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That the expression of human genes must be a highly
regulated process should be clear to anyone who has
ever dissected a human body. The vast range of
different tissues and organs differ dramatically from
each other and they all synthesise different proteins-
haemoglobin in red blood cells, myosin in muscle,
albumin in the liver, and so on. Moreover, with few
exceptions all these different cell types contain the
same sequence of DNA, which encodes all these
different cell proteins, and this DNA is also identical
to the DNA in the single celled zygote, from which
all these different cells arise during embryonic
development. Clearly, therefore, some process of gene
regulation must operate to decide which genes within
the DNA will be active in producing proteins in each
cell type.

Levels of gene regulation
A number of stages exist between the DNA itselfand

the production of a particular protein (fig 1).' Thus the
DNA must first be transcribed into a primary RNA
transcript, which is subsequently modified at both
ends by the addition of a 5' cap and a 3' tail of
adenosine residues. Moreover, within this primary
transcript, the RNA sequences which actually encode
the protein are not present as one continuous block.
Rather they are broken up into segments (exons) which
are separated by intervening sequences (introns) that
do not contain any protein coding information. As
these introns interrupt the protein coding region and
would prevent the production of an intact protein they
must be removed by the process of RNA splicing2
before the mature messenger RNA can be transported
from the nucleus to the cytoplasm and translated into
protein.

Clearly each of these stages is a potential point at
which gene expression could be regulated, and there is
evidence that several of them are actually used. Thus,
for example, the production of many new proteins in
the egg immediately after fertilisation and the start of
embryonic development depends on the translation
into protein of fully spliced, messenger RNAs that pre-
existed in the cytoplasm of the unfertilised egg but

whose translation was blocked before fertilisation.
This form of gene regulation is known as translational
control. Similarly, by splicing the protein coding
regions (exons) of a single primary transcript in
different combinations two or more different mRNAs
encoding different proteins in different tissues can be
produced. This process of alternative splicing3 is well
illustrated in the single gene that encodes both the
calcium modulating hormone, calcitonin, and the

Start Termination
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Regulatory
sequenoes..Transcrption

II
Addition of
5'cap

m Gppp

Cleavage
and addition
of polyA tail
to 3' end

mGppp I AAAA

RNA splicing

\\\ ,'
7m Gppp -4- ---AAAA

Transport to
cytoplasm

mnRNA m Gppp AAAA

Translation

Protein
FIG 1-Stages in gene expression which could be regulated
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potent vasodilator, calcitonin gene related peptide
(fig 2). Thus this gene is transcribed into a primary
RNA transcript both in the thyroid gland and in the
brain, but a different combination of exons are spliced
together in each cell type to produce calcitonin mRNA
in the thyroid and calcitonin gene related peptide
mRNA in the brain.

Prmary transcript

Exon1 2 3 4 5 6t

PolyA PolyA
site site

-Thyroid Brain
mRNA.-_.

1 2 3 4 1 2. 3 5 6

Protein [ZZ

Procossed
peptlde:'

Calcitonin Calcitoningene
related peptide

FIG 2 -Alternative splicing of primary transcript of calcitonin/calci-
tonin gene related peptide gene in brain and thyroid cells. Splicing
followed by proteolytic cleavage ofprecursor protein produced in each
tissueyields calcitonin in thyroid and calcitonin gene related peptide in
brain

Although there are several cases of gene regulation
after the first stage of transcription, a wide variety of
evidence indicates that in most cases gene regulation is
achieved at the initial stage of transcription, by
deciding which genes should be transcribed into
the primary RNA transcript.4 In these cases, once
transcription has occurred, all the other stages in gene
expression shown in figure 1 follow and the corre-
sponding protein is produced. Thus the myosin gene is
transcribed only in muscle cells, resulting in myosin
being produced only in this cell type; the immuno-
globulin gene is transcribed only in B lymphocytes,
which produce immunoglobulin; and so on. Indeed,
even in the case of calcitonin and calcitonin gene
related peptide alternative splicing is acting as a
supplement to transcriptional control since the calci-
tonin/calcitonin gene related peptide gene is tran-
scribed only in the thyroid gland and the brain and
not in other tissues. Thus the regulation of gene
transcription has a critical role in the regulation ofgene
expression.

Tissue 1 Tissue 2
No factor Factor Q

present

Gene inactive Gene active

Tissue 1 Tissue 2
Factor Factor 0
inactive ° activated

Gene inactive Gene active

FIG 3-Transcription factors can
activate gene expressw0n in a
particular tissue if(top) they are
synthesised only in that tissue or
(bottom) are present in an active
form in that tissue

Regulation of transcription
For a gene to be transcribed it is necessary for

specific protein factors known as transcription factors'
to bind to particular DNA binding sites in the regu-
latory regions of the gene and induce its transcription
by the enzyme RNA polymerase. Some of these factors
are present in all cell types while others are active only
in specific cells or after exposure to a particular
stimulus. The combination of particular binding sites
in a particular gene determines the transcription
factors which bind to it, and in turn the presence or
absence of these factors determines in which cell
type(s) the gene is transcribed. Thus, for example, the
immunoglobulin genes contain a binding site for the
octamer binding transcription factor Oct-2 in their
regulatory region or promoter, upstream of the start
site for transcription. The Oct-2 factor is synthesised
only in B lymphocytes and hence binds only to the
immunoglobulin gene promoter in B cells, resulting in
the transcription of the immunoglobulin genes only in
antibody producing B cells. Similarly, genes expressed
only in muscle cells such as the creatine kinase gene

contain binding sites for the MyoD transcription
factor, which is present only in muscle cells. This case
is even more dramatic, however, because the artificial
expression of MyoD in non-muscle cells such as
fibroblasts is sufficient to convert them into muscle
cells, indicating that MyoD activates transcription of
all the genes whose protein products are necessary to
produce a differentiated muscle cell.6

Unlike the case of MyoD, the expression of Oct-2
alone is not sufficient to produce differentiated B cells.
This is because other transcription factors that are
specifically active in B cells are also involved in
producing the expression of genes specific to B cells
such as those encoding the immunoglobulins. One
such factor is NFxB, which binds to a DNA sequence
in the regulatory region of the immunoglobulin x light
chain gene. Interestingly, unlike Oct-2, the NFxB
protein is present in all cell types. In most cells,
however, it is present in an inactive form in which it is
complexed with an inhibitory protein, resulting in it
being restricted to the cell cytoplasm. In mature B
cells, however, NFxB is released from the inhibitory
protein and moves to the nucleus, where it can bind
to its DNA target sequence and activate the transcrip-
tion of the immunoglobulin x light chain gene.7
Interestingly, this activation of NFxB also occurs
when resting T lymphocytes are activated by antigenic
stimulation and is the main reason for the improved
growth of t.he human immunodeficiency virus in
activated compared with resting T cells since NFxB
can bind to two sites within the HIV promoter and
activate viral transcription.
Hence the action of transcription factors on gene

expression can be controlled not only by regulating
their synthesis but also by regulating their activity
(fig 3). The combination of these two processes allows
transcription factors to regulate the expression of
numerous different genes in different cell types.

Mairegulation ofgene expression in disease
FAILURE OF TRANSCRIPTION FACTOR FUNCTION

In view of the complex nature of gene regulation it is
not surprising that it can go wrong and that a number
of human diseases have now been shown to be due to
defects in gene regulation. Thus one type of congenital
severe combined immunodeficiency is caused by a
failure ofHLA class II gene transcription, resulting in
the absence of these proteins. In turn this failure of
transcription is dependent on the lack of a specific
transcription factor necessary for the transcription of
these genes.8 Conversely in haemophilia B the parti-
cular transcription factor necessary for transcription of
the factor IX gene is present, but it fails to bind to the
gene promoter owing to a mutation in the DNA
sequence to which it would normally bind, hence
resulting in a failure of gene transcription.9 Such
defects in gene regulation can also affect steps of gene
expression other than transcription. Thus the failure to
produce one of the two alternatively spliced mRNAs
derived from the porphobilinogen deaminase gene is
the cause of one form of acute intermittent porphyria.'0

PROTO-ONCOGENES

As well as cases such as these, where a disease is
caused by the failure to express a particular gene,
malregulation of gene expression can also result in
disease if it causes genes to be expressed at the wrong
time or in the wrong place. This form of malregulated
gene expression is central to the development of certain
cancers. Thus it is now clear that most, if not all,
human cancers are caused by the mutation or over-
expression of certain specific cellular genes known as
proto-oncogenes, which results in their conversion
into cellular oncogenes capable of causing cancer."
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Although proto-oncogenes encode many different
types ofcellular proteins involved in growth regulation,
such as growth factors or their receptors, several, such
as erbA, fos, jun, myb, and myc, encode cellular
transcription factors that are involved in regulating the
expression of specific genes. After the conversion of
these proto-oncogenes into oncogenes by mutation or
overexpression, corresponding alterations occur in the
expression of the genes which they regulate, resulting
in cancer.
One example of this is provided by the related Fos

and Jun proteins,'2 both of which encode cellular
transcription factors. After treatment of cells with
growth stimulating factors Fos and Jun are synthesised
and activate the transcription of specific genes whose
protein products are necessary for cellular growth.
Normally, however, Fos and Jun are synthesised only
transiently in response to exposure to the growth
factor, resulting in only a transient activation of
gene expression and thereby producing the controlled
growth factor regulated proliferation characteristic of
normal cells. If for any reason, however, Fos and Jun
are continually synthesised, either owing to a mutation,
resulting in their continual overexpression, or to
infection with a virus expressing one or other of them,
the cell is stimulated to grow continually even in
the absence of growth factors. Such continuous un-
controlled growth is characteristic of the cancer cell.
Hence the fos and jun genes are proto-oncogenes

whose products have a critical role in the growth of
normal cells but which can be converted into onco-
genes capable of transforming cells. Moreover, in
contrast to the other diseases I have discussed, in this
case malregulation of gene expression and disease is
caused not by failure of transcription factor function
but rather by failure to regulate correctly the activity of

the factor so that it is active in the wrong place at the
wrong time. This indicates that, as with other cellular
processes, gene expression is subject to complex regu-
latory mechanisms, the failure of which can be as
disastrous as the failure of the basic process itself.

Conclusion
This review gives a brief overview of the major

aspects of gene regulation mechanisms (for further
details see elsewhere).4 But much remains to be
understood. For example, it remains unclear how the
expression of specific genes is regulated both spatially
and temporally during development so that each cell
type arises in the correct place and at the correct time.
It is already clear, however, that the correct regulation
of gene expression is central to health and correct
development and that its malregulation is involved in a
number of diseases.
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ANY QUESTIONS

With the benefit of hindsight, was artificial pneumothorax a
useful treatmentfor pulmonary tuberculosis?

As artificial pneumothorax was widely used it was useful,
but no one knows how much good it did. There was a
consensus among experienced doctors that selected
patients with active, but not too active, disease located
favourably in the lungs were likely to benefit from well
maintained artificial pneumothorax, but the selection
criteria varied widely. In a large proportion of patients
thought suitable, induction proved impossible because of
pleural adhesions. A common view was that if selective
collapse of diseased parts could be attained and if this
resulted in closure of cavities prognosis was greatly
improved. Against this apparent benefit the ill effects of
complications, notably pleural effusion, which might be
transient but in some cases led to progressive pleural
obliteration and thickening and in others became purulent,
had to be considered.
The fact that many patients who were doctors, some of

them experts in tuberculosis, elected to be treated by
artificial pneumothorax indicates that on balance it was
thought to be beneficial. But this view was based on
uncontrolled observations and long term follow up studies
in which the only possible comparative group was com-
posed of patients with disease thought to be of similar
extent and activity but who had not been treated by
artificial pneumothorax. Since the most frequent reason
why patients of this sort did not have artificial pneumo-
thorax was that it had been attempted but found imprac-
ticable because of pleural adhesions, this comparison
suffered from the defect of an obvious difference in the
initial state of the groups compared as well as all the

problems of retrospective studies. But as no prospective
controlled study of any of the policies on the use of
artificial pneumothorax was conducted no one knew
whether accepted views were correct.
There are good reasons for what may seem now to be a

surprising omission. The most obvious is that artificial
pneumothorax had been established as an accepted
therapeutic procedure for many years before controlled
trials were introduced into clinical studies. And the
practical and ethical difficulties of the sort of trial that
would have been required to test its efficacy would have
been insuperable. Firstly, it would have been necessary to
recruit patients with a defined sort of disease thought
likely to benefit. Secondly, they would have had to be
randomised into groups, in one ofwhich artificial pneumo-
thorax was to be attempted. Since nearly all doctors
thought that appropriately selected patients were likely to
benefit they would certainly have rejected any such trial as
unethical. Indeed, it is difficult to imagine its being
approved by an ethics committee today.
When artificial pneumothorax was uncomplicated and

resulted in selective collapse and closure of cavities
patients certainly benefited, but 1 am unsure how far the
benefit for these patients was counterbalanced by the ill
effects of pleural and other complications in others.

This shows the difficulty of assessing claims that
procedures are beneficial but only to selected patients. By
comparison, when specific antimycobacterial agents
became available it was possible to design and carry out
the series of controlled trials which led to generally
applicable regimens of treatment, based on evidence open
to general inspection. -J G SCADDING, emeritus professor of
medicine, University ofLondon
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