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Human disease genes: positional gene cloning & more
It is easy to get lost in the details of linkage mapping to identify human disease genes and to forget that the (relatively) simple ideas here only apply to situations where disease is determined principally by mutation of a single gene.  Most diseases and behaviors are not likely to be so simple, so even if family history implies a genetic basis for a trait you cannot be sure you will be able to map a single responsible gene.  Effective techniques for mapping traits due to several genes are being developed but so far success is limited and the associated statistics are sophisticated.  Pedigrees showing highly penetrant traits conforming to Mendelian inheritance of a single autosomal or X-linked dominant or recessive altered gene allele are indicative of traits that will be amenable to simple mapping.

The basic idea of linkage mapping is to use meiotic recombination to map a gene responsible for a phenotype versus markers that are physically mapped onto the human genome.  Meiotic mapping requires only that the gene and the marker in question are heterozygous in a given meiosis and that you can figure out from grandparents, parents and kids whether meiotic recombination took place between the gene and the marker.  If you can do this for many meioses you can come up with a reasonably accurate statistical approximation of the distance between the marker and the disease gene expressed as a recombination frequency (RF).  The smaller the RF, the closer the two loci.  Hence you can find markers that are the closest to the gene in question.  Success depends on having multiple large (if possible) families (so you can score many meioses), good quality information about the phenotype (accurate disease diagnosis) and informative (ideally highly Polymorphic) markers (ones that are heterozygous in most meioses and can be scored in all individuals).  

These meiotic recombination mapping studies will only lead to defining roughly where a gene lies.  Exact position is sometimes revealed by chromosome aberrations that affect the gene (deletions, translocations, inversions), by guessing which gene is affected (from knowledge of expression patterns, conservation or the type of protein encoded) and by extensive tests (screening for sequence alterations that might impair gene function).  In most cases proof of a causative mutation requires finding different mutations (in different families) that affect the same gene, leading to similar phenotypes.

All types of mutations can affect a gene’s function but particular genes often turn out to be altered in characteristic ways (point mutations, triplet expansions, splicing defects and so forth).  Since mutations in general arise infrequently, disease alleles are generally rare in the population.  Exceptions are genes that are prone to mutation (e.g. triplet repeat expansions) or mutant genes that have spread extensively since their creation (e.g. the characteristic F508 codon deletion of cystic fibrosis).  In the latter cases it is likely that the heterozygous mutation confers some selective advantage that accounts for its extensive spread in the population.  It also will show “linkage disequilibrium” (here, the sharing of DNA sequences neighboring the CF allele that have been co-inherited for many generations).  Linkage disequilibrium is only seen for DNA very close to the mutant gene and can therefore help to localize the disease gene.  There are important mapping approaches that rely on finding evidence of linkage disequilibrium without first performing standard meiotic recombination mapping as outlined above.

Gene Function in an organism (“Genetics”)

Most information concerning the functions of specific genes in a whole organism comes from model genetic organisms (E.coli, yeast, C. elegans, Drosophila, zebrafish, mouse).  Some of the many reasons for this are summarized below.

It is easy to generate organisms carrying all sorts of different single and multiple gene mutations (induced randomly or designed as specific targeted mutations).

Multiple organisms of basically similar genotype can be studied over and over again.  Hence, the consequences (phenotype) of a given mutation (or set of mutations) can be analyzed thoroughly.

It is fairly easy (easiest for yeast, hardest for mouse, of the listed eukaryotes) to connect a phenotype with a specific gene, i.e to track down the (randomly induced) mutation that causes a particular phenotype (“forward genetics”) or to assay the phenotype due to changing the activity of a specific gene (“reverse genetics”; specific targeted mutation).

The function of a specific gene and the origin of a specific phenotype can be studied further fairly easily by isolating additional genes that relate to the phenotype or interact physically (as gene products) with the gene in question.

Genetic model organism studies can approach all questions of the type- how does (anything biological) work? “Anything” could be metabolism, sensory perception, hormones, development, the brain, the immune system, etc., and the answers can be obtained in various forms from the most general to (eventually) the most detailed molecular and cellular mechanisms.

One reason for citing the virtues of model genetic organisms is to contrast these factors with the study of humans, where only a few of the benefits listed above are applicable.

How de we find out how anything works in humans?

We can apply our understanding gained from model organisms (and cellular and biochemical studies) to humans, especially because we know that many genes have retained similar sequences, functions and networks of interaction through evolution.

There is also great interest in studying what happens when normal functions are disrupted in humans, with the objective of developing responses to disease.  Some disease stems entirely from pathogens and other environmental factors but many diseases are due, at least in part, to intrinsic defects, which are, at heart, genetic.  Some named diseases are known to be genetic because they clearly run in families (they tend to have strong characteristic phenotypes and to have a simple basis as single gene mutations).  Many other genetic traits and diseases remain to be recognized and named.  For genetically determined diseases we can learn a lot by applying the same principles applied to investigate connections between genes and phenotypes in model organisms but it is much harder.

How do we find out the bases of genetic diseases?

Identify the mutations responsible.

Study the normal function of the affected gene in model systems (organisms, cells and in vitro) and (to the extent possible) in humans.

How do we identify mutations that cause disease?

(a) Just look at DNA, RNA or protein

Not generally possible because there are so many candidates, but worth considering because in a few cases you will be fortunate.  

Look for chromosome aberrations (translocations, inversions etc) by cytology/FISH. 

Complete genome sequencing can work in some cases but there must be a way to distinguish a disease-causing DNA sequence change from the vast number of irrelevant sequence variations. 

Look at global RNA expression patterns (microarrays), protein expression (2D gels, mass spectrometry, protein chips) in appropriate tissue, if you can guess what the appropriate tissue is and samples can be taken (genes for proteins determined by mass spec. analysis of protein identity).  Here the problem is that mutations can be subtle and the genome, transcriptome and proteome are large (so you may not see the key change).  Also, just as important, the expression of many RNAs or proteins may change as a consequence of a single gene mutation but those changes are not the primary (initiating) cause of the disease and will not lead you directly to the mutation initiating the disease.

(b) Guess

This is becoming more practical as more is known from model organisms about how specific genes relate to a variety of phenotypes.  If the phenotype in question can be related to a similar phenotype in a model organism, then one can look for mutations in the human genes that are homologous to those implicated in the phenotype of the model organism.

(c) Positional cloning

If we can recognize a disease as inherited we can see which individuals in a pedigree (family) inherit the mutant gene.  If we can also follow which portions of the genome are shared by those individuals with the mutant gene, then we can deduce that the mutant gene is within the shared DNA.  The more individuals that are examined the smaller the region of shared DNA that defines where the mutant gene lies.  To distinguish a region of the genome in one individual from the same region in another individual it is essential that the two DNA sequences differ (exhibit some polymorphism).  A region (even a single nucleotide) where there is a difference can be used as a polymorphic marker.

The location of a mutant gene relative to a specific polymorphic marker can be defined numerically by using recombination mapping. 

Positional cloning is used to limit candidate genes to a small(ish) region of the genome and this is followed by testing candidates (often guided by guesses) by DNA sequencing.

Recombination Mapping

Defining a genetic defect:- Twin studies, Adopted siblings, Runs in families

Types of inheritance for single gene defects deduced from pedigrees (X, autosomal, dominant, recessive, mitochondrial). Understanding how genotype relates to phenotype is crucial to recognizing from phenotypes whether a mutant gene allele is or may be present in an individual.

Mapping of one locus (gene, piece of DNA) must be relative to another locus (generally random sequence that is variable among individuals- Marker)

Markers – 
(RFLPs) 

VNTRs (Variable Number Tandem Repeats of 16 nt or more) 

STRPs (short tandem repeat polymorphisms, microsatellites) 2,3, 4 nt repeats one every 30kb on average (roughly 100,000 in genome); assay several per gel lane

SNPs (1 per 1kb; detection on DNA chips and by many other methods)

Origin of markers (genome sequence; sequence from multiple individuals shows SNPs)

Physical location of markers:- genome sequence 

Linkage measurements (recombinant fraction): 

Look at parents and offspring and deduce what happened in meioses of parents that produced gametes (that fused to give offspring)

For human pedigrees there are problems of family size (more is better), “phase” (linkage often deduced from “grandparents”), uninformative meioses (use more polymorphic markers),

penetrance, expressivity, and clinical accuracy (without which you can assign the presence or absence of a mutant gene in an individual incorrectly).  

Also, locus heterogeneity (mutation of more than one gene can produce very similar consequences) means you may mistakenly believe that a variety of families share the same genetic cause of disease when in fact they do not.

Many diseases, traits, behaviors will be multi-factorial (influenced significantly by the allelic status of a number of genes simultaneously) and require very sophisticated linkage analysis to discern the relevant genes.  Here we are not dealing with the approaches used for these “complex” traits.

DNA markers:-

Easy assay, maximum variability, abundant source- currently SNPs (mainly) & STRPs 

Numerical mapping- Lods (assigns probabilities to uncertainties of raw data)

Z() = log [ L() / L(1/2) ]

Z less than –2 reject linkage; 

Z greater than 3.0 accept linkage for 2-point recombination

Defining approximate gene location 

Search for single linked marker

Multipoint linkage for order relative to markers (“genehunter”) close to original linked marker

Likely maximal accuracy of recombination mapping about 1 Mb (~1cM from around 100 informative meioses)

Depends on pedigrees (family sizes), sufficient density of markers (easy now) & accuracy of diagnosis.

Higher accuracy for disease gene location- 
linkage disequilibrium (ancient founder mutation shared among many)







Chromosome aberrations

Finding the “disease gene”

Transcript identification in candidate region:-

Easy for a fully annotated genome but previously based on fragmentary clues from

ESTs, Sequence predictions, CG islands, Homology (zoo blots)

Likely candidates:-

Expression pattern (time, tissues) makes sense

Function (inferred from sequence or from related genes investigated genetically in other organisms)

Testing candidates:-

Correlation between disease alleles (functionally) and DNA changes

Correlation should be apparent for several independent families and it should make sense
Ideally, direct consequence of mutation should be demonstrated

DNA changes found by DNA sequence (detection of heterozygous mutations is straightforward)

GENETIC TESTING 

Is there a reason to look for any mutation (for a patient)?  Family history; possible consequences. Testing will be different for first family member vs other members once a specific mutation has been defined in one family member.

Techniques for specific mutations are most efficient.  This is applicable if a large proportion of alleles in the population are of one or a few pre-defined types OR if the allele responsible for disease in a particular family has already been ascertained. 

Specific mutation testing 

Usually begins with PCR amplification of exons + splice junctions from genomic DNA because mRNA is harder to obtain, preserve and work with in a reproducibly successful manner 

PCR product size- deletions, additions, restriction site changes 

Allele-specific PCR (ARMS; Amplification Refractory Mutation System) (equivalent to ASO hybridization) 

PCR-OLA (oligonucleotide ligation assay) 

Reverse ASO (Allele Specific Oligonucleotides) on chips 

All of the above have been converted into efficient formats but DNA sequencing is also always a viable possibility.

Scanning for mutations (that could lie anywhere in a specific gene) 

DNA sequencing. Other techniques have been used historically & might still be used in some settings:- 

SSCP (Single Stranded Conformation Polymorphism), DGGE (Denaturing Gradient Gel Electrophoresis) etc., Protein truncation test (PTT) could be used as initial screens.

Mini-sequencing chips (re-sequencing by hybridization to oligonucleotides corresponding to the normal gene sequence plus possible variants at each position).

SNPs, Haplotypes, Genome-Wide Association

DNA polymorphisms have been used for many years in order to map single loci that pre-dispose to human diseases (Recombination mapping, positional cloning in Topic 5).  That is greatly facilitated by highly polymorphic STRPs and less polymorphic but more abundant SNPs.

Through extensive sequencing studies increasing numbers of SNPs have been recognized and used, largely through microarray hybridization studies, to type large numbers of individuals efficiently and accurately. This gives a picture of the distribution of (common) SNPs in human populations, which has revealed a great deal about recombination, selective pressures and bottlenecks. SNP genotyping and now an even greater depth of polymorphisms revealed by new genome sequencing techniques, provide the potential to look for diseases or characteristics dependent on the allelic status of multiple genes and to look for selective pressures and adaptations during recent human evolution.

Haplotypes

A haplotype is essentially the sequence of DNA in as long a segment as possible (ideally, but not realistically in most settings, whole chromosomes).  In practice a haplotype is often represented by the status of DNA polymorphisms along a chromosome.  It is experimentally possible to take diploid cells and treat them so as to recover haploid progeny (cells with only one copy of each chromosome) and this can be a very useful device to allow experimental determination of the sequences of individual chromosomes (especially with new sequencing technologies).

However, there are many ways of deducing haplotypes of reasonably large segments of DNA with good confidence by simply genotyping diploid individuals (much cheaper and easier).  One method, used by the International HapMap Consortium was using Mother/Father/Child Trios.

Haplotypes from trios

Assume for any moderately long segment of DNA that there is no recombination in that region during the meioses producing the gametes contributing to the genotyped child.  Then the child will retain one haplotype from each parent over a long segment of DNA (i.e. the child’s genotype effectively separates the two haplotypes of each parent) and, in most cases the SNP haplotypes of the parents are revealed.  

Insights from systematic haplotype analyses of 270 individuals:

Longer regions of high LD than expected.

Recombination hotspots of about 2kb (roughly one per 60kb), so that genome largely divided into haplotype blocks that retain linkage over long time periods (40-50 generations).

Each high LD haplotype block (average of 10-20kb depending on geography) contains several common SNPs (nowadays one every 2-3kb at least).

Each block may contain, say 15 or more SNPs and therefore has a theoretical maximum diversity of 215 but, in fact, most blocks have only about FOUR haplotypes (history of sequential generation would give 16 different haplotypes but selection and population histories generally preserve only 3-6 of those haplotypes at a high frequency [based on 270 individuals chosen as representative]).

Hence, one or a small number of SNPs within a block can often serve as a tag to predict all other SNPs in the block (correctly).  This redundancy (in many cases 3-10 fold) means that fewer tag SNPs need be analyzed to predict a full set of SNP genotypes.  For that reason fewer than 1 million SNPs (current genotyping scan cost of $1,000 per genome) easily suffices to capture most common SNPs.  Some SNPs, around 1% (but still tens of thousands), cannot be predicted in this way- unique SNPs, generally mapping to recombination hotspot regions.

Estimated that there are about ten million SNPs with minor allele frequencies (MAFs) greater than 1% in the human population.

Key opportunity afforded by relatively long haplotype blocks in high LD- one or two SNPs can act as a tag for the genotype of a large segment of DNA and is a proxy for the allelic status of all genes on that segment of DNA.  Thus, if an allele that contributes to disease is segregating in human populations there is a good chance that the allele will be tracked very effectively by one or two tag SNPs located in the same high LD haplotype block. The alleles of the relevant gene do not need to be followed directly (as would be required if there were no regions of high LD).

Genome-Wide Association Studies (GWA)

Many common diseases may result from genetic and environmental conditions such that extant and reasonably common alleles of a limited number of genes promote susceptibility to disease by relatively small factors, such as 2-fold.  If all such alleles (known or unknown) are tagged in a GWA study comparing genotypes of healthy and affected individuals it may be possible to identify genes contributing to disease (by virtue of SNPs that tag the haplotype blocks containing disease-promoting alleles).  

Such studies have more chance of success if

a gene increases risk a lot (1.3 fold is expected to be the lowest limit that will work),

the variant allele is reasonably common in the population (otherwise too few informative samples; minimal minor allele frequency estimated at 0.1 by some ),

the fewer the genes making a contribution.

Where these parameters are reasonably favorable it is still necessary to use a large sample of individuals to provide “sufficient statistical power” to reach a conclusion.  Because of the large number of tests it is not simple to use the appropriate significance tests and there is considerable danger of picking up false positives, and there are no simple tests to arbitrate the veracity of such genotype-phenotype connections.

GWA vs linkage analyses:

If a particular DNA (gene) variant is common but has only a small contribution to disease likelihood it is especially problematic for linkage studies because (i) the variant allele may often be introduced into a family at more than one point (but linkage analysis always must assume only one variant allele source per 2-4 generation family), (ii) more individuals must be tested to find small effects and necessity to limit studies to families limits size of linkage studies.

GWA studies make more tests (more SNP loci must be tested to have a chance of sampling a good proportion of all high LD regions) and therefore statistics demands higher burden of proof. Critically, linkage studies detect linkage extending well beyond high LD haplotype blocks (of 100kb and less) and therefore picks up high impact alleles at relatively large distances (a few Mbp) from the closest marker (which can be a STRP rather than a SNP for the greater polymorphism afforded; STRPs are no good for GWA studies as they change over the very long multi-generational time periods being examined). Thus, linkage & GWA studies are appropriate for different situations (rare, high-impact alleles vs common low-impact alleles).

GWA studies successes & limitations

GWA studies now generally use 500,000 to 1 million SNPs to genotype large numbers of individuals (in many cases several thousand are required for any success).

For example, a study of seven common diseases reported in 2007 used 2,000 affected individuals per disease and 3,000 controls. 500,000 SNPs were genotyped (generally used Affymetrix-type microarrays where each variant is detected by more than one perfectly complementary oligo to ensure extremely high levels of genotyping accuracy; a few mistakes easily sink a study) and a number of relevant loci found (1for coronary artery disease, 3 for rheumatoid arthritis, 7 for type 1 diabetes). Most, but not all, were associated with specific genes through replication and further testing. Many revealed changes in non-coding sequences and had only small effects. It was estimated that most would have been missed by using only 2-4 fold fewer samples and that even larger studies should be standard in future.  Some often-cited cases have been far easier (fewer than 200cases needed for definitive identification of an important locus for macular degeneration) but several studies produce no candidates that survive critical re-testing.

Similar types of test for genetic influences on human height first reported just one significant locus when examining 5,000 individuals but 20 loci when a larger sample of 14,000 were tested (using another 14,000 for confirmatory studies).  Each locus had roughly a 0.2 to 0.4cm effect but collectively these loci accounted for less than 3% of measured height variation. Candidate genes were noted at each locus but further studies are required to refine the correlations to individual genes for each locus.

Expanded studies (more people, more SNPs) will certainly reveal many other disease/trait associations but many relevant genes are bound to be missed and it will not be easy to make an estimate of what proportion of relevant genetic variants will be found by GWA studies.

Major limitations include:-

Lack of markers for the whole genome (regions of low LD, markers of relatively recent mutations, markers of deletions, insertions or duplications- Copy Number Variants (CNVs) not well-represented among common SNPs tested).  Diminishing returns by genotyping more SNPs but possible & eventually whole genome sequencing could replace SNP genotyping.

Small effects & rare alleles will escape detection.

Associating markers and sequence changes with a specific gene not always trivial if mutation is in regulatory region, which can be many kbs from the gene’s coding sequence.

How multiple gene variants contributing to disease interact is unknown. Even model organisms rarely provide models for this (and can show interactions very far from simple additivity).
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