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The molecular basis of human cognition is still poorly
understood, but recent advances in finding genetic
mutations that result in cognitive impairment may
provide insights into the neurobiology of cognitive
function. Here we review the progress that has been
made so far and assess what has been learnt from this
work on the relation between genes and cognitive
processes. We review evidence that the pathway from
genetic lesion to cognitive impairment can be dissected,
that some genetic effects on cognition are relatively
direct and we argue that the study of mental retardation
syndromes is giving us new clues about the biological
bases of cognition.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

In this review we ask what genetic research has

told us about the molecular biology of human

cognitive processes. We focus on the genes

implicated in studies of cognitively impaired per-

sons and we discuss what is known about their

function. Our intention is to review a potentially

fruitful approach for understanding the biology

of cognitive processes—namely, the investigation

of conditions where the genetic basis might be

immediately related to the cognitive phenotype.

The assumption here is that the genetic effect on

behaviour will be close enough to the mutation

for it to make sense to study gene products with

no, or negligible, reference to environmental and

other mediators of genetic expression.

We start with a note of caution. There are

reasons to suspect that it will be difficult, if not

impossible, to find examples where genetic effects

act relatively immediately on cognition. Firstly,

because genetic mutations operate throughout

development, the phenotype could well be very

far removed from the site of genetic action. For

instance, a mutation could work by disrupting the

expression of a series of developmental genes,

which in turn determine tissue specific regulation

in the adult of proteins directly controlling the

phenotype of interest. Secondly, mutations are

influenced by interactions with other genes. This

can happen in several ways. The phenotype of a

mutation will be affected by unlinked genetic

variants (as is well known in other organisms1 2).

Alternatively, the phenotype may arise as a

consequence of changes far downstream of the

mutation. There may be many different pathways

affected, each with its own specific outcome. If

these interact, attributing the final cause to the

mutation, while true, does not tell us much about

the immediate processes that give rise to the phe-
notype.

How might we find mutations with relatively
direct effects on cognition? Most cases of cogni-
tive impairment or of learning disability do not
result from a mutation in a single gene. All the
evidence on the genetic contribution to variation
in intelligence quotients and attempts to find
genes that influence such variation point to a
polygenic genetic basis—that is to say, that
variants of many, perhaps thousands, of genes
contribute to the phenotype. Currently there is no
convincing evidence that we have found any of
these variants, although this is an active area of
research.3 4 Therefore we can draw no useful
information about the biological basis of intelli-
gence from this work and it is not discussed here.
For the same reason we have not discussed the
genetics of reading disability (dyslexia) and
autism. The interested reader is referred to recent
reviews of these topics.5 6

One approach is to look at the genetic basis of
non-syndromic mental retardation. By contrast
with syndromic mental retardation, where the
phenotype includes additional physical abnor-
malities (such as facial dysmorphism, minor
abnormalities of the hands and feet), in non-
syndromic mental retardation the only abnormal-
ity is cognitive impairment. In conditions where
there are no noticeable alterations in brain struc-
ture or when postmortem histopathological
analysis seems normal, the cause of cognitive
impairment is difficult to find and it is assumed
that it may relate more directly to the genetic
lesion.

As we shall see in the conditions that we
review, there is some evidence that this is so.
However, there is also evidence pointing in the
other direction, as intriguing findings from two
syndromic conditions, Fragile X and Prader-Willi
syndromes, point to how cognitive defects arise
from abnormal gene products. One of the
surprises of the recent molecular discoveries is
that syndromic and non-syndromic mental retar-
dation can arise from mutations in the same gene.
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Analysis of the range of mutations, a classic way of defining a
gene’s function, is revealing the pleiotropic nature of these
genes. The results of this work show that the relation between
phenotype and genotype in mental retardation is very
complex. Together with an increasing knowledge of how the
genes function (through the convergence of work on the
genetic manipulation of model organisms and the molecular
analysis of patients with mental retardation) the new work
makes it possible to refer to the molecular and cellular basis of
cognitive process, rather than to the medical conditions and
the associated mutations. In this review therefore, we discuss
the genes implicated in cognition and the processes in which
they are involved.

For heuristic reasons, we have categorised the genes into
four groups. Starting at the cell surface, we discuss first trans-
membrane and synaptic proteins, then we consider down
stream signalling pathways (regulators of Rho and Rab-
GTPase proteins, and MAPK activated pathways), next,
proteins involved in intracellular traffic, and, finally, regulators
of gene expression (fig 1).

CELL SURFACE PROTEINS
TM4SF2 and the integrins
Mutations in two related components of signalling at the cell

surface have been implicated in cognition—namely, the

tetraspanins and the integrins.7 Tetraspanins encode cell sur-

face proteins that span the membrane four times. They form

transmembrane complexes with integrins and consequently

are likely to have an important role in the assembly of signal-

ling complexes. Integrins are transmembrane receptors that

provide a dynamic interaction between environmental cues

and intracellular events. They function as αβ-heterodimers

mediating adhesive interactions with the extracellular matrix

and transduce signalling.

Two pieces of evidence point to the involvement of the

integrins and tetraspanin transmembrane family of proteins

in cognitive processes. Analysis of a drosophila mutant volado
with a deficit in aversive classical conditioning, led to the dis-

covery of an α-integrin mutation8 The mutant was shown to

have impairment in memory with normal sensorimotor

Figure 1 Schematic representation of a neuron. Four distinct classes of proteins have been implicated in mental retardation. Nuclear proteins
MECP2, ATRX, and FMR2 may act as transcriptional regulators. FMR1 has both nuclear and cytosolic localisation and may be able to shuttle
between nucleus and cytoplasm. RSK2 is a cytosolic effector in the MAPK activated signalling pathway. The exact localisation of cell surface
proteins TM4SF and ILI1RAPL is not well established, and the localisation and structure given here is purely illustrative. The regulators of Rho,
Rab, and Ras-GTPases, OPHN1, ARHGEFF6, GDI1, and neurofibromin are all cytosolic. They are all, along with PAK3, implicated in vesicle
excocytosis and actin cytoskeleton regulation.
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abilities.9 Evidence for a role in human cognition came from

the isolation of a mutation in a transmembrane 4 superfamily

(TM4SF) gene in a patient with non-syndromic X linked

mental retardation (MRX).

Molecular investigation of a female patient with X;2

balanced translocation, who has mild mental retardation and

minor autistic features, identified a chromosomal breakpoint

that disrupted the third intron of the TM4SF2 gene.10 Two dif-

ferent point mutations in the gene were found to be segregat-

ing with mental retardation in two MRX families. Patients

have intelligence quotients ranging between 45–60 in one

family and 40–70 in the other. In the second family speech

anomalies were the main feature. Analysis of the expression

pattern of TM4SF2 showed that it is ubiquitously expressed

from very early on in the differentiation of the mouse brain. In

adult brains, a high level of expression was particularly

evident in the hippocampus, parieto-occipital cortices, and

olfactory cortex. TM4SF2 transcript was expressed in different

layers of cortex and granular layer of the dentate gyrus as well

as the pyramidal layer of the hippocampus, a distribution con-

sistent with a role in learning and memory11

IL1RAPL: a novel signalling pathway?
Another cell surface protein IL1RAPL (IL1 receptor accessory

protein like) has been implicated in cognitive impairment

through analysis of a patient with non-syndromic mental

retardation. Much less is known about the protein’s biology

than is the case for integrin tetraspannin, but the available

data indicate that it functions at the cell surface. The IL1RAPL

gene was discovered by Chelly et al, who identified two

overlapping microdeletions in Xp22.1–21.3 associated with

non-specific mental retardation, the smaller covering 350

kb.12 Using DNA sequencing from this region they discovered

a gene showing weak homology with the Interleukin-1 recep-

tor accessory protein. They went on to identify a point muta-

tion segregating with mental retardation. The expression pat-

tern of IL1RAPL mRNA on mouse brains is also consistent

with a role in learning in memory as it is present in the

granular layer of the dentate gyrus and pyramidal layer of the

hippocampus. Down stream targets of IL1RAPL may include

members of neuronal calcium sensors (NCS).13 In rat brain,

NCS-1 has been localised to the Golgi apparatus and

neurofilament structures, which might suggest a role in

calcium regulated protein trafficking and cytoskeletal

interactions.14

SIGNALLING PATHWAYS
Regulators of Rho and Rab-GTPase proteins
One of the most remarkable discoveries to have emerged from

the molecular study of mental retardation syndromes is that

mutations in the Ras signalling pathway occur in different X

linked conditions. Of course, given that there are so many

mental retardation syndromes whose genetic basis is not

known, it is possible that, by chance, we have a biased view,

that in fact once all the genes are found the causes will be very

heterogeneous. Nevertheless it is a striking finding, suggest-

ing mechanisms involved in the pathogenesis of intellectual

disability.

The Ras proteins form a superfamily of small GTP binding

proteins, which participate in signal pathways crucial for a

wide variety of biological functions15 Central to their activity is

the ratio of their GTP/GDP bound forms, the first being the

activated one. This ratio is subject to complex regulation, illus-

trated in figure 2. The main known regulators of this ratio are

guanine nucleotide exchange factors (GEFs), GTPase activat-

ing proteins (GAPs), and guanine nucleotide dissociation

inhibitors (GDIs). The Ras superfamily of kinases includes

Rho and Rab subfamilies, which are implicated in regulation

of the actin cytoskeleton and vesicle excosytosis respectively.

Members of the first family, small G proteins RhoA, Rac and

Cdc 42, are key actors in signal transduction regulating actin
cytoskeleton16 17 and dendritic spine formation.18 The most
abundant of the second is Rab3, which is expressed only in
neurons and neuroendocrine cells.

Mutations in genes affecting different components of the
Rho signalling pathway have been found in patients with
non-syndromic mental retardation. Two proteins
oligophrenin-1 (OPHN1)19 and ARHGEF620 directly affect the
Rho activation cycle. OPHN1 encodes a Rho-GAP protein that
stimulates the intrinsic GTPase activity of the Rho, Rac, and
Cdc42. The ARHGEF6 gene encodes a small cytoplasmic pro-
tein homologous to GEF for Rho-GTPases that activate them
by exchanging Rho bound GDP for GTP. The third gene found
mutated in MRX families is PAK3 (in MRX30).21 PAK3 may
well be a downstream effector of the Rho-GTPases Rac and
Cdc42 putting the message forward to the actin
cytoskeleton22 and to transcriptional activation. Finally,
D’Adamo et al found mutations in GDI, a gene that encodes for
another regulator of the GTP/GDP exchange cycle.23 GDI1
inhibits GDP dissociation from Rab3a by binding to GDP
bound Rab proteins and seems to be crucial in maintaining
the balance between the GTP and GDP bound forms of Rab3.

How might the biology of the small GTP binding proteins
explain human cognitive function? There is evidence that
mutations in these genes are likely to disrupt normal develop-
ment of axonal connections.15 Growth cones of developing
axons find their way through the brain by sampling molecular
signals, helped by GTPases.18 Whereas Cdc 42 and Rac1 are
involved in the formation of lamellipodia and filopodia,24 inhi-
bition of Rho, Rac, and Cdc 42 also reduces dendrite
formation.25 Perhaps cognitive dysfunction in these mental
retardation families is due to a failure of neural networks
involved in cortical development.

A second possibility (not exclusive of the first) is that syn-
aptic function is compromised. This view is supported by the

Figure 2 Rho-GTPase pathway: regulation of the actin
cytoskeleton. Role of Rho-GTPases and their regulators. Ras proteins
form a large family of kinases, which regulate many essential cellular
signalling pathways. The Rho subfamily is implicated in regulation of
the actin cytoskeleton and the Rab subfamily in vesicle excosytosis.
These GTPases are active when bound to GTP and when that is
hydrolysed to GDP, they are inactivated. Only in the activated GTP
bound form can they interact with their downstream effector
molecules. RhoA, Rac, and Cdc 42 are members of Rho subfamily
and are key regulators of the actin cytoskeleton (collectively marked
Rho in the diagram). They are also implicated as regulators of gene
transcription in response to extracellular stimuli. In neurons they
affect dendritic formation and axonal growth and in particular
increase the number of axon terminals. The most abundant of the
Rab subfamily is Rab3, which is expressed only in neurons and
neuroendocrine cells. GDI1 maintains the balance between the
GTP-GDP bound forms. The vesicle excocytosis pathway is illustrated
in the bottom of the diagram. GDP, guanine triphospahte; GTP,
guanine triphosphate; GEF, guanine nucleotide exchange factor;
GAP, GTPase-activating protein.
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function of Rab3a. It is expressed only in neurons and

neuroendocrine cells and localises to secretory vesicles.26 27

Synaptic vesicles contain Rab3a, which is the most abundant

Rab protein in the brain. In one model, excocytosis of synaptic

vesicles leads to the dissociation of Rab3a from the vesicle. As

Rab3a deficient mice have no fundamental deficits in synaptic

vesicle excocytosis the protein is not essential to the process

but is required to maintain a normal reserve of synaptic vesi-

cles. The GDI1 mutation, by disrupting RAB3a traffic, is

expected to alter neurotransmitter release, which might, in

turn, account for the intellectual impairment.

There is also evidence that the cognitive defects associated

with neurofibromatosis type 1 (NF1) derive from an effect on

the Ras pathway. NF1 is a common familial tumour syndrome

with an incidence of 1 in 3500. It is a Mendelian autosomal

dominant trait affecting primarily brain and skin. Some 30%-

65% of the affected children have learning difficulties but only

4%-8% have mental retardation.28 29 People with NF1 seem to

have impaired visual-spatial perceptual skills but language

skills are also affected and these impairments tend to

co-occur. Due to a lack of IQ matching in studies, it is not clear

whether the language impairment is a specific consequence of

NF1. Children with NF1 are at increased risk of having learn-

ing problems but the cognitive profile of NF1 includes both

verbal and nonverbal impairments.

The protein encoded by the NF1 gene, known as neurofibro-

min, contains a domain suggesting that it is involved in the

Ras signal transduction pathways.30 Klose et al31 identified a

loss of function point mutation that disables the Ras-GTPase

activating function (RasGAP function). In the family they

described, the affected children had an intellegence quotent

range between 80 and 89 and impairment in both language

and motor development. This tells us that RasGAP activity is

needed for the development of cognitive functions. Possibly

intact neurofibromin acts as a control element for Ras-GTP so

that dosage dependent loss of the neurofibromin’s RasGAP

activity leads to higher concentrations of activated Ras-GTP.

Neurofibromin is also associated with microtubules, which

links it to cytoskeleton and signal transduction pathways,30 so

that its effects may be mediated by axonal and dendritic

development.

RSK2: cytosolic effector in MAPK activated signalling
pathway
Investigation of a syndromic mental retardation condition,

Coffin-Lowry syndrome, has led to the involvement of another

signalling pathway in cognitive impairment—namely, the

MAPK activated signalling pathway (MAPK stands for

mitogen activated protein kinases). Coffin-Lowry syndrome is

characterised by severe psychomotor retardation, facial and

digital physical anomalies, and progressive skeletal deforma-

tion. The disorder was mapped by linkage to Xp22.232–34 and

mutations found in a candidate gene RSK2 (ribosomal S6

kinase).35

Analysis of Coffin-Lowry syndrome provides a good exam-

ple of the complexity of the relation between genotype and

phenotype in cognitive impairment. Jacquot et al screened 37

patients whose phenotype was suggestive of Coffin-Lowry

syndrome and found disease causing mutations in 2536 (sum-

marised in fig 3). All but two were unique and all caused loss

of function. However, they found no consistent relation

between severity of the phenotype and mutation type. Nor was

there obvious correlation between a specific mutation and the

expression of a particular clinical feature.

Manouvrier-Hanu et al reported a missense mutation in

exon 7, changing an evolutionally conserved residue, which is

present in all known RSK homologues.37 Their patients had

atypical Coffin-Lowry syndrome. Early in childhood both

brothers had severe hypotonia and relative macrocephaly, but

after a few years the hypotonia resolved. Both children had

facial features compatible with Coffin-Lowry syndrome and

tapered fingers, but only mild mental retardation. Biochemical

activity of the RSK2 protein was not studied.

Merienne et al tested the activity of the mutant RKS2

protein product in various MRX families.38 They found that the

mutation in one family resulted in a fivefold to sixfold

decrease in kinase activity. Because these patients showed no

skeletal anomalies, some 15%-20% of the kinase activity is

sufficient in normal MAPK signalling involved in skeletal

development. Patients in this MRX family did not have any

facial, digital, or skeletal anomalies compatible with Coffin-

Lowry syndrome. Remarkably, they also presented with mild

mental retardation, quite atypical for classic Coffin-Lowry

syndrome. The mutation in this family was in nucleotide 1147

in exon 14 of the gene resulting in a conservative amino acid

change.

These examples show how a distinction between syndromic

and non-syndromic mental retardation may deceive us about

the likely nature of genetic action. Both types of mental retar-

dation can arise from mutations in the same gene. In this case,

investigating non-syndromic mental retardation is no more

likely than syndromic mental retardation to disclose a

relatively unmediated genetic action on cognition.

What of the likely pathway from gene to cognition?

Interestingly it may be linked to the Ras pathway already

implicated in mental retardation. It is known that MAPK acti-

vates a CREB kinase, which in turn phosphorylates and

activates CREB. CREB (cyclic adenosine monophosphate

response element binding protein) is a transcription factor

that regulates immediate early gene transcription. One CREB

kinase turns out to be RSK2, forming part of a pathway

whereby signals mediated by RAS and MAPK are transmitted

to the nucleus to activate gene expression.39 However the

extent of RSK2’s involvement in neuronal development and

exocytosis is unknown.

INTRACELLULAR TRAFFIC
FMR1
Fragile X syndrome (FRAXA) is the commonest cause of

inherited mental retardation, affecting 1 in 4000 males.40 It is

due to an expansion of a trinucleotide repeat in the 5’

untranslated region of gene coding for an RNA binding

protein that exists in six isoforms. Two types of expansion are

recognised, the full mutation consists of greater than 230 tri-

nucletoide repeats. Premutations consist of between 60 to 200

repeats; the full mutation is abnormally methylated on the X

chromosome of males and the active X chromosome of

females.

The full mutation causes mental retardation in all males

and in about 60% of females, but there is extensive phenotypic

variation in both sexes. In most cases there is a poor relation

between the degree of cognitive impairment and the presence

of a full or premutation, almost certainly due to the presence

of mosaicism, whereas concentrations of protein provide a

much better index.41 Mildly impaired fragile X males have

been described, in whom unmethylated expansions are found

in a large proportion of cells.42 Furthermore, levels of

mosaicism vary between tissues,43 so that it is not possible

easily to draw conclusions from findings in leucocytes; this

probably explains the weak correlation between proportion of

active X chromosomes carrying the mutation in females and

the degree of cognitive impairment.44

Although the genetic basis of fragile X syndrome was

uncovered 10 years ago45–48 the function of the gene has

remained mysterious. The gene is referred to as FMR1, for

fragile X mental retardation. There is more than one fragile

site on the X chromosome (see later for a discussion of a gene

found to lie next to the FRAXE fragile site) so the FMR gene

at FRAXA is called FMR1. The associated protein is termed

FMRP. FMR protein is known to export mRNA from the
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nucleus but how this might relate to the cognitive phenotype

has been unclear. In normal brain, the FMR protein is found in

nearly all neurons. It can bind RNA, including its own

transcript, and it has been postulated that the FMR protein

has a role in the machinery of translation and, as it shuttles

between nucleus and cytoplasm, it may be involved in mRNA

export.49 50 Functional studies have yielded few clues. FMR1

knockout mice have macro-orchidism and impaired spatial

learning abilities.51 Biochemical and immunofluorescence

studies show a tight colocalisation of FMR protein with cyto-

plasmic ribosomes, as seen for translation factors.52–54

Our understanding of the pathogenesis of mental retarda-

tion in fragile X syndrome has been considerably advanced by

work on dendrites. Most of the grey matter in the human cor-

tex consists of dendrites, the processes that emerge from the

bodies of neurons and provide the site for synapses, yet their

size and complexity has impeded experimental investigation.

Recently, however, it has been possible to demonstrate that

Figure 3 Structure of MeCP2, ATRX, and RKS2 showing the placement of functional domains and mutations that have been associated with
mental retardation. (A) The structure of the ATRX gene. ZFM, zinc finger motif (also known as PDH for plant homeodomain) thought to interact
with histone deacetylase 1 (HDAC1). Up to 60% of ATRX causing mutations are located in the ZFM domain. The helicase domains identify
ATRX as a novel member of the SNF2 family and some 20% of the ATRX causing mutations are located in this region of the gene. The P-box
element is present in all members of the SNF2 family. Q-box is a glutamine rich stretch in the predicted product, which serves as potential
protein-protein Binteraction domain. (B) Structure of the RKS2 gene. Exons 1–22 are drawn as boxes (not to scale). Numbers above exons refer
to the number of mutations described by Jacquot et al.37 (C) Structure of the MECP2 gene. Only three exons form this gene; exon boundaries
have been omitted. MBD,methyl binding domain; TRD, transcriptional repression domain.
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dendrites perform computational tasks,55 transforming presy-

naptic inputs into a signal delivered to the cell’s axon. The

relative computational autonomy of dendrites goes along with

another discovery, that they control local protein production,

critical for the development of long lasting synaptic change

and a putative molecular substrate of learning and

memory.56–59 New protein synthesis requires mRNA and it is

now clear that qnewly synthesised mRNAs are targeted to

dendrites.60 61 The importance of this observation is that FMRP

is synthesised in dendrites.

Greenough et al, investigating the mechanisms whereby

synapses are formed in response to experience, made the dis-

covery that FMRP is involved in the synaptic regulation of

protein synthesis.62 They found that stimulation of a prepara-

tion of presynaptic terminals resulted in a rapid rise in the

association of ribsosomes with mRNAs and a concomitant

increase in protein synthesis. Arguing that only a subset of

mRNAs would be involved in this response, the researchers

sought for message that was enriched in the presynaptic ter-

minals. They found a striking increase in polyribosomal

association of one mRNA, which turned out to be the

transcriptional product of the fragile X gene.63 Subsequently

they have shown that FMRP concentrations are increased in

animals learning new motor skills,64 and that humans with

fragile X syndrome show immature dendritic spine

morphology.65 66 There is also evidence that neurotransmitter

evoked protein synthesis is reduced in vivo,62 strengthening

the suggestion that one role of FMRP in normal brains is to

regulate the localised translational response to synaptic

stimulation, a prerequisite for the synaptic plasticity that is

thought to underlie many forms of learning and memory. This

in turn could explain why mental retardation is a consequence

of a mutation in the FMR1 gene.

Small nucleolar RNAs in Prader-Willi syndrome
Prader-Willi syndrome, a rare cause of syndromic mental

retardation, has attracted a lot of attention because of the

unusual genetic mechanism that gives rise to it. Prader-Willi

syndrome and Angelman syndrome arise from deletions of a

small region of 15q11-q13.67 The two syndromes have charac-

teristic and distinct neurobehavioural profiles: in Angelman

syndrome, the retardation is severe (very few affected persons

can talk) and there is ataxia, seizures, hyperactivity, and par-

oxysmal laughter. By contrast, in Prader-Willi syndrome the

mental retardation may be only mild and there is a specific

behavioural abnormality: hyperphagia resulting in severe

obesity.

”There has been remarkable progress in delineating the
genetic basis of mental retardation and we now have
clues as to which pathways are involved in cognition”

The basic genetic defect is not simply a dosage effect, due to a

loss of chromosomal material on 15q11-q13; it turns out that

about a quarter of cases of Prader-Willi syndrome are not due

to a deletion but to the inheritance of two maternal copies of

chromosome 15 (rather than the usual situation of one

maternal and one paternal). Conversely, two paternal copies of

chromosome 15 result in Angelman syndrome. The chromo-

somal region is said to bear a parent of origin imprint, of

which the molecular signature is a difference in DNA

methylation. Seven genes (and candidate genes) have been

identified in the Prader-Willi syndrome region, all of which

seem to be brain specific.68 It is not known if the phenotype is

due to an abnormality in a single gene. However there is now

some evidence to suggest that the defect in Prader-Willi syn-

drome is mediated by abnormal RNA editing, due to misregu-

lation of guide RNAs.

The nucleolus contains many small RNAs, termed small

nucleolar RNAs (snoRNAs); most of these snoRNAs function

in the post-transcriptional modification of rRNA nucleotides.

However, it is now clear that the action of methylation guide

snoRNAs goes beyond the field of ribosome biogenesis.

Recently three brain specific snoRNAs, which are subject to

genomic imprinting in mice and humans, have been

discovered within the 15q11 critical region for Prader-Willi

syndrome and Angelman syndrome.69 Unusually they do not

have appropriate antisense elements, so their function is not

clear, but one has an 18 base pair similarity to the mRNA

encoded by the gene for the serotonin receptor 2C.69 The

sequence matches a conserved region subject to both alterna-

tive splicing and adenosine to inosine editing. Because of the

known involvement of serotonin in appetite control and

cognition,70 this finding raises the intriguing possibility that

the defect in Prader-Willi syndrome involves a defect in serot-

onin neurotransmission.

TRANSCRIPTIONAL REGULATION
The involvement in mental retardation of genes that affect the

expression of other genes, in other words transcriptional

regulators, is to be expected. So many mental retardation syn-

dromes have a complex phenotype, involving multisystem

abnormalities, that a mutation in a gene with broad effects is

a likely cause of mental retardation. In many cases transcrip-

tional regulators influence diverse biochemical pathways,

including developmental, so they are good candidates. Four

mental retardation syndromes are now known to be due to

mutations in transcriptional regulators. Two of these genes

function by altering the structure of chromatin.

Gene transcription is in part controlled by the extent to

which the DNA is made accessible to the transcriptional

machinery. DNA does not exist in a free state in the cell; it is

closely associated with a complex of proteins called chroma-

tin, which we now know is intricately involved in DNA

metabolism.71 DNA has to be free of nucleosomes for it to be

accessible to transcription factors and the large complex of

proteins that constitutes RNA polymerase. Understanding

what controls chromatin packaging will therefore reveal one

way of controlling gene expression. For this reason there has

been much interest in characterising proteins that remodel

chromatin and consequently influence many biochemical

pathways, including the control of genes involved in the

development and activity of the CNS.

MECP2 and Rett syndrome
Rett syndrome is an X linked pervasive neurodevelopmental

disorder that affects between 1 in 10 000 to 15 000 girls.72 The

phenotype of the affected girls is distinctive with developmen-

tal arrest at the age of 6–18 months. From then on the girls

progressively lose purposeful hand use as well as all commu-

nication skills. Autistic features emerge and classically they

show hand wringing and other repetitive hand movements.

After a rapid deterioration, a stable period is reached and most

girls survive into adulthood. Rare male cases have been

described.73

The molecular study of Rett syndrome provides another

good example of the difficulty of relating phenotype to geno-

type. As with Coffin-Lowry syndrome, and with the ATRX

syndrome discussed below, it furnishes an example of how

syndromic and non-syndromic mental retardation can arise

from mutations in the same gene (summarised in fig 3).74–76

Rett syndrome is due to mutations in MECP2,77 a protein

that binds to one of the constituents of chromatin.78 Our

understanding of the biochemistry of MECP2 does nothing to

explain why mutations should give rise to a mental

retardation syndrome. The protein binds methylated CpG-

nucleotides throughout the chromosome,79 promoting chro-

matin compaction and thereby turns off gene

transcription.80–82 MECP2 has a multitude of downstream tar-

gets, which currently remain unknown. So why is the brain so
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vulnerable to MECP2 mutations? The presence of alternative

transcripts might provide a solution, as they show a differen-

tial expression pattern.83 The gene is highly expressed in foetal

brain where the largest 10.kb transcript is the predominant

isoform.

ATRX
Pleiotropic effects are also seen in the ATRX syndrome.84

Patients with ATRX have severe mental retardation,

α-thalassaemia, characteristic facial appearance, profound

developmental delay, neonatal hypotonia, and genital abnor-

malities. ATRX syndrome is due to mutations in a transcrip-

tional regulator that is located on the long arm of the X

chromosome.85 86

Gibbons and Higgs84 reviewed the phenotype and genotype

of 145 cases from over 80 families. Figure 3 shows the position

of these mutations and functional domains of the predicted

protein product. Again we see a complex picture, with both

syndromic and non-syndromic mental retardation being

reported. Remarkably, a family has been described where

mutations result in only mild mental retardation and

adequate language skills. Two family members were able to

hold unskilled jobs, leading relatively independent lives.87 One

other affected family member had moderate mental retarda-

tion and limited independence, whereas the fourth showed

profound mental retardation. Martinez et al also described

patients who expand the phenotypic range of ATRX

mutations.88 Their patients had neonatal hypertonia (opposite

to hypotonia normally seen in ATRX) and later developed

spastic paraplegia. They also had milder physical anomalies.

As with Rett syndrome, understanding the biochemistry of

the ATRX protein casts no light on the origins of the cognitive

impairment. The mutated gene belongs to the SNF2 family of

proteins and contains a PHD finger (a putative zinc binding

domain), and a motif that relates ATRX to a group of proteins

called helicases.89 Other members of this group of proteins are

known to bind to chromatin and ATRX may be involved in

chromatin remodelling, considered to be a crucial step in the

control of gene expression. Recent findings suggest that ATRX

may be part of the complexes that histone deacetylase forms

with proteins that have a methyl binding domain, such as

MECP2.86 We will need to know far more about the

downstream effects of both mutations to relate behavioural

phenotype to genetic lesion.

FMR2
A second fragile site on the X chromosome, termed FRAXE (to

distinguish it from other fragile sites, including FRAXA

discussed above), is associated with a rare non-syndromic

mental retardation condition, with estimated prevalence less

than 1 in 23 000.90–92 In general, patients with FRAXE exhibit

various learning difficulties, such as speech delay and reading

and writing problems.93 As with FRAXA, a trinucleotide

expansion occurs at the fragile site, leading to the inactivation

of a nearby gene, known as FMR2. The FMR2 gene is almost

certainly another example of a transcriptional regulator.

”Many cases of idiopathic mental retardation, whether
mild, moderate, or severe, could be due to mutations in
the genes that have already been identified”

The FMR2 protein shows similarity to nuclear transcription

factors and has been shown to contain two functional nuclear

localisation signals.94 Miller et al found that in mice the FMR2

is localised in neurons of the neocortex, cerebellar Purkinje

cells, and the granular cell layer of the hippocampus95 They

suggested that FMR2 may play a part in modulation of gene

expression in learning and normal behaviour.

The genotype-phenotype correlation in males with FMR2

mutations is not straightforward. Some males have no pheno-

typic abnormalities, yet have a trinucleotide expansion, a fully

methylated CpG island, and no expression of FMR2. Gedeon et
al described two unrelated boys (CB and MK), with

overlapping submicroscopic deletions distal to FRAXE.96 MK

had a smaller, less than 100 kb, deletion completely

overlapped by the 200kb deletion of CB. MK had only speech

delay, while CB had global developmental delay, including

speech delay. Both of them had mild physical anomalies, but

had epicanthal folds in common. Gecz et al went on to show

that some exons of the FMR2 were deleted in CB 97–98 They also

described two unrelated families, where male probands

showed mild mental impairment and/or learning difficulties

cosegregating with lack of FMR2 expression.99 The problem is

further complicated by recent reports of an FMR3 gene, which

is also transcriptionally silenced in FRAXE full mutations.100

FOXP2
Recently the molecular basis of another rare non-syndromic

mental retardation syndrome has been found to be a

transcription factor, called FOXP2. The syndrome exists in a

single three generation pedigree in which a severe speech and

language disorder is transmitted as an autosomal dominant

monogenic trait.101–104 The phenotype is particularly intriguing

because it involves deficits in speech and language. For

instance, family members produce plurals of familiar but not

unfamiliar words and fail to generate inflected forms of regu-

lar but not irregular verbs. The language impairment is part of

a broader syndrome, which includes impairment in articula-

tion, a praxic deficit that also involves non-linguistic oral and

facial movements.105

After genetic mapping of the disorder to chromosome 7106 an

unrelated person with speech and language impairment was

found with a chromosomal translocation involving the locus.

Characterisation of the chromosomal rearrangement led to

the identification of the gene FOXP2, which encodes a putative

transcription factor containing a DNA binding domain termed

forkhead (abbreviated to FOX).107 A G to A nucleotide

transition was detected in exon 14 of affected persons in the

three generation pedigree, and shown to cosegregate perfectly

with the speech and language disorder. These findings suggest

that FOXP2 is involved at some level in speech and language.

Although it is still too early to be definite about the function

of the FOXP2 gene, evidence from other members of the fork-

head family suggest that it plays a key part in development.

Studies of mutations in human and mouse FOX genes indicate

that the resulting disorders are a consequence of haplo-

insufficiency during embryological development.108–113 Duplica-

tions involving FOXC1 are known to cause defects of the ante-

rior chamber of the eye114 115 providing further evidence that

the phenotype arises through a pertubation of gene dosage.

Investigation of the function of FOXP2 is extremely likely to

result in new insights into the molecular basis of speech and

language development.

CONCLUSIONS
In general we can conclude that the relation between genetic

abnormalities and cognitive processes is still poorly under-

stood, but that there has been considerable recent progress, so

that in the next few years we can expect to have a much

clearer picture of the biological basis of cognition. To date, the

common pathways involved in mental retardation pathogen-

esis are defects in synapses, axon maintenance, and traffick-

ing. This raises the exciting possibility that work on CNS

development will overlap with that on the genetics of mental

retardation.116–118 It is likely that in the coming years we will see

new discoveries in this field.

The success of genetic and molecular dissection of cognition

rests on two assumptions. The first of these is that there

should be a relatively immediate relation between gene and

cognitive phenotype. The data we have reviewed show that
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there is evidence for relatively immediate genetic effects and
that, to some extent, the phenotype can be a guide. Investiga-
tion of non-syndromic mental retardation has pointed to the
importance of Rho- and Rab-GTPase proteins, and mutations
in transcriptional regulators are the cause of the complex
phenotypes seen in Rett and ARTX syndromes. Regulators of
Rho and Rab-GTPase may be what we are looking for, causally
much closer to the cognitive impairment than the transacting
factors MECP2 and ATRX.

Yet we have also seen that advances in our understanding of
two syndromal causes of mental retardation, fragile X and
Prader-Willi syndromes, disclose mechanisms for genetic
effects that seem to be relatively immediate causes of cognitive
impairment. The striking finding that the fragile X gene prod-
uct (FMRP) is involved in the synaptic regulation of protein
synthesis together with the realisation that protein synthesis
in dendrites may be a critical step in learning and memory
provides the first glimpse of how mental retardation arises in
the fragile X syndrome. Thus we can give qualified support to
the first of the assumptions and expect that further progress
in the molecular characterisation of these syndromes will be
helpful in explaining the genesis of cognition.

The molecular data also demonstrate that the nosological
categories in mental retardation are becoming misleading. The
examples we have discussed, of Coffin-Lowry, ATRX, and Rett
syndromes show how different mutations in the same genes
can result in different phenotypes; some have multiple
anomalies, some only mild mental retardation. This finding
has important consequences.

Firstly, it suggests that many cases of idiopathic mental
retardation, whether mild, moderate, or severe, could be due to
mutations in the genes that have already been identified.
Therefore mental retardation may not be as aetiologically
complex as suspected. Secondly, it means that we may be able
to use the analysis of mutations within these genes to see how
mental retardation can arise genetically. The discovery of non-
syndromic mental retardation arising from mutations in
genes that are implicated in syndromic mental retardation
suggests that the cognitive disability is relatively directly
caused by the mutation. Thirdly, it is possible that in the neu-
robiology of cognitive functions we should categorise cases by
temporal and spatial expression of functional domains, not by
mutated genes or by phenotypes.

The second assumption behind the hope that we will
understand the biology of cognition from studying mental
retardation syndromes, is that we will find in these patients a
cognitive phenotype, in a fractionated pattern, which repre-
sents the modularity often assumed to underlie brain
function. If this is so, then we can draw conclusions about
normal processes from studying the molecular basis of the
abnormal.

There is sufficient evidence from neuroimaging and brain
lesion studies to support the modular hypothesis in the adult
brain, but the extent to which it pertains throughout develop-
ment is still unknown. One view is that early in life the brain
is not specialised and only acquires modularity during devel-
opment. An investigation of infants with Williams syndrome
has been used to address this question.119

Williams syndrome is due to a microdeletion on chromo-
some 7q and has a characteristic uneven cognitive profile.
Overall intelligence quotient scores lie between 50 and 60,
with relatively good verbal and relatively deficient visuospatial
abilities.120 Paterson et al gave tests of vocabulary recognition
and number skills to toddlers, age matched controls, and chil-
dren with Down’s syndrome who have a similar IQ. The
prediction from the findings in adults is that the Willams syn-
drome children should perform better on the vocabulary test
than on the number skills test. However the researchers found
the opposite: toddlers with Williams syndrome did better than
children with Down’s syndrome on the number task and per-
formed equally well on the vocabulary test.

These results do not argue against modularity, but rather

that the relation between modules, genes, and phenotype is

likely to be very complex. However, careful investigation of a

phenotype may disclose modules that are more tractable to

dissection than others. One of the problems in the psychologi-

cal characterisation of genetic syndromes has been continuing

difficulty in finding appropriate measures. For example,

Jarrold et al have examined short term memory difficulties in

Down’s and Williams syndromes. Their evidence for working

memory deficits provides an explanation for the cognitive

profile that does not involve a defect in a specific language

system and support the view that working memory can be

dissociated into separate subsystems.121 122

In summary, there has been remarkable progress in

delineating the genetic basis of mental retardation and we

now have clues as to which pathways are involved in

cognition. But there are still far more conditions the aetiology

of which is unknown: perhaps the largest gap in our

knowledge is the genetic basis of autosomal mental retarda-

tion. Further progress requires continuing collaboration

between clinicians and scientists to identify patients from

whom we may learn more about the biology of cognition and

to provide more detailed information about the nature of the

cognitive impairments that arise from genetic mutations.
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