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ABSTRACT 

The central question of my dissertation is does cellular 

transformation increase the occurrence of gene amplification. I used 

a model system in which cellular transformation could be controlled 

by shifting the temperature. Rat-1 was the parental cell line and 

was not transformed at any temperature. The LA24 cell line carries 

an avian sarcoma virus with a temperature sensitive mutation in the 

v-src gene. These cells are transformed at 3S·C, but become 

nontransformed at 40·C. Measurements of cell transformation 

included 1) growth on plastic, 2) growth in soft agar and 3) v-src 

RNA and protein expression. 

My first experiments were to examine the frequency and 

mechanisms of MTX and colchicine resistant variants. The frequency 

in generating MTX resistant clones was the same in transformed and 

nontransformed LA24 cells. However, dihydrofolate reductase gene 

amplification was the preferred mechanism of MTX resistance in 

transformed LA24 clones. The frequency in generating colchicine 

resistant clones was no different in transformed and nontransformed 

LA24 cells. P-glycoprotein gene amplification was also the preferred 

mechanism of colchicine resistance in transformed LA24 clones. 

To directly study the mutation rate of colchicine resistant 

variants on transformed and nontransformed LA24 cells, Luria

Delbruck fluctuation analysis was performed. Colchicine resistant 

------------------------ - -- ---- . - - -. 
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variants were derived from a single cell that were grown to a 

population size of 105 cells: they were then selected with 

colchicine. The data showed no increase in the mutation rate of 

transformed LA24 cells compared to untransformed cells upon 

selection in colchicine. 

In summary, I have shown that v-src transformation in Rat-1 

fibroblasts causes a high frequency of P-glycoprotein gene 

amplification when selected with colchicine, and a high frequency of 

dihydrofolate reductase gene amplification when selected with MTX. 

Even though gene amplification is enhanced by v-src transformation, 

the frequency of generating colchicine and MTX variants is not 

related to cellular transformation state. 

11 
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CHAPTER 1 

INTRODUCTION 

Genomic Instability and Gene Amplification 

The acquisition of new traits such as metastasis and drug 

resistance occurs frequently in human tumors (1,2). These 

observations suggest that genome instability plays a key role in 

tumor progression. Genomic instability is defined as chromosomal 

aberrations including alterations such as aneuploidy, 

translocations, point mutations, deletions, duplications, and gene 

amplifications (2). In this dissertation, I have tested the 

hypothesis that v-src transformation of Rat-1 cells is associated 

with an increased frequency of gene amplification. 

Gene amplification as a mechanism of drug resistance was 

initially discovered in a series of transformed cell lines that had 

undergone stepwise selection for methotrexate (MTX) resistance. Alt 

et ale (3) were the first to show molecular evidence of 

dihydrofolate reductase (DHFR) gene amplification; a 35 fold 

increase of the DHFR gene copy number was observed in MTX resistant 

L1210 murine lymphoma cells. Those cells which amplified the DHFR 

gene were able to survive in high doses of MTX (e.g. 30 pM). 

Cytogenetic correlates of gene amplification were observed by 

Biedler et ale (4) when they identified homogeneous staining regions 

in MTX resistant Chinese hamster cells. Amplification of several 

----------------------------.- .--
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other drug resistance genes, especially the multidrug resistant 

gene, have also been described in tumor cells (5) and tumor cell 

l1nes (6,7). 

Gene amplification 1s not limited to drug resistant cell lines, 

cellular oncogene amplification in both primary tumors and tumor 

cell lines has also been extensively studied. N-myc gene 

amplification occurred in 40% of neuroblastoma tumors and in almost 

all neuroblastoma cell lines (8/9) tested by Brodeur et al.(8). 

Amplification of N-myc in neuroblastoma tumors has been shown to 

correlate with a poor clinical outcome (8). C-erbB-2 amplification 

was found in 30% of all breast tumor cell lines tested (9). The c

erbB-2 gene amplification was also correlated with a poor prognosis 

in breast cancer patients (10). In addition, c-myc has been 

reported to be amplified 20 fold in 13 of 25 small cell lung 

carcinoma cases of human cancer (11). 

V-src Transformation and Interaction with Other Oncogenes 

The v-src gene is known to have tyrosine kinase activity as its 

transforming property (12). I was interested in whether the v-src 

gene product which is a tyrosine kinase could alter mechanisms of 

drug resistance. Multiple isolates of temperature sensitive v-src 

gene have been described (13). I chose to study Rat-1 cells which 

carry a temperature sensitive v-src (LA24), since this system would 

allow me to study cells with genetically identical backgrounds. The 

only difference observed was that at the permissive temperature 

--------------_. - -
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(35·C), LA24 cells were transformed as characterized by growth in 

soft agar and loss of contact inhibition. 

V-src encodes a protein with intrinsic tyrosine kinase activity 

(12). The LA24 mutation in v-src is a point mutation which results 

from changing glycine to aspartic acid, resulting in the loss of 

tyrosine kinase activity. The critical pathways through which 

tyrosine kinase induces cellular proliferation and malignant 

transformation are not well defined. Elucidation of the mechanisms 

of src transformation and its relationship to gene amplification 

will require determination of the roles played by cellular proteins 

which are phosphorylated by src. 

Recently, some proteins in the phosphoinositol and protein 

kinase C (PKC) signal transduction pathway were reported to be 

phosphorylated by src (14,15). Johnson et ale (14) reported that 

the activity of a key enzyme in the formation of inositol tetrakis

phosphates, inositol (1,4,5)-triphosphate 3-kinase, was increased 6-

8 fold in cytosolic extracts prepared from the v-src transformed 

Rat-l cells, suggesting that this enzyme may be one substrate for 

the pp60src kinase and that it may participate in the synthesis of 

novel, higher order inositol phosphates. Spangler et ale (15) 

showed both v-src and v-fps could induce phosphorylation of a PKC 

substrate (a 67 kd protein) in chicken embryo fibroblasts. They 

also showed that a PKC mediated signal-transduction pathway was us(~d 

by the v-src and v-fps gene product to induce expression of the 

transformation-related 9E3 gene. Activated protein kinase C or the 

14 



protein kinase C mediated pathway subsequently may lead to abnormal 

regulation of cell growth. 

The src gene product has been reported to interact with the ras 

gene (16). Ras is a transforming GTP binding protein. 

Interestingly, GTPase-activating protein (GAP) and p62, p190 (two 

GAP associated proteins) were suggested to be substrates of v-src 

and v-fps in Rat-l cells (16). The ras oncogene, also has been 

reported to alter the same inositol phospholipid metabolism pathway 

during cellular transformation (17). Therefore, the tyrosine 

phosphorylation of GAP provides a direct link between tyrosine 

kinase and ras encoded proteins. Furthermore, the ras gene was 

reported to activate a nuclear proto-oncogene c-fos expression in 

rat embryo fibroblasts, through kinase C and serum response element 

pathway (18). The fos gene product could further stimulate the 

transcriptional factor AP-l activity and subsequently regulated gene 

expression (19). 

It is possible that one effect of the activation of the v-src 

tyrosine kinase in LA24 cells is to set off a chain of reactions, 

perhaps via a second messenger produced in phosphatidylinositol 

pathway (Figure 1) and interactions with other oncogenes (e.g. ras, 

fos). The chain reaction may enhance expression of genes (e.g. AP-l 

protein may increase gene transcription), and the highly transcrib(!d 

genes may be the target gene for gene amplification (Figure 1). 

Transformation induced by oncogenes leads to a myriad of cellular 

------------------------.---.~--.. -----... --.•....... 

15 



41.: 

p, ~GAP..K 
"a. 

Kinase C 

.......... c-fos 

t 
AP-1 

regulators AP-1 

? t 
transcription 

'&. 

nucleus 

? gene amplification 

Figure 1. Schematic model of how v-src transformation could lead to 
gene amplification. Src protein may set off chain reactions 
either through second messengers to activate kinase C, 
or through Interaction with proto-oncogenes to enhance gene 
amplification. P: phosphorylation. GAP: GTPase activating 
protein. 
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changes through protein phosphorylation; it is possible that these 

changes could enhance the frequency of gene amplification. 

Therefore, I was interested to know if v-src transformation could 

increase the frequency of gene amplification under drug selection. 

Mutation Rate of Drug Resistance in LA24 and Rat-1 Cells 

To test the mutation rate in LA24 cells at permissive and non

permissive temperatures, Luria-Delbruck fluctuation analysis was 

used. Luria-Delbruck fluctuation analysis (20), was first used to 

measure the rate of mutation of bacteria resistant to viral 

infection. Fluctuation analysis has prevailed beyond this original 

application as an important method in somatic cell genetics and 

cancer biology. The most important concept of the Luria-Delbruck 

analysis is that the frequency of resistant cells can fluctuate 

widely in separate populations each grown from one or a few cells. 

Mutation rate can be calculated from such multiple populations using 

the fraction of populations that have zero mutations. This analysis 

has been used in measuring the rate of generation of metastatic 

variants in B16 melanoma (21) and KHT fibrosarcoma cells (22). 

These studies showed that the frequency of generation of metastatic 

variants varied significantly in both B16 and KHT cells. Recently, 

Tlsty et al. (23) also analyzed the rates of gene amplification in 

tumorigenic and nontumorigenic rat liver epithelial cell lines. I 

have also used this method to calculate the mutation rate of 

generating colchicine resistant clor.es in v-src transformed and 

nontransformed rat cells. 

17 
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My dissertation will be presented in three major sections. The 

first section will present the characterization of Rat-1 and lA24 

cell lines in detail. The next section outlines the method used for 

generating methotrexate resistant variants, and studies the 

mechanisms for resistance. The last section presents the frequency 

of colchicine resistant variants in a mass population and mechanisms 

for colchicine resistance. This section also used luria-Delbruck 

fluctuation analysis to calculate the mutation rates of lA24 cells 

selected in colchicine at the transformed temperature (35·C) and the 

nontransformed temperature (40·C). 

----------_ .. _.-._- - -
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CHAPTER 2 

INCREASED FREQUENCY OF GENE AMPLIFICATION IN COLCHICINE RESISTANT AN 

D METHOTREXATE RESISTANT RAT FIBROBLASTS TRANSFORMED BY V-SRC 

IntroduCtion 

Genetic instability has been implicated as an important factor 

in the development and progression of human tumors (24). 

Cytogenetic studies of solid tumors have shown that the majority of 

tumors are aneuploid and have complex genetic changes (25). In 

experimental- systems, unstable genetic changes such as gene 

amplifications occur frequently in rodent and human cell lines which 

acquire drug resistance (26). One important question in tumor 

biology is whether transformed cells generate drug resistant 

variants at a higher frequency than non-transformed cells; in 

addition, the types of mutations arising in transformed cells may be 

significantly different than those seen in non-transformed cells. 

This question has been difficult to answer since most tumors 

differ from normal tissues by multiple genetic changes, and the role 

of each of these changes is poorly understood. I have chosen to 

work with a cellular system in which malignant transformation is 

under control of an active v-src gene product. LA24 cells are 

transformed if the cells grown at 35·C, however, the cells are not 

transformed if they grown at 40·C. The expression and activity of 

19 



pp60src at the permissive and non-permissive temperatures have been 

characterized, showing that transformation occurs only in the 

presence of active pp60src • The subsequent studies showed that the 

frequency of generating colchicine and methotrexate (MTX) resistant 

variants was not significantly different in transformed and non

transformed cells; however, the types of mutations present in 

colchicine resistant and methotrexate resistant transformed clones 

differed strikingly from the mutations present in resistant non

transformed clones. Amplification of the P-glycopl"otein gene 

occurred only when v-src transformed cells were selected with 

colchicine. Similarly, DHFR gene amplification occurred frequently 

in clones selected in MTX at the temperature permissive for v-src 

activity. These studies show that genome instability as measured by 

the frequency of amplification of two independent genes is higher 

when Rat-l fibroblasts are transformed. 

Materials and methods 

Cell Culture and Isolation of Drug Resistant Clones 

The Rat-l cell line carrying the LA24 mutation was originally 

isolated by Wyke et al.(13) and was given to us by Dr. Eugene 

Gerner, University of Arizona. We also obtained non-transformed 

Rat-1 cells from Diana Humphries, University of Arizona. Cells were 

cultured in Hamm's F12 medium supplemented by 10% fetal bovine 

serum, 2 mM glutamine, 100 units of penicillin and 100 pg of 
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streptomycin per ml (all tissue culture media from Grand Island 

Biological Co., New York). Cultured cells were routinely checked 

for mycoplasma and were free from contamination. LA24 cells were 

incubated at 35·C and 40·C in S% C02 incubators. 

To measure growth in soft agar, ~A24 cells (100 cells/60mm dish: 

in triplicate) were plated into F12 medium containing 0.4% agarose 

as previously described (28) and incubated for 1 week at either 35°C 

or 40·C. The number of colonies larger than 50 cells (5 pm) was 

counted using an automated colony counter (29). 

To determine the colchicine LD50S (the drug concentration which 

can kill 50% of the cells) in the LA24 cell line cultured at 35·C 

[LA24 (35·C)] and 40·C [LA24 (40·C)], cells (2xl02 to 2xl04) were 

plated into varying colchicine concentrations (Grand Island 

Biological Co., New York: 1 ng/ml to 50 ng/ml) in 100 mm dishes: one 

week later, plates were fixed with 3:1 methanol:acetic acid, stained 

with Giemsa, and surviving colonies counted. Plating efficiency in 

medium without drug was determined for each experiment. For each 

temperature, cell survival was plotted against drug concentration on 

semi logarithmic paper and the LD50 was derived from the curve. 

Colchicine resistant clones were derived by plating 1-2xl06 

cells/ 100 mm dish (4 plates per experiment) and plates were 

selected with 4 times the colchicine LD50 concentration at either 

3S·C or 40·C. Three additional plates without drug were used to 

determine the plating efficiency for each drug selection. After 3-4 

weeks of continuous colchicine ex~osure, individual drug resistant 
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colonies were visible. Two colchicine selected plates were fixed to 

count the number of surviving colonies; from two other plates, 

surviving colonies were isolated using a cloning ring and placed 

into 12 well plates. Individual clones were expanded to 107 cells in 

the colchicine concentration at which they were originally selected. 

The MTX L050S for LA24 cells cultured at 35·C and 40·C were 

determined as described above except that cells were selected in 

Hamm's F12 medium lacking glycine, hypoxanthine and thymidine (-GHT) 

and supplemented with 10% dialyzed fetal bovine serum. MTX was 

obtained from Lederle Laboratories (Carolina. Puerto Rico). The 

L050S at 40·C and 35·C were similar. MTX resistant clones were 

isolated by plating 1.5-3 X 106 per 100 mm dish (4 per group) into 

medium containing 6 times the MTX L050; drug selection was 

maintained for 3-4 weeks at which time colonies of 50 pm appeared. 

Individual clones were isolated as described above and expanded in 

the presence of MTX. 

V-src Gene Copy Number and Chromosome Analysis of LA24 Cells 

DNA was isolated from LA24 cells as previously described (30) 

using phenol. chloroform extraction and restricted with 5 different 

restriction enzymes (EcoR I, 8g1 II, Sst I, 8amH I, Xba I) which do 

not have cleavage sites within the published v-src sequence. Ten pg 

of each digest was separated on a 0.9% agarose gel and was 

transferred to a nitrocellulous paper. as previously described (31). 

Clone pEcor18, a genomic clone of v-src from the RSV SRA-2 strain 

(32), was labelled by the [32 p] random priming method of Fineberg 
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and Vogelstein (33) and hybridized to the filter containing LA24 DNA 

as previously described (30). 

For chromosome analysis, .exponentially growing cultures were 

treated with Colcemid [(7 pl/ml) Grand Island Biological Co., New 

York] for 45 minutes, treated with 0.075 M KCl for 10 minutes and 

fixed with 3:1 methanol:acetic acid. Slides of metaphase 

chromosomes were stained with Wright stain (1.5 ml Wright stock 

stain in 4.5 ml 0.06 M Na2HP04/KH2P04 buffer) for 1 minute and 45 

seconds. Modal number of chromosomes for each cell line was 

determined by counting 25 metaphase spreads. 

Analysis of v-src RNA in LA24 Cells 

Total cellular RNA was extracted from Rat-1 (35·C) ,LA24 (35·C) 

and LA24 (40·C) as previously described (30). RNA (5pg, 2.5pg, 

1.25pg, 0.6pg and 0.3 pg) was applied to duplicate nitrocellulose 

filters using a dot blot apparatus. One filter was hybridized to 

[32 p] labelled pEcorlB (32) to measure the amount of v-src message 

present: the second filter was hybridized to pHFp A-3 I ut, a p-actin 

cDNA clone of human origin (34), as a control for the amount of RNA 

present on the filter. Hybridization and washing conditions were as 

previously described (8). Autoradiographs from the filters were 

analyzed by a scanning densitometer (Bio-Rad). 

V-src Protein Analysis by Western Blot 

Cells from Rat-1.and LA24 cell lines cultured at 35·C and 40·C 

(5x10 7 per determination) were collected by scraping cells into cold 
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phosphate buffered saline' (GIBCO, New York) and lysed in 350 1'1 of 

RIPA buffer (10 mM sodium phosphate, pH 7.0, 150 mM NaC1, 0.1% SOS, 

1% NP-40 and 1% sodium deoxycholate) at 4·C. The 1ysates were 

sonicated and centrifuged at 16,000xg for 15 minutes to clarify the 

supernatants. The protein concentration of the supernatants was 

determined by the BCA protein assay (Pierce Chemical Company) and 

500 pg of protein from each lysate was applied to a 7.5% SOS

polyacrylamide gel and subjected to 10 milliamps overnight. In 

addition, 150 ng of c-src produced from bacteria expressing c-src 

(kindly provided by Dr. Joan Brugge) was used as a marker. The gel 

was electroblotted onto a ~itrocellulose paper at 0.3 amps for 2-3 

hrs at 4·C and the blot,was incubated in blocking buffer (10 mM 

Tris-HC1, pH 7.5, 170 mM NaCl, 1% Carnation instant low fat dry 

milk, 0.02% Sodium Azide) at 37·C overnight. MAb 327, a mouse 

monoclonal antibody which recognizes a 51 epitope of both c-src and 

v-src (35) was used in a 1:20 dilution and incubated with the blot 

at room temperature for 2 hours. The blot was then washed 4 times 

in wash buffer (10 mM Tris-HC1, pH 7.5, 170 mM NaCl, 0.5% Geltin, 

0.05% NP-40). An [1251] rabbit anti -mouse' antibody (3 pC1) was then 

incubated with the blot for,2 hours at room temperature. The 

immunoblot was then washed 4 times in wash buffer for 20-30 minutes 

each time and exposed to x-ray film. 
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Determination of P-glycoprotein Gene Copy Number in Colchicine

Resistant Clones 

Genomic DNA was isolated from colchicine resistant clones (5 x 

107 cells/clone) as previously described, quantitated using the DAPI 

binding method (36) and 10 pg was restricted with XbaI: these 

samples were separated by electrophoresis and Southern transferred 

as described above. DNA bound to filters was hybridized to [3 2p] 

oligolabelled CHP1, a cDNA for hamster P-glycoprotein (37). After 

exposure to x-ray film, the radioactive probe was removed from the 

blot according to the manufacturer's instructions (Schleicher and 

Schuell, Keen, N.H.). The same blot was prehybridized again and 

then hybridized to radiolabelled PRM16 [5' end of the rat 

glucocorticoid gene, provided by Roger Miesfeld:(38)], as a single 

copy gene standard. Intensity of hybridization to CHP1 and PRM16 was 

quantitated by scanning densitometry (Bio-Rad). 

Determination of Dihydrofolate Reductase Gene Copy Number in 

Methotrexate-Resistant Clones 

Genomic DNA was isolated from MTX-resistant cell lines as 

described above. Ten pg of DNA from each clone was restricted with 

Hind III, separated on a 0.9% agarose gel and Southern transferred. 

The filter was first probed with [32 p] labelled 011 [a cloned 

fragment of a mouse DHFR cDNA: (39») and autoradiographed. The 011 

probe was stripped from the blot and reprobed with [32 p] labelled v

src [pEcorlB : (32)] and autoradiographed. In this case, v-src was 

used as a DNA standard to look for DHFR amplification in each clone. 

_________________ 0 __ 0_- _ 
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Results 

Characterization of LA24 and Rat-l Cells 

A. Cell Growth Parameters 

The monolayer growth pattern of LA24 at permissive and non

permissive temperatures is compared to the growth of uninfected Rat-

1 cells (Figure 2). Rat-l cells have a flat, elongated morphology 

and are contact inhibited in confluent cultures (Figure 2A): this 

morphology is the same whether cells are grown at 35·C or 40·C. 

When LA24 cells are grown to confluence at the non-permissive 

temperature (40·C), their morphology resembles Rat-l (Figure 2B). 

In contrast, if LA24 cells are grown to confluence at the permissive 

temperature (35·C), the cells lose contact inhibition, round up, and 

grow as multilevel clusters on the plate (Figure 2C). Thus, at the 

permissive temperature, LA24 cells have a transformed morphology. 

We next determined whether LA24 cells grown at permissive and 

non-permissive temperatures had different plating efficiencies in 

soft agar. Triplicate dishes of Rat-l and LA24 cell lines 

containing 200 cells per plate were incubated at 35·C and 40·C for 

one week. Rat-l parental cells incubated at either temperature did 

not form col onfes. However, 14% of the LA24 (35·C) cells formed 

colonies of 50 cells or greater: in contrast, LA24 (40·C) cells did 

not form colonies. These results show a direct correlation between 

transformed morphology in monolayer cultures and growth in soft 

agar. Our soft agar growth data is in agreement with other studies 

-------------------------.-----.. ---.~.-... -- .. -_ ... _ ..... 
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Figure 2. Growth patterns of Rat-l (40 0 C) cells (A), LA24 
(40 0 C) cells (B), and LA24 (35°C) cells (C) in 
tissue culture plates. 
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(40) which have shown that NRK cells carrying different temperature 

sensitive v-src mutations lost the ability to grow in soft agar at 

the non-permissive temperature. 

B. Chromosome and DNA Analysis 

Since infection of mammalian cells with a virus can produce a 

highly aneuploid cell line (42), we determined the chromosome number 

of Rat-1 and LA24 cells grown at 35·C and 40·C. At either 

temperature, Rat-1 fibroblasts were hypodiploid (n=41), but had a 

near normal chromosome number for rats (n=42) (Figure 3A). The 

chromosome number for LA24 fibroblasts (n=36) was slightly lower 

than in Rat-1 at both the permissive (Figure 38) and non-permissive 

temperatures (Figure 3C). No gross chromosome rearrangements were 

detected in LA24 metaphases. We conclude that RSV infection did not 

induce a highly altered chromosome number. 

We also determined the number of RSV provirus copies in LA24 

cells. DNA was isolated from LA24 (35·C) and LA24 (40·C) cells, 

cleaved with EcoR I, 8g1 II, 8amH I, Sst I and Xba I restriction 

enzymes which cut outside the v-src gene, and analyzed by Southern 

blot (Figure 4). The filter was probed with [32 p] labeled v-src DNA 

(32). Lanes 1 and 2 showed two bands of 3.5 and 2.3 kilobases (kb) 

when the DNAs were digested with EcoRI. Three bands of 4.1, 3.7 and 

2.5 kb were present in lane 3 and lane 4 upon digestion of DNA with 

8g1 II. When the DNAs were digested with Sst I, a light band of 9.0 

kb and a darker band of 6.5 kb were present in lanes 5 and 6. The 

BamH I digestion resulted in two bands of 6.3 and 4.3 kb in lanes 7 

----_ .. - .. __ .. _-----------------
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Figure 3. Metaphase chromosome spreads from Rat-l 
(40 0 C) cells (A), LA24 (40 0 C) cells (8), 
and LA24 (35°C) cells (C). 
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'Figure 4. Southern blot showing the number of RSV provirus copies 
in LA24 cells grown at 35°C and 40°C. DNA was isolated 
and restricted with 5 different enzymes, Southern blotted 
and hybridized to a v-src clone. Lanes 1,3,5,7,9: DNA 
from LA24 (35°C) cells. Lanes 2,4,6,8,10: DNA from LA24 
(40°C) cells. Rat-1 DNA at either temperature did not 
hybridize with this probe (data not shown). 
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and 8. Lastly, Xba I digestion showed a very light band of 9.0 kb 

and two smaller bands of 3.7 and 3.4 kb in lanes 9 and 10. Analysis 

of Southern blot showed that at least two bands were present in each 

lane. Because enzymes used do not have cleavage sites within the v

src sequence, each band should correspond to one copy of the 

integrated v-src gene. Accordingly, the data is consistent with the 

presence of two independent copies of the provirus at both 

permissive and non-permissive temperatures (Figure 4). Under 

stringent hybridization conditions, no v-src hybridization was seen 

when Rat-1 DNA was probed. 

C. Expression of the pp60src Gene 

Most temperature sensitive mutations are due to altered 

conformation of the protein at the non-permissive temperature, which 

inhibits normal enzyme activity (42). However, a gene containing a 

temperature sensitive mutation may also be transcribed at a lower 

rate at the non-permissive temperature. The amount of v-src RNA in 

Rat-1 and LA24 cells grown at 35·C and 40·C was determined by 

isolating total cellular RNA and probing RNA dot blots with cloned 

v-src DNA. As a control for the amount of RNA loaded. a duplicate 

RNA filter was probed with p-actin cDNA (Figure 5. pannel B). As 

expected, Rat-1 RNA did not hybridize to the v-src probe (Figure 5. 

lane 1): however, a significant amount of v-src RNA was present in 

LA24 (35·C) and LA24 (40·C) cells (Figure 5, pannel A, lanes 2.3). 

The steady state level of v-src message appeared to be slightly 

lower in cells cultured at the non-permissive temperature (Figure 

--------------------------_. __ ... -... _--._ ... _.--.. --
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Figure 5. RNA dot blot quantitating the amount of v-src message 
present in LA24 and Rat-l cell lines. RNA was isolated 
as described in the Materials and Methods and applied to 
duplicate filters in a dilution series (10, 5, 2.5, 1.25, 
0.625 ug). One filter (upper panel) was probed with radio 
labelled v-src; the other filter was probed with labelled 
beta actin (lower panel). Row 1, Rat-l (40°C) RNA; Row 2, 
LA24 (35°C) RNA; Row 3, LA24 (40°C) RNA. 
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5A, lane 3). To quantitate this apparent decrease in v-src message, 

the hybridization of the v-src probe was compared to hybridization 

of the p-actin cDNA for each RNA concentration tested. The ratio of 

v-src/actin intensities as measured by densitometry showed 32% less 

v-src message in LA24 (40·C) cells (data not shown). These results 

suggest that the LA24 v-src message is synthesized at a lower rate, 

or the message was less stable, when LA24 cells are grown at 40·C. 

Since there was less mRNA present in LA24 (40·C) cells than LA24 

(35·C) cells, the amount of v-src protein present was determined by 

isolating cellular proteins from Rat-1 and LA24 cells grown at 

permissive and non-permissive temperatures. Proteins were separated 

by gel electrophoresis and transferred to nitrocellulose using the 

Western blot technique (35). The first lane contained 150 pg of c

src isolated from bacteria as marker. Lane 2 contained 500 pg Rat-1 

(40·C) protein lysate. Lane 3 contained 500 pg LA24 (35·C) protein 

lysate. Lane 4'contained 500 pg LA24 (40·C) protein lysate. The 

filter was incubated with MAb 327, a v-src specific antibody that 

recognizes an epitope near the 51 end of the gene (43). A 60 Kd 

band was present in lanes 3 and 4, but lane 2 did not show the 

corresponding band (Figure 6). Because the MAb 327 used in this 

experiment was not purified, lanes 3 and 4 showed other bands which 

did not comigrate with the maker, thus these bands were not src 

protein bands. My experiments show that the v~src protein was not 

present in Rat-1 cells which lack the RSV provirus (Figure 6, lane 
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Figure 6. Western blot analysis of v-src protein in Rat-1 and LA24 
cell lines. Proteins from LA24 (35°C and 40°C) cells, 
and from Rat-1 (40°C) cells, were isolated as described 
in the Methods and Materials. Proteins were separated by 
gel electrophoresis, Western blotted and hybridized with 
MAb 327, a monoclonal antibody which recognizes the v-src 
protein. Lane 1, 150 ng bacterial c-src marker; Lane 2, 
500 ug Rat-1 (40°C) lysate; Lane 3, 500 ug LA24 (35°C) 
lysate; Lane 4, 500ug LA24 (40°C) lysate. 
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2); but pp60src was present in LA24 cells grown at either 35·C or 

40·C (Figure 6, lanes 3 and 4). 

Colchicine Sensitivity of LA24 Cells 

The aim of our studies is to determine whether transformed cells 

have a higher frequency of genome instability than non-transformed 

cells. We have studied genome instability by measuring the 

frequency of gene amplification. A common mechanism for colchicine 

resistance is overexpression and/or amplification of the P

glycoprotein gene (37,44). My first experiments have compared 

colchicine sensitivities of LA24 cells at the permissive and non

permissive temperatures; it was important to establish drug 

sensitivity curves for this cell line, since temperature alone could 

affect colchicine toxicity. LA24 cells were exposed to increasing 

concentrations of colchicine, and cell survival was determined by 

the number of surviving colonies at the end of 1 week. Table 1 

compares the colchicine LD50 values for LA24 cells cultured at 35·C 

and 40·C. LA24 cells cultured at 35·C show the highest resistance 

to colchicine (20 ng/ml), in contrast to LA24 cells cultured at 40°C 

(7.5 ng/ml). 

Since LA24 cells grown at 35·C and 40·C have different 

colchicine sensitivities, we selected colchicine resistant variants 

by incubating LA24 cells at either 35·C or 40·C in 4 times the 

colchicine LD50. In 3-4 weeks, resistant clonal populations 

emerged. The frequency of resistant variants observed by this 

selection was 2xlO- 4 (data not shown). Thus, even though colchicine 
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TABLE 1 

COLCHICINE AND METHOTREXATE SENSITIVITY IN LA24 CELL LINES 

CELL LINE 

COLCHICINE 

LD50 

20ng/ml 

7.5ng/ml 

METHOTREXATE 

LD50 

5.0 nM 

6.6 nM 
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resistant LA24 cells were selected using different drug 

concentrations, the frequency of drug resistant colonies observed is 

similar at 35·C and 40·C, and is consistent with a rare genetic 

change. 

P-Glycoprotefn Gene Amplification in Colchicine Resistant Clones 

Since the frequency of resistant clones arising from selection 

with 4 times the colchicine LD50 was similar in LA24 cells cultured 

at 35·C and 40·C, we next determined whether P-glycoprotein gene 

amplification differed in LA24 clones selected at the two 

temperatures. Ten pg of DNA from clones isolated at 35·C and 40·C 

were restricted with XbaI, separated by gel electrophoresis, and 

Southern transferred. The parental DNA of LA24 (35·C) was loaded in 

lane 1, and lanes 2 through 8 were loaded with DNAs from 7 resistant 

clones derived at 35·C (Figure 7A); The second Southern blot 

(Figure 8A) had the parental DNA of LA24 (40·C) in lane 1, and DNAs 

from the resistant clones derived at 40·C were in lanes 2 through 9. 

Five bands of 9.4, 5.4, 5.0, 3.4, and 1.6 kb, were present within 

each lane of the Southern blot when the blots were probed with CHPl, 

a cDNA for hamster P-glycoprotein [(37), Figure 7A and 8A]. After 

removal of the CHP1 probe, the filters were next hybridized to PRM16 

(38) which was used as a single gene copy standard. One band of 3.4 

kb was present in each lane when the blots were hybridized with 

PRM16 (Figure 78 & 88). The number of P-glycoprotein gene copies 

was determined by comparing the hybridization signal of the 
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figure 7. P-glycoprotein gene copy number in LA24 (35°C) clones 
selected in clochicine. DNAs from parental LA24 (35°C) 
cells and from colchicine resistant variants selected at 
80ng/ml were digested with XbaI, Southern transferred and 
probed with a cDNA to hamster P-glycoprotein (CHP1). A) 
when compared to the hybridization of the parental DNA 
(lane 1), all of the drug resistant clones (lanes 2-8) 
showed a 3-5 fold amplification of the P-glycoprotein 
gene. B) As a control for DNA loading, the CHP1 probe 
was removed and the same filter was reprobed with PRM16. 
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Figure 8. P-glycoprotein gene copy number in LA24 (40°C) clones 
selected in colchicine. DNAs from parental LA24 (40°C) 
cells and from 7 colchicine-resistant LA24 clones selected 
at 40°C in 30ng/ml colchicine were analyzed with the CHP1 
and the PRM16 probes as described in Figure 7. A) and B) 
DNA from parental cells (lane 1) and colchicine-resistant 
clones (lanes 2-9) showed the same hybridization intensity 
ratios of CHP1/PRM16, indicating that the P-glycoprotein 
gene is not amplified in these resistant clones. 

39 



P-glycoprotein bands with that of the PRM16 bands. The P

glycoprotein over PRM16 ratios as measured by densitometry were 

calculated for the parental cell lines and for the colchicine 

resistant clones. In lanes 2 to 8 increases of P~glycoprotein gene 

copy was detected. The increase in gene copy number for individual 

clones were 4, 2.5, 4, 5, 3.3, 4.5 and 3.2 fold. 

In summary, Figure 7 shows that P-glycoprotein gene 

amplification occurred in all 7 LA24 clones selected at 35·C; 

amplification ranged from 3-5 fold. In LA24 clones selected at 

40·C, no P-glycoprotein gene amplification was observed when 

compared to the parent (figure 8). 

Methotrexate Sensitivity of LA24 Cells 

Multiple mechanisms have been shown to cause MTX resistance, 

including altered MTX transport, altered polyglutamylation, altered 

binding affinity of MTX to the target enzyme, dihydrofolate 

reductase (OHFR), and OHFR gene amplification. Since the frequency 

of generating MTX resistant variants was similar at 3S·C and 40·C, 

we next studied whether the frequency of OHFR amplification was 

different at the two temperatures. 

~lTX sensitivity for LA24 cells cultured at 3S·C and 40·C was 

determined by plating cells in medium with different MTX 

concentrations and counting the surviving colonies 1 week later. 

The L050 for LA24 cell s cultured at 3S·C (S nM) and at 40·C (6.6 nr1) 

were similar; unlike with colchicine, the temperature of cell 

incubation played a lesser role in drug toxicity. 

--------_ .. _ ... -_. - -
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DHFR Gene Amplification in MTX Resistant Clones 

We used the same protocol to induce MTX resistant variants that 

we used for generating colchicine variants, except that the MTX 

concentration was 6 times the l050 for each temperature. The 

frequency of MTX resistant variants selectedfn 30 nM MTX at 35·C 

was 1.5 x 10-5: when the same cells were selected with 40 nM MTX at 

40·C, the frequency of resistant variants was 2.4 x 10-5 (data not 

shown). Clonal populations of MTX resistant lA24 clones were 

expanded in the presence of MTX, and DNA was isolated. Ten pg of 

DNA was restricted by HindIII from each of the following samples: 

from parental lA24 cells (35·C and 40·C), from 5 MTX resistant 

clones isolated at 35·C, and from 5 MTX-resistant clones isolated at 

40·C. ONAs were separated on agarose gels, Southern transferred and 

hybridized to [32p] labelled 011 [(a mouse OHFR cONA, (39)]. The 

011 probe was stripped from the filters, which were then hybridized 

to v-src sequence in the genome (32) to use as a standard for DNA 

loading. Autoradiograms from each of the filters were analyzed 

using scanning densitometry. 

Two bands (3.8 and 3.3 kb) were observed in each lane when the 

blot was probed with 011 (Figure 9A). The same filter was stripped 

and reprobed with v-src which was used as a gene copy standard. A 

6.5 kb v-src band was observed in each lane. The similar 

hybridization intensity of the v-src bands in each lane suggested 
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DHFR GENE COpy NUMBER IN LA24 
TRANSFORMED MTX.RESISTANT CLONES (350 C) 

Figure 9A. 

KB P 1 2 34 '5· 

OHFR gene copy number in LA24 (35°C) clones selected in 
methotrexate. ONAs from parental LA24 (35°C) cells and 
from MTX resistant variants selected at 30 nM MTX were 
digested with Hind III and analyzed with 011 and v-src 
probes. When compared to the hybridization of the parental 
ONA (lane P, upper panel), MTX resistant clones showed 2-4 
fold OHFR gene amplification (lane 2,3 and 5, upper panel). 
As a control for ONA loading, the 011 probe was removed and 
the filter was reprobed with v-src (bottom panel). 
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Figure 98. DNAs from the parental LA24 (40 0 C) cells and from MTX 
resistant variants selected at 40 nM MTX were analyzed as 
described in Figure 9A. DNA from LA24 (40°C) parental 
cells (lane P, upper panel) and MTX resistant clones 
(lane 1-5, upper panel) showed the same hybridization. 
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equal amounts of DNA were loaded in these lanes (Figure 9A, bottom 

panel). When the 3.8 kb band of the parental line cultured at 35·C 

(lane P) was compared to the corresponding bands of MTX-resistant 

clones 1-5 (Figure 9A, upper panel lanes 1 to 5) three of the five 

clones (clones 2, 3, and'5) showed more than 5 fold amplification of 

the DHFR gene. The same size (3.8 and 3.3 kb) bands were also 

detected in the Southern blot of LA24 (40·C) when the blot was 

probed with 011 (Figure 96, upper panel). In contrast, when the 

parental cell line cultured at 40·C (lane P of upper panel in Figul~e 

96) was compared to the 5 MTX-resistant clones (lanes 1 to 5 of 

Figure 96), none of the clones showed DHFR gene amplification. I 

confirmed that the gel lanes were loaded equally by removing the 011 

probe and rehybridizing the filter with the v-src probe (Figure 96, 

bottom panel). A 6.5 kb band present in each lane with similar 

hybridization intensity, confirmed that the lanes were loaded with 

similar amount of DNA. 

I have shown that, for two unrelated genes, P-glycoprotein and 

DHFR, gene amplification occurred only when resistant clones were 

isolated at the temperature permissive for v-src activity. 

Discussion 

My results have shown that transformation of LA24 cells can be 

regulated by switching the cell line from the permissive temperatul~e 

of 35·C to the non-permissive temperature of 40·C. This cell line 
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carries two copies of an RSV provirus with a temperature sensitive 

mutation in the v-src gene. The amount of steady state v-src 

message is 1/3 lower when LA24 cells are incubated at 40·C: however, 

the amount of v-src protein is not significantly different at the 

two temperatures. LA24 cellular transformation is associated with a 

3.5 fold increase in tyrosine-kinase activity (Hill et al. 

manuscript in preparation), suggesting that v-src activity causes 

the transformed phenotype. My data are in agreement with other 

studies which show that transformation defective, temperature 

sensitive mutants of RSV have a reversibly defective src gene 

product (42). The LA24 mutation has been identified as a point 

mutation 3' to the active site in the v-src gene (45). 

The question of whether transformed cells are genetically less 

stable than non-transformed counterparts has been addressed by many 

other investigators. Sager et al. (2) showed that diploid, non

tumorigenic Chinese hamster embryo fibroblasts acquired MTX 

resistance at a rate much slower than tumorigenic cells of the same 

lineage. Point mutations are usually observed in 6-thioguanine and 

ouabain resistant variants. Multiple studies (46,47) have compared 

the frequency of generating 6-thioguanine and ouabain variants and 

have shown that tumorigenic and metastatic potential are unrelated 

to the generation of point mutations. Recently, Chambers et al. 

(40) used normal rat kidney cells infected with a temperature 

sensitive RSV (LA23) as a model system to look at MTX resistance in 

transformed and non-transformed cells. These studies showed that 
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temperature alone had an effect on MTX cytotoxicity, and that the 

frequency of generating MTX-resistant variants was the same in the 

transformed and non-transformed cells. 

My data is interesting in that it agrees with the findings of 

Chambers et ale (40) that cellular transformation does not alter the 

frequency of drug resistant mutants, and also with Sager et al.'s 

(2) findings that gene amplification occurs more readily in 

transformed Chinese hamster cells. However, these experiments 

significantly extend those of Sager et al.'s (2) by comparing 

genetically identical transformed and non-transformed cells. Thus, I 

know what cellular protein is responsible for transformation (v

src), and I am looking at clonal populations derived from single 

step selections. Such an approach allows measurement of both the 

frequency of variants produced and the types of mutations produced. 

I have also tested the frequency of generating colchicine resistant 

variants using Luria-Delbruck fluctuation analysis and have found 

that cellular transformation did not increase the mutation rate (Lin 

et al., unpublished studies). 

The most striking finding in our studies was that all the 

colchicine resistant transformed clones isolated showed at least 3 

fold amplification of the P-glycoprotein gene, while none of the 

non-transformed clones showed gene amplification. In addition, OU1~ 

data showed that three of five transformed LA24 clones resistant to 

MTX had more than 5 fold amplified DHFR genes. In contrast, non

transformed LA24 MTX resistant clones showed no gene amplification • 
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These data taken together suggest that gene amplification is related 

to cellular transformation. 

I have only looked at one aspect of resistance, that of gene 

amplification, and I am currently examining individual clones for 

additional changes related to drug resistance. The most recent data 

showed that colchicine resistant clone 6 derived from LA24 (3S·C) 

cells were cross resistant to Adriamycin (14 fold), and had a lower 

accumulation of Adriamycin than the parental LA24 cells. In 

contrast, colchicine resistant clone 3 derived from LA24 (40·C) 

cells showed the same amount of Adriamycin accumulation as the 

parental LA24 (40·C) cells, and showed only low level cross 

resistance (3.4 fold) to Adriamycin. Thus, amplification of the P

glycoprotein gene led to lower accumulation of Adriamycin 

contributes to colchicine and Adriamycin resistance (Lin et at., 

manuscript in preparation). 

One must ask the question whether all mutations leading to drug 

resistance contribute equally to genome instability. Clones that 

become resistant to colchicine due to point mutations (such as a 

point mutation in the P-glycoprotein gene promoter) are unlikely to 

produce a second genetic change when challenged with a higher 

colchicine concentration. However, clones with a low level of P

glycoprotein gene amplification will be likely to survive a higher 

colchicine concentrations due to heterogeneity in the number of P

glycoprotein gene copies within the population. While the frequency 

at which variants are generated is one component of genome 

---------------------------------_ .. ---- -----
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instability, the type of mutations generated strongly influence 

genome stability. Both these factors will be important in 

determining how quickly tumors evolve to become drug resistant. 
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CHAPTER 3 

FREQUENCY AND MECHANISMS OF METHOTREXATE RESISTANCE IN TEMPERATURE 

SENSITIVE V-SRC TRANSFORMED RAT FIBROBLASTS 

Introduction 

Genetic instability has been proposed as a key factor in tumor 

progression with the acquisition of new traits such as anchorage 

independence, metastasis and drug resistance occurring frequently in 

human tumors (1,2). Molecular mechanisms responsible for the 

transition from genomic stability of normal cells to the 

instability of neoplastic cells are not well characterized. In this 

study, we have tested the hypothesis that malignant transformation 

resulting from activation of the v-src oncogene is associated with a 

detectable alteration in the mechanism and/or frequency of MTX 

resistance. 

MTX is a potent inhibitor of dihydrofolate reductase (DHFR). 

MTX can deplete DHFR and block the de novo purine and thymidylate 

pathways as well as the synthesis of certain amino acids (48). 

Mammalian cells acquire resistance to continuous exposure to MTX by 

one or more mechanisms including 1) increased level of the target 

gene (DHFR gene amplification and overexpression) (3), 2) altered 

binding affinity of DHFR for MTX (49,50), 3) reduced permeability to 
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MTX by virtue of defects in a carrier mediated transport system 

(51,52), and 4) impaired ability to polyglutamylate MTX (53). 

We have used two cell lines as a model to determine the role of 

oncogene transformation in MTX resistance (Hill et ale manuscript in 

preparation). Rat-l is the parental cell line derived from rat 

fibroblasts (54). LA24 is derived from Rat-l by infection of an 

avian sarcoma virus carrying a temperature sensitive mutation of v

src (13). LA24 cells at 35·C (permissive temperature) grow in soft 

agar, grow as transformed foci on plastic, and has a 3.5 fold 

increase in the amount of phosphotyrosine produced in vivo: at 40·C 

(non-permissive temperature) LA24 cells lose the transformed 

phenotype and have growth parameters similar to Rat-I. The 

frequency of generating MTX resistant variants was not different 

whether LA24 cells were transformed or non-transformed. We also 

found that DHFR gene amplification was more frequent in LA24 

transformed cells than Rat-l cells selected at either temperatures 

or LA24 cells selected at 40·C. The last studies showed that MTX 

transport impairment is a common mechanism in all MTX resistant 

clones tested regardless of whether the cells were transformed or 

whether amplification of the target gene (DHFR gene) was present. 

Materials and Methods 

Cell Lines and Cell Culture 

The Rat-l cell line carrying the LA24 mutation was originally 

isolated by Wyke et al.(13) and was given by Dr. Eugene Gerner, 
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University of Arizona. The parental Rat-1 cell line was obtained 

from Diana Humphries, University of Arizona. Both cell lines were 

cultured in Hamm's F12 medium (all tissue culture products from 

GIBCO Laboratories, New York) supplemented with 10% fetal bovine 

serum, 2 mM glutamine, 100 units of penicillin and 100 pg of 

streptomycin/ml. Cells were split 1:10 twice a week and were 

cultured in 5% C02 at 35·C and 40·C. 

Single Step Selection for Methotrexate Resistance 

To determine MTX L050S for Rat-1 and LA24 cells cultured at 

35·C and 40·C, cells (5 x 102 to 5 X 104) were plated (100 mm dishes 

in triplicates) into F12 medium without glycine, hypoxanthine, and 

thymidine (GHT) supplemented with 10% dialyzed fetal bovine serum 

(FBS); different concentrations of MTX were added. One week later, 

plates were fixed, stained with 1% G'lemsa and colonies were counted. 

Plating efficiency in medium without drug was used as a control fOl' 

each experiment. Cell survival was determined using several drug 

concentrations and a L050 was calculated. 

MTX resistant clones were derived by plating 1.5 to 3 X 106 

cells per 100 mm plate (4 plates per group), and 6 times the LD50 

was added to each plate at either 35·C or 40·C. About 99% of the 

plated cells were killed under this drug concentration. Medium with 

drug was changed twice a week. Three additional plates without drug 

were plated with 600 cells per plate to determine the plating 

efficiency for each drug selection. After 3-4 weeks, resistant 

colonies were isolated from two plates using cloning rings, and 
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placed into 12-well plates and grown to 2 X 107 cells in medium with 

MTX. To the other two plates, cells were washed in PBS, fixed, 

stained and surviving colonies were counted. 

RNA Analyses 

RNA from each MTX resistant Rat-1 and LA24 clones was isolated 

(55). RNA (5 pg, 2.5 pg, 1.25 pg, 0.625 pg) was applied to 

duplicate nitrocellulose filters using a dot blot apparatus 

(Schleicher & Schuell, Inc. Keene, NH). One filter was hybridized 

to 32p labelled 011 to measure the amount of OHFR message present: 

the second filter was hybridized to PRM-16 as a control for the 

amount of RNA present on the filter. 

Fluoresceinated-MTX Transport Study 

We used the methods of Assaraf and Schimke (50) to measure MTX 

transport. Briefly, 5 X 105 cells from both parental Rat-1 and LA24 

cells and from Rat-1 and LA24 MTX resistant clones were placed into 

T25 flasks in F12 medium supplemented with 10% dialyzed FBS (GIBCO) 

for 8 hours. Fluoresceinated MTX (F-MTX 1pM, Molecular Probes, Inc. 

Eugene, OR) and glycine, hypoxanthine and thymidine (GHT, 30 pM 

each) were then added to the medium for 10 to 12 hours. Cells were 

then washed with PBS, and then fresh medium with 0.1 pM MTX was 

added to each flask. At 1 hour intervals, 5 X 105 cells were 

trypsinized and resuspended in drug free medium (F12 supplemented 

with 1% dialyzed FBS and 30 pM GHT). Samples were then analyzed for 
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fluorescein intensity ~sing a Becton Dickinson FACStar. Data were 

then statistically analyzed by the student's t test. 

Results 

Development of MTX Resistant LA24 and Rat-l.Cells 

LA24 cells are Rat-l cells infected by a Rous sarcoma virus 

containing a temperature sensitive mutation within the catalytic 

domain of v-src (45). Both LA24 and Rat-l cells were maintained in 

tissue culture at either the permissive or non-permissive 

temperatures. The dose response to MTX for each cell line was 

established by plating Rat-l and LA24 cells in increasing 

concentration of MTX and counting surviving colonies. Cell survival 

was plotted against drug concentration, and LD50 was derived from 

each curve. The MTX LD50S of each cell line were similar (Table 2). 

LA24 (35·C) cells had a slightly lower LD50 than LA24 (40·C) cells. 

Rat-l cells demonstrated the same· LD50S regardless of temperature, 

suggesting that MTX dose response is temperature independent. 

MTX resistant clones were then selected by continuously 

exposing LA24 or Rat-l cells to 6 times the LD50 of MTX. LA24 

(40·C) cells showed a higher frequency of generating resistant 

variants than LA24 (35·C) (Table 3). This effect was not due to 

temperature since Rat-l cells selected at 40·C demonstrated a lowel~ 

frequency in generating MTX resistant Rat-l variants. Therefore, our 
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TABLE 2 

MTX SENSITIVITY IN RAT-1 AND LA24 CELL LINES 

CELL LINE 

RAT-1 

RAT-1 

LA24 

LA24 

INCUBATION 

TEMPERATURE MTX LD50 

5.8 nM 

5.8 nM 

5.0 nM 

6.6 nM 

PLATING 

EFFICIENCY % 

17 

21 

26 

26 
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CELL LINE 

RAT-1 

RAT-1 

LA24 

LA24 

TABLE 3 

FREQUENCY OF MTX RESISTANT VARIANTS 

INCUBATION 

TEMPERATURE 

35·C 

40·C 

35·C 

40·C 

SELECTION 

CONCENTRATION 

35 nM 

35 nM 

30 nM 

40 nM 

FREQUENCY OF 

RESISTANT 

VARIANTS 

3.0 X 10-4 

1.6 X 10-4 

1.5 X 10-5 

2.4 X 10-5 
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data here suggests that the frequency of MTX resistant clones is 

independent of temperature and v-src transformation. 

DHFR RNA Levels 

MTX resistant variants were isolated as clonal populations and 

analyzed for DHFR gene copy number and for DHFR mRNA levels. Among 

five MTX resistant clones derived from LA24 transformed cells 

(35·C). three were detected at least 5 fold increased of DHFR gene 

amplification (manuscript in preparation). In contrast. none of 

the LA24 MTX resistant clones which derived at nontransformed 

temperature showed DHFR gene amplification. 

In order to know whether MTX resistant clones with amplified 

DHFR gene had increased DHFR RNA. we isolated RNAs from parental and 

all resistant clones. RNA dot blots were made in duplicate from 

LA24 parental and LA24 MTX resistant clones derived at 35°C. and 

blots were either probed with D11 (Figure IDA) or PRM16 (Figure 

lOB). PRM16 blot was used as a control for the amount of RNA 

loaded. By calculating the ratio of hybridization intensity of D11 

and PRM16. a two fold increased of DHFR RNA expression was detected 

in LA24 MTX resistant clone 2 and clone 3 (Figure IDA. lanes 3 & 4). 

and no DHFR overexpression was detected in clone 1 and clone 4 

(Figure IDA. Lanes 2 & 5). In contrast. LA24 MTX resistant clones 

derived at 40·C did not show DHFR overexpression (Figure 11A and 

lIB). Duplicate RNA dot blots were also made from LA24 parental 

cells and three LA24 MTX resistant clones at 40·C. The 

56 

-------------------------~-.- .. --.-.•... --..... -......... _ ... _ ............. _ •.. __ .. 



5;_"" 
2.5. 

0.625 

PRM 16 

·Figure 10. DHFR gene message in LA24 MTX resistant clones grown at 
35°c. RNA was isolated and applied to duplicate filters 
in dilution series (5, 2.5, 1.25, 0.625 ug). One filter 
was probed with D11 (A), the other filter was probed with 
PRM16 (B). Row 1, LA24 (35°C) parental RNA. Row 2, MTX 
resistant clone 1. Row 3, MTX resistant clone 2. Row 4, 
MTX resistant clone 3. Row 5, MTX resistant clone 4. 
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Figure 11. DHFR gene message in LA24 MTX resistant clones grown at 
40°C. RNA was isolated and applied to duplicate filters 
in dilution series (5, 2.5, 1.25, 0.625 ug). One filter 
was probed with D11 (A), the other filter was probed with 
PRM16 (B). Row 1, LA24 (40°C) parental RNA. Row ... ~2, t1TX 
resistant clone 1. Row 3, MTX resistant clone 5. Row 4, 
MTX resistant clone 7. 
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hybridization intensity of 011 to LA24 MTX resistant clones (Figure 

11A, lanes 2-4) were compared to that of the parental line (Figure 

11A, lane 1). No overexpression was detected when the data was 

corrected with amount of RNA loading (Figure 118). Therefore, 

overexpression of OHFR is only observed LA24 MTX resistant clones 

which exhibited OHFR gene amplification at the permissive 

temperature. 

In order to know if overexpression of OHFR played a role in 

Rat-1 MTX resistant clones, RNA dot blots were also made from Rat-l 

3S·C and 40·C MTX resistant clones. Four MTX resistant Rat-1 clones 

at 3S0C and parental Rat-1 3S·C were analyzed in RNA dot blots. One 

blot was probed with 011 (Figure 12A), and the other blot was probed 

with PRM16 (Figure 128). The ratio of the OHFR intensity signal for 

each resistant clone was compared to the parental hybridization 

intensity of 011 and PRM16; scanning densitometry comparing 011 and 

PRM16 signals showed no overexpression of OHFR in Rat-1 MTX 

resistant clones at 35·C. In order to eliminate the temperature 

factor, Rat-1 MTX resistant clones derived from Rat-l (40·C) were 

also analyzed in dot blots. RNA from three MTX resistant clones 

derived at 40·C (Figure 13A & 138, lanes 2-4) and Rat-1 (40°C) 

parental (Figure 12A & 128, lane 1) were transferred into two blots, 

and the blots were probed with 011 (Figure 13A), or PRM16 (Figure 

138). The hybridization ratio of 011/PRM16 in each resistant clone 

was not different from the parental (Figure 13A & 138, lane 1). 

Therefore, RNA overexpression of OHFR is only observed in LA24 
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F.igure 12. DHFR gene message in Rat-1 MTX resistant clones grown at 
35°C. RNA was iso1ated and applied to duplicate filters 
in dilution series (5, 2.5, 1.25, 0.625 ug). One filter 
was probed with D11 (A), the other filter was probed with 
PRM16 (B). Row 1, Rat-l (35°C) parental RNA. Row 2, MTX 
resistant clone 3. Row 3, MTX resistant clone 5. Row 4, 
MTX resistant clone 6. Row 5, MTX resistant clone 8. 



Figure 13. OHFR gene message in Rat-l MTX resistant clones grown at 
40°C. RNA was isolated and applied to duplicate filters 
in dilution series (5, 2.5, 1.25, 0.625 ug). One filter 
was probed with 011 (A), the other filter was probed with 
PRM16 (8). Row 1, Rat-l (40°C) parental RNA. Row 2, MTX 
resistant clone 1. Row 3, MTX resistant clone 3. Row 4, 
MTX resistant clone 7. 
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transformed cells that acquired DHFR gene amplification, and the 

overexpression of DHFR in LA24 cells is temperature independent. 

MTX transport study by using Fluoresceinated-MTX 

Other mechanisms can cause MTX-resistance: these do not involve 

DHFR gene amplification or overexpression (53,56). MTX-resistance 

has been observed for cells exhibiting transport between the 

cytoplasm to the extracellular space (51,56). Assaraf et ale (50) 

described a flow cytometric assay in which F-MTX is used as an 

indirect probe for determining whether MTX resistant cells exhibit 

altered MTX transport. The assay takes advantage of the fact that F

MTX binding to DHFR can be quickly displaced by MTX in sensitive 

cells but fluorescence is retained in cells with a transport defect. 

LA24 35°C clone 3 and clone 4 are two MTX resistant clones 

derived from LA24 (35°C) cells. Clone 3 had DHFR gene amplification 

and overexpression, and clone 4 did not show either gene 

amplification or overexpression. We compared MTX transport of 

theses two clones to parental line in two ways 1) accumulation of F

MTX after 10-12 hours incubation with F-MTX, and 2) efflux of F-MTX. 

The accumulation of F-MTX in these three clones are different. 

Clone 3 had 1.2 fold increased of F-MTX of the parental line, while 

clone 4 only retained 0.3 fold of F-MTX of the parental line (Figure 

14). The addition of 0.1 pM MTX to these three cell lines resulted 

in significantly different rates (P< 0.0001) of loss of 

fluorescence. LA24 parental cells showed a rapid loss of 

fluorescence (83%) within the first hour. Clone 3 lost 28% 

----------------_._--. --' ....... - .-. - _. 
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Time course of F-MTX accgmulatlon In sensitive and MTX 
resistant LA24 cells at 35 C. 5 X 105 cells logarithmically 
grew In T75 flasks were Incubated 1m medium with F-MTX 
for 10 to 12 hours. Cells were then washed with PBS, and 
fresh medium with cold MTX was added. At 1 hour interval, 
cells were trypsinized and resuspended in drug free medium. 
Samples were then analyzed for fluorescence intensity using 
a Becton Dickinson FACstar. 
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Time course of F-MTX accumulation In sensitive and MTX 
resistant LA24 cells at 400 C. 5 X 105 cells logarithmically 
grew In T75 flasks were Incubated in medium with F-MTX 
for 10 to 12 hours. Cells were then washed with PBS, and 
fresh medium with cold MTX was added. At 1 hour Interval, 
cells were trypsinlzed and resuspended in drug free medium. 
Samples were then analyzed for fluorescence intensity using 
a Becton Dickinson FACstar. 
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fluorescence, and clone 4 only lost 10% of fluorescence. After the 

first hour, the parental line and clone 3 still lost fluorescence 

but at much slower rates throught the experiment. The rate of loss 

after the first hour was signigicant1y different in the two clones 

(P=0.0683). In contrast, clone 4 retained about the same amount of 

fluorescence. The conclusion from the comparison of the clones to 

the parental line is that the MTX resistant clones 3 and 4 had 

impaired MTX transport both in accumulation of F-MTX (increased in 

clone 3, decreased in clone 4), and efflux. Clone 3 may have othel~ 

mechanism other than transport alteration (e.g. high binding 

affinity between DHFR and F-MTX) to keep F-MTX from being replaced 

by MTX. However, clone 4 had impaired uptake of F-MTX. 

We also examined MTX transport in MTX resistant nontransformed 

LA24 cells. MTX resistant clone 2 and clone 5 of LA24 (40·C) cells 

derived from nontransformed LA24 cells did not exhibit DHFR gene 

amplification. Clone 2 showed a low accumulation of fluorescence 

(0.35 fold of the parental line); however, clone 5 had 1.3 fold 

greater of fluorescence than the parental line after 10 hours 

incubation with F-MTX (see zero time point in Figure 15). The 

parental line again showed a rapid loss of fluorescence (47%) within 

the first hour of efflux. Clone 2 showed a slower rate of loss of 

fluorescence (13%) within the first hour; in contrast, clone 5 did 

not lose any fluorescence even within the first two hours. After 

the first hour, clone 2 and the parental line kept losing 

fluorescence in a very slow but similar rate (P=0.1555). During the 

65 



period of 1-5 hours efflux clone 5 lost more fluorescence than clone 

2 and the parental line but still retained a much higher amount of 

F-MTX at the end of the study. Therefore, although nontransformed 

LA24 MTX resistant clones did not show amplification or 

overexpression of the DHFR gene, they exhibited altered MTX 

transport similar to what was observed in the transformed LA24 MTX 

resistant clones. 

In order to study whether impaired MTX transport is related to 

an activated v-src gene in LA24 cells, we also measured MTX 

transport of Rat-1 cells at both temperatures. Rat-1 3S·C clone 2 

and clone 7 are two MTX resistant clones derived from Rat-1 (3S·C), 

neither of them showed DHFR gene amplification or overexpression. 

The parental line showed a 1.6 fold higher amount of fluorescence 

accumulation than that of both clone 2 and clone 7 (Figure 16). The 

parental line also rapidly lost SO% fluorescence within the first 

hour. Both clone 2 and clone 7 had a much slower F-MTX efflux (18% 

and 13%) during the first hour. After the first hour, parental and 

both clones did not show significantly different rates in loss of 

fluorescence (P=0.34 and P=0.978). These two clones therefore had 

impaired uptake of F-MTX. 

MTX resistant Rat-1 clones 1 and 3 selected at 40·C showed a 

different pattern of transport than Rat-1 clones 2 and 7 selected at 

3S0C. Clone 1 and clone 3 had greater accumulation of fluorescence 

(1.3 fold and 1.1 fold increased) than that of the parental line. 

The parental line lost fluorescence (40% in first hour) at a fastel~ 

---------------------,----_ ... ,. 
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Time course of F-MTX accumulation ~n sensitive and MTX 
resistant Rat-1 cells at 35°C. 5 X 10 cells logarithmically 
grew In T75 flasks were Incubated in medium with F-MTX 
for 10 to 12 hours. Cells were then washed with PBS, and 
fresh medium with cold MTX was added. At 1 hour interval, 
cells were trypslnlzed and resuspended In drug free medium. 
Samples were then analyzed for fluorescence Intensity using 
a Becton Dickinson FACstar. 
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Time course of F-MTX accumulation In sensitive and MTX 
resistant Rat-1 cells at 40<>c. 5 X 105 cells logarithmically 
grew In T75 flasks were Incubated In medium with F-MTX 
for 10 to 12 hours. Cells were then washed with PBS, and 
fresh medium with cold MTX was added. At 1 hour interval, 
cells were trypslnlzed and resuspended In drug free medium. 
Samples were then analyzed for fluorescence Intensity using 
a Becton Dickinson FACstar. 
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rate than both clones (18% and 17% in first hour) (Figure 17). 

Therefore, MTX resistant Rat-l clones selected at either 35°C and 

40·C also demonstrated altered MTX transport both in F-MTX 

accumulation and efflux. 

In summary, altered MTX transport is a common mechanism for MTX 

resistance in single step selection. Altered MTX transport is also 

not directly linked to gene amplification. The efflux alteration in 

MTX-resistant clones is most easily observed within first hour: all 

parental lines lost F-MTX more quickly than that observed in 

resistant clones. 

DISCUSSION 

In this study I have tested the hypothesis that oncogenic 

transformation is associated with a detectable increase gene 

amplification and overexpression. I found that the frequency of 

generation of MTX resistant variants is independent of whether LA24 

cells exhibit the transformed phenotype. This data is similar to 

that of Chambers et al.(40), who found that cellular transformation 

does not alter the frequency of MTX resistant mutants. 

RNA overexpression due to gene rearrangement could lead to drug 

resistance. However, in our system none of the clones in LA24 

expressed an increased amount of DHFR RNA without DHFR gene 

amplification. In addition, no overexpression was detected at Rat-l 

35°C clones. Therefore, MTX resistance was not due to increased 
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DHFR in resistant cells, and temperature did not playa direct role 

in amplification or overexpression of DHFR gene. 

Although the amplification of the DHFR gene has received much 

attention, altered MTX transport is also frequently observed 

(51,52). Impaired transport of MTX has an established role as an 

important mechanism in MTX resistant tumor cells. A fluorescent 

labeling technique has been devised to quantitate DHFR levels in 

individual cells and has been used to examine the hererogeneity in 

DHFR levels in MTX resistant and parental lcells (50). This flow 

cytometric method using F-MTX provides a simple means to observed 

methotrexate transport deficiencies. Transport mutants are unable to 

take up MTX and thus retain the fluorescence for a longer time. 

All the MTX resistant clones tested showed an alteration in MTX 

transport regardless of whether clones showed DHFR gene 

amplification or whether they were transformed by v-src. These data 

suggested that altered MTX transport is a common mechanism in MTX 

single step selections in vitro. My study also agrees with what 

Assaraf and Schimke (50) suggested that in culture, cell variants 

which have acquired a MTX transport defect may preferentially 

survive, they would still not survive multiple step selections 

unless additional DHFR gene amplification had also occurred. 

Impaired uptake of MTX can involve a number of alterations in 

the carrier transport system, including absence of carrier protein, 

and altered Vmax or Km of the carrier (56,51). Recently, Jansen et 

al. (57) even identified a folate-binding protein which showed low 
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affinity to MTX in human leukemic CCRF-CEM cells, and suggested this 

protein could play an important role in transport related 

methotrexate resistance. The impaired transport of MTX in the 

resistant cells may be also due to their inability to displace 

cellular F-MTX from binding to DHFR (50). Their data showed that a 

50 fold increased MTX concentration was required in resistant cells 

to compete out 50% of F-MTX binding in 3 hours. I am not able to 

distinguish between different types of transport alteration 

phenotypes using flow cytometric techniques alone. However, these 

studies strongly suggested that transport defects may be a common 

resistance mechanism and may be the initial step before gene 

amplification. 
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CHAPTER 4-

FREQUENCY AND MECHANISMS OF COLCHICINE RESISTANCE IN TEMPERATURE 

SENSITIVE V-SRC TRANSFORMED RAT FIBROBLASTS 

Introduction 

The acquisition of genetic instability may be an initiating 

step in the process of producing malignant cells (24). The 

development of drug resistance is one of the main obstacles to 

effective cancer chemotherapy. Multidrug resistance (MDR) 

constitutes a particular type of resistance which has been studied 

extensively and in which cross resistance to a number of drugs 

including colchicine is observed. Alteration in this membrane bound 

protein termed P-glycoprotein (PGP) is the best documented mechanism 

for MDR (58). Finally, as reviewed earlier, we have shown that PGP 

gene amplification is more frequently observed when LA24 cells are 

transformed than that when they are not tranformed. 

I have selected the colchicine resistant variants from mass 

populations, and found that the frequencies of LA24 colchicine 

resistant clones at 35·C and 40·C were similar. In order to study 

the mutation rates of PGP amplified variants of v-src transformed 

and nontransformed LA24 cell lines, I used Luria-Delbruck 

fluctuation analysis. 
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Luria-Delbruck fluctuation analysis has been used in other 

tumor model systems (23,59). A limited number of studies have 

approached the question of the relationship between drug resistance 

and oncogene transformation. Kendal and Frost (47) reported that 

induction of metastatic phenotype by an H-ras oncogene did not 

result in alterations in the rate of generation of ouabain resistant 

mutants. Chambers et al. (40) also reported that the rate of 

generation of methotrexate resistant variants were not significantly 

different between transformed and non-transforined normal rat kidney 

cells which carried a temperature sensitive mutant of v-src. We 

have used a Rat-l model system (Hill et al. manuscript in 

preparation) to determine the role of oncogenic transformation in 

colchicine resistance. Rat-l was the parental cell line derived 

from rat fibroblasts (54). LA24 cells were derived from Rat-l by 

infection of an avian sarcoma virus carrying a temperature sensitive 

point mutation of v-src (13). LA24 (35·C) cells are transformed; 

but the cells are not transformed at 40·C. We generated colchicine 

resistant variants by both mass population selection and Luria

Delbruck fluctuation analysis, and found the the frequencies and the 

mutation rates to generate the resistant clones were not different 

in v-src transformed versus nontransformed LA24 cells. However, the 

frequency of amplified PGP genes was much higher when LA24 resistant 

cells were selected at the permissive temperature. 
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Materials and methods 

Cell Lines and Cell Culture 

The LA24 cell line carrying the LA24 mutation was originally 

isolated by Wyke et al. (13) and was given to us by Dr. Eugene 

Gerner, University of Arizona. The parental Rat-1 cell line was 

obtained from Diana Humphries, University of Arizona. Both cell 

lines were cultured as previous described (Hill et al. manuscript in 

preparation). 

Single Step Selection for Colchicine Resistance 

To determine colchicine L050S for Rat-1 and LA24 cells cultured 

at 35·C and 40·C, cells (5 X 102 to 5 X 104) were plated (100 mm 

dishes in triplicates) into F12 medium supplemented with 10% fetal 

bovine serum (FBS); different concentrations of colchicine were 

added. One week later, plates were fixed, stained with Giemsa and 

colonies were counted. Plating efficiency in medium without drug was 

determined for each experiment. Cells survival was plotted against 

drug concentration and L050 was derived from the curve. 

Colchicine resistant clones were derived by plating 1.5 to 3 X 

106 cells per 100 mm plate (4 plates per group), and 4 times the 

L050 was added to each plate at either 35·C or 40·C. Medium with 

drug was changed twice a week. Three additional plates without drug 

were seeded with 600 cells per plate to determine the plating 

efficiency for each drug selection. After 3-4 weeks, resistant 

colonies were isolated from two plates using cloning rings, and 
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placed into 12-well plates and expanded to 2 X 107 cells in medium 

with colchicine. To the other two plates, cells were washed in PBS, 

fixed, stained and survival colonies were counted. 

DNA Analysis 

DNA was isolated from colchicine resistant Rat-l and LA24 

clones derived from selections at the permissive and non-permissive 

temperatures. DNA from each clone was digested with XbaI, and 

Southern blots were used to analyze DNA as previous described. The 

blots were probed with radio labelled CHP1 (33). The same blot was 

stripped and reprobed with radio labelled PRM-16 (38). 

Immunoblot analysis of P-Glycoprote1n in Plasma Membranes 

One hundred million cells per clone were trypsinized and washed 

in PBS. The cell pellet was resuspended in 15 ml lysis buffer (10 

mM KC1, 1.5 mM MgC12, 2 mM phenylmethyl-sulfonyl fluoride, 10 mM 

Tris-HC1, PH=7.4) at room temperature for 60 minutes, then 

transferred to ice. The swollen cells were then homogenized and the 

cell debris was removed by centrifugation at 5,700 rpm at 4·C for 10 

minutes the supernatant was then recentrifuged at 25,000 rpm at 4·C 

for 60 minutes and the membrane pellet was saved. The membrane 

pellet was resuspended in 600 pl of 5 mM Tris, PH=7.4 and 

homogenized lightly. Six hundred microliters of 31% sucrose was 

added to the homogenized pellet and layered over the sucrose 

gradient. The tubes were then centrifuged at 25,000 rpm for 4 hOUl'S 

at 4·C. Vesicles were collected at the 16%-31% interface and the 
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31%-45% interface, and the vesicles were diluted with 5 mM Tris and 

centrifuged at 25,000 rpm for 60 minutes at 4·C again. The pellet 

was saved and stored at -80·C. 

The frozen pellet was then thawed and resuspended in 25 pl 

Tris. The protein concentration of the supernatants was determined 

by Bio-Rad protein assay, and 50 pg of the protein from each lysate 

was loaded on a 7% SOS-polyacrylamide gel and subjected to 30 

milliamps for 6 hours. In addition, Bio-Rad prestained high 

molecular weight marker were used. The gel was electroblotted onto 

a nitrocellulose filter at 4·C overnight at 50 volts. The blot was 

submerged in blocking buffer (0.5% Tween 20 in PBS, 10% bovine serum 

albumin) for 24 hours at 4°C. The blot was then washed with PBS for 

one hour, and incubated with 10 ng/ml mouse anti-PGP monoclonal 

antibody C-219 (Centocor, PAl at room temperature for overnight. 

The blot was washed again in PBS, and incubated in PBS with 2 drops 

of Biotin anti-mouse IgG conjugate (Zymed, CAl at room temperature 

for 30 minutes. After washing in PBS, the blot was incubated at 

room temperature for 20 minutes with streptavidin-peroxidase 

conjugate (Zymed, CAl. The substrate-chromagen was finally added to 

the washed blot and color was developed until satisfactory. The 

intensity of the bands was determined by densitometer (Bio-Rad). 

lur1a-Oelbruck Fluctuation Analysis 

Before these studies began, a single clonal population of LA24 

and Rat-1 cells were established. Limited dilution of parental LA24 

and Rat-1 cells were made in F12 medium. One ml of the final cell 
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suspension from serial dilution (10-20 cells/ml) was seeded into 

each well of a 24-well cell culture plate. Colonies sizes were 

checked by a grid through an inverted microscope untill they reached 

0.8-1.2 X 105 cells, only those colonies derived from less than 3 

cells were used in fluctuation analysis. The isolated colony was 

reseeded into a 100 mm tissu~ culture plate and after 8 hours and 

colchicine was added. Two weeks later, the plates were fixed and 

stained as previous described. The number of the resistant clones 

were counted and the mutation to colchicine resistance was 

calculated by the Poisson method (22). The formula used was: p = 

-(lnPo)/N. (p: the mutation rate, Po: the fraction of cultures with 

no drug resistant clones, N: number of cells per parallel culture). 

Results 

Development of Colchicine Resistant LA24 and Rat-l Cells 

LA24 and Rat-l cells were maintained in cell culture at either 

the permissive (35·C) or non-permissive (40·C) temperatures. The 

dose response to colchicine for each cell line was established by 

plating Rat-l and LA24 cells in increasing concentrations of 

colchicine and counting surviving colonies. Cell survival was 

plotted against drug concentration, and LD50 was derived from each 

curve. The colchici~e LD50S of LA24 (35·C) was higher than that of 

LA24 (40·C) (Table 4). Both LA24'and Rat-l cells were more 

sensitive to colchicine when grown at 40·C. 
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Colchicine resistant clones were then selected by continuously 

exposing lA24 or Rat-l cells in 4 times of the lD50S of colchicine. 

lA24 transformed cells did not show a higher frequency of generation 

the resistant clones than lA24 non-transformed cells (Table 4). 

This effect was not due to temperature alone since Rat-l cells 

selected at both 35·C and 40·C demonstrated a similar frequency in 

generating colchicine resistant Rat-l clones. Therefore, our data 

suggest that although the lD50S are somewhat influenced by the 

temperature, the frequency of generating colchicine resistant clones 

is independent of the temperature. 

DNA Analysis 

Since the frequencies were similar in generating colchicine 

resistant variants in transformed and nontransformed lA24 cells, we 

then examined possible mechanisms which could lead to resistance. 

PGP has been reported to be the major protein involved with 

colchicine resistance: we determined the PGP gene copy number in 

both sensitive and resistant cells. DNAs were isolated as 

described. Southern blots were used to analyzed the PGP 

amplification. All the colchicine resistant clones isolated from 

lA24 (35·C) exhibited 3-5 fold PGP gene amplification (Hill et ale 
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TABLE 4 

Colchicine Sensitivity and Frequency of Colchicine 

Resistant Variants 1 

Colchicine Frequency of 

Cell 11 ne 

Incubation 

Temperature L050 Resistant variants 

Rat-1 35 12.5 5.0 X 10-5 

Rat-1 40 7.5 3.5 X 10-5 

LA24 35 20.0 2.0 X 10-4 

LA24 40 7.5 2.5 X 10-4 

10erived from mass population selections. 
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manuscript in preparation). However, none of the colchicine 

resistant clones derived from LA24 (40·C) had amplified PGP gene. 

In order to know whether the amplification was affected by 

temperature, we also examined colchicine resistant Rat-1 cells. 

DNAs from Rat-1 parental and eight Rat-1 colchicine resistant clones 

isolated at 35·C were digested and Southern transferred to a 

membrane and probed with CHP1, the same blot was then stripped and 

reprobed with PRM16 as a control. Parental of Rat-1 (35·C) DNA was 

in lane I, and DNAs from the resistant clones derived at 35·C were 

in lanes 2 to 10. Five bands of 9.4, 5.4, 5.0, 3.4 and 1.6 kb were 

present within each lane of the Southern blot when the blot was 

probed with radio labelled CHP1 (Figure 18A). One band of 3.4 kb 

was present in each lane when the blot was rehybridized with radio 

labelled PRM16 (Figure 18B). Lanes 1 and 6 in panel B of Figure 18 

were under loaded when compared to the rest of the lanes. By 

calculating the ratio of the hybridization intensities of CHP1 and 

PRM16 through densitometry, four out of nine resistant clones showed 

a low level (less than 2 fold) of gene amplification, when compared 

to the parental DNA (Figure 18, lane 1). In contrast, DNAs of Rat-1 

colchicine resistant clones (Figure 19, lanes 2-4) derived at 40·C 

were compared to the parental Rat-1 (40·C) DNA (Figure 19, lane 1) 

in Southern blot. A similar band pattern was observed on the blot, 

but none of the clones showed an increased gene copy number of PGP. 
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Figure 18. Southern blots showing the PGP gene copies in Rat-1 
cells grown at 35°C. DNA was isolated and restricted 
digested with Xba I, Southern blotted and hybridized 
to CHP1 for PGP gene copies (A) or PRM16 (B) for 
control. Parental DNA was loaded in lane 1, resistant 
clones DNAs were loaded in lanes 2 to 10. 
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Figure 19. Southern blots showing the PGP gene copies in Rat-l 
cells grown at 40°C. DNA was isolated and restricted 
digested with Xba I, Southern blotted and hybridized 
to CHPI for PGP gene copies (A) or PRM16 (8) for 
control. Parental DNA was loaded in lane 1, resistant 
clones DNAs were loaded in lane 2 to 4. 
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Therefore, although our data showed an heterogenous result in the 

amplification of PGP gene among the Rat-l resistant clones at 35·C, 

high levels of the gene amplification were not observed in these 

Rat-l resistant clones. 

Immunoblot analysis of P-Glycoprotein in Plasma Membrane 

My unpublished data showed very low expression of PGP on the 

total RNA dot blots, so the RNA data alone did not discriminate 

overexpression in resistant clones. Therefore, the presence of PGP 

in the colchicine resistant clones was determined by a Western blot. 

Membrane protein from three LA24 colchicine resistant clones and the 

parental line were isolated and applied on a blot. The blot was 

probed with a mouse anti-PGP monoclonal antibody C-219. C-219 

recognizes a highly conserved amino acid sequence found in all PGP 

isoforms (60). LA24 colchicine resistant clones 6 and 8 isolated at 

35·C both have overexpressed the PGP (Figure 20, lanes 3 & 4) as 

shown by the comparison to the parental line (Figure 20, lane 1). 

In contrast, clone 3 derived from LA24 (40·C) exhibited very low 

levels of PGP (Figure 20, lane 2) when compared to the parental 

line. 

luria-Delbruck Fluctuation Analysis 

In order to determine the mutation rate at which PGP variants 

were generated in v-src transformed and non-transformed cells, 

Luria-Delbruck fluctuation analysis was used. This method was first 
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Figure 20. Immunoblot analysis of plasma membrane components for the 
presence of P-glycoprotein. Nitrocellulose blots were 
probed with the C-219 monoclonal antibody to P
glycoprotein. LA24 clone 3 at 40°C (lane 2) expresses a 
small amount of PGP compare to clone 6 (lane 3) and clone 
8 (lane 4) derived from LA2~ (35°C). Parental LA24 does 
not show any PGP expression. 8226/DOX6 and 8226/DOX40 in 
lane 5 and 6 are two PGP positive controls. 

84 

S ___ ...... ___ IIIf ....... ~ __ .......... __ ••.. ~ .4_-.··.· .... ·_· •• · ... _.·_ •• _. ___ ·_. 



used to measure the frequency of mutation of bacteria to resist to 

viral infection (20). One important concept of the Luria-Delbruck 

analysis is that the rate of generation of resistant cells can 

fluctuate widely in parallel populations grown from one or a few 

bacteria. Therefore, multiple small populations each derived from a 

single cell or a few cells are necessary to calculate the mutation 

rate. 

I examined 35 clones in each cell line, and each clone was 

derived from less than 3 cells. This low number of starting cells 

makes it extremely unlikely that a spontaneous resistant mutant is 

present initially in any plate. The clone size was between 8 X 104 

and 1.2 X 105 cells at the time of drug challenged (4X LD50), and 

the plating efficiency of LA~4 cell lines at both temperatures were 

very close (28.5% and 30.8%) (Table 5). Only one out of the thirty 

five plates of LA24 group at 35·C generated a colchicine resistant 

variant (Table 5), therefore the mutation rate of was 1.04 X 10-6 

(Table 5). LA24 cells at 40·C also only generated one resistant 

clones at the thirty five plates, thus exhibiting a mutation rate of 

0.94 X 10-6 • In contrast, none of the 35 Rat-1 clones generated 

colchicine resistant variants at either temperature. According to 

the formula, the mutation rates were too low to be detected with 35 

parallel cultures. 
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TABLE 5 

Luria-De1bruck fluctuation analysis of colchicine 

resistant mutants 

No. of independent 35 35 35 

cultures 

Initial cell no. 1-3 1-3 1-3 

Final cell no. 0.8-1.2 x 105 same same 

per cul ture (N) 

35 

1-3 

same 

Concentration of 80 ng/m1 30 ng/m1 50 ng/m1 30 ng/m1 

colchicine 

Cultures containing 

no colchicine 

resistant clones 34 34 35 35 

Po 34/35 34/35 35/35 35/35 

Mutation rate (p) 1.04 X 10-6 0.94 X 10- 6 * * 
Plating efficiency 28.5% 30.8% 48.6% 42.8% 

p= -(In Po)/N. p: mutation rate. N: number of cells per parallel 

culture; Po: fraction of culture with no drug resistant clones. 

* The mutation rate is too low to be detected with 35 parallel 

cultures. 

--------------------_.-- ... -
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Therefore. there was no evidence for a difference in mutation 

rate to P-glycoprotein resistance in v-src transformed versus 

nontransformed LA24 cells. If the mutation rate in LA24 at 35·C had 

been substantially larger than that of LA24 40·C. it probably would 

have been detected by this method. 

Discussion 

This study has focused on three areas 1) the frequency of 

colchicine resistant clones generated in mass populations. 2) PGP 

gene amplification in v-src transformed and nontransformed LA24 

resistant clones. 3) the spontaneous mutation rate in v-src 

transformed and nontransformed LA24 cells by Luria-Delbruck 

fluctuation analysis. 

I found that the frequency of colchicine resistant variants 

generated in mass culture is independent of whether LA24 cells 

exhibit the transformed phenotype. These data agree with our 

previous study (Lin et al. manuscript in preparation), in which the 

frequency of methotrexate (MTX) resistant variants generated in mass 

culture was also independent of the v-src transformation. These 

data also agree with Chambers et al.'s study (40), which showed that 

the frequencies of resistant survivors of v-src transformed and 

nontransformed LA23 cells (carrying a different temperature 

sensitive point mutation of v-src) were the same when selected in 

MTX. 

-------------_._ .... _. - -
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The PGP gene amplification was more frequently observed when 

the cells were transformed. Although, the nontransformed Rat-l 

cells also exhibited amplification, it happened only in 4/9 clones 

examined, and only a low level of amplification (less than 2 fold) 

was observed. PGP was also expressed in an increased amount in the 

resistant clones [LA24 (35·C) clone 6 and clone 8] with amplified 

PGP gene but not in the resistant clone [LA24 (40·C) clone 3] which 

did not show amplification. The level of PGP in parental cells was 

so low it could not be detected by this Western blot method. MDR 

has been shown to be associated with increased efflux of drugs in 

different cell lines (61,62). Efflux studies have been primarily 

undertaken with doxorubicin or vincristine. Similar analyses are 

not feasible for colchicine because of its tight binding to 

cytoplasmic tubulin (63). Our clone 6 (with a 4 fold resistance to 

colchicine) showed cross-resistance to Adriamycin (14 fold), and the 

clone 3 from LA24 40·C also showed 3.4 fold cross-resistance to 

Adriamycin. Therefore, it will be interested to determine if the 

altered Adriamycin efflux is related to drug resistance in the non

amplified clones (e.g. clone 3). 

I have used Luria-Delbruck fluctuation analysis to show that 

the mutation rate to colchicine resistance is not significantly 

higher in the v-src transformed cell line compared to the 

nontransformed cell line. The method now is widely applied in 

somatic cell genetics and in cancer biology. Two recent studies 

(23,59) have used the fluctuation analysis to examine the 
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relationship between tumor forming ability and mutation rate (59) or 

gene amplification and mutation rate (23). Kaden et ale (59) showed 

that no correlation between spontaneous mutation rate and the 

malignant phenotype (tumorigenic versus non-tumorigenic cells) of 

Chinese hamster embryo fibroblasts cell lines. However Tlsty et ale 

(23) reported that the rate of spontaneous gene amplification was 

significantly lower in non-tumorigenic cells than tumorigenic rat 

liver epithelial cell lines. My data agrees with Kaden et al.'s 

(59) study in that we show v-src transformation did not influence 

the generation of colchicine mutants. My data also agrees with what 

Chambers et al.'s (40) studies which show no obligatory relationship 

between v-src transformation and genetic instability as assessed by 

MTX selection. 

The Po method is one of the methods provided by Luria and 

Delbruck to estimate variation rates. This method is based on the 

assumption that the fraction of parallel cultures with no variant 

cells. Po can be used to characterized the Poisson distribution of 

the member of variantions that have occurred during the expansion of 

each culture. The advantage to use the Po method is that it 

requires only the presence or absence of variants in each parallel 

culture. Kendal & Frost (64), however, had indicated that it would 

be difficult to detect differences in mutation rates of less than 

one order of magnitude between different cell lines by using 

fluctuation analysis. In my study, the v-src transformed and 
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nontransformed LA24 cells did not differ statistically (P > 0.01) in 

their frequencies of generating colchicine resistant variants 

according to the Po method of'calculating p. 
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CHAPTER 5 

Model of the frequency and pathway of generating methotrexate 

resistant or colchicine resistant variants 

Although, the overall frequency of drug resistant mutants was 

not altered by v-src transformation (Table 3 and Table 4), my data 

showed that gene amplification was observed at a much higher 

frequency in transformed cells than in non-transformed cells. The 

reason for this enhancement in amplification as a mechanism of 

resistance is not clear. However, I propose a model to explain the 

possible mechanisms and pathways contributing to the modification of 

overall frequencies. Specifically, in this model I will explain why 

non-transformed and transformed cells have similar frequencies of 

generating resistant clones, while transformed cells selectively 

utilize gene amplification as their resistant mechanism. 

Section 1: 

First, my data suggested that the frequency of generating MTX 

resistant clones for transformed cells (1.5 X 10-5) was similar to 

that of the non-transformed cells (2.4 X 10-5). These numbers are 

in the general range for drug resistant modifications [e.g. 10- 4 to 

10-6 (66)] observed in mammalian cells. However, frequency is a 

complex function, which has been shown to vary under experimental 

conditions. The concentration of the selective agent (65) and the 

cell density at the time of selection (66), can modulate the 
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resistance frequency. For example, a change in N-{phosphonacetyl)

L-asparate (PALA) concentration (20-fold increase) leads to a 1000 

fold change in frequency of Syrian hamster resistant cellsj the 

frequency of Syrian hamster cells resistant to PALA decreased 

markedly with increased cell density (65). Finally, my data has 

shown that a 10-fold increase in MTX concentration leads to a 19-

fold increase in the frequency of resistant clones, supporting the 

notion that drug concentration may playa major role in the overall 

frequency of resistance. 

In recognition of these modulation factors, my experiment has 

been designed to minimize the effects of drug concentration and cell 

density on selection. Thus, in the MTX selection experiments 

selection pressure (6X LOso of each individual cell line) of 

transformed and non-transformed cells were held the same, and cell 

densities were also very similar (1.5 to 2.0 X 106 cells per plate). 

As with MTX, similar cell number and drug concentration was used in 

the colchicine selected sublines, resulting in even closer 

frequencies of resistant cells in transformed and nontransformed 

cells (2 X 10-4 and 2.5 X 10- 4). 

Because cell density and drug concentration differences can not 

explain the preferential amplification of resistant variants in v

src transformed cells. a dynamic model is proposed below. First. 

for MTX. several different mechanisms for resistance have been 

described including: altered MTX transport (52). altered binding 

affinity of MTX to OHFR (48). OHFR gene amplification (3). and 
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impaired ability to polyglutamylate MTX (53). My data has shown 

that all the MTX resistant variants had MTX transport defects 

regardless of the v-src transformation. One explanation for these 

results is that altered transport may be the most efficient way to 

keep MTX concentration low within cells, and thus occurs early in 

selection (Figure 21). The altered transport may be sufficient to 

allow survival but not sufficient to allow cells to grow at an 

optimum rate. Thus, as the population continue to grow in the 

presence of MTX, a second independent mechanism (e.g. gene 

amplification in transformed cells) may occur in a subset of 

resistant cells. I speculate that the presence of an amplified gene 

permits these cells to achieve an optimal growth rate and survive in 

higher drug concentrations than transport alteration. Data which 

supporting this model was the finding that gene amplification was 

detected in 60% of the resistant clones appeared at the 9th week of 

selection (Figure 21), indicating this mechanism may arise within 

the period of colony expansion. Since gene amplification may 

provide both a growth advantage and provide a better chance of 

surviving in a higher drug concentration later in selection, gene 

amplification mutants will eventually become the dominant population 

as diagramed in Figure 21. 

Multiple mechanisms are also involved in colchicine resistance. 

These include P-glycoprotein gene amplification and overexpression 

(58), decreased colchicine accumulation (61), mutant forms of 

tubulin (67), and an alteration in cleavage by DNA topoisomerase II 
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Figure 21. Dynamic model of the occurrence of gene amplification 
following drug selection in non-transformed and 
transformed cells. Cells were continuously exposed to 
drug from time o. Percentage of the resistant mutants 
is presented on the Y axis. 
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(68). My data show that using single step colchicine selection, P

glycoprotein gene amplificat10n was also the preferred mechanism in 

transformed LA24 cells (Figure 7). In contrast, none of the 

nontransformed LA24 colchicine resistant clones demonstrated P

glycoprotein amplification (Figure 8). 

The same model can be used to explain how gene amplification 

contributes to the frequency of colchicine resistance. Gene 

amplification was detected in all the colchicine resistant mutants 

in transformed cells, and I suggested that they arose during 

expansion of the resistant clones as in Figure 21, becoming the 

major population at the time gene amplification was tested. 

Although this model is speculative, it is possible to 

experimentally test this dynamic model. Specifically, gene 

amplification can now be detected by using a polymerase chain 

reaction technique (69). The advantage of utilizing this method is 

that it requires a very limited amount of DNA to detect gene 

amplification. Thus, gene amplification could be detected even at 

the very early stages of the colony expansion. My suggestion is 

that an increase in the percentage amplification mutants will 

continue over time for both MTX and colchicine resistant sublines. 

In summary, since drug resistance is a dynamic process, there 

may be different mechanisms operating during different stages of 

selection. Gene amplification appears to be a preferential 

mechanism for resistance in transformed cells. My model suggests 

that amplification allows resistant mutants to achieve an optimal 

--------------_._--_ .. _ .... --- .... -.' . 
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growth rate, and allows cells to ultimately achieve resistance to 

higher level of resistance. finallY, gene amplification occurs as a 

late event in drug resistance selection, eventually becoming the 

major mechanism of drug resistance in this in vitro system. 

Section 2: 

Although the mechanism underlying the observed increase in gene 

amplification mutants in colchicine or methotrexate resistant cells 

has not been determined, it is tempting to speculate that v-src 

activity somehow modulates this phenomena. The following section 

will briefly present a hypothesis to provide one explanation for 

these findings. 

The src protein is a plasma membrane protein, and the 

temperature sensitive src is only activated at 35·C (permissive 

temperature). This protein phosphorylates tyrosine residues of many 

proteins and subsequently activates protein kinase C (14,15). 

Protein kinase C may phosphorylate a cdc2 like protein [a protein 

similar to the yeast cell cycle control gene (70)], which controls 

the entrance of cells into S phase and possibly M-phase. 

The src protein also is able to react with the ras gene product 

(16), and the ras has been shown to activate the nuclear oncogene 

fos (18). The fos gene product has been implicated to stimulate the 

transcription factor AP-1 activity and subsequently regulated gene 

transcription (19). Most recently, the src protein was also shown 

to directly increase the AP-1 activity by post-translational 

modification (71). 
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Finally, the src protein may also regulate DNA replication by 

removing suppressive reg~lation control. Specifically, src may 

phosphorylate a P53-like protein which has been known to suppress 

transformation in rat cells (72). Phosphorylation of the protein 

may block the suppression of DNA synthesis (Figure 22). 

My hypothesis is that cells under stress (such as drug 

selection) may induce higher transcription and translation of DNA 

polymerases. This observation has been made in yeast where the 

transcription rate of yeast DNA polymerase I has been shown to be 

significantly increased in the presence of DNA damage (73). 

Under a selection of 4 times the LD50 of colchicine or 6 times 

the LD50 of MTX, the cell cycle may be driven into S phase by a 

cascade of events related to v-src in transformed LA24 cells. 

First, the suppressive regulatory protein could be inactivated by 

phosphorylation. Second, the cell cycle proteins may prolong the S 

phase by phosphorylation/dephosphorylation regulation. Finally, the 

AP-1 like protein may enhance gene transcription, and the actively 

transcribed genes may be over replicated leading to gene 

amplification. 

My data demonstrated that both DHFR (Figures 10-13) and P

glycoprotein (data not shown) RNA were constitutively expressed in 

the parental lines. This supports the hypothesis that highly 

transcribed genes may be over replicated under the influence of v

src transformation. Therefore, these two genes may be susceptible 

to replication via v-src activation and during selection. 
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Figure 22_ Schematic model of how v-src transformation causes gene 
amplification. A cascade of events In which v-src protein 
may lead to gene amplification. First, the suppressive 
regulatory protein (p53-lIke protein) may be activated by 
v-src protein. Second, kinase C may be activated through 
the phosphoinosltol pathway, and this subsequently brings the 
cells Into S phase. Third, Interaction with other proto
oncogenes may enhance gene transcription and as a result, 
over replication of this DNA. 
GAP: GTPase activating protein. 
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It is known that DHFR gene is replicated in early S phase. v
src protein may bring or keep cells in S phase, allowing multiple 

rounds of DHFR gene replication to occur. This increased gene copy 

number may allow these cells to have a greater probability of 

surviving under MTX selection in the next cell cycle. This 

hypothesis could also be valid since colchicine acts by blocking the 

cell cycle in metaphase: giant cells are observed during colchicine 

selection (data not shown). Because twice the amount of DNA was 

accumulated in these cells and cell division was inhibited by 

colchicine, it is possible that the v-src protein may indirectly 

trigger multiple rounds of replication in the P-glycoprotein gene in 

resistant cells. The increased P-glycoprotein in such cells would 

allow cells to survive further colchicine selection by effectively 

enhancing the efflux of colchicine. 

------------_ .. - .... -. - . 
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CHAPTER 6 

SUMMARY 

The central questions that I focused on were whether cellular 

transformation by v-src in rat fibroblasts causes (1) an enhanced 

frequency of drug resistant variants, or 2) increased frequency of 

gene amplifications leading to drug resistance. 

I found that the frequencies of colchicine or methotrexate 

resistant variants in mass populations were independent of whether 

LA24 cells exhibit the transformed phenotype. These data agree with 

Chambers et al.'s study (40), which showed that v-src transformed 

rat fibroblasts did not show an increased number of MTX resistant 

variants. Luria-Delbruck fluctuation analysis also showed that v

src transformation does not substantially increase the mutation rate 

to colchicine resistance. These data agree with the studies of 

Kaden et ale (59) and Chambers et al.(40), which showed that 

tumorigenicity or transformation did not change the rate of 

spontaneous mutation. 

Both colchicine and methotrexate resistant variants selected at 

the permissive temperature (35·C) for v-src activity showed a higher 

frequency of gene amplification than the drug resistant variants 

selected at the nonpermissive temperature (40·C). MTX and 

colchicine act by very different mechanisms. MTX is a anti

metabolite that blocks de novo DNA synthesis, while colchicine is a 
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mitotic spindle inhibitor. Yet resistance to these very different 

drugs occurred by increased gene amplification of the target genes 

when v-src is active. Thus, in these transformed cells 

amplification of target genes are independent of the type of drug 

used in selection. 

The biochemical and molecular mechanisms of amplification 

related to v-src transformation is not well understood. However, v

src has been reported to alter the protein kinase C mediated signal 

transduction pathway (15); and to enhance enzyme activity in the 

phosphatidylinositol pathway (14). Furthermore, v-src was reported 

to interact with the ras oncogene in a v-src transformed Rat-1 cell 

line (16). Therefore, transformation induced by oncogenes could 

lead to a myriad of DNA alterations, possibly enhancing the 

frequency of gene amplification. 

My data also showed that altered methotrexate steady state 

levels and efflux was a common mechanism for methotrexate 

resistance. This mechanism was not directly linked to gene 

amplification or cellular transformation. In this dissertation, I 

focused on amplification and/or overexpression of target genes as 

the mechanism of drug resistance. Future studies will investigate 

other mechanisms which may be involved in the drug resistant clones 

I have isolated. 
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