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ABSTRACT myotonic dystrophy protein kinase (DMPK) gene (4-7). In
normal individuals, this repeat block ranges in length from five
to 37 repeats. Individuals with mild or no symptoms, but
who have had offspring with DM, have larger repeat lengths

Myotonic dystrophy (DM) is associated with a (CTG)
triplet repeat expansion in the 3'-untranslated region

of the myotonic dystrophy protein kinase (DMPK) (~50-100 repeats). The repeat block may be >1000 repeats in
gene. Using electron microscopy, we visualized large individuals with the severe congenital form of the disease. DM
RNAs containing up to 130 CUG repeats and studied is an autosomal dominant disorder that shows anticipation
the binding of purified CUG-binding protein (CUG-BP) from one generation to the next. Longer CTG repeat tracts are
to these RNAs. Electron microscopic examination generally associated with more severe symptoms that appear
revealed perfect double-stranded (ds)RNA segments earlier in life (5,8).

whose lengths were that expected for duplex RNA. The mechanism by which expansion of the CTG repeat
The RNA dominant mutation model for DM pathogenesis block causes DM is not known, but the multi-systemic nature

of the disease suggests a complex molecular pathway
(reviewed in 9). Haploinsufficiency has been proposed as a
mechanism to explain the dominant nature of DM (10,11).
However, DMPK knockout mice do not show the complex
array of symptoms associated with the human disease (12,13).

predicts that the expansion mutation acts at the RNA
level by forming long dsRNAs that sequester certain
RNA-binding proteins. To test this model, we exam-
ined the subcellular distribution and RNA-binding

properties of CUG-BP. While previous studies have Further, no DM cases have yet been found resulting from a
demonstrated that mutant DMPK transcripts accumu- point mutation or deletion in DMPK coding sequences. In
late in nuclear foci, the localization pattern of CUG-BP contrast, numerous such examples have been observed in
in both normal and DM cells was similar. Although fragile X syndrome, where individuals with mutations in the
CUG-BP in nuclear extracts preferentially photo- FMR1coding sequence exhibit a similar disease phenotype as
crosslinked to DMPK transcripts, this binding was those with CCG repeat expansions in the 5'-UTR (14). Finally,
not proportional to (CUG) , repeat size. Moreover, DMPK protein levels in severely affected congenital patients
CUG-BP localized to the base of the RNA hairpin and are generally less than half the normal levels, suggesting that

the expanded CTG repeat block may adversely affect expression
of both alleles (15,16).

A second model for DM pathogenesis evolved from studies
on the chromatin structure of DNA containing CTG repeats
and the structure of this region. Waagal. (17) demonstrated

not along the stem, as visualized by electron micro-
scopy. These results provide the first visual evidence

that the DM expansion forms an RNA hairpin struc-
ture and suggest that CUG-BP is unlikely to be a

sequestered factor. that DM patient DNA with large CTG blocks had an extremely
high affinity for histone octamers, resulting in the generation
INTRODUCTION of hyperstable nucleosomasvitro. On the basis of these and

further studies (18), a chromatin structure model was proposed
Myotonic dystrophy (DM) is the most common form of adult in which the DM expansion mutation creates hyperstable
onset muscular dystrophy and occurs once in 8000 births (1-F)ucleosomal regions resulting in the formation of a control
Individuals with DM show many deficits; in particular, locus that subsequently represses adjacent genes (19). Parallel
neuromuscular involvement is prominent, with muscle weakin vivo studies by Tapscott and colleagues (20) revealed that
ness and wasting (1). Mapping of the DM locus in affectedhe region downstream of the DMPK gene acquires a nuclease-
individuals revealed an expanded block of repeating CTGnsensitive conformation when the DMPK CTG block undergoes
nucleotide triplets in the 3'-untranslated region (3'-UTR) of theexpansion. However, this chromatin structure model as applied
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to the DMPK gene conflicts with several recent studies whichkstructures with a rise typical of duplex RNA. In contrast to the
indicate that transcription of the mutant allele is not severelyproposal that CUG-BP is sequestered by the DM triplet repeat
affected by the CTG expansion (21,22). Recently, two otheexpansion, studies of the subcellular distribution and RNA-
genes have been mapped adjacent to DMPK. The DMWD gerteinding properties of CUG-BP are presented to show that
(formerly gene 59) lies just upstream and may share contr@@UG-BP is primarily a sSsSRNA-binding protein that has a binding
sequences with the DMPK gene (23,24). The SIX5 gene (formerlgreference for CUG-rich RNA elements but not duplex CUG
DMAHP) maps downstream of the DMPK gene and thehairpins. The implications of these observations to the RNA
DMPK 3'-UTR CTG repeat overlaps the 5' control region ofdominant model for DM pathogenesis are discussed.

SIX5, suggesting functional linkage between these genes

(25,26). The effect of the CTG repeat on expression of the

DMWD and SIX5 genes is less clear. SIX5 expression iMATERIALS AND METHODS

reported to be lower in some DM patients (27,28), while others| ;s mid constructs andin vitro transcription

have reported no effect on SIX5 expression in other DM

patients (22). In the chromatin structure model, as the size #MPK plasmid inserts containing six (pDMPK.8-4), 54
the expansion increases the unusual chromatin structure creat@PMPK.8-16) and 90 (pDMPK.8-6) CUG repeats were
by the growing array of hyperstable nucleosomes can altegenerated by PCR utilizing primers flanking the CUG repeat
gene expression at an ever increasing distance from the site of tagd (CAG), and (CTG), primers. Three individual reactions
expansion itself. Thus these apparently conflicting observationgere performed employing a subclone of the DMPK cDNA
may reflect different expansion sizes. (nt 2212-2849, accession no. M87312) in pSP72 (Promega,

An RNA dominant mutation model has also been propose#adison, WI). Reaction 1 contained a DMPK-specific 5’
(3,29). There are two key features of this model. First, th@rimer (5-CTGCTGCTGCTGCTGGGGGGATCCCAGACCA-
expanded CUG tract in the RNA transcript folds back on itselff TTCTTCTGC-3') and a SP6 3' primer. Reaction 2 contained
to create a stable duplex hairpin. Second, these structures acta®MPK-specific 3' primer (5-CAGCAGCAGCAGCAGAAT-
inappropriate protein sinks, removing certain cellular proteind CCCGGCTACAAGG-3') and a T7 5' primer. Reaction 3 con-
from their normal functions (30,31). This depletion would tained only (CAG),and (CTG), primers. PCR reactions were
prevent their association with normal target transcripts tha€rformed under standard conditions. After completion of the
require these proteins for pre-mRNA processing and mRNAnitial reactions, a second set of reactions were performed
export (reviewed in 9). Accumulating evidence suggests tha#sing products from reaction 1 or 2 combined with the product
single-stranded (ss)DNA composed of CTG repeats folds ontiom reaction 3. The products from reactions 1+3 and 2+3
itself to form stable duplex hairpins (32—35). Since U-U basavere then combined and amplified for an additional 25 cycles.
pairing in RNA can occur, long CUG repeat-containing RNA Products were cleaved witdma and Hindlll and cloned into
would also be predicted to form stable hairpins (36,37). IPPSP72 (Promega) to generate plasmids DMPK/6, 54 and 90.
addition, a recent study using chemical modification methodd’he pDMPK.10 clone containing a deletion of the CTG repeat
has provided evidence for such hairpins in CUG RNAswas created by PCR utilizing overlapping primers that lacked
containing 11-49 repeats (38). In further support of the RNACTG repeats in a strategy similar to that described for plasmids
dominant mutation model, recent evidence suggests that DIAMPK/6, 54 and 90. Two reactions were performed. Reaction
cells are defective in nucleocytoplasmic export of mutanil contained a DMPK-specific 5' primer that lacked a CTG
DMPK transcripts (21,22,39) and alternative pre-mRNA splicingepeat (5-CCTTGTAGCCGGGAATGGGGGGATCACAGA-
of cardiac troponin T (CTNT) (40). A candidate for the sequestere@CATTC-3") and a 3' SP6 primer. Reaction 2 contained a
factor, the CUG-binding protein (CUG-BP), has been identified®MPK-specific 3' primer that lacked a CTG repeat (5-GG-
and characterized as a protein that preferentially binds tdCTGTGATCCCCCCATTCCCGGCTACAAGGACC-3') and
(CUG)g oligonucleotides but does not bind to ssCTG or ssCAG 5' T7 primer. Products from these reactions were combined
DNA nor to CGG repeat RNAs (31,41). CUG-BP is localizedand amplified for 25 cycles. All clones were sequenced prior to
primarily in the nucleus and exists in several different isoformgise as templates fdn vitro transcription. For EM studies,
via phosphorylation (41,42). Moreover, DM cells show differentRNA substrates were transcribed from the DNA templates
CUG-BP isoforms and altered (CUGhinding activity (31). CTG 75 and CTG 130. The DNA templates were derived from
The three RNA-binding domains (RBDs) present in CUG-BPplasmids pSH1 and pSH2 (45), respectively, by cloning into
are predicted primarily to recognize ssRNA elementpGEM3zf+ (Stratagene, La Jolla, CA). The 58 bp of DNA 5' of
(reviewed in 43,44). In addition, CUG-BP was isolated bythe CTG repeats is identical between the DMPK and CTG
binding to CUG oligos that would not be expected to form plasmids. However, the DMPK plasmids contain an additional
hairpins (38). The sequestration model predicts that CUG-BR18 bp 5' of the CTG repeat. The 145 bp of DNA 3' of the CTG
binds along the length of the CUG repeat expansion with bindingepeats is 94% identical between the two plasmid types.
proportional to the number of triplet repeats, but binding along For photocrosslinking, RNAs were transcribed from
the stem may require a dsRNA-binding protein. plasmids pRPL14.1, pRPL14.2, pDMPK.8-4, pDMPK.8-16,

In this report, we have examined the two key features of theDMPK.8-6 and pDMPK.10n vitro using T7 polymerase in
RNA dominant model: generation of duplex RNA hairpins andthe presence ofda-32PJUTP and subsequently purified by
the hypothesis that CUG-BP is a sequestered factor in DMenaturing gel electrophoresis as previously described (31).
cells. Electron microscopy (EM) was used to visualize thd=or EM, DNA templates were prepared for transcription by
RNA structures formed by large CUG repeats and to examindigesting either CTG 75 or CTG 130 wiitaRl for generation of
their interaction with CUG-BP. We show that RNAs composed othe CAG repeat strand using SP6 RNA polymerase (New
either CUG or CAG repeats form very stable regular duplexEngland Biolabs, Beverley, MA) or by digesting wittindlll
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for generation of the CUG repeat transcript using T7 RNArepeat region (10 or 22 repeats) which encoded 10 or 22 alanine
polymerase (New England Biolabs). The tailed CUG 13(residues near the C-terminus of the protein. Database searches
template contains an additional 212 nt 3' of the repeat and wasvealed that the human RPL14 gene had been previously
prepared by digesting CTG 130 wiBvul prior to transcription  characterized as CAG-isl 7, a cDNA clone isolated during a
with T7 RNA polymerase. Transcription of the templates wassearch for diabetes genes from a human islet cell cDNA library
carried out in 40 mM Tris—HCI (pH 7.9), 6 mM MggI2 mM  (47).

spermidine and 10 mM dithiothreitol supplemented with = )

0.5mM each of ATP, CTP, GTP and UTP. Reactions werd>urification of recombinant CUG-BP

carried out for 2 h at 37C for T7 RNA polymerase and at0  To purify recombinant histidine-tagged CUG-BP (hNab50),
for SP6 RNA polymerase. The RNAs were purified by phenolhbacterial strains carrying pHIS-Nab50 were grown to an
chloroform extraction and ethanol precipitation. The 261 broDGOO:o_(;in 500 ml TB (1.2% bactotryptone, 2.4% yeast extract,
dsRNA control was prepared as described by Wetra). (45).  0.4% glycerol, 0.1 M KPQbuffer, pH 7.15) supplemented with
Mung bean nuclease (MBN) was used according to th@.5 mg/ml carbenicillin. Cells were collected by centrifugation
manufacturer’s protocol (New England BioLabs). at 1600g for 10 min, resuspended in 500 ml TB supplemented
To express histidine-tagged CUG-BP (hNab50) inwith 0.5 mg/ml carbenicillin and 1 mM isopropg-b-thio-
Escherichia coli full-length cDNAs encoding both proteins galactoside (Sigma) and subsequently grown at 30°C with vigorous
were cloned into pET15b (Novagen, Madison, WI). Briefly, ashaking for 2 h. Cells were then harvested by centrifugation at
full-length CUG-BP cDNA was amplified by PCR with a 5' 7200g for 10 min, resuspended in 20 ml of ice-cold binding
primer containing aldd site (5-GGGCATATRAGCCAGAA-  puffer (5 mM imidazole, 500 mM NaCl, 20 mM Tris—HCI,
GGAAGGTCCAG-3') and a 3' primer containingamH| site pH 7.9). Resuspended cells were lysed by a single pass through
(5-CCCGGATCAACAGCAAAACCACCA-3). The resulting  a French press (1250 Ibfin Lysate was clarified by centri-
CUG-BP PCR product was digested witldd andBanHl and  fugation at 17 00y for 20 min and the supernatant filtered
subcloned into pET15b. through a 0.45uM filter. Recombinant protein was purified
using a His-Bind affinity column (Novagen) according to the
manufacturer’s recommendation except that bound protein
was eluted with 100 mM EDTA, 500 mM NaCl, 10 mM
Indirect cellimmunofluorescence was performed using a 1:50MaPQ, pH 6.5). Eluted protein was dialyzed against 2 | of
dilution of the monoclonal antibody (mAb) 3B1 and a 1:10dialysis buffer (20 mM Tris—HCI, pH 7.6, 100 mM NacCl,
dilution of goat anti-mouse IgG1-FITC (human adsorbed) ag mM dithiothreitol, 1 mM EDTA, 1 mM phenylmethylsulfonyl
described previously (31). Normal human fibroblastsfluoride).
(GM05897B and GMO03523) and DM patient fibroblasts ) _
containing 50—80 CTG repeats (GM03991), 500 CTG repeatereparation of RNA and protein—-RNA complexes for EM

(GM03755) and up to 2000 CTG repeats (GM03759 andrhe puffer used to prepare protein—RNA complexes consisted
GM03132) were obFamed from the Coriell cell repositoriesyf 20 mM HEPES (pH 7.4) and 100 mM KCI. Reactions
(Camden, NJ). DM fibroblasts GM03755 and GM03132 havgncluded 100 ng of RNA template and 0-500 ng of CUG-BP as
been shown to accumulate mutant DMPK transcripts iNpgicated in the text and figure legends. Incubations were
nuclear foci (39). Immunofluorescence data were collecte@dayried out for 10 min at 3@ and the samples fixed with
using a CCD camera attached to a Zeiss Axiophot fluorescencgytaraldehyde (0.6%) at room temperature for 5 min. The sam-
microscope and images were processed using Adobg§es were fitered through columns of Bio-Gel A-5m (Bio-Rad)
Photoshop. Photocrossllnklng assays and |mmunopur|f|cat|org~‘qui|ibrated with 10 mM Tris—HCI (pH 7.6), 0.1 mM EDTA.
were performed as described previously (31). The filtered samples were mixed with a buffer containing sperm-
idine, adsorbed to glow charged thin carbon foils, dehydrated
through a water/ethanol series and rotary shadow cast with
) tungsten as described (48). RNA samples were prepared for
Polyadenylated RNAs were _|s_olated fr_om human DM1 lympho£M by mixing the RNA (0.5 ngdl) with a buffer containing
blasts (GM03986A) and purified by oligo(dT) chromatography.spermidine, adsorbed to glow charged thin carbon foils and
A cDNA library was prepared using a commercially availableprepared as described above. Samples were visualized in a
cDNA synthesis kit and\ packaging extracts (Stratagene). philips 400 instrument. Micrographs for publication were
Libraries were screened by hybridization for cDNAs containingscanned from negatives using a Nikon LS 4500 multiformat
(CTG), repeats using a (CAG) RNA probe. Filters were film scanner and the contrast optimized and panels arranged
hybridized overnight at 5@ in 50% deionized formamide, ysing Adobe Photoshop. Morphometry measurements were
6x SSC, 1% SDS, 0.1% Tween-20, 109/ml tRNA and 5% done using a Summagraphics digitizer coupled to a Macintosh

100 Cpm/ml of labeled tranSCfipt. The filters were WaSheq;omputer programmed with software deve|oped by J.D.G.
twice in 1x SSC, 0.1% SDS at room temperature for 30 min

and then twice in 0.4 SSC, 0.1% SDS at 88 for 30 min.

Positive plaques were purified and the corresponding plasmid3ESULTS
isolated and characterized by DNA sequencing. All of the . L .

cDNA inserts encoded a protein highly related to the rat ribosomez";\l{'sual'Zat'on of CUG and CAG repeat-containing RNAs

60S subunit protein L14 (46) and therefore the correspondinBrevious studies (38) have concluded that RNA containing
gene was named RPL14. Two different types of RPL14andem CUG repeats form dsRNA hairpins; however, long
cDNAs were isolated that differed only in a polymorphic CUG CUG repeat-containing RNAs have not been visualized. RNA

Cell immunofluorescence, photocrosslinking assay and
immunopurifications

Construction of the DM lymphoblast cDNA library and
isolation of RPL14 clones
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Figure 1. CUG repeat-containing RNA forms hairpins. RNAs were produced by transcribing from various plasmids using either T7 or Sp6 RNA polymerase. Electron
micrographs (shown in reverse contrast) of RNAs prepared for EM by direct adsorption to carbon foils, washing, air drying and rotary shadowtcastosievi

(see Materials and Methodsp)Y CUG 130 contains 130 repeats (390 nt) and 203 nt of flanking sequeB)c€UG 130T contains 130 repeats and an additional

212 ntto CUG 130 3' of the repea€) CUG 75 contains 75 repeats (225 nt) and 203 nt of flanking sequeDE€AG 130 contains 130 CAG repeats and is the
antisense transcript of CUG 13&)(dsRNA control (261 bp);K) DMPK 90 contains 90 repeats (270 nt) and 321 nt of flanking sequence. The bar represents 500 bp.

molecules 429 or 593 bases in length containing 75 or 130 CU®anscripts were made froRvul-digested CTG 130 plasmids
trinucleotide repeats, respectively, were generatethbytro  using T7 RNA polymerase. These transcripts (CTG 130T)
transcription. Complementary RNAs of 424 and 588 basehave an additional 212 nt present at the 3'-end of the molecule
containing 75 and 130 CAG repeats were produced in parall¢Fig. 1B). As shown in Figure 1 (compare A and B), the ball-like
(Materials and Methods). The repeat tracts in these RNAs argtructure at the base of the RNA rods increased in size with
flanked by non-repeat RNA sequences. The purified RNAsnclusion of the additional 212 nt. This tail of RNA frequently
were examineq by EM following direct adsorption to thin Carbonappearedx-shaped, but also as a ball or T-shaped appendage.
foils, dehydration and rotary shadow casting with tungstenRNAs were also transcribed from several plasmids containing
Examination of the CUG and CAG repeat RNAs revealedne pMPK 3-UTR together with different sized CUG repeat
fields of molecules consisting of stiff rod-like segments with ap|ocks. Examination of the RNA transcript containing 90 repeats
ball of unstructured material at one end (Fig. 1A-D). Scoringeyealed a duplex hairpin protruding from the non-repeat-
such fields, >99% of the molecules present had this appearance,cigntaining RNA that appeared as a large ball (Fig. 1F). Exam-

contrast to f.uIIy _baII-Iike particles. The rod-like segment WaSination of DMPK transcripts containing either no or six CUG
very similar in thlckne_ss and appearance to fuIIy duplex RNA3 peats revealed ball-like structures with no evidence of hairpin
(Fig. 1E) and the ball-like appendage was typical of unstructure rmation (data not shown)

RNA segments prepared by these EM procedures (49). The -
length of the rod-like segment was greater for the RNAs To measure the length of the halrpln_segments_, a dsRNA
containing 130 (Fig. 1A and D), in contrast to 75 (Fig. 1C),molecule 261 bpinlength was preparedrbyitro transcription to

repeats and their precise measurements are described bel§fnerate complementary RNAs followed by strand annealing
Greater than 90% of the rods were straight with no sharp kink&)- This fully duplex RNA (Fig. 1E) and the CUG- and
that would have resulted from one or more triplet repeat&AG-containing RNAs were prepared for EM. The lengths of
bulging out from the duplex segment. This suggested that thihe duplex segments for 100 molecules were measured and the
rod segments resulted from the RNA repeat segments foIdiﬁSUltS plotted as a percentage of the length of the dsRNA control
into very long perfect duplex hairpins with a loop at one endFig. 2). The lengths of the hairpins were compared to the
and a mass of unstructured RNA at the other. The dupleRredicted lengths based on 2.6 A/base pair of duplex RNA and
segments are highly stable, since the hairpin structureiie assumption that the repeats folded exactly in half (Thole 1).
reformed rapidly during the EM mounting procedures whenThese measurements demonstrated that the rod-like duplex
the RNAs were boiled and quickly cooled, even under low salsegments are precisely the length expected for a fully duplex
conditions. segment of 2.6 A/base pair. These measurements and the lack

To confirm that the ball-like appendages were the result obf a significant number of kinks along their length argue that
the non-repeat RNA present at each end of the repeat blockfiese segments consist of highly ordered duplex RNA.



3538 Nucleic Acids Research, 1999, Vol. 27, No. 17

CUG 75

CUG 130

CAG 130

ds RNA
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0 02 04 06 08 '1 12 Figure 3. CUG-BP binds to the basg of CUG repeat-containing hairpins gnd
not along the stem. The protein was incubated with RNA at a 5:1 mass ratio as
described in Materials and Methods. Electron micrographs (shown in reverse
contrast, prepared as in Hig. 1) of complexes of CUG-BP with CUGAZ(B),

) . . ) ) DMPK 90 (C andD) and dsRNA E andF). The bar represents 125 bp.
Figure 2. The length of the CUG repeat-containing RNA is consistent with the

formation of hairpins. Histogram of RNA lengths plotting € 100) RNAs
from the experiment described in Figlife 1 as a percentage of the dsRNA
control molecule.

stem nor was protein seen at the tip of the hairpin, which would
have generated a dumbbell-shaped molecule.
Analysis of EM fields of CUG-BP—RNA complexes was

Table 1.Comparison of the predicted and carried out in which molecules were scored either as being free
experimental lengths of the RNAs from Figife 1 of protein, with protein at the base of the hairpin or bound in
some other fashign, including along the stem or at the top of
RNA Predicted Actual the hairpin (Tabl¢|2). The fraction of CUG repeat RNAs with
dsRNA 100 100 CUG-BP bound at an end was 60—70% and this percentage was
CAG 130 724 65.1 insensitive to the number of CUG repeats. The binding of
CUG 130 124 696 CUG-BP to DMPK transcripts containing either no or six CUG
' : repeats was examined by EM. Since these transcripts do not
CUG 75 418 38.4 contain hairpins, their ball-like structure is covered by the
bound CUG-BP. Therefore, EM could not be used to determine
The RNA hairpin is consistent with dsRNA of accurate scores of free versus bound RNA. However, in
féﬁgﬁgaaf’efea"cgrcﬁfagfg gs'lﬁ'rnT":‘ge Ft’lzzd'(‘;;‘;‘?e reactions containing CUG-BP and DMPKO, the low amount of
CUG repeat forms a hairpin, such that the free RNA (30%) and the high amount of protein (70%, including
predicted length of the dsRNA hairpin is equal both RNA-bound and free protein) suggests that CUG-BP
to half the number of bases in the CUG repeat. binds to DMPK transcript even in the absence of CUG repeats

(see also Fig. 6B). The extent of CUG-BP binding to CAG
repeat RNA was similar (67 versus 70%) with binding solely at
the base of the hairpin. Binding was also observed when the
) o control dsRNA was used with CUG-BP bound to one but not
CUG-BP binds the base of (CUG) hairpins both ends of 45% of these RNAs (Tdble 2). The dsRNA control
To examine the binding of CUG-BP, a known CUG-bindingMmolecule contains 9 nt of ssRNA at one end and 13 bases at the
protein, to the RNAs characterized above, the protein waSther. The binding of CUG-BP to one end of the dsRNA control
incubated with the different RNAs and prepared for EM. ForSUggests that this protein recognizes either only ssRNA or the
these incubations, the protein:RNA ratio was varied from aéupc_t'on beftwehen SSRNA anr(ld dbs.Rg.lA with some sefquence spe-
low as 1 protein monomer/25 bp to as high as 1 monomer/3 b It%lt%;] Tg gr,:lAer ex?mllneé gug 1':?3 g;\(l)gertles Ot C%G&Bz’h
(based on a 50 kDa molecular weight of CUG-BP) and EM?2:" (€ S controlan ; S Were treated witt
: . ) . MBN to remove the single-stranded tails. The RNAs were puri-
was used to determine optimal levels at which there was a high . . .
Lo . ied, incubated with CUG-BP and prepared for EM. Following
frequency of protein binding without a great excess of fret%

. . his treat t, the bindi f CUG-BP to the MBN-treated
protein. Examples of the RNA—protein complexes are show S reaimen e binding o one [eate

- : ®UG 130 RNA was reduced >4-fold (70 to 17%). Binding to
in Figure 3. Irrespective of the RNA used, CUG-BP bound t9y,¢ 4srNA control molecule was also reduced >6-fold (45 to

one end of the RNA, in contrast to bindi_ng along the length of7%), suggesting that CUG-BP had a strong preference for
the duplex RNA segment. To determine whether CUG-BRssRNA. The CUG repeat hairpins may still contain short single-
binds to the base of the hairpin or to the single-stranded loop atranded regions even following MBN treatment, since a
the apex of the hairpin, CUG-BP was incubated with CUGsingle-stranded tail could be recreated due to slippage of the
130T RNA. In this molecule, the RNA tail is distinct (Fig. 1B). RNA structure (38). Therefore, the binding of CUG-BP to pure
In these CUG-BP-RNA complexes, the protein was consistentlis(CUG) RNA may be <17%. The preference for one end of
observed at the base of the hairpin and obscured the RNA tathe dsRNA control is either due to nucleotide sequence specificity
(data not shown). Binding was not observed along the duplear to a difference in the length of the single-stranded regions
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(9 versus 13 nt). In summary, recombinant CUG-BP bound to Phase DAPI CUG-BP

the base of the RNA hairpin generated by large CUG repeats
and some ssRNA was required.
Normal
Table 2. Summary of the binding of CUG-BP to various RNAs as shown in
Figurd3
RNA Bound at 1 end (%) Free (%) Bound other (%)
CUG 130 69.4 30.6 0.0
DMy 00
CUG 75 70.3 29.7 0.0 -
DMPK 54 63.7 36.3 0.0

DMPK 90 71.9 28.1 0.0
CAG 130 66.5 33.0 0.5
dsRNA 45.1 51.9 3.0 ] o B
Figure 4. CUG-BP does not accumulate in intranuclear foci in DM cells. The
dsRNA/MBN 7.3 90.7 2.0 intracellular distribution of CUG-BP in normal and DM fibroblasts was exathine
CUG 130/MBN 17.2 82.3 0.0 by indirect cellimmunofluorescence using the mAb 3B1 (CUG-BP). Locatibns o
the cells are shown using phase contrast (Phase) and chromosomal DNA by
DAPI staining.

Molecules were scored as either being free of protein, having protein bound at
the base of the hairpin or other binding, which includes binding along the
stem, binding to the tip or binding by more than one protein.

Methods, we identified several ribosomal protein mRNAs that

also contain polymorphic (CUG)repeats. These RPL14
Intracellular distribution of CUG-BP is not altered in DM RNAs possess either 10 or 22 CUG repeats in the coding
cells region. Size-matched RNAs (~650 nt) were transcribed in the
presence of3EP]JUTP from either the DMPK 3'-UTR or the

(FISH) analysis have shown that transcripts from the DMPKRPI.}.MEj CENAS (Fitg. SA). Th(lase _(Ijabeledl tralmstcripths were
mutant allele accumulate in the nucleus of DM cells in discret&®"" tl)et q y He|r_1a urlng alcry amlt e tge_ %.e? ré)p '(t)rzeal\s/,
foci (21,39). The sequestration hypothesis predicts that thigieubated in Heka cell nuciear extracts, irradiated wi

: : . ljght to form covalent RNA—protein crosslinks, treated with
large CUG repeats present in mutant DMPK transcripts bin 9 . . . '
and sequester CUG expansion-binding proteins (3,30,31). Nase A and the labeled proteins visualized by SDS-PAGE

. S and autoradiography. In agreement with previous observations
CUG-BP is sequestered by the CUG repeat exparigi®ivo, ; :

Lo ; . ; (31), CUG-BP photocrosslinked to DMPK 3'-UTR RNAs
the localization of this protein may be altered in DM cells. To Fig. 5B). In contrast, CUG-BP did not crosslink to RPL14

test this possibility, we characterized the intracellular locatio ranscripts with either 10 or 22 CUG repeats, while the hnRNP
Of_ CUG'BP. in normal versus DM f|brobla_15ts. In agregmentc proteins cross-linked to all three transcripts. Therefore,
W'th a previous report, CU.G'BP was chahzed predommantIyCUG_BP in nuclear extracts did not indiscriminately bind to
n th.e. nucleus in nqrma] fibroblasts (F|g. A.') (3.1)' However, a‘any RNA with CUG repeats but instead preferentially recognized
significant change in this subcellular distribution pattern wassy A sequence elements in the DMPK transcript. Examination of
not apparent in DM f|_broblasts (Fig. _4)' Furtherm_ore, Whe'f‘the DMPK RNA sequence used in these crosslinking experiments
compared to _nor_mal fibroblasts, no dlsce_rnable dlffere_nce Pevealed the presence of additional CUG-containing regions in
CUG-BP localization was observed in DM fibroblasts prewouslywhich the CUG trinucleotides were non-contiguous (Fig. 6A).
shown to accumulate mutant DMPK transcripts in nuclear foc{ye therefore tested the binding properties of CUG-BP to
(39; not shown). More detailed analysis using digital imagingippmpk RNAs that varied only in the size of the CUG repeat
deconvolution microscopy failed to detect any nuclear fockypansion. Crosslinking of CUG-BP to DMPK RNAs without
enriched in CUG-BP in these DM cells (data not shown). Sinceqntiguous CUG repeats at the DM mutation site was detectable
a potential problem with the interpretation of this CUG-BP 4t 5 Jow level while RNA containing six repeats was more
localization study is impaired antibody accessibility or reactivityafficient (~2-fold, Fig. 6B). However, varying the number of
in DM cells, we examined the RNA-binding properties of cug repeats from six to 90 only resulted in a negligible difference
CUG-BP in more detail. in CUG-BP crosslinking. This small increase was not due to
binding is not proportional to CUG repeat size the transcript concentration had only a small effect on the relative
The previous characterization of CUG-BP was based on itlevels of CUG-BP crosslinking (data not shown). In summary,
binding to ssSRNA [(CUG] oligonucleotides (31). Since a recent crosslinking of CUG-BP in nuclear extracts to DMPK RNAs
report has suggested that larger CUG repeats form stable dsRN#as affected by the presence of CUG repeats at the DM mutation
hairpin structures (38), we determined whether CUG-BP wasite, but the extent of binding was not proportional to CUG
also a dsRNA-binding protein. As described in Materials andepeat size. In conjunction with the CUG-BP cellular localization

Previous observations using fluoresceirtsitu hybridization
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Figure 5. CUG-BP/hNab50 specifically photocrosslinks to DMPK mRNA
and not to RPL14.4) Structure of RPL14 mRNAs that contain either 10 or
22 CUG repeats in the coding region. The CUG repeat region [(GJJ¢and

the polyadenylate tail [(A] are indicated. The arrows indicate the regions
transcribedin vitro. (B) Label transfer/SDS—polyacrylamide gel analysis of

Figure 6. Binding and photocrosslinking of CUG-BP to DMPK RNAs is not
proportional to (CUG) repeat size.A) CUG-rich elements in the 3-UTRfo
DMPK mRNA. (B) Label transfer/SDS—PAGE of either total HeLa cell nuclear
extract proteins (total), immunopurified CUG-BP (CUG-BP) or immunopurified
hnRNP C proteins (hnRNP C). The RNAs contained either 0, 6, 54 or 90 (CUG)
repeats.

HeLa cell nuclear extract proteins that photocrosslink to DMPK RNA with

five CUG repeats (DMPK/5), RPL14 RNA with 10 CUG repeats (RPL14/10) o . .
and RPL14 RNA with 22 CUG repeats (RPL14/22). HeLa cell nuclear extractsthe subcellular localization of CUG-BP. This protein does not

were incubated witt2P-labeled RNAs, photocrosslinked with UV light, appear to accumulate in disease-associated foci since the
treated with RNase A and either directly fractionated by SBSGE (total) or distribution of CUG-BP in normal and DM cells is very similar.
following_immunopurification with mAb 381 (CUG-BP) or mAb 4F4  Thirg the transcript-binding properties of CUG-BP in HelLa
(hnRNP C). Sizes are indicated in kDa. . . .
cell nuclear extracts have been studied using photocrosslinking.
This analysis confirmed the binding preference of CUG-BP for
DMPK transcripts previously reported. However, CUG-BP
binding was not significantly responsive to the size of the CUG
studies, which failed to show nuclear accumulation of CUG-BP imepeat block. Purified CUG-BP was observed to bind to the
DM cells, thisin vitro crosslinking analysis supported the ideabase of the CUG-containing RNA hairpin and not along the
that CUG-BP does not recognize large CUG repeat expansionsstem and, in agreement with the photocrosslinking studies, the
length of the CUG repeat does not significantly affect its binding.
DISCUSSION Cumulatively, these results demonstrate that large CUG repeats
form RNA hairpins that are not recognized by CUG-BP and
In this study, we have tested several features of the RNA-bindingredict that if sequestered factors exist they may be dsRNA-
protein sequestration hypothesis. First, we have shown by EMinding proteins.
that RNAs transcribed from CTG/CAG-containing templates Upon examination of CUG-containing RNA by EM, we
form hairpins. These hairpins are regular structures that do nabserved rod-like structures consistent with the formation of
appear to contain kinks or bubbles and their lengths are consistdwirpins. Although CUG repeat-containing RNAs have yet to be
with an A-form dsRNA helix. Second, since mutant transcriptsshown to form hairping vivo, a double-stranded conformation is
accumulate in intranuclear foci in DM cells, we have studiedikely based on the calculated free energy (38). In addition,
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efforts to examine denatured RNA by EM were unsuccessfulreviewed in 44). For example, recent work has implicated
because the hairpins reformed during the mounting procedurssveral hnRNPs in the splicing of pre-mRNAs transcribed
even under low salt conditions, suggesting that these are stabl®m muscle and neural genes (40,51). Alternative splicing of
structures that are likely to be formeéd vivo. It has been CcTNT pre-mRNA exon 5 is regulated by an RNA enhancer
previously shown that a single base bulge in a double-strandddcated within the downstream intron (40). This enhancer is
helix creates a bend of ~3(50). If a single CUG triplet composed of several dispersed CUG repeats and transient
bulged out from the hairpin, we would expect to see al#hd  overexpression of CUG-BR vivo induces exon 5 inclusion.

in the duplex. The lack of bends in the RNAs examinedBoth DM cells, as well as normal human skeletal muscle cells
suggests that these hairpins are paired along the entire length&fpressing DM minigenes with CUG repeat expansions, show
the triplet repeat. The formation of long stable hairpins support§onstitutive increases in exon 5 inclusion, suggesting enhanced
the dominant RNA mutation and protein sequestration hypoCUG-BP splicing activity. In neural cells, CUG-BP may also
theses in that these unusual structures in the nucleus could Bgd to a CUG-rich intronic enhancer to promote inclusion of
recognized by a particular set of proteins. From the EM dat&lathrin light chain B exon EN and the-methyl-D-aspartate

we can say conclusively that CUG-BP has a significantly'e@ceptor NR1 subunit exon 5 (51). These observations support
reduced affinity for purely dsCUG RNA and that the binding the idea that CUG-BP plays an important regulatory role in the
requires a ssRNA tail. CUG-BP bound to only one end of theSPlicing of pre-mRNAs that possess CUG-rich RNA enhancer
dsRNA control and thus we can conclude that the binding hagléments. Although we failed to detect a disease-associated
some sequence specificity and does not simply recognize trslifference in the overall distribution of CUG-BP in fibroblasts
presence of a ds/ssRNA junction. This protein binds to the bas¥f_ myoblasts, hypophosphorylated CUG-BP isoforms are
of dsCAG RNA hairpins that contain seven CUGs in thedifferentially Iocallzedlln DM cells (42). Moreovelr, DMPK
single-stranded flanking region. Since the CUG-BP proteir!aS been shown to directly phosphorylate CUG-BRitro

was originally isolated because of its ability to bind to tande 42). Therefore, IO.SS of DMPK expression in DM cells_may
CUGs present in a presumably single-stranded Gtligo, the ead to accumulation of hypophosphorylated CUG-BP in the

presence of CUGs could account for the binding of CUG-BP tgrucleus which subse_quen_tly alters _splicing f_or a variety of pre-
dsCAG RNA. We do not know why the protein binds to the MRNASs that possess intronic or exonic CUG-rich RNA regulatory

single-stranded tails of the dsRNA control. The binding?le{nents' Since CU?h-BtPtrc]ioes n(|)t appear to Ibet_ase?uk(]astered
specificity of CUG-BP needs to be examined further. actor, we propose that Iheé nuclear accumulation ot hypo-

. : ._phosphorylated CUG-BP occurs as a result of altered DMPK
The TN&A{ ‘f‘t’r:‘(“”;”t mutation m%dgl for D.M ﬁ)?tho%.enestl? xpression. According to this proposal, altered CUG-BP activity
suggests that this disease IS caused by a gain-ot-Iunction at the, o4 e primary cause, but an effect, of DM pathogenesis.

RNA level (3,18,30). One possibility envisioned by this modelWhile CUG-BP ma L
. . - y not be a sequestered faatasivo, it may
is that the unusual RNA structure of the DM (CU@Xxpansion play an important role in DMPK gene expression at the post-

interferes with the normal binding properties of a CUG-yanscriptional level. The existence of the CUG direct repeat,
binding protein (30,31,42). If the binding of this protein is as well as adjacent CUG-rich RNA elements, in the DMPK

proportional to the number of CUG repeats, then large expansioRs, nscript 3-UTR suggests that this hnRNP may function in the
would result in the accumulation of this protein on mutantz_qnq processing, translation or turnover of DMPK tran-

allele transcripts. Aberrant binding might result in the depletion OEcripts. Future work will be focused on these potential CUG-
this expansion-binding protein from other transcripts whichgp functions and on the characterization of dsRNA-binding

contain CUG-rich elements essential for normal pre‘mRNAproteins that preferentially recognize (CUG)iplet repeat
processing and/or mRNA nucleocytoplasmic export. A Cand'datéxpansions.

for this sequestered factor, CUG-BP, has been previously

characterized and disease-associated alterations in (EUG)

binding activity documented (30,31). Large CUG repeats forrACKNOWLEDGEMENTS
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