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ABSTRACT

Fragile X syndrome is associated with a CGG repeat
expansion in the 5 '-untranslated region of the FMR-1
gene. Within the FMR-1 promoter a CpG island is
frequently methylated in fragile X patients. To identify

the effect of methylation on  FMR-1 expression, we
transfected methylated and unmethylated constructs
containingthe FMR-1promoter infrontofthe CAT gene
(pFXCAT) into COS-1 cells. No difference between
methylated and unmethylated DNA was observed
initially, whereas reduced = CAT mRNA levels were
observed 48 h post-transfection of the methylated
construct and increased CAT activity from unmethylated
DNA was observed at 72 h. To determine the effect of

a CGG repeat expansion on gene expression, we
inserted >200 CGG repeats between the SV40 promoter
andthe CAT gene (pSV2CAT). A 3-fold reduction in CAT
activity was observed 24-48 h post-transfection. To
study the correlation between CGG repeat expansion
and FMR-1 transcription, we inserted 200 CGG trinucleo-
tide repeats into the pFXCAT construct. Only a slight
difference in mRNA levels was found between cells
transfected with pFX(CGG) 209CAT or pFXCAT, but a
complete lack of CAT activity was observed with
introduction of the repeat. We conclude that a moderate
size repeat markedly reduces translation. We propose
that the presence of a repeat expansion  per se is the
major factor influencing  FMR-1 function in fragile X
syndrome.

INTRODUCTION

FMRP is able to bind to its own messenger RNA as well as 4%
of human fetal brain mRNALQ). Furthermore, it was recently
demonstrated that FMRP interacts with the novel homologues
FXR1 and FXR2. The proteins can associate with each other or
form homomersi1). Eberharet al (12) showed that FMRP is

a ribonucleoprotein containing both nuclear localization and
nuclear export signals. THEMR-1 gene is expressed at high
levels in most, if not all, cells during development, whereas the
adult expression pattern is non-uniform, with high levels in organs
affected by fragile X syndrome such as brain and tési)s (

Methylation of CpG sequences, preferentially in the promoter
regions, is part of the regulation of gene expression and cell
differentiation (4,15). In theFMR-1 promoter region one CpG
island is positioned 250 bp upstream of the CGG repeat. This CpG
island is frequently found to be methylated in fragile X patients,
demonstrating an inverse correlation between DNA methylation
and gene expressioh@-19). The role of the CGG expansions in
establishing the methylation pattern in the CpG island is not
known. However, some results indicate that expanded CGG or
CCG repeats could display conformational changes which probably
inducede novomethylation £0). DNA methylation will in this
case serve to stabilize the structure and possibly label the repeat
for repair @1).

Recent studies of a fragile X syndrome patient suggest that
CGG repeat expansion may disturb translation in the absence of
methylation £2). It is thus unclear how methylation itself
regulates=MR-1gene activity and if the methylation frequently
observed in fragile X patients is an epiphenomenon or if it has
direct effects olFMR-1gene function.

In this investigation we asked whether it is the CGG repeat
expansion, DNA methylation of thEMR-1 promoter or a
combination thereof that mediates the lowering of gene activity.

Fragile X syndrome is one of the most common forms of inherited
mental retardation, with a frequency of 1 in 1250 men and 1 MATERIALS AND METHODS
2500 females1). The syndrome is strongly correlated with ap|asmid construction

fragile site at Xq27.3 and results from loss of activity ofRiHR-1

gene. In many cases fragile X syndrome is due to an expansibhe Xbd—BanH| fragment from plasmid pE5.1 (David L.Nelson,

of a CGG repeat located in theustranslated region '(&JTR) of

Baylor College of Medicine, Houston, TX), containing theiad

theFMR-1gene 2,3). In the normal population the CGG repeat ofof the FMR-1 gene, was ligated to thébd site in the multiple
the FMR-1 gene is 2—60 units long. However, individuals withcloning site of pBCAT (Promega, Madison, WI). Both open ends
fragile X syndrome show a repeat containing >200 CGG repeatgere blunted by DNA polymerase fill-in reaction preceding blunt
(4-7). Thus, fragile X syndrome is one of a group of disorderend ligation. The ligated product was propagatéseherichia coli

associated with trinucleotide repeat expansidn (

Hb 101 as pFXCAT (Fidl).

The FMR-1gene codes for the FMR-1 protein (FMRP), with A PCR product containing 200 CGG repeats from a male fragile
possible functions in RNA metabolism or in RNA-containingX patient was treated with DNA polymerase®onuclease &gity
cellular structuresg9). RNA binding studies have shown thatand blunt end ligated in thélindlll site of pSV2CAT. For
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2.8 kb — CAT assay
— £ = To control the activity of th€AT gene, the recipient cells were
= Sog harvested at different time points after transfection. The cells were
> S washed with PBS and scraped off with a rubber policeman. Total
| | | cell extracts were transferred to Eppendorf tubes filled withul50
- 0.25 M Tris—HClI, pH 7.8, sonicated and incubated acdor 10
FMR-1 prom >| L _JSVd0tag | min. After centrifugation for 10 min the supernatant was used for
enzymatic reaction with'fC]chloramphenicol and acetyl-CoA.
To each tube 2@l acetyl-CoA (4 mM) and 21 200 uCi
[14C]chloramphenicol were added. The mixture was incubated for
S SonmTIT T T 17 h at 37C. After incubation chloramphenicol and its derivatives
/| | | | | | ] | | | || | I\ were extracted with ethyl acetate and the acetylated chloram-
[ CpGisland 1 phenicol (AC) and the non-acetylated form were separated on thin

layer silica gel plates (Merck, Darmstadt, Germany). The plates
Figure 1. Schematic map of pFXCAT. The positions of thieal (Hh) and were developed in chloroform/methanol (95:5) and then auto-
Hpall (H) sites are shown in the CpG island of the FMR-1 promotepglo  radiographed 43). The percentage conversion éﬂC[]CmOFam-

PFXCAT was methylated with 15 U Mpall in 50 mM Tris-HCI, pH 7.5,10  phenicol to the acetylated form (AC) was quantified using a Fuiji
mM EDTA, 5 mM 2-mercaptoethanol and 0.2 mM SAM. The methylation Bgg 1000 IP Reader (Fuji, Japan).
efficiency after MHpall methylation was always controlled withpall and
Mspl digestion.
RT-PCR

construction of pFX(CGG)CAT the CGG repeat product was For first strand cDNA synthesigud total RNA from transfected
first cleaved witlPst andXhd and then inserted in the pFXCAT cells 24) dissolved in DEPC-treated water was used with a Ready
construct. For PCR amplification of the CGG repeat expansiofo Go kit (Pharmacia Biotech, Uppsala, Sweden) containing
Dynazyme tbr DNA polymerase (Finnzymes OY, Finland) wa$1-MuLV reverse transcriptase and an oligo(dT) primer to generate
used with upstream primer (primer 1) TGCAGAAATG GGCGT-first strand cDNA. The RNA sample was denatured and placed
TCTGG and downstream primer (primer 2) GCCCTAGAGCat 37 C for 60 min. The complete first strand reaction was heat
CAAGTACCTT GT. An aliquot of 0.1ug genomic DNA was inactivated at 90C for 5 min. An aliquot of Sul first strand
added to a solution of 10% DMSO, 0.20 mM dNTPx 10 reaction was used for PCR amplification. Amplifications were
Dynazyme buffer containing 2.5 mM Mg CR U Dynazyme and initially carried out using the primers (CAT-1) GAGGGCATTTCA-
6 UM of each primer. The amplification profile was as follows:GTCAGTTGC and (CAT-2) TGAAACTCACCCAGGGATTG,
94°C for 4 min, four cycles of 4 for 1 min, 57C for 2 min,  corresponding to nucleotides 4985-5007 and 5359-5378 of the
72°C for 3 min and 31 cycles of 9€ for 35 s, 57C for 40 s, CATgene. The reaction containedld0x Dynazyme buffer,ul
72°C for 2.30 min. The PCR product was purified after agarosg0 mM dNTP mix, 30 pmol upstream primer (CAT-1), 30 pmol
gel electrophoresis using DNA Purification Kit Prep-A-Géne downstream primer (CAT-2) and water to 1@0and 2.5 U
(BioRad, Hercules, CA) before further treatment. Dynazyme enzyme. The PCR amplification profile wa&®fbr
4 min, four cycles of 94C for 1 min, 57C for 2 min, 72C for

_ ) 3 minand 31 cycles of 9€ for 35s,57C for 40 s, 72C for 2.30

In vitro methylation min. The PCR products were monitored on a 1% agarose gel.

An aliquot of 10pg plasmid DNA was incubated witdpall RESULTS

methyltransferase (Fermentas, Lithuania) overnight €37 a

reaction mixture containing 50 mM Tris—HCI, pH 7.5, 300 mMThe purpose of this study was to determine the effdat vifro
Sadenosylmethionine (SAM), 10 mM EDTA and 5 mM dithio- methylation of thé&~-MR-1 promoter region and insertion of a CGG
threitol (DTT). The reaction was terminated by adding @@l  repeat expansion in th& 8TR of FMR-10n gene expression in
proteinase K for 1 h at 3T followed by phenol extraction and cell culture. We therefore constructed a plasmid containing the
chloroform/isoamyl alcohol (24:1). The DNA was precipitatedFMR-1 promoter and the transcription start and exon 1 from
with ethanol. The efficiency of methylation was controlled byFMR-1 in front of the CAT gene and SV40 small t antigen
digestion of methylated pFXCAT witHpall andMsp. Priorto  (pFXCAT; Fig.1).

transfection the methylated DNA was cut vlibell and purified

by agarose gel electrophoresis. In vitro methylation

To change the methylation state of this construct, we incubated
Cell culture and transfection the pFXCAT construct with the methyltransferaseHpall so

that the internal cytosine in the CCGG target sequence was
COS-1 cells were grown in Dulbecco’s modified Eagle’s mediurmethylated (the positions of the nidpall sites in the CpG island
(DMEM; Gibco BRL, Gaithesburg, MD) supplemented withare indicated in Figuré). CCMCGG methylation inhibitipall
10% fetal calf serum and 2 mivglutamine, 100 U/ml penicillin  but notMsp digestion. Both enzymes were used to control for
and 100ug/ml streptomycin. Samples of 3 1P cells were methylation efficiency. In order to assess the effect of methylation
transfected with 21g supercoiled methylated or unmethylatedon gene expression, COS-1 cells were transfected with the modified
pFXCAT DNA. Electroporation was used to transfect cells thaDNA. Prior to transfection the methylated DNA was digested
were pulsed at 1050F, 220 V with a pulse time @25 ms. with Hpall, separated by gel electrophoresis and purified to
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Figure 3. Southern blot analysis of PCR amplification of the CGG repeat region
with different amounts of genomic DNA from a male fragile X patient. Lane 1,
50 ng; lane 2, 75 ng; lane 3, 100 ng DNA. The blot was hybridized with the
32p_labeledBcli-Xhd fragment from pFXCAT.

RT - -
+ + Table 1.CAT enzyme activity was measured 24, 48 and 72 h after transfection of
Figure 2. RT—PCR from total RNA prepared from pFXCAT-transfected COS-1 2 M9 DNAY 10° COS-1 cells, using the electroporation method (105220 V)
cells 48 h after DNA transfer. The RNA was treated with DNase | before RT.
(A) Lane 1, pFXCAT with RT+; lane 2, pFXCAT without RT—; lane 3, pFXCAT

methylated wittHpall with RT+; lane 4, pFXCAT methylated without RT—. M, ~ Construct Acetylation (%)

a 1 kb ladder from Promega was used as marlr.P(imers for the 24 h 48 h 72 h

housekeeping gene GAPDH were used as a control.
pFXCAT 2 3 10
pFXCAT-CHg 2 3 3
pSV2CAT 42 61 94

exclude contamination with unmethylated DNA. Recipient cells
were harvested at various intervals after transfectiowitro ~ PBCAT 05 05 1

methylation of theFMR-1 promoter did not change the CAT

activity of pFXCAT during the first 48 h after gene transferpercentage acetylation was measured as acetyt4Bidtloramphenicol divided
(Tablel) and the activity was similar to that after transfection oby the total amount added. pFXCAT methylated withall methyltransferase
non-methylated DNA. At 72 h after transfection a 3-fold increasgrior to transfection is indicated as pFXCAT-§pSV2CAT was used as positive

in CAT activity was observed with the unmethylated contructgontrol. pBCAT was used as a control for basal transcription level. Data are
whereas methylated pFXCAT remained at low levels (Table means for three separate transfection experiments.

The level of CAT mMRNA was determined by RT-PCR of RNA

prepared from cells 48 h after transfection of methylated and . ) . o
unmethylated pFXCAT. N€AT mRNA was detected in cells 10 determine the biological activity, COS-1 cells were transfected

transfected with methylated pFXCAT, however RNA isolatedVith PSV2CAT or pSV2(CGGhCAT. The CAT activity was

from cells transfected with unmethylated pFXCAT resulted in educed to <20% acetylation with pSV2(CGEgLAT, whereas
396 bp fragment after RT—-PCR (FR). transfection with pSV2CAT resulted in 80% acetylation at 24 and

48 h post-transfection (Fi§).
To examine the effect of a CGG repeat expansioRMR-1

CGG repeat expansion and-MR-1 promoter activity promoter activity, plasmid pFXCAT was modified with an insert

of the expanded CGG PCR product aftet andXhd digestion
The CGG repeat expansion in the first exon offlR-1gene (Fig. 4B). This plasmid, pFX(CGGyoCAT, with the expanded
is assumed to have an important role in development of the fragitepeat in the 'SUTR of exon 1 of th&MR-1gene, was used to
X phenotype §5,7,16). To characterize the effect of a CGG analyze the result ®fMR-1CGG repeat expansidam vitro.
repeat expansiorz200) on gene expression in general, we PCR In order to determine the biological activity of pFX(CGég)
amplified a DNA fragment from a male fragile X patient with anCAT, we transfected methylated and unmethylated plasmid DNA
expanded repeat (Fi§). PCR amplification of thi§1L000 bp into COS-1 cells. The recipient cells were harvested after 24, 48
sequence containing 100% GC was non-trivial and differergnd 72 h. Both the unmethylated and the methylated construct
conditions were therefore evaluated. The PCR amplificatiooompletely lacked all CAT activity (data not shown).
resulted in a product of 1000 bp containi®P0 CGG repeats  To assess the effect of CGG repeat expansion on transcriptional
(Fig. 3). The CGGggsequence was then blunt ended by a DNAactivity, we transfected COS-1 cells with unmethylated
polymerase fill-in reaction and inserted in construct pSV2CADPFX(CGGodCAT and analysed mRNA levels by RT-PCR. To
(Fig. 4A). Plasmid pSV2CAT contains the early SV40 promoteistudy the normal rate of transcription the pFXCAT plasmid was
controlling theCAT gene and SV40 poly(A) signal. used as a control. Only a slight difference in transcriptional
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2.
—JFPMRT  [([CGGn] [[caT ———
| pFX(CGG)nCAT _ _
o [ Figure 6. (A) RT—-PCR from total RNA prepared 48 h after transfection of
pFXCAT (lane 1, +RT; lane 2, —RT) and pFX(CGg&ICAT (lane 3, +RT; lane
. . . . i 4, —RT) in COS-1 cells. Note equal intensity of bands from constructs with or
Figure 4. Schematic description of the insert of a PCR amplified CGG repeat . : .
fre?gment from a fragile pratient in pSV2CARY and pF?(CAT B). H PeaL \ithout the repeat expansion. M, a 1 kb ladder was used as mB)kainfers
Hindlll: P. Pst: X. Xhd T for GAPDH were used to control for RNA quality.

is the result of a CGG expansipar seor commonly occurring

% pBCAT hypermethylation of the promoter regidi?). Furthermore, the
M pSV2CAT role of CpG methylation of the CpG island in tF&IR-1
100 - B SV2(CGG)CAT promoter in regulatingcMR-1 expression is still not clear.
Recently it was demonstrated that methylation of all CpG dinucleo-
T tides bySs$ methylase blocke@#MR-1 promoter activity 48 h

after transfection in the absence of a repeat expasipin the
other hand, a fragile X patient with a lung tumour RMR-1-
expressing tumor cells despite methylation of bothEgng and
BsdHll sites in theFMR-1 promoter 80). It is possible that a
special CpG site has to be methylated to reduce gene activity.
Such CpG sites have previously been identifiZg) and may
apply also to regulation of tHeMR-1 gene. Novel methylation
sites may in fact be produced by the expansion itself and it has
been demonstrated that DNA methyltransferase can recognize
and selectively methylate unusual DNA structures like trinucleotide
CGG repeatm vitro (19). Furthermore, d(CGégpligonucleotides
24 48 h form a complex structure with properties similar to tetrahelical DNA
_ . o under physiological conditions and 5-methylation of cytosine
Figure 5. CAT activity 24 and 48 h post-transfection in COS-1 cells transfected stabilizes this structure{).
with pBCAT, pSV2CAT and pSV2(CGgyo CAT. pBCAT (Promega) contains . .
only the CAT gene and SV40 poly(A) signal and serves as a control for Ve have studied methylation of tR&R-1 promoter and the
non-specific acetylation. effect of a CGG repeat expansion in théJBR in vitro. The
FMR-1promoter is a relatively weak inducer of CAT activity in
COS-1 cells, despite the fact that these cells have been shown to
activity was observed at 48 h between cells transfected witle among the best cell lines f6iMR-1 expression J1).
PFX(CGGYooCAT or pFXCAT (Fig.6). Methylationper sedid not inhibit transient expression of plasmid
pFXCAT-CHs in COS-1 cells during the first 48 h after
DISCUSSION transfection, indicating that methylation may be less related to the
loss of expression seen in patients. However, we did observe
Loss ofFMR-1 expression is widely accepted to be the cause @éduced transcription in cells transfected with pFXCAE@H h
fragile X syndrome. Itis, however, controversial whether this losafter DNA transfer, indicating that methylation may down-regulate

% Acetylation
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the FMR-1gene. This was further supported by the increase ir# Fu,Y.H., Kuhl,D., Pizzuti,A., Pieretti,M., Sutcliffe,J.S., Richards,S.,

CAT activity seen using unmethylated pFXCAT in contrast to \N/erlkerkrg-LHo'ge”*J-kFe”"‘QCk'lR-J-r }I’"agefvi-; .,1003tra,B.A.,

methylated DNA 72 h post-transfection. The delayed difference, K?e?ﬁgr',é. J:,agritizsrdﬁ\)z.,ci_yn(cr? ,g\c,fé \’(3 <. OHolr;a?fE:, BakerE..

in expression may also be due to chromatin assembly of the waren,s.T., Schiesinger,D., Sutherland,G.R., Richards,R.I. (1991)

transDNA in the nucleus. It is well known that microinjected  Science252 1711-1714.

supercoiled plasmid DNA is assembled into minichromosome$ $é)uss:au,|?\.l, H\fitzyc?-. aiancalénabvé]_ E'Qmeé}feldhséty }qug’g" Et?g?\}fi:'
: 1 mmerup,N., van der Hagen,C., zZler-olanc ,C., Croqu VL.,

.48_.7.2. h after gene trans}‘@ﬁl' This may Iead_to mor? efficient Gilgenkrarr)\tz,s., Jalbert,P.,gVoeIckeI,M.A., Oberlé,l. and Manc?el,J.L.

inhibition of the methylated construct dut_a to interaction between (1991)N. Engl. J. Med 325 1673-1681.

methyl groups and histone octamers, histone 1 or other methyl vu,s., Mulley,J., Loesch,D., Turner,G., Donnely,A., Gedeon,G., Hillen,D.,

CpG binding protein. Stability of the CAT enzyme in the cell  Kremer,E., Lynch,M., Pritchard,M., Sutherland,G.R. and Richards,R.I.

might maintain the base level of gene activity seen in the cells (1992)Am. J Hum. Gengt50, 968—980.

; ; 8 Ashley,C.T., Sutcliffe,J.S., Kunst,C.B., Leiner,H.A., Eichler,E.E.,
transfected with methylated pFXCAT even in the abserde mbvo Nelson.D.L. and Warren, S.T. (1998ature Genet4, 244-251.

transcription. . 9 Siomi,H., Matunis,M.J., Nussbaum,R.L. and Dreyfuss,G. (1988)74,
The biological activity of pSV2(CGGy¢CAT was reduced as 291-298.

early as 24 h after gene transfer and complete loss of CAT activity Gibson,T.J., Thompson,J.D. and Heringa,J. (1BEBS Lett 324

was observed after transfection of pFX(CGgFAT. These 361-366.

" . Zhang,Y., O’'Connor,J.P., Siomi,M.C., Srinivasan,S., Dutra,A.,
findings taken together support the notion that a CGG repe Nussbaum.R L. and Dreyfuss,G. (0SB0 J, 14, 5358-5366.

expansion alone can inhibit gene expressiti). (The presence 12 Eperhart,D.E., Malter,H.E., Feng,Y. and Warren,S. (1B@). Mol.
of similar transcription levels in cells expressing pFX(CisAT Genet, 5, 1083-1091.
and pFXCAT implies that translation rather than transcription i3 Hinds,H.L., Ashley,C.T., Sutcliffe,J.S., Nelson,D.L., Warren, S.T.,
influenced by the change in the number of CGG repeat units, af Housman,D.E. and Schalling,M. (199%ture Genet 3, 36-43.
least in the short size range of pathological (GG&pansions. Doerfler,W. (L983pnnu. Rev. Biochen$2, 93-124.
'ange of p gic 15 CedarH. (1988¢ell, 53 3-4.

These results are consistent with observations made recently usiBg oberlé, ., Rousseau,F., Heitz,D., Kretz,C., Devys,D., Hanauer,A., Boué,J.,
fibroblast subclones from a mildly affected fragile X patiéaj.( Bertheas,M.F. and Mandel,J.L. (19%ience252 1097-1102.

In conclusion, we have demonstrated that a CGG expansion’ds Bell,M.V,, Hirst,M.C., Nakahori,Y., MacKinnon,R.N., Roche,A., Flint,T.J.,
well asin vitro methylation of th&MR-1promoter requlate gene ~ Jac0bs,P.A., Tommerup,N., Tranebjaerg L., Froster,|.U., Ker,B., Turner,G.,

- - - Lindenbaum,R.H., Winter,R., Pembrey,M., Thibodeau,S. and Davies,K.E.
expression. The CGG repeat expansion affects translation but not (1991ycell, 64, 861-866. Y

transcription and acts independently of methylation. We propo3g Hansen,R.S., Gartler,S.M., Scott,C.R., Chen,S., Laird,C.D. (£268)

that the repeat expansiper seis a primary factor determining Mol. Genet 1, 571-578.

FMR-1gene expression, possibly modulated by methylation evené Elelrem'gﬂl Z&@Qﬁ'ﬁ"f‘ég 'gii'7 V\gfze“-s-T-' Oostra,B.A., Caskey,C.T. and
. . . ; elson,D.L. €ell, 06, - .

Future studies using cell lines transfected with pFX(GGB) 55 g §S Laayoun A, Lingeman,R.G., Baker,D.J. and Riley,]. (1994)

containing various repeat unit sizes may reveal in what way the 3 wol. Biol, 243 143-151.

CGG repeat expansion itself can influence the pattern of methylation Fry,M. and Loeb,L.A. (1998roc. Natl. Acad. Sci. USR9, 763-767.
of f|anking CpG sequences. 22 Feng,Y., Zhang,F., Lokey,L.K., Chastain,J.L., Lakkis,L. Eberhart,D. and
Warren, S.T. (1995%cience268 731-734.
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