Infectomics: Study of Response to Infection using Microarrays

microbial infection with microarrays include global
analysis of microbial virulence determinants and host
defense systems, development of mathematical
approaches to model the interplay between host
resistance and microbial infectivity and construction
of databases to manage and analyze vast amounts of
data derived from genotypic and phenotypic infec-
tomics. (See Microarray Bioinformatics.)

See also
DNA Chips and Microarrays
Microarrays and Expression Profiling in Cancer
Microarrays in Disease Diagnosis and Prognosis
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Infertility: Genetic Disorders
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Identification of genetic disorders causing human male or female infertility is of paramount
importance in each infertility clinic that has to consider the possible risk of transfer of a
specified genetic abnormality (i.e. a distinct chromosomal aberration and/or a specific gene
mutation) to the offspring created by the applied artificial fertilization protocol. This is useful
especially for those men and women where no obstructions of the germ line can be

Shmulevich I, Dougherty ER, Kim S and Zhang W (2002)
Probabilistic Boolean networks: a rule-based uncertainty model
for gene regulatory networks. Bioinformatics 18(2): 261-274.

Walter G, Bussow K, Lueking A and Glokler J (2002) High-
throughput protein arrays: prospects for molecular diagnostics.
Trends in Molecular Medicine 8(6): 250-253.

Wang D, Liu S, Trummer BJ, Deng C and Wang A (2002)
Carbohydrate microarrays for the recognition of cross-reactive
molecular markers of microbes and host cells. Nature Biotechno-
logy 20(3): 275-28]1.

Further Reading

Casadevall A and Pirofski LA (2000) Host—pathogen interactions:
basic concepts of microbial commensalism, colonization, infec-
tion, and disease. Infection and Immunity 68(12): 6511-6518.

Dhiman N, Bonilla R, O’Kane DJ and Poland GA (2001) Gene
expression microarrays: a twenty-first century tool for directed
vaccine design. Vaccine 20(1 and 2): 22-30.

Fukui S, Feizi T, Galustian C, Lawson AM and Chai W (2002)
Oligosaccharide microarrays for high-throughput detection and
specificity assignments of carbohydrate—protein interactions.
Nature Biotechnology 20: 1-7.

Gronow S and Brade H (2001) Lipopolysaccharide biosynthesis:
which steps do bacteria need to survive? Journal of Endotoxin
Research 7(1): 3-23.

Hooper LV and Gordon JI (2001) Commensal host—bacterial
relationships in the gut. Science 292: 1115-1118.

Joyce EA, Chan K, Salama NR and Falkow S (2002) Redefining
bacterial populations: a post-genomic reformation. Nature
Reviews Genetics 3(6): 462—473.

Lucchini S, Thompson A and Hinton JC (2001) Microarrays for
microbiologists. Microbiology 147(6): 1403—1414.

Mitchell P (2002) A perspective on protein microarrays. Nature
Biotechnology 20(3): 225-229.

Rathod PK, Ganesan K, Hayward RE, Bozdech Z and DeRisi JL
(2002) DNA microarrays for malaria. Trends in Parasitology
18(1): 39-45.

Schweitzer B and Kingsmore SF (2002) Measuring proteins on
microarrays. Current Opinion in Biotechnology 13(1): 14-19.

Intermediate article

Article contents

o Introduction

e Chromosome Aberrations and Male Infertility

e Chromosome Aberrations and Female Infertility
o Molecular Genetic Disorders and Male Infertility

o Molecular Genetic Disorders and Female Infertility

observed and who are therefore diagnosed in the clinic as having idiopathic infertility.

Introduction

The prevalence of human infertility (male and female)
in Western countries has been estimated to be between
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10% and 15%. In 20% of the cases the causative agent
was determined to be a purely male factor and in 38% of
the cases a purely female factor (World Health
Organization, 1987). In 27% of the cases both partners
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presented with clinical abnormalities and in the
remaining 15% of the cases no clear cause for the
observed infertility could be diagnosed (i.e. idiopathic
infertility). At the moment it is not possible to say how
often gene mutations cause or contribute to the
occurrence of infertility in humans. For most of the
genes shown to be expressed in the germ-line mutations
causing male or female infertility have still to be
identified. One major reason for this lack of knowledge
is the fact that the clinical analysis of infertility is often
compromised by the lack of a detailed histological
analysis of the patient’s germ-line cells. Therefore, the
exact interruption phase in the germ line and the
functional state of the different germ-line cells are
often not known. Consequently, the selection of specific
patient subgroups, considered to be the most promising
candidates for mutations in specific germ-line genes, is
difficult and molecular mutation analysis is usually
performed on the large patient group diagnosed as
idiopathic. Genetic disorders of human male and
female infertility first came into focus 34 years ago as
a result of the cytogenetic characterization of micro-
scopically visible chromosome aberrations in patients
with reproductive failures.

Chromosome Aberrations and
Male Infertility

Chromosome abnormalities are found in about 14%
of azoospermic men (i.e. infertile patients with no
spermatozoa in their semen fluid) and in 5% of
oligozoospermic men (i.e. infertile patients with a
severe reduction in the number of spermatozoa in
their semen fluid) (Van Assche et al., 1996). Among
azoospermic men, the karyotype 47,XXY associated
with the Klinefelter syndrome is most frequent.
Klinefelter patients have small testes (hypogonadism),
indicating their inability to produce a normal number
of spermatozoa (i.e. 20—100 million ml~" ejaculate).
However, the presence of a low number of spermato-
zoa in some of these patients indicates that the second
X chromosome does not interrupt spermatogenesis
but only reduces its quantitative outcome. This
reduction of postmeiotic germ cells is probably the
result of an interference of the premeiotic pairing
process of the sex chromosomes by the second X
chromosome competing with the Y chromosome.
Further chromosome abnormalities associated with
azoospermia are the 46,XX and 45,X karyotypes in
phenotypic males and most aberrations of the euchro-
matic part of the long arm of the Y chromosome
(Yqll). Autosome anecuploidies, like trisomies of
chromosome 21 (Down syndrome), have individual
effects on male fertility, and autosomal translocations

(Robertsonian and reciprocal) were found more
frequently in men with oligozoospermia (3%) than
with azoospermia (1.6%) (Van Assche et al., 1996). In
60% of all infertile men with Robertsonian transloca-
tion chromosomes, the two acrocentric chromosomes,
13 and 14, were involved. Reciprocal translocations
involving either the X or the Y chromosome always
result in male infertility (Gabriel-Robez and Rumpler,
1996), whereas autosomal translocations are also
found in fertile men. The variable expression of the
chromosomally based infertility factors are most
probably associated with variations of the meiotic
cell division process. It can be assumed that chromo-
some mutations are generally counter-selected in a
manner individually and specifically oriented by the
meiotic segregation mechanisms. With the aid of
fluorescence in siru hybridization (FISH) it is now
possible to analyze chromosome abnormalities in
sperms directly. A high incidence of sex chromosomal
aneuploidies was observed especially in sperm samples
with a low morphological quality (Pfeffer et al., 1999;
Lewis-Jones et al., 2003). This is most important for
the therapeutic perspective of this patient group since
sex chromosome aneuploidies have a high risk to be
transmitted to the offspring applying intra-cytoplas-
matic sperm injection (ICSI) which is not selecting
towards bad sperm morphology.

Chromosome Aberrations and
Female Infertility

The 45,X karyotype is the most frequent chromosome
aneuploidy associated with female infertility. A white
fibrous streak gonad completely depleted of germ cells
is usually observed in this patient group (primary
amenorrhea). About 50% of females with gonadal
dysgenesis are 45, X and 25% have a 45,X/46,XX
karyotype (Simpson and Rajkovic, 1999). An
increased atresia of the oocytes during fetal develop-
ment and before puberty is the primary cause of
infertility in these females (primary ovarian failure). In
contrast to males, the full complement of germ cells
(i.e. about 2 million oocytes) is already stored in
females at birth. Multiple genes then control the rate of
the apoptotic processes of the germ cell reduction to
about 400 000 at puberty and to about 1000 at the age
of 50 years (Morita and Tilly, 1999). The increased
apoptotic germ cell death in females with a 45X
karyotype suggests that at least some genes important
for the maintenance of folliculogenesis are located on
the X chromosome (Figure 1).

Premature ovarian failure (POF) after puberty (i.e.
secondary amenorrhea) is found in women with
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Figure 1 X-chromosome G banding pattern. Multiple genetic loci
for the maintenance of folliculogenesis are located on the human X
chromosome. Deletions in the primary amenorrhea (PRIMAM) locus
in Xp21.1-22.2 cause primary ovarian failure (POF), before puberty.
Deletions in POFI locus (Xq26.1-28) and POF2 (Xql3.3-21.1)
cause premature ovarian failure during the reproductive cycle of the
female, that is, after puberty. Putative POF candidate genes are listed
at the right. See text for further descriptions.

deletions of the long arm of the X chromosome (Xq;
Figure 1). These so-called POF syndromes affect at
least 1% of women and it has been postulated that
gene mutations or chromosome abnormalities are the
causative agents in <31% of cases (Vegetti et al.,
1998).

Naturally, the availability of human female germ
cells for genetic analyses is limited and only possible in
the context of the use of an in vitro fertilization
protocol. Chromosome anecuploidies and structural
aberrations were analyzed with high frequencies in
oocytes unable to form pronuclei and in those with an
abnormal morphology (Pellestor, 1991). It is now
possible to analyze the karyotypes of oocytes also by
chromosome analysis of the second polar body during
genetic preimplantation diagnosis. About 80% of D
and G chromosome trisomies (i.e. trisomies of
chromosomes 13, 14, 15, and 21, 22) were found to
be of maternal origin, resulting from first meiotic
nondisjunctions in the maturating oocytes. Chromo-
some aneuploidies in the female germ cell increase with
age, which is probably because of declining levels of
meiotic recombination events which are different for
each chromosome.
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Molecular Genetic Disorders and
Male Infertility

Genes functional in the male germ line are recognized
by mutations causing male infertility. In humans, this
can become a cumbersome task (see Introduction)
unless the gene to be analyzed has a high mutation rate.
This is the case for the cystic fibrosis (CF) transmem-
brane conductance regulator (CFTR) gene located on
the long arm of chromosome 7 (7q31.2). Carriers of a
CFTR mutation (i.e. heterozygotes) are found with
1:25 carrier rate in different Caucasian populations.
Most males with CF also suffer from a congenital
bilateral absence of the vas deferens (CBAVD) leading
to obstructive azoospermia, that is, the transport of the
mature spermatozoa through the testicular and epidi-
dymal structures is blocked. The CFTR gene functions
as a low-voltage, cyclic-cAMP-regulated chloride chan-
nel. Its genetic activity in epithelial cells of the male
germ line is mainly in the columnar epithelium of the
head of the epididymis. It has been shown that just a
small reduction of functional CFTR transcripts can
result in male infertility as a result of CBAVD without
the occurrence of the somatic CF phenotype (Estivill,
1996). This is linked to the increased frequency (84%)
of the 5T allele in the splice acceptor site of CFTR
intron 8 (Figure 2) in CBAVD patients. The CFTR gene
copies with the 5T variant only produce about 10%
of functional CFTR mRNA. Epithelial cells in the
male genital tract appear to be more sensitive to a
quantitative CFTR protein deficiency than the same
cell type in other organs. The pathology of obstructive
azoospermia occurs with approximately 30% in the
group of patients with azoospermia, and of those 25%
suffer from CBAVD.

Frequent molecular mutations resulting in male
infertility were also found in the azoospermia factor
(AZF) locus on the long arm of the human Y
chromosome (Yql1). However, these were not point
mutations in a specific Y gene functional in the male
germ line, but three different microdeletions with a
molecular extension between 1 and 7 Mb of genomic Y
DNA. They were designated as AZoospermia Factor
regions, AZFa, AZFb and AZFc (Vogt et al., 1996)
because each deletion seemed to be associated with the
occurrence of a specific testicular pathology. Men with
deletion of AZFa were suffering from a complete
absence of germ cells in their testicular tissue (Sertoli-
cell-only syndrome). Men with deletion of AZFb
displayed a meiotic arrest of their spermatogenesis
and men with deletion of AZFc were still able to
produce mature spermatozoa, although only in small
numbers (i.e. severe oligozoospermia). Therefore, in
rare cases, AZFc deletions were found to be hereditary
from father to son.

NATURE ENCYCLOPEDIA OF THE HUMAN GENOME / ©2003 Macmillan Publishers Ltd, Nature Publishing Group / www.ehgonline.net



CFTR mRNA

Intron 8 acceptor splice site
with 7(9) T variant:

CFTR gene structure in 7931.2

Infertility: Genetic Disorders

8910
Translation in functional CFTR protein

GTGTGTTTTTTT(TT)AACAG

00 Do 1

Intron 8 acceptor splice site

with 5T variant: GTGTGTTTTTAACAG

L, CFTR mRNA

810

4|]7 Translation in non-functional CFTR protein

Skipping of exon 9

Figure 2 Increased frequency of 5T variant in the splice acceptor site of CFTR intron 8 in men with congenital bilateral absence of
the vas deferens (CBAVD). Reduction of the T nucleotides to five causes most often skipping of CFTR exon 9, which results in the

translation of nonfunctional CFTR protein (90%).

Intrachromosomal recombination events between
specific human endogenous retroviral sequence blocks
were found to be the major cause of AZFa deletions
(Kamp et al., 2000) and, similarly, recombinations
between large homologous sequence blocks composed
of different repetitive sequence families are the major
cause of complete AZFb and AZFc deletions and
their molecular extension was estimated with 6.2 Mb
(AZFb) and 4.5Mb (AZFc), respectively (Kuroda-
Kawaguchi et al., 2001; Repping etr al. 2002). Each
AZF region contains a series of genes expressed in
testis tissue. Some of these genes are also expressed in
other tissues and have a homolog on the X chromo-
some (in AZFa: Dead Box Y, DBY/DBX and
Ubiquitin Specific Protease 9, USP9Y/USPI9X; in
AZFb: Essential-Initiation-Translation Factor 1AY,
EIF1AY/EIF1AX and Selected Mouse cDNA Y,
SMCY/SCMX). Some have multiple copies in the
AZFcregion (Deleted in Azoospermia, DAZ1-4, Basic
protein Y2, BPY2.1-3) or are dispersed on the Y
chromosome  with nonfunctional pseudogenes
(AZFb: RNA binding motif Y, RBMY, Testis-specific
protein Y encoded, TSPY; AZFc: Chromo-domain Y,
CDY, Protein phosphatase related Y, PRY). These
multicopy structures of the AZF candidate genes
complicate the molecular analyses of specific mutation
events in some of these Y genes in patients with
idiopathic infertility. A laborious screening protocol
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for USP9Y point mutations in 576 patients with an
idiopathic low sperm count revealed one individual
with a 4nt deletion in the splice acceptor site of
USPI9Y exon 7 (Sun et al., 1999). However, although
this mutation severely truncated the USP9Y protein
(about 90%), the patient’s testis tissue did not display
the Sertoli-cell-only syndrome expected from an AZFa
mutation (see above); all premeiotic germ cells and
even spermatids were present in the patient’s testis
tubules. It has therefore been postulated that the
different testicular AZF pathologies may be observed
only after deletion of the complete gene content of
each AZF region. However, this might not be true for
AZFc deletions because DAZ1/DAZ2 gene doublet
deletions in AZFc seem to cause oligozoospermia as
well (Fernandes et al., 2002).

Large mitochondrial DNA deletions resulting in the
formation of an incomplete electron transport chain
are assumed to play an important role in the
pathophysiology of sperms with a reduced motility
(i.e. asthenozoospermia) (Kao et al., 1998), although a
distinct correlation of a specific etiology to any of these
DNA deletions could not yet be made. Asthenozoo-
spermia contributes to male infertility in about 30% of
all cases. Ruiz-Pesini et al. (2000) observed that the
mitochondrial DNA haplotype T was significantly
overrepresented in men with asthenozoospermia
and that this haplotype was associated with point
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mutations in some mitochondrial tRNAs, the pathol-
ogy of which is not yet known. A significantly higher
variability of the N-terminal polyglutamine tract of the
mitochondrial DNA polymerase (POLG) was found
in 5-10% of men with oligozoospermia (Rovio et al.,
2001). This peptide is encoded by a CAG microsatellite
repeat, which usually has a length of 10 repeats. This
allele is absent in infertile men in all populations
studied so far. It is therefore assumed that any
impairment of the sperms’ mitochondrial genetic
activities controlling their energy metabolism will
result in a reduced sperm motility.

It has been found that men with meiotic arrest who
suffer from azoospermia or oligozoospermia have a
decreased efficiency of their meiotic DNA repair
mechanisms (Nudell et al., 2000). This suggests that
defects in genes required in DNA repair could
contribute to this germ-line pathology at least in
some of them. The use of testicular spermatozoa
from this patient group in artificial insemination
protocols should therefore be accompanied by DNA
quality controls.

Molecular Genetic Disorders and
Female Infertility

A series of candidate genes, which cause ovarian
failure if mutated, were isolated (Simpson and
Rajkovic, 1999). Disruption of the human homolog
of the Drosophila Diaphanous (DIAPH2) gene on the
X chromosome was mapped to the POF2 region
(Figure 1) and the heparan-sulfate-6-sulfotransferase
(HS6ST) and Xaa-Pro aminopeptidase (XPNPEP2)
genes were identified as strong candidate genes for
expression of POF1. In 16% of pedigrees with
familial POF, the expansion of the CCG trinucleotide
in exon 1 of the FMRI gene in Xq28 (also associated
with the fragile X syndrome) seems to be a
causative agent (Conway et al., 1998). It is assumed
that each POF locus on the X chromosome contains
more than one gene functional important for the
maintenance of the ovary function. Alternatively, it
has been argued that any disruption of the meiotic
sex chromosome pairing structure in Xq by
autosomal translocations would naturally interfere
with the meiotic maturation process of the oocyte
and therefore cause a POF syndrome. Targeted gene
mutation analyses in mice and mice transgenesis
experiments (Greenhouse er al., 1998) indicated that
a series of additional autosomal genes must also be
important for female fertility. For the maintenance of
ovarian follicles, a haploinsuffient forkhead transcrip-
tion factor (FOXL2 on chromosome 3; 3q23) was
identified, which also cause the autosomal dominant

462

blepharophimosis/ptosis/epicanthus  inversus
drome (BPES).

Mutations in the androgen receptor (AR) gene
leading to complete androgen insensitivity result in
testicular feminization. These individuals are pheno-
typically female but genotypically male with a
normal 46,XY karyotype. They lack not only a
uterus, oviducts and the cervix, but also the vas
deferens, epididymis and penis, the development of
which is dependent on a normal AR binding of the
hormones, testosterone and dihydrotestosterone.
Infertility is therefore a secondary consequence in
these females with a primary defect in their gonadal
development. Depending on the severity of the
androgen binding deficiency to the androgen recep-
tor, only male infertility occurs and no sex reversal.
Interestingly, the same AR mutation can cause severe
and moderate androgen binding deficiencies (Gottlieb
et al., 1999). Like other members of the steroid/
nuclear receptor superfamily of transcription factors,
the AR has four main functional domains, compris-
ing the N-terminal transactivation domain, a DNA-
binding domain, a hinge region and C-terminal
ligand-binding domain. Analysis of the tertiary
architecture of the AR protein has shown that AR
mutations causing the androgen insensitivity
syndromes are induced by even small structural
alterations of the helical sandwich structure of the
ligand-binding domain (Ong et al., 2002).

syn-

See also
Clinical Molecular Cytogenetics
Databases in Genetics Clinics
Gonadotropin Hormones: Disorders
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Cystic fibrosis transmembrane conductance regulator, ATP-binding
cassette (sub-family C, member 7) (CFTR); LocusID: 1080.
LocusLink:
http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l = 1080

Diaphanous homolog 2 (Drosophila) (DIAPH2). LocusID: 1730.
LocusLink:
http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l = 1730

Forkhead transcription factor (FOXL2 on chromosome 3; 3q23)
LocusID: 668. LocusLink:
http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l = 668

Heparan sulfate 6-O-sulfotransferase 1 (HS6ST1); LocusID: 9394.
LocusLink:
http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l = 9394

Premature ovarian failure, X-linked (POF); LocusID: 5421.
LocusLink:
http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l = 5421
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X-prolyl aminopeptidase (aminopeptidase P) 2, membrane-bound
(XPNPEP2). LocuslID: 7512. LocusLink:
http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l = 7512

Azoospermia factor 1(AZF1); MIM number: 415000. OMIM:
http://www3.ncbi.nlm.nih.gov/htbin-post/Omim/
dispmim?415000

Blepharophimosis, ptosis, and epicanthus inversus (BPES); MIM
number: 110100. OMIM:
http://www3.ncbi.nlm.nih.gov/htbin-post/Omim/
dispmim?110100

Ciystic fibrosis transmembrane conductance regulator, ATP-binding
cassette (sub-family C, member 7) (CFTR); MIM number:
602421. OMIM:
http://www3.ncbi.nlm.nih.gov/htbin-post/Omim/
dispmim?602421

Diaphanous homolog 2 (Drosophila) (DIAPH2). MIM number:
300108. OMIM:

http://www3.ncbi.nlm.nih.gov/htbin-post/Omim/
dispmim?300108

Heparan sulfate 6-O-sulfotransferase 1 (HS6ST1); MIM number:
604846. OMIM:
http://www3.ncbi.nlm.nih.gov/htbin-post/Omim/
dispmim?604846

Infertile male syndrome. MIM number: 308370. OMIM:
http://www.ncbi.nlm.nih.gov/htbin-post/Omim/
dispmim?308370

Premature ovarian failure,
311360.http OMIM:
http://www.ncbi.nlm.nih.gov/htbin-post/Omim/
dispmim?311360

X-prolyl aminopeptidase (aminopeptidase P) 2, membrane-bound
(XPNPEP2). MIM number: 300145. OMIM:
http://www3.ncbi.nlm.nih.gov/htbin-post/Omim/
dispmim?300145

X-linked (POF); MIM number:

Information Theories in Molecular Biology

and Genomics

Andrzej K Konopka, BioLingua Research Inc.— Center for Advanced Sequence

Analysis, Gaithersburg, Maryland, USA

Information theory, statistical theory of signal transmission, communication theory

and Shannon theory are synonymous names for the mathematical theory first

published by Claude Shannon in the 1940s. The concept of entropy in this theory

can be viewed as a measure of ‘randomness’ of sequences of symbols. Shannon entropy
and its variants have been widely used in molecular biology and bioinformatics as

statistical tools of choice for sequence and structure analyses.

Introduction

‘Information’ is a many-sided metaphorical concept. It
loosely signifies pieces of knowledge that are
exchanged in acts of communication but there is no
universally accepted, single definition (Bar-Hillel and
Carnap, 1953; MacKay, 1969) of this term. What is
known as information theory, that is the statistical
theory of (physical) signal transmission (Shannon
theory), originated in the 1920s in the telephone
industry (Hartley, 1928; Shannon, 1948) but it later
became a more general theory of printed texts
(Shannon, 1951) and their cryptanalysis (Shannon,
1949). This latter, text-theoretical, variant of
Shannon’s work gained noticeable prominence in
applications to nucleic acids and protein sequence
analysis over the years (Gatlin, 1972; Campbell, 1982;
Lipman and Wilbur, 1983; Konopka, 1984, 1985;
Kuppers, 1990; Garnier et al., 1996). (A great many of
these applications focused on deviation of a given
probability distribution from a discrete uniform
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distribution and therefore the apparatus of Shannon
theory was just one of many possible choices for
calculating an equivalent of variance of a distribution.)
Other theories of information, particularly the seman-
tic ones (Bar-Hillel and Carnap, 1953; MacKay, 1969),
were potentially interesting for biologists (Pattee,
1969) but their focus on formal logic was too abstract
to be useful in biological applications.

The foundations of Shannon theory are carefully
designed to avoid a meaningful definition (Tarski,
1944) of ‘information’ altogether. In a semantic and a
pragmatic sense a meaningful definition needs to be
formally (logically) correct and materially adequate to
the defined thing, process or phenomenon. Shannon’s
definition is adequate to the mathematical formalism
(pure syntax) that has nothing to do with any of the
commonsense (i.e. semantic or pragmatic) meanings of
the word ‘information’. Instead it focuses on a
mathematical convention to measure how much a
given statistical distribution differs from the so-called
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