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Translational Suppression by Trinucleotide
Repeat Expansion at FMR1

Yue Feng, Fuping Zhang, Laurie K. Lokey, Jane L. Chastain,
Lisa Lakkis, Derek Eberhart, Stephen T. Warren*

Fragile X syndrome is the result of the unstable expansion of a trinucleotide repeat in
the 5'-untranslated region of the FMR1 gene. Fibroblast subclones from a mildly
affected patient, each containing stable FMR1 alleles with 57 to 285 CGG repeats, were
shown to exhibit normal steady-state levels of FMR1 messenger RNA. However, FMR
protein was markedly diminished from transcript with more than 200 repeats. Such
transcripts were associated with stalled 40S ribosomal subunits. These results suggest
that a structural RNA transition beyond 200 repeats impedes the linear 40S migration
along the 5'-untranslated region. This results in translational inhibition by trinucleotide

repeat expansion.

Fragile X syndrome is a frequent cause of
mental retardation that is inherited as an
X-linked dominant with reduced pen-
etrance (I). The mutational change in
nearly all affected patients is the unstable
expansion of a CGG trinucleotide repeat in
the 5’-untranslated region of the FMRI
gene (2-4). This repeat is normally poly-
morphic in length and content, exhibiting a
mode of 30 cryptic repeats in the normal
population, but the triplet is found in excess
of ~230 repeats in affected patients, often
approaching 1000 copies (5, 6). Male and
most female carriers have an FMRI premu-
tation with an intermediate number of re-
peats, between about 60 and 200 triplets. In
most penetrant males with full-mutation
alleles containing >230 CGG repeats, the
FMRI gene is abnormally methylated and
transcriptionally suppressed (7-10). The
absence of the encoded protein, FMRP, a
selective RNA-binding protein, is responsi-
ble for the clinical phenotype (11). About
15% of male patients do express FMRI
mRNA and are termed mosaics, because
they display a complex pattern of repeat size
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variation as well as incomplete methylation
(3, 7, 12). A range of phenotypes from
normal to penetrant, including severe men-
tal retardation, has been found in this
group. However, no clear correlation has
emerged between the degree of hypometh-
ylation, the extent of FMRI expression, and
clinical involvement (12, 13). It has thus
remained unclear if FMRI transcription is
the sole determinant of penetrance or if
other influences, such as translational sup-
pression by lengthy CGG repeats in the
FMRI transcript, affect FMRP levels.

A mildly affected 19-month-old male
with near-normal cognitive and develop-
mental abilities and slight physical fea-
tures suggesting fragile X syndrome was
studied (14). Polymerase chain reaction
(PCR) analysis of the FMRI CGG repeat
(Fig. 1A) showed a broad smear ranging in
size from about 100 to 300 repeats in the
patient (III-2), with a maternal premuta-
tion allele of ~70 repeats (II-3) and
grandmaternal premutation allele of ~60
repeats (I-2), exhibiting the typical repeat
instability found in fragile X syndrome
kindred. We confirmed the PCR analysis
by Southern (DNA) blot analysis (Fig.
1B) and demonstrated that the patient’s
gene was predominantly unmethylated
(>90% by densitometry) by exhibiting
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cleavage with a methyl-sensitive enzyme,
either Bss HII or Eag I. The broad 3.6-kb
band, observed in both lymphocytes and
fibroblasts of the patient, reflected a mean
repeat length of ~290 triplets in an un-
methylated state. Thus, this patient was
atypical of most fragile X patients and
carriers, because the repeat length was
larger than that observed in nonpenetrant
carriers, but in contrast to affected pa-
tients, including most mosaic males, near-
ly all cells exhibited the normal, unmethy-
lated status of the FMRI gene.

Normal levels of FMRI mRNA were
detected in the patient’s lymphocytes and
fibroblasts. Reverse transcriptase PCR
across the repeat demonstrated concor-
dance of repeat lengths between DNA and
RNA. However, a protein immunoblot
with a monoclonal antibody against FMRP
(15) revealed only ~30% of normal FMRP
levels relative to the control, B-tubulin.
Instead of a general reduction in FMRP
levels, immunofluorescent staining of
FMRP in the patient’s fibroblasts showed a
mosaic pattern of variable reactivity (Fig.
2). This was in contrast to the more con-
sistently positive cells of a normal male or
the uniformly negative cells of a typically
affected male, suggesting a FMRP level in-
trinsic to each cell of the patient.

To more fully evaluate this finding, we
isolated individual fibroblast clones from
low-density cultures. Seven clones were
identified for further study by PCR ampli-
fication of the FMRI CGG repeat from
DNA samples derived from independent
fibroblast colonies. The clones displayed
discrete repeat lengths of 57, 168, 182, 207,
266, 285, and 285 triplets, which spans the
range of mosaicism in the patient’s fibro-
blasts (Fig. 3A). Each clonal isolate con-
tained hypomethylated FMRI alleles,
which maintained a stable repeat length
upon culture expansion. Steady-state RNA
levels were evaluated in each clonal popu-
lation by ribonuclease (RNase) protection
of FMRI mRNA hybridized with 3?P-la-
beled antisense RNA and normalized to
y-actin signal as control. No significant
differences in steady-state levels of FMRI
mRNA were observed between or among
the normal controls (30 and 32 repeats) and
the patient’s clonal cell populations (57 to
285 repeats) (Fig. 3B). Densitometric quan-
titation of FMRI signal (16) showed 101 =
21.4 units for normals (n = 14) versus 124
*+ 29 units for the patient’s clones (n = 7).
A typical fully penetrant male sample, with
about 962 methylated repeats, showed no
FMRI transcript, as expected (Fig. 3B, lane
9). These data therefore confirm and ex-
tend our previous demonstration of quanti-
tatively similar levels of FMRI gene tran-
scription between normal and premutation

alleles of <100 CGG repeats (16).
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Despite the presence of normal levels of
FMRI mRNA among these clones, a pro-
tein immunoblot with antibodies to FMRP
showed a marked reduction in FMRP levels
in clones with >200 CGG repeats (Fig.
3C). Clones with repeat lengths of 207 and
266 triplets showed FMRP levels that were
24% and 12%, respectively, of the normal.
At 285 CGG repeats (lane 8), FMRP was
nearly undetectable, whereas levels of B-tu-
bulin remained unchanged. These results
indicate that the lengthy trinucleotide re-
peat in the FMRI transcript influences
FMRP translation and is consistent with
experimental evidence at other loci where

secondary structure in the 5’-untranslated
region of mRNAs, particularly CG-rich re-
gions, can impede translation (17). On the
basis of the scanning model of translational
initiation (18), it is therefore reasonable to
predict that the 40S initiation complex is
unable to proceed through the lengthy
CGG repeat of the FMRI transcript, stall-
ing translation.

To obtain direct evidence of stalled 40S
ribosomal subunits, we fractionated cyto-
plasmic lysates on sucrose gradients, sepa-
rating polysomes and their components
(Fig. 4A), and then quantitated FMRI
transcript in each fraction by RNase protec-
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Fig. 1. DNA studies of the FMR1 gene in the patient’s family. The filled square is the patient, partially filled
circles are female carriers, and open squares and circles are normal individuals. (A) Autoradiogram of
polyacrylamide gel separating the products of PCR amplification of the FMR71 CGG repeat from genomic
DNA; primers flanking the repeat were used (25). Size markers on the left indicate base pairs as
determined from Hpa Il digests of pBR322; corresponding numbers of CGG repeats are shown on the
right. Normal: 6 to 52 repeats; premutation carrier: ~60 to 200 repeats; full-mutation affected: >230
repeats (7). (B) Determination of FMR7 CGG-repeat number and methylation status by Southem blot
- analysis of genomic DNA with probe pES.1, as described (2, 20). Analysis of normal male DNA results in
2.4- and 2.8-kb bands, reflecting cleavage of a 5.2-kb Eco RI fragment (containing the 5’ portion of
FMRY1) by the methylation-sensitive enzyme Bss HlIl (or Eag [). Normal female DNA exhibits a similar
pattern (2.4- and 2.8-kb bands) from the active X chromosomes plus a Bss Hil-resistant, and therefore
methylated, 5.2-kb band from the inactive X chromosomes. Female premutation carriers exhibit addi-
tional complexity with additional bands reflecting the CGG-repeat lengthening of the 2.8- and 5.2-kb
bands, resulting in the shifting or broadening of the normal banding pattem. Full-mutation affected males
typically show absence of cleavage by either Bss HIl or Eag |, resulting in the substitution of the normal
2.4- and 2.8-kb bands with a large, diffuse smear in excess of 5.8 kb (7). In contrast, the DNA from the
mosaic patient, after either Eco RI-Bss HIl or Eco RI-Eag | digestion, showed <10% of the Eco RI
fragments being methylated (and therefore resistant to either Bss Hll or Eag |, showing only a faint band
at ~6 kb). Unmethylated Eco Rl fragments from this patient were cleavable by Bss HIl or Eag |, resulting
in the normal 2.4-kb fragment of the FMR1 promoter region and, instead of the normal 2.8-kb fragment
of exon 1 (containing the CGG repeat), a broad band of about 3.6 kb reflecting the increase in the
CGG-repeat length by ~800 bp.
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tion. In fibroblasts with 30 FMRI CGG
repeats, ~90% of FMRI transcript was
bound to approximately 4 to 12 assembled
ribosomes (Fig. 4B), as determined by ab-
sorption peaks of gradient fractions at 254
nm (OD,s,) (Fig. 4A), with undetectable
stored transcript in the messenger ribonu-
cleoprotein particle (mRNP) pools at the
top of the gradient (in quiescent cells,
mRNPs containing FMRI transcript sedi-
ment at ~13S). This finding is consistent
with active FMRI translation. Comparable
data was obtained with normal lympho-
blasts, indicating that FMRI transcript is
loaded with a similar number of translat-
ing ribosomes. In contrast, the cloned cells
containing 266 CGG repeats, which pro-
duced only ~12% of the normal amount
of FMRP (lane 7, Fig. 3C), revealed
>70% of the FMRI transcript cosedi-
menting with 40 to 80S ribosomal subunits
(fractions 17 and 19 in Fig. 4C). At 285
repeats, most FMRI transcript cosedi-

Fig. 2. Expression of FMRP in cultured fibroblasts
of (A) a normal male, (B) a typical fragile X syn-
drome male without FMR1 expression, and (C)
the male patient investigated here. Immunofluo-
rescence of FMRP (26) reveals the protein as cy-
toplasmic fluorescence in (A) and (C). (Insets) Dia-
midinophenylindole nuclear fluorescence of the
respective fields to identify each cell, regardless of
FMRP staining.



mented with 40 to 80S ribosomal subunits  as a control, associated with polyribosomes  among all clones studied, regardless of

(Fig. 4D), whereas hypoxanthine phos-  (Fig. 4E). A similar profile of polysome- FMRI CGG-repeat lengths. Because mul-
phoribosyl transferase (HPRT) transcript,  associated HPRT transcript was found tiple 40S initiation complexes can be as-

Fig. 3. FMR1 characterization of independent fi- A B
broblast clones from the patient containing 57 to

285 CGG repeats (27). (A) CGG-repeat length in ~ COG 57 168 182 207 266 285 COR 30 Sr s T A a0 e W
the cloned fibroblast cell lines. PCR amplification 1444 —
across the FMRT repeat was performed on 1307~
genomic DNA from each clone with the presence
of 32P-a-deoxycytidine 5'-triphosphate (25). The
estimated number of CGG repeats is shown at the
top of each lane with size references on the left (in
base pairs, determined from Hpa Il and Taq | di-
gests of pBR322). (B) Steady-state FMRT mRNA
levels in the cloned fibroblast cell lines, as mea-
sured by RNase protection. The CGG-repeat
length of the FMR1 gene is shown above, with
molecular weight size markers (in base pairs) on
the left. RNase protection was performed as de-
scribed (16) with a radioactively labeled 186-bp
antisense RNA of exons 8 and 9 of FMR1 and, as
control, a labeled 128-bp antisense fragment of
v-actin. The multibanded patterns resulted from
slight breathing of the RNA:RNA duplex (76). Fi-
broblast clones with 57 to 285 repeats are shown
in lanes 2 through 7, with normal controls contain-
ing 30 and 32 repeats (lanes 1 and 8) and a typical 368—
penetrant male fragile X syndrome patient (~962

repeats) in lane 9. Absence of the FMRT signal in

190 —
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106—
lane 9 demonstrates the specificity of the assay. 80— MRP
(C) Protein immunoblot of FMRP in the cloned 1 8 8 48 8
fibroblast cell lines. We resolved 7 pg of protein 49.5— § Tub

per lane through a 12% polyacrylamide gel using

antibodies to FMRP and to tubulin, as previously described (75, 76). Two normal controls 325—
of 30 and 32 repeats (lanes 1 and 2) are shown along with a full-mutation male control

(lane 9) and the six fibroblast clones (lanes 3 through 8); the repeat size is indicated above, |2 - ; -
and molecular weight markers (kilodaltons) are on the left. The ~80-kD FMRP is indicated 8 9
on the right, as is the ~50-kD B-tubulin (Tub) control.

Fig. 4. FMR1 transcript in fractionated polysomes A B

and their components (28). (A) Sucrose gradient 01
fractionation of polysomes and components. A .
17.1 to 51% linear sucrose gradient of cytoplas-

mic extract was continuously monitored by ab- (3'0‘.%’;1(:)

sorption at 264 nm (OD,,,) and was fractionated

into 21 500- to 600-p! fractions. Parallel gradients

were fractionated in the same way and subjected Cc JE AT RTINS e el RE TR T
to RNA isolation and RNase protection. Fractions 3 i B i

19 through 21 contain free RNP particles followed i i ‘ P :‘ﬁ Bl el
by 40S (fractions 17 through 19) and 80S (frac- ‘ (266CGG) [N o0& _‘-‘i‘?; ool ﬁ i
tions 15 through 17) ibosomal complexes. Mono- el £ J :
somes and polysomes are found among fractions .
1 through 15 and are more clearly shown at higher D
sensitivity of the absorbance scale (inset), where

each peak from the large 80S fraction approxi-
mates n + 1 ribosomes. (B) FMR1 transcript with- FMR1

in gradient fractions from normal fibroblasts with - (285 CGG)
30 CGG repeats. Each gradient fraction was ex-

OD,5,

tracted, RNA isolated, and subjected to RNase ’ E

protection, as described (16). Al FMRY transcript il A A S .9, £ ST S B
is associated with polysomes. (C) FMR1 transcript Bottom Top

within gradient fractions from fibroblasts with 266 Fraction HPRT

CGG repeats. The majority of transcript is associ-
ated with fractions 17 through 19, containing the
408 preinitiation complex with some transcript on .
polysomes, consistent with the observed 12% of normal FMRP level.in the  clone with 285 repeats and little FMRP showed a similar profile. (E) HPRT
266-repeat clone. (D) FMR1 transcript within gradient fractions from fibroblasts  transcript within gradient fractions (29) from fibroblasts with 285 CGG repeats
with 285 CGG repeats. The majority of transcript is associated with fractions 17 showing the majority of transcript associated with polysomes. This pattern was
through 19, containing the 40S preinitiation complex. Another independent  seenin all the clones studied containing 30 to 285 FMR1 repeats.
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sociated with single mRNA molecules, es-
pecially for the mRNAs containing long
5'-untranslated regions (19), these data
suggest the presence of stalled 40S initia-
tion complexes that are unable to scan
through >200 CGG repeats. Thus, the
reduced FMRP levels observed in the pa-
tient’s mosaic cell clones can be explained
solely by the poor translational initiation
efficiency caused by the expanded CGG-
repeat segment.

These data support the scanning model
of translation initiation and suggest that the
40S initiation complex does not hop over
inhibitory RNA structure, in this instance,
to reach the initiation codon (18). Howev-
er, the 40S subunit can actually scan
through as many as 182 CGG repeats. Pre-
vious in vitro evidence of sequence-depen-
dent subunit stalling involved far fewer re-
petitive elements but with obvious second-
ary structure (17). In this regard, the find-
ing of a rather narrow window of 25 repeats
(Fig. 3C; 182 versus 207 repeats) within
which a significant change in translation
initiation occurs may indicate a structural
RNA transition impeding 40S initiation
complex scanning at ~200 trinucleotide
repeats. Furthermore, this observation of
translational inhibition by lengthy repeats
may now be exploited as an experimental
strategy to examine repeat expansion in
cells or animals by placing fewer than 200
trinucleotide repeats in the 5’-untranslated
region of a reporter or selectable transgene.

Although translational inefficiency
caused by expanded CGG repeats is incon-
sequential to the majority of patients with
fragile X syndrome (because the FMRI gene
is typically inactive at the transcription lev-
el because of the abnormal methylation),
this finding does have significant implica-
tion relating to the syndrome. The data
explain discrepancies between the degree of
symptom severity and the extent of FMRI
methylation in mosaic fragile X syndrome
patients. Despite earlier hopes that mosaic
patients, who frequently exhibit partial
transcription of the FMRI gene, would ex-
hibit less clinical involvement, recent stud-
ies do not support such a general correlation
(20). Although high-functioning mosaic
male patients have been reported (21), a
recent study has shown a wide range of
FMRP levels (10 to 60% of normal) among
penetrant mosaic males with >90% hy-
pomethylation (22), indicating only weak
correlation between FMRP levels and
methylation. Because mosaic patients often
exhibit widely variable degrees of both
methylation and repeat-length mosaicism,
it is apparent from the studies reported here
that the repeat length of the hypomethyl-
ated alleles, and consequently the FMRP
level, may be a critical determinant of dis-
ease severity among this group.

734

Therapeutic strategies have been pro-
posed involving 5-azacytidine—induced
hypomethylation of patients’ FMRI genes
(7-9). Because there are no coding chang-
es in the FMRI gene (because the CGG
repeat is in the 5’-untranslated region),
release of the transcriptional inhibition by
methylation reduction could theoretically
restore FMRP production. However, the
inability of the 40S initiation complex to
scan through 285 CGG repeats, far fewer
than the number observed in the typical
fragile X patient [mean of 780 repeats
(20)], appears to preclude this option. In-
deed, these data suggest that fragile X
syndrome could occur solely on the basis
of repeat expansion, without the associat-
ed abnormal FMR methylation. Likewise,
this effect on translation could have con-
sequence regarding trinucleotide repeat
expansions elsewhere in the human ge-
nome. Although expansion of coding
CAG repeats beyond 200 triplets has not
yet been observed at loci such as that
responsible for Huntington’s disease (23),
it would be of interest to determine
whether or not an assembled ribosome
could read through such a lengthy CAG
repeat. If ribosome translocation through
the expanded allele’s transcript were im-
paired, reduced clinical involvement
might be anticipated because the abnor-
mal protein, containing a lengthened
polyglutamine tract believed to cause al-
tered properties (24), would be diminished
in abundance.
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collected from bottom to top starting at the inter-
face. Each fraction was subject to proteinase K
digestion followed by phenol-chloroform extraction
in order to isolate the total RNA. The ethanol-pre-
cipitated RNA in each fraction was subjected to
RNase protection analysis (76).

A RT-PCR product relative to base pairs 222
through 608 of human HPRT mRNA [D. J. Jolly et
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