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Original Communication

A simple and rapid quantitative method of detection of the
common achondroplasia mutation: Analysis
in mismatch repair deficient cells

Achondroplasia is the most common form of dwarfism and
has an incidence of approximately 1/7,500. In more than
97% of cases, it is caused by a recurrent point mutation, a
G to A substitution at nucleotide position 1138 (G1138A)
of the fibroblast growth factor receptor 3 gene. Although
this is an autosomal dominant condition, more than 90%
of all mutations occur sporadically making this one of the
most mutagenic sites in the human genome. The reasons
for the high spontaneous G1138A mutation rate are not
known.

This investigation was performed by developing a simple
and rapid semi-quantitative allele specific PCR based assay
capable of reliably detecting more than 25 mutant G1138A
copies in a pool of 300,000 wild type molecules. Using this
assay, the G1138A mutation frequency was measured in
cell lines deficient in mismatch repair (LoVo, SW48) and
comparing it with controls. No differences were found in
the frequency of this point mutation between the mismatch
repair deficient and wild type cell lines.
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Introduction

Achondroplasia (ACH), the most common form of
dwarfism is an autosomal dominant disorder with an
incidence of approximately 1/7500."2 In more than 97%
of patients with ACH, the disease is caused by a single,
recurrent point mutation resulting from a G to A
substitution at nucleotide position 1138 (G1138A) in exon
10 of the fibroblast growth factor receptor 3 gene (FGFR
3) (3). Moreover, in more than 90% of cases the condition
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is sporadic and represents a spontaneous germline
mutation.23

The reported disease prevalence ranges from of 1/
15,000 to 1/77,000 and since more than 90% of these
cases represent new mutations, the mutation rate at the
FGFR3 1138 guanosine nucleotide is between 5.5 x 10°
and 3.2 x 10 per gamete per generation.® On average, at
other similar nucleotide sites in the genome, mutation rates
for CpG-to-TpG transitions have been estimated to occur
at a rate of 3.68 X 10® to 1.05 X 107 per gamete per
generation. This places the estimates of the mutation rates
at this site to be between 50 and 760 times higher than
previously estimated and one of the most mutable sites in
the entire human genome.? The reasons for the apparent
high rate of mutation at this site are unknown.

Point mutation rates have been shown to differ
significantly among regions of the mammalian genome.
The factors which determine these differences are
complex and could include local sequence variations,
the presence of pseudogenes, C/G content, undefined
features of local chromatin content and differential
germline methylation of cytosines in CpG sites.*” More
recent studies have explored the relationship between
DNA repair and mutation frequencies.®"!

In general, the study of point mutations has been
limited by the availability of reliable assays that are
capable of detecting mutant molecules in a pool of wild
type molecules. By developing a rapid and sensitive
assay, the effect of loss of some forms of mismatch repair
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(MMR) on the mutation rate at the G1138A site was
studied.

Materials and Methods

The mutation was measured by a semi-quantitative
assay developed using an allele-specific polymerase
chain reaction (ASPCR). ASPCR is based upon the
principle that alleles differing by one or more nucleotides
can be distinguished on the basis of PCR amplification.?
The general technique involves generating primers that
have mismatches at the 3'-end of the primer. However,
the system is not absolute and in some cases, the
mismatches may amplify.”® It has been demonstrated
that introduction of additional mismatches can alter the
ASPCR primer/wild type template DNA complex and render
them increasingly refractory to extension™ (Figure 1).
To obtain maximal specificity and sensitivity, PCR
conditions such as primer, nucleotide and enzyme
concentrations and cycling parameters are modified.

In PCR, each cycle consists of denaturing the target
DNA, annealing of primers and their extension along
the template DNA via a thermostable DNA polymerase.
The newly synthesized DNA segment can serve as a
template in subsequent cycles resulting in exponential
amplification of the original target DNA. There are three
distinguishable phases of PCR. During the exponential
phase, the target DNA is amplified at a nearly constant
exponential rate' (Figure 2). Thereafter, in the later
cycles, the synthesis rate drops dramatically and enters

a quasi-linear phase. Eventually, a plateau phase is
reached which is defined as the attenuation in the rate
of the exponential product accumulation. The
accumulation of PCR products in the exponential phase
of the reaction can be modeled by the equation, N =
n(1+E)<where N is the number of molecules at the end
of the reaction, n the number of template molecules, k
is the number of cycles, and E is the average efficiency.
Therefore, there is a linear relationship between the
logarithm of the amount of initial template and the final
amount of the specific, amplified product: log N = log n
+ klog(1 +E), as reviewed by Soong and Arnheim.® For
this to be true, E must have a value of close to 1, which
occurs only during the exponential phase, where the
number of PCR products doubles during each cycle. The
linear relationship can be used to determine the quantity
of an unknown amount of starting template. This can be
done by simultaneously amplifying known amounts of
starting template and using the data from the
amplification signals of these known samples to create
standard curves. The amount of target DNA in different
unknown samples can then be quantitated by comparing
the amplification signals of the samples to the standard
curves.

After a systematic survey of annealing temperatures
and times, nucleotide concentrations, different
polymerase enzymes, thermocylcers and a series of
different primers, a highly specific and sensitive assay
for the G1138A mutation was developed employing
ASPCR.

(1221)GGCTCCCCCACCGTGCACAAGATCTCC

A SPCR Primer

Primer 1 ATGCAGGCATCCTCAGCTACA

2 ATGCAGGCATCCTCAGCAACA
3 ATGCAGGCATCCTCAGCCACA
*4 ATGCAGGCATCCTCAGCTCCA
5 ATGCAGGCATCCTCAGCTTCA

(1083)GAGGACTGGTGGAGGCTGACGAGGCGGGCAGTGTGTATGCAGGCATCCTCAGCTACGGGGTGGGCTTC

TTCCTGTTCATCCTGGTGGTGGCGGCTGTGACGCTCTGCCGCCTGCGCAGCCCCCCCAAGAAAGGCCTG

|

Induced Mismatches

C/A
A/A and C/A
A/C and C/A
C/T and C/A
T/T and C/A

Figure 1: Partial sequence of the FGFR cDNA sequence spanning the G1138A mutation which is indicated by the
arrow in the top of the figure. Locations of the ASPCR primers are underlined. At the bottom of the figure are
various allele specific primers that were tested. The underlined bold nucleotides create mismatches common to
both wildtype and mutant DNA/primer complexes. The optimal primer, number 4, used in the ASPCR protocol is
indicated by an asterisk.
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Figure 2: Graph of the accumulation of PCR products (as
represented by the log of the counts of the PCR
products) as a function of serial dilutions of known
mutant input DNA. In the exponential phase (A), the input
DNA is amplified at a near constant rate and thereafter
enters a quasi-linear (B) and then plateau phase (C)
where the accumulation of PCR products progressively
decreases. Linear regression analysis of the exponential
phase can be used to generate a line which has a slope
of ~1. The amount of an unknown (U) input mutant DNA
can be calculated from the spectophotometric
measurement of the product band intensity (N).

First, 10 rounds of non-specific PCR were carried out
using primers (Figure 1) to proportionately increase the
copy number of both the ACH mutation and wild type
templates. This was performed under the following
conditions: 0.2 mM dNTP, 10% (V:V) DMSO, 50mM KClI,
10mM Tris-HCI, 2.5 mM MgCI2 and 2.5 units Taq DNA
polymerase (Promega). The primers for this round of
PCR have been previously described' and used at a
concentration of 0.5uM GR1-5’-
GGAGATCTTGTGCACGGTGG-3 and GR2-5’-
AGGAGCTGGTGGAGGCTGA-3’ (Figure 1). The
reaction was run in a final volume of 50 ul, overlaid with
50 ul of mineral oil and subjected to PCR under the
following cycling conditions (thermocycler-MJ
Research):95°C- 2min; 94°C,-45 sec, 65°C-45 sec,
72°C-30 sec, X 9 cycles then 72°C-3 minutes and 4°C.

A small aliquot was then taken and amplified with the
G1138A mutation allele specific primers that were
designed (Figure 1). Five ul of this reaction product was
diluted in 195 ul of water and 2 ul of the dilution was
then subjected to a second round of allele specific PCR
under the following conditions: 0.05 uM of P1-5’-
ATGCAGGCATCCTCAGCTCCA-3 and P2-

5GGGAGATCTTGTGCACGGTG-3,0.08 MM dNTP, 1X
Amplitag Gold buffer, 1 unit of Amplitag Gold (Applied
Biosystems). The cycling parameters were as follows
(thermocycler-Perkin Elmer 9600): 95°C-10 minutes;
95°C-40 sec, 66.5°C-10 sec, 72°C-15 sec for 35 cycles
followed by 72°C -3 minutes and then 4°C. Ten ul of the
reaction product was then electrophoresed in a 3%
agarose gel at 100 mV for about 30 minutes, stained
with ethidium bromide and an image obtained using an
imaging system (Eagle Eye Il still video system,
Stratagene).

To test the specificity and sensitivity of the PCR
reaction, ACH patient DNA was mixed with a clone
containing a of fragment wild type ACH. Both of these
ACH sequences were confirmed by sequencing, and
quantitated by spectrophotometric analysis. Cloned wild
type ACH was used as a control because all somatic
DNA samples gave the ACH mutation specific PCR
product. A series of experiments were then performed
with serially decreasing numbers of mutant ACH copies
admixed with the 300,000 wild type clone (equivalent to
1 ug of human genomic DNA) copies. The results
indicated that with amplification of an admixture of a
minimum of 25 mutant ACH genome equivalents mixed
with 300,000 wild type ACH copies, the expected 128
bp product was observed. Below 25 ACH copies, this
product was not consistently observed indicating the
minimum sensitivity of this assay.

For each PCR reaction, control standards consisting
of 400, 100 and 25 genome equivalents of ACH patient
DNA mixed with 300,000 copies of the cloned wild type
ACH fragment were assayed with a negative control
(no DNA). Simultaneously, 2 samples of 1 ug of DNA
where the mutant copy levels were unknown were
assayed in triplicate and the experiment was performed
using the same reagents for all samples. The images
of the electrophoresed products from all experiments
were visually inspected to determine suitability for
further analysis. Features that were analyzed included
specificity of the reaction (one product band observed),
absence of a product in the negative controls and
similar band intensities among the three replicates of
each unknown. The acceptable images were stored and
the intensity of the product bands were quantified
(EagleSight Software, Stratagene). A plot of the
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logarithm of the intensity of the mutation-specific band
as a function of the amount of the logarithm of the ACH
mutation-containing input DNA was generated. If the
slope of the linear phase of the generated curve was
approximately one, the data was suitable for
quantitation. The cell lines (LoVo, SW48, SW837, HT-
29) used in these experiment were obtained from
American Type Culture Collection and grown to
confluence as recommended. They were harvested by
standard methods and DNA was extracted as
previously described and all samples were quantitated
using the same spectrophotometer. Only those samples
where the 260/280 ratio was greater than 1.7 were
assayed.

Results

As indicated in Figure 3, the analysis shows the results
of a reaction in the exponential phase. The calculated
values indicate mutant copy levels of 23 +/- 8 (LoVo)
and 55 +/- 12 (SW48). The calculated values in the
control cell lines are 31 +/-10 (HT-29) and 49 +/- 15
(SW837) copies (data not shown).

Figure 3: A 2% agarose gel demonstrating PCR
analysis. C-control samples of serial dilutions of
G1138A mutant molecules admixed with 300,000 wild-
type copies. These correspond to mutant molecule
values of 1200 (Lane 1), 800, 400, 100, 25, 6 (Lane 6). In
the bottom row, three replicate PCR product bands (P)
from 1 ug of input DNA samples of LoVo (lanes 1-3) and
SW48 (lanes 4-6) which represent 23 +/- 8 and 55 +/- 12
mutant molecules, respectively. Lane 7 in both upper
and lower rows corresponds to a negative control of no
DNA and Lane M contains a marker.

Discussion

These experiments demonstrate the utility of this
ASPCR assay which is reliable, rapid and inexpensive.
The validity of this assay has been independently
confirmed by the development of a kinetic PCR based
system (unpublished data on the frequency of the
G1138A mutation in sperm DNA.' In contrast to the
kinetic PCR, ASPCR requires minimal equipment that
is already present in a molecular genetics laboratory
and overall is relatively inexpensive to perform. It may
be useful as a screening assay in model systems
designed to investigate the unusually high mutation
frequency at the G1138A site.

The results indicate that there is no difference in the
frequency of the G1138A mutation in the cell lines
deficientin MMR compared to controls. The two cell lines
studied, LoVo and SW48, have deficiencies of hMSH2
and hMLH1 of MMR, Respectively." These proteins are
the human homologs of E. Coli proteins, mut S and mut
L, that constitute part of the MMR complex. In E. Coli,
mismatches are recognized by this complex and the
incorrect base is excised in a fragment of 1000 bp of
surrounding sequence. In humans, much less is known
about the mechanisms of MMR.

This absence of an increase of the mutation rate in
these cell lines could represent a redundancy that exists
in the DNA repair system.”™ However, there are
alternative explanations. It may be that a selection
process occurs in which those cells that harbor this
mutation are less viable and die. In addition, the degree
and timing of methylation may also contribute to the
mechanism of mutagenesis at this CpG site. Finally, there
may be other mechanisms which are unique to germline
tissues that contribute to a selectively high mutation rate
compared to somatic tissues. The study of G1138A
mutation is important and may provide insight into
fundamental mechanisms of mutation. Such insight may
have implications not only for medical science but the
evolution of genes.

Acknowledgments

I thank D. Cohn for providing the human wild type and control
achondroplasia DNA and N. Arnheim for advice in developing
the assay.



R. P. Grewal 17

References 9. Bhattacharyya NP, Ganesh A, Phear G, Richards B,

Shiang R, Thompson LM, Zhu Y, Church DM, Fielder TJ,
Bocian M, et al. Mutations in the transmembrane domain
of FGFR3 cause the most common genetic form of
dwarfism, achondroplasia, Cell 1994;78:335-42.

Muenke M, Schell U. Fibroblast-growth-factor receptor

10.

Skandalis A, Meuth M. Molecular analysis of mutations
in mutator colorectal carcinoma cell lines, Hum Mol Gen
1995;4:2057-64.

Phear G, Bhattacharyya NP, Meuth M. Loss of
heterozygosity and base substitution at the APRT locus
in mismatch-repair-proficient and —deficient cell lines, Mol
Cell Biol 1996;16:6516-23.

mutations in human skeletal disorders, Trends in Genetics 11. Bhattacharyya NP, Skandilis A, Ganesh A, Groden J,
1995:11:308-13. Meuth M. Mutator phenotypes in human colorectal
Bellus GA, Hefferon TW, de Luna O, Hecht JT, Horton carcinoma cell lines, PNAS 1994:91:6319-23.

WA, Machado M, et al. Achondroplasia is Defined by 12, Ugozzoli L, Wallace RB. Allele-specific polymerase chain
Recurrent G380R Mutations of FGFR3, Am J of Hum reaction. Methods: A Comparison to Methods in
Genet 1995;56:368-73. Enzymology 1991;2:1-7.

Driscoll DJ, Migeon BR. Sex difference in methylation of 13. Newton CR, Graham A, Heptinstall LE, Powell SJ,
single-copy genes in human meiotic germ cells: Summers C, Kalsheker N, et al. (Analysis of any point
Implications for X chromosome inactivation, parental mutation in DNA. The amplification refractory mutation
imprinting and origin of CpG mutations, Somatic Cell Mol system (ARMS), Nucleic Acids Res 1989;17:2503-16.
Genet 1990;16:267-82. ' _ 14. Huang M, Arnheim N, Goodman MF. Extension of base
Wolfe KH, Sharp PM, Li WH. Mutation rates differ among mispairs by Tag DNA polymerase: Implications for single
regions of the mammalian genome, Nature 1989;337:283-5. nucleotide discrimination in PCR, Nucleic Acids Res
Cooper DN, Krawczak M. The mutational spectrum of 1992:20:4567-73.

single base-pair substitutions causing human genetic 15 Soong NW, Arnheim N. Detection and quantification of
disease: Patterns and predictions. Hum Gene 1990;85:55. mitochondrial DNA deletions. Methods in Enzymology,
Lichtenauer-Kaligis EG, van der Velde-va Dijke I, den Dulk 1996;264:421-31.

H, van de Putte P, Giphart-Gassler M, Tasseron-de Jong 16, Tiemann-Boege |, Navidi W, Grewal R, Cohn D, Eskanzi
JG. Genqmlc pgsmon mquenpes spontangqus B, Wyrobeck A, et al. The observed human sperm
mutageneSIS of an |ntegreted retroviral vector Conta|n|ng mutation frequency cannot explain the achondroplasia
the hprt cDNA as a target for mutagenesis, Hum Mol Gen paternal age effect, PNAS 2002;99:14952-7.
1993;2:173-82. 17. Wood RD, Mitchell M, Sgouros J, Lindahl T. Human DNA
Arnheim N, Shibata D. DNA mismatch repair in mammals: repair genes, Sci 2001;291:1284-9.

Role in disease and meiosis, Current Opinion in Genetics 18. Cooper DN, Krawczak M. Human Gene Mutation. Oxford,

and Development 1997;7:364-70.

BIOS Scientific 1993.



