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Recent advances—both conceptual and technical—have
enabled the development of novel strategies for
corrclating phenotype with genotype in the higher
animals. Included in these developments are the use of
restriction-fragment-length polymorphisms (RFLPs) as
marhers for construction of genetic maps; methods for
identifving gencs responsible for human inherited dis-
orders in which precise biochemical defects have not yet
becn ascertained; methods for mapping genes that affect
the expression of quantitative (multigenic) traits; and
‘reverse-genctic’ approaches to studying the function of
cloned genes.

AvonG the most powerful of approaches available for
the general study of biological function is that offered
by genetics, in which a comparison between the
phenotype of the wild type and that of isogenic mutants
defective in a particular gene is used to draw inferences
as to the mechanism of action of the concerned gene
product and its contribution to physiological function
in the organism. Easily applied as it has been in the
prokaryotes and other microorganmisms, this approach
has paid rich dividends in terms of providing us with
basic understanding of the mechanisms of inheritance,
of gene expression and its regulation, and of the various
metabolic pathways and functions; indeed, the tools of
modern biotechnology themselves represent the fruits of
such lines of study.

Classical genectic analyses in the higher animals, on
the other hand, have been hampered by the difficulties
inherent in the generation and characterization of
isogenic mutant lines. In this context, studies on the
various inherited disorders of man have also been of
special interest to the geneticist!, not only because of
their obvious clinical relevance but also because the
affected individuals themselves serve as potentially
valuable source matenal (as mutants in the formal
sense) for the application of the genetic approach
outhned above for understanding biclogical function.
Ethical considerations, however, have precluded the use
in humans of experimental strategies for gene transfer,
mapping and so on, which have been profitably
exploited in genetic studies in other organisms. Until
recently, therefore, the dissection of function and
mechanisms 1n the higher animals had been far less
amenable to genetics than that 1n the microorganisms,
and none but a very few of the inherited disorders had
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been understood at the molecuiar level.

In this review, we discuss the application of
recombinant-DNA and related techniques in evolving
new approaches for genetic studies in complex
organisms, in particular the higher animals. The
discussion 1s divided into two broad themes: (i} methods
for idenuification and analysis of genes defined by pre-
existing mutations (including the various inherited
disorders of man), and (1) mutational approaches to
studying gene function after a gene has been cloned and
isolated as a sequence of DINA—also called ‘reverse
genetics’. In both instances, our emphasis has been
more on providing an outline of concepts and strategies
with citations to illustrative examples, rather than on
an exhaustive compilation of the list of genes and
disorders that have been successfully studied in this
manner.

Methods for molecular-genetic analysis of inherited
disorders

Although the discussion below i1s pnimarily focused on
human inherited disecase, the principles therein are
equally applicable to the study of mutant strains and
hnes in all categories of the higher animals. Depending
upon how much pnor knowledge exists (or existed unti]
recently) with regard to the nature of deficiency in
particular inherited discases, one can group them into
one or the other of the following three classes: (1) those
in which the concerned gene product had not only been
identihed but its function also was known, as for
example 1n sickle cell disease and the thalassaemias,
Lesch—Nyhan syndrome, classical haemophiha, severe
combined immunodeficiency, familial hypercholestero-
laemia, and so on'; (1i} those in which the gene product
had been identified as altered or absent in the affected
individuals (for example, by two-dimensional gel
electrophoresis or by antibody-based procedures) but
whose function was not known; and, finally, (i) those
tn which the disorder was (or even now is) understood
only in terms of a gross phenotype, with no information
on either the nature or function of the concerned gene
product. This category includes diseascs such as cystic

fibrosis, Duchenne muscular dystrophy, Huntington’s
disease, achondroplasia and so on.

The methods for cloning and isolation of genes for
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diseases belonging to the first two categories are
relatively straightforward; they have also been extensively
used for the cloning of genes not defined by any
particular mutations but whose products have been
identified by other means, e.g. various hormones and
receptors, heat-shock proteins, and so on. The strategies
available for identification of the cloned gene in these
instances ar¢ only briefly outlined in this review, and
include:
(1} assay for function of the cloned gene product, either
by complementation in mutant cell lines® or after
expression of the gene in vitro or in frog oocyte
systems?;
(i) identification of the cloned gene product by gel-
electrophorctic techmiques, or by antibody-binding
assays; the Agtll vector-cloning system has been widely
employed in the latter of these two strategies®;
(i1} use of a method known as hybrid-selected
translation®, in which the cloned gene is identified by its
ability to hybndize specifically to that species of
messenger RNA which, when subsequently translated
into protein in vitro, yields the product of interest;
(iv) identification of the cloned gene based on knowledge
of its transcriptional regulation or tissue specificity of
expression, so that the clones of interest are detected by
their abihity to exhibit differential hybridization to radio-
labelled total messenger RNA 1solated from tissue
before and after induction, or from two different
tissues® ~8:
(v) preparation of nucleic-acid probes based on available
data on the amino-acid sequence of the gene product?,
or from cloned homologous genes from other
organisms'® which are then used to identify the
corresponding gene clones by hybridization screentng.
The third category of genetic disorders described above,
in which neither structure nor function of the concerned
gene product 1s known, is in some respects the most
relevant to the discussion in this review, because it is
here that the utility of the genetic approach In
understanding physiology is clearly exemplified.
This category, by definition, includes all those genes
whose very existence has been surmised wholly and
exclusively from the fact that mutants (that 1s, affected
individuals) in these genes occur in the population.
How does one proceed to identify and isolate a gene for
which no other information is available?

RFLP analysis

The strategy to track down such genes uses a power-
ful and fundamental technique known as restric-
tion-lragment-length-polymorphism (RFLP) analysis.
The RFLP technique has been discussed in detail
elsewhere!t12 and is only bricfly described here,
RFLPs rcfer to small heritable variations im DNA
sequences in different individuals of a population, which
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lead to the creation or abolition of recognition sites for
one or the other of the various restriction endonucleases
known. If such a polymorphism were to occur in a
particular segment of the chromosome, it can be
visualized by digesting total DNA from each of the
individuals with an appropriate restriction enzyme,
separating thc mixture of fragments so generated
according to size by gel electrophoresis, immobilizing
the fragments (by blotting) on membrane filters, and
then identifying the size of the fragment(s) from the
region of interest by hybridization to a labelled probe
of DNA cloned from that region; an RFLP would be
manifest in such an experiment in the form of bands at
different positions on the gel {or different individuals.
RFLPs have many of the attributes expected of ideal
markers for the construction of a genetic map!3: they
are non-selective (impose no bias for or against their
own inheritance i crosses); they exhibit codominance
(heterozygotes can be distinguished from each of the
two possible homozygous states); they are distributed
relatively uniformly through the genome, and a single
general strategy 1s suflficient to 1dentify any one of them;
they are amenable to progressively incrcasing satura-
tion-mapping; and, finally, they can readily be integrated
into a genetic map composed of other, more traditional
markers.

The method used to map the genes involved in the
third category of inherited disorders has been to
prepare what may be called pedigree blots of DNA
obtained from both aflected and unalfected individuals
in whole families and digested with each of a variety of
restriction enzymes, and then to probe these blots with
a series of mapped probes to try and identiiy RFLPs in
any ol the families that co-segregate with the discase (or
the carrier) phenotype. Such co-segregation, once
identified, 1s taken to imply the existence of genetic
iinkage between the locus corresponding to the
concerned probe DNA and the gene affected in the
particular inherited disorder. The subsequent steps are
designed to enable one to cross the gap between these
two locy, and include one or more of the following:

(1} identification of additional RFLP markers in the
region that are increasingly closely linked to the discase
locus, and also those that define the boundary from the
opposite end;

(i) chromosome walking, whercby successive contiguous
stretches of DNA are c¢loned proceeding in both
directions from the original RFLP-marker locus—in
this context, the availability of chromosomal-transloca-
tion, inversion, nsertion or deletion mutants in the
vicinity enables one to establish the direction of the
‘walk''4;

(1n) chromosome jumping, which (the chromosonme
walking) also ¢nables one to Iulunc rcgions of DNA
progressively further away from the ortginal RFLP
locus, but in a discontinuous {ashion {therefore enabling
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one to traverse larger DNA regions with fewer steps)!s;
(iv) searching in the cloned regions of DNA for features
hhkely to be associated with the disease gene, such as by
looking for HTF islands, sequence conservation during
nhylogeny, and so on?®,

The final proof for identification of the disease locus
would come from demonstration of mutant alleles of
the locus in the affected individuals. The strategy and
steps described above have been successfully employed
in the mapping and cloning of genes affected 1n cystic
fibrosis'’*®* and multiple neurofibromatosis (von
Recklinghausen’s discase)'® 2!, and are being used in
ongoing attempts to clone the Huntington’s-chorea
gene’?,

A related approach has been followed in the cloning
of genes in which the mutation contributing to a disease
phenotype has itself been created by a gross cytogenetic
alteration, such as a chromosome ftranslocation,
deletion or inversion; the strategy is simplified in that
the near-random search for a co-segregating RFLP
marker 15 replaced by a more directed one {using
probes mapped to the vicinity of the rearrangement in a
chromoscme walk in normal and n affected individuals)
to detect the junction point of the alteration. This
approach has been used to identiiy the loc1 responsible
for hereditary retinoblastoma®?:2* and Wilms' tumour-
aniridia syndrome~°, and the translocations associated
with several haematological malignancies such as
Burkitt’s lymphoma and chronic myelogenous leukae-
mia®®. In a slightly modified form, it has also been
successfully employed mn the identification of two genes
(ZFY and SRY) involved in expression of the maleness
phenotype in humans®”??, the latter of which is a likely
candidate for being the much-sought-after testis-deter-
mining gene. In one instance where an inhenited trait
(Duchenne muscular dystrophy 1n  association with
chronic granulomatous disease and other abnormalities)
in a patient was associated with a deletion, DNA from the
patient was 1tsell used as a reagent in an enrichment
protocol {involving subtractive hybnidization) to clone the
wild-type sequences corresponding to the region of
deletion?®-3°,

Analysis of mulrigenic traits

The discussion above has focused on the identification
and molecular analysis of inherited single-gene traits
and disorders. It i1s clear, however, that many inhented
traits (and certainly a large majority of the economically
useful ones i both crop plants and domesticated
animals) are governed not by the scle action of a single
gene product but instead by a number of genes, with
additional factors also from the environment. Such
traits (which in humans are thought to include ones
such as essential hypertension, maturity-onset diabetes,
ischaemi¢ heart disease, and schizophrenic Hinesses) are
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said to show multifactorial or multigenic inheritance,
and the sets of genes influencing their expression are
referred to as quantitative-tratt loa (QTLs). With the
classical genetic techniques, it had been difficult even to
determine the extent of genetic contribution to these
multifactorial traits, let alone to identify and map the
corresponding QTLs. Plant geneticists, however, have
recently developed experimental and statistical compu-
tational techniques to analyse and map QTLs*"32 and
these techniques are also applicable in similar studies in
the higher animals (Figure 1). The method involves
crossing two independently inbred parental strains that
are phenotypically widely different {from one another in
respect of several quantitative traits, and then analysing
the genomes of a number (50 to 100) of the
recombinant hybrids using a complete series of mapped
and ordered RFLP probes to determine in each of them
(the hybrids) which segments have been inherited from
one parent and which from the other. The phenotype of
each hybrid with respect to the quantitative trait is then
compared with the RFLP-based genome-analysis data
to determine statistically which segments of the genome
contribute significantly to the ultimate phenotype and
therefore are hikely to harbour QTLs. Once identified.
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Figure 1. Schematic lustration of QTL mapping by RFLP analysis
Pl and P2 represent genetically distinet inhred diplod parental hines,
whnse chromosomes dre indicated by the sohd iines and open bars
respectively  Each of several F] individuals (or pairs) obtamned 1n &
cross between Pl and P2 1s tuken through a sernies of self-crosses over
four or five gencrations {F? 1o approumately £6) to generate
recombmant mbied hines {RiLs). Individoals 1in o given RIL would all
be genctically identical and homozygeus, but would differ from those
of other RILs set up from the sime pair of parents in the patehiwork
pattern of chromasomdl contributions respectinely from P and P2 (as
shown in the panely at bottom of the higere, representing mbiviluals
from four Ril<), the exact pattera for each RIL can be constructed
with the aid of RFLP analysis, using a series of ordered probes
covering Lhe entire genome  Alw showsm 1n the figure are six
hypothetical QTLs distributed onm three chruomosome-pairs (repre-
sented by the sohid and open aircies respectively in PL and P2), and
the dilfcrential pattern of their segregation i each of the RILs, the
existence or otherwive of 4 Q1L 1n any piven chromosomal segment
can be ascertamed by staisucal correlation i each RiL of phenoty pc
for the given trat with tne hikelihood of inherstance of that segment
from one or the other of the two parents
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each QTL can be further analysed just as if it were a
locus governing any monogenic tiait,

The above strategy has successfully been used to
ientify and map the QTLs governing traits such as
fruit mass and fruit pH in the tomato®!, and its
principle is easily adopted for application in those
animals in which inbred lines and defined crosses are
possible®?. On the other hand, this approach is not
immediately applicable in human-genetic studies, because
it is contingent upon the development of statistical
techniques that can identify QTLs by analysis of a
population taking individual families as units’*, An
alternative method for the detection of QTLs in man
might be first to map QTLs for a given trait in the
mouse, and then to look {or the existence of
corresponding loci 1n syntenic regions of the human
genome™*?,

Genetic approaches to study of function and
regulation of cloned genes

After a putative gene has been cloned, one power-
ful approach to understanding its function is to
use the cloned DNA to construct mutants altered in the
structure or expression of the gene, and then to ask the
question: How does such an alteration aflect phenotype?
This has been termed the reverse-genetic approach®,
because of the way in which it reverses the otherwise
usual mode of experimental questioning I genetics:
What 1s the mutation that underlies an observed (pre-
existing) phenotype? Although the term has been
applied also to studies of ‘phenotype’ following the
introduction of the altered gene into the genome of
cultured cells or in transient-expression assays following
transfection, or even in in vitro reactions, this review
focuses its attention primarily on those techniques of
reverse genetics that permit phenotype studies in whole
animals. The methods used to mutagenize a cloned
DNA segment are also not discussed here.

The vast majority of reverse-genctic studies in hgher
animals have been done in the mouse®’. The usual
procedure for the construction of transgenic mice has
been to introduce, by microinjection, DNA encoding
the gene (i) into embryonic stem (ES)-cell hnes and then
to produce chimaeric embryos by transierring these
cclls mto normal blastocysts, or (i) into the male
pronucleus of fertitized eggs just befere the nuclear-
fusion event3® %% The chimacric embryos are allowed
to develop to term in the uterus of foster mothers, and,
from ammong the progeny, those animals are identified
(by screening in the F2 generation) that have
incorporated the microinjected gence into the germline.
The integration of microinjected DNA almast always
occurs by non-homologous recombination {so that the
endouzenous copy of the gene s not disrupted in the
process), and the number of copies so integrated may
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vary from one to a few hundred; both these features
limit the utility of this technique in undertaking
genetic studies. It has, however, been used to delineate
the circumstances in which abcrrant expression of
dominant oncogenes leads to the development of
malignancies, or that of particular antigenic determinants
or of antibody molecules in immune regulatory networks
in the animals®®, It has also been used to define the
extent of cis sequences required to obtain tissue-specific
expresston of particular microinjected genes, and to
ablate or destroy particular target tissues in the
transgenic animal by effecting the tissue-specific expres-
sion of gene products that are lethal to cell
metabolism®2, One interesting and unexpected offshoot
of these studies was the discovery that non-homologous
integration of microinjected DNA itself can lead to the
insertional 1mactivation of developmentally important
genes, and several mutant strains have been obtained
and characterized by this process®>4%,

One disadvantage of microinjectiorz as a method for
DNA dehivery 1s the low frequency with which the
transferred DNA is integrated into the genome; this
may be overcome by the use, instead, of disabled
retroviruses as vectors for transduction of DNA into
target cells®® %% Much work at present is directed
towards development and improvement of such vector
systems, but all of them are designed more for gene
transfer into cells in vitro than for the construction of
transgenic organisms; in one instance, murine haema-
lopotetic stem cells have been stably transduced with
the human pJ-giobin gene and have then been used
successfully to reconstitute the marrow of lethally irra-
diated mice*>.

Generating null mutants through reverse genetics

The widespread apphcation of DNA cloning and
sequencing techniques has led to the identification of
hitherto uncharacterized genes and open reading frames
in respect of which no clues to their possible function
are avatlable, or even whether they represent functional
genes at all. The number of such genes s bound 1o
increase by several orders of magnitude as large-scalke
projects for systematic end-to-end sequencing of the
human and other animal genomes are taken up,
Reverse-genetic strategics ¢ould, in principle, be applied
to obtain pull mutants in ¢ach of these genes, the
phenotypes of which would then enable one to surmie
the function of the corresponding wid-type allele.
Furthcrmore, these same techniques would also be
cxpected (0 be useful even in the characterization of
genes identified and cloned by the more conventional
approaches.

A number of alternatine conceptual strategies have
been described to obtamn mutants with null phenotype
in 2 particular gepe by reverse-genctic provedures. Oae
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is to replace, by homologous recombination, the
cndogenous wild-type gene in an ES-cell hne with a
copy that has been mutated in tirro? %, As mentioned
aborve, the frequency of non-homologous integration of
micrommected DNA vastly exceeds that of homologous
recombination, but powerful selection procedures have
been developed to ennch for and identfy the rare
events of the latter type. One examplec of such a
sclection relies on the pninciple that, in non-homologous
integration., the entire segment of micromnjected DNA 1s
imncorporated into the genome, whereas in homologous
recombination, regions of DNA outside the repgion of
homeology are not so incorporated. Thus, by using a
drug-resistance marker (for example G418%) insertion
within the region of homology and a negatively
selectable marker (for example the gene tk, for
thymidine kinase, from herpes simplex virus, whose
expression would confer sensitivity to agents such as
acvclovir) outside, 1t is possible to identify the desired
class of recombinants that have acquired the drug-
resistance marker gene but not tk, as opposed to those
that have incorporated DNA by non-homologous
integration and acquired both {(Figure 2)*’. Derivative
strains of the ES-cell line that have acquired the
mutation are then used to construct transgenic mouse
strains. The progeny obtained from such an experiment
would be hemizygous null mutants*®4®, pairs of which
can subsequently be crossed to generate homozygous
null mutants in the F2 generation. This method has
successfully been employed to obtain transgenic mice
homozygous for engineered insertions in the fJ,-
microglobulin gene’®, and in the int-1 protooncogene®!, It
is also useful in the construction of animal models for
particular inherited disorders of man, e g. sickle cell
disease model in the mouse®?, and in attempts at
targeted gene therapy for such disorders®?>%.

The other strategies for obtaining null mutants are

designed not to disrupt the structure of the endogenous
wild-type gene but instead to interfere with either its
expression or its function; the strains obtained in this
way are therefore not true nufl mutants but phenocopy
null mutants. In one method, the isolated gene is placed
in inverted orientation downstream of a promoter so
that ‘antisense’ RNA transcripts are made in the tissues
of transgenic mice; these transcripts would interfere
with the synthesis and/or expression of the ‘sense’ RNA
transcripts from the endogenous gene, and therefore
mimic a null-mutant phenotype”>. In another method,
the cloned gene ts mutagenized 1n an attempt to obtain
and identify dominant-negative mutations —that s,
mutations that would exhibit a null phenotype even
when the endogenous wild-type gene product is present
in the same tssue. The rationale of this strategy 1s that
the majgority of cellular proteins function as oligomers,
and that 1t 1s possible to obtain mutations, which, even
when present in one subunit of the ohgomer (all others
being products of the wild-type gene and therefore
normal), would render the protein inactive—thus, In
effect, the mutated subunit molecules would titrate out
the normal ones®®. In a third method, information on
the sequence of the cloned gene may be used to design
a ribozyme gene (encoding a catalytic RNA molecule)
whose expression In transgenic animals would serve to
specifically destroy, by cleavage, RNA transcripts of the
endogenous gene®”. The ribozyme strategy has so far
not been applied in studies on whole animazls; on the
other hand, the antisense-RNA approach has been used
to examine the function of myelin basic protein In
relation to the shiverer mutant phenotype in mice>®,
and that involving dominant-negative mutations
studies to estabhish the role of the pro-xi(I) collagen
gene 1n the disease osteogenesis imperfecta type 1
(ref. 59).

Recently, yet another novel method has been

a b ¢ d ¢ near f g9 h hsv- tk
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Figure 2. Positine negatine selection strategy to adentily homologous recombination events after DNA micromjection {gene
targetingy' The vector carries the neo” insertion {encodmg resistance to the antibiotic G418) in the gene situated between the foct e
and £ and this msertion s sought to be introduced by homologous recombination 1nto the corresponding position on the host
chromosome The vector also carnes, in 4 region oulside the segment of homology, the thymidine kinase gene of herpes simplex virus
thav-th ) whose inhenitance would conler on cells sensitivaty 1o the nudeoside analogue acylovir {Acy¢®) Integration of micromyected
vector DNA can oceur erither by homologous rccombination, resulting 1n inhentance of the nea” but not Lhe hyv-tk marker {as 1n a),
or by non-homologous recombination resulling in inhertance of both (as in S Only the former class of recombinants would be
cxpectad 10 grow m medid supplemented with both G418 and acyclovir, because the latter ¢lass would be G415® Acyc, and the non-

recombinants would be G418 AcycR
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described that is potentially useful in determining the
function of genes of higher animals incidentally
identified during cloning and sequencing efforts, In this
technique, the cloned gene i1s placed in an unstable
nlasmid downstream of a yeast promoter and is then
introduced into a randomly mutagenized population of
veast cells; rare transformant clones are then sought to
be identified (with the aid of a visually assayable
reporter gene on the plasmid) in which the plasmid is
stably maintained even in the absence of selection. The
existence and identification of such colonies would
indicate (i) that, in these strains, the cloned gene is able
to complement mutations in a gene essential for yeast-
cell viability, and {11) that the power of yeast genetics
can now be brought to bear in understanding its
function through these mutations®®. One expects that
this would be a valuable approach to studying that
large subsct of genes in higher animals which have
equivalent functional homologues in yeast.

Concluding remarks

The genomes of higher animals comprise roughly
100,000 genes, only five per cent of which have been
identified and less than one per cent well studied. The
techniques and strategies described above ofier means
hitherto unavailable to undertake detailed and systematic
genetic analyses in these orgamisms, and to meaning-
fully integrate the wealth of information expected to be
generated from genome-sequencing projects with studies
of function, physiology and metabolism. One can with
confidence also expect further improvements in the ease
with which these techniques can be used and appl:ed,
especially in relation to reverse-genetic studies.

What are the opportunities, if any, available in
this field in the special context of science and bio-
technology in India? Three points are worthy of
mention. One is the potential in animal husbandry for
application of these techniques (particularly those
involving QTLs)?? in breeding of livestock of relevance
to Indian needs. The second is the largely uncharted area
of human inherited diseases and syndromes in various
Indian races and populations. We identified the
following publications reporting hitherto unknown
inherited disorders in a survey of the Medline database
from 1983 to 1990: two different deafness syndromes
associated with other anomalies®!®%, ostcogenesis
imperfecta associated with blindness®?, a pedigree with
bilateral preaxial polydactyly®?, familial angiolipomatosis
associated with polycystic kidney disease®’, inherited
degencrative chondropathy allecting the nose and
larynx®, early-onset hereditary spinocercbellar ataxia®’,
and congenital hepatic librosis associated with facial
abnormality®®, all of them in families of Indian origin,
Each of these traits may be expected to deline a new
gene, and hence a new, as yet unidentilied function, that
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may lead to a fruitful collaboration between clinic and
basic science laboratory.

Finally, Lander and Botstein®® have recently propo-
sed an elegant and eflicient strategy for the mapping of
genes for recessive traits in humans, which would make
use of a set of ordered RFLP probes to delineate such
regions of the genome that arc homozygous in a
proband born of a consanguineous mating. They
calculate that an unknown recessive ‘disease’ gene can
be mapped by studying DNA from fewer than a dozen
unrelated, affected inbred children, given a complete
human RFLP linkage map. Their strategy is uniquely
relevant to human-genetic studies in this country,
because of the high incidence of consanguineous (first-

coustn and uncle-niece) marriages in several Indian
communities .
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