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Dynamic mutations on the move

Grant R Sutherland, Robert I Richards

It is only a short time since the isolation and
characterisation of the fragile X syndrome mu-
tation'-3 uncovered a new genetic element and
mechanism of mutation. The genetic element
was an unstable DNA sequence resulting from
amplification of a naturally occurring poly-
morphic trinucleotide repeat, p(CCG)n. The
mechanism of mutation, which we have
termed dynamic mutation,4 is the change (in-
crease or decrease) in copy number of the
trinucleotide repeat with the rate of change
related to the number of copies present at any
time. This process, in which an initial change
to a DNA sequence alters the chance of further
changes to it, contrasts with classical or static
mutation in which the product of a mutation is
no more likely to undergo further changes than
was the initial DNA sequence.
The instability of the amplified p(CCG)n

repeat in fragile X syndrome is such that
different cells in different tissues, and even
different cells in the same tissue, can have
different numbers of copies of the repeat. Fur-
thermore, when the repeat is transmitted from
parent to offspring the number of copies can
change markedly. Hence different subjects in a
single family who carry the mutation can have
it in different forms. Normal X chromosomes
have six to about 50 copies of the repeat. The
mutation appears to begin as a small increase
in copy number out of the normal range. This
is transmitted unstably over a few generations,
gradually increasing when transmitted by
women but with little change in size when
transmitted by males. Subjects with small size
increases (up to about 200 copies) are clinically
normal and said to carry premutations at this
locus.
The properties of this new genetic element

provided possible mechanisms for a variety of
phenomena which were poorly understood.'
These included incomplete penetrance, vari-
able expression, other fragile sites, and anti-
cipation. The prediction that anticipation, es-
pecially as shown by myotonic dystrophy
(DM), was the result of an unstable sequence
was soon confirmed.`-5 In this disease the tri-
nucleotide was p(AGC)n. This finding of a
dynamic mutation in DM allowed the recogni-
tion that anticipation was a legitimate clinical
observation,9"" now with an acceptable genetic
mechanism, and not an artefact resulting from
biased ascertainment."
The number of disorders resulting from

unstable amplification of trinucleotide se-

quences is rapidly increasing (table). These
include another fragile site (FRAXE) that may
be associated with mild mental retardation.'2
This fragile site has turned out to be similar in
structure to the fragile X (FRAXA), involving
the same trinucleotide p(CCG)n and being
close to a CpG island which is hypermethy-
lated when the copy number exceeds approx-
imately 200.*
The dynamic mutations characterised to

date fall into two categories probably deter-
mined by whether the trinucleotide repeat is in
a translated or untranslated region of a gene.
The mutations in known or presumed
untranslated regions, FRAXA, FRAXE, and
DM, appear to have little constraint on the
number of repeats, which can range up to
several thousand copies. When the mutation is
in a presumptively translated region of the
gene (SBMA, HD, SCAI) the amplification is
restrained and rarely exceeds 100 copies of the
repeat. The molecular basis for this limit will
hopefully become clearer after more detailed
analysis of the biology of the respective
encoded proteins.
When compared to other types of single

gene defect the properties of dynamic muta-
tion diseases afford distinct advantages and
disadvantages for diagnosis. The mutations
seen in most single gene defects are character-
istically variable and numerous, occasionally a
single mutation may predominate (as does
AF508 in cystic fibrosis), but it still remains
one of many at that locus. The dynamic muta-
tion disorders are remarkably homogeneous.
Apart from fragile X syndrome where a few
deletions and a point mutation in the gene
(FMR1) have been described, no other muta-
tions in the genes involved in dynamic muta-
tion disorders have been recorded. This is a
great advantage for the diagnostic laboratory
where the primary diagnosis of these disorders
can now be made with confidence. The major

*Xoienc/lature. 'I'here arc only 10 possiblc diffcrcnt trinucle,o-
tides which can be produced from the four primary bases from
which DNA is constructed. Only two of thcse have becn
identified in dynamic mutations and thesc are p(CCG)n and
p(AGC)n. Confusion is rampant in published reports because
there is no consistent nomenclature for these sequences. TIhe
p(CCG)n rcpcat associatcd wvith fragile sites on the X chromo-
some has bccn cxpresscd as p(CGG)n, p(C CG)n, and
p(GCC)n. The convention proposed bv the gene mapping
w,vorkshops for polymorphic oligonucleotidc rcpeats is that the
bases be written in alphabctical order from 5' to 3, thus
p(AGC)n and not p(CTG)n for the DM repcat. We arc of the
Vicw that adhering to this convention will make the body of
publications much more intclligible to those readers who wish
to follow this area of genctics but wsho are not intimatelv
involved with it.
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disadvantages relate to uncertainty over the
relationship between genotype and phenotype.
Somatic variation can mean that copy number,
determined from peripheral blood lympho-
cytes, is not an accurate determination of the
size of the repeat in the affected tissue(s). In
addition (perhaps as a consequence) there can
be overlap in copy number for the different
phenotypic categories (table). For example, in
HD there is a very small area of overlap in the
copy number distributions of normal and mu-
tant chromosomes. About 2% of mutant chro-
mosomes have copy numbers at the top of the
normal range.'3 In practice, the vast majority
of direct diagnoses of dynamic mutation dis-
eases based upon repeat copy number are
reliable.

Parent of origin effects are marked in trans-
mission of dynamic mutations. In fragile X
syndrome the premutation only progresses to a
full mutation and becomes clinically signific-
ant when it is transmitted by a female. In DM,
the congenital form of the disease only occurs
when a child receives the mutation from its
mother. In HD, and possibly spinocerebellar
ataxia, juvenile onset of the disease is pater-
nally determined. The instability of the re-
peats would appear to be different in germline
and somatic tissues. In fragile X only small
changes, within the premutation range, are
apparently transmitted through sperm and
possibly also through ova.'4 The large expan-
sions seen in somatic tissues occur postzygoti-
cally but, by some imprinting mechanism,
these expansions only occur on the maternally
transmitted chromosome. The p(AGC)n re-
peat in HD sperm is particularly unstable and
may be the reason why there are greater dif-
ferences in copy number between fathers and
their children than mothers and their chil-
dren. '5
The parental bias of congenital DM trans-

mission appears to be because of constraints on
the size of the repeat which can be transmitted
by males; these constraints are not apparent in
maternal transmission.'6 17 In particular, the
copy number of the p(AGC)n repeat may

increase when it is transmitted by either par-
ent, but once males have about 600 to 700
copies little further increase occurs and de-
creases in size are seen. Females can, however,
have children with up to approximately 4000
copies of the repeat. Studies on sperm from
DM males are yet to be reported.
The basis for the sex differences, including

the imprinting associated with the fragile X,
are unknown. Whether they reflect the dif-
ferences in the mechanisms of gamete forma-
tion or some other property of the sequences
themselves remains unclear. There is evidence
in fragile X syndrome that the increases in
repeat copy number occur early in develop-
ment after which time the sequence is stabi-
lised and copy number changes no longer
occur in somatic tissues. Jansen et al'8 reported
findings that suggest imprinting does not con-
tribute to the manifestation of DM.

Effect of repeat copy number
In some of the dynamic mutation disorders
there is a relationship between copy number
and age of onset of disease. This is most clearly
seen in spinocerebellar ataxia where there is a
clear curvilinear relationship with only little
scatter.'9 In DM there is a general relationship
with the congenital form of the disease having
the largest number of repeats, but for any
given copy number there is a wide range of
ages of onset.202' A similar situation exists for
Huntington's disease; high copy numbers are
associated with juvenile onset but there ap-
pears to be little relation between age of onset
and copy number where there are fewer than
50 repeats. Andrew et aP22 report that 50% of
the variation in age of onset in Huntington's
disease can be attributed to repeat copy
number. In Kennedy disease there is general
decreasing age of onset with increasing copy
number.23

In fragile X, generally, when n exceeds
about 200, transcription of the FMR1 gene
stops (in lymphocytes), the p(CCG)n repeat
and adjacent CpG island become hypermethy-

Features of dynamic mutations.

Spinocerebellar FRAXE
ataxia type 1 ? Mild mental

retardation

Inheritance

Sex bias for
transmission of
severe form
Protein expression

Disease causing
mechanism

Repeat, location

Size of repeat
(normal)
Linkage
disequilibrium
Disease alleles

X linked dominant
with incomplete
penetrance
(anticipation)
Maternal
(full mutation)

Putative RNA
binding protein
mRNA widely
expressed
Transcription shut
down; abnormal
DNA methylation
CCG (interrupted)
5'UTR (CGG)

10-50

Yes

52-200
(premutation)
200-2000 (full
mutation)

X linked recessive
Variable severity

?

Androgen receptor

Abnormal protein
gain of function?
(decrease/increase?)
AGC (perfect)
Protein coding (Gln)

11-31

Not known

40-62

Autosomal dominant Autosomal dominant Autosomal dominant X linked
Anticipation Anticipation Anticipation

Maternal
(congenital DM)

Paternal (early onset) Paternal (possibly) ?

Putative protein Unknown function, ORF (unknown)
kinase mRNA widely mRNA widely

expressed expressed

Altered level of
mRNA/protein?

AGC (perfect)
3'UTR (CUG)

5-35

Yes

50-80
(protomutation)
80-2000 affected

Abnormal protein
gain of function?

AGC (perfect)
Protein coding
(Gln)?
9-34

Yes

30-100

Abnormal protein
gain of function?

AGC (interrupted)
Protein coding
(Gln)?
25-36

43-81

CCG (interrupted)
?UTR

6-25

?>25<200
premutation
? > 200 full mutation

Disease Fragile X
syndrome

Spinobulbar
muscular atrophy

Myotonic
dystrophy

Huntington's
disease
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lated, and the syndrome is apparent. Below
200 copies (the premutation) there is little
clinical effect. The general situation is,
however, occasionally disturbed by two forms
of tissue mosaicism, repeat copy number and
degree of methylation of the CpG island adjac-
ent to the repeat (and possibly of the repeat
itself). This situation will probably not be
clarified until it is known in which tissue(s)
abnormal expression of the FMR1 gene is
critical for the various components of the syn-
drome and whether the inactivation of FMR1
expression in lymphocytes in which the CpG
island is methylated also applies to other
tissues.

Founder chromosomes
The conventional interpretation of the finding
of linkage disequilibrium between a mutation
and polymorphic DNA sequences adjacent to
it (haplotype) is that the mutation arose only
once on each haplotype on which it is present.
Hence such disequilibrium is evidence of
founder mutations and a very low mutation
rate. The fragile X shows marked linkage
disequilibrium24 and DM shows complete dis-
equilibrium with a diallelic RFLP.25 Hunt-
ington's disease also shows a similar effect.26
How can these data be interpreted for dyna-

mic mutations? Some of the fragile X mutant
haplotypes which do not carry the mutation
have repeat copy numbers at the top of the
normal range.24 Since the rate of mutation of
simple repeat sequences is proportional to
copy number, there may be a group of normal
alleles with high copy number which are
predisposed to mutate. Alternatively, since
there can be imperfections in the repeat on
normal alleles, and since mutation may be
proportional to the length of perfect repeat,
some normal alleles without imperfections
may also be predisposed to mutation. The
linkage disequilibrium studies may therefore
not be evidence of rare ancestral mutation but
of a small number of normal alleles which have
much higher rates of copy number increase,
and thus mutation, than other normal alleles.

Genotype to phenotype
The mechanisms by which dynamic mutations
produce their phenotypic effects are not clear.
In fragile X syndrome the full mutation results
in inactivation of the FMR1 gene (for a puta-
tive RNA binding protein) with cessation of
transcription in lymphocytes. In DM there
are conflicting reports of decreased27 and
increased28 steady state mRNA levels. In the
fragile sites and DM the repeat is in a non-
coding part of the gene. The functional role of
these sequences is therefore unrelated to the
encoded protein. One possibility is that they
are recognition sites for RNA or DNA binding
proteins. Nuclear binding proteins for each of
the di- and trinucleotide repeats (including
various forms of the fragile X p(CCG)n repeat)
have been reported.29 In the other disorders,
where the repeat codes for polyglutamine, the

expansion may confer some gain of function to
the protein involved.
The finding30 that FMR 1 is a member of the

KH domain family ofRNA binding proteins is
intriguing given the known roles of other
members of this family. One of these, the yeast
protein MERI, is a splicing regulator of the
RNA transcript of another gene, MER2. The
function of MER1 is crucial for meiosis.3'
FMR1 appears to be essential for sperm viabi-
lity (all X bearing sperm of fragile X affected
males have a p(CCG)n copy number permissive
for FMR1 expression) and therefore a role in
male meiosis would be consistent with both
these in vivo observations of FMR1 and the
function of its yeast relative MER1. Assessment
of spermatogenesis in males with deletion or
point mutation in FMR1 would be of interest.

Unstable repeat sequences in other
diseases
Two additional instances of changes in repeat
copy number associated with disease warrant
discussion. The first of these is in hereditary
non-polyposis colon cancer (HNPCC). In this
disorder tumour tissue exhibits genome wide
instability of simple tandem repeat se-
quences.32 This instability is associated with
genetic predisposition to HNPCC which maps
to chromosome 2.3 At this stage it is not clear
whether the chromosome 2 gene is a cause of,
or an 'at risk' target for, this instability. In-
stability appears to be restricted to the malig-
nant cells of affected subjects in either sporadic
or familial HNPCC.
The second instance of repeat copy number

associated disease involves a 24 base pair re-
peat coding for an octapeptide in the prion
protein (PrP) gene.34 A variety of mutations in
this gene cause Creutzfeldt-Jakob disease and
Gerstnann-Straussler-Scheinker syndrome. The
repeat copy number is normally four with
insertions of four copies or deletions of one
copy having no phenotypic effect; however,
insertions of five or more extra copies of the
repeat result in neurological disease of variable
severity. No instability of the repeats has been
noted within affected pedigrees although the
sample size at this stage is very small.
While it might be premature to include the

phenomena observed in HNPCC and in the
PrP gene under the heading of dynamic muta-
tion, it is important to be open to the possi-
bility that this mutation mechanism is not
restricted to just trinucleotide repeats.

How common are dynamic mutations?
There are now enough dynamic mutations for
a number of general properties of this type of
mutation to have become apparent. (1) The
severity of the disease, which includes age of
onset, can be related to the number of copies
of the repeat and is highly variable. (2) De-
partures from mendelian inheritance are com-
mon. (3) Founder chromosomes which reflect
either very low rates of mutation or haplotypes
which are predisposed to mutation are seen.
Certainly, new mutations are very rare. (4)
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The diseases are virtually or completely muta-
tionally homogeneous. (5) Parent of origin
effects are common.

The six known dynamic mutations have all
been recognised within the last three years.

The common properties of these mutations,
especially the departures from mendelian in-
heritance and the highly variable phenotypes
with wide ranging ages of onset, may give some
clues to other diseases which have similar
mutational mechanisms. Because anticipation
as a legitimate form of inheritance was so

effectively discredited by Penrose," it has rar-

ely been mentioned in genetic publications
since. A careful study, especially of clinically
variable diseases, perhaps concentrating on

those with a neurological abnormality since all
the dynamic mutations so far have been in this
region, looking for anticipation may give
further clues. Care will need to be taken in
such studies not to ignore Penrose com-

pletely," since ascertainment bias may in some
instances mimic anticipation. Similarly envir-
onmental effects which could possibly produce
anticipation, especially in psychiatric dis-
orders, will need to be taken into account. The
discovery of dynamic mutation should now

give rise to careful segregation analyses which
in turn should provide new disorders which
are candidates for dynamic mutation.
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