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Clinical gene analysis and manipulation:
overview and applications in pathology

F K Bedford, J A Jankowski

Introduction
"There are no such things as applied sciences, only
the applications of science"

Louis Pasteur, 1872
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The science of molecular cell biology has ad-
vanced dramatically over the last century and
in the last decade this has had important im-
plications for medical research particularly for
oncology, microbiology, immunology, and in-
herited genetic diseases. Globally, the on-
cological sciences have the most resources
devoted to them including specialist scientific
journals, research funding, national in-
stitutions, and number of scientists. The in-
creasing use of molecular cell biological
techniques has lead to considerable diversity in
methodological practice and interpretation of
genetic analysis. It is particularly important,
therefore, that the calibre of clinical scientific
endeavour keeps pace with the scope and po-
tential of new developments in basic science.
Furthermore, the rapid and exponential in-
crease in knowledge and potential clinical ap-
plications of the new molecular techniques
requires that clinical scientists are abreast of
many developments so that the strengths and
weaknesses oftechniques can be fundamentally
understood.
The diversity of backgrounds of clinical sci-

entists makes it difficult for new researchers to
learn comprehensive and fundamental aspects
of molecular cell techniques from their col-
leagues. In many academic centres training is
either rudimentary or leamt by "trial and error"
making research in this area unnecessarily ex-

pensive in time and resources. Researchers
must gain a profound understanding of mo-

lecular experiments to appreciate sound labor-
atory practice and gain confidence to tackle
other appropriate techniques.

This leader is directed at those wishing to
perform basic semiquantitative experiments
such as northern or Southern blots and also to
give an insight to those wishing to undertake
more specialised genetic manipulation such as

gene cloning and novel gene identification.
Louis Pasteur, a founding father of con-

temporary medicine, recognised that in order
to achieve excellence in science there are no

easy options. In this regard all we can offer is
a brief overview of the simple applications of
molecular biology to medicine and pathology,
so that it may enthuse others to begin work in
this area.

History of molecular genetics
Chromosomes were first described byW Sutton
in 1903 but their significance was not ap-

preciated until 1910 when T Morgan suggested
the possibility of separate genes which con-
trolled the cellular phenotype. Progress was
slow until 0 T Avery, C M Macleod and M
McCarty in 1944 identified DNA as the unique
molecule ofchromosomes. It was in 1956 when
F Crick, M Monod, J Watson, and M Wilkins
identified the double helix structure of DNA
that modem molecular genetics began. The
first samples of artificially engineered DNA
(recombinant DNA) were created in 1962 and
in 1970 M Mandel successfully introduced
foreign DNA species into bacteria (trans-
formation) to create organisms with new geno-
types. At this time, however, the methods of
DNA manipulation were crude and lacked
sensitivity and easy reproducibility. The iden-
tification of restriction enzymes which se-
lectively cut sections of DNA, by A Arber, H
Smith and D Nathans in 1972, enabled the
genome to be studied in greater detail using
the new technique of prokaryotic cloning
(Escherichia coli pSC101) devised by H Boyer
and S Cohen in 1973. This permitted selection
and propagation of chosen DNA fragments to
be amplified in a bacterial plasmic vector. In
particular, the technique of DNA sequencing
first described in 1972 by W Gilbert enabled
the exact order and DNA primary structure
to be studied. Unfortunately, these techniques
were so revolutionary that genetic analysis was
still only accessible to a small minority ofhighly
specialised laboratories. In the mid 1970s, how-
ever, Southern gel analysis enabled analysis of
genomic DNA to be performed and northern
gel analysis permitted analysis of the highly
labile RNA molecules for the first time. These
techniques were easily learnt and are still the
basic tools of molecular study in laboratories.
Finally, modem molecular biology entered a
new era when K Mullis and R Saiki devised
the polymerase chain reaction (PCR) in 1982.
This technique is perhaps now the most ex-
tensively used experimental procedure in mo-
lecular biology laboratories.
The subsequent section will highlight three

fundamental molecular biology techniques: gel
analysis, PCR based techniques and molecular
cloning and sequence analysis.

Modern molecular biology
In general terms molecular techniques can be
used to assess gene expression at the RNA or
protein level. In most cases this is achieved by
gel electrophoresis and the information gained
is both quantitative (expressed as gene en-
hancement over control samples) and qual-
itative (expressed as the appropriateness of the
molecular weight of the gene products).
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Figure 1 Western blot of E-cadherin immunoreactivity in colorectal tissue in vivo and in vitro. The differential cell lines
"col 6" and "col 30" had more E-cadherin. The cancers (ca) express abundant E-cadhernn protein compared with
normal tissue (n) or mildly dysplastic polyps (md) but this is usually mutated and dysfunctional.

Genomic DNA can be studied by coarse
methods which enable approximate sizes of
genes or their products to be determined by gel
blotting. Fine analysis of the genetic structure,
however, can be performed using gene se-

quencing. Analysis of genes and their products
is only the initial step because these genes can
be manipulated in vitro to decrease, increase
or alter their biological function. In vivo studies
also include the generation of transgenic an-
imals and this is already a routine procedure
inmany laboratories. The potential applications
to humans are huge and already over 30 sep-
arate clinical treatments involving gene therapy
have been reported. This leader will, however,
be restricted to the discussion of gene analysis
and preliminary genetic manipulation.
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Figure 2 Western blot of E-cadherin immunoreactivity in
gastric tissue. Lanes B and C represent tissue extracted
from normal or metaplastic gastric mucosa and express E-
cadherin 118 kDa protein; lane D represents a gastric
carcinoma expressing truncated E-cadherin 31 kDa
protein.

Techniques and applications
QUANTITATIVE GEL ANALYSIS
The techniques of western blotting (protein),
northern blotting (RNA) and Southern blotting
(DNA) have many similarities. The molecules
must each be extracted from tissue in the pres-
ence of inhibitors which prevent breakdown of
DNA, RNA and protein by DNAses, RNAses
and proteases, respectively (molecular ex-
traction). Subsequently, the molecules are elec-
trophoresed on agarose or polyacrylamide gels
to separate the molecules by size (gel frac-
tionation). These gels are rather fragile and
therefore the molecules must be transferred
(blotted) to rigid permanent supports such as
nitrocellulose or nylon membranes. These
membranes are subsequently probed by either
antibodies in the case ofwestern blots or nucleic
acid probes in northern and Southern blots
(hybridisation) .1
The extraction step is probably the most

important step and may frequently be un-
satisfactory. As a result it is usually preferable
to assess molecular integrity using Cam 5-2,
GAPDH or 1-actin probes for protein, RNA
and DNA, respectively.2 Figure 1 shows a west-
ern blot of human colorectal cell lines ex-
pressing different quantities ofthe cell adhesion
molecule E-cadherin. The immunoreactive
fragments are all at the correct molecular weight
whereas specimens of intestinal metaplasia of
Barrett's oesophagus and gastric metaplasia
may have truncated immunoreactive fragments
(fig 2). Figure 3 shows a northern blot of the
growth factor cripto RNA expression in human
colorectal tissue, indicating that all specimens
have not only equal quantities of both cripto
and the loading control f-actin but also that
the sizes of all of the RNA species are of the
correct molecular weight.

SPECIALISED PCR TECHNIQUES
PCR is theoretically a very simple technique
in which specific DNA sequences flanked by
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Figure 3 Northern blot of the growth fa
colorectal tissue. The mRNA species in a
same base pair size, which is correct for
2 kilobase RNA. In addition, all lanes s
densities of autoradiographic signal confi
RNA species is not dramatically altered,
The fi-actin bands below confirm equal I
RNA.

predesigned primers are amplifie
of amplification involves three s
performed in cycles: denaturati(
the DNA strands; annealing,
primers to stick to the single si
and polymerisation to form ano
plementary strand resulting in d4
DNA. This process doubles t
DNA at each cycle and thereforg

P C: of a chosen RNA (complimentary DNA
(cDNA)) or genomic DNA can be amplified
one million times. The discovery of the heat
stable enzyme Taq polymerase and subsequent
homologues enabled this cycle to be performed
in the one sample buffer changing only the
termperature.

Typical reaction conditions are as follows:
step one, 94°C for five minutes (to denature the
DNA); step two, 94°C for one minute (another
denaturing step) (increase the temperature to
95-97°C if the cDNA is G-C rich); step three,
56°C for two minutes (to enable the primer to
anneal to the DNA) (the temperature can be
increased to 62°C to achieve more specific
products); step four, 74°C for two minutes (to
enable the new DNA strand to extend) (in-
crease time especially when original DNA stand

-6 is over 2 kilobases in length or when DNA is
I _ present at a low concentration); and cycle steps

two to four 30 to 40 times. During the final step
the DNA is heated to 74°C for four minutes to
ensure all the new DNA is synthesised. The
reaction products can be easily visualised in a

ctor cripto in 1% agarose gel containing < 1 ptg/ml ethidium
11 lanes is of the bromide.
the mature cripto Researchers frequently use PCR to make
how similar comparisons of the quantity of gene expressionrming that this
in thiscellline, between several clinical samples. It is im-
oading of the perative, therefore, to amplify a control single

copy gene in addition to the test gene to ensure
normalisation (equal loading) of the starting
DNA prior to amplification. Figure 4 shows

d. The process amplification of the tyrosine kinase receptor of
,teps which are the c-erbB3 gene in non-dysplastic specimens
on, to separate of Barrett's mucosa. The dysplastic specimens
to permit the do not express identifiable amounts of this gene
tranded DNA; but express the control GAPDH sequences
ther new com- ensuring validity of the reaction.3 We have also
ouble stranded applied the use of this extremely sensitive tech-
he amount of nique to the analysis of cytological specimens
e a few strands of Barrett's mucosa and it can be seen that

Figure 4 Reverse transcriptase - PCR of the c-erbB3 gene in Barrett's mucosa. The four lanes containing either cancers (Ca) or dysplastic mucosa
(Dys) have dramatically less c-erbB3 than the normal tissue (n).
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Figure 5 Reverse transcriptase - PCR of the c-erbB3 gene in oesophageal cytology. Serial brushings were taken from the
distal oesophagus at 37 to 40 cm during a routine endoscopy. After taking the cytology, pinch biopsy specimens were
analysed to assess the morphology of each 1 cm strip of mucosa. At 37 and 38 cm, the tissue consisted of intestinal
metaplasia with dysplasia, whereas at 39 cm the tissue did not have dysplasia. The c-erbB3 expression seems closelyassociated with cellular phenotype.

Trouble-shooting for failed PCR experiments

Problem Solution

No bands - Repeat and increase DNA concentration
- Decrease annealing temperature
- Increase magnesium concentration
- Check primers, etc.
- Check enzyme (amplitaq good, although
vent or pfu has proof-reading action also)

Background - "Hot start" (increase denaturation
bands temperature)

- Decrease magnesium concentration (normal
15 mmol, range 5-25 mmol)

- Increase annealing temperature

Smear - Decrease starting DNA by a factor of 2-10

consecutive 1 cm sweeps of the distal oeso-

phagus reveals different c-erbB3 expression. In
particular, 39 cm corresponded to an area of
Barrett's gastric-type metaplasia with no dys-
plasia whereas at 37 and 38 cm the oesophagus
had intestinal-type mucosa and dysplasia (fig 5).
Three types of problems can occur during

PCR reactions: failure to amplify any bands,
multiple bands or a DNA smear. The possible
solutions to these problems are listed in the
table.

Further modifications to the basic PCR pro-
tocol have resulted in several different ap-
plications including mutational analysis by
single stranded conformational polymorphisms
(SSCP) and novel gene identification by Alu

7
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Figure 6 Single stranded conformational polymorphisms in colorectal tissue. Both alleles of each E-cadherin (E-CAD)
gene can be seen in all samples (two parallel arrows) but in lane 1 an extra band (arrow) is noted corresponding to a
conformational polymorphism (mutation in this case).

Clinical gene analysis and manipulation M9
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Figure 7 Degenerate PCR in colorectal tissue. Degenerate PCR primers were produced so

as to amplify other members of the cadherin family containing a 200 base pair (bp)
fragment which is highly conserved between species. The annealing temperature of the
degenerate primer was increased (left to right) by l°C. At 54°C, the products are mainly
of an incorrect size (<190 base pairs). As the annealing temperature increases, bands of
>200 base pairs also appear in addition to the correct 200 base pair fragment. At 57°C,
only the correct product is amplified.

PCR or degenerate oligonucleotide primed
(DOP) PCR. SSCP can be identified by run-

ning the labelled PCR products on a non-

denaturing polyacrylamide gel. Aberrant DNA
strands will run at different speeds in the gel,
resulting in new bands when compared with
tissue without mutations (fig 6). DOP PCR is
the method whereby oligonucleotides (primers)
which have homology within a gene family
can be used to amplify all members of related
molecules including those undiscovered pre-

viously.4 The PCR reaction conditions are im-
portant in deciding how specific the homology
of the resulting amplified products is compared
with the chosen gene family. Figure 7 shows
the effect of serial decreases of 1°C of the
annealing temperature on the final reaction
products. The resulting PCR fragments can

then be subcloned and individual colonies fur-
ther analysed by sequencing (vide infra).

MOLECULAR CLONING AND SEQUENCE ANALYSIS
Gene cloning is the formation of multiple
clones of identical single genes and enables
analysis and manipulation of single genes and
their products. In simple terms the segment of
DNA of interest (termed insert DNA) is placed
between the linearised ends of a circular bac-
terial plasmidDNA so that specific E coli strains
may subsequently process and amplify the in-
sert DNA as its own. There are many ap-
plications such as structural, expression and
mutational analysis of segments of insert DNA,
yet this technique is simple and involves four

basis steps: purification of insert DNA, mo-
dification (if any required) of insert and vector
DNA, transformation of E coli bacterial cells,
and finally the selection of bacterial colonies
containing cloned insert DNA. This technique
can be performed with single genes or with
entire genomes such as is commonly performed
in the construction of genomic or cDNA lib-
raries.5
Two main options are available for cloning

using either blunt ended or cohesive insert
DNA fragments. The later option is 100 to
1000 times more efficient and is the preferred
method but if large quantities of insert DNA
are available then the former option may be
satisfactory. Once subcloned colonies are
grown and purified, the DNA can then be
sequenced usually by the dideoxy chain ter-
mination technique. This technique permits a
modified T4 polymerase to extend four ident-
ical aliquots of the insert DNA until a dideoxy
GTP, ATP, TTP or CTP base (which blocks
further DNA chain extension) is substituted
for the normal deoxy base. The end result of
subcloning insert DNA from a cancer cell line
with an invasive phenotype is shown in fig 8A.
The sequencing gel indicates a single base pair
transition of E-cadherin gene resulting in a
change from leucine to proline.

Summary and future prospects
These techniques can be used to aid diagnosis,
prognosis and therapy in many aspects of clin-
ical medicine. It is perhaps in the area oftumour
biology where the applications are greatest. In
particular the identification of c-ras mutations
in codon 12 has already been used as a potential
screening aid for colorectal cancer when ap-
plied to faecal cytology.6 Furthermore, iden-
tification of mutations in the p53 and c-ras
genes has also been shown to have prognostic
significance in addition to tumour size, stage
and morphology.7 At present, only 5% of the
human genome is characterised and therefore
identification of novel genes which have a role
in normal development and tumorigenesis is
urgently required. In this regard simple tech-
niques such as DOPPCR enable such strategies
to be achieved. This technique has been used
successfully to identify HEX, a novel homeo-
domain gene expressed during haemato-
poiesis.' This strategy has also been employed
to identify E-cadherin homologues, which have
an important role in colorectal cancer.
As suggested in the introduction gene trans-

fer therapy has already been performed in sev-
eral clinical areas, most notably in the treatment
of inherited enzyme deficiencies. As yet, its
application in cancer is still experimental but
several strategies are possible such as enhancing
immune surveillance and antibody targeting.9

Finally, this short leader has several key ref-
erences which may be of use to those wishing
to undertake any of the procedures outlined
above.

1 Jankowski J, Jones M. Quantitative gel analysis. In: Jan-
kowski J, Polak J, eds. Clinical gene analysis and ma-
nipulation. London: Cambridge University Press, 1995 (in
press).
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Figure 8 Sequencing reaction of E-cadherin mutations in colorectal tissue. In the
colorectal cancer in lane 2 there is a transition changing CTC to CCC. This amino acid
change results in a marked conformational change in the E-cadherin molecule.
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