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Abstract A wide variety of different types of pathogenic mutation occur in the human
genome, with many diverse mechanisms responsible for their generation. These types
of mutation include single base-pair substitutions in coding, regulatory and splicing-
relevant regions of human genes, and also micro-deletions, micro-insertions, duplica-
tions, repeat expansions, combined micro-insertions/deletions (“indels”), inversions,
gross deletions and insertions, and complex rearrangements. A major goal of molecu-
lar genetic medicine is to be able to predict the nature of the clinical phenotype through
ascertainment of the genotype. However, the extent to which this is feasible in medical
genetics is very much disease, gene, and mutation dependent. The study of muta-
tions in human genes is nevertheless of paramount importance for our understanding
of the pathophysiology of inherited disorders and for optimizing diagnostic testing, as
well as in guiding the design of new therapeutic approaches.
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from Glu to Val at the 6th codon of the B-globin gene)
was identified by Ingram in 1956, who found that the
difference between hemoglobin A and hemoglobin S
lies in a single tryptic peptide (158). His analysis was
made possible by methods developed by Sanger for
determining the structure of insulin and Edman’s step-
wise degradation of peptides. Since then, continuous
advances have potentiated the identification of numer-
ous disease-related genes and the discovery of thou-
sands of underlying pathologic lesions. Single base-pair
substitutions (68%) and micro-deletions (16.4%) are
the most frequently encountered mutations in the
human genome, the remainder comprising an assort-
ment of micro-insertions (6.6%), indels (1.5%), gross
deletions (5.6%), gross insertions and duplications
(1.0%), inversions, repeat expansions (0.23%), and
complex rearrangements (0.8%). Characterized muta-
tions occur not only in coding sequences, but also in
promoter regions, splice junctions, introns and untrans-
lated regions, and any other functional region of the
genome. Mutations can interfere with any stage in the
pathway of expression from gene activation to synthe-
sis and secretion of the mature protein product. This
chapter attempts to provide an overview of the nature
of mutations causing human genetic disease and then
considers their consequences for the clinical pheno-
type. The interested reader is also referred to the third
edition of this work for an in-depth discussion of muta-
tion rates and factors influencing the generation of
mutations. Two online databases contain information
on disease-related (pathogenic) mutations: Mendelian
Inheritance in Man (http://www.ncbi.nlm.nih.gov/
Omim/) and the Human Gene Mutation Database
(http://www.hgmd.org).

10.2 Neutral Variation/DNA
Polymorphisms

The term polymorphism has been defined (336) as a
“Mendelian trait that exists in the population in at
least two phenotypes, neither of which occurs at a fre-
quency of less than 1%.” Polymorphisms are not rare.
Indeed, there is enormous variation in the DNA
sequences of any two randomly chosen human haploid
genomes. Clearly, not all variations within a gene
result in the abnormal expression of protein products.
Indeed, single nucleotide substitutions/polymor-

phisms (SNP) occur in 1/~600-1,200 nucleotides in
intervening sequences and flanking DNA (13, 75, 103,
244,285, 342). These substitutions represent the most
common forms of DNA polymorphism that can be
used as markers for specific regions of the human
genome. Similarly, some single nucleotide substitu-
tions in the coding regions of genes may also be nor-
mal (nonpathogenic) polymorphic variants even if
they result in nonsynonymous substitutions of the
polypeptide product (247). For example, there are
three common forms of the -globin (HBB) gene on
chromosome 11p. These forms differ at five nucle-
otides, one of which lies within the first exon of the
gene and results in a synonymous codon. The average
human gene contains > 120 biallelic polymorphisms,
46 of which occur with a frequency >5% and 5 within
the coding region (78).

Some polymorphisms entail the alteration of an
encoded amino acid, e.g., the Lewis Le alleles of the
FUT3 gene (245), whereas others may introduce a
stop codon that serves to inactivate the gene in ques-
tion, e.g., the secretor se allele of the FUT2 gene
present in 20% of the population (176). However, not
all polymorphisms are SNPs. Examples of other types
of gene-associated polymorphism in the human
genome include triplet repeat copy number (e.g., in
the FMRI gene; see Sect. 9.2.1.3), gross gene dele-
tion (e.g., GSTM1 and GSTTI) (273), gene duplica-
tion (e.g., HBG2) (318) intragenic duplication (e.g.,
IVL) (132), micro-insertion/deletion (e.g., PAII) (84),
indel (e.g., APOE) (120), gross insertion (e.g., the
inserted Alu sequence in intron 16 of the ACE gene)
(277), inversion (e.g., the 48 kb Xq28 inversion
involving the EMD and FLN1 genes) (307)) and gene
fusion (e.g., between the RCP and GCP visual pig-
ment genes) (241)). It can be seen that the mutational
spectrum of polymorphisms in the human genome is
qualitatively different to that underlying human dis-
ease; they may vary in terms of location and fre-
quency but otherwise they display remarkable
similarities indicative of the same underlying muta-
tional mechanisms.

It is likely, however, that some SNPs, both frequent
and rare, alter the risk for common complex human
phenotypes. A public SNP database now contains more
than 10 million entries (dbSNP; http://www.ncbi.nlm.
nih.gov/SNP/index.html). An international project has
recently been completed, termed the “HapMap project”
(8, 68, 144), the goal of which was to define the
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patterns of common SNP genetic variation in a sample
of 270 DNAs from individuals of European, African,
Chinese, and Japanese origin (http://www.hapmap.org/).
The data obtained from this project constitute approxi-
mately 2.8 million SNPs and are publicly available.
The results of this project are likely to contribute sig-
nificantly to our understanding of both common and
rare human genetic disorders and traits.

Another form of polymorphic variation in our
genome is the presence of variable numbers of tandem
repeats (VNTRs). The repeat unit can be 10-60 nucle-
otides in length and many different alleles may exist at
a given locus (164, 358). The combination of a VNTR
and single nucleotide substitutions within the repeat
unit results in an extremely high level of polymorphic
variability that can be used as a unique bar-code to dis-
tinguish different individuals (165). The introduction
of the polymerase chain reaction (PCR) (286) permit-
ted the rapid detection and analysis of variation in
short sequence repeats (SSR), e.g., (GT), repeats (212,
347) . These are common polymorphisms that occur
on average once every 50 kilobases (kb) of genomic
DNA. The SSRs also display many alleles and the
repeat unit can be two, three, four, five or more nucle-
otides. Poly(A) tracts may also be polymorphic, exhib-
iting variation in the number of A residues (101); many
of these polymorphisms are localized at the ends of
Alu repetitive elements. Another kind of polymor-
phism in the human genome involves the presence or
absence of retrotransposons (i.e., Alu or LINE repeti-
tive elements or pseudogenes) at specific locations (10,
71) . Furthermore, duplicational polymorphisms have
also been reported for some human genes, e.g., HBAI,
PRB1-4, HBZ, CYP21/C4A/C4B (39, 71).

The use of comparative genomic hybridization
against BAC or oligonucleotide arrays has revealed
extensive copy number polymorphisms/variation of
sizable genomic regions (CNP or CNV) (156, 294,
300). Details of more than 1,400 such genomic variants
may be found in the following databases: Human
Structural Variation Database, http://paralogy.gs.wash-
ington.edu/structuralvariation; Database of Genomic
Variants, http://projects.tcag.ca/variation. A CNV map
of the human genome of the 270 “HapMap” individuals
has revealed a total of 1,440 CNV such regions which
cover some 360 megabases (12% of the genome) (274).
The functional significance, if any, of the majority of
these polymorphic variants is however unknown.
Copy number variants may predispose to phenotypic

variability. For example, it has recently been observed
that copy number variation of the orthologous rat and
human Fcgr3/FCGR3B genes is a determinant of sus-
ceptibility to immunologically mediated glomerulone-
phritis (5). Copy number variants in the CCL3LI and
DEFB4 genes have also been found to be associated
with increased susceptibility to HIV infection and
Crohn’s disease, respectively (111, 126).

Deletional polymorphisms are also remarkably fre-
quent in the human genome: a typical individual has
been estimated to be hemizygous for some 30-50 dele-
tions >5 kb, spanning >550 kb in total and encom-
passing >250 known or predicted genes (67, 222).
Since such deletions appear to be in linkage disequilib-
rium with neighboring SNPs, we may surmise that
they share a common evolutionary history (145).

Human DNA polymorphisms have proven extremely
useful in developing linkage maps, for mapping mono-
genic and polygenic complex disorders, for determin-
ing the origin of aneuploidies and chromosomal
abnormalities, for distinguishing normal from mutant
chromosomes in genetic diagnoses, for performing
forensic, paternity, and transplantation studies, for
studying the evolution of the genome, the loss of
heterozygosity in certain malignancies, the detection of
uniparental disomy, the instability of the genome in
certain tumors, recombination at the level of the
genome, the study of allelic expression imbalance, and
the development of haplotype maps of the genome.
However, in studying the role of a candidate gene in a
given disorder, it is imperative to distinguish between
pathogenic mutations that cause a clinical phenotype
and the polymorphic variability of the normal genome.

10.3 Disease-Causing Mutations

10.3.1 The Nature of Mutation

Figure 10.1a depicts the frequencies of the various
mutation types responsible for molecularly character-
ized human genetic disorders, as recorded in the
Human Gene Mutation Database (HGMD) (http://
www.hgmd.org) and elsewhere (196, 312)). HGMD
records each mutation once regardless of the number
of independent occurrences of that lesion. Figure 10.1b
shows the frequency of the first mutation per disease
recorded in Mendelian Inheritance in Man (MIM)
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(http://www.ncbi.nlm.nih.gov/Omim) and by Antona-
rakis and McKusick (11). As of March 31, 2009,
HGMD contained some 88,317 different mutations in
3,337 human genes, whereas MIM contained examples
of allelic variants in 2,514 human genes.

10.3.1.1 Nucleotide Substitutions

Single nucleotide substitutions are the most frequent
pathologic mutations in the human genome (Fig. 10.1).
Most of these alterations occur during DNA replication,
which is an accurate, yet error-prone, multistep process.
The accuracy of DNA replication depends on the fidel-
ity of the replicative step and the efficiency of the subse-
quent error correction mechanisms (214). Analysis of
more than 7,000 missense and nonsense mutations asso-
ciated with human disease has indicated that the most
common nucleotide substitution for T (thymine) is to C
(cytosine), for C itis to T, for A (adenine) it is to G (gua-
nine) and for G it is to A (195). Transitions are therefore
much more common than transversions. Some 61% of
the missense/nonsense mutations currently logged in
HGMD are transitions (Tto C, Cto T, A to G, G to A),
whilst 39% are transversions (T to A or G, Ato T or C,
GtoCorT,CtoGorA).

Among single nucleotide substitutions there is one
that clearly predominates, and it represents the most
common type of mutational lesion: CpG dinucleotides
mutate to TpG at a frequency that is about 5 times that
of mutations in all other dinucleotides (15, 195, 361,
363). This substitution, which generates TG when it
occurs on one DNA strand and CA (“CG to TG or CA
rule”) when it is on the other, is a major cause of human
genetic disease. This phenomenon was first observed
in the factor VIII (F8) gene in cases of hemophilia
A (361), but it was soon noted in studies of many other
genes (74). In hemophilia A, CG to TG or CA muta-
tions account for 46% of point mutations in unrelated
patients (14). In the HGMD (312) (http://www.hgmd.
org), such mutations currently account for ~20% of the
total number of missense/nonsense mutations. Among
CpG dinucleotide mutations, transitions to TG or CA
account for ~90% of substitutions. The mechanism of
this common type of mutation appears to be methyla-
tion-mediated deamination of 5-methylcytosine (SmC).
In eukaryotic genomes, SmC occurs predominantly in
CpG dinucleotides, most of which appear to be methy-
lated (see (70) for review). SmC then undergoes spon-
taneous nonenzymatic deamination to form thymine
(Fig. 10.2). There is a bias in terms of the origin of
CpG to TpG mutations: most occur in male germ cells

The Human Gene Mutation Database (HGMD)

Gross deletions
Complex rearrang/s
Gross Ins & Dupl
Repeat variations
Small Ins/Del
Small Insertions
Small Deletions

Regulatory

Splicing

Nonsense

Single base pair
substitutions

Missense

30412

0 4000 8000 12000

16000 20000 24000 28000 32000

67030 mutations in 2478 genes (5Jan07)

Fig. 10.1 Spectrum of different types of human gene mutations logged in the Human Gene Mutation Database as of January 2007
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(the male/female ratio is 7 to 1). One reason for this
may be that sperm DNA is heavily methylated,
whereas oocyte DNA is comparatively undermethy-
lated (99). Another reason may be the considerably
higher number of germline cell divisions in males than
in females (154).

In a recent analysis, the average direct estimate of
the combined rate of all mutations was 1.8x 10~ per
nucleotide per generation. Single nucleotide substitu-
tions were found to be approximately 25 times more
common than all other mutations, whilst deletions
were approximately three times as common as inser-
tions; complex mutations were very rare, and the CpG
context was found to increase substitution rates by an
order of magnitude (185). Rates of different kinds of
mutations were also found to be strongly correlated
across different loci (185).

10.3.1.2 Micro-Deletions and Micro-Insertions

Deletions or insertions of a few nucleotides are also
fairly common as a cause of human inherited disease.
Most of these are less than 20 bp in length. Indeed, the
majority of micro-deletions involve <5 nucleotides. In
HGMD, the deletion of 1 bp accounts for 48% of small
deletions, whilst an additional 30% involve 2 or 3
nucleotides. The majority of micro-deletions recorded
(78%) result in an alteration of the reading frame. Most
micro-deletions occur in regions that contain direct
repeats of 2 bp or more. The most common length of
direct repeat is 3 bp (48% of direct repeats associated
with short deletions (15)). The most plausible mecha-
nism for small deletions mediated by the presence of
direct repeats is the slipped mispairing model (104)
(Fig. 10.3). In addition, deletions of one or a few nucle-
otides frequently occur in runs of the same nucleotide,
e.g., a poly(T) region (198). Finally, inverted repeats

Sliped-Mispairing Model
for Deletions & Insertions
during DNA Replication

—-—-—ﬂ-——» Insertion

—_— T —

—-a-a——
Fig. 10.3 Schematic representation of the slipped mispairing
model for deletions and insertions during DNA replication

Deletion

and “symmetric elements” are also frequently found in
the immediate vicinity of micro-deletions (73, 289).
Krawczak and Cooper (193) identified a consensus
sequence — TG(A/G)(A/G)(G/T)(A/C) — which they
claimed represented a deletion hotspot.

Micro-insertions (again up to 20 nucleotides) are
rarer than micro-deletions; thus, in HGMD there are
three times as many micro-deletions as micro-inser-
tions (Fig. 10.1a). Nearly half of these involve the
insertion of only 1 nucleotide (Fig. 10.4). As is the
case with micro-deletions, most micro-insertions lead
to alterations of the reading frame and are located in
regions containing direct or inverted repeats or runs of
the same nucleotide. Details of possible mechanisms
of generation during replication can be found in else-
where (72). There are as yet insufficient data available
to estimate the frequency ratio of micro-insertions or
micro-deletions in male or female germ cells. In the
case of such lesions in factor VIII (F8) gene, 56% of
micro-deletions/-insertions have been reported to
occur in DNA regions harboring direct repeats or runs
of the same nucleotide (14).
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HGMD Small Deletions and Insertions (5-Jan-07)
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Fig. 10.4 Size distribution of short (<20 bp pathogenic human gene deletions and insertions (HGMD; http://www.hgmd.org,

5 January 2007)

HGMD data (3,767 micro-deletions and 1,960 micro-
insertions) were used to perform a meta-analysis of
micro-deletions and micro-insertions causing inherited
disease, both defined as involving <20 bp DNA (23). A
positive correlation was noted between the micro-dele-
tion and micro-insertion frequencies for 564 genes for
which both micro-deletions and micro-insertions have
been reported. This is consistent with the view that the
propensity of a given gene/sequence to undergo micro-
deletion is related to its propensity to undergo micro-
insertion. While micro-deletions and micro-insertions
of 1 bp constitute, respectively, 48 and 66% of the cor-
responding totals, the relative frequency of the remain-
ing lesions correlates negatively with the length of the

DNA sequence deleted or inserted. Many micro-dele-
tions and micro-insertions of >1 bp can potentially be
explained in terms of slippage mutagenesis, involving
the addition or removal of one copy of a mono-, di-, or
trinucleotide tandem repeat. The frequency of in-frame
3 and 6 bp micro-insertions and micro-deletions was,
however, found to be significantly lower than that of
mutations of other lengths, suggesting that some of
these in-frame lesions may not have come to clinical
attention. Various sequence motifs were found to be
overrepresented in the vicinity of both micro-insertions
and micro-deletions, including the heptanucleotide
CCCCCTG that shares homology with the complement
of the 8-bp human minisatellite conserved sequence/
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chi-like element (GCWGGWGG). The “indel hotspot”
GTAAGT (and its complement ACTTAC) were also
found to be overrepresented in the vicinity of both
micro-insertions and micro-deletions, thereby providing
a first example of a mutational hotspot that is common
to different types of gene lesion. Other motifs overrep-
resented in the vicinity of micro-deletions and micro-
insertions included DNA polymerase pause sites and
topoisomerase cleavage sites. Several novel micro-dele-
tion/micro-insertion hotspots were noted, and some of
these exhibited sufficient similarity to one another to
justify terming them “super-hotspot” motifs. Analysis
of DNA sequence complexity also demonstrated that a
combination of slipped mispairing mediated by direct
repeats, and secondary structure formation promoted by
symmetric elements, can account for the majority of
micro-deletions and micro-insertions. Thus, micro-
insertions and micro-deletions exhibit strong similari-
ties in terms of the characteristics of their flanking DNA
sequences, implying that they are generated by very
similar underlying mechanisms.

A similar analysis of micro-deletions and micro-
insertions in 19 human genes yielded evidence for an
elevated micro-deletion rate at YYYTG and an elevated
micro-insertion rate at TACCRC and ATMMGCC
(186). Kondrashov and Rogozin (186) also found that
~45% of micro-deletions led to the removal of a repeated
sequence, an event they termed “deduplication” in order
to highlight the identity of the deleted sequence and the
sequence abutting the site of deletion.

10.3.1.3 Expansion/Copy Number Variation
of Trinucleotide (and Other) Repeat
Sequences

Another mechanism of human gene mutation causing
hereditary disease is the instability of certain trinucle-
otide repeats and their expansion in affected genes (44,
218, 282). A growing number of disorders (in excess
of 150 are now recorded in HGMD), the majority of
which involve neuromuscular tissues, have been found
to be due to, or associated with, the expansion of repeat
sequences; of these, 23 are expansions of triplet
repeats. The first such disease was fragile X, a com-
mon cause of male mental retardation, which mapped
to chromosome Xq27.3. Table 10.1 lists some examples
of these disorders, which include Huntington disease,
myotonic dystrophy, spinobulbar muscular atrophy,

spinocerebellar ataxia 1, spinocerebellar ataxia 3 or
Machado-Joseph disease, the fragile E site, and denta-
torubral pallidoluysian atrophy. Genetic “anticipation”
(the earlier onset and increasingly severe phenotype in
successive generations) is a common phenomenon in
these disorders (141). The trinucleotide involved is
usually either CAG or CGG, but occasionally CTG,
GCQG, or GAA. It can be located in the 5’ untranslated
region (UTR), as in the case of the FMRI gene under-
lying fragile X, within the coding region (as in
Huntington disease, SCA1, SCA3, and Kennedy dis-
ease) encoding poly(Gln), in an intron, as in Friedreich
ataxia (FXN) and myotonic dystrophy type 2 (ZNF9),
or in the 3> UTR, as in myotonic dystrophy type 1
(DMPK; Table 10.1, Fig. 10.5). The expansion of the
triplet repeat either prevents its expression (329),
results in a dominant gain—of—function mutation medi-
ated by the longer poly(Gln) peptide (150), or alters
the RNA processing of other genes (211, 288).

The trinucleotide repeats are usually polymorphic
in human populations. Rarely, however, the number of
trinucleotide repeats lies within a high-risk category
that is termed “premutation.” In such a case, the pre-
mutation exhibits a high probability of further expan-
sion (instability) to yield disease-related alleles (“full
mutation”). In fragile X, for example, the normal poly-
morphic alleles of the CGG repeat contain between 10
and 50 triplets, the premutation between 50 and 200,
and the full mutation more than 200 triplets (119).
Expansion of premutations to full mutations only
occurs during female meiotic transmission. The prob-
ability of repeat expansion correlates with repeat copy
number in the premutated allele. Since the premutation
must precede the appearance of a full mutation, all
mothers of affected children carry either a full muta-
tion or a premutation (119). Premutation alleles may
also be associated with late-onset movement disorders
and premature ovarian failure (69, 163)

The precise mechanism of repeat expansion is
unclear, although it is known that DNA polymerase
progression is blocked by CTG and CGG repeats and
the resultant idling of the polymerase could serve to
catalyze slippage, leading to repeat expansion (171).
In the case of spinocerebellar ataxia 1 (SCA1), inter-
ruption of the CAG repeat with a CAT unit is associ-
ated with more stable trinucleotide repeat (56). More
details about these “dynamic mutations” can be found
in the appropriate sections covering individual disor-
ders, and have also been treated by Wells (348). Short



S.E. Antonarakis and D.N. Cooper

326

&6

&

[eurayed

[BUISIEIA
[euwIoreq

aN
[ewIoreq
[eurojeq
[ewioreq

[eurojeq
[ewioreq

aN

[euIdJeJAl

aN

[BUIOIEIA
selq
I3puag

[eludIeg

10

aN

aN

40T

Xeld 40T
40D

aN
40D
40D
40D

40D
40D

40T 40D
JATIRTU

wo(]y,

Xer] d0T

Xeld 40T

adKy

uoneINA

SuIpo)

SuIpo)

Sunjuepy G

] uonug
SuIpo)

SuIpo)
SuIpo)
Surpo)
SuIpo)

Surpo)
SuIpo)

Surpo)

dLN.¢

ALN.S

dLN.S

uoneso[

08-¢6¢

ULy Q0LI-CIT
uonenwaid (g
0€1-8¢

9VDOS Lt-IT

¢vd €2-0C
780

¥9-6¢

18=1v

88-1¢
121-9¢

99-8¢

000°€-0S
jnw [[ny
0SL—0€C
uonenward
0S1-0€1
jnuw [[ny
0001-0€¢
uoneynwaxd

00C-09

JuRINA

Se-L

59

[EULION

[310)9)
u(voD)u
(1D9)u(DDD)

DODOOID
-DDOIDO

VvVD
DVO

DVO
DVO
DVvDO
DVO

DVD
DVO

DVD

DLO

20D

5DD

6LTT09

686°Ch1

SPI°109

00£°62T
00S 791

110°T09
0ST°601
LTIS'T09
955109

0LE'STI
00T°Eyl

00L°ETE

006°091

87S°60¢

0SS°60€

€Ib-z 11bp1

zeb-1¢bg

¢Tebie

1'12-¢1b6
¢r-z1dg
¢rder
1'zeby1
1'vebzl
¢cdo

1eerdel
€91dy

12-€1bx

€1b61

{Tbx

€ LTbx

ad8qvd

£IAXOH

418D

[vayd
LVOS

VIVNOVD
[AINIEVIS
CXLVITVIS
IXLV/TVOS

Viddd
dH

A4

AdNWd

CINA

TINA

quan)

av

av

qv

qv
av

av
av
av
av

av
av

dIX

av

aIx

aIx

Qour)LIayu]

AydonsAp renosnu
reaSukieydornoQ

K1KyoepAjoduks

1 Asdoida
SNUO[OOAW QAISSAITOIJ

BIXBIR [OTOIPALL]

L BIxeje Je[joqaraoourdg

7 2d4£) erxeye orposidg

/9 eIXE)R Je[[oqaIadourdg

¢ BIXBIR Je[[oqaraoourdg

T BIXEIR IR[[9qa100uldg

[ erxeje re[eqaredourdg

Aydome uersAnjoprred

-0IqNIOYRIU(]

9SeasIp uoj3UNUNYH
Aydone

Iernosnw Jeqrnqourds

AydonsAp oruojoAN

uonepIe)ax
[ejuow o oqSery

QUIOIPUAS X 9131

IapIOSI(T

Sl

4!

suorsuedxa jeadar 10yj0 pue 9prOI[ONULI) JO SIOPIOSIP JO sa[dwrexa snouep L0l 3|qel



10 Human Gene Mutation: Mechanisms and Consequences 327
ig.10. 1 ioni ATG Sto
Fig.10.5 Locatlfm of the repeat expansion in 5 UTR EXON \ P 3 'UTR
selected human disorders 5 IVs IVs 5
PMEL  FRAXA FRDA1 DMPK 222
FRAXE (6AA), DRPLA (€T6), 5CA12
(C46C,6CB), (C6G), SBMA (cAe),
ZNF9 scAl
(ccTe), SCA2
scAl0  SCA3
(ATTCT),  S5€A6
SCA7
SCA8
(€AG),

Selected Repeat Expansions in Human Disorders

expansions of GCG trinucleotide codons encoding
Alahave been observed in the HOXD13 gene causing dom-
inant polydactyly, and in the PABP2 gene causing ocu-
lopharyngeal muscular dystrophy (37, 237). These
mutations may be due to unequal crossing-over rather
than polymerase slippage. Generally speaking, it is likely
that repeat instability is a consequence of the resolution
of unusual secondary structure intermediates during
DNA replication, repair and recombination (264).

A repeat expansion of 12 nucleotides (CCCCGCC-
CCGCQG) in the 5’ flanking region of the CSTB gene
causes one form of the recessive progressive myoclonus
epilepsy (EPM1) (201). This indicates that repeat seq-
uences other than trinucleotides can become expanded
and cause human disorders. This particular expansion
silences the CSTB gene, probably because it alters the
spacing of transcription factor binding sites from each
other and/or the transcriptional initiation site (202).

A tetranucleotide repeat expansion (CCTG), in
intron 1 of the ZNF9 gene causes myotonic dystrophy
type 2 (211). This expansion can be between 75 and
11,000 repeats in length. The expansion of the penta-
nucleotide repeat (ATTCT), is responsible for the
phenotype of spinocerebellar ataxia 10 (SCA10). The
expansion occurs in intron 9 of the SCAI0 gene and
can be up to 22.5 kb in length (221). Expansions of
even longer repeats have been reported. In Usher syn-
drome type 1C, for example, there is an expansion of
a 45-bp VNTR in intron 5 of the USHIC gene (9 tan-
dem repeats instead of the usual less than 6 such
repeats); this expansion has been predicted to inhibit
transcription of the gene (332). There are also cases in
which a large repeat expansion is not associated with
a particular phenotype, e.g., the expansion of an
AT-rich 33-mer repeat in the dictamycin-sensitive
fragile site 16B (364).
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Fig. 10.6 Homologous unequal combination between similar
regions of sequences A and B. The recombination events cause
either deletions or duplications. In the case of a deletion, a hybrid
sequence is generated, with the first part from sequence A and
the second, from sequence B. The middle sequence in the dupli-
cation product is also a hybrid sequence, with the first part from
sequence B and the second, from sequence A

%,

10.3.1.4 Gross Deletions

Gross deletions are common causes of certain disorders
and rare in others. In most of the X-linked disorders,
for example, large deletions account for about 5% of
molecular defects. In other disorders, however, such as
steroid sulfatase deficiency, large deletions of the ST'S
gene account for 84% of patients (24). The same is true
for disorders such as Duchenne muscular dystrophy,
growth hormone deficiency and a-thalassemia (92,
242, 335).

A considerable number of large deletions are probably
generated by mispairing of homologous sequences and
unequal recombination (Fig. 10.6). One of the best
examples of homologous unequal recombination is the
case of a-globin genes on chromosome 16p. As a result
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of a recent evolutionary duplication of the o-globin
genes, extensive regions of sequence homology exist
between the two closely linked a-genes. Unequal cross-
over results in either deletion of one a.-gene or the cre-
ation of a fusion hybrid gene (106). The reciprocal
product chromosomes carry three o-genes and are not
associated with a clinical phenotype (127). Another
example of a fusion gene resulting from an unequal
crossover is the case of hemoglobin Lepore character-
ized by a hybrid gene between the 8- and -globin
genes on chromosome 11p (21). In the case of steroid
sulfatase deficiency, the deletion can be as large as one
megabase (Mb) (299). In Kallmann syndrome, translo-
cation can occur as a result of unequal mispairing of
X- and Y-homologous sequences (138).

A number of common genetic disorders are due to
large deletions (or duplications) caused by unequal
crossing-over of homologous sequences. Figure 10.7
depicts various examples, which include a 1.5-Mb
deletion of 17p12 in hereditary neuropathy with liability
to pressure palsies (HNPP) (276), deletion of 1.5 Mb of
17q11.2 in neurofibromatosis type 1 (98), deletion of
1.6 Mb of 7q11.23 in Williams syndrome (115), deletion
of 5 Mb of 17p11.2 in Smith-Magenis syndrome (169),

deletion of either 3 Mb or, more rarely, 1.5 Mb of
22q11 in DiGeorge and velo-cardio-facial syndrome
(102, 298), and 4-Mb deletions of 15q in Prader-Willi
and Angelman syndromes (54). A recurrent deletion of
~0.5 Mb of 17g21.3, which may be mediated by a
common inversion polymorphism, has also been
described (188, 301, 305, 311). For a review of chro-
mosomal “duplicons,” the low copy repeats that mediate
deletions and duplications, see (168). It has been esti-
mated that approximately 5% of the human genome is
duplicated either intra- or inter-chromosomally (22).
The large deletions or duplications (see below) due to
duplicon crossover are also termed “genomic disorders.”
A recent review of such genomic disorders may be
found in (303).

In many cases of large deletion, homologous
unequal crossover occurs between repetitive elements
such as Alu sequences. The Alu repeat is the most
abundant repetitive element, with about 1.5x 10° cop-
ies in the human genome (86, 203). The element is
about 300 bp in length and consists of two similar
regions separated by a short A-rich region. Unequal
crossover can occur between Alu sequences oriented
either in opposite directions or in the same direction.

Unequal cross-over
Deletions / Duplications / Inversions

.......... 19Mb .

STSD
s232 sTs  s232

.......... 15Mb ...
CMTI1A :
HNPP

CMT1A-REP PMP22 CMT1A-REP
.......... 15Mb ...
NF1

F8 int22 int22 int22

Fig. 10.7 Genes, duplicons, and diseases. Unequal crossover
between homologous sequences (duplicons) produce either dele-
tions or duplications of the DNA between the duplicons. The dupli-
cons are shown by arrows or clear boxes. Genes included in the
duplications/deletions are shown as dark boxes (AS Angelman

.......... 1.6M0 .
H ws
ELN
O M
SMS-REP SMS-REP
3 Mb
TR M T T 90%
VCFS
LCR22 LCR22 LCR22
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syndrome CMTAI Charcot-Marie-Tooth type 1, HemoA hemo-
philia A, HNPP hereditary neuropathy with liability to pressure
palsies, NFI neurofibromatosis 1, PWS Prader-Willi syndrome,
SMS Smith-Magenis syndrome, VCF'S velo-cardio-facial syndrome,
STSD steroid sulfatase deficiency, WS Williams syndrome)
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In addition, unequal crossings over have been noted
between Alu elements and nonrepetitive DNA
sequences without homology to Alus. The best exam-
ples of Alu-Alu recombination occur in the genes
encoding the low-density lipoprotein receptor (LDLR),
which underlies familial hypercholesterolemia, and
complement component 1 inhibitor (C11) (205, 313) ).
All but one of the breakpoints associated with LDLR
gene deletions occur within Alu repeats. By contrast,
deletions in other Alu-rich genes (e.g., GLAI) do not
necessarily involve Alu repetitive elements (189).

Nonhomologous (illegitimate) recombination occurs
between two DNA sites that share minimal sequence
homology of a few basepairs. This type of recombina-
tion during meiosis or alternatively, slipped mispairing
during DNA replication mediated by short (2—8) nucle-
otide direct repeats flanking the deletions is a common
finding in many instances of large gene deletions (281).
Such deletions have been studied, for example, in
hemophilia A; a compilation of 46 junctions from large
deletions revealed that about 50% shared 2- to 6-bp
homology at the breakpoint junction, as compared with
only 17% in which the deletion was due to Alu-Alu
recombination (356). Similar results have been reported
from the intron 7 deletion hotspot in the Duchenne
muscular dystrophy (DMD) gene; 8/9 deletion break-
points examined were found to be flanked by DNA
sequences with minimal homology (223).

It has also been proposed that alternative DNA con-
formations may trigger genomic rearrangements through
recombination-repair activities. Distance measurements
have indicated the significant proximity of alternating
purine-pyrimidine and oligo(purine.pyrimidine) tracts
to breakpoint junctions in 222 gross deletions and trans-
locations, respectively, involved in human diseases. In
11 deletions analyzed, breakpoints could be explained
by non-B DNA structure formation (20).

The Gross Rearrangement Breakpoint Database
(GRaBD; http://www.uwcm.ac.uk/uwcm/mg/grabd/).
This database was established primarily for the analy-
sis of the sequence context of translocation and dele-
tion breakpoints in a search for characteristics that
might have rendered these sequences prone to rear-
rangement (3). GRaBD, which contains 397 germline
and somatic DNA breakpoint junction sequences
derived from 219 different rearrangements underlying
human inherited disease and cancer, represents a large
but not comprehensive collection of sequenced gross
gene rearrangement breakpoint junctions. Analysis of

these breakpoints has extended our understanding of
illegitimate recombination by highlighting the importance
of secondary structure formation between single-
stranded DNA ends at breakpoint junctions. For exam-
ple, potential secondary structure was noted between
the 5’ flanking sequence of the first breakpoint and the
3’ flanking sequence of the second breakpoint in 49%
of rearrangements, and between the 5  flanking
sequence of the second breakpoint and the 3’ flanking
sequence of the first breakpoint in 36% of rearrange-
ments (58). In addition, deletion breakpoints were
found to be AT rich, whereas translocation breakpoints
were GCrich. Alternating purine-pyrimidine sequences
were found to be significantly overrepresented in
the vicinity of deletion breakpoints, while polypyrimi-
dine tracts were over-represented at translocation
breakpoints (2).

10.3.1.5 Large Insertions (Via Retrotransposition)

A less common, but nevertheless still fascinating,
mechanism of human gene mutation is the de novo
insertion of repetitive elements via retrotransposition.
The phenomenon was first observed in humans in the
factor VIII (F8) gene in two unrelated de novo cases of
severe hemophilia A (175). Truncated LINE (long
interspersed) repetitive elements were introduced into
exon 14 of the factor VIII (F8) gene, where they caused
disruption of the reading frame. The inserted elements
contained a poly(A) tract and caused a target site dupli-
cation of more than 12 nucleotides. Further analysis of
these insertions revealed that, in one case, the inserted
element was an exact but truncated copy of a full-
length LINE element, with open reading frames found
at chromosome 22ql1 (97). The master source gene
produces an mRNA that is probably reverse transcribed
(possibly via a reverse transcriptase encoded by itself)
and the double stranded nucleic acid is then reinserted
into an A-rich region of the genome (Fig. 10.8). LINEs
probably integrate into genomic DNA by a process
called target-primed reverse transcription (251). The
proposed mechanism of LINE retrotransposition is as
follows: an active LINE is transcribed in the nucleus
and is subsequently transported to, and translated in,
the cytoplasm. The two LINE proteins, ORF1 and ORF2,
complex with their encoding LINE transcript in ribo-
nucleoprotein particles. The complex is then trans-
ported torecipient DNA sequences where target-primed
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Fig. 10.8 Schematic representation of
LINE retrotransposition. A master
retrotransposon (full-length LINE from
one chromosomal location is transcribed
to double-stranded DNA and inserted into
an adenine-rich region of another
chromosomal location. The transposon
has a poly(A) tail and produces a target
site duplication

Full length
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Target site
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reverse transcription occurs. The new, integrated LINE
copy is usually truncated at its 5” end. Over evolution-
ary time, Lls have shaped mammalian genomes
through a number of different mechanisms. First, they
have greatly expanded the genome both by their own
retrotransposition and by providing the machinery
necessary for the retrotransposition of other mobile
elements, such as Alu sequences or SVA elements (49).
Secondly, they have shuffled non-L1 sequence through-
out the genome by a process termed transduction.
Accidents of retrotransposition can cause disease and a
number of such insertions have been reported to date
(174, 251). It is noteworthy that insertions of these elements
within introns of genes or flanking regions are proba-
bly not associated with disease, but instead represent
rare, private polymorphisms (355).

Similar retrotranspositions that involve members
of the Alu sequence family have also been reported in
several genes (examples include Alu insertions into
the NFI gene causing type 1 neurofibromatosis, into
the factor IX (F9) gene causing hemophilia B, and
into the cholinesterase (BCHE) gene in a case of
acholinesterasemia) (238, 333, 341). It is likely that
LINEs provide the molecular machinery necessary
for the retrotransposition of Alus. One study using
mutation analysis of the F9 gene has estimated the
frequency of retrotransposition to be such that it
occurs somewhere in the genome of about 1 in every
17 children born (208).

|
polyA
ORF2 ’
ORF1 End ORF|2 Reverse 3'UTR
ndonuclease Transcriptase
domain

domain

In an analysis of 199 unrelated families with proven
mutations in BTK X-linked agammaglobulinemia, two
families with retrotransposon insertions at exactly the
same nucleotide within the coding region of the BTK
gene have been identified. These insertions, of an SVA
element and an AluY sequence, respectively, occurred
12 bp before the end of exon 9. Both had the typical
hallmarks of a retrotransposon insertion, including target
site duplication and a long poly A tail. The occurrence
of two retrotransposon sequences at precisely the same
site suggests that this site may be especially vulnerable
to insertional mutagenesis (65).

Some 17% of a collection of gross insertions, all
>276 bp in length, were due to LINE-1 (L1) retrotranspo-
sition involving different types of elements (L1 trans-
driven Alu, L1 direct, and L1 trans-driven SVA) (49).
A meta-analysis of 48 recent L1-mediated retrotransposi-
tional events known to have caused human genetic dis-
ease revealed that 26 were L1 trans-driven Alu insertions,
15 were direct L1 insertions, four were L1 trans-driven
SVA insertions, and three were associated with simple
poly(A) insertions (52). The systematic study of these
lesions, when combined with previous in vitro and
genome-wide analyzes, allowed several conclusions
regarding L.1-mediated retrotransposition to be drawn: (a)
~25% of L1 insertions are associated with the 3 trans-
duction of adjacent genomic sequences, (b) ~25% of the
new L1 inserts are full length, (c) poly(A) tail length cor-
relates inversely with the age of the element, and (d) the
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length of target site duplication in vivo is rarely longer
than 20 bp. This analysis also suggested that some 10%
of L1-mediated retrotranspositional events are associated
with significant genomic deletions in humans.

Interestingly, Audrezet et al. (19) reported an indel
in the CFTR gene that involved the insertion of a short
41-bp sequence with partial homology to a retrotrans-
positionally-competent LINE-1 element. These authors
dubbed such insertions of ultra-short LINE-1 elements
“hyphen elements.”

10.3.1.6 Large Insertion of Repetitive
and Other Elements

The insertion of non-retrotransposons, namely beta-
satellite repeats, has been observed in the human
genome. The insertion of 18 copies of the 68-bp mono-
mer of the beta satellite repeat in exon 11 of the
TMPRSS3 gene on chromosome 21 caused one form of
recessive nonsyndromic deafness, DFNB10 (293). This
may have been mediated by invasion of the genomic
DNA by a small polydispersed circular DNA (spcDNA).

A patient with a sporadic case of Pallister—Hall syn-
drome has been shown to have experienced a de novo
nucleic acid transfer from the mitochondrial to the
nuclear genome. This mutation, a 72-bp insertion into
exon 14 of the GLI3 gene, creates a premature stop
codon and predicts a truncated protein product. Both the
mechanism and the cause of the mitochondrial-nuclear
transfer are however unknown (326). A second example
of pathologic mitochondrial-nuclear sequence transfer
has been subsequently (and retrospectively) identified in

a gqter

Fig.10.9 A-C. Common inversion of

the factor VIII (F§) gene in severe b
hemophilia A. (a) Schematic representa-

tion of the most distal 1 megabase of Xq.
Regions a, a,,, and o, are 9.5-kb highly
homologous DNA elements. The

orientations of these sequences are

shown by arrows. (b) Introchromosomal
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the USHIC gene, but appears to have arisen via a novel
mechanism, “frans-replication slippage” (49).

Gross insertions (>20 bp) comprise < 1% of disease-
causing mutations. In an attempt to study these inser-
tions in a systematic way, 158 gross insertions ranging
in size between 21 bp and approximately 10 kb were
identified from the HGMD; their study has revealed
extensive diversity in terms of the nature of the inserted
DNA sequence and has provided new insights into the
underlying mutational mechanisms (49). Some 70% of
gross insertions were found to represent sequence
duplications of different types (tandem, partial tandem,
or complex). In the context of a 26-bp insertion into
the ERCC6 gene, Chen et al. also speculated as to
whether they had found evidence for another mecha-
nism of human genetic disease, involving the possible
capture of DNA oligonucleotides (49).

10.3.1.7 Inversions

The most common inversion found to date is that asso-
ciated with the F8 gene, which occurs via intrachro-
mosomal recombination mediated by a 9.5-kb sequence
that is repeated three times in the last megabase of
Xqter; once in intron 22 of the F'§ gene and twice about
400 kb telomeric to the first (200, 240) (Fig. 10.9).
Most inversions, which are high-frequency indepen-
dent recurring events, involve the distal sequence. The
vast majority of inversions occur in male germ cells
(280), perhaps because intrachromosomal recombina-
tion is inhibited by the presence of homologous X
chromosomes (the male-to-female ratio was estimated
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/a3\26
23

22

a3

qter

A==

a2

a-am

al/3 a2 al/3



10

332

S.E. Antonarakis and D.N. Cooper

to be about 300-1). Almost all mothers of persons with
inversion hemophilia A are carriers of the abnormality.
DNA diagnosis of the molecular lesion in severe hemo-
philia A has been greatly facilitated by the frequent
occurrence of this common inversion of the F§ gene
(45% of individuals with severe hemophilia A). The
frequency of de novo F8 gene inversion has been esti-
mated at 7.2 x 107° per gamete per generation. Another
example of inversion has been described in the IDS
gene (also on Xq) in about 13% of cases of Hunter
syndrome (34). Inversions of DNA sequences have
also been reported in the 3-globin gene cluster on 11p
and in the APOAI-APOC3-APOA4 gene cluster on 11q
(167, 172).

A meta-analysis of inversions of >5 bp but <1 kb has
been performed by Chen et al. (51). Of the 21 muta-
tions studied, 19 were found to be compatible with a
model of intrachromosomal serial replication slippage
in trans (SRStrans) mediated by short inverted repeats.
Eighteen (one simple inversion, six inversions involv-
ing sequence replacement by upstream or downstream
sequence, five inversions involving the partial reinser-
tion of removed sequence, and six inversions that
occurred in a more complicated context) of these were
found to be consistent with either two steps of intrach-
romosomal SRStrans or a combination of replication
slippage in cis plus intrachromosomal SRStrans. The
remaining lesion, a 31-kb segmental duplication asso-
ciated with a small inversion in the SLC3A1 gene, was
explained in terms of a modified SRS model incorpo-
rating the concept of “break-induced replication.” This
study has therefore lent broad support to the idea that
intrachromosomal SRStrans can account for a variety
of complex gene rearrangements involving inversions.

10.3.1.8 Duplications

Duplications of whole genes or exons have contributed
very significantly to the evolution of the human genome
(71). Indeed, most gene clusters (e.g., B-globin, growth
hormone, Hox) owe their origin to gene duplications that
have occurred during vertebrate evolution. Furthermore,
the presence of similar domains in proteins (e.g., immu-
noglobulin-like domains in many transmembrane
proteins) are due to duplications of certain exons.
Occasionally, however, duplications may also be the
cause of genetic disorders. The most frequent mechanism
of duplication is homologous unequal crossover, as

described for large deletions. In fact, most large dupli-
cations are generated as the reciprocal product of a deletion
resulting from homologous unequal crossover. Duplica-
tions are less common, however, than their theoretically
reciprocal deletions (see, e.g., (151), for the DMD gene).
This may be due to the nonpathogenicity of a duplica-
tion (e.g., a-globin genes (127)), elimination of duplica-
tions as is the case for the HPRTI gene, or the fact that
not all mechanisms that lead to deletions also produce
duplications. A large and common duplication has been
identified in cases of Charcot-Marie-Tooth disease type
1A (265). This duplication involves 1.5 Mb of DNA on
chromosome 17p containing the peripheral myelin pro-
tein 22 (PMP22) gene. It results from homologous
unequal crossover events between 24-kb repeats that
flank the duplicated region. The reciprocal deletion
product of this recombination event is responsible for a
completely different clinical phenotype: hereditary neu-
ropathy with liability to pressure palsies (Fig. 10.7).
Another notable duplication of at least 500 kb that
includes the PLP1 gene is a frequent cause of Pelizaeus-
Merzbacher disease (357). The pathogenetic mechanism
of these duplications involves unequal crossing-over in
meiosis mediated by “duplicons” in the genome (168).

The molecular defect in the majority of cases with
ectrodactyly type SHFM3 on chromosome 10q24, is
an approximately 0.5-Mb tandem duplication. The
exact pathogenetic mechanism of this duplication is
unknown (90).

Additional gene duplications causing recognizable
syndromes include the APP duplication causing early-
onset Alzheimer disease (283), the SNCA duplication
and Parkinson disease (306), and the triplication of an
~605-kb segment containing the PRSS/ gene in fami-
lies with hereditary pancreatitis (206).

10.3.1.9 Gene Conversion

Gene conversion is the modification of one of two
alleles by the other. It involves the nonreciprocal
correction of an “acceptor” gene or DNA sequence by
a “donor” sequence, which itself remains physically
unchanged. In most known instances of gene conversion
as a cause of human genetic disease, the functional gene
has been wholly or partially converted to the sequence
of a highly homologous and closely linked pseudo-
gene, which therefore acts as the donor sequence.
Probable examples include the genes for steroid
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21-hydroxylase (CYP21) (327), polycystic kidney
disease (PKD1) (345), neutrophil cytosolic factor p47-
phox (NCF1) (130), immunoglobulin A-like polypeptide 1
(IGLLI) (230), glucocerebrosidase (GBA) (108)), von
Willebrand factor (VWF) (105), and phosphomanno-
mutase (PMM?2) (291). These gene/pseudogene pairs
are all closely linked with the exception of the VWF
gene (12p13) and its pseudogene (22q11-q13), and the
PMM?2 gene (16pl13) and its pseudogene (18p).
Together, these two exceptions seem to establish a
precedent for the occasional occurrence of gene con-
version between unlinked loci in the human genome.

10.3.1.10 Insertion-Deletions (Indels)

A relatively rare type of mutation causing human genetic
disease is the insertion-deletion, or indel, a complex
lesion that appears to represent a combination of micro-
deletion and micro-insertion. One example is provided
by the 9 deleted base-pairs encoding codons 3941 of
the a2-globin (HBA2) gene that were replaced by eight
inserted bases that served to duplicate the adjacent
downstream sequence (250). Indels constitute a fairly
infrequent type of lesion causing human genetic disease;
some 1.5% of lesions in HGMD fall into this category.
Several indel hotspots have been noted in a meta-
analysis of HGMD data on 211 different indels underly-
ing genetic disease (57). A GTAAGT motif was found to
be significantly overrepresented in the vicinity of the
indels studied. The change in complexity consequent to
a mutation was also found to be indicative of the type of
repeat sequence involved in mediating the event, thereby
providing clues as to the underlying mutational mecha-
nism. The majority of indels (>90%) were explicable in
terms of a two-step process involving established muta-
tional mechanisms. Indels equivalent to double base-pair
substitutions (22% of the total) were found to be mecha-
nistically indistinguishable from the remainder and may
therefore be regarded as a special type of indel.

10.3.1.11 Other Complex Defects

Complex mutational events that involve combined
gross duplications, deletions, and/or insertions of
DNA sequence have been not infrequently observed
and together constitute ~1% of entries in HGMD.
One example of this type of gene defect is a 10.9-kb

deletion coupled with a 95-bp inversion in the factor
IX (F9) gene causing hemophilia B (178). The molec-
ular characterization of this type of lesion is often
extremely complicated and in most cases the underlying
mutational mechanisms could not be readily inferred.
Recently, however, a meta-analysis of 21 complex
gene rearrangements derived from the HGMD revealed
that all but one could be accounted for by a model of
serial replication slippage, involving twin or multiple
rounds of replication slippage (50). Thus, of the 20
complex gene rearrangements, 19 (seven simple double
deletions, one triple deletion, two double mutational
events comprising a simple deletion and a simple inser-
tion, six simple indels that may constitute a novel and
noncanonical class of gene conversion, and three com-
plex indels) were compatible with the model of serial
replication slippage in cis; by contrast, the remaining
indel in the MECP2 gene appears to have arisen via
interchromosomal replication slippage in trans.

10.3.1.12 Molecular Misreading

Long runs of adenines (and perhaps other mononucle-
otides or dinucleotides) promote a phenomenon termed
“molecular misreading,” by which DNA replication/
RNA transcription and/or translation result in erroneous
products with different numbers of (A)s derived from
the original DNA sequence. In a family with hypobeta-
lipoproteinemia, a deletion of one C in the A,.CA, cod-
ing sequence of the APOB gene results in a run of (A),.
The patient, however, did not have severe disease,
because some ApoB protein was made. This was the
result of molecular misreading, in which ~10% of the
resulting mRNAs contained (A), instead of the expected
(A),; this partially restored the reading frame, thereby
templating the synthesis of low amounts of normal
ApoB (210). Similarly, a family with mild to moder-
ately severe hemophilia A with a deletion of one T
within the coding A, TA, sequence of the F8 gene has
been reported. The partial “correction” of the phenotype
was due to restoration of the reading frame because of
molecular misreading in which ~5% of the resulting
RNAs contained (A),, instead of the expected (A),,. In
this family, there was also evidence for ribosomal frame-
shifting during translation of the mutant RNA (360).
Another example of this phenomenon was observed
in the APC gene. A T-to-A transversion is present in the
coding A,TA, sequence of the APC gene in 6% of
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Ashkenazi Jews, and in about 28% of Ashkenazim with a
family history of colorectal cancer. This mutation creates
a small hypermutable region, indirectly causing cancer
predisposition because there are many somatic cells in
which stretches of (A), occur instead of the expected
(A)g; the (A), results in frameshifting and a truncated
dysfunctional APC (199). Interestingly, in the neurofi-
brillary tangles, neuritic plaques, and neuropil threads
in the cerebral cortex of Alzheimer disease and Down
syndrome, abnormal forms of 3-amyloid precursor pro-
tein and ubiquitin B have been observed. These aber-
rant proteins were produced because of + 1 frameshifting
that resulted from a deletion of AG in a sequence
GAGAG that occurred in the coding regions of both
genes (APP and UBB, respectively). This dinucleotide
deletion was again the result of molecular misreading
during transcription or posttranscriptional editing of
RNA (330). This mechanism is likely to yield a consid-
erable quantity of abnormal RNA molecules and pro-
tein products in somatic cells (259).

10.3.1.13 Germline Epimutations

Epimutations are modifications of DNA that constitute
clonally heritable (yet potentially reversible) alterations
in the transcriptional status of a gene that lead to the
abnormal silencing of that gene. Epimutations are not
mutations in the strictest sense of the word, since they
do not alter the gene’s nucleotide sequence. However,
germline epimutations of the MLHI gene have been
reported in individuals with multiple cancers (316) and
in the MLH1 and MSH2 genes in hereditary nonpolypo-
sis colorectal cancer (147). These heritable inactivating
epimutations are characterized by mono-allelic hyper-
methylation of the MLHI gene and, to all intents and
purposes, are functionally equivalent to conventional
mutations.

10.3.1.14 Frequency of Disease-Producing
Mutations

Mutation Frequency Within Genes. The frequency of
different molecular defects is not the same for every
gene and every disorder. It depends very largely on the
DNA sequence characteristics of the gene in question
(e.g., the presence of repeat units or homologous
sequences) and the function of, and evolutionary

constraints experienced by, its encoded protein (314).
For some genes, deletions predominate; for others,
one particular type of lesion such as an inversion may
be especially common. Some genes exhibit mainly
frameshifts and stop codons associated with a specific
disorder, whereas others manifest mainly missense
mutations for a given phenotype, or expansions of tri-
nucleotide repeats.

Disease mutations are nonuniformly distributed
within genes (229). Such mutations were found to be
statistically overrepresented in conserved domains, and
underrepresented in variable regions, even after allowing
for the amino acid site variability of domains over
long-term evolutionary history. This finding suggests
that there is a nonadditive influence of amino acid site
conservation on the observed intragenic distribution of
disease mutations.

Mutation Frequency Within Human Populations.
Population genetic considerations are also likely to be
very important in determining why some mutations
occur frequently, either within a patient cohort or in
the population at large (see Frequency of Inherited
Disorders Database, http://archive.uwcm.ac.uk/uwem/
mg/fidd/; FINDbase, http://www.findbase.org/). Selection,
migration and genetic drift are all likely to play a part,
as well as the mutation rate (114, 320, 365). Thus, the
mutational spectrum of the PAH gene underlying phe-
nylketonuria appears to result from a range of different
factors including founder effect, range expansion and
migration, genetic drift and possibly also heterozygote
advantage (368). Selection can also serve to maintain
deleterious mutations at high frequencies in particular
populations by overdominant selection (heterozygote
advantage). Good examples of this phenomenon are
provided by a reduction in risk of severe malaria asso-
ciated with female heterozygotes and male hemizy-
gotes for mutations in the X-linked G6PD gene (232,
284), for individuals heterozygous for the B-globin
(HBB) sickle cell mutation, Glu6Val (4), and for indi-
viduals heterozygous and homozygous for o*-thalas-
semia (351). Intriguingly, however, the protection
against malaria afforded by sickle cell disease and ou*-
thalassemia when inherited individually is lost when
the two conditions are co-inherited (350). Other pos-
sible examples of heterozygote advantage include an
elevated cortisol response in heterozygous carriers of
CYP2]A mutations (352), higher values for hemoglo-
bin, serum iron and transferrin saturation in women
heterozygous for HFE gene mutations (82), resistance
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to prion infection conferred by a common prion pro-
tein (PRNP) polymorphism (225), resistance to severe
sepsis in heterozygous carriers of the factor V Leiden
polymorphism, Arg506Gln (177), and increased kera-
tinocyte cell survival in individuals heterozygous for
GJB2 gene mutations (64). Resistance to cholera toxin
(122), protection against bronchial asthma (292), and
resistance to Pseudomonas aeruginosa infection (269)
have all been mooted as possible bases for overdomi-
nant selection in heterozygous carriers of CFTR gene
mutations. However, cystic fibrosis heterozygotes have
been shown to secrete chloride at the same rate as indi-
viduals lacking CFTR gene mutations (149).

A number of genetic diseases are known to be par-
ticularly prevalent in Jewish populations (236, 252).
The presence of four distinct lysosomal storage dis-
eases at significant frequencies among Ashkenazi Jews
has often been thought to provide evidence for a selec-
tive advantage accruing to heterozygotes in this popula-
tion. However, evidence in support of the idea of genetic
drift appears to be more compelling (117, 278).

Selection may also act at an extremely early stage
to boost the frequency of some mutations that are del-
eterious at a later stage in development. Gain-of-
function missense mutations in the fibroblast growth
factor receptor 2 (FGFR2) gene responsible for Apert
syndrome have been shown to confer a selective advan-
tage on spermatogonial cells by promoting the clonal
expansion of mutant cells (128, 129)

10.3.1.15 Chromosomal Distribution
of Human Disease Genes

Human disease genes are characterized by the greater
lengths of their encoded amino acid sequences, larger
numbers of longer introns, broader ranges of tissue
expression, and wider phylogenetic distributions (187,
216). Human disease genes are also known to be
unevenly distributed between human chromosomes
(48, 152). Furthermore, synonymous nucleotide sub-
stitutions appear to occur at a higher rate in human
disease genes, a finding that may reflect increased
mutation rates in the chromosomal regions in which
disease genes are found (152). It may be that disease
genes are more prevalent in genomic regions that expe-
rience elevated rates of mutation (55). Another possible
explanation is that the disease gene set may contain a
disproportionately lower number of genes expressed in

the germline (152). This is because mutations in such
genes might be expected to be more effectively repaired
by transcription-coupled repair (transcription-coupled
repair in the germline appears to account for the strand
asymmetry that the human genome exhibits in terms of
inherited mutations (133, 217). Strand asymmetries
with respect to the mutation rate may, however, also
arise through the influence of DNA replication origins
(321) and recombination (153, 275).

10.3.1.16 Mutation Nomenclature

Some consistency in the way in which mutations are
described is essential for the accurate and unambigu-
ous reporting and curation of mutation data. The most
recently published set of guidelines on how to describe
mutational changes in human genes is to be found
in den Dunnen and Antonarakis’ work published in
2001 (91).

10.3.1.17 Mutations in Gene Evolution

Mutations in human gene pathology and evolution rep-
resent two sides of the same coin in that those same
mutational mechanisms that have frequently been impli-
cated in human pathology have also been involved in
potentiating evolutionary change (71). Regardless
of whether they are advantageous, disadvantageous, or
neutral, these mutational changes and their putative
underlying causal mechanisms are very similar. It is
now clear that the gene has often been a dynamic entity
over evolutionary time, and not a static one. Indeed, dur-
ing vertebrate evolution, many genes have undergone
gross rearrangement as a result of the action of a variety
of mutational processes, including insertion, inversion,
duplication, repeat expansion, translocation, and dele-
tion. What links pathology and evolution is the underly-
ing genomic architecture with its hitherto largely
unexplored vocabulary of structural elements, and dif-
ferent types and patterns of repetitive DNA sequences
(303). It can thus be seen that the mutational spectra of
germline mutations responsible for inherited disease,
somatic mutations underlying tumorigenesis, polymor-
phisms (either neutral or functionally significant), and
differences between orthologous gene sequences exhibit
remarkable similarities, implying that they are very
likely to have causal mechanisms in common.
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10.3.2 Consequences of Mutations

10.3.2.1 Mutations Affecting the Amino
Acid Sequence of the Predicted Protein,
but not Gene Expression

Many missense mutations (i.e., nucleotide substitutions
that result in an amino acid substitution) cause hereditary
disease in humans. Missense mutations are of impor-
tance for understanding the structure or function of a
protein, since they usually occur in amino acid resi-
dues of structural or functional significance (228).
Occasionally, however, not only is the mutated residue
not conserved in mouse, but the substituting residue in
humans is identical to its wild-type counterpart in the
orthologous murine gene (123). It is thought that the
most likely explanation for the majority of these cases of
fixation of disease mutations in mice is compensatory
mutation. This hypothesis holds that loss-of-function
amino acid substitutions in a protein can be rescued by
additional substitutions in the vicinity that compensate
structurally for the original change.

It is sometimes difficult to establish a causative link
between a missense mutation and a disease phenotype
(76). The absence of the mutation in a large sample
(usually 200 individuals) from the same ethnic group
as the patient serves to exclude the possibility of a
common polymorphism. Amino acid substitutions in
evolutionarily conserved residues can also be good
candidates for true pathogenicity (228). If the function
of the protein is known, assessment of the effect of the
missense mutation can be performed by in vitro muta-
genesis and functional assay. Finally, the introduction
of the mutation into an entire organism (e.g., into trans-
genic mice) and the study of its systemic effects pro-
vide one of the best means of assessing its contribution
to a particular clinical phenotype. Amino acid substi-
tutions can be shown to reduce or abolish the physio-
logical function of a protein; for example, missense
mutations have been identified in factor VIII that abol-
ish thrombin cleavage, which is necessary for its acti-
vation (15), interfere with binding to other proteins,
such as von Willebrand factor (143), or create or abol-
ish N-glycosylation sites (9). In other proteins, muta-
tions have been identified, e.g., in DNA binding
domains, catalytic domains, transmembrane domains,
ATP-binding regions, receptor-ligand contact sites,
and phosphorylation or other chemical modification
sites. Missense mutations may also affect protein folding,

causing a dramatic change in secondary and tertiary
structure such that the protein can no longer fulfill its
physiological function.

A classic example of a missense mutation in the
active site of an enzyme is provided by al-antitrypsin
Pittsburgh, found in an individual with a fatal bleeding
disorder (253). The underlying mutation in the ol-
antitrypsin (SERPINAI) gene substituted Arg for
Met358 within the active site of the molecule.
Substitution by Arg served to alter the substrate speci-
ficity of al-antitrypsin by converting its “bait loop”
(which is specific for elastase) to one that was specific
for thrombin. In effect, the molecule lost its anti-
elastase activity and became a serine protease inhibitor
capable of inhibiting thrombin and factor Xa.

Mutations involving gains of glycosylation have
generally been considered rare, and the pathogenic
role of the new carbohydrate chains has never been
formally established. Vogt et al. (337), however, iden-
tified three children with Mendelian susceptibility to
mycobacterial disease who were homozygous with
respect to a missense mutation in the /FNGR2 gene
that created a new N-glycosylation site in the IFNyR2
chain. The resulting additional carbohydrate moiety
was found to be both necessary and sufficient to abol-
ish the cellular response to IFNy. From 10,047 HGMD
mutations in 577 genes encoding proteins trafficked
through the secretory pathway, 142 candidate missense
mutations (~1.4%) in 77 genes (~13.3%) for potential
gain of N-glycosylation were identified. Six mutant
proteins were shown to bear new N-linked carbohy-
drate moieties. Thus, it may be that an unexpectedly
high proportion of mutations causing human genetic
disease do so via the creation of new N-glycosylation
sites. Indeed, the pathogenic effects of these mutations
may be a direct consequence of the addition of N-linked
carbohydrate.

Missense mutations can result in disease by (1)
elimination or reduction of the physiological activity/
role of the protein; (2) gain of function by which the
amino acid substitution creates new functional capa-
bilities of the protein in biochemical and developmen-
tal processes in which the protein either does not
participate or has a different role; (3) change of the
target function of another protein, as in the case of the
mutation in the protein C cleavage site at Arg 506 of
coagulation factor V, which is associated with throm-
bophilia (30), or in the case of a mutation in the throm-
bin cleavage site of factor VIII that eliminates normal
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activation of factor VIII (16), or in the case of severe
obesity from childhood and R236G in the human pro-
opiomelanocortin (POMC) gene that disrupts the diba-
sic cleavage site between beta melanocyte-stimulating
hormone (beta-MSH) and beta-endorphin (46); and (4)
participation of the mutant polypeptide in protein com-
plexes, which renders the entire complex abnormal or
nonfunctional, as in the case of the triple helical struc-
ture of certain collagens in which incorporation of one
abnormal collagen chain results in “protein suicide” or
an abnormal structure that degrades rapidly (41).
Missense mutations have a multitude of different
effects on protein structure and function including (a)
introduction of larger residues within the hydrophobic
protein core leading to adverse interactions between
residues, (b) introduction of buried charged residues, (c)
disruption of protein-protein interactions, (d) disruption
of hydrogen bonding, (e) interference with DNA bind-
ing, (f) breakage of disulphide covalent linkages, (g)
mutation of catalytic residues, (h) perturbation of metal
binding, and (i) disruption of quaternary structure.
Without in-depth analytical studies, missense muta-
tions are often difficult to distinguish from polymor-
phisms with little or no clinical significance. In the
“post-genome era,” a substantial amount of human
genetic variation will become amenable to high-
throughput analysis in the form of single nucleotide
polymorphisms (SNPs), and many of these SNPs will
directly influence the structure, function, or expression
of genes and the RNAs/proteins they encode. Prior
knowledge as to which SNPs are most likely to be
clinically relevant would greatly enhance the power of
studies that aim to identify disease genes through the
genotypic screening of patients in both families and
populations. Inclusion of structural/functional infor-
mation could be especially important in the elucidation
of multifactorial disease, where genetic heterogeneity
and complex interactions between genes and environ-
ment have so far limited the success of genetic epide-
miological studies (146). Recently, several predictive
models have been developed that employ a number of
different biophysical parameters to estimate the likely
impact of an amino acid substitution on the structure
and function of a protein (112, 315, 317, 340, 343).
These models have been used to distinguish reason-
ably successfully between pathologic substitutions,
functional polymorphisms, and neutral polymorphisms.
Vitkup et al. (334) have concluded that mutations at
arginine and glycine residues are together responsible

for about 30% of cases of genetic disease, whereas
random mutations at tryptophan and cysteine have the
highest probability of causing disease.

10.3.2.2 Mutations Affecting Gene Expression

Mutations that do not result in amino acid substitution
invariably affect gene expression, i.e., transcription,
RNA processing and maturation, translation, or pro-
tein stability. Total or partial gene deletions, insertions,
inversions, and other gross rearrangements obviously
result in the loss of gene expression. These types of
mutation are usually less frequent unless the genomic
sequence environment of specific genes (e.g., presence
of repeats) predisposes to such lesions. Disorders with
high frequencies of gross rearrangements include
a—thalassemia, Duchenne muscular dystrophy, steroid
sulfatase deficiency, and hemophilia A. Some partial
gene deletions that eliminate one or a few exons in
frame result in milder clinical phenotypes because
gene expression is not totally eliminated; the resulting
protein may lack an amino acid domain that is not crit-
ical for its function (362).

10.3.2.3 Transcription (Promoter) Mutations

Mutations in known promoter motifs usually lead to
reduced (or occasionally increased) mRNA levels.
Such mutations have been studied in the TATA box of
the B-globin (HBB) gene (12). Other nucleotide substi-
tutions within DNA motifs that bind transcription factors
include those located in the CACCC motif of the
B—globin (HBB) gene influencing transcription factor
EKLF binding (248, 266) , several motifs in the
y-globin (HBG) genes (63), the CCAAT motif of the
F9 gene influencing C/EBP binding (80), the SP1
motif of the LDLR gene promoter (183), the HNF-1
binding site in the PROC gene (29), and the binding
site for the transcription factor Oct-1 in the lipoprotein
lipase (LPL) gene (359). These few examples are only
representative of a total of over 370 known promoter
mutations listed in HGMD and causing human genetic
disease. The importance of these mutants lies in the
specific DNA sequences thereby implicated in binding
to transcription factors. Although most of the known
mutations reduce the levels of mRNA production,
some substitutions actually increase it. Examples
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include various lesions in the promoters of the Gy and
Ay globin (HBGI and HBG?2) genes that cause heredi-
tary persistence of fetal hemoglobin due to the inap-
propriate continuation of y—globin gene expression
into adult life (346). An increase in the distance of pro-
moter elements from the transcriptional start site may
also result in gene silencing. Such an example has been
found in the promoter elements of the CSTB gene in
progressive myoclonus epilepsy type 1 (EPM1) (202).
Mutations that alter the transcriptional regulation of
gene expression have been reviewed elsewhere (295).

The concomitant change in local DNA sequence
complexity surrounding a substituted nucleotide is
directly related to the likelihood of a regulatory muta-
tion coming to clinical attention (196). This finding is
consistent with the view that DNA sequence complexity
is a critical determinant of gene regulatory function and
may reflect the internal axial symmetry that frequently
characterizes transcription factor binding sites.

Polymorphisms in the promoter region that are
associated with differential levels of gene expression
may predispose to common disorders. For example, a
G>A single nucleotide polymorphism (SNP) at nucle-
otide-6 relative to the transcriptional initiation site of
the angiotensin (AGT) gene influences the basal level
of transcription and may predispose to essential hyper-
tension (159). Listed in HGMD are in excess of 250
disease-associated promoter polymorphisms plus >170
functional promoter polymorphisms that significantly
increase or decrease promoter activity but which have
not yet been associated with a clinical phenotype.

10.3.2.4 mRNA Splicing Mutants

Single base-pair substitutions in splice junctions constitute
at least 10% of all mutations causing human inherited
disease. There are, however, a wide variety of muta-
tions within both introns and exons that can affect normal
RNA splicing (see (194) for review). The different
mechanisms by which disruption of pre-mRNA splic-
ing play a role in human disease were reviewed by
Faustino and Cooper in 2003 (110). The most com-
monly found mutations occur in the invariant dinucle-
otides GT and AG found at the beginning and end
of the donor (5°) and acceptor (3’) consensus splice
sequences (see Fig. 10.10 for the consensus splice ele-
ments and Fig. 10.11 for the different kinds of RNA
splicing abnormalities). Almost all of these mutations
cause either exon skipping or cryptic splice site utiliza-
tion, resulting in the severe reduction or absence of
normally spliced mRNA. In addition, mutations in
nucleotides +3, +4, +5, +6, -1 and -2 of the consensus
donor splice site have frequently been observed
(Fig. 10.12), with variable severity of the RNA splic-
ing defect. Similarly, mutations in positions -3 and the
polypyrimidine tract of the consensus acceptor splice
site have been noted (Fig. 10.12). In the majority of
these cases, some normal splicing occurs and the defect
is not severe. Utilization of cryptic splice sites leads to
the production of abnormal mature mRNA with pre-
mature stop codons or to the inclusion of additional
amino acids after translation (see (15) for examples,
and references cited therein).

Mammalian Splice Site Consensus Sequences
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Fig. 10.11 Examples of splicing abnormalities in introns of
human genes. Exons are shown as blue boxes; introns, as lines
between exons. Green squares denote the normal 5” (donor) splice

Employing a neural network for splice site recognition,
Krawczak et al. (197) performed a meta-analysis of
478 disease-associated splicing mutations, in 38 dif-
ferent genes, for which detailed laboratory-based
mRNA phenotype assessment had been performed.
Inspection of the £50-bp DNA sequence context of the
mutations revealed that exon skipping was the pre-
ferred phenotype when the immediate vicinity of the
affected exon-intron junctions was devoid of alterna-
tive splice sites. By contrast, in the presence of at least
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sites; red squares represent the normal 3’ (acceptor) splice sites.
Green and red circles denote cryptic 5° and 3’ splice sites, respec-
tively. The broken blue wedge represents the site of mutation

one such motif, cryptic splice site utilization became
more prevalent. This association was, however, con-
fined to donor splice sites. Outside the obligate dinu-
cleotide, the spatial distribution of pathological
mutations was found to differ significantly from that of
SNPs. Whereas disease-associated lesions clustered at
positions -1 and +3 to +6 for donor sites and —3 for
acceptor sites, SNPs were found to be almost evenly
distributed over all sequence positions considered.
When all putative missense mutations in the vicinity of
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Fig. 10.12 Mutations in the consensus sequences of splice junctions recorded in the HGMD

splice sites were extracted from the HGMD for the 38
studied genes, a significantly higher proportion of
changes at donor sites (37/152; 24.3%) than at accep-
tor splice sites (1/142; 0.7%) was found to reduce the
neural network signal emitted by the respective splice
site. It is estimated that some 1.6% of disease-causing
missense substitutions in human genes are likely to
affect the mRNA splicing phenotype.

Other kinds of mutation in introns include those
that cause the activation of cryptic splice sites (by
altering a sequence so as to make it more similar to an
authentic consensus splice site) or by creation of new
splice sites (323). In both instances, new intron splice
patterns occur with consequent introduction of stop
codons or abnormal peptides after translation. These
mutations do not completely abolish normal splicing
and are therefore not associated with the absence of
normal mature mRNA. A mutation in a lariat structure

branchpoint (302) has been found in the L/ CAM gene
in a patient with X-linked hydrocephalus (279). By
contrast, another mutation in intron 5 of the type 2
neurofibromatosis (NF2) gene created a consensus
branchpoint sequence and led to the activation of a
cryptic exon (87).

Some 98.7% of all splice sites in human genes con-
form to consensus sequences that include the invariant
dinucleotides GT and AG at the 5’ and 3’ ends of the
introns, respectively (40). Noncanonical sequences
(e.g., GA-AG, GC-AG, and AT-AC) do, however, occur
at human splice junctions, albeit much less frequently
(<0.02, 0.69, and 0.05%, respectively. Some of these
noncanonical splice sites are nevertheless known to be
utilized with high efficiency and may be conserved over
quite long stretches of evolutionary time. Such sites
have occasionally come to clinical attention when they
have harbored mutations causing human inherited
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disease (304). Moreover, the utilization of a cryptic
noncanonical donor splice site within exon 1 of the
HRPT2 gene in a case of familial isolated primary
hyperparathyroidism as a consequence of a causative
lesion in intron 1 of the gene has been reported. RNA
isolated from EBV-transformed lymphoblastoid cell
lines derived from the patients was utilized to demon-
strate the consequences at the level of the mRNA pheno-
type (the loss of 30 bases from the mRNA transcript).
Single base-pair substitutions within “splicing
enhancer” sequences may also perturb splicing by pro-
moting exon skipping; examples include a mutation in
intron 3 of the growth hormone (GHI) gene causing
short stature (62) and a mutation in exon 5 of the ade-
nosine deaminase (ADA) gene causing ADA deficiency
(287). In patients with frontotemporal dementia with
parkinsonism, three heterozygous mutations in a
cluster of 4 nucleotides +13 to +16 of exon 10 of the
microtubule-associated protein tau (MAPT) gene
destabilized a potential stem-loop structure that is
probably involved in regulating the alternative splicing
of exon 10. This caused more frequent use of the 5’
splice site and an increased proportion of tau tran-
scripts that include exon 10. The increase in exon 10+
mRNA increased the proportion of tau protein containing
four microtubule-binding repeats, which is consistent
with the neuropathology described in families with this
type of frontotemporal dementia (155). One mutation
found in the ATM gene causing ataxia-telangiectasia,
was a deletion of four nucleotides (GTAA) in intron 20
within an intron-splicing processing element (ISPE)

that is complementary to Ul snRNA. This element
mediates accurate intron processing and interacts spe-
cifically with Ul snRNP particles (256). Finally, the
intronic prothrombin (F2) gene 19911A>G polymor-
phism influences splicing efficiency by altering a
known functional pentamer CAGGG motif (338).

Some nonsense mutations cause skipping of one or
more exons, presumably during pre-mRNA splicing in the
nucleus; this phenomenon has been termed “nonsense-
mediated altered splicing” (NAS) but its underlying
mechanism is unclear. The first such mutation was
described in the FBNI gene in Marfan syndrome (95).
It is now recognized that any nucleotide substitution
within exons (nonsense, missense or translationally
silent synonymous point mutation) that disrupts a
splicing enhancer or silencer (ESE enhancer splicing
element; CERES composite exonic regulatory element
of splicing) or creates an exon splicing silencer (ESS)
may affect either the pattern or efficiency of mRNA
splicing (32, 43, 47, 213) (Fig. 10.13). In exon 12 of
the CFTR gene, about one quarter of synonymous vari-
ations result in exon skipping, and hence lead to the
synthesis of an inactive CFTR protein (257). For a
review on the effects of exonic variants in splicing, and
additional examples of such pathogenic mutations, see
(255). It has been estimated that pathogenic effects of
~20% of mutations in the MSH2 gene result from
missense mutations that disrupt ESE sites and perturb
splicing. Similarly, the pathogenic effects of ~16% of
missense mutations in the MLHI gene are thought to
be ESE-related (131).

Exon Skipping due to mutations in enhancer splicing elements
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Fig.10.13 Exon skipping attributable to nonsense, missense, and silent mutations in enhancer splicing elements (ESE). This element

is shown as a darkened segment of the middle exon
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Splice-mediated insertional inactivation involving
an Alu repeat was first reported by Mitchell et al. in
1991 (231). Analysis of the ornithine &-aminotrans-
ferase (OAT) mRNA of a patient with gyrate atrophy
revealed a 142 nucleotide insertion at the junction of
exons 3 and 4. An Alu sequence is normally present in
intron 3 of the OAT gene, 150 bp downstream of exon
3. The Alu sequence found in the cDNA was identical
to this one, except that the patient was homozygous for
a C—G transversion in the right arm of the Alu repeat
which served to create a new 5° splice site. This acti-
vated an upstream cryptic 3’ splice site (the poly(T)
complement of the Alu poly(A) tail followed by an AG
dinucleotide) and a new ‘“‘exon,” containing the major-
ity of the right arm of the Alu sequence, was recog-
nized by the splicing apparatus and incorporated into
the mRNA. The splice-mediated insertion of an Alu
sequence in reverse orientation has also been reported
in the COL4A3 gene causing Alport syndrome (182).

A number of “deep intronic” mutations, at some
considerable distance from splice sites and known
splicing-related sequence elements, have been reported
as a cause of human inherited disease (77, 140, 325).
Such lesions often create novel splice sites thereby
activating cryptic exons (‘pseudoexons’). As muta-
tional screening techniques improve, it is anticipated
that an increasing number of such lesions will be iden-
tified which will turn out to have adverse effects on the
mRNA splicing phenotype.

10.3.2.5 RNA Cleavage-Polyadenylation Mutants

A number of examples of RNA cleavage-polyadenyla-
tion mutations have now been described (53). Those
reported occur in the sequence AAUAAA, which is
10-30 nucleotides upstream of the polyadenylation
site and is important for the endonucleolytic cleavage
and polyadenylation of the mRNA. Mutation in this
sequence of the B-globin (HBB) gene results in mild
thalassemia (249). In these cases, normal polyadenyla-
tion and cleavage occurs at a level about 10% of nor-
mal. Alternative AAUAAA sites downstream of the
mutated one are used, resulting in larger mRNAs that
are highly unstable. Other mutations near the poly(A)
cleavage sequence may result in mRNA destabiliza-
tion; one such mutation has been described 12 bp
upstream of the AAUAAA sequence of the HBB gene
in a patient with B-thalassemia (42).

The G>A mutation at the 3’-terminal nucleotide of
the 3’ untranslated region (UTR) of the F2 (prothrom-
bin) gene mRNA gives rise to an elevated prothrombin
plasma level and represents a common genetic risk
factor for the occurrence of thromboembolic events.
This mutation creates an inefficient 3’ end cleavage
signal and represents a gain-of-function mutation,
causing increased cleavage site recognition, increased
3’ end processing, and increased mRNA accumulation
and protein synthesis (124, 271) .

10.3.2.6 Mutations in miRNA-Binding Sites

Micro-RNAs (miRNAs) post-transcriptionally down-
regulate gene expression by binding to complementary
sequences on the 3’ untranslated regions (UTRs) of
their cognate mRNAs, thereby inducing either mRNA
degradation or translational repression. Over 400
human miRNAs have so far been identified, but many
more probably still remain to be discovered. These
miRNAs are each likely to down-regulate a large num-
ber of different target mRNAs. Mutations in miRNA-
binding sites could in principle cause disease, although
in practice only one such lesion has so far been
reported: a G A transition in a binding site for miR-189
within the 3° UTR of the SLITRKI gene of two appar-
ently unrelated Tourette syndrome patients (1).
Experimental confirmation of the functional effect of
this mutation came from the demonstration that, in the
presence of miRNA-189, in vitro constructs bearing
the 3° UTR mutation served to increase repression of a
reporter gene by comparison with the wild-type.

An instructive pathogenic mutation was recently
found in an miRNA target site. A quantitative trait
locus with a major effect on muscle mass of Texel
sheep was mapped to a chromosome interval encom-
passing the myostatin (GDFS8) gene. The GDFS$ allele
of Texel sheep is characterized by a G-to-A transition
in the 3’ UTR that creates a target site for mirl and
mir206, miRNAs that are highly expressed in skeletal
muscle. This causes translational inhibition of the
myostatin gene and hence contributes to the muscular
hypertrophy of Texel sheep (60). A further example of
a functional miRNA target site variation involves an
SNP in the 3’UTR of the human AGTRI gene; the vari-
ant allele is not down-regulated by miR155; remark-
ably, the variant allele has been associated with
hypertension in numerous studies (296).
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10.3.2.7 Cap Site Mutations

Transcription of the mRNA is initiated at the so-called
cap site, which is protected from exonucleolytic degra-
dation by the addition of o.-methylguanine. An A-to-C
transversion at the cap site of the B-globin (HBB) gene
was found in a patient with B-thalassemia (354). It is
not, however, clear whether this mutation causes
reduced transcription or abnormal initiation of tran-
scription since C is found in 6% of transcriptional ini-
tiation sites (190) (the most common nucleotide (76%)
at position +1 is A). A functional (C/A) polymorphism
of the transcriptional initiation site has been noted in
the APOH gene; the rarer A allele displayed a carrier
frequency of 0.12 and was associated with markedly
reduced plasma B2 glycoprotein I (226).

10.3.2.8 Mutations in 5’ Untranslated Regions

Sequence motifs in the 5° UTRs of genes are thought
to play arole in controlling the translation of the encod-
ing mRNA. The phenotypic effects of lesions in 5’
UTRs and their clinical consequences have been
reviewed (45). Mutations in the iron response element
(IRE) in the 5° UTR of the ferritin (FTHI) gene inter-
fere with the post-transcriptional regulation of ferritin
synthesis by decreasing the affinity of IRE for IRE-
binding protein (125). By contrast, decreases in the
steady state level of B-globin (HBB) mRNA have been
noted in association with a single base deletion at posi-
tion +10, a G-to-A substitution at position +22, a
C-to-G transversion at position +33, and a 4 bp dele-
tion (AAAC) at position +(40-43) in the HBB 5° UTR
(18, 148, 297).

10.3.2.9 Mutations in 3’ Regulatory Regions

Sequences in the 3’ regulatory regions (3’ RRs) of
genes are known to be involved in controlling mRNA
cleavage/polyadenylation and determining mRNA sta-
bility, nuclear export, intracellular localization, and
translational efficiency. Although such regions are rich
in regulatory elements, relatively few pathologic muta-
tions have been reported (53, 66). Although only
~0.2% of mutations currently logged in HGMD are
located within 3” RRs, this is likely to represent a
rather conservative estimate of their actual prevalence.

A typical example is the G—A transition 69 nucle-
otides downstream of the polyadenylation site of the
4-globin (HBD) gene causing d-thalassemia (233); the
mutation occurs within a GATA motif and serves to
increase the binding affinity of the sequence for eryth-
roid-specific DNA binding protein.

In an attempt to study 3° RR mutations systemati-
cally, Chen et al. (53) collated 121 3’ RR variants in 94
human genes including 17 mutations in the upstream
core polyadenylation signal sequence (UCPAS), 79 in
the upstream sequence (USS) between the translational
termination codon and the UCPAS, 6 in the left arm of
the ‘spacer’ sequence (LAS) between the UCPAS and
the pre-mRNA cleavage site (CS), 3 in the right arm of
the ‘spacer’ sequence (RAS) or downstream core poly-
adenylation signal sequence (DCPAS), and 7 in the
downstream sequence (DSS) of the 3’-flanking region.
All the UCPAS mutations and the rather unusual cases
of DMPK, SCA8, FCMD, and GLA mutations were
found to exert a significant effect on the mRNA pheno-
type, and the majority cause monogenic disease. By
contrast, most of the remaining variants were polymor-
phisms, were found to exert a comparatively minor
influence on mRNA expression, but may predispose to,
protect from, or modify complex clinical phenotypes.
The systematic study of these lesions permitted the
identification of consistent patterns of secondary struc-
tural change that promise to allow the discrimination
of nonfunctional USS variants from their functional
counterparts.

10.3.2.10 Translational Initiation Mutations

Mutations in the ATG translational initiation codon
have been reported in quite a wide variety of disorders
(e.g., (270)). Instances of substitutions in all three
nucleotides have been observed in [-thalassemia,
Norrie disease, albinism, phenylketonuria, McArdle
disease, and Albright osteodystrophy, among others.
Indeed, a total of 251 mutations within ATG transla-
tional initiation codons are recorded in HGMD, repre-
senting ~0.6% of all missense and nonsense mutations.
Almost invariably, the mutation leads to severe reduc-
tion of steady state mRINA levels similar to that associ-
ated with nonsense mutations. The mutant mRNA is
presumably not translated. The first AUG codon occurs
in the context of the so-called Kozak consensus
sequence GCCA/GCCAUGG, which is thought to be
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recognized by the 40S ribosomal subunit (191).
Mutations at the initiator methionine ATG may com-
pletely abolish translation; however, there are alterna-
tive possibilities, viz. utilization of the mutant ATG
with much reduced efficiency or translational initiation
at the next available ATG codon. A C/T polymorphism
immediately 5° to the ATG codon within the Kozak
sequence of the CD40 gene is thought to influence
translation efficiency (162).

Some diseases are caused by mutations that perturb
the initiation step of translation by changing the con-
text around the start AUG codon or introducing
upstream AUG codons (see (192) for a review). The
scanning mechanism provides a framework for under-
standing the effects of these changes in mRNAs. The
scanning mechanism refers to the entry of the small
ribosomal subunit at the (usually capped) 5° end of the
mRNA and linear migration until an AUG codon is
encountered. Mutational mechanisms such as: (a) rein-
itiation at an internal start codon (e.g., thrombopoietin,
TPO); and (b) leaky scanning (as in the case of the Rx/
rax gene underlying the mouse eyeless mutation) prob-
ably account for such cases.

Naturally occurring mutations in the GCCA/
GCCAUGG motif include (for the numbering of the
mutant nucleotide, the A of the AUG codon is +1; see
references in (192)): (a) +4 G-to-A in the androgen
receptor (AR) gene in a family with partial androgen
insufficiency; (b) -1 C-to-T transition in the a-tocoph-
erol transfer protein (77PA) gene in a family with vita-
min E deficiency; (c) a 2nt deletion causes an A-to-C
change at position -3 of the a-globin gene (HBA) in a
patient with a-thalassemia; (d) -3 A-to-T transversion
in the mouse Pax6 gene causes defects in eye develop-
ment; (e) -3 G-to-C somatic mutation in the BRCAI
gene in one case of highly aggressive sporadic breast
cancer. It is not surprising that most of the naturally
occurring mutations involve positions -3 and +4, the
positions wherein experimentally induced mutations
have the strongest effect.

10.3.2.11 Termination Codon Mutations

The classic example of a termination codon mutant is
the case of the o, -globin Constant Spring, with a muta-
tion in the normal stop codon; this substitution leads to
incorporation of an additional 31 amino acid residues
in the a,-globin polypeptide chain (59). The resulting
protein is unstable and does not interact properly with the

B—globin chains of hemoglobin. Some 81 mutations
within Term codons are recorded in HGMD, repre-
senting ~0.2% of all missense/nonsense mutations.

10.3.2.12 Frameshift Mutations

A large number of frameshift mutations have been
described in numerous disease-related genes. All lead
to altered translational termination with abnormal
polypeptide chains after the frameshifts; severe pheno-
types are usually seen. Frameshifts occur with micro-
deletions or micro-insertions and exon skipping. The
mechanisms underlying these mutations were dis-
cussed earlier in this chapter.

10.3.2.13 Nonsense Mutations

Nonsense mutations obviously cause premature termi-
nation of translation and truncated polypeptides. Some
48% of nonsense mutations in HGMD are to codon
TGA, with 28% being to TAA and 24%, to TAG. About
55% of the newly created TGA codons are CG-to-TG
transitions resulting from the methylation-mediated
deamination of 5mC described earlier. Many such
mutations have been described in a large number of
disease-related genes.

Nonsense mutations are usually associated with a
reduction in the steady state level of cytoplasmic
mRNA (28). This mechanism of “nonsense-mediated
mRNA decay” (NMD) is responsible for the degrada-
tion of mRNAs that contain a premature termination
codon at a position at least 50 nt upstream of an exon-
exon boundary (219), but it is not universal (157). One
or more parameters could be affected: the transcription
rate, the efficiency of mRNA processing or transport to
the cytoplasm, or mRNA stability.

Nonsense mutations account for at least 11% of all
described gene lesions causing human inherited dis-
ease. In the majority of cases, the resulting disorders
are recessive in nature as a consequence of the haplo-
insufficiency resulting from the NMD-induced absence
of the truncated proteins (which ensures that such
polypeptides do not interfere with the function of the
wild-type protein). Nonsense mutations that do not
elicit NMD can, however, give rise to a dominant neg-
ative condition (e.g., mutations in the SOXI0 gene
causing Waardenburg-Shah syndrome (160)). Since,
for NMD to be activated, the nonsense mutation must
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reside at least 50-55 nt upstream of an exon-exon
boundary, it follows that the precise location of the
nonsense mutation could be an important factor in
predicting the pathogenicity of that lesion. By way of
example, nonsense mutations within the last exon of
the human B-globin (HBB) gene do not elicit NMD.
As a consequence, the truncated [-globin product has
near-normal abundance, fails to associate properly
with o-globin, and hence gives rise to a dominantly
inherited form of a-thalassemia (318). Different non-
sense mutations within the same gene may thus be
associated with different clinical phenotypes depend-
ing upon whether or not NMD is activated. Another
example of this is provided by a nonsense mutation
(Q37X) in the DAXI gene of an adrenal hypoplasia
congenita patient; this lesion is associated with a
milder clinical phenotype than expected on account of
the expression of a partially functional, amino terminal-
truncated DAX1 protein synthesized from an alterna-
tive in-frame translational start site at Met83 (254).

In practical terms, the observation of greatly reduced
or absent cytoplasmic mRNA associated with non-
sense mutations has important implications for muta-
tion screening. Thus, attempts to obtain mRNA for
RT-PCR and mutation detection may result in amplifi-
cation of nucleic acid from only the non-nonsense
mutation-bearing allele. Nonsense mutations in the
factor VIII (F8) gene (hemophilia A) and fibrillin
(FBNI) gene (Marfan syndrome) have been associated
with the skipping of exons containing these mutations
(95, 240), and this observation has now been extended
to other genes; exon skipping is either complete or par-
tial. The mechanism underlying this phenomenon is
unknown although a number of intriguing models have
been proposed (118).

10.3.2.14 Unstable Protein Mutants

Missense mutations can cause abnormal protein fold-
ing and are therefore associated with reduced expres-
sion owing to instability of the protein. Reviews of
mutations that affect protein stability can be found in
(6, 258). For proteins that circulate in body fluids, most
mutations are associated with ‘CRM-negative’ status in
which the amount of protein correlates with the amount
of activity or “CRM-reduced” status in which the
amount of activity is still lower than the amount of pro-
tein produced. Many such mutations have been seen in
factor VIII causing mild/moderate hemophilia A (14).

The nature of the biophysical properties of amino
acid substitutions in p53 that increase their likelihood
of coming to clinical attention has been explored (239);
these include solvent inaccessibility, the number of
adverse steric interactions introduced and a reduction in
H-bond number. This study was extended by modeling
in silico all amino acid replacements that could poten-
tially have arisen from an inherited single base-pair
substitution in five human genes encoding arylsul-
fatase A (ARSA), antithrombin III (SERPINC1), protein
C (PROC), phenylalanine hydroxylase (PAH), and
transthyretin (77R) (317). A total of 9,795 possible
mutant structures were modeled and 20 different
biophysical parameters assessed. Comparison with the
HGMD-derived spectra of 469 clinically detected
mutations indicated that several types of mutation-
associated change affected protein function, including
the energy difference between wild-type and mutant
structures, solvent accessibility of the mutated residue,
and distance from the binding/active site. These parame-
ters are considered to be important in protein folding,
which adds support to the view that many missense
mutations come to clinical attention by virtue of their
consequences for protein folding and stability (38, 135) .

10.3.2.15 Mutations in Remote Promoter
Elements/Locus Control Regions

In the B-globin gene cluster, a regulatory region about
10 kb upstream of the e-globin (HBE) gene has been
identified that is capable of directing a high level of
position-independent -globin gene expression (137).
This region, termed the locus control region (LCR), is
thought to organize the entire 60-kb B-globin gene
cluster into an active chromatin domain and to enhance
the transcription of individual globin genes (310).
A similar LCR is also present in the o-globin gene
cluster and other gene clusters (339). Deletions of the
LCR in the B-globin gene cluster result in silencing of
the B-globin and other genes of the cluster, even though
the genes themselves are intact (346). A particular
25-kb deletion, known as Hispanic ydf-thalassemia,
which deletes sequences 9.5-39 kb upstream of the
g-globin gene including the LCR, renders the 3-globin
gene 60 kb downstream of the deletion nonfunctional
(100). This extraordinary effect of the deletion of the
LCR is thought to be due to an altered (DNase
I-resistant) state of chromatin associated with non-
functional genes. Several other examples of similar
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deletions in the LCR of the a-globin gene cluster have
been reported (209).

10.3.2.16 Cellular Consequences
of Trinucleotide Repeat Expansions

Trinucleotide repeat expansion has been discussed ear-
lier. In the case of fragile X, the (CGG),_ repeat s located
in the 5° UTR of the FMRI gene and its expansion to
full mutation results in hypermethylation of the pro-
moter region, loss of transcription, and hence silencing
of the gene (344). Loss of the encoded protein, FMRP,
which is thought to play a role in dendritic mRNA
transport and translation, is responsible for the classical
fragile X syndrome phenotype. Gene inactivation can
also be caused by altering the spacing of promoter ele-
ments from the transcriptional start site as in the case of
the 12mer repeat expansion in the CSTB gene (202).

When the trinucleotide repeat lies within the gene
coding region, as in Huntington disease, its expansion
results in an abnormal protein with a gain of function
owing to the enlargement of the polyglutamine tract.
Mutant huntingtin exerts its pathologic effects via
abnormal protein aggregation, transcriptional dysregu-
lation, mitochondrial dysfunction, excitotoxicity, and
abnormal cellular trafficking, leading to neuronal loss
particularly in the dorsal substratum (35).

Another example of a gain-of-function mutation is
provided by the expansion of the CTG repeat in the 3’
UTR of the DMPK gene causing type 1 myotonic dys-
trophy (DM1). This does not abolish transcription but
rather causes nuclear retention of RNA transcripts
leading to the transcriptional dysregulation of other
genes (83). CTG expansion appears to lead to the
sequestration of cellular RNA-binding proteins which
in turn gives rise to the abnormal splicing of multiple
transcripts. DM1 thus exemplifies a disease whose
mechanistic basis lies at the RNA level.

10.3.2.17 Mutations Producing Inappropriate
Gene Expression

Hereditary persistence of fetal hemoglobin (HPFH)
and hereditary persistence of a-fetoprotein (HPAFP)
are two clinical conditions that are prototypes for the
inappropriate expression of y-globin (HBGI and
HBG?2) and a-fetoprotein (AFP) genes, respectively.
Normally the levels of fetal hemoglobin (HbF; a2y2)

in adult life are very low, as there is a switch from fetal
to adult hemoglobin during the perinatal period.
Similarly, AFP is produced at a high level in fetal liver
but declines rapidly after birth. In HPFH and HPAFP,
however, the levels of HbF and AFP, respectively, are
inappropriately high in adult life. This is often due to
single nucleotide substitutions in the promoter regions
of the HBG2, HBGI, or AFP genes. A considerable
number of mutations that occur in the region -114 to
-202 of the y-globin genes have been characterized and
presumably cause persistent expression of their corre-
sponding genes (346). A similar situation has been
observed with a -119 mutation in the AFP gene (224).
These mutations occur within DNA-binding motifs for
transcriptional regulators.

A very interesting mutational mechanism has been
proposed for facioscapulohumeral muscular dystrophy
(FSHD), an autosomal dominant myopathy. This disease
is characterized by deletions of a tandem 3.3-kb repeat
termed D4Z4 on chromosome 4q35. In the general
population, the size of the D474 repeat array may vary
between 11 and 150 units, whereas FSHD patients carry
fewer than 11 repeats (142). Partial deletion of D4Z4
leads to a local change in chromatin structure (267). As a
consequence, genes expressed in muscle and located up
to 3 Mb upstream of D4Z4 are inappropriately overex-
pressed. A multiprotein complex binds D4Z4 and appears
to mediate the transcriptional repression of neighboring
genes. The deletion of an integral number of D474
repeats below a certain threshold reduces the number of
bound repression complexes, and consequently decreases
transcriptional repression of 4q35 genes including
the ANTI gene, an excellent candidate for contributing
to the pathogenesis of FSHD (121).

10.3.2.18 Position Effect in Human Disorders

In several instances, a DNA alteration is found well
outside the putative gene that is primarily involved
with a disease. Mutations acting by “positional effect”
are those in which the transcription unit and minimal
promoter of the gene remain intact but there is a nearby
alteration that influences gene expression (180). These
positional effect DNA lesions may involve distal pro-
moter regions, enhancer/silencer elements, or changes
in the local chromatin environment. The positional
effect could be up to several megabases away from
the gene of interest. The examples of the LCR in the
B-globin gene cluster and the transcriptional repressor
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D474 in FSHD are provided elsewhere in this chapter.
Most of the position effects are due to chromosomal
rearrangements that frequently lead to alteration of the
chromatin environment of the gene. Possible mecha-
nisms that may lead to a positional effect include: (a)
separation of the transcription unit from distant cis-
regulatory elements by the rearrangement (enhancer
removal results in gene silencing, whereas silencer
removal results in inappropriate gene activation); (b)
juxtaposition of the gene with an enhancer element
from another part of the genome; (c) removal of an
insulator or boundary element may also lead to inap-
propriate gene silencing; (d) enhancer competition of
DNA sequences that were juxtaposed to the gene; (e)
positional effect variegation in which the chromosomal
rearrangement causes the juxtaposition of an euchro-
matic gene with a region of heterochromatin.

Some examples of positional effect mutations
attributable to translocation breakpoints include genes
PAX6 in aniridia (109), SOX9 in campomelic dysplasia
(268, 331), POU3F4 in X-linked deafness (88), HOXD
complex in mesomelic dysplasia (308), FOXL2 in
blepharophimosis/ptosis/epicanthus inversus  syn-
drome (BPES) (31, 79), and the SHH gene in preaxial
polydactyly (207). In these cases, the translocation
breakpoints may be in excess of a megabase away from
the inappropriately expressed/silenced gene. Indeed,
in one example of campomelic dysplasia, the break-
point maps ~1.3 Mb downstream of the SOX9 gene,
making this the longest range position effect so far
found (331). For a recent review of position effect
mutations, see (181).

It is likely that, in the majority of cases, the position
effect involves a highly conserved cis-acting regulatory
element. These conserved noncoding elements (CNCs;
also termed multiple-species conserved sequences
(MCS), conserved non-genic sequences (CNGs); the
most highly conserved are also called ultraconserved
elements (UCEs)) comprise approximately 1-2% of
the human genome and represent potential targets for
pathogenic mutations (27, 33, 93, 94, 319). An example
of such a lesion is provided by the 52-kb deletion of a
large noncoding region downstream of the sclerostin
(SOST) gene in patients with van Buchem disease, lead-
ing to altered expression of the SOST gene (215). The
deletion disrupts a bone-specific enhancer element that
drives SOST gene expression.

Pathogenic mutation may also occur in noncon-
served elements that could become functional after the
introduction of the mutant sequence. This pathogenetic

mechanism has been described underlying a variant
form of a-thalassemia. Affected individuals from
Melanesia have a gain-of-function regulatory single-
nucleotide polymorphism (rSNP) in a nongenic region
between the a-globin genes and their upstream regula-
tory elements. The rSNP creates a new promoter-like
element that interferes with the normal activation of all
downstream a-like globin genes (85).

10.3.2.19 Position Effect by an Antisense RNA

An individual with an inherited o-thalassemia has
been described who has a deletion that results in a
truncated, widely expressed gene (LUC7L) becoming
juxtaposed to a structurally normal o-globin (HBA2)
gene. Although it retained all of its local and remote
cis-regulatory elements, expression of the HBA2 gene
was nevertheless silenced and its CpG island became
completely methylated at an early stage during devel-
opment. The antisense RNA of the LUC7L gene
appears to have been responsible for the silencing of
the HBA2 gene (324).

10.3.2.20 Abnormal Proteins Due to Fusion
of Two Different Genes

The translation of fusion genes results in novel pro-
teins with different or abnormal properties from their
parent polypeptides. Fusion genes are either the result of
(1) homologous unequal crossing-over, or (2) junction
sequences at breakpoints of chromosomal transloca-
tions. Hemoglobin Lepore, a fusion of 8- and -globin
genes, is the prime example of the first mechanism.
Other examples of abnormal fusion genes caused by
unequal crossover include the case of glucocorticoid-
suppressible hyperaldosteronism (GSH), an autosomal
dominant form of hypertension, caused by oversecre-
tion of aldosterone (262); some GSH patients have
hybrid genes between CYPIIBI and CYPI1B2, two
highly homologous cytochrome P450 genes on 8q22.
The hybrid gene contains the regulatory elements of
CYPI11B1, expressed in the adrenal gland, and the 3’
coding region of CYPIIB2, which is essential for
aldosterone synthesis. Another example is the case of
abnormalities of color vision resulting from fusion of
the green and red color pigment (RCP, GCP) genes
(239). Recombination between the Kallmann gene on
Xp22.3 (KALX) and its homolog (KALY) at Yp11.21
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results in a fusion gene that is transcriptionally inactive
and is associated with Kallmann syndrome secondary
to an X;Y translocation.

A growing number of hematologic malignancies are
associated with abnormal fusion proteins, the genes of
which are found at the breakpoints of chromosomal
translocations. One of the first reported examples was
the case of fusion of the BCR and ABL genes in the
t(9;22) known as Philadelphia (Ph) chromosome in
chronic myelogenous leukemia. The BCR gene is on
chromosome 22 and the ABL gene is on chromosome 9;
after the translocation junction, a fusion gene is created
with the promoter elements of the ABL gene and the 3’
half of the BCR gene (25). A new abnormal protein is
detected in the leukemia cells, the abnormal function of
which probably contributes to the malignant pheno-
type. Another example is the case of Ewing sarcoma
(a solid tumor of bone) in which an 11;22 translocation
results in a fusion of the FLII gene on 11q24 with the
EWS gene on 22ql12 (89); for a classic review see
(272)). Fusion genes can be readily identified by PCR
and can serve either as diagnostic indicators for relapse
in the disorders concerned or as indicators of the need
for an alternative therapeutic regimen.

10.3.2.21 Mutations in Genes Involved in
Mismatch Repair Associated with
Genomic Instability in the Soma

The study of somatic mutation is extremely important
both for the study of cancer (116) and other diseases
such as paroxysmal nocturnal hemoglobinuria (107).
Mutations that lead to abnormal or abolished function
of genes encoding for proteins involved in DNA
mismatch repair are of particular importance because
they lead to accumulation of mutations throughout
the genome. For example, some forms of hereditary
nonpolyposis colon cancer (HNPCC), which may
account for up to 10% of colon carcinoma, are due to
mutations in genes such as MSH2 or MLH]I that
encode mismatch repair proteins (113, 204, 260) . In
families with mutations in these genes, the DNA of
tumor tissue shows considerable instability as detected
by the generation of new alleles for numerous DNA
polymorphic markers (161). One of the genes affected
by the genomic instability is that encoding the type
I transforming growth factor-f (TGF-B) receptor
(TGFB2R), which has a run of 10 adenines in its

coding region. This run of As is altered, resulting in a
frameshift and absence of the receptor, which in turn
releases the cell from TGF-B-inhibitory effects and
contributes to malignancy (220). The discovery and
further study of genes of the mutation repair system
will enhance our understanding both of germline and
of somatic mutations.

To date, relatively few studies have attempted to
compare germline and somatic mutational spectra for
the same genes. This notwithstanding, the mutational
mechanisms underlying single base-pair substitutions
(290, 328), micro-deletions and micro-insertions (134,
166, 328), and even gross gene rearrangements (184,
246) often appear to exhibit similarities between the
germline and the soma.

10.3.2.22 Mosaicism

Germline mosaicism is a relatively frequent mecha-
nism of inherited disease and provides an explanation
for the inheritance pattern in cases where multiple
affected offspring are born to clinically and phenotypi-
cally normal parents (367). It arises through the occur-
rence of a mutation de novo in a germline cell or one
of its precursors during the early embryonic develop-
ment of the parent. Since mitotic divisions predomi-
nate in both spermatogenesis and oogenesis, most
germline mutations are likely to be mitotic rather than
meiotic in origin. Somatic mosaicism results from
mutations occurring during mitotic cell divisions in the
embryo with subsequent clonal expansion of the
affected cells (139). The clinical effect of somatic
mosaicism depends critically upon the developmental
stage at which the mutation occurs. Thus, a mutation
that occurs very early on in embryonic development is
likely to affect many somatic tissues. By contrast,
mutations occurring rather later may give rise to a phe-
notype that is confined to a single body region or even
to a single organ. Somatic mosaicism arising at a very
early embryonic stage can involve both somatic cells
and germ cells. Such individuals (gonosomal mosaics)
are at risk of having affected children.

10.3.2.23 Sex Differences in Mutation Rates

Sex differences in mutation rates may have a variety of
different underlying causes. For premeiotic mutations,
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the single most important factors are likely to be the
much higher number of cell divisions during spermato-
genesis than oogenesis and the fact that the number of
male germ cell divisions experienced is age dependent
(81). However, the likelihood of a given mutation hav-
ing originated in a particular parent is often dependent
upon the nature of the mutation in question. In general,
point mutations tend to display a paternal bias, arising
during spermatogenesis, whilst gross deletions tend to
occur predominantly in females, having originated
during oogenesis (26, 136).

10.3.2.24 Concepts of Dominance
and Recessiveness in Relation
to the Underlying Mutations

A genetic character is held to be dominant if it is
manifest in the heterozygous state and recessive if it
is not. Thus, for a truly dominant condition, homozy-
gotes should be clinically and phenotypically indis-
tinguishable from heterozygotes (349). If this is not
so, and the homozygote is more seriously affected,
then the respective alleles may be regarded as semi-
dominant (366).

In general, most recessive alleles are loss-of-function
alleles and include gross gene deletions and rearrange-
ments, frameshift mutations, nonsense mutations, etc.
By contrast, dominant alleles are often associated
with gain of function, resulting either from dominant
negative mutations (which interfere with and hence
abrogate the function of the wild-type allele) or from
dominant positive mutations (which confer increased,
constitutive, novel or toxic activity upon the mutant
protein). Examples of dominant negative mutations
are to be found in the GHI (61) and KIT (309) genes,
whilst dominant positive mutations have been reported
in the PMP22 (263), GNASI (7), DMPK (234), and
SERPINAI (253) genes. It should be noted that loss-
of-function mutations (e.g., TERT (17) and RUNX2
(179)) can also be associated with dominantly inher-
ited conditions in cases where a 50% reduction in the
level of the protein product is sufficient to impede
function.

For X-linked diseases it is probably inappropriate to
use the terms dominant and recessive, since males are
hemizygous and females often display variable expres-
sivity of their heterozygous mutations owing to skewed
X-inactivation or clonal expansion (96).

10.4 General Principles of Genotype-
Phenotype Correlations

Several general principles have emerged as a result of the
intensive study of causative mutations in genetic disor-
ders. The following discussion highlights some of these
principles. The reader is encouraged to use the Online
Mendelian Inheritance in Man (OMIM) database at
http://www3.ncbi.nlm.nih.gov/Omim for further infor-
mation or for specific genes and clinical phenotypes.
Wolf’s review (353) provides an excellent guide to the
complex issues inherent in the study of the relationship
between mutant genotype and clinical phenotype.

Mutations in the Same Gene may be Responsible
for More than One Disorder. There are many examples
to illustrate the principle that mutations in a single
gene can cause different and distinct clinical pheno-
types (“allelic heterogeneity”). Historically, the first
example is that of the -globin (HBB) gene on 1 1pter.
Mutations of this gene cause [3-thalassemia, sickle cell
disease, and methemoglobinemia. The L/CAM gene
on X28 has been shown to be mutated in hydrocepha-
lus and stenosis of aqueduct of Sylvius, MASA syn-
drome (mental retardation, aphasia, shuffing gait,
adducted thumbs), and spastic paraplegia 1. The
COLIA2 gene on 7q21-q22 is involved in four differ-
ent clinical forms of osteogenesis imperfecta (types II,
III, IV, and atypical) and in Ehlers-Danlos syndrome
type VII B. The fibroblast growth factor receptor 2
(FGFR2) gene is mutated in three different cranio-
synostosis syndromes, namely Pfeiffer, Crouzon, and
Jackson-Weiss. The COL2AI gene is implicated in
Stickler syndrome type 1, SED congenita, Kneist dys-
plasia, achondrogenesis-hypochondrogenesis type 2,
precocious osteoarthritis, Wagner syndrome type 2,
and SMED Strudwick type. In a survey of 1014 genes
causing disorders in OMIM, 165 genes were associ-
ated with two disorders, 52 genes with three disorders,
24 genes with four disorders, and 19 genes with five or
more disorders (11).

One Disorder May Be Caused by Mutations in More
than One Gene. There are a plethora of similar clinical
phenotypes caused by mutations in different genes.
This observation, also known as “nonallelic” or “locus”
heterogeneity, is well understood, thanks to linkage
analyzes for genetic disorders and the search for muta-
tions in different genes. Thus, tuberous sclerosis, a
relatively common autosomal dominant disorder, is
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caused by lesions in at least two different loci: TSCI
on 9q34 and TSC2 on 16p13.3. Approximately 60% of
TSC families show linkage to the 7SC2 locus and 40%
to the TSCI locus. Hereditary nonpolyposis colon can-
cer has been associated with mutations in five different
genes. MLHI on 3p, MSH2 on 2pl16, PMSI on 2q31-
q33, PMS2 on 7p22 and MSH6 on 2p16. Retinitis pig-
mentosa has so far been associated with a total of 23
different genes, and the list is still growing. We expect
that disorders of complex or polygenic phenotypes,
such as hypertension, atherosclerosis, diabetes, schizo-
phrenia, and manic-depressive illness, will be associ-
ated with a considerable number of genes scattered
throughout the genome.

One and the Same Mutation May Give Rise to
Different Clinical Phenotypes (“Polypheny”). The
clinical phenotype does not only depend on the one
mutation in the responsible gene; it can be modified by
the action of any of the other ~25,000-30,000 genes in
the genome (353). The environment can also have an
important role in the full development of the clinical
phenotype. The classic sickle cell disease mutation in
the B-globin (HBB) gene (Glu6Val) may be associated
with severe or mild sickle cell disease. The ameliora-
tion of the severe clinical phenotype in this case can be
attributed to the increased expression of y-globin genes
and the presence of high levels of HbF. The genomic
environment of the B-globin gene cluster may there-
fore modify the severity of sickle cell disease, as may
genetic variation originating from other loci, e.g., the
a-globin genes (73). Another example of this phenom-
enon has recently been provided by studies of certain
craniosynostoses. Both Pfeiffer and Crouzon syn-
dromes can be associated with the same C342Y or
C342R mutations in the FGFR2 gene.

The clinical phenotype associated with the D178N
missense mutation in the prion protein (PRNP) gene is
critically dependent upon the presence of the Met or Val
129 polymorphic allele to which it is coupled. When
D178N lies in cis to the Met129 allele, fatal familial
insomnia (FFI) results, whereas D178N coupled to the
Vall129 allele is associated with Creutzfeldt-Jakob dis-
ease (261). The Met/Val 129 polymorphism also exerts
an effect in trans through the normal allele, since FFI is
more severe and of longer duration in patients homozy-
gous for either the Met or the Val allele.

One of the best examples of the contribution of the
environment to the clinical phenotype of single gene
disorders is that of phenylketonuria resulting from

phenylalaninehydroxylase (PAH)deficiency. Individuals
homozygous or compound heterozygous for muta-
tions in the PAH gene develop severe mental handicap
if fed a normal diet. However, the cognitive status
remains normal if these individuals are fed with a
special, “phenylalanine-free” diet.

Mutations in More than One Gene May Be Required
to Express a Given Clinical Phenotype (Digenic
Inheritance; Triallelic Inheritance). Digenic inheri-
tance refers to clinical phenotypes caused by the co-
inheritance of mutations in two unlinked genes. Thus
one form of retinitis pigmentosa is due to the co-inher-
itance of mutations in the RDS gene on 6p and the ROM
gene on 11q (170). Individuals with either one or the
other mutation,do not suffer from the disease. In similar
vein, digenic inheritance of mutations in the MITF and
TYR genes has been reported as a cause of Waardenburg
syndrome type 2 in conjunction with ocular albinism
(235). This phenomenon may be common in polygenic
disorders and in disorders with “low penetrance.”

Triallelic inheritance refers to clinical phenotypes
with apparent recessive mode of inheritance caused by
the co-inheritance of three mutant alleles, two in one
gene and one in another gene. An example of triallelic
inheritance is provided by the Bardet-Biedl syndrome.
There are pedigrees in which affected individuals have
two mutant alleles in the BBS6 gene and one mutant
allele in the BBS2 gene. Other pedigrees have two
mutant alleles in the BBS2 gene and one mutant allele in
BBS6 (173). This type of inheritance indicates that some
forms of BBS have a complex pattern of inheritance. As
above, this phenomenon may be relevant in polygenic
disorders and in disorders with “low penetrance.”

Different Mutations in the Same Gene May Give
Rise to Distinct Dominant and Recessive Forms of the
Same Disease. von Willebrand factor (vVWF) deficiency
is a relatively common monogenic disease of blood
coagulation. Many mutations have been studied in the
VWEF gene on chromosome 12p. A proportion of muta-
tions (usually deletions, nonsense codons, or frameshift
mutations) cause vVWF deficiency with a recessive mode
of inheritance; other mutations (mostly missense sub-
stitutions), however, are associated with a dominant
mode of inheritance of the vWF deficiency (243).

Whereas the majority of hitherto characterized
growth hormone (GHI) gene lesions (including gross
deletions and missense/nonsense mutations) that underlie
familial short stature are inherited in autosomal recessive
fashion, there is a group of intron 3 splicing mutations
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that are characterized by a dominant mode of inheri-
tance (62). These lesions result in the in-frame skipping
of exon 3 encoding 40 amino acids, including a Cys
residue. The dominant negative nature of this mutation
is thought to be explicable in terms of the participation
of the resulting free unpaired cysteine residue in an ille-
gitimate intermolecular disulfide linkage, leading to
dimerization of the mutant molecule with a normal GH
molecule and inhibition of GH secretion.

10.5 Why Study Mutation?

The sequencing of the human genome is now essen-
tially complete and its annotation well under way. Full
exploitation of the emerging data, specifically in rela-
tion to understanding the etiology of inherited disease
and disease predisposition, is likely to be hampered by
our ignorance of the basic processes underlying inter-
individual, inter-population, and inter-species genetic
diversity, however. At the population level, such an
understanding is seen as essential for any meaningful
interpretation of the prevalence/incidence patterns
observed for diseases with a genetic basis. Within fam-
ilies, it is a prerequisite for being able to explain how
inter-individual variation arises and how variable phe-
notypic expression can be associated with identical
gene lesions. Thus, for human genome sequence data
to be useful in the context of molecular medicine, they
must eventually be related to the genetic variation
underlying human inherited disease. To this end, the
meta-analysis of pathological germline mutations in
human genes should facilitate:

1. The assessment of the spectrum of known genetic
variation underlying human inherited disease.
2. The identification of factors determining the propen-
sity of DNA sequences to undergo germline mutation.
. The optimization of mutational screening strategies.
4. Improvements in our ability to predict the clinical
phenotype from knowledge of the mutant genotype.
5. The identification of disease states that exhibit
incomplete mutational spectra, prompting the
search for, and detection of, novel gene lesions
associated with different clinical phenotypes (227).
6. Extrapolation toward the genetic basis of other,
more complex traits and diseases (36).
7. Improvements in our understanding of the function

W

of a given protein.

8. Meaningful comparison between the mechanisms
of mutagenesis underlying both inherited and
somatic disease.

9. Studies of human genetic diseases in their evolu-
tionary context (303).
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