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ROBERT AUGUSTUS JARRETT 
The use of ·the Mouse Ap~t Gene in Cultured Human Cells to· Study 
Point Mutations 
(under the direction of JAY A. TISCHFIELD) 

Site-specific mutagenesis, gene transfer, and somatic cell 

selection have been used to develop a method for the 

identification of site- and sequence-specific point mutations-

induced in a mammalian cell transgenic system. This method 

utilizes a mouse adenine phosphoribosyltransferase [APRT] gene 

containing a specific point mutation in an intronjexon splice 

recognition sequence, which disrupts mRNA processing and 

destroys a diagnostic Pst I restriction site. This construct 

was introduced by cotransfection,with the bacterial n&Qr gene 

into HTD-114, a non-spontaneously-reverting, Aprt- human 

fibrosarcoma-derived cell line. The construct s·tudied contains 
I 

an A to G transition which is revertible with ethyl 

methanesulfonate [EMS], a mutagen known to produce G to A 

transitions in eukaryotes and prokaryotes. Exposing two 

independently derived cell lines containing the construct to EMS 

concentrations ranging from 0 to 200 ugjml (corresponding-to 100 

to 0.8 percent survival) produced a frequency of reversion to 

the Aprt+ phenotype of 10- 7 to 10- 2 . 

INDEX WORDS: APRT, EMS, point mutation, and gene transfer. 
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INTRODUCTION 

Identification and characterization of the.activity of mammalian 

cell mutagens is a major focus of the 1986 National Academy of 

Sciences (NAS] report on the genetic impact of chemical mutagens 

(1). This report also discusses the relative effects of mutagens and 

potential carcinogens on prokaryotic and eukaryotic organisms. The 

NAS report emphasizes that identification of the specificity, 

strength, and risk of exposure to potential mutagens is an area of 

study deserving more attention. Recent publications by Chu (40), 

Thacker (41), and Puck and Waldren (42,43) have reiterated the~ 

concerns of the NAS report and outlined concepts to be taken into 

consideration in the design of mammalian cell mutagenesis assays. 

Some concepts of importance for consideration when evaluating a 

mutagenesis assay are: how a system mimics in vivo mutagenic events, 

both quantitatively and qualitatively; applicability towards the 

screening of environmental mutagens; ease of analysis of the 

mutagenic event; and mutagenesis target size. 

In vitro mutagen identification systems can be separated into two 

categories depending on whether the system utilizes eukaryotic cell 

cultures or bacterial cultures. These assay systems have varying 

degrees of sensitivity, reliability, specificity, and expense. 

Mammalian cell and bacterial culture assay systems, in addition to 
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in vivo analysis in mice, are all important steps of a multi-tiered 

process for the analysis of potential mutagens (1). 
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The Ames test, a reversion-type assay using auxotrophic his

Salmonella typhimurium strains, is the standard assay utilizing 

bacterial cultures for mutagen analysis (2). The results are 

frequently extrapolated-to predict mutagenic effects on mammalian 

cells (3). The extrapolation of these results implies many 

similarities between mammalian cells and bacteria. Such 

extrapolations have often proven to be incorrect (4,5). Although the 

Ames test can yield false positive or false negative results (6), it 

is currently considered the first_step toward identifying the 

mutagenicity of chemicals. 

The first mammalian cell culture-mediated mutagenesis system was 

developed by Huberman and Sachs (44,45). This system has 

subsequently served to detect many poly-aromatic hydrocarbons capable 

of causing mutation (9,10,46). The cell culture assays utilize 

selectable cellular phenotypes such as the expression of. 

hypoxanthine-guanine phosphoribosyltransferase [HGPRT], thymidine 

kinase [TK], and/or APRT as genomic markers to be inactivated and 

then selected for (7,8,9). These identification systems, because 

they require gene inactivation, deal with forward rates of mutation 

and tend to vary widely in sensitivity and informativeness (10). 

Recent work by Marzur and Glickman (47) utilized Chinese hamster 

cells and their endogenous Aprt gene to study the mutagenic effects 

of benzo[a]pyrene. This forward mutation assay, coupled with 



extensive sequence analysis, indicated that benzo[a]pyrene 

predominantly causes G:C to T:A transversions (47). In. a similar 

system, Davidson and Ashman (26) utilized a shuttle vector containing 

an ~. coli xanthine (guanine) phosphoribosyltransferase (Xgprt) gene 

to study the effects of EMS in mouse cells. Through extensive 

sequence analysis of recovered shuttle vectors, EMS was shown to 

inactivate the Xgprt genes by G:C to A:T transitions. These results, 

indicating G:C to A:T transition mutations induced by EMS, agree with 

the data presented in this thesis. 

Mutagenic agents such as EMS, methyl metha~esulfonate (MMS), and 

N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) alkylate cellular 

components (30). EMS and MMS alkylate the four bases of DNA in 

decreasing degree as follows: guanine > adenine > cytosine > thymine 

(30). EMS produces more N7-ethyl-guanine than o6-ethyl-guanine, 

the two most abundant alkyl-guanines produced (31). ,But, the amount 

of o6 -alkyl-guanine rather than N7-alkyl-guanine has been found 
\ 

to correlate with the mutagenic potency (48). Alkylating agents as 

mutagens have also been linked to frameshift mutations in the Ames 

test (31) and gene conversion in mouse cells (36) and sister 

chromatid exchange in Chinese hamster cells (49). 

By combining concepts embodied in reversion assay techniques, 

such as the Ames test, with somatic cell genetics and chemical 

selection techniques, the data in this thesis describes a method for 

the detection and identification of specific point mutations induced 
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in a mouse transgenome within a human cell line (11,12). This system 



utilizes a mutant mouse APRT gene construct as a target in a human 

Aprt cell line (11). A specific mutation introduced into the 
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mouse APRT gene construct at an AG/G, conserved, mRNA splice site of 

intron 3/exon 4 obliterates a Pst I restriction site. Thus, ·the 

mutation probably interrupts mRNA processing (13,14,15) and is 

distinguishable from the active or wild tjpe mouse gene by the loss 

of the diagnostic. Pst I recognition site (Figure 1). Regeneration of 

this site requires a specific base change, thus, enabling 

documentation of the nature of th~ mutagenic event without the 

necessity for sequence analysis. The mouse gene construct was 

transfected into human Aprt cells, and the cells analyzed for the 

presence of the ·mouse gene. After the transfected cells were mutagen 

treated and selected for cells expressing an Aprt+ phenotype, the 

Aprt+ cell extracts were analyzed by starch gel electrophoresis to 

verify the presence of enzymatically active mouse APRT and by 

Southern blot analysis of genomic DNA to verify regeneration of the 

diagnostic Pst I restriction site (12). 



MATERIALS AND METHODS 

Materials: The plasmid pSAM4.4 containing a wild type mouse APRT 

gene was isolated and characterized in the laboratory of Dr. Peter 

Stambrook in collaboration with Dr. Jay Tischfield (Figure 1) (16). 

The pSAM4.4M4 pla~mid, containing an A:T to G:C mutation of the AG/G 

(AG/G to GG/G) in the intron 3/exon 4 splice junction site, was 

produced by a variation of the method according to Kunkel (17) and 

was provided in collaboration with Drs. Peter Stambrook and Dennis 

Schaff (Figure 2). The plasmid pHSG272, containing a neomycin 

resistance marker (ngQr) from transposon Tn 5 with the promoter and 

polyadenylation site of the He~pes simplex virus thymidine kinase 

gene, (18) was obtained from Smith, Kline, and French Laboratories. 

Restriction enzymes were purchased from Bethesda Research 

Laboratories, New England Biolabs, Boehringer Mannheim, or 

International Biotechnologies, Inc. (IBI), and used accord~ng to the 

specifications provided by each company. 

General Methods: A number of procedures were used throughout this 

project and are described in this section. 

Cell Culture: HTD-114 is a well characterized Aprt-, human, 

non- spontane·ously- reverting, fibrosarcoma- derived cell line and was 

utilized as the recipient in transfection. HTD-114 was developed as 
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a clone of HT-1080 by exposure to ICR-191 mutagen and subseq~ent 

2,6-diaminopurine [DAP] selection (19). All cell cultures were grown 

at 37°C with 5% co2 , 95% air in Minimal Essential Medium [MEM] 

(Cellgro) with 5% heat inactivated [HI] fetal calf serum (Flow 

Laboratories) and 5% HI calf serum (Irvine. Scientific). MEM, unless 

otherwise stated, contains serum, no selection agents, and no 

antibiotics. G-418 (Gibco) in MEM was used at .a concentration of 500 

ugjml to select ~r cells (18). Aprt+ cells were selected in 

MEM containing 4 ugjml alanosine, 5 x 10- 5 M adenine, and 4 ug/ml 

azaserine (20,21) [4AAA MEM]. Aprt- cells were selected in media 

containing 4 ugjml 2-fluoroadenine or 50 ug/ml DAP (22). Cell 

colonies were routinely isolated by using metal rings to separate 

them from surrounding cells. Unless otherwise noted, only one cell 

clone was isolated from each dish. Cells were routinely removed from 

the growth surface by the use of a calcium-free medium containing 

porcine pancreatic enzymes (Pancreatin, Gibco). Cell culture stocks 

were stored frozen in liquid nitrogen: after being removed from the 

growth surface and suspended in a solution of 10% DMSO, 40% MEM, and 

50% HI fetal calf serum, they were cooled in sealed glass ampules at 

a rate of approximately -1°C /minute. 

Phenol Extraction and Ethanol Precipitation of DNA: Solutions 

requiring the separation of protein from DNA were extracted one to 

two times with an equal volume of phenol equilibrated with 100 mM 

Tris-HCl, 10 mM EDTA, pH 7.6 and one or two times with chloroform 
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isoamyl alcohol (24 1). DNAs were routinely precipitated by adding 

0.5 x volume of 7.5 M ammonium acetate followed by 2.5 x volumes of' 

cold, 95% ethanol. The ethanol was slowly mixed into the salt-DNA 

solution to effect a single, coherent DNA precipitate. DNA 

precipitates were isolated by centrifugation, dried, and dissolved in 

TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.6). DNA and protein 

concentrations were determined by ultraviolet [UV] absorbance at 260 

nm and 280 nm. The ratio of the 260/280 absorbance was routinely 

above 1.5 with DNA concentrations ranging between 0.5 and 1.5 ug/ul. 

DNA Extraction from Cultured Cells: DNA was extracted from 

approximately 107 cells removed from two 100 x 20 mm dishes. The 

cells were washed in phosphate buffered saline and suspended in 9 ml 

Marmur's buffer (0.16 M NaCl, 0.14 M EDTA, pH 8.0) followed by lysis 

by the addition of 1 ml of 5% SDS and 0.5 mg Proteinase K (Sigma). 

The suspension was then incubated at 42°C for 3 to 12 hours 

followed by phenol extraction and ethanol precipitation. 

Large Scale Plasmid Preparation: Plasmid DNA was isolated according 

to the procedure of Ish-Horowicz and Burke (23). A 45 ml overnight 

culture was made from a 1 ml fro.zen glycerol stock of the plasmid 

containing-bacteria in Luria Bertani Broth [LB] containing the 

appropriate selective antibiotic. This 45 ml was used to inoculate a 

600 to 800 ml culture of antibiotic containing LB, which was grown to 

an OD600 of 0.6 to 0.8 (corresponding to -5 x 108 bacteria/ml). 
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The culture was then amplified with S ml of chloramphenicol stock (34. 

mg/ml in 9S% ethanol) followed by shaking .incubation overnight 

(3i0 c, 10-12 hours); 

Overnight cultures were transferred. to two 2SO ml centrifuge 

bottles and spun at room temperature for S minutes at 7000 rpm in a 

Beckman JA-10 rotor. Each one of the two bacterial pellets was 

suspended in 4 ml o.f SO mM glucose, 2S mM Tris-HCl, pH 8. 0, 10 mM 

EDTA, pH 8.0, contain~ng 10 mg/ml lysozyme (Sigma). The two 

suspensions were then combined and incubated at room temperature. 

After 10 minutes, 16 ml 0.2 M NaOH, 1% SDS was added, followed by a 

10 minute incubation on ice with gentle shaking. Eight ml of 3 M 

potassium acetate, pH 4.8, was added, thoroughly mixed, and the· 

mixture placed on ice for 30 minutes. The solution was transferred 

to a SO ml Nalgene centrifuge tube and centrifuged 7000 rpm for 10 

minutes at 4°C in a Beckman JA-18 rotor. Supernatant was 

transferred to an 8S ml Nalgene centrifuge tube, and 20-2S ml 

isopropanol was added to precipitate nucleic acids. After mixing, 

the solution was incubated at room temperature for S minutes. DNA 

was isolated by centrifugc;ttion at 10,000 rpm at 20°C for 10 minutes 

in a Beckman JA-18 rotor. The supernatant was decanted off and the 

pellet was taken to dryness under vacuum. The pellet was suspended 

in 7.2S ml TE buffer, followed by the addition of 7.S g of CsCl and 

0.2S ml of ethidium bromide (10 mgjml). The solution was centrifuged 

at 44,000 rpm at 20°C for 36 to 40 hours in a Beckman VTi SO or 

VTi 6S rotor. 
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The region of the gradient containing supercoiled plasmid DNA was 

visualized by UV illumination and the DNA was collected by inserting 

an 18 gauge needle through the side of the tube. To remove the 

ethidium bromide, the solution was extracted 4 to 5 times· with equal 

volumes of isoamyl alcohol or butanol saturated with TE, CsCl. The 

plasmid solution was then placed in dialyzer tubing (Athur H. Thomas 

Co.) and dialyzed against two liters of TE buffer at 4°C for 12 to 

16 hours. The DNA concentration and extent of protein contamination 

were estimated by UV absorbance at .260 and 280 nm. The plasmid DNA 

preparations were characterized by restriction enzyme analysis. 

Agarose Gels: DNA fragments were electrophoretically separated on 

1 % agarose slab gels cast and run in Craig's buffer (40 mM Tris-HCl, 

pH 7.8, 5 mM sodium acetate, and 1.2 mM EDTA, pH 8.0). Gels were 

electrophoresed at 50-100 V until the bromophenol blue tracking dye 

(50% glycerol, 0.1% bromophenol blue, 100 mM EDTA) was approximately 

2 em from the end of the gel. Gels then were stained for 10 min in 

200 ml Craig's buffer containing 50 ul ethidium bromide (10 mg/ml), 

followed by destaining in 200 ml water. DNA was visualized by UV 

illumination and photographed. Lambda phage DNA digested with Hind 

III or Cla I provided DNA fragment size markers. 

Random Primer Labeling of DNA: Random primer labeling kits were 

obtained from Pharmacia or Boehringer Mannheim and ·used according to 

each manufacturer's specifications. Probes were labeled to a 
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specific activity of 1-1.5 x 109 dpm/ug and were separated from the 

unincorporated nucleotides by ethanol precipitation with the addition 

of 300 to 500 ug sonicated salmon sperm DNA as carrier. The pellet 

was washed with 70% ethanol and dissolved in sterile water. Aliquots 

of the unincorporated nucleotides and reaction mixture ·ethanol 

precipitation supernatant, ethanol wash, and dissolved DNA were 

measured for 32P content with a scintillation counter to estimate 

specific activity and percentage nucleotide incorporation. 

Elution of DNA from Agarose Gels: DNA was eluted fro~ agarose gels 

using a trough elution technique or by using low melting point [LMP] 

agarose (IBI). DNA was digested with the desired restriction 

endonuclease, loaded on a 1% agarose gel and electrophoresed as 

described earlier. Ethidium bromide (0.5 ug/ml) was contained either 

in the DNA sample or the gel and running buffer. In the trough 

electroelution, the level of buffer after electrophoresis was lowered 

to just below the bottom of the gel, and 2 to 3 strips of Whatman 3MM 

chromatography paper on each end of the gel were used as wicks for 

the electrical path. A small trough was cut into the gel on the 

anode side of the desired fragment and filled with TE buffer, and the 

fragment was electrophoresed into it. With LMP agarose, the desired 

fragment was excised, and the agarose containing the fragment was 

heated to 65°C for 10 min. An equal volume of TE buffer was added 

and the mixture heated for an additional 10 min at ·65°C. The 

sample was then cooled to room temperature and either used for 



labeling with the LMP agarose still in the solution, or the DNA was 

phenol extrac·ted prior t:o labeling. 
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Transfection: The mutant, pSAM4.4M4, and G-418 neomycin resistance 

plasmid, pHSG272 (18), were co-transfected at a ratio of 100 ug:l ug, 

respectively. Since pSAM4.4M4 and pHSG272 are similar in size,. the 

copy number should also have been at approximately the same 100:1 

ratio. DNA mediated gene transfer was conducted by calcium phosphate 

coprecipitation according to Wigler et al. (24) with slight 

modifications. Twenty-four hours prior to transfection, 5 x 105 

cells were seeded in each of three 75 cm2 flasks. DNA were mixed 

in a microfu~e tube at the desired ratio and sterilized by ethanol 

precipitation. All solutions were either prepared under sterile 

conditions or sterile filtered. The following stock solutions were 

prepared: 200 mM EDTA, pH 8.0, 1M Tris-HCl, pH 7.5, 2M NaCl, 500 rnM 

Hepes-NaOH, pH 7.1, 1~9 M Na2HP04 , 2.3 M NaH2Po4 , and 2.5 M 

CaC1 2 . A 1M Na2HP04 -NaH2Po4 solution was prepared by 

combining 39 ml of 1.9 M Na2HP04 with 61 ml of 2.3 M NaH2Po4 

and 1~0 ml of deionized H2o. The 1 M phosphate solution was 

diluted 1 to 100 for use in the Hepes-buffered phosphate [HBS]. A 

double-strength HBS was prepared from the stock solutions by 

combining 1.0 ml Hepes stock, 1.25 ml NaCl stock, 1.0 ml 10 mM 

diluted phosphate stock and 6.75 ml deionized H2o. A 

double-strength Tris-NaCl solution was prepared by combining 1.0 ml 

of 200 mM Tris-HCl, pH 7.5, 0.25 ml of 20 mM EDTA, pH 8.0, 7.5 ml of 



2 M NaCl, and 1.25 ml of d~ionized H2o [TNE]. The TNE was combined 

with 1.0 ml of 2.5 M Cacl2 and 8 ml deionized H2o to produce 

TNE-Ca. Sixty micrograms of DNA ~ere suspended in 1.5 ml TNE-Ca. 
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DNA coprecipitates were prepared by slow, dropwise addition of 1.5 ml 

HBS to 1.5 ml of TNE-Ca with DNA in a 15 ml polystyrene conical 

centrifuge tube while slowly vortexing. Precipitates w~re allowed to 

form for 30 min at room temperature.· Ungassed MEM, 10 ml per flask, 

was added to the cells followed by 1 ml [20 ug] of DNA precipitate. 

The cells were incubated with precipitate for 24 hours, after which 

the flasks were washed with serum-free MEM and allowed to recover for 

24 hours in MEM supplemented with serum. After recovery, the cells 

were removed from the flask, counted, and plated for selection in 100 

x 20 mm dishes at a cell density of 5 x 105 cells per dish. Medium 

was changed twice weekly for 10 days or until colonies appeared. 

Clones were· picked and transferred to individual 25 cm2 flasks for 

c expansion. Southern blot analysis was used to confirm the presence 

of ·the mouse APRT gene in the ngQr clones. To help insure 

retention of the ngQr gene and the APRT plasmid construct probably 

associated with it, the cells were maintained in G-418 selection 

medium. 

Mutagenesis and Cytotoxicity: EMS, which produces G:C -> A:T 

transitions in bacteria.(25) and integrated mouse retrovirus (26), 

was used to mutagenize HTD-114 and the clones chosen for further 

study. Two to three x 106 cells were plated in a 75 cm2 flask at 

eacp mutagen dose level. An EMS stock solution with 0.1 ml 
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(1.2 g/ml) of EMS (Sigma) and 9.9 ml of saline was freshly prepared 

and sterile filtered for each experiment. Twelve to twenty-four 

hours after plating the cells, the medium was removed, and fresh 

media containing appropriate amounts of mutagen were added to the 

flasks. Cells were expo~ed to the mutagen-containing media for 

approximately one generation, 16-18 hours. Mutagen-containing media 

were removed. The flasks were washed twice with serum-free MEM, 

cells removed from the flasks, counted, and an appropriate number 

plated in MEM to determine cytotoxicity for each dose. Concentrated 

mutagen solution was disposed of in a saturated solution of sodium 

thiosulfate. The majority of cells from mutagen treatment were 

plated in 4, 100 x 20 mm dishes in MEM for a 4 day recovery period. 

After recovery, cells were removed, counted, and plated at an 

appropriate density in nonselective MEM to determine plating 

efficiency, while the majority of cells were plated at 105 per 100 

x 20 mm dish in 4AAA MEM. Selection dishes containing 4AAA MEM were 

incubated for 4 days; the medium was then changed to 2AAA MEM. The 

cells were kept in 2AAA MEM with medium changed every fourth day. 

Dishes were incubated for 10 to 12 days or until colonies were 

visibly apparent. Colonies for counting were fixed for 10 minutes in 

70% ethanol and stained with 100 mM sodium citrate, 0.1% methylene 

blue. Cytotoxicity was determined by comparison of the cloning 

efficiencies of mutagen treated cells with control cultures not 

exposed to the mutagen. 
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Southern Blot Transfer and Hybridization: DNAs electrophoresed in 

agarose gels were transferred to Gene Screen Plus (Dupont/NEN) as 

described by Southern (27). Gels were elect~ophoresed, stained, and 

photographed as described earlier: DNA transfer, probe 

hybridization, and membrane washing were completed according to Gene 

Screen Plus the manufacturer's protocol~ Following the last wash, 

the filters were not allowed to dry but were placed on a sheet of 

Whatman 3MM chromatography paper wet with 0.3 x SSC (0.15 M NaCl, 

0.01 M sodium citrate), wrapped in Saran Wrap, and exposed to Kodak 

XAR-5 film at -70°C with Lightning Plus (Dupont/NEN) intensifying 

screens. Exposure times ranged from 12 hours to 5 days. 

APRT Enzyme Extraction and Starch Gel Electrophoresis: Pellets of 

2-3 x 107 cells were extracted, subjected to electrophoresis, and 

analyzed according to the methods of Tischfield, Bernhard, and Ruddle 

(28) and Nichols and Ruddle (29). 



RESULTS AND DISCUSSION 

When cotransfecting pSAM4.4M4 with pHSG272 at a ratio_of 100 to 1 

without carrier DNA, ngQr colonies were seen at a frequency of 1 x 

10- 5 /colony forming unit [cfu]. Seven colonies were isolated, 

expanded, and their DNA Southern blotted to test for the presence of 

the mouse gene. Of this set of seven, two, D and F, were positive 

for the gene. D and F were utilized for subsequent experiments 

(Figure 4). Other Southern blot positive clones, transfected at a 50 

to 1 ratio, were isolated and stored for possible later 

characterization. 

Clones D and F were exposed to several concentrations of EMS from 

0 to 350 ugjml to establish a range of EMS sensitivity. HTD-114, the 

parental cell line of the transgenic clones, was found to be 

unusually sensitive to EMS cytotoxicity after a 16-18 hour exposure. 

This sensitivity to EMS was noted, and the upper limit of the 

experim~ntal dose range was decreased to 200 ug/ml (Table I). After 

a four day mutagen-free recovery period, the cells still exhibit an 

EMS dose dependent decrease in plating efficiency. Over a range of 0 

to 200 ug/ml, D and F exhibited an initial reduction in cloning 

efficiency from 12 and 55% to 0.2 and 0.02%, respectively. After a 

four day recovery", the cloning efficiency of D and F was 26 and 31% 

to 0.4% for each, respectively (Table I). This residual EMS toxicity 

is a function of the exposure and recovery times (30). The 16-18 

hours corresponds to approximately one complete cell generation. In 

15 
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V79 Chinese hamster cells, the maximal rate of mutation was achieved 

only after a 42 hour recovery period that corresponds to 3 cell 

divisions (30). EMS, an alkylating agent, has been shown to produce 

mutations at a rate directly proportional to the amount of 

o6-ethyl-guanine produced (48). Once incorporated in the DNA, this 

alkyl-guanine will tend to pair with thymine. Upon DNA replication, 

the o6-ethyl-G would mismatch with thymine. A second round of DNA 

synthesis would result in a G:C to A:T transition in one of the four 

DNA strands from two rounds of replication (30,31). Thus, mutations 

due to base pair transitions caused by base modification would 

require at least two rounds of DNA synthesis to be expressed in the 

population. Therefore, the 4 day recovery period chosen for the work 

described herein appears to provide a suitable compromise between 

toxicity and mutagenesis to obtain revertant gene expression in the 

population. The extent of toxicity even after a four day recovery 

was unexpected, but Stamato et al. have recently stated that EMS has 

delayed toxicity and mutagenicity in Chinese hamster cells (32). 

Table 1 shows the reversion frequency of D and F Aprt+ colonies 

as a function of the number of cells plated (uncorrected frequency) 

and the cloning efficiency at the time of selection (frequency/CE). 

These frequencies seem high, but recent publications suggest-that 

this intronjexon splice site may be a "hot spot" for mutation, at 

least in Chinese hamster cells (33): This· frequency may also be 

influenced by the sensitivity of HTD-114 to EMS. D over a 4 fold 

increase in EMS concentration (50 to 200 ug/ml) exhibited a 20 fold 



decrease in CE and a 2000 fold increase in Aprt+ colonies. Over 

the same 4 fold increase in EMS concentration, F produced a 35 fold 

decrease in CE and a 200 fold increase in Aprt+ colonies. 
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Starch gel analysis of the revertant clones verifies their mouse 

or human APRT enzyme production (Figure 3). The parental lines, F 

and D, do not show APRT activity on starch gels or in Aprt+ cell 

selection medium which verifies that the mutation at the 

intron 3/exon 4 splice site has inactivated the gene in the pSAM4.4M4 

construct (Figure 3, gel 1, lane h). Revertant clones were 

designated according to parental line, dose level, and revertant 

number; for example, F 0/Rl is a spontaneous revertant of F, clone 

number one. All of the revertant clones selected, with one 

exception, express only mouse or only human type APRT. The 

unexpected expression of human APRT in the spontaneous revertants is 

discussed later in this section. F 50/R4 appears to be an exception, 

-
expressing both mouse and human APRTs (Figure 3, gel 3, lane f). The 

revertants were not subcloned after being isolated; this, and the 

fact that mouse and human APRTs expressed in the same cell tend to 

form heterodimers (34), which are not seen i~ F 50/R4, suggest F 

50/R4 is a mixed colony and not a clone expressing mouse and hliman 

APRT in the same cell. D 200/C and F 50/C are not clones, but 

combinations of colonies from entire dishes (approximately 75-100 

I 

colonies per dish) which were subsequently e~panded for starch gel 

analysis. The starch gel technique is very sensitive, and if more 

than 5-10% of the cells were expressing human APRT, a signal would be 
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seen with a long exposure of the autoradiograph. D 200/C and F 50/C 

appear to express only mouse APRT (Figure 3, gel 3, lane c and g). 

To verify the regeneration of the diagnostic Pst I site in cells 

producing mouse APRT, the DNA of the revertants was codigested with 

Xmn I and Pst I and Southern blotted (Figure 4). Blots were 

hybridized to the BamH I fragment of the mouse APRT·gene which 

contains the diagnostic Pst I site (Figure 1). Xmn I produces a 3.5 

kb fragment of the mouse gene, which, when the Pst I site is present, 

is cut into fragments of 2.1 and 1.3 kb by Pst I (Figure 4, lane a). 

From Figure 4 it can be seen that D and F do not contain a Pst I site 

in the region examined, whereas 3F4.4 (a clone transfected with 

pSAM4.4, the wild-type mouse APRT gene, and pHSG272), CAK (a normal 

mouse cell line), and the EMS-induced revertants expressing mouse 

APRT all contain a Pst I site. 

Clone F exhibited a spontaneous frequency of reversion, in a 

population of 1.4 x 107,cells, of 4.3 x 10- 7 (Table I). Only one 

out of five examined, from a total of six observed spontaneous 

Aprt+ colonies, expressed mouse APRT and had a regenerated Pst I 

site (Table II). The unexpected expression of human APRT in a cell 

line that is not normally observed to revert may be du~ to: 

recombination between the _mouse and. hUman genes ·(homo~ogous 

recombination or gene conversion), or competitive binding of a 

repressor which may be suppressing the htiman expression. Regardless 

of the mechanism, -the enzyme expressed appears to have the same 

starch gel mobility as the .human wild-type APRT. This questfon is 



currently being addressed in another project. As can be seen in 

Figure 4, lane j, F 0/RS does not contain a regenerated Pst I site 

nor does it express mouse APRT. (Figure 3, gel 2, lanes g and h). 

Other spontaneous revertants, with the exception of F 0/Rl, also 

express human APRT (Table II). 
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HTD-114 is a derivative of HT 1080, an Aprt+, human 

fibrosarcoma-derived cell line. The Aprt-, HTD-114 cell clone was 

produced by exposure to ICR-191 (a frameshift mutagen) followed by 

selection in 2,6-diaminopurine (~9). EMS, in conjunction with a 

mouse liver microsomal fraction, has been shown to revert Salmonella 

strains TA1538, TA98, and TA1537. These strains are known to be 

particularly sensitive to frameshift mutagens (31,35). The Ames 

test, however, detected frameshift mutations induced by EMS at a 

level well below the frequency of detecting base-substitution 

mutations induced by EMS (30). At a given dose, EMS seems 

infrequently to induce HTD-114 to express human APRT without the 

influence of the mouse gene (Table I and Figure 3). The frequency 

was approximately 1/100 the frequency of induced reversion of 

pSAM4.4M4 in clones D and Fat a given dose (data not shown). A 

recent publication suggests that alkylating agents_ can also cause 

gene conversion in mouse L cells (-36). This may be the mechanism for 

EMS-induced human APRT expression, but whether EMS produces a 

frameshift mutation or a gene conversion event in the HTD-114 line is 

not clear from the present data. 
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Of the 20 EMS-induced revertants of D and F studied, 11 shown in 

this thesis and 9 from a subsequent experiment, all express mouse 

APRT, and only one has been ambiguous (F 50/R4). Although these data 

are limited, it appears that spontaneously arising· Aprt+ clones of 

F express mainly human APRT, but it does not seem likely that the 

spontaneous Aprt+, F revertants and the HTD-114 EMS-induced 

revertants arise via the same mechanism. EMS may induce frameshift 

'mutations or gene conversion as well as base pair substitutions, but_ 

resolving this issue is not within the scope of the present study. 

Upon site-specific reversion of the mouse APRT gene construct 

within D and F, the Pst I site is regenerated, and a diagnostic 

1.6 kb, Pst I fragment is generated (Figure-1). This 1.6 kb fragment 

would be seen as a 1.3 kb fragment with Xmn I and Pst I codigestion 

(Figure 1). In the Xmn I/Pst I codigestion, shown in Figure 4, CAK, 

a wild-type mouse cell line, produced the expected 1.3 kb and 2.1 kb 

fragments.· But, D and F do not exhibit _the 1.3 or 2.1 kb fragments 

indicative of a Pst I restriction site at intron 3jexon 4 

(Figure 4). F 50/R2, D 50/Rl, D 200/Rl, and F 0/Rl all exhibit both 

the 1.3 and 2.1 kb fragments indicative of a regenerated Pst· I site. 

F 0/R5 does not express mouse APRT and does not seem to produce the 

correct mouse gene fragments indicative _of Pst I site regeneration. 

F 50/R4, the clone expressing mouse and human APRT, appears 

(Figure 4) not to have'the 1.3 or 2.1 kb fragments, but from other 

blots with a much longer exposure, faint-bands have been seen in the 

correct positions. The 5.1 kb fragment in D and its revertants may 
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result from partial digestions or, an altered Xmn I site. During 

insertion of the mouse transgenome in the human genome the DNA 

co~taining the 5' Xmn I site of-the construct may have been lost, and 

the Xmn I site observed is consequently derived from the flanking 

human genome (Figure 6). 

In transfection by calcium phosphate coprecipitation, genes are 

expected to form tandem arrays by homologous recombination (39). 

These are produced, while the calcium phosphate precipitates are 

being formed, by homologous recombination in the transfection 

solution (37,38,39). Plasmids were transfected in circular form, but 

possibly, as much as, one-half the transfected molecules might be 

present in the nucleus as linear molecules (39). Plasmid mapping of 

pSAM4.4M4 revealed its linear size to be between 7.5 and 8.0 kb. If 

pSAM4.4M4 formed perfect tandem arrays in the transfection procedure, 

then a restriction endonuclease that only cuts once in the construct 

should yield an 8.0 kb fragment containing the gene. The mutation in 

pSAM4.4M4 inactivated only one of two Pst I sites in pSAM4.4. When 

clones D and F are examined with Pst I restriction, both produced an 

8.0 kb ba~d (Figure 5). After integration, the 5' end gene of the 

tandem array may produce a different size fragment from 8.0 kh. The 

size of this fragment is the distance between the Pst I site in the 

3' region of the mouse gene and a flanking Pst I site in the human 

genome at the 5' end of the array (Figure 6, fragment A). These 5' 

fragments are 5.5 kb forD and 6.1 kb for F and contain a single copy 

of the mutant mouse gene (Figure 6). 
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When clone D is digested with Pst I and probed with the BarnH I 

fragment which spans the diagnostic Pst I site, two fragments are 

seen at 8.0 kb and 5.5 kb (Figure 5, lane d). D 50/Rl and 200/Rl, 

depicted in lanes g and h, respectively, show the 1.6 kb fragment 

indicative of pSAM4.4M4 reversion and a complete loss of the 8.0 kb 

fragment seen in D (lane d). The observed loss of the 8.0 kb band 

upon reversion, and the fact that the bands at 8.0 and 5.5 kb are of 

nearly equal intensity as indicated by densitometry of the 

autoradiograph (ratio of 0.98, an average of three scans) indicate 

that each fragment should contain a single copy of the mouse gene 

(Figures 5 and 6). Thus, D contains two copies of the gene separable 

after Pst I digestion (Figure 6). D revertants of the 8.0 kb 

fragment, D 50/Rl and 200/Rl, have a darker band at 5.5 kb relative 

to the parent, D (Figure 5). When the gene contained within the 

8.0 kb fragment reverts, 1.6 kb and 6.4 kb fragments are produced 

(Figure 6) . The 5. 5 kb and the 6. 4 kb fragments are. seen as one band 

on this exposure but are actually a doublet (Figure 5). On 

densitometry of the autoradiograph, the doublet is seen as two peaks. 

When clone F is digested with Pst I. and probed with the BarnH I 

fragment which. spans the diagnostic Pst I site, two fragments are 

seen at 8.0 kb and 6.4 kb ·(Figure 5, lane c). p·st I digestion of 

F 50/R2 produces the expected·l.6 kb fragment indicative of mouse 

gene reversion, but the 8.0 band appears to be diminished in 

intensity compared to the 6.4 kb band (Figure 5, lane e).· If a copy 

of the gene contained within the 8.0 kb band reverts, a 6.4 kb 
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fragment would be produced to intensify the 6.4 kb band by one more 

copy (Figure 6). Colony F 50/R4 does not exhibit a 1.6 kb band but 

does seem to have a reduced 6.4 .kb band (Figure 5, lane f). These 

results again point to F 50/R4 being a mixed clone with a relatively 

small proportion of cells being mouse revertants. Clone F 0/Rl 

(Figure 5, lane i), a spontaneous revertant expressing mouse Aprt, 

upon Pst I digestion produces a 1.6 kb fragment, but unlike F 50/R2 

(Figure 5, lane e), the reversion has occurred in the gene contained 

within the 6.4 kb insertion fragment (Figure 6). Thus, a 4.6 kb 

fragment represents the larger fragment from the reversion.of the 6.4 

kb fragment. The 6.4 kb fragment is absent from the lane depicting 

the Pst I digestion ofF 0/Rl, confirming that the 6.4 kb fragment 

contains a single copy of the gene (Figure 5, lane i). The 

autoradiograph depicted in Figure 5, lane c shows F to have nearly a 

2 to 1 ratio of the 8.0 kb band to the 6.4 kb band (by densitometry 

2.09 to 1, an average of four scans). 

Lane j of Figure 5 depicts a Pst I digest of DNA from clone 

F 0/R5, a human APRT-expressing spontaneous revertant. It does not 

exhibit a 1.6 kb mouse fragment, and this clone has 8.0 kb and 6.4 kb 

bands of similar intensity as determined by densitometry (data not 

shown), as the parental, F. This observation confirms that none of 

the three mouse genes· has r.everted in this clone. With the data 

derived from lanes e and i of Figure 5 and the densitometry analysis, 

I conclude that F contains three copies of pSAM4.4M4, two copies in 

the 8.0 kb band and one in the 6.4 kb band, and, as discussed 

earlier, D contains two copies of the mouse APRT gene. 



Figure 1. Organization and partial restriction map of pSAM4.4 

insert, containing a 4.4 kb genomic fragment encompassing the 

mouse aprt gene. This 4.4 kb genomic fragment was ligated 

between the EcoR !/Hind III sites of pUC19 to produce pSAM 4.4. 

The coding regions are indicated by the darker boxes. Below the 

map are the various fragment sizes of this region produced by 

digestion with Xmn I and Pst I. The diagnostic Pst I site 

between intron 3 and exon 4 is marked by an asterisk. The 

distances between restriction sites and sizes of restriction 

fragments are indicated in base pairs [bp]. The arrowhead on 

the Pst I digestion fragment indicates the uncertain position of 

aS' genomic Pst I site after the plasmid has integrated into 

cellular DNA. 
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Figure 2. DNA sequence of splice site region between intron 3 

and exon 4. The ,Pst I recognition site is indicated by the 

underlined sequence. The splice site ("/") is indicated as a 

break in the sequence. The introduced point mutation, an A:T to 

G:C transition, has been indicated by the underlined base pair 

in the lower sequence, pSAM4.4M4. 
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Pst I 

pSAM 4.4: 5'-T G Q I Q Q A Q I G C T G A 
A C Q A Q Q I Q I e.G A C T-5' 

pSAM 4.4 M4: 5'-T G C T G C Q· GIG C T G A 
A C G A C G Q C I C G A C T-5' 



Table I. Cloning efficiencies [CE] and reversion frequencies of 

clones D anQ. F over an EMS dose range of 0 to 200 ug/ml. "CE 

(%), day 0" denotes the percent of cells able to form a colony 

after an 18 hour exposure at the concentration listed in 

column 2. Values of cloning efficiencies at day 0 are 

normalized to untreated cells cloning efficiencies ("0 ug/ml"). 

The absolute cloning efficiency percentages are in brackets. 

"CE (%), day 4" denotes the cloning efficiency percentages of 

the cells plated at the time of selection· in 4AAA MEM after a 4 

day recovery period. In column 5, "Freq. uncorrected," denotes 

+ . . 
the frequency of Aprt colonies in selection medium as a 

function of cells plated per dish. In column 6, "Freq./CE day 

4" denotes', the frequency of Aprt+ colonies in selection medium 

as a function of cloning efficiency per dose (column 4). 
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Clone EMS CE (%) CE (%) Freq. Freq./CE 
ug/ml day 0 day 4 uncorrected day 4 

D 0 100 [12] 26 0/9.6 X 106 0/2.5 X 106 

F 0 100 [55] 31 1.3 X 10- 7 4.3 X 10- 7 

D 50 42 [5.0] 8 1.9 X 10- 6 2.3 X 10-5 

F 50 20 [11] 14 1.3 X 10- 5 9.3 X 10- 5 

D 100 10 [1.2] 4.2 3.9 X 10-4 9.3 X 10- 3 

F 100 2 [0.9] 3.0 1.5 X 10-4 5.0 X 10- 3 

D 200 2 [ o·. 2] 0.4* 1.9 X 10-4 4.8 X 10- 2* 
F 200 0.04 [0.02] 0.4* 7.3 X 10- 5 1.8 X 10- 2* 

* Estimated values from pooled experimental results 



Table II. The species type of APRT expression, the dose at 

which this expression was induced, knd Southern blot data on. 

Pst I restriction site regeneration (Figures 4.and 5). NIT 

stands for "not tested." Starch gel analysis which generated 

data for column 3 can be seen in Figure 3. CAK is a wild-type 

mouse Aprt+ cell line used as a positive control (Figure~). 

Revertant clones were designated according ·to parental line, 

dose level I revertant number, for example F OIRl is a 

spontaneous revertant ofF I clone number one. "(?)" on F SOIR4 

denotes the probability that this cloning originates from a 

mixed population of cells expressing either mouse and human APRT 

but not in the same cell. 



31 

Clone Dose (EMS ug/ml) APRT expression Pst I site 

CAK N/T mouse + 

D 50/R so mouse + 
D 200/Rl 200 mouse + 
D 200/C 200 mouse + 

F 0/R1 0 mouse + 
F 0/R2 0 human N/T 
F O/R3 0 human 
F 0/R4 0 human 
F 0/RS 0 human 

F 50/R1 so mouse + 
F 50/R2 so mouse + 
F 50/R3 50 mouse N/T 
F 50/R4 50 mouse/human + (?) 
F so;c. so mouse N/T 
F 250/R2 250 mouse N/T 
F 350/R1 350 mouse N/T 
F 350/R2 350 mouse N/T 

HTD-114 50/R1 so huinan N/T 
HTD-114 50/R2 so human N/T 
HTD-114 50/R3 so human N/T 



Figure 3. Starch gel analysis of Aprt+ clones under 

spontaneous and EMS induced conditions. CAK and HT.. 1080 are 

. + 
mouse and human, respectively, Aprt cell lines; 

Gel 1: a) HT 1080 Gel 2: a) CAK Gel 3: a) HT 1080 
b) CAK b) HT 1080 b) CAK 
c) HTD-114 50/Rl c) F 0/Rl c) F" 50/C 
d) HTD-114 50/R2 d) F 0/R2 d) F 50/Rl 
e) HTD-114 50/R3 e) F 0/R3 e) D 200/Rl 
f) D 50/R f) F 0/R4 f) F 50/R4 
g) F 50/R2 g) F OjR5 g) D 200/C 
h) F h) F 0/R5 h) D 50/R 
i) CAK i) F 0/Rl i) CAK 
j) HT 1080 j) F 0/Rl j) HT 1080 



Figure 4. Xmn I/Pst I codigestions of DNAs of parental and 

Aprt+ clones of pSAM4.4M4. The membrane was hybridized to the 

mouse BamH I, 1.0 kb genomic fragment, which encompasses the Pst 

I site of interest. 

a) CAK 
b) F 
c) D 
d) F4.4 
e) F 50/R2 
f) F 50/R4 
g) D 50/Rl 
h) D 200/Rl 
i) F 0/Rl 
j) F 0/RS 



Figure ~- Pst I digestions of DNAs of parental and Aprt+ 

clones of pSAM4.4M4. The membrane was hybridized to the BamH I, 

1.0 kb genomic mouse fragment, which encompasses the Pst I site 

of interest. 

a) HTD-114 
b) CAK 
c) F 
d) D 
e) F 50/R2 
f) F 50/R4 
g) D 50/R1 
h) D 200/R1 
i) F 0/R1 
j) F 0/RS 



Figure 6. Sizes of DNA fragments from Pst I digestion of the 

integrated and flanking DNA of clones D and F. "P'" and "P" 

indicate the location of Pst I restriction sites in the genome 

and the integrated DNA, respectively. "X" indicates the 

location.of Xmn I restriction sites. The asterisk indicates the 

location of the diagnostic Pst I site. The shaded box in the 

region of the asterisk indicates the BarnH I fragment ~f the 

pSAM4.4 insert, which delineates the probe used in detecting the 

fragments. II " indicates genomic DNA in the regions of 

integration. 

Fragments: 

A. 5' integration fragment of clone D, 5.5 kb 
B. 5' integration fragment of clone F, 6.4 kb 
C. Internal integrated copy fragment of pSAM4.4M4 

DNA, 8.0 kb 
D. Fragment from clone D including 5' end of the transgenome 

and flanking human DNA produced as a consequence of 
reversion, 3.9 kb 

E. Fragment indicative of diagno.stic Pst I ~ite regeneration, 
1.6 kb 

F. Fragment from clone F including 5' end of the transgenome 
and flanking human DNA produced as a consequence of 
reversion, 4.6 ·kb 

G. Fragment indicative of internal copy, designated fragment C, 
regenerating diagnostic Pst I site, 6.4 kb 

H. 3' integration fragment of clone D, 2.3 kb 
I. 3' integration fragment of clone F, -14 kb 



... 
a.: 

0 

X 

b.-=-

c 

r 
I 

lUI 
I 
I -,-
1 
I 
I 
I 

(.) (!JI 
I 
I 
I 

:t-r-~ 
I 
I 

w• 
I 
I 

-r 

Q 

... 
a.; . 

~· 

X 

-I 

~-r 

I 
I 

w' I 

I 
I 

WI 
I 
I 

T 
I 
I 
I 

(.!J: 
I 

.I 

~ 
-'-

I 
T 

m u. 

LL 



SUMMARY 

Current assays for measuring the impact of mutagens on man suffer 

from various shortcomings. Among these are the use of non-human cells 

or prokaryotic cells, and their inability to provide information on 

the types of mutations ~roduced. In an effort to surmount these 

problems, we have developed a novel mutagenesis assay. As a first 

step in the development of this assay, thfs thesis describes a system 

capable of detecting G:C to A:T DNA transitions in a mouse gene" within 

human cells. The system successfully utilizes in vitro mutagenesis, 

gene transfer, mutagen t~eatment, and somatic cell selection to verify 

site- and sequence-specific reversion of a mouse gene construct in a 

human cell. From the data depicted herein, this system appears to be 

highly sensitive and selective for the detection of this transition. 

After exposure to 200 ug/ml ethyl methanesulfonate, transgenic clones 

D and F exhibit a 12 x 104 and 8 x 104 fold increase, 

respectively, of Aprt+ colonies over spontaneous reversion 

frequencies.. Southern blot and densitometric analyses reveal that 

clones D and F contain 2 and 3 copies of the gene construct, 

respectively, 1 or 2 of which are clearly revertible, respectively. 

Thus, we have demonstrated the practical sensitivity of our assay for 

detecting a specific DNA base pair transition induced by a known 

mutagen. 
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