

Also, Southern blots of rat hepatoma DNA probed with 

types I, II and III hexokinase sequences showed several 

fragments recognized by both the type I and II clones, 

while no resemblance was observed between the type III 

probe and the other two isozymes. It therefore appears 

that the type I-like and type Il-like hepatoma isozymes 

are coded for by similar yet separate genes, while a 

dissimilar third gene codes for the type Ill-like 

isozyme. In addition, a loss of heterozygosity was 

detected at the type III locus in the AS-3 0D hepatoma 

when compared to normal tissue. 
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CHAPTER I 

BACKGROUND AND INTRODUCTION 

Early diagnosis is very important in the treatment of 

cancer. Detection of transformed cells early in the 

course of the disease can significantly reduce the 

patient mortality rate. For example, the survival rate 

for colon cancer increases significantly when the tumor 

is detected early as opposed to late. This trend can be 

observed in many types of tumors. Also, if the 

malignancy of a cancer was known early in the tumor 

development, the treatment could mirror its severity. 

The tnost aggressive and potentially dangerous treatments 

would be reserved for tumors exhibiting a high degree of 

malignancy. Development of a rapid and accurate 

screening test for the detection and staging of human 

cancer has been the primary focus of this work. The 

technique utilized throughout these studies is known as 

restriction fragment length polymorphism (RFLP). 

Restriction fragment length polymorphism has been 

used in the detection of many genetically linked 

diseases. Examples include sickle cell anemia (Kan and 

Dozy, 1978), Huntington's chorea (Gusella et al., 1983; 

Gusella et al., 1984), Duchenne and Becker Muscular 

Dystrophy (England et al., 1990), Nance-Horan syndrome 



(Strambolian et al., 1990), Krabbe disease (Zlotogora et 

al., 1990), and hereditary fructose intolerance (Cross 

and Cox, 1990) . 

Recently, Menon and co-workers reported tumor 

specific allele loss related to the formation of 

malignant neurofibrosarcomas in von Recklinghausen 

neurofibromatosis (Menon et al., 1990). Also, the 

feasibility of using RFLP to detect human tumors has been 

demonstrated in a series of human colorectal carcinomas 

(Vogelstein et al. , 1989). When the variable number of 

tandem repeat (VNTR) allelic composition was compared 

among samples from human colorectal carcinomas and 

adjabent normal colonic mucosa, the tumor tissues 

consistently showed a loss of one or more VNTR alleles 

that were present in the normal colon tissue. Although 

this is an exciting result, the probes used in this 

study, the VNTR, represent regions of DNA 

(deoxyribonucleic acid) that normally show a high degree 

of polymorphism, and this application depends on the 

ability to separate normal from transformed tissues 

during sample preparation, since the presence of a tumor 

is indicated by the loss of a normal allele in the 

transformed cells. Contamination of the biopsy with 

normal cells would tend to mask the allelic loss 

indicative of the transformed population. This would be 



particularly true in applications utilizing the 

polymerase chain reaction for signal amplification from 

small tissue samples where, when amplified, one 

contaminating DNA molecule can give rise to a detectable 

false signal. As a diagnostic tool, it would be 

preferable to look for a restriction fragment that is 

present in tumor cells but not in normal tissues. In 

such a case, diagnosis would be unaffected by the 

presence of normal cells in the sample. During the 

course of this work, we looked for novel RFLP bands 

present in tumor but not in normal tissues. The probes 

chosen for initial investigation were derived from cloned 

complementary deoxyribonucleic acids (cDNAs) coding for 

hexokinase, one of the primary regulatory enzymes of the 

glycolytic pathway. 

An increased rate of glucose catabolism is one of the 

earliest and most consistent biochemical characteristics 

of rapidly growing transformed cells in animal and human 

cancers (Knox et al., 1970; Pedersen, 1978; Weinhouse, 

1972; Bustamante et al., 1981). Increased glycolysis 

appears to be driven by an increase in the activities of 

several key "rate-limiting" enzymes in the pathway: 

hexokinase, phosphofructokinase and pyruvate kinase (Knox 

et al., 1970; Pedersen, 1978; Weinhouse, 1972; Bustamante 

et al., 1981; Nakashima et al., 1988) This elevation in 



glucose utilization is a progression linked phenomenon, 

with a direct correlation observed between cancer cell 

growth rate and the activity levels of the "rate-

limiting" glycolytic enzymes, particularly hexokinase 

(Knox et al., 1970; Pedersen, 1978; Weinhouse, 1972; 

Bustamante et al., 1981). An estimated 60% of cellular 

ATP (adenosine triphosphate) is generated via anaerobic 

glycolysis in the highly glycolytic AS-3 0D rat hepatoma 

cell line (Nakashima et al., 1984). It has been reported 

that the specific activities of the "rate-limiting" 

glycolytic enzymes are elevated in AS-3 0D cells over 

normal rat liver, with the greatest increase (over 100-

fold') being seen in hexokinase (Nakashima et al., 1988) . 

Preliminary results in this laboratory indicate that the 

tumor hexokinase messenger ribonucleic acid (mRNA) 

concentration parallels the increased activity of its 

gene product (Mittanck, 1992). It seems reasonable, 

therefore, to hypothesize that tumor-specific changes in 

RFLP patterns might be detectable using a hexokinase cDNA 

probe. 

The conversion of glucose to glucose-6-phosphate in 

mammalian tissues is catalyzed by three known isozymes of 

hexokinase (ATP:D-hexose 6-phosphotransferase, EC 

2.7.1.1), types I, II and III. These isozymes each 

consist of a single polypeptide chain with molecular 



weight of approximately 100 kilodaltons (kDA). They are 

all characterized by a low Michaelis constant (Km; 

Michaelis and Menton, 1913) for glucose and sensitivity 

to inhibition by the product, glucose-6-phosphate. A 

fourth enzyme, glucokinase (EC 2.7.1.2, sometimes called 

type IV hexokinase) has a high Km for glucose, is not 

sensitive to inhibition by glucose-6-phosphate, has a 

molecular weight of roughly 50 kDa and resembles the 

hexokinases of yeast (Granner and Pilkis, 1990). 

Since it is not known whether the isozymes of tumor 

and normal cells are identical, the tumor isozymes will 

be referred to as type I-like, Il-like and Ill-like. 

When*- the isozyme composition of AS-3 0D cells was compared 

with normal liver tissue, a shift from primarily 

glucokinase in liver to type Il-like hexokinase in 

hepatoma was observed (Nakashima et al. , 1988). 

Recently, Shinohara and co-workers have shown that the 

expression patterns of hexokinase isozymes differ between 

the AH13 0 hepatoma and normal rat liver with type Il-like 

being the predominant tumor isozyme (Shinohara et al., 

1991). Very little type I-like and no type Ill-like 

expression was reported in the tumor (Shinohara et al., 

1991). 

It has been proposed that the "low Km" hexokinases 

arose from the duplication and fusion of a 50 kDa 



ancestral hexokinase similar to yeast hexokinase and 

mammalian glucokinase (White and Wilson, 1989; Thelen and 

Wilson, 1991) . Comparisons of cDNA sequences from the 

carboxyl- and amino-terminal halves of the types I, II 

and III hexokinases, with those from glucokinase and 

yeast hexokinase have shown extensive sequence similarity 

especially within the proposed glucose and nucleotide 

binding domains (Thelen and Wilson, 1991; Schwab and 

Wilson, 1989; Schwab and Wilson, 1991) . This homology 

lends support for the proposed evolutionary relationship 

above. 

While it has been suggested that the types I, II and 

III isozymes in normal tissues are probably coded for by 

separate genes (Ureta, 1982), no conclusive data has been 

presented, and this question has yet to be addressed in 

tumor cells. The only genes from this family of enzymes 

characterized to date code for the rat and human 

glucokinases (Magnuson et al., 1989; Hayzer and 

lynedjian, 1990; Tanizawa et al., 1992). So, in addition 

to the examination of tumor cell lines for the presence 

of unique restriction fragments detectable with probes 

coding for the hexokinases. Recent cloning of cDNAs for 

the types I, II and III isozymes of hexokinase (HK) from 



normal rat tissues has made possible, for the first time, 

direct observation of the number and relationships of 

their corresponding genes in tumor cells. 



CHAPTER II 

MATERIALS AND METHODS 

Technical Overview 

As early as 1975, when Southern introduced a 

technique for the transfer of DNA to solid supports 

(Southern, 1975), it became increasingly obvious that 

this tool could be used to look for genetic variability 

in many biological systems. To summarize, the DNA of a 

tissue is purified and digested using enzymes which 

recognize and cut DNA at specific sequences. These 

enzymes, restriction endonucleases, produce a 

charkcteristic pattern of different length DNA fragments 

defined by the original nucleotide sequence. The 

fragments are separated according to size by gel 

electrophoresis and the DNA is transferred to a membrane 

for hybridization with labeled probes. Changes in DNA 

sequences are seen as changes in the pattern of 

restriction fragments which are recognized by the probe. 

These changes are known as RFLPs. 

Enzymes and Chemicals 

Restriction enzymes and their buffers were obtained 

from several suppliers including Stratagene, Bethesda 

Research Labs, New England Biolabs, Promega and 
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Boehringer Mannheim Biochemicals. Radioisotopes and 

GeneScreen plastic membranes were from New England 

Nuclear. Magnagraph nylon membranes were from Micron 

Separations Inc. Hybond N"̂  nylon membranes were obtained 

from Amersham Corp. Autoradiography was carried out 

using Kodak XAR-5 film and Cronex "Lightning Plus" 

intensifying screens (from DuPont). The "Prime-It" 

random priming kit was from Stratagene, and "Genius" non

radioactive nucleic acid labeling and detection kits were 

from Boehringer Mannheim Biochemicals. Plasmid 

purifications were performed by column chromatography 

using kits supplied by Qiagen Inc. All chemicals were of 

the highest grade commercially available and were 

generally obtained from United States Biochemicals, Sigma 

Chemical Co., Curtin Matheson, Bio-Rad and J. T. Baker. 

Ultra pure formamide (from U. S. Biochemicals) was 

deionized over Bio-Rad AG 501-X8 resin and stored in 

aliquots under nitrogen at -20°C prior to use. 

Animals and Tumor Cell Lines 

The AS-30D hepatoma cell line (Smith et al. , 1970), 

was obtained from Dr. Peter L. Pedersen of The Johns 

Hopkins University, School of Medicine (Baltimore, MD). 

The cells were grown in ascites form in the abdominal 

cavities of female Sprague-Dawley rats. Cells were 



collected and purified from ascites fluid according to 

the method of Parry and Pedersen (1983). The Novikoff 

hepatoma (Novikoff, 1957), Yoshida hepatoma (Odashima, 

1964), and the Morris hepatomas #16, 20, 44, 3924A, 

5123TC, 7777, 7800, 8999 and 9618A (Morris, 1965; Morris 

and Meranze, 1972) were purchased from the DOT Tumor 

Repository, NCI Frederick Cancer Research Facility 

(Frederick, MD) and were stored at -70^0 prior to DNA 

purification. Sprague-Dawley and Buffalo rats were 

supplied by Sasco Inc. (Omaha, NE) and Harlan Sprague-

Dawley, Inc. (Indianapolis, IN). 

Humah Tumor/Normal Tissues 

Endometrial carcinomas and control endometrial 

tissues were obtained from Dr. Abraham A. Alecozay, Dept. 

of OB/GYN, Wesley Medical Center Women's Hospital, 

University of Kansas School of Medicine (Wichita, KS). 

Normal prostate tissue was provided by Dr. Lynn Avant, a 

urologist and clinical oncologist in Lubbock, Texas. All 

tissues were frozen in liquid nitrogen and stored at -

7 0°C prior to DNA extraction. 

cDNA Probes 

The cDNA clones coding for the C-terminal half of 

type I rat brain hexokinase (Schwab and Wilson, 1989), 
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the type II rat soleus muscle hexokinase (Thelen and 

Wilson, 1991), and the type III rat liver hexokinase 

(Schwab and Wilson, 1991) were the generous gifts of Dr. 

John E. Wilson, Dr. David A. Schwab and Dr. Annette P. 

Thelen of Michigan State University (East Lansing, MI). 

The recombinant plasmid pHKI 12.4-4 was isolated from 

JM103 bacterial cells and the 2.1 kilobase (kb) type I HK 

cDNA insert was liberated by digestion with Eco RI. The 

recombinant plasmid pl8-1.4-7 containing the 3.6 kb type 

II HK cDNA was isolated from DH5a bacterial cells and the 

insert was also recovered by digestion with Eco RI. The 

2.5 kb cDNA insert coding for a major portion of the type 

III isozyme was contained in the replicative form (RF) of 

the Ml3mpl8 plasmid designated pl4.1-6. The plasmid 

phHK15-2 (Nishi et al., 1988) containing the 3.3 kb human 

kidney hexokinase cDNA in the Eco RI site of pBR327 was 

the generous gift of Dr. Graeme I. Bell (Howard Hughes 

Medical Institute, The University of Chicago, Chicago, 

IL) . The plasmid was isolated from HBlOl bacterial cells 

and the insert was liberated as described above. 

Plasmid purifications were performed using Qiagen 

column chromatography according to the manufacturer's 

instructions. After isolation, each plasmid was digested 

with the appropriate restriction enzyme and the insert 

was separated from the linearized plasmid DNA by agarose 

11 



electrophoresis in IX TAE buffer (0.04 M Tris-acetate, 

0.001 M ethylenediamine tetraacetic acid (EDTA), pH 8.0). 

DNA fragments were visualized after staining with 0.5 

mg/mL ethidium bromide using longwave ultraviolet (UV) 

radiation. Agarose slices containing DNA of the 

appropriate size were cut from the gel and the insert DNA 

was electroeluted and precipitated in the presence of 0.3 

M sodium acetate (pH 5.2), and 2 volumes of ice-cold 100% 

ethanol (EtOH), overnight at -20^0. After centifugation 

at 10,000 X g for 30 minutes, the DNA pellets were washed 

with 7 0% EtOH, air dried, and resuspended in TE buffer 

(10 mM Tris HCl, 1 mM EDTA, pH 8.0). Inserts were stored 

in aliquots at -20^0. 

Purification of DNA 

Total cell DNA was isolated by a modification of the 

method of Enrietto et al. (1983). Control liver tissue 

was obtained from euthanised normal Sprague-Dawley and 

Buffalo rats. The liver was quickly removed, frozen in 

liquid nitrogen and stored at -70°C prior to DNA 

purification. Hepatoma cells were also frozen in liquid 

nitrogen and stored at -7 0^C. The tissues were ground to 

a fine powder in liquid nitrogen using a ceramic mortar 

and pestle. Cells were digested overnight at 50*̂ 0 with 

agitation in 100 mM NaCl, 10 mM Tris HCl (pH 8.0), 25 mM 

12 



EDTA, 0.5% sodium dodecyl sulfate (SDS) and 0.1 mg/mL 

proteinase K. The digest- mixture was repetitively 

extracted with phenol:chloroform:isoamyl alcohol (PCI; 

25:24:1) and either dialyzed for 24 hours against TE 

buffer (pH 8.0) or extracted with an equal volume of CI 

(24:1). The DNA was then precipitated with 0.5 volumes 

of 7.5 M ammonium acetate and 2 volumes of 100% EtOH. 

The pellet was repeatedly washed with 70% EtOH and then 

allowed to dry. The final pellet was resuspended in TE 

buffer (pH 8.0) and stored at -20^0. Concentrations of 

DNA were determined by absorbance at 2 60 nm. 

Southern Analysis of Tumor 
and hormal DNA. 

Equal amounts (15 mg) of tumor and normal DNA were 

digested from one hour to overnight at 37^0 with the 

indicated restriction endonucleases (2-5 units per mg of 

DNA). Buffers and other conditions were as specified by 

the vendor for each enzyme. Digestions were terminated 

by the addition of 0.2 volumes of 0.5 M EDTA. Digests 

were mixed with gel loading buffer containing bromphenol 

blue and xylene cyanol FF as tracking dyes and loaded 

directly onto an agarose gel. Following electrophoresis, 

DNA was depurinated 10 minutes in 0.25 N HCl, and blotted 

onto nylon membranes by capillary transfer under alkaline 

conditions (0.5 M NaOH, 1.5 M NaCl, Sambrook et al., 

13 



1989). After transfer, the membranes were neutralized in 

0.5 M Tris, 1.0 M NaCl (pH 7.2), washed with a solution 

of 300 mM NaCl and 30 mM sodium citrate, (2X SSC, pH 

7.0), cross-linked by UV exposure and air dried. The 

[32p]_ Q^ digoxigenin-labeled probes were prepared by 

random priming the purified cDNA inserts according to the 

method of Feinberg and Vogelstein (1983, 1984). The 

membranes were prehybridized in a solution containing 6X 

SSPE (0.15 M NaCl, 10 mM NaH2P04, 1 mM EDTA, pH 7.4), 3 0-

50% formamide, 5X Denhardt's solution (Denhardt, 1966), 

and 0.5% SDS overnight at 42^0. Hybridization with 

labeled probes occurred under the same conditions for up 

to 24 hours (Southern, 1975; Meinkoth and Wahl, 1984). 

The membranes were washed at between 42 and 65°C with 

stringency increasing to 0.IX SSC, 0.1% SDS. Probe 

hybridizing to target sequences on the membranes were 

then analyzed by autoradiography or by immunological 

detection, according to the supplier's instructions, in 

the case of the non-radioactive "Genius" detection kits. 

14 



CHAPTER III 

RESULTS 

RFLP Analysis of AS-3 0D Hepatoma versus 
Normal Rat Liver DNA 

The AS-3 0D rat hepatoma was chosen as the initial 

tumor cell line to be investigated, since the protein 

chemistry of its glycolytic pathway has been extensively 

characterized (Bustamante et al., 1980; Nakashima et al., 

1984; Nakashima et al., 1986; Nakashima et al., 1988). 

DNA purified from the hepatoma and normal Sprague-Dawley 

rat liver was digested with a series of restriction 

endonucleases and probed with a cDNA coding for the C-

termH.nal half of type I rat brain hexokinase (Schwab and 

Wilson, 1988). As seen in three representative Southern 

blots (Figures 1-3), we have observed evidence for 

changes in fragment length patterns in AS-3 0D versus 

normal rat DNA with several enzymes, including Eco RI, 

Pvu II, Mbo I, Rsa I, and AIu I. In general, these 

involved a band (or bands) that was present in normal rat 

DNA and absent in hepatoma DNA. 

When DNA from the AS-3 0D hepatoma and that of three 

normal Sprague-Dawley rat livers was digested with Hinf I 

and probed with the type I rat HK cDNA, the hepatoma 

digest exhibited a band of apparent size 13 .4 kb that v;as 

not present in normal rat liver DNA (Figure 4). 
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Conversely, there were two bands of 3.1 and 17.6 kb that 

appeared to be consistently present in the control DNA 

and absent in the hepatoma (Figure 4). The rather 

complex hybridization patterns are not surprising since, 

at the stringencies used, it is expected that the cDNA 

probe for type I rat brain hexokinase would hybridize 

with several HK genes (and/or pseudogenes). The number 

of discrete hexokinase genes and pseudogenes and the copy 

number per gene in rat genomic DNA are not known. Since 

we had evidence for an apparent tumor-specific band using 

Hinf I digestion, further experiments comparing DNA 

digests from a series of hepatomas of different growth 

ratev focussed on Hinf I. 

The possibility that the apparent tumor specific band 

of 13.4 kb (Figure 4) was due to incomplete digestion was 

addressed by examining the time course for Hinf 1 

digestion of hepatoma and normal rat DNA (Figure 5). 

Conditions of digestion were identical as in Figure 4. 

Samples were taken after one, two, three, four, eight and 

sixteen hours of digestion. An additional aliquot of 

endonuclease (30 units) was added at four hours after the 

start of incubation to insure that active enzyme would be 

present. As shown in Figure 5, there was essentially no 

change in DNA fragments generated after one hour versus 

sixteen hours of digestion in either hepatoma or normal 

16 



rat DNA. Therefore, it was concluded that the apparent 

changes in restriction fragments observed between AS-3 0D 

hepatoma and normal rat DNA are not due to incomplete 

digestion. 

An additional 14 Sprague-Dawley and 5 Buffalo normal 

rat livers were analyzed for the presence of the 13.4 kb 

restriction fragment detected with the type I hexokinase 

cDNA (see Figures 6-8). As shown in Figure 6, a Southern 

blot of Hinf I digested genomic DNA from livers of six 

unrelated female Sprague-Dawley rats was probed with the 

type I rat HK cDNA. The 13.4 kb apparent tumor-specific 

restriction fragment is absent in all six samples. DNA 

from* five Buffalo rats and an additional female Sprague-

Dawley was purified, digested with Hinf I and subjected 

to hybridization with the type I rat HK probe (see Figure 

7). Again, all samples were negative for the presence of 

the 13.4 kb restriction fragment. It is apparent that 

even in inbred strains of rats, there is a fairly high 

degree of heterogeneity in DNA restriction fragments 

hybridizing to the type I HK probe. Again, this can be 

explained, in part, by the fact that under the 

stringencies used, the type I HK probe is undoubtedly 

binding to multiple genetic loci, including the types I, 

II and III hexokinases, and possibly with the glucokinase 

("type IV" hexokinase) gene as well. Figure 8 (lanes 1-

17 



7) shows Hinf I digested DNA from an FQ Sprague-Dawley 

female (lane 1), and six members of the F^ population 

(lanes 2-7) probed with the 2.1 kb type I HK cDNA. The 

patterns of hybridization are consistent with those seen 

in all the preceeding Sprague-Dawley normal liver DNA 

samples, i.e., the presence of the 17.6 and 3.1 kb 

restriction fragments as well as the absence of the 13.4 

kb band. 

RFLP Analysis in Hepatomas of Different 
Growth Rate 

Total cell DNA was purified from Morris hepatomas 

#16, 20, 44, 3924A, 5123TC, 7777, 7800, 8999 and 9618A, 

as well as the Novikoff and Yoshida hepatomas. When 

comparing the growth rates of these cell lines, it is 

useful to consider the average time of growth before 

transplantation to a new host is required. As summarized 

in Table 1, hepatomas #20, 16 and 9618A are slow growing, 

highly differentiated cell lines; hepatomas #44, 7800, 

5123TC and 7777 are of intermediate growth rate; and the 

Morris 3 924A, Novikoff, Yoshida and AS-3 0D hepatomas are 

rapidly growing, poorly differentiated tumors (Pedersen, 

1978; Morris, 1965; Morris and Meranze, 1972). Although 

some of these lines have been maintained for twenty years 

or more, they still retain fairly stable growth 

18 



Table 1 

Hepatoma Cell Lines: Rat Strains and Average Time 
Required between Host Transfers. 

Heoatoma 

Morris 
Morris 
Morris 
Morris 
Morris 
Morris 
Morris 
Morris 
Morris 
AS-30D 

# 

# 

# 

# 

# 

# 

# 

# 

# 

Yoshida 
Novikoff 

20 
16 
9618A 
44 
7800 
5123TC 
7777 
8999 
3924A 

Strain 

Buffalo 
Buffalo 
Buffalo 
Buffalo 
Buffalo 
Buffalo 
Buffalo 
Buffalo 
AC I 
Sprague-
Sprague-
Soraaue-

-Dawley 
-Dawley 
-Dawlev 

Transfer Time 

12.6 months 
10.5 
8.0 
5.8 
3.1 
1.2 
1.0 
a 
0.6 
0.3 
0.3 
0.2 

Sources: Morris (1965), Morris and Meranze (1972), 
Novikoff (1957), Odashima (1964). 
^ Data unavailable 

characteristics. For example, following injection with 

the AS-3 0D or Novikoff hepatomas, most rats will die of 

excessive tumor growth within one to two weeks, while the 

slower growing hepatomas require months to attain a 

reasonable size. Relative growth rates for most of the 

Morris hepatomas have been confirmed by the DCT tumor 

repository. 

Purified DNA was digested with Hinf 1 and analyzed by 

Southern hybridization, using the type I HK cDNA probe. 

The hepatoma DNA digests are arranged in figures 8 and 9 

according to growth rate. It can be seen that the 
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apparent tumor-specific band (13.4 kb) is present only in 

the most rapidly growing hepatomas -- Morris 3 924A and 

AS-30D (Figure 9, lanes 5 and 6). A similar band of 

slightly higher apparent mobility was observed in the 

rapidly growing Novikoff and Yoshida hepatomas (Figure 8, 

lanes 12 and 13). The 13.4 kb band is absent in Morris 

hepatomas of slow growth rate (Figure 9, lanes 1 and 2; 

Figure 8, lanes 8 and 9) or intermediate growth rate 

(Figure 9, lanes 3 and 4; Figure 8, lanes 10 and 11). It 

appears that the 13.4 kb apparent tumor-specific band may 

be diagnostic for tumor growth rate, since it only 

appears in the most rapidly growing rat hepatomas. 

I. 

High Stringency Hybridizations 

Since the cDNA clone from the C-terminal half of type 

I rat brain hexokinase was the first available in the 

laboratory, it was decided that the stringency of 

hybridization be low enough (3 0% formamide and washes to 

only 55*-*C) to allow for the possible recognition of 

sequences from the other isozymes. At this stringency, 

it was expected that the cDNA probe would hybridize with 

all three hexokinase genes, and might recognize some 

glucokinase sequences. However, with the availability of 

clones for the types II and III rat isozymes (Schwab and 

Wilson, 1991, Thelen and Wilson, 1991), an important 
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question could be addressed. Under conditions which will 

prevent cross-hybridization between the different 

isozymes (50% formamide and washes to 65^0), can the 13.4 

kb fragment be attributed to one of the three hexokinase 

genes? 

The types I, II and III probes were hybridized to 

Southern blots of DNA fron a normal Sprague-Dawley rat 

liver and from the AS-3 0D hepatoma. Both samples were 

digested with several restriction endonucleases including 

Hinf I. As seen in Figures 10-12, the 13.4 kb Hinf I 

restriction fragment does not appear to correspond to any 

of the fragments recognized by these probes at this high 

stringency. Interestingly, all restriction fragments 

recognized by the type I (Figure 10) and II (Figure 11) 

probes were identical between tumor and normal tissues. 

Analysis of Human DNA 

The next phase of the project dictated that this 

application of RFLP analysis be tested on tumors of human 

origin. The human kidney hexokinase cDNA (hHK) was 

labeled and hybridized to a Southern blot containing Hinf 

I digested DNA from several endometrial carcinomas and 

control normal human tissue. This experiment was done at 

both low (3 0% formamide; Figure 13) and high (50% 

formamide; Figure 14) conditions of hybridization 
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stringency. The hHK cDNA did not recognize any Hinf I 

restriction fragments, including the 13.4 kb apparent 

tumor-specific fragment, unique to the tumor cells at 

either formamide concentration (Figures 13 and 14). 

Next, the hHK probe was used to screen (at high 

stringency) a series of restriction endonucleases for 

differences in restriction patterns between DNA purified 

from a primary human endometrial carcinoma and control 

prostatic tissue. Two representative Southern blots are 

shown in Figures 15 and 16. A majority of endonucleases 

screened yielded identical restriction patterns at the 

hHK locus. This was true for 9 of 13 endonucleases 

screened (see Table 2). 

Table 2 

Restriction Enzymes Screened for hHK Polymorphisms 

ENZYME RESULT 
Alu I 
Bam HI 
Eco RI 
Eco RV 
Hinf I 
Hpa II 
Mbo I + 
Msp 1 + 
Pvu II 
Rsa I 
Sst I 
Xha I + 
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However, three enzymes {Mbo I, Msp I and Xba I) did show 

differences in their restriction patterns between tumor 

and normal tissues although these generally consisted of 

allelic losses (Figures 15 and 16). 

In order to further characterize these hHK 

polymorphisms, DNA from a series of primary endometrial 

carcinomas as well as control DNA from a benign prostate 

and 5 normal endometrial tissue samples was purified, 

digested with each of these endonucleases, and Southern 

blots were probed with the hHK cDNA. As indicated in 

Figure 17, the lower molecular weight apparent normal-

specific Msp I band appears to be absent in all the tumor 

samples tested while the higher molecular weight band, 

which was absent in the screened tumor sample, appears to 

be present in this series of tumor samples. This result 

implicates the higher molecular weight apparent tumor 

allele loss from Figure 16 as an artifact of the 

experiment. 

Figure 18 shows a series of endometrial carcinomas 

versus normal human DNA digested with Mbo I and probed 

with the hHK cDNA. The indicated fragment appears to be 

absent in all tumor samples tested and present in both 

control lanes. Preliminary screens (data not shown) 

indicated another tumor-specific allele loss detectable 

with the hHK probe in samples digested with the 
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endonuclease Xba I. However, when a series of tumors 

were analyzed for the polymorphism (Figure 19), no 

differences were seen between normal tissues and any 

tumor DNA sample tested. While these results are not 

consistent with the original hypothesis and goal of the 

project (to identify tumor-specific restriction fragments 

using HK probes), the apparent loss of heterozygosity 

detected with two of the enzymes tested suggest that 

further studies utilizing RFLP analysis and other probes 

for the detection of transformed cells in humans should 

be explored. 

Comparison of Tumor and Normal HK 
Isozyme Genes 

During the course of these studies, it became clear 

that some of the data gathered during the RFLP analysis 

could be brought to bear on questions regarding the 

number of genes coding for the HK isozymes and the 

possible existence of unique tumor isozymes. In order to 

determine the number and similarity of genes coding for 

the hexokinase isozymes, total cell DNA from the AS-3 0D 

hepatoma cell line was isolated and Southern blotted. As 

shown in Figure 20, hepatoma DNA digested with several 

restriction endonucleases was probed with cDNAs coding 

for the three isozymes of hexokinase. Comparisons of 

hybridization patterns for the type I and II cDNAs 
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revealed several fragments recognized by both probes. 

However, since a majority of the bands were unique to one 

of the two probes (Figure 20), it would seem that the 

types I and II hexokinases are coded for by separate 

genes. The banding pattern generated by the type III 

cDNA probe differed from either of the other two 

hexokinases (Figure 20). This lack of resemblance 

supports the conclusion that a third distinct gene codes 

for the type III hexokinase. 

The type I, II and III probes were also hybridized to 

Southern blots of normal rat liver DNA, and the banding 

patterns generated were compared with those of the AS-3 0D 

hepatoma. All restriction fragments recognized by the 

type I (Figure 10) and II (Figure 11) probes were 

identical between tumor and normal tissues. In addition, 

the type II probe hybridized with much greater intensity 

to the hepatoma DNA when compared with normal rat liver 

(Figure 11). However, when AS-3 0D hepatoma and normal 

rat liver DNA were probed with the type III hexokinase 

cDNA, an allelic loss was consistently seen in the tumor 

(Figure 12). The polymorphic nature of the type III 

locus as well as the distinct restriction patterns of 

this gene when compared with the other two isozymes lends 

additional support for a unique gene coding for this 

isozyme of hexokinase in tumors. 
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Figure 1. Southern screening analysis of normal 
versus AS-3 0D hepatoma DNA using the type I hexokinase 
cDNA probe. Total cell DNA was purified from the AS-3 0D 
hepatoma cell line (T) and from a normal Sprague-Dawley 
rat liver (N) as described in Materials and Methods. 
Equal amounts of DNA (15 jig) were digested with the 
designated restriction enzyme (2-4 units/|ig DNA) and the 
fragments were separated on an 0.8% agarose gel. 
Following capillary transfer, the DNA was probed with a 
2.1 kb cDNA coding for the C-terminal half of rat brain 
hexokinase. Antigenically-labeled bands were visualized 
using the "Genius" nucleic acid detection kit according 
to the manufacturer's instructions. (The enzymes used 
are Eco RI, E; and Pvu II, P). 
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Figure 2. Type I HK RFLP analysis of tumor versus 
normal DNA. AS-3 0D and normal liver DNA was digested 
with, the indicated endonucleases, separated and probed as 
described in Figure 1. (The enzymes used are Mbo I, M; 
and Rsa I, R). The arrow indicates a band which is 
present in the tumor and absent in the normal DNA. 



N T N T 

#?#^ 

j ' " - ? ^ : . 

.*- - . < -. 

29 



30 



Figure 3. RFLP screen of AS-3 0D and three normal 
rat liver DNA samples. AS-3 0D DNA (lane 1) and DNA from 
three normal Sprague-Dawley rat livers (lanes 2-4) was 
digested with Alu I, separated on an 0.8% agarose gel, 
transfered to a nylon membrane and probed with the type I 
HK cDNA. [̂ 2p] _]_̂ ]3giĝ  bands were visualized by 
autoradiography as described under Materials and Methods. 
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Figure 4. Hinf I restriction fragment length 
polymorphism in the AS-3 0D hepatoma with the type I HK 
CDNA probe. AS-30D hepatoma DNA and three normal rat 
liver DNA samples were digested with Hinf I and treated 
as described in Figure 3. Apparent tumor and normal-
specific fragments are labeled according to size m kb. 
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Figure 5. Time course for Hinf I digestion of DNA 
from the AS-3 0D hepatoma and normal rat liver. DNA from 
the AS-3 0D hepatoma (left) and one normal rat liver 
(right) was analyzed by time course digestion with the 
Hinf I endonuclease. For each cell type, the time of 
digestion increases from left to right (1,2,3,4,8 and 16 
hours). Each lane represents 15 mg of purified DNA to 
which 3 0 units of enzyme was added at the start of the 
experiment. The 8 and 16 hour samples received an 
additional 3 0 units after 4 hours of digestion. Samples 
were then treated exactly as described in Figure 3. 
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Figure 6. RFLP analysis of DNA from the AS-3 0D 
hepatoma and from normal Sprague-Dawley rat livers. 
Purified DNA from six normal Sprague-Dawley rat livers 
(lanes_A-F) and AS-3 0D hepatoma (lane G) was digested 
with H m f I and treated exactly as described in Figure 3 
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Figure 7. RFLP analysis of DNA from the AS-3CD 
hepatoma and from normal Buffalo and Sprague-Dawley rat 
live;rs. DNA from five normal Buffalo rat livers (lanes 
A-E), one normal Sprague-Dawley rat liver (lane G) and 
AS-3 0D hepatoma (lane F) was digested with Hinf I and 
treated exactly as described in Figure 3. 
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Figure 8. RFLP analysis in normal rat liver from an 
Fl generation and hepatomas of different growth rate. 
DNA from an EG Sprague-Dav/ley female (lane 1), six 
members of the Fl generation (lanes 2-7), Morris 
hepatomas #20 (lane 8), 8999 (lane 9), 7800 (lane 10), 
7777 (lane 11), Novikoff hepatoma (lane 12), Yoshida 
hepatoma (lane 13) and AS-3 0D hepatoma (lane 14) was 
digested with Hinf I and analyzed exactly as described in 
Figure 3. The hepatomas are arranged in order of 
increasing growth rate from left to right in the figure. 
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Figure 9. RFLP analysis of DNA from rat hepatomas 
of different growth rate. DNA was purified from Morris 
hepatomas #16 (lane 1), 9618A (lane 2), 44 (lane 3) 

6) 
and 

5123TC (lane 4), 3924A (lane 5), AS-30D hepatoma (lane 
and three normal Sprague-Dawley rat livers (lanes 7,8 
9), digested with Hinf I and analyzed exactly as 
described in Figure 3. The hepatomas are arranged in 
order of increasing growth rate from left to right in the 
figure. 
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Figure 10. Type I HK high stringency analysis of 
tumor versus normal DNA. DNA from the AS-30D hepatoma 
and a normal Sprague-Dawley rat liver (left and right 
lanes respectively in each set of digests) was purified 
and digested with Bam HI, B; EcoRI, E; Hind III, Hd; Hinf 
I, HF; Kpn I, K; and Pst I, P and then hybridized with 
the type I probe under high stringency conditions as 
described in Materials and Methods. 
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Figure 11. Type II HK high stringency analysis of 
tumor versus normal DNA. DNA from the AS-3 0D hepatoma 
and a normal Sprague-Dawley rat liver (left and right 
^^^^^^f^^^P^^^^^^^y in each set of digests) was probed 
with the type II cDNA. (The hybridization conditions and 
enzymes used are as in Figure 10). 
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Figure 12. Type III HK high stringency analysis of 
tumor versus normal DNA. DNA from the AS-3 0D hepatoma 
and a normal Sprague-Dawley rat liver (left and right 

w?^hf^^T''^'^^^ ^"^ ^^^^ ^^^ °^ digests) was probed 
withithe type III cDNA as in Figure 10. The arrows 

d?a^^f^ ^ \^^^^^^ ^"^ ^^^^ °^ ^^^ ^^^^^1 ^^t liver DNA 
diaest' "^Th '" ^''"^"' ̂ " '"̂ ^ corresponding hepatoma 
TT? u;, i ! enzymes used are Bam HI, B; Eco RV, E; Hind 
III, Hd; H m f I, Hf; Kpn I, K; and Pst I, P) 
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Figure 13. Low stringency RFLP analysis of Hinf I 
digested human DNA. DNA from a human benign prostate 
(lane 1), five normal endometrial samples (lane 2), seven 
primary endometrial carcinomas (lanes 3-9) was digested 
with Hinf I, separated on a 1% agarose gel, transfered to 
nylon and probed, at low stringency, with the 3.3 kb hHK 
cDNA as described under Materials and Methods. 
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Figure 14. High stringency RFLP analysis of Hinf I 
digested human DNA. DNA from the AS-3 0D hepatoma (lane 
H) , one normal rat liver sample (lane N), seven primary 
endometrial carcinomas (lanes 1-7), five normal 
endometrial samples (lane 8) and a benign human prostate 
(lane 9) was digested with Hinf I, separated on a 1% 
agarose gel, transfered to nylon and probed, at high 
stringency, with the 3.3 kb hHK cDNA as described under 
Materials and Methods. 
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Figure 15. Screens of human tumor versus normal 
tissues digested with several restriction enzymes. DNA 
from one primary endometrial carcinoma and a benign human 
prostate (left and right lanes in each set of digests) 
was digested with the indicated restriction enzyme and 
after electrophoresis and transfer to a solid support, 
probed with the 3.3 kb hHK cDNA as described in Figure 
14. 
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Figure 16. Screens of human tumor versus normal 
tissues digested with more restriction enzymes. DNA from 
one primary endometrial carcinoma and a benign human 
prostate (left and right lanes in each set of digests) 
was digested with the indicated restriction enz^rme and 
after electrophoresis and transfer to a solid support, 
probed with the 3.3 kb hHK cDNA as described in Figure 
14. Arrows indicate apparent normal-specific alleles 
detected with the hHK probe. 
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Figure 17. Restriction fragment length analysis of 
Msp I digested human DNA. Two normal control human DNA 
samples (N) and seven primary endometrial carcinomas (T) 
were digested with Msp I and separated on a 1% agarose 
gel. The corresponding Southern blot was probed with the 
3.3 kb hHK cDNA as described in the legend to Figure 14. 
The arrow indicates the normal allele which is absent in 
all the tumor samples analyzed. 
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Figure 18. Restriction fragment length analysis of 
Mbo I digested human DNA. DNA from a benign human 
prostate (lane 1), five normal endometrial samples (lane 
2) and eight primary endometrial carcinomas (lanes 3-10) 
was digested with Mbo I and separated on a 1% agarose 
gel. The corresponding Southern blot was probed with the 
3.3 kb hHK cDNA as described in Figure 14. The arrow 
indicates the normal allele which is absent in all the 
tumor samples analyzed. 
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Figure 19. Restriction fragment length analysis of 
Xba I digested human DNA. DNA from a benign human 
prostate (lane N-1), five normal endometrial samples 
(lane N-2), seven primary endometrial carcinomas (T) and 
the AS-3 0D hepatoma (H) was digested with Xba I and 
separated on a 1% agarose gel. The corresponding 
Southern blot was probed with the 3.3 kb hHK cDNA as 
described in Figure 14. 
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Figure 20. Southern hybridization of AS-30D DNA 
with types I, II and III hexokinase. Following digestion 
with the indicated enzymes (Bam HI, B; Eco RI, E; Hind 
III,*Hd; Hinf I, Hf; and Pst I, P), AS-30D DNA was 
analyzed by Southern blotting as described in the legends 
to Figures 10, 11 and 12 with the types I, II and III rat 
HK cDNA probes. 
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CHAPTER IV 

DISCUSSION 

It appears that the hypothesis that a hexokinase cDNA 

could be used as a probe to detect tumor-specific RFLP 

changes has been validated. Specifically, a cDNA probe 

coding for rat brain (type I) hexokinase has been used to 

detect an apparent tumor-specific band of 13.4 kb in rat 

hepatoma DNA compared to normal rat liver DNA (Figure 4). 

In a series of 12 rat hepatomas of varying growth rates, 

only DNA isolated from the four most rapidly growing 

tumors contained the 13.4 kb or similar bands (Figures 8 

and 9) . Hepatomas of slow or intermediate growth rate 

resembled normal rat liver in lacking this band. 

It should be emphasized that this 13.4 kb restriction 

fragment was detected in rapidly growing tumors from two 

polymorphic backgrounds (Sprague-Dawley and ACI) . The 

gain of an identical polymorphism between tumors induced 

in different rat strains lends support for some as of yet 

unidei.tified functional significance. While the normal 

RFLP patterns for the ACI rats are unknown, the 

polymorphic backgrounds would seem to be sufficiently 

conserved within, and similar between the Sprague-Dawley 

and Buffalo strains as to support the conclusion that the 
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13.4 kb band is characteristic of tumors of rapid growth 

rate having elevated aerobic glycolytic activities. 

The functional significance of this change for tumor 

glycolysis is not known. Evidence from our laboratory 

indicates that hexokinase mRNA is elevated in the AS-3 0D 

hepatoma compared to normal rat liver (Mittanck, 1992), 

consistent with the increased catalytic activity of this 

enzyme in the hepatoma (Nakashima et al. , 1988). 

Increased HK activity is required to allow the rapid rate 

of aerobic glycolysis observed in this and many other 

rapidly growing tumors (Knox et al. , 1970; Weinhouse, 

1972; Pedersen, 1978; Nakashima et al. , 1984). There is 

no direct evidence either in support of or in 

contradiction to the hypothesis that recombination or 

point mutations in the HK genes could result in 

transcriptional activation. It is nevertheless a rather 

large coincidence that all of the rapidly growing, highly 

glycolytic tumor cell lines tested show similar bands of 

about 13.4 kb. This implies that the 13.4 kb fragment 

might be linked in some manner to tumor progression. 

It could be argued that the best way to perform these 

experiments would be to chemically induce hepatomas in 

rats and to compare tumor and normal tissues from the 

same individual. Although this approach has some merit, 

it should be remembered that the objective of these 
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studies was to compare digestion patterns with a 

hexokinase probe in a series of well characterized 

hepatomas of defined growth rate and glycolytic activity. 

Although it is fairly simple to chemically induce rat 

hepatomas, accurate determination of their growth rates 

would require that individual hepatoma cell lines become 

established and characterized, repeating work that 

occupied Harold Morris for twenty years in the 1960's and 

1970's. Measuring growth rates in situ could be 

complicated, since it is likely that multiple primary 

tumors of varying growth rate would be induced in 

individual rats. 

Although somewhat disappointing, the apparent lack of 

utility hexokinase demonstrates (as a probe for the 

detection of restriction fragments unique to human 

endometrial tumors) does not completely rule out its 

applicability to this problem. The probe was only used 

to analyze a series of primary endometrial tumors. It 

might be possible to detect polymorphisms in tumors 

derived from other human tissues such as the liver or 

brain. The two restriction endonucleases which show 

allelic losses in the endometrial tumors when compared to 

normal tissues would seem to lend support for further 

study of this area. Also, probes for the other 

regulatory enzymes in the glycolytic pathway 
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(phosphofructokinase and pyruvate kinase) might also lend 

themselves to this application of RFLP analysis. 

The availability of recently cloned cDNAs for the 

Type I, II and III isozymes of hexokinase has made 

possible, for the first time, direct observation of the 

number and relationships of their corresponding genes in 

tumor cells. In the present study, evidence is provided 

for three separate genes coding for the individual tumor 

isozymes. The "type I-like" and "type Il-like" genes 

appear to be closely related, since they hybridize to 

several fragments which comigrate and the relative 

numbers of bands recognized by the two probes are 

comparable, indicating similar size and possibly 

organization of the two genes. The "type III-like" 

hexokinase banding patterns are comprised of fewer 

fragments and are quite simple in contrast to the "type 

I-like" and "type Il-like" genes. The "type Ill-like" 

hexokinase did not share any restriction fragments with 

either the "type I-like" or "type Il-like" isozymes, 

consistent with its lower degree of sequence homology 

compared with the latter two isozymes (Thelen and Wilson, 

1991; Schwab and Wilson, 1989; Schwab and Wilson, 1991). 

The smaller number of fragments recognized by the type 

III probe suggests a distinct and possibly more simply 

organized "type Ill-like" locus in hepatomas. 
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In addition to these comparisons between the tumor 

isozymes, the AS-30D hepatoma appears to be characterized 

by the loss of a "type Ill-like" allele when compared to 

normal rat liver. This is the first report of a distinct 

type III hexokinase allelic polymorphism between normal 

and tumor tissues. It is also worth noting that both 

types I and III probes hybridized equally well with tumor 

and normal DNA, while the type II cDNA recognized the 

hepatoma DNA much more intensely than the normal DNA. 

This is an interesting observation since the type Il-like 

gene is highly expressed (Shinohara et al. , 1991) and the 

specific activity of the isozyme is greatly increased in 

highly glycolytic hepatoma cells when compared with 

normal tissues (Nakashima et al. , 1988). 

The cDNA sequences have been compared for both the 

carboxyl- and amino-terminal halves of the three isozymes 

(Thelen and Wilson, 1991; Schwab and Wilson, 1989; Schwab 

and Wilson, 1991) . The carboxyl-terminal half of the 

type III clone shows 73 and 7 5% homology to the type I 

and II clones, respectively. However, the type I and II 

cDNAs are about 87% homologous over the same region. 

Similarly, the amino-terminal half of the type III clone 

is 55 and 58% homologous with the type I and II isozymes 

which, in turn, share 82% homology (Thelen and Wilson, 

1991). These sequence comparisons parallel the 
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similarities we have observed between the restriction 

patterns of the type I and II isozymes as well as the 

distinct nature of the type III gene. 

The only genes from the hexokinase family 

characterized to date code for human and rat glucokinase 

or type IV HK (Magnuson et al. , 1989; Hayzer and 

lynedjian, 1990; Tanizawa et al. , 1992). Although the 

number of HK genes in the rat genome has not been 

determined, there are probably more than one. Based on 

the limited sequence homology of 51%, (Schwab and Wilson, 

1989), between the type I and type IV HK cDNAs, they 

would seem to be coded for by separate genes as well. 

The possibilities of alternate splicing, different 

reading frame, or alternate polyadenylation sites 

generating both mRNAs from the same gene would appear to 

be improbable when considering the observation that there 

are no extended regions of sequence identity between the 

two cDNAs more than about twenty base pairs long 

(Magnuson et al. , 1989; Schwab and Wilson, 1989). The 

putative evolutionary relationships among mammalian HK 

genes has been discussed (Nishi et al. , 1988; Arora et 

al., 1990). It is reasonable to expect that there are at 

least four HK genes coding for the major isozymes of this 

protein in mammals (Ureta, 1982), and data presented here 

seems to support this conclusion. 
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The purpose of this study was to determine whether or 

not RFLP analysis with a hexokinase cDNA probe could be 

used to detect and/or stage tumors. It appears that the 

answer to both questions is a qualified yes, at least 

with respect to the model animal system. It should be 

stressed that the 13.4 kb band is present in rapidly 

growing tumors and missing in normal tissues. This 

distinguishes these results from most previous studies, 

which have consistently shown the absence of one or more 

bands in tumor DNA that were present in normal cell DNA 

(Toguchida et al. , 1989; Vogelstein et al. , 1989; Radford 

et al., 1990). Although it was important to investigate 

thisi. subject in a series of well-characterized animal 

tumors of known growth rate, preliminary experiments on 

human endometrial tumor samples show promise that this 

technique might have application to human cancer 

detection, since 2 of 13 enzymes tested reveal different 

restriction patterns between tumor and normal tissues. 

The data presented herein also yield some insight into 

the relationships and number of genes responsible for the 

expression of this family of isozymes Since the cloning 

and characterization of genes for the hexokinases from 

transformed cells would seem the logical next step in 

understanding the regulation of their expression, 

analysis of the number of genes as well as their 
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comparison would seem beneficial to the completion of 

this task. 
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