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Chapter 1

Introduction






1.1 From Martin-Bell to fragile X syndrome

The fragile X syndrome or Martin-Bell syndrome is the most frequent genetic cause of
menta) retardation after Down's syndrome (61, 192). The syndrome is X-linked and has an
incidence of one in 4000 males and approximately 1 in 6000 in females (177).

In 1943 Martin and Bell described a family in which eleven mentally retarded boys were
born to normal intelligent mothers (111). They hypothesized that the mental defect of the boys
was due to a sex-linked recessive gene which was suppressed in the two grandfathers. In 1969
Lubs found the syndrome to be associated with a fragile site at Xq27.3, called FRAXA, in
cultured Iymphocytes (102). These results could only be reproduced by culturing cells under
folic acid free conditions (167). Since that observation by Sutherland in 1977 the cytogenetic
visualization of the fragile site was used as a diagnostic tool for the Martin-Bell syndrome. The
mentally retarded individuals in the pedigree described by Martin and Bell indeed showed a
fragile site at Xq27.3 and the Martin-Bell syndrome now is referred to as the fragile X
syndrome (137).

1.2 Fragile X phenotype

1.2.1 Physical characteristics

The fragile X syndrome is associated with the following clinical characteristics: moderate
to severe mental retardation, macro-orchidism, long face with prominent forehead and
protruding jaw and large everted ears (Reviewed by Fryns (49) and by Hagerman (63)). This
specific combination of symptoms, also called the classical Martin-Bell phenotype, is present
in about 60% of the fragile X positive males. Macro-orchidism is present in about 85% of the
fragile X males (88, 168, 175). The facial features become more prominent after puberty (63).
A typical fragile X patient is shown in Figure 1.1.

Several other physical features are seen. A high percentage of fragile X patients shows
connective tissue abnormalities including hyperextensible joints (66 1984), smooth skin (175),
high arched palate, pectus excavatum, flat feet (126), mitral valve prolapse and aortic root
dilatation (187). In skin biopsies of fragile X patients a decrease or absence of ¢lastin fibres is
observed as well as a decreased arborization of the fibres (187).

Other physical features include growth abnormalities such as increase in birth weight and
head circumference. Overgrowth observed during early development might be related to
abnormalities in the hypothalamic region (47). Increased volumes of specific brain parts are
observed as well. The volumes of the caudate nucleus and the lateral ventricle are inversely
correlated with IQ and both these volumes are increased in fragile X males (136).

Fragile X patients have a normal lifespan, despite the frequently observed cardiac
abnormalities (47).
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Figure 1.1
Fragile X patient with typical facial characteristics.

1.2.2 Behaviour

Fragile X patients show behavioural characteristics such as abnormal response to stimuli,
repetitive motor behaviour like hand flapping and rocking, poor eye contact and shyness (63).
Although these behavioural features are shared with autistic patients the fragile X syndrome is
not associated with autism (42) as no significant difference in autistic-like behaviour is
observed when fragile X patients are compared with other mentally retarded individuals
matched for age, sex and 1Q (37, 42, 43).

Fragile X patients may show general short term memory deficits (32, 33), but others (106)
found that the performance of memory tasks depends on the type of information which had to
be reproduced. Abstract information is less well recalled than information which is concrete
like an object or a meaningful story. Knowledge which is acquired by fragile X patients is less
well used in solving new problems, indicating that patients have difficulties in applying
problem solving strategies which were learned in earlier situations (106).

The majority of the fragile X boys are hyperactive, but this is an unspecific feature. Part of
the hyperactivity probably originates from learning deficits, in this case a slower and less
efficient learning of the environmental setting. After puberty a decline in hyperactivity is
observed (47).

1.3 Fragile X females

Female carriers of a recessive X linked disease usually do not manifest clinical features.
Females having cytogenetic expression of the fragile site, however, may exhibit the fragile X

12



syndrome, though the clinical features are less severe than in male fragile X patients (63, 96).
Fragile X female patients are learning disabled or mildly retarded and exhibit shyness and
social anxiety (12, 22, 64, 65). Female fragile X carriers furthermore may be at increased risk
of having dizygous twinning and (48, 149, 176) early menopause (176).

1.4 Normal transmitting males

In the pedigree described by Martin and Bell (111) two normal brothers passed on the
fragile X mutation to their likewise normal daughters. Some of the grandsons of these two
males, however, were mentally retarded. About 20% of the males carrying the fragile X
mutation are unaffected and these males are referred to as normal transmitting males (NTM).
Daughters of normal transmitting males inherit the fragile X mutation from their fathers, but
are always unaffected: only female carriers can have offspring with the fragile X syndrome.
The phenomenon of normal transmitting males can be explained by the existence of two types
of mutations, discussed in paragraph 1.6.1.

1.5 The cloning of the FMRI gene

Initially, the only way to confirm the diagnosis of the fragile X syndrome was by inducing
the fragile site at Xq27.3 in cell culture (Fig. 1.2A). The gene defect was unknown and neither
DNA or protein tests were available for diagnosis. Cloning of the gene became essential for
improved diagnostic accuracy and understanding the mechanism leading to the fragile X
syndrome.

As the protein defect underlying the fragile X syndrome was unknown, positional cloning
was the only available strategy to isolate the gene. First the syndrome had to be linked to a
precise region in the X chromosome. Genetic markers with known localization on the X
chromosome were tested for cosegregation with the syndrome. Hybrid cell lines with
translocation breakpoints in the fragile site proved to be very useful in both developing new
probes and determining their localization. Two cell lines, Micro21D and Q1X (Fig. 1.24),
played an important role in the isolation of the gene lying within the region linked to the fragile
X syndrome. Cell line Micro21D contained the Xpter-Xq27.3 part and cell line Q1X
contained the Xq27.3-Xqter part of the fragile X chromosome (189, 190, 191).

Probe DXS465 was the fist probe to show a difference between normal controls and fragile
X patients, namely the absence of certain BssHII and Sacll restriction fragments in DNA
digests of fragile X patients. The decreased intensity or absence of these fragments was due to
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Map of the fragile X region at Xq27. A) Localization of the fragile sites FRAXA, FRAXE and FRAXF
and DNA markers at the long arm of the X chromosome at Xq27-28. Regions of the X chromosome
present in the cell hybrids Micro21D and Q1X are indicated at the top. B) Map of YAC 209G4
containing a region overlapping the fragile sitt FRAXA. A cluster of restriction sites indicates the CpG
island which is located in the FRAXA region. The FMRI gene is located downstream of the CpG island.
C) EcoRI fragment containing the CpG island, CGG repeat and exon 1 of FMRI. pP2 is a probe which is
used for diagnostic purposes. The fragment sizes obtained after EcoRI digestion or EcoRI-Eagl or EcoRI-
BssHII double digestion are indicated at the bottom. Similar fragments are obtained with HindllI-
(Eagl/BssHIT) double digests.

methylation of the restriction sites (8, 185).

The isolation of YAC 209G4 (Fig. 1.2B) was the key to the isolation of the gene. The YAC
spanned the fragile site and contained the region with the CpG island showing differences
between controls and patients. A cDNA clone was isolated from a human fetal brain library
with the use of cosmids representing part of the insert of YAC 209G4. The isolated gene was
designated Fragile X Mental Retardation 1 (FMRI) (183). A trinucleotide repeat (CGG) is
present in the first exon of FMRI. The two translocation breakpoints of Micro21D and Q1X
lie in this exon which shows length variation between controls and fragile X patients.

For a detailed description of the isolation of the FAR! gene is referred to Verkerk et al.
(184). An overview of the fragile X region is depicted in Figures 1.2 A and B.
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1.6 Gene defects

1.6.1 CGG repeat amplification and the fragile X syndrome

A 5.2 kb EcoRI fragment observed in normal X chromosomes is replaced by a much larger
EcoRI fragment in fragile X chromosomes (122, 183, 200). The first exon, containing the
CGG repeat, lies within this 5.2 kb EcoR/ fragment (Fig. 1.2C). It was suggested by Verkerk
et al. that the observed length difference was due to CGG repeat amplification (183). Two
observations supported this hypothesis. First, the sequences surrounding the CGG repeat were
identical in normal and fragile X chromosomes (50). Second, PCR analysis showed CGG
repeat amplification in fragile X chromosomes (50). The CGG repeat is located 250 bp distal
to the CpG island which is methylated in fragile X patients (in contrast to controls), indicating
that there is a relationship between repeat amplification and methylation, in the fragile X
syndrome.

The CGG repeat was found to be polymorphic. About 6 to 54 repeats are found in FMRI
of the normal population (50). Fragile X patients, however, carry a so called full mutation (50,
122, 141, 142, 182, 183) which is characterized by amplification of the CGG beyond 200
copies and methylation of both the repeat and the CpG island (classical fragile X mutation)
(68, 75, 138). The methylated promoter region of the full mutation blocks the transcription of
the FMR1 gene in fragile X patients (129, 166). The fragile X syndrome thus results from the
lack of FMR1 expression (Fig. 1.3).

The full mutation does not originate directly from the amplification of a normal repeat, but
stems from so called premutation alleles. The normal repeat is stably transmitted from parent
to child, without changes in the repeat length. However, premutations containing 43 to 200
CGG repeats are unstable upon transmission as they are able to grow to a full mutation in
successive generations (50, 93). Premutation alleles, in contrast to full mutations, have an
unmethylated promoter region and are transcribed (129). Amplification from premutation to
full mutation can only occur when the premutation is transmitted through a female (50, 122).
The larger the premutation, the higher the risk for transformation to a full mutation (50).
Normal transmitting males (NTM), who carry a premutation, always transmit a premutation to
their daughters, never a full mutation (122). This explains why daughters of NTMs are always
unaffected.

The full mutation 1s somatically unstable as different repeat lengths are found in distinct
cells (122, 142). DNA digests of fragile X patients thus usually show a smear in the full
mutation range on Southern blots. About 20% of the fragile X patients show a premutation
band in addition to the full mutation (27, 122). These patients who carry a premutation in a
small number of their cells are often referred to as mosaic patients.
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Transcription of normal and premutation alleles. Hypermethylation of the promoter region prevents
transcription of the full mutation allele.

The normal CGG repeat does not consist of a stretch of pure CGGs. The majority (85%) of
the normal CGG repeats in the range of 27-45 repeats carry two AGG interruptions. Sequence
variation is found at the 3' end of the repeat and it is suggested that the AGG triplets stabilize
the repeat during replication (94). By screening different alleles for the presence of AGG
codons, a correlation was found between the composition of the repeat and its stability. Loss of
an AGG triplet plus an uninterrupted sequence of 34-38 CGGs seems to be a threshold for
instability (35).

1.6.2 Other mutations
The fragile X syndrome is usually caused by repeat amplification and hypermethylation of
the promoter region of the FMRI gene. Until now only one mutation has been described which
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leads to an altered FMRI protein product (FMRP). A point mutation changing a conserved
amino acid in a functional domain of the FARI protein (24) alters the behaviour of FMRP
(discussed in more detail in 3.4.1 and 3.4.2). All other mutations described thus far lead to the
absence of FMRP expression.

Several patients have been described in which the fragile X syndrome is caused by the
deletion of the FAMR/ promoter region or the deletion of the complete FA/RI gene and flanking
sequences. At least two macrodeletions have been described which erase the FMR! gene and
flanking sequences (54, 132). Most of the microdeletions occur proximal to the CGG repeat,
removing the CpG island and surrounding sequences (26, 60, 114, 172, 197). For some of
these cases it has been suggested that the deletions occurred in FA/R] full mutation alleles (26,
114). De Graaff ez al. (26) described four patients being mosaic for both a full mutation and a
deletion. The deletions in these patients had variable sequences at the 3' end, but the 5' border
of the deletions were located in a region 70 base pares upstream of the repeat, in an interval of
35 base pares. This region of 35 base pares might be considered as a hotspot for deletions.

Two patients have been described in which mutations in the coding sequence lead to a
premature translation stop (103). One patient carried a single nucleotide deletion in exon 5
(nucleotide 373) causing a frame shift which resulted in a translational stop 3' from the
deletion. The FMRI protein was not expressed in this patient although the gene was
transcribed. The second patient carried a mutated splice acceptor site in exon 2 which resulted
in the skipping of exon 2 or both exon 2 and 3. Splicing of exon 2 resulted in a frameshift and
premature translation stop and in this patient FMRP expression could not be detected either.
These two patients are thus far the only patients in which the FAMRI gene is silenced because
of mutations within the coding region of the gene.

1.6.3 Molecular diagnosis

The clinical diagnosis of the fragile X syndrome based on physical characteristics is rather
difficult, especially in young children (1.1). Since the elucidation of its gene defect, the
syndrome can be relatively easy identified by DNA testing as the disease is caused by mainly
one mutation: the amplification of the CGG repeat.

The cytogenetic test has been replaced by a DNA test (reviewed by Rousseau (141) and
Oostra (125)) in which the repeat length and methylation status of the promoter region are
determined. For this purpose double digests are performed with methylation sensitive and
insensitive restriction enzymes on DNA isolated from blood, chorionic villi or other tissues. A
5.2 kb EcoRI fragment of the 5' end of the FAMRI gene, containing the CpG island and the
CGG repeat, is increased in length in fragile X chromosomes (1.5). The EcoRI restriction sites
coincide with Hind/I] sites and the latter enzyme is used instead for diagnosis. The length of
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this fragment and the methylation status of the CpG island can be determined through digestion
of the DNA with both HindIII and a methylation sensitive restriction enzyme such as BssHI/
or Eagl (Fig.1.2C). The 5.2 kb HindIII fragment is cut by the latter enzymes into fragments of
2.4 and 2.8 kb in case of an active X chromosome, which carries an unmethylated CpG island.
If the CpG island is methylated, however, a fragment of 5.2 kb is found, representing the
undigested Hindlll fragment. DNA derived from male fragile X patients thus show enlarged
5.2 kb fragments in this test.

Normal transmitting males, who carry a premutation, have enlarged 2.8 kb HindlII-Eagl
fragments, due to the unmethylated CpG island. DNA of females shows a more complicated
pattern as they carry both an active and an inactive X chromosome. Digestion of normal
DNA with HindllI-Eagl therefore results in fragments of 5.2, 2.4 and 2.8 kb. Females
carrying a full mutation have HindIIl fragments larger than 5.2 kb in addition to the three
normal bands; females carrying a premutation allele, however, have a combination of normal
sized and enlarged HindIII-Eagl bands.

The difference in size between normal and mutated target fragments is often expressed in
A basepairs. Premutations have a A between 60 and 600 bp, whereas full mutations have a A
of more than 600 bp. Full mutations are somatically instable as a result of which different
repeat lengths are found. The normal 5.2 kb Hindlll fragment therefore is replaced by a
smear above the 5.2 kb region.

PCR analysis has been proven useful in determining the repeat length in the normal and
premutation range. CGG repeats within the full mutation range, however, are very hard to
amplify which limits the use of PCR in fragile X diagnostics. Analysis of females carrying a
full mutation and analysis of mosaic males and females is disturbed by preferential
amplification of the allele with the smallest repeat length. Southern blot analysis has to be
performed in addition to PCR tests in order to distinguish between premutations and full
mutations and in case of doubt about the possible presence of a full mutation in samples
showing homezygous PCR results.

The diagnosis of the fragile X syndrome has been partly facilitated by the development of a
test for the presence or absence of the FARI protein (196). The protein can be detected in
lymphocytes using monoclonal antibodies developed by Mandel and coworkers (29); the
antibody test is an easy, inexpensive and quick test as results are obtained within a day. The
test is especially useful for the detection of male fragile X patients, as FMRP is absent or
expressed at such a low level that it can easily be distinguished from controls. Female patients,
however, often show a preferential inactivation of the fragile X chromosome in their
Iymphocytes, which might cause a false negative result in this test. DNA analysis is thus still
the most reliable method for diagnosing the fragile X syndrome in females. As reliable results
are obtained with the protein test in diagnosing males for the fragile X syndrome it is likely to
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Figure 1.4

Organization of the FMRI gene. A) The FMRI gene consists of 17 exons and has a genomic size of
approximafely 38 kb. Alternative splicing of exon 12, 14, 15 and 17 as well as the position of the point
mutation described in 1.6..2 are indicated. B) Alternative splicing of exon 14 results in novel C-termini.
Iso 1 represents the normal C-terminus. Iso 4 to iso 6 represent the novel C-terminal sequences which
result from the use of different splice acceptor sites in exon 15. The boxed region indicates the sequence
of exon 13, which are identical in iso 1 and iso 4 to 6. (after Ashley et al. (5))

be a very useful test for the screening of larger populations. The detection of patients with a
full mutation and absence of FMRP may lead to further investigation of the families involved
using DNA diagnosis.

1.7 Organisation of the FARI gene

The FMRI gene consists of 17 exons and has a genomic size of approximately 38 kb
(Fig. 1.4A) (36). The length of the transcript is 4.4 kb, of which 1.9 kb is coding sequence,
preciicting a protein product of 631 amino acids (181, 183).

The CGG trinucleotide repeat is present in the 5' part of the transcript. A stopcodon
present in the 5' part of the gene is located in front of the repeat. The first startcodon after
this stop codon lies 3' of the repeat, indicating that the CGG repeat is part of the §'
untranslated region. The sequence surrounding the start codon, in both human and mouse,
corresponds to the Kozak consensus sequence for translational start sites (5).

The promoter region needed for the correct expression of FMR/ was determined with the
use of mice transgenic for the lacZ reporter gene and a putative promoter region. A region

containing the FMR]I startcodon and 3 kb of the 5' sequence was sufficient to generate a lacZ
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reporter gene expression which was comparable with FMRI expression in control embryonic
and adult mice. The regulatory elements necessary for tissue specific expression, although not
yet identified, have to be present within this region (70).

The sequence of the FMRI gene is conserved in evolution; organisms as divergent as
human, C. elegans, X. laevis and chicken express FMRI (5, 131, 157, 183), indicating that the
gene has a similar function in different organisms. The human and murine FMRI sequence is
almost identical, 95% homology at the nucleotide level and 97% at the amino acid level (5).
Both the human and murine 5' untranslated region are CG rich, an aspect that has been linked
to transcriptional control. The 3' UTR of the human and murine gene contain regions with
strong sequence identity of which the function is unknown. Human and X. laevis FMRI are
86% identical at the amino acid level. The CGG repeat as well as exon 11 and 12 are missing

in the X. laevis and chicken sequences.

1.8 Alternative splicing

The FMR] transcript is alternatively spliced in both men and mice, generating as many as
24 splice variants (Fig. 1.4), the largest splice variant encoding a protein of 631 amino acids,
the smallest variant encoding a protein of 436 amino acids (5, 181). Four exons, exon 12, 14,
15 and 17, can be alternatively spliced in man (Fig. 1.4A). Exons 12 and 14 can be spliced as
a whole, in contrast to exon 15 and 17. Exon 15 contains three splice acceptor sites which
cansubsequently result in three possible splice variants. In human the first 51 bp of exon 17
can be spliced out. Murine Fmrl, however, lacks this part of exon 17 and subsequently no
exon 17 splice variants could be detected in murine tissue (181).

The reading frame is maintained in all splice variants, except for exon 14 splice variants.
Exon 14 consists of 196 bp and splicing out exon 14 consequently gives rise to a +1 frame
shift. The use of three different splice acceptor sites in exon 15 finally results in three mRNAs
encoding proteins with novel C-termini (Fig. 1.4B). No significant homology of these novel C-
termini was found in the database. The novel C-termini are less hydrophilic than the full length
C-terminal and this might have an influence on both the function and the localization of the
exon 14 splice variant encoded proteins. However, only a minority of the splice variants Jack
exon 14 (5).

No differenice was observed concerning the expression of the different splice variants in
distinct tissues. Similar ratios were found in fetal brain, liver and pancreas, adult testis and

lymphoblastoid cell lines (5, 181).
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1.9 FMRI mRNA expression

The FMRI mRNA expression was studied in embryonic and adult mice in order to
determine the expression pattern of the gene. Fmr/ in situ hybridisation revealed a high
expression level of Fmr] transcripts in all tissues of mouse embryos at day ten of gestation.
The expression decreases and becomes more heterogenous in the subsequent embryonic
stages, giving hybridisation patterns comparable to the adult expression pattern (71).The
FMRI mRNA expression rernains high in adult brain and testis, the tissues which are affected
in fragile X patients. In addition high expression levels are found in ovaries, thymus,
oesophagus and spleen. A moderate to low expression is seen in kidney, liver, colon, uterus,
thyroid and lung. The adult heart, muscle and aorta do not show expression at all (71).

The expression of FA/RI in the developing nervous system was studied in more detail in
human fetuses at week 9 and 25 of gestation. High FAMR1 expression levels were seen in the
brain, spinal cord, ganglia and neural retina. Proliferating and migrating cells of the nervous
system express FMRI mRNA, but it is unclear whether the migrating cells are neurons or glial
cells. FMR1 transcripts were found in the ventricular and subventricular zones of the brain of a
25 weeks old fetus, but in differentiating neurons of cerebral structures such as nucleus basalis
magnocellularis, hippocampus, neocortex, striatum, thalamic nuclei and cerebellum an even
higher expression level was found (2).
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Chapter 2

Disorders caused by trinucleotide repeat expansions






2.1 Dynamic mutation

The fragile X syndrome was the first disorder described to result from the amplification of
a trinucleotide repeat. Since 1991, the year the cloning of the FAMRI gene was published,
several other disorders have been described which are caused by the amplification of a
trinucleotide repeat. The list of disorders caused by this 'dynamic mutation' is still growing.
The majority of the trinucleotide repeat disorders show an increase in severity of the disease in
successive generations, a phenomenon called anticipation. It is the expansion of the
trinucleotide repeat in successive generations that is the cause of the observed anticipation. In
fragile X syndrome another phenomenon is observed, called the Sherman paradox which
describes the correlation between the increase in chance of offspring with the fragile X
syndrome and the CGG repeat length of the mother.

2.2 Subdivision of the trinucleotide disorders

The trinucleotide repeat disorders can be divided into three different classes (Table 2.1)
based on the effect the amplification has on gene expression. Class 1 is characterized by the
absence of the gene product. In class 2 CAG repeat amplification results in proteins with
enlarged polyglutamine streiches. The third class represents just one disorder, correlated with
a CTG amplification within the 3' UTR of the DM-PK gene (14).

2.3 Class 1

The disorders in class 1 are associated with absence of the gene product (Table 2.1). This
class can be divided into two subclasses. The first subclass consists of folate sensitive fragile
sites which are associated with CGG or CCG repeat amplification. The second subclass is
represented by Friedreich's ataxia, which is caused by a GAA repéat amplification (19).

Only three of the five folate sensitive fragile sites of the first subgroup have been linked to
specific genes. FRAXA and FRAXE are both associated with mental retardation and the genes
involved have been named FMR] (183) and FMR2 (21, 53, 59), respectively. Amplification of
the repeat beyond a certain limit results in the methylation of the promoter region, preventing
the expression of the genes and thereby causing mental retardation. It has to be noted that
patients with the fragile X syndrome and FRAXE associated mental retardation have a
different phenotype and that the FA/R/ and FMR2 gene do not show any homology. The
possible function of the FA/R protein is discussed in Chapters 3 and 4. The predicted protein
sequence of FMR2 shows some resemblance to the proto oncogene AF-4 (21, 53, 59), which
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is a putative transcription factor. Whether FMR2 has a function similar to AF-4 remains to be
investigated.

The third gene is the proto-oncogene CBL2 which is associated with a fragile site at 11923
(82, 169). The CBL2 gene is localized within a region (11q23—qter) truncated in patients with
Jacobsen syndrome, a disorder characterized by specific facial dysmorphisms and moderate
mental retardation (79, 146). The mother of one of the patients described by Jones et al.
carried a repeat amplification. Thus far there are no indications that repeat amplification in
general precedes deletion in Jacobsen syndrome (82). The folate sensitive fragile sites
FRAXF (72) and FRAI16B (119) are associated with CGG repeat araplification and
methylation of the CG rich region. Methylation of this region suggests the silencing of a gene
promoter. Thus far neither a specific phenotype has been linked to these fragile sites nor has
the gene affected been identified.

Friedreich's ataxia is an autosomal recessive disorder with onset in puberty (140, 159).
The majority of the FRDA patients (98%) are homozygous for 2 GAA repeat amplification in
the first intron of the ¥25 gene (19). This mutation most likely disturbs the correct splicing of
intron 1, interfering with processing of precursor mRNA. This eventually leads to a lack or
absence of mRNA expression (9).

FRDA is exceptional within this class of trinucleotide repeat disorders. First, FRDA 1s a
recessive disorder; both %25 alleles have to be silenced in order to obtain a disease phenotype.

| Second, the repeat is present in an intron instead of in an exon. Furthermore the expression of
%25 mRNA is restricted to the tissues which are affected in FRDA patients, which is different
from the ataxia’s present in class 2 where the affected genes are ubiquitously expressed (7, 83,
145, 173). FRDA is the first recessive disorder associated with repeat amplification and it is
very likely that other recessive disorders might be caused by a loss-of-function trinucleotide
repeat expansion as well (19).

No natural occurring animal models for the Class 1 disorders have been found. Mouse
models for the class 1 disorders, however, can be easily made by silencing the endogenous
gene as was demonstrated for the fragile X syndrome. The Fmrl knock out mouse shows a
phenotype similar to human fragile X patients. For a detailed description the reader is referred
to Chapter 3 and Publication 5.2.

2.4 Class 2
2.4.1 Identification of new genes

The disorders in class 2 are characterized by a CAG repeat amplification in the coding
region of the gene which leads to enlargement of a polyglutamine stretch. A remarkable
observation is that the diseases in class 2 are all neurodegenerative disorders (Table 2.1).
Other neurodegenerative disorders showing anticipation might be caused by CAG repeat
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amplification as well. These new genes could be identified at both the DNA and protein level.
The gene involved in spinocerebellar ataxia 1 (SCAIL) in fact was isolated by screening of
SCA1 families for CAG repeat amplification with cosmids representing the candidate gene
region (127). A second method has been shown to be successful as well. Monoclonal
antibodies raised against the polyglutamine stretch of the transcription factor TBP (TATA
binding protein) are able to detect mutant huntingtin, ataxin-1 and spinocerebellar ataxia 3
(SCA3) proteins (173). Only proteins with enlarged glutamine stretches were detected. The
strength of the signal obtained in Western blots was related to the length of the polyglutamine
stretch: the longer the polyglutamine tract the stronger the signal. The monoclonal antibodies
were able to detect specific protein products in two other neurodegenerative disorders,
spinocerebellar ataxia 2 (SCA2) and autosomal dominant cerebellar ataxia II (ADCA II), of
which the corresponding genes have not been identified. The monoclonal antibodies might not
only facilitate the isolation of the correspbnding genes of SCA2 and ADCA 1J, but also the
isolation of genes which are possibly involved in other disorders showing anticipation.

2.4.2 Loss or gain of function of the protein

The presence of the enlarged polyglutamine stretch in the protein might either result in a
loss or gain of function of the mutated proteins. A loss of function is not very likely as there are
at least two examples in human which show that the loss of one allele does not result in a
phenotype similar to the one caused by the amplification of the CAG repeat. First, individuals
who have lost one of the wildtype Huntington (HD) alleles do not develop Huntington’s
disease (3, 77). Second, males who have lost the androgen receptor gene do not develop
SBMA symptoms, but show testicular feminization (133). Gain of function, a term which
defines the alteration of a protein function or protein characteristic in general, is a more likely
cause for the disorders in this class.

Several suggestions have been made in which the enlargement of the polyglutamine stretch
might affect the functioning of the proteins. The polyglutamine stretches in these proteins
resemble those present in some transcription factors, like the TATA binding protein (56). It
was suggested that the enlargement of the glutamine stretch affected the transcription factor
activity of the proteins within class 2. Some of the proteins, however, have a cytoplasmic
localization (references in Table 2.1) and it is therefore not very likely that all the proteins
within this class are transcription factors. Another suggestion has been that the enlarged
polyglutamine stretches of the mutant proteins would be good substrates for transglutaminases
(58). Some of these enzymes have been described to be involved in cross linking of proteins,
like in blood clotting and extracellular matrix formation. The mutated proteins in class 2 might
be cross linked to other proteins by these enzymes, causing aggregates. However, aggregates
have not been 1dentified in the affected tissues of the patients.
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Thus far the most favoured model is that the enlarged polyglutamine stretch might cause a
pathological interaction with a tissue specific protein. This could at least be true for
Huntington's disease as a rat brain specific huntingtin associating protein (rHAP1) was
isolated (100). Wild type huntingtin with 19-22 repeats binds only weakly to rHAP1, whereas
the mutant protein binds more strongly as the length of the polyglutamine stretch increases
from 44 to 82 glutamines. Interaction of huntingtin with the human homologue of rHAP1
(hHAP1) has only been demonstrated in vitro. A similar interaction of huntingtin and hHAP1
has not been demonstrated in post-mortem brains of Huntington's disease patients yet. The
possible existence of such an interaction might explain why the repeat amplification in the HD
gene only results in brain specific damage.

2.4.3 Class 2 animal models

Animal models are being developed to study the functioning or malfunctioning of the
proteins with enlarged polyglutamine stretches. To gain insight in the function of huntingtin
several groups generated a Hdh knock out mouse (31, 120, 201). These studies revealed that
huntingtin has an important function during embryogenesis, as it was impossible to generate
mice with both Hdh genes silenced. Mice with only one Hdh gene silenced did not develop a
true Huntington pathology. The latter observation supports the hypothesis which suggests that
the pathological enlargement of the polyglutamine repeat leads to a gain of function of the
protein product, rather than a loss of function, which is in agreement with the observation that
patients lacking one of the wild type HD alleles do not develop Huntington disease (previous
paragraph).

Knock out mouse models might be helpful in determination of the function of a gene, but
mice transgenic for the gene of interest with amplified CAG repeat will give better insights
into the pathogenesis. This is illustrated by the development of a mouse model for SCA1. As
human SCA1 patients show loss of Purkinje cells, transgenic mice were generated expressing
the human SCA1 gene solely in Purkinje cells using a cell specific promoter. Two mice strains
were obtained, expressing the SCA1 gene with either 30 or 82 CAG repeats. The latter strain
had a phenotype similar to the SCA1 patients: loss of Purkinje cells and ataxia. However, the
SCA1 protein (ataxin-1) could not be detected in these mice. The authors suggested that the
protein might be unaccessible for the antibodies used in these experiments due to modification
of the protein (17).

Although it remains to be clarified why ataxin-1 in the mice transgenic for the 82 CAG
repeats cannot be detected it seems very likely that the only way to simulate the class 2
pathology in mice is through the introduction of an expanded CAG repeat instead of knocking
out the gene.
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2.5Class 3

The only disorder in the third and last class of disorders is myotonic dystrophy (DM).
Myotonic dystrophy is characterized by myotonia and muscular weakness, cardiac conduction
defects, cataracts, hypogonadism and male type of baldness (69) (Table 2.1). The disease is
caused by the amplification of a CTG repeat present in the 3' UTR of the myotonic dystrophy
protein kinase gene localized to 19q13.3, which encodes a putative seronine-threonine protein
kinase of 70 kD (14). The expansions seen in DM patients vary between 200 bp and 10 kb and
a negative correlation is found between repeat length and severity of the disease. The longest
expansions are found in the congenital form of the disease which is nearly exclusively
maternally transmitted (76, 134, 174).

Inconclusive data have been reported about the effect of the CTG expansion on the
expression levels of myotonic dystrophy protein kinase (DM-PK) mRNA or protein in DM
patients. Decreased mRNA and protein levels have been observed (20, 51, 73, 90, 121) as
well as increased DM-PK mRNA levels (144). Both DM-PK knock out mice as well as
transgenic mice overexpressing DM-PK were developed to obtain more insight in this matter
(80). Neither of the two mice strains, however, had a DM phenotype. This may either indicate
that the mouse is not suitable as an animal model for DM, or the DM-PK gene is not defective
or it is not the only gene involved.

As the influence of the repeat expansion on the gene expression is inconclusive it was
suggested that the repeat might have an influence on the expression of other genes in the DM
region. The CTG amplification increases the nucleosome formation efficiency, which could
repress the transcription of other genes within the gene rich DM region (188). Upstream of the
DM-PK gene a gene is localized called 59 gene in humans (151) and DMR-N9 in mouse (80,
108). This gene is preferentially expressed in brain and testis and aberrant expression of this
gene might be responsible for some of the phenotypical characteristics of DM patients.
Downstream of DM-PK a gene has been described called DM associated homeobox protein
(DMAHP) (13). Amplification of the CTG repeat might influence the expression of this gene
as the repeat is part of the CpG island localized in the 5' region of this gene. The influence of
the repeat amplification on the expression levels of the genes surrounding the DM gene
remains to be determined.

2.6 Concluding remarks

Disorders caused by the amplification of trinucleotide repeats van be divided into three
different classes. As has become clear from the previous paragraphs the division into three
different groups is based on the effect of the repeat amplification on the gene expression.
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Expansion of a trinucleotide repeat either leads to a loss or a gain of function in class 1 and 2,
respectively; the effect of repeat amplification in the third class is not yet clear.

Mouse models are being developed to study the pathology of the disorders. It is clear that
mouse models for class 1 abnormalities can be obtained by silencing the endogenous gene.
This method does not seem suitable for the making of mouse models for class 2 and 3
abnormalities and the introduction of an expanded repeat seems to be the only alternative, as
was demonstrated for SCA1.

Whether there is a general mechanism for trinucleotide repeat expansion is unknown. For
some of the repeats it has been found that they might be stabilized by interruption with other
triplets. The CGG repeat in the FMR! gene for example is interrupted by AGG triplets. Loss
of such a triplet would predispose the repeat for amplification. Loss of an interrupting triplet is
found to be associated with repeat instability in other genes as well, for instance for SCA1
which is a member of the class 2 type of disorders. Although it seems unlikely that all different
repeats are amplified by a similar mechanism, some aspects of the amplification might be
comparable. For a recent review of this subject the reader is referred to E. de Graaff (25).
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Chapter 3

The FMRI protein






3.1 Aim of the experimental work

The identification of the FAMR] gene led to a better understanding of the molecular basis of
the fragile X syndrome and to a reliable diagnostic method (Chapter 1). To fully understand
the pathology of the fragile X syndrome it is necessary to elucidate the function of the FMRI
protein. The experimental work described in this chapter was aimed at the characterization of
FMRP (Publications 5.1, 5.3 and 5.4) and at the development of an animal model for the
fragile X syndrome (Publication 5.2), which would facilitate the studies on the pathology.

3.2 Antibodies as a helpful tool in the characterization of the FMRI protein

Positional cloning led to the identification of the Fragile X Mental Retardation 1 (FMRI)
gene. The protein sequence, which was deduced from the DNA sequerce, showed no
homology to other protein sequences at the time the FMRI gene was cloned. A possible
protein function could therefore not be deduced. The development of antibodies was a first
necessary step for the isolation and characterization of the FAMR/ protein and eventually for the
determination of the protein function. Different antigens representing specific parts of FMRP
were generated to raise specific antibodies.

The amino acid sequence of FMRP was used to predict which parts of the protein were
exposed. Hydrophilicity plots were used to select such regions and some of these parts were
reproduced as synthetic peptides, depicted in Fig. 2.1A. The peptides were coupled to a carrier
protein (keyhole limpet haemocyanin=KLH) in order to raise antibodies in rabbits. An
advantage of synthetic peptides is that any part of the protein can be reproduced. However,
synthetic peptides consist of 6-30 amino acids and the raised antibodies recognize only limited
number of epitopes. A fusion protein was made in order to raise antibodies directed against a
much larger part of FMRP. A fragment of the FMRI gene, containing nucleotides 940 to 1,325
of the coding sequence and 3,557 to 3,765 of the non-coding sequence, was fused to the
glutathione S transferase (GST) gene (161). The (GST)-FMRI fusion protein was isolated
after overexpression in bacteria, making use of the affinity of GST for glutathicne. Polyclonal
antibodies against this fusion protein were raised in rabbits as well.

Antisera with high titres were obtained for the different antigens, but not all of the
antibodies were successful in detecting the FAZRI protein. The antibodies raised against the
(GST)-FMRI fusion protein were successful in immunoprecipitations, Western blots and
immunohistological studies. The peptide antisera 1076, ¢766 and 1079 (Fig.2.1A)
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Code aa Sera

FX1 318-333 454

FX2 517-632 453

FX3 33-47 461

FX8é 2-23 1076

FX7 506-632 1079

FOS 516-531 766

Fusion | 248-400 734, 765, 709
Figure 3.1

A) Positions of the synthetic peptides and the (GST)-FMR!I fusion protein are indicated, as well as the
position of the KH domains and the RGG box. B) The table refers to the amino acid (aa) position of the
synthetic peptides and fusion protein (Code) and the antisera which were raised against these antigens
(Sera).

detected FMRP in Western blots (Publication 5.3). However, these peptide antibodies did not
detect FMRP under non-denaturing conditions such as immunoprecipitations, which is in
general a limitation of peptide antisera.

Monoclonal antibodies directed against the N-terminal part of FMRP (Fig. 2.1A) generated
by the group of Mandel (29) were also used in experiments described in Publication 5.3.
These antibodies also form the basis of a simple immunocytochemical test (196) described in
1.6.3.

3.3 Characterization of the FMRI gene product

3.3.1 EMRP isoforms

The antibodies raised against the GST-FMR! fusion protein were used successfully in
identifying FMRP in lymphoblastoid cell lines. At least four protein products of 67-80 kD
were found in Western blots. All FMRPs were absent in cell lines derived from fragile X
patients with the full mutation (179) (Publication 5.1). Cell lines carrying a premutation
express FMRP with a molecular mass identical to FMRP of control cell lines and it was
therefore concluded that the CGG repeat is not translated. The translation begins at the first
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start codon after the CGG repeat, at methionine 66 (5, 29, 179) (Publication 5.1

The different protein products were most likely isoforms of FMRP, derived from the
translation of FMR1 splice variants (5, 181). This hypothesis was tested by transfecting COS-1
cells with constructs representing two different splice variants. The expression of stable
proteins with molecular masses similar to some of the proteins found i the
immunoprecipitations of lymphoblastoid cell lines supported the hypothesis of the origin of the
isoforms being the translation of different splice variants (179) (Publication 5.1). A second
confirmation of this hypothesis came from the fact that all FMRP isoforms could be detected
with antibodies directed to the N- and C-terminal portion of the protein, indicating that the
difference in molecular weight originated from a change in the more central part of the protein
(180) (Publication 5.3).

The discovery of at least four different FMRPs raised the following questions: do these
isoforms have different functions and are these isoforms differentially expressed. The
expression of FMRPs was studied in several human, murine and monkey tissues (85, 180)
(Publication 5.3). The tissue distribution of FMRP was almost identical to the distribution
found for FAMR1 mRNA in murine tissues (71). High expression levels of all isoforms of 67 to
80 kD are found in human, monkey and murine brain and testis. Low FMRP expression levels
were found in murine muscular tissues like heart, skeletal and abdominal muscle (85). High
expression levels of FMRP were also found in murine kidney, which has a low mRNA
expression level. The differences observed for the FA/R! protein and mRNA expression might
be explained by a difference in protein and mRNA stability (180) (Publication 5.3).

The low molecular mass isoform observed in the murine kidney cannot be a result of exon
14 splice variants, because higher molecular weights were predicted for these isoforms.
Whether the observed low molecular mass proteins result from specific or aspecific proteolysis
remains to be determined (180) (Publication 5.3).

In general a high FMRP expression level is found in cells which have a high protein synthesis
activity, such as proliferating cells and neurons (29, 85, 180) (Publication 5.3).Thus far no .
indications have been found for a tissue specific or cell stage specific expression of distinct
FMRP isoforms (85, 180).

3.3.2 Intracellular localization

Immunocytochemical studies revealed that FMRP is a cytoplasmic protein (27, 29, 179)
(Publication 5.1). The protein is expressed in many tissues, but the strongest FMRP
expression is found in brain and testis, the tissues which show predominant clinical symptoms
in fragile X patients. In brain the FMRP expression is restricted to neurons and Purkinje cells.
Strong labelling was found in the Purkinje cells of the cerebellum and in neurons of the
granular layer and the cortex (27, 29). The localization seems to be confined to the perikaryon.
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In testis FMRP expression in the tubuli seminiferi is restricted to the early spermatogonia (29)
(R.Willemsen, personal communication).

A cytoplasrnic localization of FMRP was also found in COS cells transfected with two
splice variants either lacking exons 12, 15 and 17 or lacking exons 12 and 17 (179)
(Publication 5.1). Devys et al. (29) described that FMRP, truncated for the C-terminal half,
localized to the nucleus in transfected COS cells. Exon 14 contains sequences which have been
described by one group as a putative cytoplasmic retention domain (CRD) (158) and as a
nuclear export signal (NES) by another group (S.T. Warren, personal communication). The N-
terminal half of the protein contains sequences which are involved in the nuclear translocation.
FMRP lacking the CRD or NES is localized to the nucleus. Exon 14 splicing occurs rarely,
explaining why the majority of FMRP is localized in the cytoplasm in immunohistochemical
studies. The possible role of the presence of these domains is discussed in Chapter 4.

3.3.3 Influence of the CGG repeat on the translation

The CGG repeat does not contribute to the amino acid sequence of FMRP, because the
translation of the messenger starts distal to the repeat at Met66 (3.3.1). An increase in repeat
length, like in premutation alleles, therefore does not affect the structure and/or function of the
protein. An increased repeat length in premutation alleles could have an influence on the
translation efficiency of the FAMR] mRNA. However, premutaticn alleles, characterized by a
CGG repeat length in the 60-200 range and absence of methylation, are translated normally
(29, 40, 179), indicating that repeat lengths within this range do not disturb the efficiency of
translation (Publication 5.1).

An interesting family was studied where a grandfather and a grand-uncle of a fragile X
patient carried #MRI genes with repeat lengths of 100-1500 and 170-340, respectively, in
blood cells (160) (Publication 5.4). These repeats were unmethylated and the grandfather and
grand-uncle had a normal phenotype and intelligence. A normal FMR transcription level was
found in their peripheral blood leucocytes, whereas the FA/R] transcription in the fragile X
patient was strongly decreased.

Slightly lower than control FMRP levels were found in peripheral blood lymphocytes
(PBL) and in EBV transformed cell lines of the grandfather and grand-uncle, which was due to
an overall lower level of FMRP rather than expression of FAMR! protein in a limited number of
cells. The expanded repeats in the transcripts of these two males thus do not have a great
influence on the translation efficiency.

Feng et al. (41) reported the influence of the CGG repeat length in clonal fibroblast cell
lines derived from a mildly retarded fragile X patient with repeat lengths between 57 and 285
repeats in an unumethylated state. FMRI mRNA levels in the clonal fibroblasts were normal,
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indicating that the repeat length did not hinder transcription. The translation of transcripts with
more than 200 repeats, however, was severely impaired and it was suggested that the
migration of the 40S subunit was hindered by conformational changes in the 5" UTR, most
likely caused by the enlarged CGG repeat.

The expression of FMRP in EBV transformed cell lines derived from the grandfather and
grand-uncle (160) (Publication 5.4), however, showed that FMR! translation is not severely
hindered by repeat lengths of more than 200 repeat units. It cannot easily be explained why
Feng et al. found that the presence of more than 200 repeats decreases the translation rate (41),
whereas we did not find a strong influence of the repeat length on the translation (160)
(Publication 5.4). The different observations made on the influence of the repeat length on the
translation of the FMR] mRNA might reflect a difference in origin of the cells (patient versus
normal) or a difference in cell types (fibroblasts versus lymphocytes).

The normal phenotype of the two males with expanded, but unmethylated repeats could be
explained by the presence of a certain amount of FMRP per cell, as FMRP expression was
seen in all peripheral blood lymphocytes. In our department De Vries et al. (to be published)
observed a normal male, carrying an unmethylated full mutation in 90% of his alleles in blood
cells, which showed FMRP expression in leucocytes comparable to control levels. The
expression per cell, however, was lower than seen in controls.

Rousseau ef al. (143) described a male who carried an unmethylated full expansion in 60%
of his leucocytes. FMR1 mRNA and protein expression were not studied, but it was assumed
that the unmethylated FA/RI gene accounts for an FMRP expression sufficient for normal
functioning. Whether a certain FMRP expression level in all cells is needed, as suggested by
the observations made by Smeets et al. (160) and De Vries et al. (to be published), or whether
a certain percentage of cells have to express FMRP for normal functioning, as suggested by the
results of Rousseau (143), is an unsolved question. In terms of understanding the molecular
pathogenesis of mental retardation it is also clear that the results of studies on the FMRP
expression level in blood cells may not be extrapolated to brain cells.

3.4 FMRP is an RNA binding protein

3.4.1 FMRP and RNA binding domains

Initially no clear homologies of FMRP to other proteins (183)) were observed. In 1993
Siomi et al. were the first to report the resemblance of FMRP to RNA binding proteins (156).
Two K homology domains (KH domains) and an RGG box (a region with RGG repeats, where
R stands for arginine and G for glutamine) are present in the central and more C-terminal part
of the FMR1 protein. These domains were thought to play important roles in RNA binding
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because of the presence of these domains in RNA binding proteins. The KH domains are
named after conserved sequences found in the pre-mRNA binding protein K, a member of the
family of hetergenous nuclear RNA binding proteins, collectively called hnRNPs (112).
Members of this protein family play a role in (pre-YmRNA metabolism (30). The hnRNP K
protein contains two KH domains, located in the N- and C-terminal end (155). Several other
proteins involved in RNA binding contain KH domains (listed in Table 3.1), e.g. MERI a
meiosis specific splicing regulator of MER2 in 8. cerevisiae (155), and it was therefore
suggested that KH domains play an important role in RNA binding. The RGG box present in
the C-terminal part of FMRP was initially found in the haRNP U protein. The RNA binding
activity of this protein was confined to a region containing RGG repeats interspersed with
aromatic amino acids which might represent a minimal RNA binding domain (86).

An indication for the importance of the KH domains for the functioning of FMRP was the
finding of a point mutation in the second KH domain as the sole mutation in the FMR! gene of
a severely affected fragile X patient. This patient was diagnosed earlier for X-linked
glycogenosis (Xp22). The phosphorylase kinase deficiency, however, is not the cause of the
fragile X phenotype as 29 relatives with X-linked glycogenosis do not exhibit the fragile X
features. The mutation in the FMRI gene changed an isoleucine at position 304 into an
asparagine (24). This isoleucine is conserved in the KH domains of several proteins (156) and
a mutation affecting this amino acid as found in the fragile X patient may well interfere with
the KH domain and thereby with the functioning of FMRF.

3.4.2 RNA binding capacity of FMRP

The hnRNA binding proteins have been isolated with the use of RNA homopolymer
affinity chromatography, a method which is also used to classify the hnRNP family members as
they show different affinities for the RNA homopolymers. This technique was used by Siomi ez
al. (156) to study the RNA binding activity of FMRP. FMRP, made in vitro, bound specifically
to poly(G) and poly(U). FMRP is not only able to bind RNA homopolymers, but it also binds
to FMR 1 mRNA and to 4% of the human brain mRNAs (4). As for hnRNPs it was found that
FMRP binds single stranded DNA to a lesser extent (4). The function of FMRP could possibly
be deduced from the specific class of transcripts it is binding, but thus far none of the
transcripts and corresponding genes has been characterized.

Since the point mutation in the severely affected fragile X patient (discussed in 3.4.1)
changes a conserved amino acid in the second KH domain an altered RNA binding activity
could be expected. However, in vitro made FMRP containing the point mutation bound with
equal strength to the RNA poly(G) and poly(U) under low salt conditions as the wild-type
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FMRP. A difference in RNA binding was observed only under high salt conditions (153). In
this study only one FMRP isoform was studied and the question was whether the natural
occurring FMRPs carrying the point mutation would also show a difference in RNA binding
under these same conditions.

Homogenates derived from a lymphoblastoid cell line from the patient described in 3.4.1
(24) were used in the RNA homopolymer binding assay. No difference in RNA binding with
controls was observed under low salt conditions. Point mutated FMRPs only did show
decreased RNA binding under high salt conditions (180) (Publication 5.3), similar to the
observations with FMRP made in vitro (153).

The same FMRP isoforms were detected in a cell lines carrying the point mutation as in
cells carrying the wild-type FMRP, indicating that there were no differences in messenger or
protein stability (180) (Publication 5.3). The point mutation did not change the cytoplasmic
localization either. So it is unlikely that the mutation affects the processing and localization of
FMRP.

The only observed difference between wild-type and mutated FMRP seems to be the RNA
homopolymer binding under high salt conditions. This method might be too insensitive to
detect the subtle changes in RNA binding due to the point mutation under more physiological
conditions.

Another point is that not only the KH domains are responsible for RNA binding, because
the RGG box is indispensable for binding as well (153). Truncated FMRP made in vitro,
containing both KH domains but lacking the RGG box does not bind RNA. The low molecular
weight FMRPs isolated from murine kidney, containing both KH domains but lacking the RGG
box did not bind either. It is therefore likely that the KH domains and the RGG box work
together in the RNA binding (180) (Publication 5.3). It is not yet clear how a point mutation
affecting a KH domain in the FMRI protein results in the phenotype of the fragile X syndrome.
However, that the point mutation affects the RNA binding activity of FMRP has become more
likely since the description of mutations in the KH domains of other proteins and their effect on
RNA binding and phenotypical consequences (the reader is referred to paragraph 4.1).

3.5 Fmrl knock out mice

3.5.1 Animal model

Available tissues of fragile X patients, such as blood cells, cultured skir fibroblasts and
(rarely) post-mortem material do not easily allow studies on the molecular pathogenesis of the
disease. An animal model could help in understanding the effects of the lack of FMRP
expression or the effects of the expression of a mutated FMRP. Since there is no natural model
available for the fragile X syndrome an animal model was generated in our laboratory
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(Publication 5.2). The development of an animal model has major advantages. First, the
unlimited supply of tissue gives the opportunity to study the effects of the lack of FMRP
expression on the morphological and molecular level. Second, the behaviour of the knock out
mice can be studied in order to understand the mechanisms involved in learning. Third, the
knock out mice can be used in crossing experiments with mice transgenic for different
mutations or with different expression patterns.

An animal model can either be made by inactivation of the endogenous gene (knock out) or
by introducing a (point-) mutation causing the phenotype in humans. The animal chosen must
carry a homologue of the human gene of interest. The mouse was chosen as the murine Fmr!/
gene is strongly homologous to the human FAMR! gene: 97% homologous at the protein level
and 95% homologous at the DNA level (5). The function of the FAMRI gene is therefore
thought to be similar in both species. The amplification of the CGG repeat causes the silencing
of the FMR1 gene in patients. Cloning an expanded CGG repeat in the full mutation range 1s
extremely difficult because of technical restrictions and therefore an FMRI knock out mouse
was developed. The FAMRI knock out mouse does not express a proper FMRP and therefore
mimics the situation in fragile X patients.

3.5.2 The generation of the Fmr1 knock out mouse

Fmrl knock out mice were made by using the homologous recombination technique. The
protein expression of the endogenous Fmrl gene can be blocked by the introduction of a neo
resistance cassette in the coding region of the gene (110). A targeting vector was constructed
containing part of the mouse genomic Fmr] gene, exon 4 to 9, interrupted by a neo resistance
cassette in antisense orientation in exon 5 (Figure 2.2 A). A thymidine kinase cassette was
placed in antisense orientation after exon 9. The neo resistance gene and the thymidine kinase
gene are used to select for homologous recombination in the embryonic stem (ES) cells which
are transfected with this construct. Selection for the presence of the neo gene and for the
absence of the thymidine kinase gene leads to the isolation of ES clones in which homologous
recombination has occurred (Figure 2.2. A). These positive clones were injected into
blastocysts of C57BL/6J mice, which were transferred to pseudopregnant C57BL/6J females
(Figure 2.2 B). Chimeric mice were borne which contained both the cells originating from the
ES cells (with the knock out gene) and cells from the original blastocysts. The chimeric males
were crossed with wild-type CS7BL/6J females to determine possible germ line transmission
of the mutant genotype. Two of the twelve chimeric males transmitted the transgene to part of
their female offspring. Heterozygote F1 females were crossed with wildtype males and
chimeric males (of the F2) to obtain knock out males and females homozygous for the knock
out allele. The absence of FMRP does not influence the reproduction or viability of the Fmrl
knock out mice (6) (Publication 5.2).
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3.5.3 Physical and behavioural characteristics of the Fmrl knock out mouse

The Fmrl knock out mice show some physical and behavioural characteristics which
resemble those found in fragile X patients. The only physical difference between the knock out
mice and their normal littermates was macroorchidism. Except for the size no further testicular
abnormalities were observed. The knock out mice had normal interstitial mass and normal
spermatogenesis. The behaviour of the knock out mice was tested with the use of exploratory
behaviour and motor activity tests as well as with Morris water maze tasks. The latter test was
performed to study whether the knock out mice had deficits in visual short term memory and
visual spatial abilities, functions which are impaired in fragile X patients and which might be
related to hippocampal dysfunction. The tests revealed that the knock out mice were
hyperactive and impaired in the acquisition of novel spatial information. They were not
impaired, however, in the retrieval of spatial and non-spatial information. For a more detailed
description of physical and behavioural characteristics the reader is referred to Publication 5.2.
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Chapter 4

Discussion






4.1 The FMRI1 protein since the cloning of the gene

The cloning of the FMRI gene facilitated the diagnosis of the fragile % syndrome and
paved the way for a better understanding of the molecular pathogenesis. Since the cloning of
the gene in 1991, the FMR/ protein has been under investigation. Many characteristics of
FMRP have been determined since then, but we still know little of the functicn of the protein.
However, as more data accumulate, speculations are starting on possible functions of the
protein and the relation between the absence of FMRP and the pathogenesis of the fragile X
syndrome.

4.2 RNA binding of FMRP

The features which are most important for the functioning of the protein are the RNA
binding domains consisting of two KH domains in the central part and an RGG box in the C-
terminus of FMRP (155). The functional importance of KH domains (Chapter 3, Table 3.1)
has been demonstrated by mutation analysis both in vivo and in vitro as has been shown for the
Ile304Asn mutation in the second KH domain of FMRP (24, 153, 180) (Publication 5.3).
Mutations in KH domains of other proteins have been demonstrated to have phenotypical
consequences as well. The gld-1 gene of C. elegans 1s a tumour suppressor gene which is
essential for oogenesis (45, 46). Mutations of the conserved amino acids in the KH domains of
this protein result in the formation of germ cell tumour (81). The Bic-C protein of
D.melanogaster plays a role in the follicle cell migration and anterior posterior patterning.
Mutations in the KH domains of Bic-C disturb these processes (109).

The functional importance of KH domains is not only shown by the phenotypical effects
caused by mutations in the KH domains. Individuals with paraneoplastic opsoclonus-
myoclonus ataxia (POMA) suffer from an autoimmune neurological syndrome (104). Breast or
lung tumours in these patients express the neuron specific Nova-1 gene which encodes a
protein containing three KH domains (15, 16). The antibody response to Nova-1 not only
results in suppression of tumour growth but also in neurodegeneration. A common
phenomenon of autoimmune antibodies is that they are directed to functicnal domains in
proteins, thereby inhibiting the function of the protein (171). The epitope of the autoimmune
antibodies in POMA patients corresponds to the third KH domain of Nova-1. The
neurodegeneration was suggested to result from the inhibition of the Nova-1 gene product in
brain through binding of the autoimmune antibodies to the KH domain.

The effect of the KH domain mutations in vivo is not yet understood, but in vitro analysis of
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these mutations have shown that they affect the RNA binding activity. This has been
demonstrated for hnRNP K, FMRP and Nova-1 (16, 153, 180) (Publication 5.3). A recent
study on the three dimensional structure of the KH domains of several proteins revealed a
potential RNA binding surface, which complements earlier observations on the RNA binding
ability of the KH domain (117). In addition it was demonstrated that introduction of the
Ile304Asn mutation in the second KH domain of FMRP destroys the structure of the KH
domain. Although the RNA binding ability was demonstrated in vitro it has been suggested
that the mutation of the KH domains interfered with in vivo functions of these proteins as
mRNA stabilization, transport and translation (16, 81, 109).

While great emphasis has been placed on the KH domains as the elements responsible for
the RNA binding of FMRP, the role of the RGG box in RNA binding should not be neglected.
RGG boxes have been found in several hnRNPs and other proteins involved in RNA
processing (86). The RGG box is less well conserved than the KH domain, as the number of
RGG units in these boxes differs. Truncation analysis has not only demonstrated that this
domain is involved in the RNA binding activity of hnRINP U, but also of proteins as EBNA-1
(162) and EWS (123). FMRP truncated for the C-terminal part containing the RGG box is
unable to bind RNA, even if the two KH domains are still present (156, 180) (Publication 5.3).
The exact mechanism by which the KH domains and the RGG box are involved in RNA
binding remains to be determined.

The RGG box is not only involved in RNA binding, but also in protein-protein interaction
(101). FMRP is able to form homodimers and heterodimers with FXRI and FXR2 proteins
(157, 202). The latter proteins are highly homologous to FMRP and have been demonstrated
to interact with FMRP in vitro. Whether the RGG box plays a role in the formation of these
complexes remains to be studied. The arginine residues within the RGG box can be methylated
by specific enzymes (101). It is assumed that the methylation of the arginines influence the
binding of the RGG box to RNA or to other proteins. The RGG box of FMRP can be
methylated as well (101) and it might be interesting to study the influence of this modification
on the RNA binding activity or possible protein-protein mnteraction.

The RNA binding of FMRP has not only been shown in RNA homopolymer binding
assays. First, Ashley et al. demonstrated that FMRP is able to bind to 4% of the human fetal
brain mRNAs. More recently, association of FMRP to the 60S ribosomal subunit has been
reported (84). The binding of FMRP to the ribosomes can be easily disturbed with detergents
and salt, indicating that FMRP is rather a protein which is associated to the ribosomes than an
integral ribosomal protein (84). The association most likely occurs via RNA binding, as
incubation of ribosomal preparations with micrococcal nuclease abrogated the binding of
FMRP to the ribosomes (170). Another indication that FMRP is bound to the ribosomes via
RNA is the observation that FMRP carrying the Ile304Asn mutation has a decreased ability to
bind to the ribcsomes (170). The association to the ribosomes via the KH domains has also
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been reported for the E. coli ribosomal protein S3 (178).

The function of the association to the ribosomes is unknown. Recently the protein was
visualized in the nucleolus of COS cells transfected with FMRI cDNA (previous paragraph)
showing that the association of FMRP occurs during the formation of the ribosomal subunits
(R. Willemsen, personal communication). The protein is furthermore associated to the
ribosomes throughout translation (S.T. Warren, personal communication). These observations
thereby exclude a possible role of FMRP as initiation or elongation factor as these factors are
associated to the ribosomes only during specific phases of translation during the formation of
the ribosomal subunits (R. Willemsen, personal communication). Whether FMRP belongs to a
new type of factors involved in the fidelity of translation, as suggested by Khandjian et a/. (84),
remains to be determined.

4.3 Intracellular localization of FMREP

FMRP is expressed in many tissues (paragraphs 1.9 and 3.3.1) and has been localized
initially to the cytoplasm of different cell types (29, 84, 158, 179). In COS cells transfected
with full length FAMR1 cDNA a normal cytoplasmic localization was observed, but COS cells
transfected with a truncated protein consisting of the first 11 exons of FMRI (29) showed a
nuclear localization. This can be explained by the presence of localization signals in FMRP,
which direct the protein either to the cytoplasm or to the nucleus.

It has been demonstrated that a fusion protein consisting of the B-galactosidase reporter
gene fused to the first 167 amino acids of FMRP (exons 1 to 5) localizes to the nucleus (158).
Since no classical nuclear translocation signal has been identified within this region this either
means that FMRP contains a novel type of NLS sequence or that FMRP is targeted to the
nucleus through interaction with proteins containing NLS sequences. The first 13 amino acids
of exon 14 are referred to as cytoplasmic retention domain (CRD) by these authors (158).
This part of exon 14 shows sequence homology to the CRD of Xenopus nuclear factor 7
(Xnf7) (99) and cyclin B (130). The intracellular localization of Xnf7 in the oocyte depends on
the developmental stage of the oocyte. The protein is phosphorylated during maturation, which
results in the exposition of the CRD and localization of the protein to the cytoplasm (99). The
cytoplasmic localization of cyclin B is changed into a nuclear localization upon the onset of
mitosis (130).

Warren et al. showed that the first 17 amino acids of exon 14 are able to transport a
reporter protein from the nucleus to the cytoplasm (S.T. Warren, personal communication).
Mutation of Argd430Leu within this sequence makes the transport to the cytoplasm less
efficient as the majority of the fusion protein remains in the nucleus. In this way it was shown
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that the sequence in exon 14 has characteristics of a nuclear export signal, rather than a
cytoplasmic retention domain. The first 13 amino acids of exon 14 of FMRI indeed show
homology to the nuclear export sequence (NES) found in proteins as Rev (HIV) (44, 194) and
PKI. The NES sequence in Rev is important for interaction with cellular components which
are involved in nuclear export (INES-receptor) (11, 55, 165).

The finding of both an NLS and NES in FMRP might indicate that FMRP shuttles between
the nucleus and the cytoplasm. FMRP has been compared with hnRNP Al, a protein which
contains RNA binding motifs (118) and a sequence which acts as a nuclear localization as well
as a nuclear export signal (154, 193). This protein binds, like all lnRNP proteins, to nascent
transcripts (30) and is supposed to be involved in pre-mRNA splicing (18, 113). The protein
1s localized predominantly to the nucleus, but has been postulated to shuttle between this
compartment and the cytoplasm. This has indeed been demonstrated for the D. melanogaster
homologue of hnRNP Al, called hrp 36, which transports mRNA to membrane bound
ribosomes in the cytoplasm (186).

Recently it has been found that FMRP i1s shuttling as well. The protein has been localized
to the nucleolus in COS cells transfected with a cDNA. construct containing both the nuclear
localization signal and the nuclear export signal (R. Willemsen, personal communication). The
majority of FMRP was localized in the cytoplasm and confined to the free and membrane
bound ribosomes in electron microscopic sections. These studies provide evidence for both the
shuttling of FMRP between the nucleus and the cytoplasm and of the association of the protein
to the ribosomes.

4.4 FMRP and the fragile X syndrome

The memory and learning deficits of the fragile X patients are clearly linked to the absence
or low levels (in case of mosaic patients) of FMRP in negurons of the brain. The characteristics
of FMRP might give a clue to which functions in the neurons are disturbed. The most
important clue so far comes from the RNA binding ability of FMRP.

FMRP has been demonstrated to bind 4% of the human fetal brain mRNA in vitro (4). A
function of proteins binding to mRNA might be the transport of the messenger to specific
regions in the cytoplasm, which has several advantages. If a protein product is necessary at a
specific place within the cell, it is much more efficient to transport mRNAs than proteins. In
addition, transport of mMRNAs can also prevent harmful ectopic protein expression. Binding of
mRNA to proteins can have functions other than transport as well. mRNAs bound by proteins
can be docked in specific regions within the cell. Such a pool of mRNAs would allow the cell
to respond quickly to specific stimuli. Transport and docking of mRNAs is thus a way of
regulating gene expression and has been demonstrated to exist in neurons (124, 163, 164). If
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FMRP is involved in such processes, one can imagine the harmful effect of the absence of the
protein in neurons. A less efficient response to stimuli of the neurons might have great effects
on the normal functioning of the neurons and thus of the brain. It remains to be studied,
however, whether FMRP is involved in processes involving mRNA transport or docking.

Thus far, most indications point to a role of FMRP in translation, as FMRP is found to be
associated to ribosomes. FMRI is highly expressed in neurons (29) and in proliferating cells
(29, 85), groups of cells which are both translationally active. Regulation of translation of
specific mRNAs is just as important for the response of neurons to stimuli, as transcription,
transport and docking of the mRNAs. Disturbance of translation through the lack of FMRP
might have great effects on the normal functioning of the brain.

The disturbance of the functioning of the neurons in fragile X patients through the lack of
FMRP leads to learning and memory deficits. Memory and learning are linked to the
hippocampus, a structure which shows a high FMRI expression level (2). Part of the learning
abilities of the FmrI knock out mice was studied with the Morris water-maze test. Fmrl knock
out mice performed less well than control mice in this test (6) (Publication 5.2), which
depends on hippocampal functioning and especially on long term potentiation (LTP) (115,
116). As FMRP is highly expressed in neurons of the hippocampus it has been suggested that
FMRP might have a function in LTP.

LTP involves an increase in efficiency of synaptic transmission and can be divided in three
phases (10). The first phase (LTP1) is independent of transcription and translation, whereas
the latter two phases are dependent on translation (LTP2) or both transcription and translation
(LTP3), respectively. The maintenance of LTP depends on the expression of so called early
genes which are specifically expressed in LTP3, the phase of LTP which depends on both
transcription and translation.

Thus far, preliminary results neither indicate that there are gross differences in LTP1
between normal and Fmrl knock out mice (57) nor do they indicate that Fmr] is an early gene
expressed in LTP3. Only few aspects of LTP have been studied and it is therefore still possible
that the lack of FMRP results in more subtle changes (on translation) in LTP.

Absence of FMRI expression is associated with macroorchidism, the major clinical
characteristic after mental retardation, but the mechanism underlying this abnormality is not
clear. During puberty, macroorchidism becomes more pronounced, which might be due to a
change in hormonal levels caused by the absence of FMRP. However, no differences in
hormonal levels have been described. Another possibility might be that the lack of FMRP in
testis results in an aberrant response to normal hormone levels.

After immunohistological staining for FMRP, a strong signal is observed in early
spermatogonia of adult testis, whereas a low signal is found in all other cells. Fragile X
patients carry a premutation in their sperm cells and FMRP indeed has been detected in early
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spermatogonia. The overall low expression level as seen in control adult testis, however, is not
detected (R. Willems, personal communication).

The growth of the testis, however might also be regulated by specific regions in the brain
and it might be possible that the enlargment of the testis is due to the lack of FMRP in brain.
Whether the enlargement of the testis is correlated to the lack of FMRP in cells of the testis
other than the spermatogonia or to the lack of FMRP in brain remains to be studied. The
generation of transgenic mice expressing Fmr] in either specific cells of the testis or in brain
might shed light on this question.

4.5 Concluding remarks

Knowledge on the function of FMRP will not be sufficient for the development of a
treatment of the fragile X syndrome. It is also necessary to determine whether the effects of the
lack of FMRP during (embryonic) development is reversible. Treatment would be almost
impossible if FMRP is essential during early development. It has to be established as well what
FMR1I expression levels are needed for normal functioning as well as the percentage of cells
which have to express FMRI in order to allow normal intellectual development. These
problems can be addressed by using the Fmrl knock out mouse for the generation of
transgenic mice which express FMRI at certain developmental stages or which express FMR1
at different levels.

Depending on the outcome of the investigations future treatment might consist of
medication which would compensate for the lack of FMRP. Other possibilities would be cell
specific administration of the FMRI protein or of an active FMR] gene, activation of the
silenced gene might be an option as well. None of these putative treatments are within reach,
as the function of FMRP is not understood yet and too many technical problems have to be
overcome concerning the administration of proteins or genes to specific regions or cells in the
brain.

However, research on the processes in which FMRP is involved in, will not only lead to a
better understanding of the pathogenesis of the fragile X syndrome and eventually to a possible
better treatment, but also to more insight in the processes involved in memory and learning.
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Abstract

The fragile X syndrome is the most frequent form of inherited mental retardation after
Down's syndrome, having an incidence of one in 1,250 males'?. The fragile X syndrome
results from amplification of the CGG repeat found in the FMRI gene’®. This CGG repeat
shows length variation in normal individuals and is increased significantly in both carriers
and patients®; it is located 250 base pairs distal to a CHG island which is
hypermethylated in fragile X patients*’. The methylation probably results in
downregulation of FMRI gene expression®. No information can be deduced about the
function of the FMRI protein from iits predicted sequence. Here we investigate te nature
and function of the protein encoded by the FMRI gene using polyclonal antibodies raised
against the predicted amino acid sequences. Four different protein products, possibly
resulting from alternative splicing, have been identified by immunoblotting in
lymphoblastoid cell lines of healthy individuals. All these proteins were missing in cell lines
from patients not expressing FMRI messenger RNA. The intracellular localization of the
FMRI gene products was investigated by transient expression in COS-1 cells and found
to be cytoplasmic. Localization was also predominantly cytoplasmic in the cytoplasm in
the epithelium of the oesophagus, but in some cells was obviously nuclear.

As a first step in the identification and characterization of the FMRI gene product, antibodies
were raised against different regions of the predicted amino acid sequence of the FMR/ protein’.
Two different methods were used. A complementary DNA fragment of FMRI containing
nucleotides 940-1325 was cloned in the Escherichia coli expression vector pGEX® and antibodies
were raised in rabbits against the FAMR/ fusion protein («765). The second approach was to use
a synthetic oligopeptide corresponding to the carboxy-terminal end (position 632 to 656) of the
FMR] protein® as antigen (1079)".

These antibodies were then used to analyse the FA/R/ protein in lymphoblastoid cell lines
from patients (n=5) and controls (n=3). FMRP was immunoprecipitated with 2765 and
subsequently analysed by immunoblotting. Four species (M,s 74K, 72K, 70K and 67 K) (Fig. 1A)
that were present in the controls were absent in four of five patients. The lack of cross-reactive
material in the lymphoblastoid cell lines from these patients is in agreement with the absence of
FMR1 mRNA in these cells (ref 8, and data not shown).

In the cell line of one patient, however, we found the same molecular species as in controls
(Fig. 1B). The patient has a mosaic DNA pattern, with one-third of the cells carrying a
premutation and the rest a full mutation (data not shown). The CpG island preceding the CGG
repeat is unimethylated in the premutaﬁon, in contrast to the full mutation. The premutation allele
of the mosaic patients is expressed into FA/R! mRNA® (data not shown), and subsequently
translated into FMRPs (Fig 1B, lane ¢).
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A kDa. Figure 1.

Immunoprecipitation of lymphoblastoid cell lines with €765
antibodies. A, Control cells: lane a (C49) and b (ROS31) and
fragile X patient cells in lane ¢ (RJK1411). Sizes of the
protein bands are 74, 72, 70 and 67K. Lane d, molecular
weight standards. Nonspecific band (IgG) is indicated by an
asterisk, the position of FMRPs is indicated by an arrow. B,
control cells: lane a (ROS 13) and b (GM7381), cells from a
mosaic patient lane ¢ (RJK2368). Molecular weight of upper
band indicated on the left.
METHODS. Polyclonal antibodies were raised in rabbits
against a GST (glutathione S-transferase)-FMRI fusion
protein obtained using the pGEX plasmid expression system®.
A cDNA fragment containing nucleotide 940 to 1,325 of the
coding and 3,557-3,765 of the non-coding sequence of the
previously published FAZRI cDNA? was cloned in the EcoRI
a b ¢ d site of pGEX-3X. Expression of the construct in the protease-
deficient E. coli strain B121 resulted in the synthesis of a
EMR1 polypeptide of 134 amino acids fused with the C-
B terminus of §j26, a 26K glutathione S-transferase. The FMRI
polypeptide consisted of amino acids 314 to 442 of the FMRI
gene plus five additional amino acids (Cys-Thr-His-His-Leu)
as a result of the cloning procedure. Expression and
purification of the fusion protein were as described’.
Antibodies were affinity purified using columns of GST and
(GST)-FMRI fusion protein successively. Pellets of
a b ¢ lymphoblastoid cell lines were homogenized in a buffer
containing 10 mM HEPES, 300 mM KCl, 100 uM CaCl,,
SmM MgCl,, 0.05% Tween and 0.45% Triton X100, pH 7.4. Cell homogenates were spun down for 10 min
(10,000g). The supernatants were incubated with protein A-Sepharose (Pharmacia) for 2 h at 4°C to remove
the IgG present in the lymphoblastoid cells. Protein A-Sepharose was spun down and the supernatant was
incubated overnight with «765 and protein A-Sepharose at 4°C. After washing (3x) the immunoprecipitate,
sample buffer was added and the precipitates were electrophoresed in SDS-polyacrylamide (8%
polyacrylamide gel, 1% crosslinking) and electroblotted. Polypeptides were visualized using 1,000x diluted
«765 and a 1,000x diluted alkaline phosphatase-conjugated goat anti-rabbit IgG as a second antibody.
Polypeptides were detected using naphthol AS-MX phosphate and 4-aminodiphenylamine diazonium
sulphate or AMPPD (TROPIX) as substrates.
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The finding of four protein products rather than one was unexpected, and the possibility was
envisaged that this could be due to alternative splicing. Figure 2 shows that there were several
FMRI mRNA species in lymphoblastoid cells and fetal brain. The set of primers used in the
polymerase chain reaction (PCR) were chosen from near the 3' end of the open reading frame and
amplified at least four splice products, and we have evidence for an even higher number of splice
variants'!. Several of these splice variants have been found in isolated cDNASs.

Two of the FMRI ¢cDNA clones representing the alternative splice variants psf-1 and psf-2
(Fig. 2) were cloned in expression vector pSGS (ref. 12) and these constructs were transiently
expressed in COS-1 cells. Both the larger and the smaller construct seemed to encode stable
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Figure 2.

Different splice products from the 3' end of the FMRI gene
visualized by reverse transcriptase PCR amplification of cDNA.
Total RNA was isolated from leucocytes (lane a) and fetal brain
(lane b)". Alternative splicing involved exons 15 and 17 of
FMRI (. L. Nelson, personal communication). The lengths of
the PCR products were 563, 512, 488 and 437 bp. Length of
DNA marker (lane M: factor VII;, Boehringer) bands are
indicated in base pairs. The different splice variants shown were
found to be present in isolated cDNAs (data not shown).
METHODS. Total RNA isolation was according to ref. 14. The
LiCl method was used (procedure C) with several modifications.
After overnight incubation in 3M LiCl/6M urea, samples were
spun down for 20 min at 25,000 r.p.m. at 49C and treated with
proteinase ¥ (10 pug ml™) for 30 min at 37°C before extraction
with phenol/chloroform. Five pug RNA was reverse transcribed
as described in ref. 8, except that instead of precipitating the
cDNA, 2 pl was directly used for PCR. PCR was done on 2 pl
of ¢DNA solution with the primer set K7 and K8. Primer K7: 5' GCTAGTTCTAGACCACCACCAAAT
3" and primer K8: STTAGGGTACTCCATTCACGAG 3' were derived from positions 1,462-1,485 and
1,954-1,974 of the published FARI cDNA sequence’. Amplification and analysis of PCR products was done
as described"’.

proteins that were recognized by antibodies a765 (Fig.3, lane a and b) and «:1079 (data not
shown). The estimated Ms were 74 K and 67 K for the proteins encoded by psf-2 and psf-1,
respectively. No protein product was detected in mock-transfected COS-1 cells or in COS-1 cells
transfected with FAMRI ¢cDNA cloned in PSGS in the antisense orientation (Fig.3, lanes ¢ and d).

The intracellular localization of the protein products of these different splice variants was
investigated in COS-1 cells. It was shown by immunofluorescence microscopy using 765
antibodies that the proteins encoded by psf-2 was to be found in the cytoplasrn, despite of the
presence of a putative nuclear localization signal (Fig.4). The results were the same with the
protein encoded by psf-1 and antibodies ¢ 1079 raised against a synthetic peptide spanning the
nuclear localization signal. This observation was confirmed in mouse oesophagus, which is
known to strongly express FMRI (ref. 13). FMRP was seen in the cytoplasm of the keratinocytes
throughout the thick stratified squamous epithelial lining, with no staining of the keratin layer
(Fig. 4¢c). Some cells showed an intense nuclear labelling.

Until now there has been uncertainty as to whether the CGG repeat is translated into protein
Our experiments (Fig. 1) on the expression of the FA/RI gene in lymphoblastoid cell lines show
that the protein products of the controls and the mosaic patient are of the same size. Mosaic
patients have a full mutation (>200 repeats) in a proportion of their cells and a premutation
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Figure 3.

Immunoprecipitation of COS-1 cells transfected with FMRI
(psf-2, lane a), or an alternative splice variant of FMR1 (psf-1,
lane b). Immunoprecipitation of mock-transfected COS-1 cells
or COS-1 cells transfected with FMRI cloned in pSGS5 (ref. 12)
in the antisense direction are shown in lanes ¢ and d,
respectively. The molecular weight of the immunoprecipitated
proteins is indicated on the left. COS-1 cells were labelled for 2
h with **S-methionine and *H-leucine, 72 h after transfection.
Cells were homogenized and used for immunoprecipitation with
polyclonal antibody «765 raised against a fusion protein of
glutathione S-transferase.

METHODS. The #MRI cDNA was cloned in the EcoRI site of
the eukaryotic expression vector pSG5 (ref. 12) either as a
3,765-bp cDNA? (psf-2) or as a 3,690-bp FMRI splice variant
missing in the 3' end of the 75-nucleotide coding sequence
(1,598-1,672) but leaving the reading frame intact (psf-1).
Transfections were achieved using the DEAE-dextran method'é.

Figure 4 .

Cytoplasmic localization of FMRP in transfected COS-1 cells
using an indirect immunocytochemical method'’. The 765
antibodies were visualized using goat anti-rabbit
immunoglobulins conjugated with fluorescein. a, COS-1 cells
transfected with psf-1. b, COS-1 cells transfected with psf-2. As
a control, non-transfected COS-1 cells were used. ¢, Cryostat
section (6um) of the oesophagus from an adult mouse incubated
with polyclonal antibody «765, raised against fusion protein.
Reaction product (dark grey staining) is seen in the cytoplasm of
the cell, forming a thick stratified squamous epithelium, and not
in the keratin layer. No product was seen using preimmune sera.
Some cells show an intense labelling of the nucleus. E, stratified
squamous epithelium; S, skeletal muscle; arrows indicate nuclei
labelled for FMRP.

METHODS. For immunohistology cryostat sections were
labelled with primary antibody and visualized with peroxidase-
conjugated, swine anti-rabbit immunoglobulins (DAKO,
Denmark) Peroxidase was detected with 0.1% 3.3-
diaminobenzidine-HC! (Sigma) with 0.1% hydrogen peroxide.
Sections were not counterstained.
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(50-200) in others. The premutation allele is transcribed, unlike in the full mutation®. In this
patient the premutation allele contains 65 CGG copies more than the average control. If the CGG
repeat were translated into a stretch of arginines, then protein products with an increased
molecular mass would have been expected in the mosaic patient. As this was not found (Fig. 1B),
it can be concluded that the translation of FMR/ starts distal to the CGG repeat. Expression of
psf-1 and psf-2 in COS-1 cells showed that translation can start at an ATG initiation codon distal
to the CGG repeat as no ATG codon is present proximalof the CGG repeat in the open reading
frame of the FMRI gene (5. T. Warren, personal communication). Considering these data
together, it is unlikely that the CGG repeat is part of the coding sequence.

In fragile X syndrome the amplification of the CGG repeat blocks transcription of the FAMR 1
gene® and this results in the absence of FMRP (Fig. 1) and causes mental retardation. The mosaic
patient is mentally retarded despite the expression of FMR/ proteins. It is therefore assumed that
the percentage of cells expressing FMRP is insufficient to maintain normal function. Alteratively,
it could be that the mosaic pattern found in lymphoblastoid cell lines is not representative of the
situation either in other tissue (like the brain) or during developmental stages in which the FMRP
expression is essential.

With respect to the further elucidation of the function of the FMRPs it is important that the
protein is predominantly present in the cytoplasm. Our results will make it possible to isolate the
FMRPs, characterize them further, and study their putative differential function. This could
provide insight into the mechanism leading to the manifestations of the fragile X syndrome.
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Summery

Male patients with fragile X syndrome lack FMRI protein, due to silencing of the
FMRI gene by amplification of 2 CGG repeat and subsequent methylation of the promoter
region. The absence of FMRI protein leads to mental retardation aberrant behavior, and
macroorchidism. Hardly anything is known about the physiological function of FMRI and
the pathological mechanisms leading to these symptoms. Therefore, we designed a
knockout naodel for the fragile X syndrome in mice. The knockout mice lack normal Fmrl
protein and show macroorchidism, learning deficits, and hyperactivity. Consequently, this
knockout mouse may serve as a valuable tool in the elucidation of the physiological role
of FMRI and the mechanisms involved in macroorchidism, abnormal behavior, and
mental retardation.

Introduction

The fragile X syndrome is the most frequent form of inherited mental retardation in humans,
with an incidence of 1 in 1250 males and 1 in 2500 females (reviewed by Oostra ez al., 1993).
The clinical syndrome includes moderate to severe mental retardation, autistic behavior,
macroorchidism, and facial features such as long face with mandibular prognathism and large,
everted ears (Hagerman, 1991). The gene involved in the fragile X syndrome (FMR1) is located
in Xq27.3, aregion that cytogenetically displays a fragile site. The molecular basis for this disease
is a large expansion of a triplet repeat (CGG), in the 5' untranslated region of the FMR/! gene
(Verkerk et al., 1991; Oberlé et al., 1991; Yu et al., 1991; Fu et al., 1991). In the normal
population, this CGG repeat is polymorphic, with repeat length ranging from 6-53 units (Fu et
al., 1991). Carrier males (normal transmitting males) and carrier females show a repeat length
of 43-200 CGGs (premutation) and are asymptomatic. The full mutation is characterized by a
large repeat containing over 200 CGGs. As a result of repeat amplification, the FAMR ] promoter
and the CGG repeat itself become methylated, leading to silencing of transcription and translation
of the FMRI gene (Pieretti ef al., 1991, Verhejj et al., 1993). Males with a full mutation are
affected, and 50-70 % of the females with a full mutation allele show mild to moderate mental
impairment (Rousseau et al., 1991).

The FMR1 protein shows hardly any homology to other known proteins, and little is known
about its function. Recently, RNA binding studies have shown that FA/R ! protein is able to bind
its own messenger as well as 4% of the human fetal brain mRNAs (Ashley ez al., 1993b). Two
types of domains that are known to bind RNA, two KH domains and a RGG box, have been
identified in FMR ] protein (Siomi et al., 1993; Ashley et al., 1993b).

The FMRI gene is highly conserved among species (Verkerk et al., 1991) and the murine
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homologue Fmrl shows 97% homology in amino acid sequence (Ashley et al., 1993a). The
expression pattern of FMR/ at the mRNA and protein level is very similar in different tissues of
humans and mice (Hinds et al., 1993; Béchner et al., 1993a, 1993b; Devys et al., 1993; Abitbol
et al., 1993), which makes the mouse a good animal model in which to study the fragile X
syndrome.

To study the function of FMRI in the development of human mental retardation, we developed
amouse in which the Fmrl gene is inactivated. These knockout mice lack normal Fmr! RNA and
protein and show enlarged testes, impaired cognitive function, and aberrant behavior. This animal
model might shed light on the function of FA/R 1 and the pathophysiologic mechanisms that lead

to mental retardation and behavior abnormalities in humans.

Results

Generating a mouse containing an inactivated Fmrl gene

Mutant Fmr] mice were generated by homologous recombination of a targeting vector into
the mouse germline using the embryonic stem (ES) cell technology (Mansour et al., 1988). We
constructed a homologous recombination targeting vector, pMGS5, containing 5.7 kb of mouse
genomic Fmrl DNA (Figure 1A). Exon 5 was interrupted by the positive selection marker gene
neomycin (neo). The negative selection marker gene thymidine kinase (tk) was inserted 3' of the
genomic sequence in the polylinker of the vector. Veector pMGS was introduced in E14 ES cells
and selection for homologous recombination events was performed using medium containing
G418 and gancyclovir. A clone (CB5.2) found to be positive for a homologous recombination
event by polymerase chain reaction (PCR) (Figures 1A and B) and Southern blotting (data not
shown) was njected into C57BL/6J blastocysts and transferred to pseudopregnant females.
Twelve highly chimeric males were crossed with C57BL/6J wild type females for determination
of germline transmission. Two transmitted the ES cell genome to part of their offspring and three
showed 100 % transmission of the ES cell genome (all females contained the knockout allele).
On the DNA level, the presence of the knockout allele in these female mice could be confirmed
by PCR analysis (Figure 1B) and Southern blot hybridization (data not shown), similar as used
for screening the ES cell clones. F1 heterozygous females were crossed with CS7BL/6J wild type
males to obtain knockout males and with the chimeric males to obtain females homozygous for
the knockout allele. PCR analysis showed the absence of the wild-type allele in these mutants
(Figures 1A and 1B). The male knockouts were shown to be negative for proper FmrI RNA in
their testes by reverse transcription (RT)-PCR (Figures 1A and C) and to be negative for Fmrl
protein in their testes, kidney, liver (data not shown) and brain (Figure 1D) by Western blotting
using antibodies raised against a FARI fusion protein.
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Figure 1.

Construction and characterization of the Fmr/
knockout mice

(A) A schematic drawing of the genomic
organization of the Fmrl locus (upper part)
and a schematic drawing of targeting vector
pMGS5 (lower part). The genomic sequence is
interrupted at the SnaBl site of exon 5 by a neo
cassette. The tk cassette is depicted 3' of the
genomic sequence. Primer M2, N2, S1 and 82,
probe 2SB and the Pstl sites (close to each
other) are indicated.

(B) PCR analysis of ES clone CB5.2 (lane 1)
and tail DNA, from a wild-type mouse (lane 2),
a heterozygous female (lanes 3 and 4), a
mutant male (lanes 5 and 6) and a mutant
female (lanes 7 and 8). Primer M2 and N2
were used to detect the ~800 bp fragment of
the knockout allele (lanes 1, 3, 5 and 7) and
primer S1 and S2 were used to detect the 465
bp fragment of the wild type allele (lanes 2, 4,
6, and 8). Lane 9 contains a size marker.

(C) RT-PCR analysis of a wild-type (lanes 1
and 3) and a knockout (lanes 2 and 4) mouse
testis using primers S1 and N2 (lanes 1 and 2)
producing a 110 bp fragment in the mutant
testis, and primer S1 and S2 (lanes 3 and 4)
producing a 120 bp fragment in the wild-type
testis. Lane 5 contains a blank sample. Lane 6
shows a size marker.

(D) Western blot analysis of Fmrl expression
in brain of a wild type (lane 1) and a knockout
(lane 2) mouse showing protein bands between
67 and 74 kD only present in the control
mouse.
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Reproductive fitness
As 1t has been suggested that FAMR/ is essential in gametogenesis (Béichner et al., 1993a,

1993b), we studied the reproductive fitness of mutant mice. Crossings were performed between
the knockout males and wild type females, and the homozygous knockout females and wild-type
males in order to test the fertility of the mutants. We did not detect a negative selection against
germ cells with a mutant Fmr/ gene at any stage in the breeding experiments. Heterozygous
females and both male and female knockout mice were fertile and had normal litter sizes with the
expected distribution of offspring with the mutant allele. The transmission of the mutant Fmzr]
gene corresponded well to the expected Mendelian segregation ratios of an X chromosomal gene
(data not shown). The observation that both male and female knockout mice without any protein
expression are fertile and have the same size of progeny as controls indicates that FmrI is not
necessary for spermatogenesis and oogenesis in mice. Furthermore, mutant mice appear perfect
viable, the oldest knockouts having lived over 250 days.

Phenotype, major neurological functions and behavior

Mice lacking Fmr] do not exhibit an overt phenotype, but ascertainment of physical features
in mice is impaired by a lack of appropriate measurement systems. Macroorchidism is one of the
key features of the fragile X syndrome, present in more than 90% of adult males (Turner et al.,
1980), and is thought to develop gradually through time. Therefore, we compared testicular
weight of knockout and control mice at four different ages. Testes of knockout mice were
significantly heavier than control testes in all four age groups, and the difference became
progressively more significant through time (Figure 2, Table 1). Total weight in three age-
matched groups and the weight of different organs including kidney, heart, spleen, and liver were
not significantly different (P>0.05) from that of control littermates (data not shown).

The major neurological functions of the mutant rice including gait, grooming, circadian
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Table 1. Testicular Weight * of Mutant Mice Versus Control Littermates at Different Ages

Age (days) Mutant Mice Control Mice P Value

40-50 1908 168 £ 5 0.02<P<0.05
n=19) (n=22) (t=23)

60-70 239+5 196 £ 5 P <0.001
(n=21) (n=19) (t=5.6)

90-100 280+ 6 219+6 P <0.001
(n=16) (n=11) t=7.11)

160-170 319+5 244+ 9 P <0.001
(n=3) n=7) (t=7.12)

® Testicular weight is taken as the combined weight of both testes.

activity, swimming, feeding and mating behavior were normal. It is difficult, however, to
recognize minor neurologic abnormalities in rnice. Also, in human fragile X patients, neurological
dysfunction is confined to minor abnormalities such as slight hypotonia, hyperactive deep tendon
reflexes, extensor plantar responses, clumsy or sluggish gait, and persistence of pinch synkinesia
(Finelli et al., 1985; Vieregge and Froster-Iskenius, 1989; Wisniewski ez al., 1991).

Pathological examination

Light microscopic examination of kidney, heart, spleen, liver, and lung of mutant and normal
mice revealed no abnormalities (data not shown). This is consistent with the absence of
abnormalities of these organs in human fragile X patients (Hagerman, 1991). Special attention
was paid to the brain and testes, as both organs are anatomically and functionally abnormal in
human fragile X patients.

Histological studies of human fragile X testes have revealed limited abnormalities: testicular
enlargement seems to be due to interstitial edema or increased amount of interstitial tissue (Turner
et al., 1975). However, microscopic examination of the testes of mutant mice reveled no structural
difference as compared with controls, including a normal pattern of tubule size, a normal amount
of nterstitial mass, and normal spermatogenesis (Figure 3). No difference was fond between the
ovaries of control animal and homozygous knockout female mice (data not shown).

Brain weight of seven mutant mice (462 + 10 mg) was not significantly (p>0.05) different
from that of five age-matched (all mice were between 60 and 70 days old) control littermates
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Figure 3.
Light microscopic micrographs of paraffin sections of testis normal (A) and mutant (B) mice (117 x). There
is no difference in morphology between normal and mutant mice.

(467 % 15 mg). The brains of eight knockout and four wild-type littermates were macroscopically
and microscopically normal. The following structures were examined and were found to be
normal by light microscopy: frontal, temporal, and occipital cortices, striatum, corpus callosum,
hippocampus, third and lateral ventricles, plexus choroideus, hypothalamus, cerebellum with
nucleus dentatus, fourth ventricle, and brain stem. The cortex also had normal numbers of
pyramidal neurons and lamination. There was normal myelination of the white matter.
Immunohistochemistry showed a normal number of astrocytes, with glial fibrillary protein
immunoreactivity in the glia limitans and the white matter. Figure 4A and 4B illustrate a cresyl
violet staining of normal and mutant brain. We concentrated our pathological survey on
hippocampus and cerebellum as the neurons in these structures have the highest expression of
FMRI (Abitbol et al., 1993; Hinds et al., 1993). To study eventual pathological abnormalities
in or near the hippocampal pyramidal cells we stained coronal sections of the hippocampus with
neuron specific enolase (NSE) antibody (as shown in Figures 4C and 4D) and neurcfilament-M
antibody (Figures 4E and 4F). The gross architecture and the CA1-CA3 pyramidal and other
neurons of the hippocampus were normal. All cerebellar layers were unremarkable, including the
molecular and inner granular layer. As the Purkinje cell layer of the cerebellum also shows high
FMRI expression, we stained sagittal sections of the cerebellum with antibodies against L7 and
neurofilament-M (Figure 4G and 4H), but could not detect any abnormality in the mutant mice.
Also, the number of cerebellar Purkinje cells in mutant mice (32 +1 mm?, n = 6) was not
significantly different from that in control littermates (30 + 1 mm? n = 3).
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Figure 4.

Light microscopic micrographs of cryostat sections from brain. Normal (A, C, E, and G) and
mutant (B, D, F, and H) mice. (A) and (B) (6.8 x) show an overview of coronal sections stained
with cresyl violet; (C) and (D) (34 x) are sagittal sections of hippocampus immunostained for
neuron-specific enolase; (E) and (F) illustrate sagital sections of hippocampus labeled for
neurofilament-M; (G) and (H) (102 x) show sagittal sections of cerebellum incubated with
antibodies against neurofilament-M. Note that for all parameters studied no difference could be
found between normal and mutant mice.
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Behavioral tests

The behavior of the knockout mice seemed normal. The mice appeared to have normal social
interaction with littermates and human investigators. General assessment of the behavioral state
of the mice according to Irwin (1968) was normal, but detailed social interaction studies are being
performed now. Behavioral tests of male knockout and male control mice presented here include
the passive avoidance task, the exploratory behavioral test, and the motor activity test.

Passive avoidance task

In this task, mice are placed in a brightly lit compartment of a step-through box. Upon
entrance into the dark compartment of the box, they receive an electric shock. The passive
avoldance task measures the latency of the mice to enter the dark compartment 24 h after initial
exposure to the shock. Knockout mice performed like normal controls in this test as the mean
entrance latency of 11 mutant males (241 + 34 s) was not significantly different from that of 12
normal littermates (247 + 29 s).

Exploratory behavior test

An exploratory behavior test was performed with 15 knockout mice and 16 normal littermates
in a two chambered light-dark transition design. In this test, movement in and between two
compartments (one lit and one dark) of a box was monitored for 10 min by infrared beams (Figure
3A).

The difference in time spent in the lit compartment was not statistically significant between
mutant mice and control littermates (Figure 5B). However, knockout mice did display much more
line crossings in the lit compartment than normal littermates. Both the first and the second beam
showed a significant difference (two-tailed Student's t test, p < 0.01) between the two groups
(Figure 5C). Thus, this test revealed that mutant mice display significantly more exploratory
behavior than their normal littermates.

Motor activity test

In this test, the activity of mutant versus control mice was monitored by counting the number
of crossings through three infrared beams in an empty cage over 40 min after placing the mice in
the cage. Five mutant mice (310 % 16 crossings) showed significantly (p = 0.002) more crossings
than five control littermates (127 + 31 crossings).

Cognitive function analysis

Specific cognitive defects in human fragile X males include deficits in visual short-term
memory, and visual-spatial abilities (Cianchetti ez al., 1991; Maes et al., 1994). Since its first
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Figure 5.

Differences in exploratory behavior between knockout mice and normal littermates.

Mean values and SEM are shown. (A) Schematic drawing of the box used in the two chambered light-dark
transition test. Dashed lines indicate the position of the two infrared beams through the lit compartment. (B)
Comparison between mutant mice (filled box) and normal litter mates (open box) for percentage of time
spent in the lit compartment, and for number of beam crossings in the lit compartment (C). Asterisks
indicate statistical differences between the mutant and age-matched normal littermates (one asterisk,
0.01<p<0.05; two asterisks, 0.001<p<0.01; three asterisks, p<0.001) calculated by a Students' t test.

description by Richard Morris (1981), the Morris water maze task has been used extensively to
study spatial learning in small rodents. In the hidden platform condition of the task, animals are
placed in a large circular pool filled with opaque water from which they must learn to escape by
locating and climbing onto a platform hidden beneath the water surface. In the visible platform
test, the platform is indicated by a clearly visible flag ad the mice do rely on proximal cues to find
the platform.

We subjected our mutant mice and their normal littermates to the hidden platform condition
of the Morris water maze task. During 12 learning trials, both knockout mice (one-factor
ANOVA, effect of trial number: Fy;, ;5 = 33.32, p = 0.0001) and their normal littermates ( Fi1i20
=19.93, p = 0.0001) showed highly significant decrease of escape latency, and reached similar
Jevels of performance in this task with a latency on the twelfth trial of, respectively, 11.3% and
11.6 % of the initial first trial value (Figure 6A). Although knockout mice did reach similar high
Jevels of performance, the knockouts showed Jonger latencies in the initial training rials as
compared with controls (two-factor ANOVA on the first four trials, effect of genotype: I o =

89




(s)

latency

Escape

A Plalform B
position
300 ; - 300
200 - - 200
100 \x -
L 1 1 1
i 2 3 4

0 1 1 1 1 L 1 Q
1 2 3 4 5 6
Training trial Reversal trial

— 150 150
o Cc D

>

(8]

et

9 100 - 100
o

(0]

o

©

O 50 - 50
1]

w

0 ) 1 1 J 1 1 A 1 L 1 ]
1 2 3 4 5 6 1 2 3 4
Training trial Reversal trial
Figure 6.

Morris water maze performance of mutant mice and their normal litter mates.

Escape latency and SEM to find a hidden (A and B) or visible (C and D)platform in the Morris water maze
were recorded. The escape latency presented here is the sum of four latencies recorded from each corner of
the Morris water maze. Hidden platform test with mean escape latency and SEM for 14 male knockouts
(filled circles), and 11 normal littermates (open circles) during six training trials (A) and four reversal trials
(B). Visible platform test with mean escape latency and SEM for eight male knockouts (closed circles) and
10 control littermates (open circles) and four reversal trials (D). The position of the platform is indicated in
the right corner of the graphs.

6.88, p = 0.01). However, as the interaction trial versus genotype was not significant, there is no
difference in the rate of learning between bot groups in the training trial. However, when the
position of the platform was changed during the reversal trials, mutant mice performed much
worse than their normal littermates (two-factor ANOVA on four reversal trials, effect of genotype:
Foey=37.67, p= 0.0001; interaction effect trial X genotypes: F ; 5, = 7.49, p = 0.0002) (Figure
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6B). This indicates that during the reversal trial in the hidden platform condition the rate of
acquisition was significantly lower in knockouts than in normal littermates.

Spatial memory was tested by probe trials performed after both the training trials and the
reversal trials of the hidden platform condition of the Morris water maze task. If spatial memory
is intact, mice spent more than the 25% chance level of their time in the target quadrant that
contained the platform in the preceding trial of the hidden platform test. Both the knockouts and
the control littermates performed well in the probe trials, and no significant differences (p > 0.05)
were found. Therefore, both groups show an essentially normal spatial memory in the probe test.
It is, however, possible that the knockouts are impaired under more stringent or selective
measures of the probe test.

To exclude that the apparent impaired spatial learning in the hidden platform Morris water
maze results from neurological or sensory deficits or lack of motivation, we conducted a visible
platform Morris water maze test. In this condition of the task, the animals do not require the use
of a mapping strategy to learn the platform position. Knockouts were not different from their
normal littermates in the visible platform condition of the Morris water maze (Figures 6C and
6D). Latency to locate the visible platform in the training trials as well as in the rate of decrease
of this latency were the same in knockouts and their normal littermates (two-factor ANOVA on
the first four trials, effect of genotype : F,, ¢, = 0.57, not significant; interaction effect trial X
genotype : Fy ¢ = 0.46, not significant). Neither were there differences between the latency
curves in the reversal trials (two-factor ANOVA on four reversal trials, effect of genotype: F, ¢
= 1.12, not significant; interaction effect trial X genotype : Fgy g1y = 0.97, not significant).

Discussion

In this study, we have produced knockout mice that have no proper Fmyrl mRNA or protein,
which is also the case in human fragile X syndrome. Also, at the clinical level, the knockout mice
display abnormalities comparable to those seen in human patients. The combination of
macroorchidism and mental retardation in the absence of gross pathological abnormalities of
testes and brain is very typical for the fragile X syndrome and is also characteristic of the
knockout mice.

Testicular weight of knock out mice at four different ages was significantly greater than that
of the control littermates, and macroorchidism gradually develops through time in mutant mice.
Also, human fragile X patients develop progressive macroorchidism after puberty (Thake et al.,
1985). Consistent pathological abnormalities in testes of human fragile X patients or male
knockout mice have not been found, and the macroorchidism seems to be due to the an increase
in size. The mechanism leading to macroorchidism, however, remains unclear. Nothing is known
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about the function of FMR] in the testis. It has been suggested that expression of the FMR! gene
1s a prerequisite for a proper germ cell proliferation in the testis and in the ovary (Bachner et al.,
1993a, 1993b), but there is much controversy about. the expression of FMR/ in testes. Studies
of RNA (Béchner et al., 1993a, 1993b) and protein expression (Devys et al., 1993) showed high
expression of FMR/ in male germ cells, whereas other studies of RNA expression suggested low
expression in male germ cells (Abitbol ez al., 1993; Hinds et al, 1993). The present finding of
normal fertility of both male and female mutant mice with no Fmrl expression indicates that
Fmrl is not essential in reproduction, at least not in mice. FAZR! is also not essential in human
reproduction in view of the observation that a male fragile X patient without any FARI RNA or
protein due to a deletion in FMR1 encompassing the promoter region has progeny (Meijer et al.,
1994). If Fmr! expression is not obligate for germline proliferation, the absent FmrJ protein in
the germline of knockout mice cannot be responsible for the development of macroorchidism.
This is in line with an earlier observation that fragile X males showing macroorchidism have only
the premutation and not the full mutation in their sperm (Reyniers et al., 1993), while their
germline epithelium expresses FMRI (B. A. O., unpublished data). Since no fetal lethality or
impaired viability is observed in mutant mice, Fmr] protein does not play a crucial role in
development either.

No gross abnormalities have been described in the brain of human fragile X patients and
knockout mice. We studied especially the hippocampus as this brain region is involved in
learning and memory and shows high expression of FAMR/ . However, hippocampal abnormalities
could not be detected. Reduced size of the posterior cerebellar vermis and pontine region,
together with increased size of the fourth ventricle has been noted on magnetic resonance imaging
of the brains of human fragile X patients (Reiss et al., 1991a, 1991b). This has also been found
in autistic behavior (Courchesne et al., 1998), which is a common feature of fragile X syndrome
(Brown et al., 1986, Hagerman ef al., 1986). The size of the cerebellum and vermis of the
knockout mice is currently being investigated. In autism not associated with fragile X syndrome,
a reduction in the amount of cerebellar Purkinje cells has also been reported (Bauman and
Kemper, 1985; Ritvo et al., 1986), which may be responsible for the size reduction of the vermis
(Murakami ez al., 1989). As Purkinje cells have high expression of FAJRI (Abitbol ez al., 1993),
we investigated the number of Purkinje cells in the murine cerebellum of the knockouts, but this
was not significantly different from that of control littermates. In conclusion, the gross anatomy
of the brain of mutant mice is normal.

Human fragile X patients are known to exhibit a more or less specific complex of behavior
abnormalities consisting of social avoidance, unusual response to sensory stimuli, hyperactivity,
and stereotypic, repetitive behavior in a pattern sometimes consistent with autism (Brown et al.,
1986; Hagerman et al., 1986; Cohen et al., 1988; Cianchetti ef al., 1991; Reiss and Freund, 1992;
Fisch, 1992). Also, the mutant mice show abnormalities such as increased exploratory behavior
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and motor activity. The increased exploratory activity shown by the mutant mice might indicate
that slower and less efficient leaning of the environment, the result being an increased need to
recheck the different chambers. On the other hand, it might also be the result of their
hyperactivity.

Cognitive deficits in human fragile X males usually take the form of moderate to severe mental
retardation with deficits in visual short-term memory and visual-spatial abilities (Cianchetti et al.,
1991; Maes et al., 1994). As the FMR] expression is very high in the hippocampus (Abitbol et
al., 1993; Hinds et al., 1993) and as the visual spatial disabilities of human fragile X patients
might be related to hippocampal dysfunction, we studied the performance of mutant mice in the
Morris water maze.

The hidden platform condition of the Morris water maze test shows that mutant mice reached
equal levels of performance as controls in the training trials, which was also confirmed by their
normal performance in the probe tests. However, when conditions of a well-trained task are
changed in the reversal trials, knockout experience more difficulty than controls in learning these
changes in spatial information. At this point, when the position of the platform is changed, the
animals have mastered nonspatial aspects of the task (coping with learning stress, connecting the
platform to escape, employing a motor praxis strategy, etc.), as well as spatial aspects (locating
the platform with the use of distal cues). When the position of the platform is changed, mice are
still able to use much of their knowledge of the nonspatial aspects of the task, and this may explamn
why normal mice display much shorter latency during the first reversal trial as compared with the
first training trial. Since knockouts reach similar levels of performance as controls at the end of
the training session, they seem to be as able as their normal littermates in mastering the nonspatial
and spatial aspects of the task. Hence, knockouts do not seem to be impaired in the retrieval of
spatial and nonspatial information in training and reversal trials once this information has been
learned, but they are significantly impaired in their acquisition of the reversal task. This does not
appear to be caused by impairment in their ability to change their nonspatial information scheme
(e.g., changing their praxis strategy), since there was no difference between knockouts and
controls in the visible condition the task. The latter also suggests that the increased latency of
knockouts in the hidden platform condition is not caused by some underlying motivational, motor
or sensory deficit. Hence, the observed impairment appears to be limited to the spatial abilities
of the mouse. This might be connected to the observed hyperactivity and increased exploratory
behavior that might be responsible for excessive early search behavior or interfering intertrial
hyperactivity. Further research is warranted to learn more about the nature of the observed
impairment and about the strategy knock out mice use to locate the hidden platform. In
conclusion, the knockout mice provide a good model to study the complex combination of
cognitive and noncognitive effects of the fragile X syndrome.

It is not clear what might be the underlying mechanism of this impaired acquisition of novel
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spatial information in knockout mice. Impaired synaptic plasticity, especially in hippocampus,
could be one such possible mechanism. The hidden platform condition of the Morris water maze
task is dependent upon hippocampal functions as well as upon N-methyl-D-aspartate (NMDA)
receptor-mediated long-term potentiation (LTP) of synaptic transmission (Morris ef al., 1982,
1986). More recently, two independent groups reported that mice with specifically those genes
knocked out that code for kinases supposedly involved in the induction of the LTP process display
impaired hippocampal LTP as well as impaired Morris water maze performance (Silva ef al.,
1992a, 1992b; Grant et al., 1992). It must be pointed out, however, that the latency curve profile
of out knockout mice is qualitatively different from that of rodents with hippocampal lesions or
impaired NMDA receptor functions. These animals show normal initial learning but remain
clearly above the lower asymptote of the normal latency curve. Qur Fmrl knockout mice,
however, show relatively unimpaired initial spatial learning and retrieval of learned spatial
information. Prominent difficulties only become apparent when conditions in a well-trained task
are changed. To investigate whether Fmr/ is involved in LTP, it is necessary to perform
electrophysiological studies on hippocampal slices.

Learning, memory, and behavior are complicated processes involving different brain regions
and many specific proteins. The biological analysis of cognitive functioning therefore requires
identification of each of these proteins, before their overall interaction and functioning can be
understood. Targeted disruption of specific genes is a powerful tool in the elucidation of the
specific role of these genes in brain functioning. The knockout model for the FAMRI gene
presented here is a potentially valid model to provide insight into the physiologic function of
FMR]I and the pathophysiology of the fragile X syndrome, as the transgenic mice lack Fmrl
protein and show abnormalities comparable to human fragile X patients. Therefore these mutant
mice offer a good animal model to study the mechanisms leading to macroorchidism, abnormal
behavior, and mental retardation. Furthermore, experimental designs can now be made to
mtroduce foreign FA/RI into the knockout mice in a first step towards gene therapy for fragile X
syndrome in humans.

Experimental procedures

Construction of pMGS5, ES cells, and transfection

The targeting vector pMGS5 was composed of pBluescript KS(-) and a 5.7 kb mouse genomic DNA Sall-Spel
fragment containing exons 4 to 9 of the Fmr! gene. This fragment was obtained from a 129-derived ES cell
phage library (kindly provided by Dr. G. Grosveld) after probing with a human FMRI ¢DNA sequence. The
vector was interrupted with a neomycin resistance cassette, a 1645 bp blunted Xhol fragment obtained from
pPGKneobpA (Soriano el al.,, 1991), in a blunted unique SnaBI site in exon S. The neo cassetts is antisense
orientated compared with genomic orientation. A 2.9 kb blunted Sall fragment of the tk cassette (pHA140)
(Clarke et al., 1992) was inserted 3' of exon 9 in the blunted Not] site of the vector. The tk cassette is also
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anti-sense orientated. Vector pMG5 was digested with Pvul to eliminate as much bacterial plasmid sequences
as possible, and 15 to 20 pg of this DNA was used to transfect 1 x 107 E14 ES cells in 400 ul PBS using
a Progenetor I Gene Pulser (1200 pF and 117 V during 10 ms). The treated cells were seeded onto 100 mm
culture dishes coated with gelatine in medium composed of 60% BRL-conditioned medium, 40% DMEM
supplemented with 1 U/ml LIF (Gibco BRL). The medium was replaced by medium containing 200 pg/ml
G418 (Geneticin, Gibco) 24 hours after transfection. The medium was refreshed every day and during days
3 and 4 was also supplemented with 2 pM Gancyclovir (Cymevene). After 7 to 10 days, clones became
visible, could be picked, treated with TE (0.05% trypsin, 0.02% EDTA in PBS) and seeded onto gelatine-
coated 24-wells plates, one clone per well. After growing to confluency, clones were treated with TE again
and 9/10 of the clone was frozen down slowly and stored in liquid nitrogen in medium containing 10%
DMSO. One- tenth of each clone was spun down and resuspended in 30 pl water and 20 pl 20% Chelex-
100 beads (BioRad) was added. The cells were boiled at 95 °C for 10 min to free the DNA. This solution
(20ul) was used for PCR analysis. For Southern blot analysis, 1/10 of each clone was grown to confluency
again and harvested, and genomic DNA was isolated from the cells.

DNA Analysis

PCR screening for a homologous recombination event was performed using 100 pmol of the primer M2 (5™
ATCTAGTCATGCTATGGATATCAGC-3") and N2 (5-GTGGGCTCTATGGCTTCTGAGG-3") in a PCR
buffer containing 10 mM Tris, 10 mM MgCl,, 0.2 mM dNTPs and 2.5 U Taq DNA Polymerase (Bethesda
Research Laboratories). The samples were preheated at 94 °C for 5 min. Thirty PCR cycles were performed
composed of 1.5 min denaturation at 94 °C, 1.5 min annealing at 65 °C, and 2.5 min extension at 72 °C. The
products (15 pl) were electrophoresed on a 1.5% agarose gel.

Generation and analysis of chimeric and knockout mice

The positive ES clone CB5.2 was injected into C57BL/6]J blastocysts, and the blastocysts were transferred
to pseudopregnant female mice. Highly chimeric males were crossed with C57BL/6J wild type females, and
the offspring was tailed for DNA analysis after 2-3 weeks. Tail DNA was isolated according to Hogan et al.
(1986) and 1 ul was used in the PCR with primer M2 and N2 (see above). Screening for the presence or
absence of the wild type allele was performed using primer S1 (5-GTGGTTAGCTAAAGTGAGGATGAT-
3" and S2 (S“CAGGTTTGTTGGGATTAACAGATC-3") (Figures 1A and B) in the PCR program described
before with an annealing temperature of 63 °C instead of 65 °C.

RT-PCR

Total RNA was isolated from testes of mutant and control mice using the LiCl method (Verkerk et al.,
1993). RNA (5 pg) was reverse transcribed (Pieretti et al., 1991), and 2 pl of the reverse transcribed reaction
was directly subjected to PCR using combinations of the primers S1-N2 and S1-82 according to the program
described before with an annealing temperature of 63 °C. The PCR products (5 ul) were analyzed on a
agarose gel (1.5% agarose and 1.5% low melting temperature agarose).

Western Blotting

Proteins were isolated from brain, testes, liver, and kidney from knockout and control mice. Tissue (200
mg)was homogenized in 750 p! of buffer (10 mM HEPES, 300 mM KCl, 5 mM MgCl,, 100 pM CaCl,,
0.45% Triton X100, 0.05% Tween [pH 7.4]) using a B-type pestle (5 x 2 strokes). The homogenates were
sonificated for 45 s and spun down for 30 min at 10,000 x g. Seven mg was used in an immunoprecipitation
with polyclonal antibodies «734 raised against the middle part of FMRI protein (Verheij et al., 1993).
Immunoprecipitations, gelelectrophoresis, and western blotting were performed as described by Verheij et
al. (1993), with the exception that we used ["*T]protein A to detect the polypeptides.
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Histochemistry

Twelve mice were killed by ether anaesthesia. Testes were fixed in Bouin's solution, and sections were
stained with hernatoxylin/azophloxine. Brains were fixed in 4% buffered formaldehyde, methacarn, and
Bouin's solution. Two brains were snap frozen in liquid nitrogen chilled isopentane. Paraffin sections were
examined blind with respect to the transgenic status of the mice. Sections were stained with cresylviolet,
enolase, hematoxylin eosin, and Luxol fast blue. For immunohistochemistry, cryostat sections (7um) were
fixed with 4% paraformaldehyde followed by a methanol step. Subsequently, sections were incubated with
monoclonal antibodies against human neuron-specific enolase (EPOS/NSE, DAKO), neurofilament-M
(provided by Dr. J. Q. Trojanowski), or rabbit polyclonal antibodies against L7 (provided by Dr. Morgan),
followed by an indirect immunoperoxidase technique using 3,3-diazoniumbenzidine-HCL (Serva) as a
substrate. Endogenous peroxidases were inhibited by a 30 min incubation in PBS-hydrogen peroxide-
sodium-azide sofution (Li et al., 1987).

Passive avoidance learning

For passive avoidance learning, male mice were placed in the small (5 x 9 cm) brightly lit compartment of
a step-through box. After 5 s, the door that led to the big (20 x 30 c¢m) dark compartment of the box was
opened. Knockouts as well as littermates entered the dark compartment within 30 s. Upon entrance of the
dark compartment, the sliding door was closed and the mice received a slight electric foot-shock (Coulbourn
Instruments Small Animal Shocker, 0.2 mA, 1 s). After 24 hr, the mice were placed in the small
compartment once more, and latency to enter the big compartment was noted up to a maximum of 300 s.

Exploratery behavior test

The apparatus used in this test consisted of an open box (55 x 75 em), divided into an illuminated (45 x 75
cm) and a dark (10 x 75 em) compartment. Transitions between these areas are enabled by means of four
semicircular openings (4 cm diameter), evenly spaced (15 c¢m) in the dividing wall. Three infrared beams
are aligned to the dividing wall. One of these is situated in the dark compartment (1 cm distance to the
dividing wall), whereas the other two beams are in the illuminated compartment (1 and 7 cm distance to the
dividing wall, respectively). Data from the three infrared detectors were continually read into a personal
computer and analyzed off-line. Three measurements were derived from this: percentage of time spent in
the lit compartment and number of crossings of each of the two beams in the lit compartment.

All tests were conducted between 1 and 5 p.m. in a quiet, dimly lit room. Animals were allowed to adapt to
a reversed light-dark cycle (lights on at 5.30 p.m., lights off at 5.30 a.m.) for eight days prior to testing. Ten
minutes before testing, they stayed separately in a uniform white plastic box. Then, they were placed in the
dark compartment, and their activity was monitored during their 10 min stay in the box.

Motor activity test

Locomotor activity was measured with a technique modified from Crawley and Goodwin (1980). The
apparatus used to measure the activity of the mice is an empty transparent cage (16 x 22 cm). Three infrared
beams (two perpendicular to the long axis and one perpendicular to the short axis) divide the cage in six
compartments. A personal computer interfaced to the three infrared sensors was used to count the number
of crossings of the beams after the mice were placed in the cage over 40 min. All measurements were
performed with lights on during the day phase of the light-dark cycle of the animals.

Morris water maze task

The water maze used here consisted of a circular grey plastic pool (150 cm in diameter, 30 cm high) filled
with water made opaque by non-toxic opacified Lytron 621, and maintained at 18 °C. A round perspex
platform (15 ¢m in diameter) was placed inside the pool in a fixed position at the center of one of the four
quadrants. The platform was placed 1 cm below the water surface in the hidden platform test, but was clearly
visible in the visitle platform test. It remained in that position during 12 training trials, whereupen its position
was changed to the center of the opposite quadrant for four reversal trials. Two drawings were put on the

96



wall behind the water maze as external cues and the interior of the experimental room was not changed
during the trails. Only males, both knockouts and control littermates, were used in this experiment. Albino
animals were not tested in the Morris water task as their performance might be impaired by visual
abnormalities. During a swimming trial, the animals were placed in the pool four times, each time at one of
the north, south, east, and west starting positions in random order, and with a 15 min interval. If the animals
could not find the platform within the maximum swimming time of 120 s, they were placed on the platform
and the maximal escape latency of 120 s was noted. They had to stay on the platform for 15 s before
removal. Two swimming trials were performed daily, with a 90 min interval between trials. Significance
of the effects of trial number and genotype were determined by one- and two-factor analyses of variance
(ANOVA). During probe trials, mice had to swim for 100 s in the pool without a platform. Probe trial I, was
performed after the first eight training trials and probe trial II after the four reversal trials of the hidden
platform condition of the Morris water maze. A. two-tailed Student's t test was used to assess the significance
of differences between mutants and control littermates.
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Abstract

FMRI protein expression was studied in different tissues. In human, monkey and
murine tissues, high molecular mass FMRI proteins (67 to 80 kD) are found, as shown in
Jymphoblastoid cell lines. The identity of these proteins was confirmed by their absence in
tissues from patients with the fragile X syndrome and a Fmrl knock out mouse. An
Tle367Asn substitution in the FMRI protein did not alter the translation, processing and
localization of FMRI proteins in lymphoblastoid cells from a patient carrying this
mutation. All the high molecular mass FMRI proteins isolated from normal
lymphoblastoid cells and cells from the patient with the Ile367Asn substitution were able
to bind RNA. However, the FMR] proteins of the patient had reduced affinity for RNA
binding at high salt concentrations. In some human, monkey and murine tissues low
molecular mass FMRI proteins (39-41 kD) were found, which had the same N-terminus
as the 67-80 kD isoforms, but differ in their C terminus and are therefore most likely the
result of carboxy-terminal proteolytic cleavage. These low molecular mass FMRI proteins
did not bind RNA, in contrast with the high molecular mass FMRI proteins. The
significance of these low molecular mass proteins remains to be studied.

Introduction

The fragile X syndrome is the most frequent form of inheritable mental retardation, with an
incidence of one in every 1200 males (1). In addition to mental retardation, patients with the
fragile X syndrome manifest testicular enlargement and variable facial dysmorfisms, large ears,
and a long narrow face (2). The fragile X syndrome is characterized by the amplification of a
CGG repeat present in the 5' untranslated region of the FMR! gene (3-6). The len gth of the CGG
repeat varies in the normal population from 6 to 52 repeats and is stable on transmission (7).
Premutation alleles ranging from 43 to 200 repeats exhibit instability, usually resulting n
increases in repeat number in the offspring. Premutations are not associated with a clinical
phenotype and are found in female carriers and normal transmitting males. In fragile X patients
the CGG repeat is amplified beyond 200 copies (full mutation) and the concomitant
hypermethylation of the preceding CpG island represses the transcription of FMR/ (8). This
results in the absence of the FAMRI protein (FMRP) leading to the fragile X phenotype (9,10).
Few patients have been described in which the fragile X syndrome is caused by a partial or
complete deletion of the FMRI gene (11-14). One patient with the fragile X phenotype, also
lacking a CGG repeat amplification, appeared to have an Ile367Asn mutation in FMRP (15).

The FMRI gene spans 38 kb and is composed of 17 exons (16). Normal and premutation
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Figure 1.

Diagram of FMRP showing the positions of the KH domains and the RGG box. The regions used for
immunisation of the rabbits are underlined and the amino acid positions are indicated. Amino acid numbers
are according to Verkerk et al. (17). The diagram is not drawn to scale.

alleles are transcribed and the pre-mRNA is alternatively spliced (17,18) predicting as many as
48 distinct mRNAs. The alternative splicing of FMR/ does not appear to be tissue specific as
similar ratios of transcripts were found in all tissues analysed (17). The largest mRNA variant
encodes a protein of 631 amino acids, the smallest encodes a protein of 436 amino acids. At least
four different FAZR1 protein products have been discerned in control lymphoblastoid cell lines
reflecting translation of mRNA splice variants (9,10).

The FMR1 gene is highly conserved among species (3). The murine homologue Fmrl shows
more than 95% homology and also contains a CGG repeat (18). In order to study the function of
FMR1 in human mental retardation a transgenic mouse with a knock-out for Fmr! was made,
which lacks Fmr] mRNA and protein expression (19). The knock out mice showed a gradual
development through time of macroorchidism, and showed cognitive impairment in the form of
deficits in learning and behaviour.

Similarities of FMRP with RNA binding proteins were reported recently (20,21). It concerns
two K homology (KH) domains, which are thought o be involved in RNA binding and which
were found originally in the huRNP K protein (22). Downstream of the FMRI KH domains lies
an RGG box, a sequence motif which is directly involved in RNA binding (23). The Ile367Asn
substitution (mentioned above) is located in the second KH domain of FMRP and interferes with
RNA homopolymer binding under experimental conditions using high salt concentration (24).
FMRP resulted in these experiments from in vitro translation of a plasmid containing the full
length cDNA sequence of FMR. The involvement of the RGG box in the RNA binding ability
of FMRP has been shown by the inability of FMRP, lacking the RGG box, to bind RNA (21).

In this paper we studied FMRP in human, monkey and murine tissues. In these experiments
tissues from patients with the fragile X syndrome and Fmr/ knock out mice were used as negative
controls. The RNA binding ability of in vivo made FMRPs was studied, including FMRPs
carrying the [le367Asn substitution in the second KI domain. These experiments complement
the RNA binding studies which were all performed with in vitro synthesised full length or
truncated FMRPs (20,21,24).
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Figure 2.

Influence of an Ile367Asn substitution on the expression and RNA binding of the FMRI proteins. A) FMRP
was immunoprecipitated with @734 from human control lymphoblastoid cell lines C49 and ROS31 (lane
aand lane c respectively), cell line TR9001 from the fragile X patient with the point mutation (lane b) and
cell line RIK1411 from a fragile X patient with the full mutation (lane d). Immunoprecipitated FMRPs were
visulaized with «734 on Western blot. High and low molecular mass isoforms indicated by brackets. B)
Binding of FMRP isoforms to Poly(U)-Sepharose. Homogenates of control lymphoblastoid cell line C49
(lanes a-c) and patient cell line TR9001 (lanes d-f) were incubated with poly(U) in the presence of 100 mM
(lanes a and d), 250 mM (lanes b and ) and 500 mM NaCl (lanes ¢ and f). Protein bound to poly(U)-
Sepharose was analyzed on Western blot («734). High molecular mass isoforms are indicated by brackets.
None of these protein bands were present in homogenates of a patient cell line carrying the full mutation.

Results

Characterization of FMRP carrying the Ile367Asn substitution.

The Ile367 Asn mutation does neither influence the translation nor stability of FMRP made in
vitro (24). The translation of FMRP carrying this mutation was studied in lymphoblastoid cell
lines in order to study the influence of the point mutation in vivo. Antibodies were prepared
directed against different peptides. The polypeptides used for immunization ard their position
within the FMRI gene product are illustrated in Figure 1. These antibodies were used in
immunoprecipitation studies of the FMR ! gene product followed by Western blot analysis. FA/R]
proteins isolated from lymphoblastoid cells have a molecular mass of 67-80 kDD (Fig. 2A). All
these FMR] proteins are absent in the lymphoblastoid cells from a fragile X patient carrying a full
mutation (Fig. 2A lane b). In contrast, a normal expression pattern of FMRP wvas found in the
cells from the fragile X patient carrying the [1e367 Asn substitution (15), indicating that the point
mutation does not influence the translation of the different isoforms in vivo.
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Figure 3.

Intracellular localization of FMRP in lymphoblastoid cell
lines. Control cells C49 (panel a), cell line TR9001
carrying the Ile367Asn substitution (panel b) and cell line
RIJK1411 carrying the full mutation (panel ¢). FMRP
carrying the point mutation shows the same cytoplasmic
localisation as the wild-type FMRP.

RNA binding of the FMR1 proteins.

It is not yet clear whether the different FMRP isoforms have a different function. FMRP
contains sequence motives homologous to domains found in RNA binding proteins. It has been
demonstrated that an in vitro translated full length FMRP is able to bind RNA (20, 21). We have
studied the RNA binding ability of all the ir vivo produced FMR proteins which were isolated
from lymphoblastoid cell lines from controls and the patient carrying the Ile367 Asn substitution.
FMRP isoforms were incubated with poly(U)-Sepharose at different salt concentrations. All high
molecular mass FMRP isoforms, both wildtype and point mutation, were able to bind RNA
homopolymers (Fig. 2B lanes a and d, respectively). However, it was observed that all FMRP
1soforms carrying the Ile367Asn substitution showed a lower RNA binding affinity at high salt
concentrations when compared to wildtype FMRP isoforms (Fig. 2B lanes f and ¢, respectively).

Localization of FMRP.

It has been demonstrated that FMRP is localized in the cytoplasm (9, 10). To determine
whether the Ile3657 Asn substitution in FMRP would affect the intracellular localization of FMRP
and thereby indirectly its function, localization studies were performed in control lymphoblastoid
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Figure 4.

Western blot analysis of human, monkey and murine tissues. A) Normal human brain, testis and kidney
homogenates were immunoprecipitated with 734 (lanes a, ¢ and d respectively). Immunoprecipitations of
brain and kidney derived from a fragile X patient carrying a full mutation are shown in lanes b and e,
respectively. Precipitated FMRPs were detected with 734 on Western blot. High and low molecular weight
isoforms are indicated by brackets. B) Immunoprecipitation and Western blotting of monkey tissues as
described under A. Brain, testis, kidney and liver in lanes a to d, respectively. High and low molecular weight
isoforms are indicated by brackets. C) Immunoprecipitation and Western blotting of murine tissues as
described under A. Normal brain, testis and kidney in lanes a, ¢ and d, respectively. Immunoprecipitation of
knock out mouse derived brain and kidney are shown in lanes b and e, respectively. High and low molecular
weight isoforms are indicated by brackets.

cells and cells from the patient carrying the lle367 Asn substitution. As demonstrated in Figure
3, FMRP is localized in the cytoplasm of the lymphoblastoid cells derived from the patient
carrying the Ile367Asn substitution (Fig. 3A) as was seen in the control cells (Fig. 3C). The
lymphoblastoid cells from a patient with the full mutation were used as a negative control (Fig.
3B)

FMRP isolated from different tissues and species.

The expression of FMRP was also studied in different tissues isolated from human, monkey
and mouse. FMRI proteins were 1solated from human brain, testis, kidney, and liver using
antibodies 734 (Fig. 4A). The results showed a pattern similar as is seen in human
lymphoblastoid cell lines, with molecular masses in the range of 67-80 kD. The FAMR/ proteins
were absent in tissues derived from a fragile X patient carrying a full mutation FMRI allele (Fig.
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Figure 5.

A B Origin of the low molecular mass FMRP.
KD kD A} Detection of FMRPs in murine tissues
: with monoclonal antibodies 1A. Normal
brain (lane a), normal and knock out
kidney (lanes b and ¢, respectively) were
immunoprecipitated with monoclonal 1A.
Western blot was incubated with «734.
High and low molecular weight isoforms
are indicated by brackets. Same results
were obtained with antibody «1076. B)
Detection of FMRPs in murine tissues
a b c a b c with antibodies directed to the C-terminal
part of FMRP. Normal brain (lane a),
normal and knock-out kidney (lanes b and
¢, respectively) were immuno-precipitated
with ®734. The Western blot was
incubated with antibodies «1079 directed to the carboxy terminal of FMRP. High molecular mass isoforms
are indicated by brackets. Same results were obtained with antibodies 766, overlapping the N-terminal part

of the RGG box. Protein band present in both normal and knock out mice are non-specific.

67-80

4A). In monkey-derived tissues a comparable result was obtained (Fig. 4B) as well as in murine
tissues (Fig. 4C). None of these FMRP isoforms were detected in the respective tissues from
Fmr1 knock-out mice (Fig. 4C), confirming that these bands represent FMRP. In addition to the
67-80 kD FMRP, in some tissues low molecular mass (39-41kD) FMR] proteins were observed.
In murine kidney the expression of the high molecular mass proteins can be hardly detected, but
murine kidney shows the most abundant expression of the low molecular mass proteins found in
all tissues studied.

The origin of the low molecular mass FMRP.

The low molecular mass isoforms were characterized in order to determine their origin.
Antibodies directed against the N-terminal part of FMRP (alA, «1076), were able to
recognizeboth the high (67-80 kD) and low (39-41kD)) molecular weight bands (Fig. 5A),
suggesting that there is no difference in the N-terminal end of the FMRP isoforms. On the other
hand, antibodies directed against the C-terminal part of FMRP (a766, 1079) could only detect
the high molecular weight species (Fig. 5B), indicating that the C-terminal ends of the low
molecular mass 1soforms are different,
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Figure 6.

FMR1 exon 14 splice variants in different
tissues. RT-PCR was performed with primerset
K9 and K10 on murine testis (lane b), brain
(lane c¢), kidney (lane d) and liver (lane €) and
human lymphoblastoid cell lines C49 (control,
lane f) and RJK1411 (fragile X patient with full
mutation, lane g). Marker in lane a, RT-PCR
negative control in lane h. Splice variants
containing exon 14 are indicated by the upper
arrow, splice variants without exon 14 are
indicated by the lower arrow.

The 39-41 kD proteins could result from the translation of mRNA splice variants or they
could originate from proteolytic processing of the high molecular weight isoforms. Most splice
variants do not lead to altered C-terminal amino acids (17), but the low molecular mass isoforms
could be translation products of splice variants lacking exon 14, giving rise to novel C-termini
(18). However, splicing out exon 14 occurs as a minor event both in men and mice. To investigate
this possibility we compared the expression of splice variants with and without exon 14 at the
mRNA level. To this end RT-PCR was performed on murine testis, brain, kidney and liver (Fig.6,
lanes b, ¢, 4, e, respectively), as well as human lymphoblastoid cell lines (Fig.6, lanes f and g).
Splice variants without exon 14 in lymphoblastoid cell lines were only detectable after over-
exposure. The ratio of alternative splice variants with and without exon 14 was the same in all
tissues exarnined and therefore cannot account for the observed differential expression of high and
low molecular weight FMRP isoforms. It is therefore more likely that the low molecular mass
FMRPs result from post-translational proteolytic cleavage. Since 766 was raised against a
peptide located around the start of the RGG box (Fig. 1) and was unable to recognize the low
molecular mass FMRPs, it is most likely that the place of cleavage is in front of the RGG box. The
RGG box has been demonstrated to be indispensable for RNA binding in vitro (21).
Immunoprecipitation and poly(U) binding was performed in parallel on homogenates of murine
kidney and it was found that the 39-41 kD FMRI proteins, missing the RGG box, are indeed
unable to bind RNA homopolymers using poly(U)-Sepharose affinity chromatography (Fig. 7).
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Figure 7.
kD RNA binding of the 39-41 kD FMRI proteins of murine kidney.
Normal kidney was homogenized in binding buffer. Control
immunoprecipitation is shown in lane a. The poly(U) binding was
studied under 100 mM NaCl (lane b), 250 mM NaCl (lane ¢) and 500
mM NaCl (lane d). Immunoprecipitated proteins and proteins bound

to  poly(U)-Sepharose were analyzed by Western blotting.
Polypeptides were detected with o734,

a b ¢ d

Discussion

Thus far the expression of FMRI has been studied in different ways. In situ hybridization
revealed high mRNA expression during the early stages of mouse embryogenesis and high
expression in some adult murine tissues, such as brain, testis and epithelium (25, 26). Northern
blot analysis showed high expression levels in human tissues such as brain and testis, which is
in agreement with the expression levels found with in situ hybridization in murine tissues;
multiple smaller transcripts were found in human heart (25). The high expression level of FMRP
in human brain and testis were confirmed by immunocytochemistry (10). Immunoprecipitations
of different buman cell lines revealed several FMRP species with a molecular weight between 67
and 80 kD (9, 10, 21). In this paper we described the expression of the different FMRP in
different human, monkey and murine tissues in a more qualitative way.

FMR] transcripts are alternatively spliced in men and mice and it was postulated that the high
molecular mass FMR/ proteins (67-80 kD) result from the translation of FARI splice variants
(9). Thus hypothesis 1s confirmed in this study by our observation, that antibodies directed against
the N- as well as the C-terminal ends of FMRP recognize the high molecular mass FMRI
proteins. This observation indicates that the C- and N- terminal ends of these proteins are retained
and suggests internal variation of the primary amino acid sequence as a result of alternative
splicing. Here we demonstrate that the FA/R/ proteins are expressed in a similar pattern in
distinct human, monkey and murine tissues. We showed a pattern of high molecular mass FMR 1
proteins in brain, testis, kidney and liver, comparable with the pattern seen in cultured
lymphoblastoid cells. Additional low molecular mass FMRPs were found in almost all tissues
examuned, but in murme kidney an exceptional protein pattern of exclusively low molecular mass
FMRPs was found. These proteins were not recognized by antibodies directed against the C-
terminal part of FMRP. The significance of the low molecular mass FMRPs 1s not clear, as the
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lack of this abundantly expressed FMRP form in murine kidney does not lead to abnormalities in
the Fmr1 knock-out mouse.

The low molecular mass FAMRI proteins could originate from the translation of exon 14 splice
variants which encode for proteins of approximately 436 amino acids with altered C-termini.
However, RT-PCR showed a similar splice variant distribution in all adult murine tissues studied.
The exceptional high expression level of the low molecular mass FMRP in murine kidney cannot
be explained by a different distribution of splice variants. Further the molecular weight, predicted
from the translation products of the exon 14 splice variants (18) is not in agreement with the
detected low molecular mass FMRPs. The low molecular mass FAMR proteins are therefore more
likely the result of C-terminal proteolytic cleavage of the high molecular mass FMRPs. There are
two possibilities, first the cleavage occurs in vivo, or secondly the cleavage occurs during cellular
disruption. In the last possibility, the protease(s) responsible for this cleavage is not inhibited
despite the use of a cocktail of eight inhibitors (see Materials and Methods). Further, if the
proteolytic cleavage is a non-specific proteolytic degradation one would not expect to find distinct
protein bands. Therefore it is likely that the proteolytic cleavage occurs in vivo, however, this has
to be investigated more thoroughly before the meaning and function of the low molecular mass
FMRPs will become clear.

The protein expression is not restricted to the tissues which are affected in the fragile X
syndrome, like brain and testis. FAMR protein is expressed in many tissues; however, it has to be
noted that the FMRP expression seen in heart and spleen is low (data not shown). The FMRP
expression levels do not completely correspond to the FMRI mRNA levels which were found by
Hinds et al. (25) who found high FAMR 1 mRNA expression level in adult murine brain, testis and
spleen, whereas low FAZRI mRNA expression was found in murine liver and kidney. They could
not detect FAR transcripts in murine heart, whereas in human heart only smaller transcripts of
1.4 kb mstead of 4.4 kb were found. We do not have indications that these smaller transcripts are
translated in human heart. The contradiction of the protein and mRNA levels found in some of
the tissues might be explained by a difference in protein or messenger stability. The results
presented showed that FMRP is expressed in many tissues, where it can be potentially functional.
However, the major clinical symptoms are restricted to the brain. This indicates that the 'substrate'
for FMRP must be localized in the brain.

The function of the FMRP isoforms is not et known. FMRP contains several sequence motifs,
such as two KH domains and an RGG box, which are found in RNA binding proteins (22, 23).
The RNA. binding ability of the high and low molecular weight isoforms was compared. We found
that all the high molecular mass FMRPs, present in human lymphoblastoid cell lines (but also in
human and murine brain; data not shown), are able to bind RNA homopolymers in contrast to the
low molecular mass isoforms, present in miurine kidney. The inability of the low molecular mass
isoforms to bind RNA can be explained by the lack of the RGG box in these forms, as was
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demonstrated by the inability of the C-terminal antibedies to recognize the 39-41 kD isoforms.
These results show that no RNA binding occurs despite the presence of two KH binding domains
in the low molecular weight isoforms, indicating that the RGG box in FMRP is important for
RNA binding.

The influence on processing, localization and RNA binding of an Ile367Asn substitution in
FMRP was investigated. No difference in expression and processing of FMRP was found when
cultured lympheblastoid cell lines from controls and the patient with the point mutation were
compared. The intracellular localization of FMRP carrying the Ile367Asn substitution was not
changed either and also the cytoplasmic localization was the same as found for wildtype FMRP.
However, when RNA binding was studied on the in vive synthesized and isolated FMRP, it was
found that all the high molecular mass FMRI proteins carrying the Ile367Asn substitution have
a lower affinity for binding to poly(U) under high salt conditions than wildtype FMRP. These
results are in agreement with those from Siomi et al. (24) who also found a difference in RNA
binding of an in vitro translated, full length FMRI protein. As the Ile367Asn substitution is
localized in the second KH domain of the FMRP, these results indicate that not only the RGG box
is important for RNA binding. Although the RGG box seems to be responsible for the RNA
binding activity of FMRP, the KH domains possibly have a modifying effect on the RNA binding
of the RGG box. The point mutation could change the protein structure in such a way that it
influences the RINA binding to the RGG box. However, the difference in RNA binding activity
was only observed under non-physiological salt conditions. The changes in RNA binding activity
caused by the Ile367Asn substitution under physiological conditions might be too small to be
observed with the applied method. FMRP is able to bind 4% of the human fetal brain mRNAs
(20). It would be of interest to study the effect of the point mutation on the binding of FMRP to
these brain mRNAs. The patient carrying this point mutation has a severe fragile X phenotype.
If this mutation would really affect the binding of FMRP to these brain mRNAs, one would expect
much more aberrations than the mental retardation found in this patient. It could therefore also
be that this point mutation does not really influence the RNA binding activity of FIMRP, but
affects a function other than RNA binding.

Material and methods.

Antibodies

Polyclonal antibodies were raised in rabbits against a GST-FMR fusion protein (2734; 10) and synthetic
peptides, covering amino acid position 3-23 (¢1076), amino acid position 516 to 531 (2766) and amino acid
position 607 to 631 (21079) (see also Fig.1). Monoclonal antibodies 1A (10) recognize the N terminal part
of FMRP with an epitope in the amino acid sequence coded by exon 1-5 (Mandel, personal communication).
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Tissue homogenates

Approximately 200 mg of tissue was homogenized in 1 ml of buffer (10mM HEPES, 300 mM KCl, 5 mM
MgCl,, 100 uM CaCl,, 0.45% Triton X100, 0.05% Tween, pH 7.6) in the presence of protein inhibitors
cocktail (PMSF, Antipain, Chemostatin, Leupeptin, Pepstatin, Phenanthrolin, NEM, EDTA-Na).
Homogenates were sonicated for 45 s and centrifuged for 30 min (10,000g). Seven mg of protein was used
per immunoprecipitation.

Immunoprecipitation and Western blotting

Immunoprecipitation, gel electrophoresis and Western blotting were performed as described (9), with the
exception of using "I protein A instead of alkaline phosphatase conjugated goat anti rabbit IgG to detect the
polypeptides.

RT-PCR.

RT-PCR was performed to detect exon 14 splice products in human and murine tissues. PCR was performed
with primers K9 (GTATGGTACCATTTGTTTTTGTG) and K10 (GAAGCCTCCTCCACGTCCTCT)
as described (17).

Poly(U) binding

Cell homogenates were made in binding buffer (10 mM Tris-HCI (pH 7.4), 2,5 mM MgCl,, 0.5 % Triton
X100) and NaCl concentration as given in the legend of Fig. 2 (27, 28). The homogenates were incubated
with micrococcal nuclease (Pharmacia, 50 U/ml) for 10 minutes at 30°C. Homogenates were incubated with
poly(U)-Sepharose (Pharmacia) on a rocking platform for 10 minutes at 4°C. Beads were washed five times
in binding buffer prior to resuspension in SDS-PAGE loading buffer.

Immunecytochemistry.

EBV transformed lymphoblasts from normal individuals and fragile X patients were used for cytospin
preparation and immunoincubated with monoclonal antibodies 1A. Briefly, cytospin slides were fixed in 100
mM phosphate buffer pH 7.4, containing 4% paraformaldehyde for 10 min at RT. Subsequently, slides are
permeabilized in 100% methanol for 20 min at RT and washed with PBS. Monoclonal antibodies 1A were
used in the first incubation step, followed by goat anti-mouse (immunoglobulin) conjugated with biotin
(DAKO). The latter is visualized with a streptavidin-biotin-alkaline phosphatase enhancement kit (DAKO).
The new Fuchsin substrate chromogen system (DAKO) i1s used in the final step utilizing alkaline
phosphatase. Slides were counterstained with Gill's haematoxylin and mounted with aquamount.
Endogenous alkaline phosphatase activity was blocked by adding Levamisol to the substrate solution. An
incubation whereby the first antibody was omitted was used as a control.
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Abstract

The fragile X syndrome is associated with an expanding CGG repeat in the 5'
untranslated region of the first exon of the FMRI gene. Subsequent methylation of the
promoter region inhibits expression of the FMRI gene. In two clinically normal brothers
large, expanded CGG repeats and cytogenetically visible fragile sites were found. The
FMRI promoter was unmethylated and both RNA and protein could be detected. This
indicates that inactivation of the FMRI gene and not repeat expansion itself results in the
fragile X phenotype. We conclude that repeat expansion does not necessarily induce
methylation and that methylation is no absolute requirement for the induction of fragile
sites.

Introduction

Triplet repeat expansions have been associated with a variety of genetic disorders (1-7) and
fragile sites (8-11) or both (8,9). Limited expansion of CAG repeats within the coding region of
genes cause a number of neurodegenerative disorders, probably due to a gain-of-function of the
protein. Very large, expanding repeats are found in myotonic dystrophy (2) and in & number of
fragile sites (8-11). As yet, the destructive mechanism of the expanded CTG repeat in the 3'
untranslated region (UTR) of the DM-kinase gene is unknown and conflicting reports on over-
or underexpression of the gene product in patients exist (12,13). The triplets involved in fragile
sites are CGG or CCG and clinical features can be present (FRAXA, FRAXE) or absent
(FRA16A, FRAXF). The best characterized example is the FRAXA-site at Xq27.3 (14,15),
indicative of the fragile X syndrome, which is the most common form of hereditary mental
retardation in males (16-18). The disease is associated with expansion of a CGG repeat, located
in the S'UTR of the FMR gene. Methylation of the FMR promoter region silences the gene (19-
23) and absence of the FMR{ protein results in the clinical phenotype. This is supported by a rare
group of patients showing the clinical features of the fragile X syndrome, but who were
cytogenetically negative. In these patients deletions (24-26) or a point mutation (27) in the FMRI
gene were demonstrated, which resulted in the absence of or a defective FMR/ protein.

So far, several groups have tried without success to find a correlation between the number of
CGG triplets and the severity of mental retardation (28,29). It turned out that the methylation
status of the FMRI promoter was the most correlated parameter in male patients (30). For
example, mild phenotypic symptoms have been reported for patients with an only partially
methylated full mutation, but without cytogenetic FRAXA expression (31, 32). Furthermore,
incomplete and completely absence of methylation was found in a group of high functioning male
patients with cytogenetic expression. In this group the presence of FMRI protein was
demonstrated, although in reduced amounts (33). It is, however, unclear if this is caused by a
lower gene expression or by a translation suppression due to the length of the CGG repeat.
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Figure 1.

Southern blot analysis of genomic DNA.
Pstl (A) and EcoRI (B) digestions of PBL
DNA and EcoRI-Eagl digestions of PBL
(C) and EBV transformed blood
lymphocyte DNA (D). Half-filled squares
indicate males with normal phenotype, but
with cytogenetic FRAXA expression. A
filled square indicates a male fragile X
patient with mental retardation and
cytogenetic FRAXA expression. A dotted
circle represents an obligate female carrier
with a normal phenotype.



The expanded CGG or CCG repeats are predicted to undergo conformational changes, which
induce de novo methylation (34), thereby stabilizing the unusual structures, probably to mark
them for repair (35). These structures could suppress transcription and replication of the FA/R]
gene and so induce cytogenetic expression (35). The familial case described in this paper of two
completely normal brothers with CGG repeat expansion and cytogenetic FRAXA expression may
provide a clue to both the mechanism of inhibition of FARI expression and induction of fragile
sites.

Results

Analysis of the fragile X locus

The fragile X family was ascertained through a mentally retarded boy, born in 1980 (Fig. 1,
7316). Cytogenetically, 10% FRAXA-site expression was found. Further DNA analysis with Pst]
and EcoRI digested DNA from peripheral blood lymphocytes (PBL) revealed expansion of
theCGG repeat with fragments ranging from apparently normal to full mutation (up to 1500
repeats; Fig. 1A an B). A mosaic pattern from premutation to full mutation is found in 20% of the
fragile X patients (30, 32, 36), but the pattern of this patient is very rare. The mother of the
proband had a premutation and a normal allele (Fig.1A, 7315). Subsequent family analysis
revealed five more carriers, among whom were two males having both cytogenetic FRAXA
expression and a full mutation by DNA analysis (Fig 1A and B, 7298 and 724 1). Surprisingly,
these two males were phenotypically normal. In repeated experiments, we found 6 and 13%
fragile site expression and large repeat expansions of 170-340 and 100-1500 copies, respectively
(Fig. 1A).

In all mentally retarded patients with similar repeat sizes tested, the CpG island in front of the
repeat was methylated as a result of which the gene was not transcribed. The methylation status
of the FMR gene was determined in this family using the enzymes EcoR!I + Eagl on DNA from
PBL and EBV transformed blood lymphocytes (Fig. 1C and D). The mentally retarded boy
showed complete methylation of the full mutation, while the premutation and normal bands were
unmethylated in PBL DNA (Fig. 1C). In contrast, no unmethylated bands were detectable in DNA
from EBV transformed cells (Fig. 1D). The expanded FAMRI genes of the mentally normal men
were entirely unmethylated, both in PBL (Fig. 1C) and in EBV transformed blood lymphocytes
(Fig. 1D). As expected, the female carriers in the family showed partial methylation of both X
chromosomes (Fig. 1C and D).

A difference in repeat length distribution was found in blood DNA (Fig. 1C) compared with
the distribution found in DNA isolated from EBV transformed blood lymphocytes (Fig. 1D).
DNA from the cell line of patient 7316 contained only two bands left from the full mutation range.
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Figure 2.
""['i i Western blot analysis of FA/RP in EBV transformed lymphocytes
7241 l 7298 using polyclonal antibody «734. Pedigree symbols are as in Figure
1.

%) 7315
e

Male 7298 had a repeat distribution with a tendency to the premutation range, while on the other
hand the cell line of male 7241 showed an almost single repeat length of 400 repeats, which is
completely in the full mutation range. This shows again that EBV transformed cell lines are not
always a good representation of the variety of different cells with different repeat lengths found
in blood and that they are the product of a limited number of cells. A difference in methylation
between PBL and EBV transformed blood lymphocytes was only found for the patient 7316.

Expression of the FMR1 gene

Methylation of the FAMMRI promoter has been reported to inhibit expression of the gene. The
expression of the FA/R] gene in the three males with large repeat expansions was tested in
peripheral and EBV transformed blood lymphocytes. As an internal control the level of HPRT
transcription was determined, and classical fragile X patients and controls were included for
comparison. No FMR] mRNA was detectable in classical fragile X patients with large repeat
expansions and a methylated promoter region (data not shown). The expression in male 7316
strongly reduced compatible with classical fragile X patients. The level of FAMRI mRNA in PBL
was only slightly higher than in EBV transformed blood lymphocytes. The FMRI mRNA levels
in males 7298 and 7241 were normal in both cell types.

We analyzed whether the large repeat had an influence on the (efficiency of) translation of the
FMR1 RNA. Immunoprecipitation was performed on equal amounts of protein extracted from
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Figure 3.

Immunohistochemical detection of FMRP in EBV transformed lymphocyte and blood smears. Cell lines of
control cells C49 (A), patient 7316 (B), individual 7298 (C) and individual 7241 (D). Blood smears of a
control (E) and individual 7241 (F).
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EBV transformed blood lymphocytes and FMRP (FMR] protein) was determined by Western
blotting using anti-FMRI antibodies (22). The same passage of the culture was used as for the
DNA studies. The FMR protein was present in the cells from males 7298 and 7241 at a reduced
level compared to normal controls (Fig. 2). The fragile X male 7316 showed no FMR] protein
at all, similar to classical fragile X patients. His mother 7315 had a normal FMRP expression as
might be expected from a carrier of a premutation.

To test whether the lower expression in these males was the result of expression in cells with
arelatively small expansion and no expression in cells with a relatively large expansion, we tested
the protein expression by immunocytochemistry on individual cells of the EBV transformed blood
lymphocytes. Expression was found in all cells, but also at a lower level than in control cells (Fig.
3). This means that a gene with a repeat length of 400 copies can be transcribed and translated
(Fig. 1b). To evaluate the result of the cell lines, the expression of the FA/R ! protein in blood was
analyzed directly on a blood smear of male 7241. Again all cells did show expression of the
FMR1I protein, but again at a level lower than control cells (Fig. 3).

Discussion

In this study evidence is presented that expansion of the CGG repeat in the FA/R! gene itself,
even in the full rautation range, does not cause the fragile X phenotype. It is the first example of
a large, unmethylated expanded CGG repeat without any clinical consequences. This familial case
might be exceptional, although it is unknown how many people in the general population may
carry large repeat expansions. The family was analyzed, because of the presence of a mentally
retarded grandsen, but would have been missed otherwise. Even this grandson lacked the physical
features of fragile X. But despite an extraordinary mosaic CGG repeat pattern, FMR! mRNA and
protein levels in PBL were comparable with classical fragile X patients.

Variation in severity of mental retardation has been shown previously for individual patients
with different methylation patterns. Rousseau et al.. (31) described a male with a full mutation
with 40% methylation of the FA/RI gene; unfortunately, no protein expression was determined.
Hagerman ez al.. (33) described 3 high functioning fragile X males that had unmethylated large
repeats and showed reduced protein expression compared to control values. They did not show
whether normal expression was found in a limited number of cells or a reduced expression was
found in all cells. Our data support the conclusion that a minimum amount of protein is necessary
for a normal phenotype; it could be speculated that this minimal amount may be necessary in
every cell or at least in a high percentage of cells. This could explain that part of the females with
a full mutation are normal and part are mentally retarded, although less severely than males with
a full mutation, clue to a skewed inactivation of the normal X chromosome. The amount of protein
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made as shown by immunohistochemistry was lower in blood and in EBV transformed blood
lymphocytes in the males with the unmethylated full mutation compared to controls. However,
Feng et al. (37) have shown that the amount of FA/R] protein using B-tubulin as an internal
control can differ by a factor of 2. Although the relation between RNA/protein levels and clinical
status has not been extensively analyzed, it is evident that these parameters are most indicative
for the expression of the FAMR/ gene and, most likely, are best suited for clinical predictions.

Our data show that there is no obligatory relation between repeat expansion and methylation
of the FMR1 gene. This has already been demonstrated for normal transmitting males with
relatively short repeat expansions (50-200 CGG repeats), but usually larger expansions lead to
complete methylation of the FAMR ! promoter region. Only few examples have been reported with
incomplete or mosaic methylation patterns, providing supporting evidence that expansion and
methylation can be uncoupled (31,33). Sutcliffe er a/. (20) have shown in chorionic villi of a male
fetus with a full mutation that no methylation of the CpG island was found and that the FAMR gene
was transcribed. This again indicates that in absence of methylation, transcription of a gene with
a full mutation is possible. In the two brothers described in this paper, this uncoupling is absolute.
Because the mechanism and enzymes involved in de novo methylation in humans are still
unknown, one can only speculate about the factors involved. First, the length of the expanded
repeat may be a factor. Short expansions do not cause methylation, but large expansions in
general do. The family described here and the data from others (20,38) showed that no absolute
point exists at which methylation takes place, but that there may be a gradual scale with intra- and
interfamilial variation. Secondly, our data show that additional (genetic) factors must play a role
in the methylation process. In the 2 brothers no methylation is apparent, which means that either
the specific methylase is defective or that the recognition site(s) of the enzyme is altered or
blocked. The detection of methylation of the same FAR! promoter in the grandson favors a role
for a trans-acting factor. Not much is known about de novo methylation in humans, but it would
be worthwhile to test other methylated areas for a general, beneficial methylation defect in these
patients.

Finally, our data do not support the hypothesis that methylation of expanded CGG/CCG
repeats is necessary for cytogenetic expression of fragile sites. As yet, the molecular basis of four
fragile sites (FRAXA, FRAXE, FRAXF, FRA16A) has been characterized as expanded
CGG/CCG repeats. These triplets can be methylated, in contrast to the CTG repeat in myotonic
dystrophy with a similar repeat length. This latter disorder is not associated with a fragile site and,
therefore, methylation was thought to play a key role in cytogenetic expression: of these sites. In
the two brothers, described in this paper, no methylation of the FAMR] promoter could be
observed, but cytogenetic expression was still evident. The methylation of only a single restriction
site was determined and not of the entire repeat, but reports from others (39,40) have shown that
the methylation status of this site can be extrapolated to the entire area.
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After finishing the experiments described in this paper conflicting results were presented by
Feng er al. (41). They used fibroblast subclones of a mildly affected patient and showed that
despite the presence of normal mRNA levels, transcription is diminished from mRNAs with more
than 200 repeats. They concluded that beyond 200 repeats there is no migration of the ribosome
along the repeat. However, we show that in a cell line, almost exclusively containing cells with
a repeat of 400 CGG copies, translation of FA/RI mRNA takes place in all cells although at a
reduced level as compared with controls. Also expression was found in all cells in a blood sample
from the same individual (Fig. 3). This expression of the FAMRI protein in all cells can explain
the normal phenotype of this individual.

Materials and methods

Human subjects

Case 1 (7316). The 14-year-old proband was mentally retarded since childhood, but there was no family
history of mental retardation. Physical examination at the age of 14 showed a boy with normal body
proportions. No macrocephaly [(oceipito frontal circumference (OFC) 56 cm (percentile 75-90)] and no
macrognathia was present. His palate and ears were normal (ear lengths 6,5 cm). He revealed mild
hypermobility of distal joints and a soft skin. The external genitalia were small (testes length 2,5 cm) with
little pubertal hair development. Psychological testing at the age of 13 years showed a friendly and
cooperative boy with good verbal performance. IQ testing at the same age showed a verbal IQ of 64 and a
performance IQ of 53 (WISC-R). His behavior was normal without the typical manifestations of fragile X.

Case 2 (7315). The 36-year-old mother of the proband is phenotypically and mentally normal. She
studied nursing and is successfully employed in this profession.

Case 3 (7241). The 72-year-old maternal grandfather of the proband is in good health. Physical
examination at the age of 72 revealed a normal phenotype. No macrocephaly was present (OFC 57,2 cm,
percentile 75) and his forehead was not broad. His ears had lengths of 7,6 and 7,7 cm, but were normally
shaped. His face was not elongated. No other clinical abnormalities were found. He refused testicle
examination. He has good eye contact and also lacks the other behavioral manifestations of the fragile X
syndrome. He attended high school and became managing-director of a family company of about 100
employees. His mental status could be described as intelligent.

Case 4 (7298). This is the 74-year-old grand-uncle of the proband. His head, face and ears were
normally shaped, but he refused detailed physical examination. He had no behavioral manifestations of
fragile X. School training was similar to his brother (7241). He was a college student for 3 years after which
he became managing-director of the family company. His mental status could also be described as intelligent.

Cytogenetic studies

Chromosomes were studied from peripheral whole blood lymphocytes. Details of the methodology were
described previously (42). Cell cultures were initiated using Chang medium with multiple FRAXA induction
systems (FUdR and Thymidine) as described (43). Ten days before harvesting, the long term culture was
subcultured on RPMI-1640. A maximum of 200 cells of each sample were examined for the presence of a
fragile X chromosome.

DNA and RNA studies

Southern blot analysis of DNA, extracted from peripheral blood, was performed according to standard
procedures (44) with probe pAO365 (45). The methylation status of the FAMRI gene was determined by
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double digests with the methylation sensitive restriction enzyme Eagl as has been described before (32).
RNA was extracted from EBV transformed cell lines using standard procedures (44). The ratio between
HPRT and FMRI mRNA was determined, using the protocol of Pieretti et al. (19). Our modifications
involve the use of fluorescently labeled PCR primers, followed by analysis on a sequencing gel, using the
GeneScanner Software (ABI, Foster City).

Protein studies

Polyclonal antibodies were raised in rabbits against a GST-FMRI fusion protein (¢734) (22) and used
in immunoprecipitations and Western blotting. Immunoprecipitation, gel electrophoresis and Western
blotting were performed as described (22), with the exception of using %I protein A instead of alkaline
phosphatase conjugated goat anti rabbit IgG to detect the polypeptides. Immunocytochemistry on EBV
transformed lymphocytes and on whole blood smears was performed as described (46, 47) using monoclonal
antibody 1A (23).
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Summary

The fragile X syndrome is one of the most frequent forms of inheritable raental retardation
after Down's syndrome. Fragile X patients are mildly to severely mentally retarded, show amongst
others hyperactivity and stereotypic behaviour and have physical features of which enlarged testis
is the most striking. The syndrome is caused by amplification of a polymorphic CGG repeat
present in the 5' untranslated region of the Fragile X Mental Retardation 1 gene (FMR ). Normal
individuals carry either a normal or a premutation FMR/ allele, containing 6-54 and 43-200
repeats, respectively. When the CGG repeat 1s amplified beyond 200 repeat units methylation of
the FMR 1 promoter region occurs, preventing the transcription of the gene. This so called full
mutation is carried by fragile X patients. The FMRI gene is not expressed in cells of fragile X
patients as a consequence of this mutation.

Enlarged CGG repeats are unstable, which means that both premutation and full mutation tend
to grow in successive generations. This type of mutations is called dynamic mutation and since
the cloning of the FAZR 1 gene more and more genes are described in which the amplification of
a trinuclentide repeat results in a disorder (Chapter 2). These disorders can be divided into three
different classes, based on the effect the trinucleotide repeat amplification has on the gene
expression. Amplification of the repeat can lead to the silencing of the gene, like in fragile X
syndrome (Class 1). When the repeat is located in the coding region of the gene it will be
translated into amino acids and this results in Class 2 in gene products with (pathologically)
enlarged polyglutamine stretches. It is remarkable that the latter class consists of
neurodegenerative disorders. The effect of the repeat amplification in the myotonic dystrophy
region on chromosome 19 (Class 3) is not yet clear; it has been suggested that the amplified
repeat might have a negative influence on the expression of surrounding genes.

The amino acid sequence, deduced from the DNA sequence, initially showed no homology
to other described proteins. Therefore no predictions could be made about possible functions
of FMRP (Chapter 1).The subject of the research described in this thesis was to characterize the
FMRI protein. Antibodies were raised against synthetic peptides and a (GST)-FMRI fusion
protein, each representing specific parts of FMRP, in order to identify and characterize the
protein (Chapter 3). These antibodies detect several proteins with a molecular weight varying
between 67 and 80 kD in control lymphoblastoid cell lines. These proteins were absent in fragile
X patients (Publication 5.1), suggesting that all proteins are derived from the FMR/ gene.

Expression in COS cells of DNA constructs encoding for different FMRI splice variants
showed that only one protein product was obtained per splice variant (Publication 5.1). The
molecular weight of these proteins corresponded to the molecular weights of the FMRP isoforms
detected in lymphoblastoid cell lines. The protein products could furthermore be detected with
antibodies directed against the N- and C-terminal part of FMRP, showing that the proteins differ
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only in the central part of FMRP (Publication 5.3). The FMR] proteins thus originate from the
translation of splice variants.

The existence of different FMRP isoforms could indicate a possible different distribution and
function of these isoforms in distinct tissues and therefore the expression of FMRP was studied
in human, monkey and murine tissues. The highest FMRP concentrations were found in brain and
testis; in liver and kidney a lower concentration was found (Publication 5.3). However, the ratio
of the different 1soforms were similar (Publication 5.3) and thus far no indications have been
found for a tissue or cell stage specific expression of the different FMRP isoforms (Chapter 3).

The CGG repeat makes part of the 5' untranslated region of the FAJRI gene and in cell lines
derived from individuals with a premutation FMRPs are found with molecular weights identical
to those found in control cell lines (Publication 5.1). Although the repeat is not contributing to the
protein structure it might be, however, that the repeat influences the transcription or translation
efficiency. The FMRI expression was investigated in two normal brothers, each carrying FMRI
alleles with an unmethylated promoter region and more than 200 CGG repeats. The promoters
of FMR/ alleles with more than 200 repeats are usually methylated, but these two brothers are
exceptions to the rule. Our research revealed no dramatic influence in transcription or
translation efficiency compared to control individuals (Publication 5.4). It can thus be
concluded that the FMRI gene expression is not hindered by the amplification of the CGG
repeat, but is hampered by methylation of the promoter region.

FMRP is localized to the cytoplasm (Publication 3.1). However, recently signals have been
found in FMRP which direct the protein either to the cytoplasm (nuclear export signal) or to the
nucleus (nuclear localization signals). The presence of these motifs indicate that FMRP is able
to shuttle between the cytoplasm and the nucleus. Mean while a nuclear localization of a small
amount of the protein has been demonstrated indeed (Chapter 4).

Recently homologies to other proteins have been found which might give clues to the function
of FMRP. The central part of the protein contains two K homology (KH) domains and the more
C-terminal part of the protein contains an RGG box. These sequences are present in RNA binding
proteins and it has been shown that these motifs are able to bind RNA. FMRP was found to have
RNA binding properties indeed (Chapter 3).

A severely mentally retarded patient has been described with a point mutation in the second
KH domain of FAMRI as the sole mutation. The gene 1s expressed, but due to the point mutation
a conserved 1soleucine is changed into an asparagine. It has been postulated that the fragile X
syndrome in this patient is caused by changed RNA binding characteristics of FMRP (Chapter
3).

We have shown that the point mutation neither had an influence on transcription or translation
of the MR splice variants, nor did it have an influence on the localization or stability of FMRP.
RINA homopolymer binding assays were performed with FMRP isolated from a lymphoblastoid
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cell line derived from this patient (Publication 5.3). FMRP isoforms with this point mutation have
a decreased RNA binding ability under higher, non-physiological salt concentrations when
compared to control FMRP. Although these results were obtained in an artificial RNA binding
assay this nevertheless indicates that the point mutation changes the RNA binding ability of the
protein in vivo, thereby causing the fragile X syndrome in this patient (Chapter 3).

The study of the pathogenesis of the fragile X syndrome depends on the available patient
material. This material is rare and almost exclusively consists of cell lines. This was one of the
reasons to develop a mouse model for the fragile X syndrome (Publication 5.2). The murine Fmrl
gene is homologous to the human R/ gene and a mouse model for the fragile X syndrome was
obtained by silencing the endogenous Fmrl gene. The Fmrl knock out mouse has characteristics
in common with the fragile X patients, as they are hyperactive and show deficits in visual spatial
abilities. This latter function was tested in the Morris watermaze test, which depends (among
others) on hippocampal functioning. These tests revealed that the Fm#/ knock out mice show
deficits in the processing of spatial information. Investigation of the morphology of the brain did
not reveal differences between normal and knock out mice. The Fmrl knock out mice furthermore
have enlarged testis, which is also observed in fragile X patients. Testis of knock out mice show
no differences when compared to normal testis, the spermatogenesis is normal despite the lack
of Fm#1 protein. The morphology and behaviour of the Fmr! knock out mice will of course be
studied in more detail.

The last few years research has concentrated on the unravelling of the function of FMRP.
Knowledge on the function of the protein will not only give insight into the pathogenesis of the
fragile X syndrome, but also in processes concerning memory and learning. Recently the
association of FMRP to the ribosomes has been described and we have demonstrated that this
binding occurs via rRNA. The binding of FMRP to the ribosomes suggests that FMRP 1s involved
in translation (Chapter 4). Further research will therefore concentrated on the possible role of
FMRP in translation, especially in brain.
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Samenvatting

Het fragiele X syndroom is na het Down’s syndroom één van de meest voorkomende
genetische oorzaken van zwakzinnigheid. Fragiele X patiénten zijn mild tot ernstig mentaal
geretardeerd, , vertonen onder andere hyperactief en stereotiep gedrag en hebben een aantal
fysicke kenmerken waarvan vergrote testis de meest opvallende is. Het syndroom wordt
veroorzaakt door de verlenging van een polymorfe CGG repeat in het 5' onvertaalde gebied van
het Fragiele X Mental Retardation 1' gen (FMRI). Normale individuen dragen cen normaal of
een premutatie FMR1 allel, dat respectievelijk 6-54 of 43-200 repeats bevat. Wanneer de repeat
een lengte overschrijdt van 200 repeat eenheden, treedt methylering van het FMRI
promotorgebied op waardoor het gen niet tot expressie komt. Deze mutatie, die volledige
mutatie wordt genoemd, wordt in fragiele X patiénten gevonden. In cellen van deze pati€énten
wordt als gevolg daarvan het FMRI gen niet tot expressie gebracht.

Verlengde CGG repeats zijn instabiel, wat wil zeggen dat zowel premutaties als volle
mutaties de neiging hebben in opeenvolgende generaties te groeien. Dit type van mutatie wordt
ook wel dynamische mutatie genoemd en sinds de klonering van het FMRI gen worden meer
en meer genen beschreven waarin verlenging van een trinucleotide repeat leidt tot een afwijking
(Hoofdstuk 2). Op grond van het effect van de repeatverlenging kunnen deze ziekten in drie
Klassen worden ingedeeld. Verlenging van de repeat kan tot gevolg hebben dat het gen niet meer
tot expressie komt, zoals bij het fragiele X syndroom (Klasse 1). Wanneer de repeat in het
coderende gedeelte van het gen ligt wordt deze vertaald in aminozuren en dit leidt bij Klasse 2
tot genprodukten met een (pathologisch) verlengde polyglutamine keten. Opvallend is dat
laatstgenoemde klasse bestaat uit neurodegeneratieve ziekten. Het gevolg van de repeat
verlenging in het myotone dystrophy gebied op chromosoom 19 (Klasse 3) is vooralsnog niet
duidelijk; gedacht wordt dat de verlenging van de repeat een negatieve invloed heeft op
omliggende genen.

De uit de FMRI DNA sequentie afgeleide aminozuurvolgorde vertoonde in eerste instantie
geen homologie met andere, bekende eiwitten. Hierdoor konden geen voorspellingen worden
gedaan over mogelijke eigenschappen of functie van FMRP (Hoofdstuk 1). Het doel van het
in dit proefschrift beschreven onderzoek was het FMRI eiwit te karakteriseren. Hiertoe werden
antilichamen opgewekt tegen een (GST)-FMRI fusie eiwit en synthetische peptiden die elk
overeenkomen met een specifiek gedeelte van FMRP (Hoofdstuk 3). Met deze antilichamen
worden in controle lymfoblastoide cellijnen meerdere eiwitten aangetoond met
molekuulgewichten variérend van 67 tot 80 kD. Deze eiwitten ontbreken in cellijnen met een
volledige mutatie, verkregen van fragiele X patiénten (Publikatie 5.1), wat suggereert dat al deze
eiwitten afkomstig zijn van het FMRI gen.

DNA constructen, coderend voor verschillende FMRI splice varianten, die in COS cellen
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tot expressie werden gebracht, toonde aan dat per splice variant slechts één eiwitprodukt
gevormd werd (Publikatie 5.1). De molekuulgewichten van de verkregen eiwitten kwamen
overeen met de molekuulgewichten van de verschillende FMRP isovormen die werden
gevonden in de lymfoblastoide cellijnen. Het was verder mogelijk alle eiwit varianten te
detecteren met antilichamen gericht tegen de N- en C-terminale uiteinder van FMRP wat
aantoont dat de eiwitten alleen in het middelste deel verschillen (Publikatie 5.3). De
verschillende FMRI eiwitprodukten zijn dus afkomstig van de translatie van alternatieve splice
varianten.

Aangezien het bestaan van FMRP isovormen kan betekenen dat er in de verschillende
weefsels verschillende functies en verdelingen bestaan voor deze isovormen werd de expressie
van FMRP onderzocht in weefsels van mens, aap en muis. De hoogste concentratie FMRP werd
gevonden in de hersenen en testis; in weefsels als nier en lever werd een lagere concentratie
FMRP gevonden (Publikatie 5.3). De verdeling van de verschillende FMRP isovormen was
echter gelijk en tot dusver zijn er geen aanwijzingen gevonden voor een weefsel of celstadium
specifieke expressie van de FMRP varianten (Hoofdstuk 3).

De CGG repeat maakt deel it van het 5' onvertaalde gedeelte van het FMRI gen en in
cellijnen afkomstig van individuen met een premutatie worden dan ook FMRPs gevonden met
molekuulgewichten die identiek zijn aan die in controle cellijnen (Publikatie 5.1). Hoewel de
CGG repeat niet wordt vertaald en dus niet bijdraagt aan de structuur van het eiwit zou de repeat
wel de transcriptie en translatie efficiéntie kunnen beinvloeden. De FMR/ expressie werd
bestudeerd in twee normale broers met elk een FMRI gen met ongemethyleerde promoter en
meer dan 200 CGG repeats. Promotors van FMRI genen met meer dan 200 repeats zijn
doorgaans gemethyleerd, maar deze broers vormen een uitzondering op de regel. Ons
onderzoek toonde aan dat er geen grote verschillen zijn in transcriptie en translatie efficiéntie
in vergelijking met controle individuen (Publikatie 5.4). Hieruit kan worden geconcludeerd dat
de expressie van het gen niet wordt verhinderd door de verlenging van de CGG repeat, maar
door de methylering van het promotorgebied.

FMRP is gelokaliseerd in het cytoplasma (Publikatie 5.1). Onlangs zijn in FMRP echter
motieven gevonden die verantwoordelijk zijn voor een cytoplasmatische (nuclear export signal)
of kern (nuclear localization signal) lokalisatie. De aanwezigheid van deze sequenties in FMRP
vormen aanwijzingen dat het eiwit in staat is zich tussen het cytoplasma en de kern te bewegen.
Inmiddels is aangetoond dat een kleine hoeveelheid van het eiwit zich inderdaad in de kern
bevindt (Hoofdstuk 4).

Recent zijn alsnog homologién met andere eiwitten gevonden die een aanwijzing kunnen
vormen wat betreft de functie van FMRP. Het middelste deel van het FMRI eiwit bevat twee
'K homology' (KH) domeinen en in het C-terminale gedeelte van het eiwit bevindt zich een
RGG box. Deze sequenties worden gevonden in RNA bindende eiwitten en het is aangetoond
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te hebben (Hoofdstuk 3).

Een ernstig mentaal geretardeerde fragiele X patiént is beschreven met als enige mutatie een
puntmutatie in het tweede KH domein. Het FMR/ gen komt tot expressie maar door de
puntmutatie wordt een geconserveerde isoleucine in het tweede KH domein verandert in een
asparagine. Gepostuleerd werd dat het fragiele X syndroom in deze patiént wordt veroorzaakt
door veranderde RNA bindingseigenschappen van FMRP (Hoofdstuk 3).

‘We hebben aangetoond dat de puntmutatie geen invloed heeft op de transcriptie of translatie
van de verschillende FMRI splice varianten, noch op de lokalisatie of stabiliteit van FMRP,
RNA homopolyrmeer bindingsexperimenten werden uitgevoerd met FMRP geisoleerd uit een
lymfoblast cellijn verkregen van deze patiént (Publikatie 5.3). FMRP isovormen met de
puntmutatie vertonen een verlaagde RINA binding bij hogere, niet fysiologische, zout
concentraties. Hoewel deze resultaten werden verkregen met een kunstmatige RNA bindingstest
is dit toch een aanwijzing dat de puntmutatie de RNA binding in vivo kan veranderen, wat zou
kunnen resulteren in het fragiele X syndroom in deze patiént (Publikatie 5.3).

Onderzoek naar de pathogenese van het fragiele X syndroom is afhankelijk van het
beschikbare patiénten materiaal. Dit materiaal is schaars en bestaat vrijwel alleen uit cellijnen.
Dit was €€n van de redenen om een muismodel voor het fragiele X syndroom te ontwikkelen
(Publikatie 5.2). Het Fmrl gen van de muis is homoloog aan het humane FMRI gen en een
muis model voor het fragiele X syndroom werd verkregen door het endogene Fmrl gen uit te
schakelen ('knockout'). De Fmrl knockout muis heeft een aantal kenmerken gemeen met
fragiele X patiénten. Zo zijn zij net als fragiele X patiénten hyperactief en vertonen zij
afwijkingen wat betreft het omgaan met visueel ruimtelijke informatie. Dit laatste werd getest
in de ‘Morris water maze test’, die onder andere athankelijk is van functies in de hippocampus.
Hieruit bleek dat de knockout muizen moeilijkheden hebben met het verwerken van
veranderingen in ruimtelijke informatie. Onderzoek naar de morfologie van de hersenen hebben
geen grote verschillen aangetoond tussen de hersenen van normale en Fmrl knockout muizen.
De knockout muizen hebben evenals fragiele X patiénten vergrote testis. De testis van de
knockout muizen vertoonde echter geen zichtbare verschillen met testis van de normale muis; de
spermatogenese vindt normaal plaats ondanks het ontbreken van het Fmr/ eiwit. Het spreekt voor
zich dat de morfelogie en het gedrag van de knockout muizen verder zal worden onderzocht.

Het onderzoek heeft zich de afgelopen jaren gericht op het ontrafelen van de functie van
FMRP. Kennis over de functie van het eiwit zal ons niet alleen inzicht geven in de pathogenese
van het fragiele X syndroom, maar ook in geheugen- ¢n leerprocessen. Onlangs is beschreven
dat FMRP is geassocieerd aan de ribosomen en wij hebben aangetoond dat deze binding plaats
vindt via het tRNA. De binding van FMRP aan de ribosomen suggereert dat FMRP betrokken
is bij translatie (Hoofdstuk 4). Het verdere onderzoek zal zich daarom concentreren op de
mogelijke rol var FMRP in het RNA metabolisme, met name in de hersenen.
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Wanneer het proces van imprinting wordt onderzocht met behulp van transgene dieren
moet niet alleen de samenstelling van het ingebrachte materiaal in acht worden
genomen, maar ook de plaats van integratie.

Matsuura et al., Hum. Mol. Genet. 5, 441-450, 1996

Heard et al., Hum. Mol. Genet. S, 451-459, 1996.

Daar de sequentie van een gen doorgaans wel de aminozuurvolgorde maar niet de
functie van het eiwit prijs geeft, zijn de verwachtingen omtrent het Human Genome
Project te hoog gespannen.

Chen, Science 270, 789-791, 1995.

Banfi, Nature Genet. 7, 513-519, 1994.

Bij vergaderingen zou moeten gelden dat de daaraan gespendeerde kwali-tijd
belangrijker is dan de kwanti-tijd.

Veni, vidi, scribi.
Zeg nooit nooit en vermijdt altijd altijd.
Hoe langer politici spreken, hoe minder ze zeggen.

De weergave van wetenschappelijk nieuws in de krant geeft te denken over de juistheid
van de berichtgeving in het algemeen.

Het openbaar vervoer zal pas dan tot bloei komen wanneer de brandstof reserves
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Het grote aantal, zich steeds weer verplaatsende bouwputten in Rotterdam heeft als doel
de bezoekers op een dwaalspoor te brengen.

Rotterdam, 9 oktober 1996
Coleta Verheij



	Contents

	Chapter 1 - Introduction

	1.1 From Martin-Bell to fragile X syndrome

	1.2 Fragile X phenotype

	1.3 Fragile X females
	1.4 Normal transmitting males
	1.5 The cloning of the FMR1 gene

	1.6 Gene defects

	1.7 Organisation of the FMR1 gene
	1.8 Alternative splicing

	1.9 FMR1 mRNA expression


	Chapter 2 - Disorders caused by trinucleotide repat expansions

	2.1 Dynamic mutation

	2.2 Subdivision of the trinucleotide disorders

	2.3 Class 1

	2.4 Class 2

	2.5 Class 3

	2.6 Cloning remarks


	Chapter 3 - The FMR1 protein

	3.1 Aim of the experimental work

	3.2 Antobodies as a helpful tool in the characterization of the FMR1 protein

	3.3 Characterization of the FMR1 gene product

	3.4 FMRP is an RNA binding protein
	3.5 Fmr1 knock out mice


	Chapter 4 - Discussion

	4.1 The FMR1 protein since the cloning of the gene

	4.2 RNA binding of FMRP

	4.3 Intracellular localization of FMRP

	4.4 FMRP and the fragile X syndrome

	4.5 Concluding remarks

	references


	Chapter 5 - Publications

	5.1 - Characterization and localization of the FMR-1 gene product associated with fragile X syndrome.
Nature. 1993 Jun 24;363(6431):722-4. 
	5.2 Fmr1 knockout mice: a model to study fragile X mental retardation. The Dutch-Belgian Fragile X Consortium.
Cell. 1994 Jul 15;78(1):23-33. 
	5.3 Characterization of FMR1 proteins isolated from different tissues.
Hum Mol Genet. 1995 May;4(5):895-901. 
	5.4 Normal phenotype in two brothers with a full FMR1 mutation.
Hum Mol Genet. 1995 Nov;4(11):2103-8. 


	Summary

	Samenvatting

	Abbreviations

	Curriculum Vitae

	List of publications

	Dankwoord

	Stellingen

