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Here we report a novel mechanism for the pathogen-
sis of myotonic dystrophy (DM). The DMPK mRNA
ith expanded CTG trinucleotide repeats interacts
ith other transcripts having expanded CAG repeats.
his “trans RNA interference” occurs in vitro only
hen the number of CTG repeats is over 140 and the
umber of target CAG repeats exceeds 35. The trans
NA interference can explain all the phenomena pre-
iously reported about DM. © 1999 Academic Press

One pervasive mystery about DM is that the disease
hows dominant inheritance although the mutation of
he CTG triplet repeat expansion is in the 39-
ntranslated region (39-UTR) of the gene (1–3). We
xpect that the causative gene product, DMPK, has no
mino acid alterations in DM patients. But this fact
oes not correlate with DM pathogenesis. DMPK
nockout mice (4, 5) or overexpressing mice (6, 7) show
ess severe phenotype than DM patients. This fact in-
icates that the level of DMPK expression is not criti-
al for the expression of the disease.

On the other hand, various CTG repeat expansion
ffects are observed in the cell. Krahe et al. reported
hat the levels of processed mRNA from the DM allele
f expanded CTG repeats are reduced in comparison to
ormal controls (8). Wang et al. reported that the level
f the mature poly(A)1 RNA of DMPK is decreased in
M patients (9). Nuclear retention of DMPK tran-

cripts with expanded CTG repeats has also been ob-
erved in cultured cell (10). These findings, however,
re sporadic observations and their mechanisms are
ot totally explained.

Abbreviations used: EtBr, ethidium bromide; DM, myotonic dys-
rophy; DMPK, myotonic dystrophy protein kinase; ORF, open read-
ng frame; PCR, polymerase chain reaction; UTR, untranslated re-
ion; TFIID, transcription factor IID; TBP, TATA binding protein.
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We report here that expanded CTG repeats in the
MPK transcript have a potential antisense effect on
ther genes with CAG triplet repeats. We previously
btained DMPK cDNA (11) and applied a method to
roduce artificial expanded CTG repeats (12) to obtain
DMPK cDNA with 140 CTG triplet repeats. We tran-

cribed the mRNA from DMPK cDNAs by an in vitro
ranscription method and found that expanded CUG
epeats in DMPK mRNA interact with long CAG re-
eats in certain mRNAs such as TFIID.

ATERIALS AND METHODS

Human TBP/TFIID and androgen receptor cDNAs were obtained
y PCR cloning. Primers used for PCR were as follows; TFIID,
9-ctggtttgccaagaagaaagtg-39 and 59-caacaccaccatttaaaggtacc-39; an-
rogen receptor, 59-taagggaagtaggtggaagattca-39 and 59-aactccttggc-
ttgtcagaaat-39. Primers for TBP/TFIID were designed to clone a
139 bp fragment containing the full length ORF, and those of
ndrogen receptor were designed to amplify a partial ORF of a 743
p fragment in the vicinity of the CAG repeats. Our cloned human
MPK has 5 CTG repeats (11). We previously reported obtaining
MPK with CTG46 (13), CTG140, CAG140 (12), and DMPK with no
TG repeats (13). These cDNAs were ligated into pGEM7 vector

Promega). RNA transcription was achieved by an mCAP RNA cap-
ing kit (Stratagene) using T7 RNA polymerase. The transcription
eaction was stopped by adding loading buffer, and then 5 ml of
ranscribed RNAs were immediately subjected to 1% agarose gel
lectrophoresis. The bands were stained with EtBr and visualized
ith an UV transilluminator. Polyacrylamide gel electrophoresis
nd silver staining were carried out using a PhastGel gel electro-
horesis system (Pharmacia). Band density was analysed with an
magemaster 2 (Pharmacia).

ESULTS AND DISCUSSION

Figure 1 shows the constructs used in these ex-
eriments. First, we selected DMPK(CTG 5) and
MPK(CTG 140) independently as templates for in
itro transcription. The transcribed RNAs were then
nalysed by agarose gel electrophoresis (1%, TAE).
his revealed that the amount of transcribed mRNA
id not change with the number of CTG repeats. The
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ranscribed RNA/template DNA ratios were 2.21 6
.37 (band density, CTG5) and 2.17 6 0.36 (CTG140)
n 5 17, data not shown). The identity was over 99% by
tudent’s t test. The results correspond to those in our
revious report (13).
We then cotranscribed mRNAs using DMPK(CTG

40) and CAG 140 as templates in the same test tube.
e found a band shift on agarose gel electrophoresis,

ndicating that the RNAs anneal to one another caus-
ng a gel mobility shift. The cotranscription of DMP-
(CTG140) with CTG140 did not produce a band shift,

ndicating that the annealing of the RNAs is in the
TG/CAG region (Fig. 2). In this experiment, CAG140
RNA was not visualised by EtBr, possibly due to the

tructure of this single-strand RNA, because a band is
isible on the silver-stained acrylamide gel (Fig. 2b).
We next tried to clarify whether the existing gene is

he one that causes antisense annealing, because there
re many genes in the human genome that have long
AG repeats (Table I). Many such genes are candi-
ates as the causative factors in CAG triplet diseases,
.e., Huntington’s disease, DRPLA, and so on. Interest-
ngly, such genes contain many transcription factors.
mong them, we cloned the TFIID/TATA binding pro-

ein because it has not been reported to be a triplet
epeat disease gene and has an adequately long poly-
lutamine (CAG/CAA) codon. Our cloned TFIID/TATA
inding protein has 37 polyglutamines, over 80% of
hem (31/37) CAG, and the rest CAA. We also cloned
he human androgen receptor, which has 22 pure CAG
epeats, but the length is shorter than the repeat re-
ion of TFIID.
We used DMPK(CTG140) and the TFIID/TATA

inding protein as templates for RNA cotranscription.
band shift on agarose gel electrophoresis as seen in

gel and EtBr stain, (b) acrylamide gel and silver stain. M: mouse
CAG140, lane 4: CTG140, lane 5: DMPK(CTG5) 1 CAG140, lane 6:
MPK(CTG140) 1 CTG140. A band shift was observed in lane 7. The
FIG. 1. Constructs used in these experiments. All constructs
ere ligated into pGEM7. The positions and lengths of the CAG/CTG

epeats were analysed by sequence analysis at both the 59- and 39-
ides and the fragment rate of flow on agarose electrophoresis.
FIG. 2. RNA cotranscription with different templates. (a) agarose
ibosomal RNA, lane 1: DMPK(CTG5), lane 2: DMPK(CTG140), lane 3:
MPK(CTG5) 1 CTG140, lane 7: DMPK(CTG140) 1 CAG140, lane 8: D

hifted band is indicated by the arrow.



F
o
b
D
t
w
i
t
a
D
o
n
3
h
s

c
d
m
o
a
r
f
o
(
b
t

i

TABLE I

i

w
r
T
D
D
S

f
D
l
C
C
D

Vol. 264, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ig. 2, was observed, indicating the RNAs annealed to
ne another to form a double strand (Fig. 3). This
and shift was not observed when DMPK(CTG46),
MPK(CTG0), and androgen receptor were used as

emplates. Besides, the human ferritin heavy chain,
hich has CCG 5 repeats in the 59-UTR, also did not

nteract with CTG repeats (Fig. 4). Thus, we conclude
hat DMPK(CTG140) and TFIID mRNAs anneal to one
nother at the CUG/CAG site, and the CTG repeat in
MPK has an antisense effect only when the number
f repeats is over 140. Furthermore, the boundary
umber of CAG repeats in the target gene is about
5–40. Only when both the CTG and CAG repeats
ave adequate repeat numbers does this trans anti-
ense effect occur.

Human Genes Contai

ID

gb:S82497 SCA1 5 spinocerebellar ata
gb:HUMMAJOPEA Human Machado-Joseph dis
gb:HUMHUNTPEA Human huntingtin
gb:HUMANREPEA Human androgen receptor
gb:HSAAD20 Human mRNA for AAD20 p
gb:HSTFIIDAA Human transcription factor
gb:HSU15641 Human transcription factor
gb:HUMASH1A Human achaete scute homo
gb:HSU91935 Human retina-derived POU
gb:HSU38810 Human mab-21 cell fate-det
gb:HSMEF2 Human mRNA for myocyte-
gb:HUMAF9X Human AF-9 mRNA
gb:HSU79667 Human alpha1A-voltage-dep
gb:HSCANPX Human mRNA for calpain-l
gb:HUMDRPLA Human mRNA foro DRPLA
gb:HSU60325 Human DNA polymerase ga
gb:HUMHSNF2A Human mRNA for transcrip
gb:HSHBRM H. sapiens hbrm

Note. These genes were screened from BLAST search (National Instit
n coding region; B, CAG triplet repeat disease; C, transcription factor;

FIG. 3. Expanded CTG repeats have a trans-interference effect
ith existing human genes that have long CAG repeats. M: mouse

ibosomal RNA, lane 1: CAG140, lane 2: androgen receptor, lane 3:
FIID, lane 4: DMPK only, lane 5: DMPK 1 CAG140, lane 6:
MPK 1 androgen receptor, lane 7: DMPK 1 TFIID. A, B, C means
MPK(CTG5), DMPK(CTG46), DMPK(CTG140), respectively.
hifted bands are observed in lanes C-5 and C-7.
78
In humans, the decreased level of DMPK protein
aused by the expansion of the CTG repeat has been
iscussed (14, 15). However, this haplo insufficiency
odel has not been confirmed because DMPK knock-

ut mice do not show any typical DM symptoms, and
lso because various levels of DMPK mRNA have been
eported (14, 16, 17). Expanded CTG repeats may af-
ect the expression of DMAHP (18), the neighbor gene
n the downstream side of DMPK. But both decrease
19, 20) and the normal expression (21) of DMAHP has
een reported. Moreover, these models do not explain
he abnormal processing of the DMPK mRNA.

We report in this paper that expanded CUG repeats
n the DMPK mRNA form abnormal conformations

g Long CAG Repeats

ne Repeat number

type 1 44 A, B
e (SCA3) 30 A, B

25 A, B
26 A, B

ein (SCA2) 14 A, B
IID 38 A, C
F-4 15 C, D
us protein (ASH1) 14 A, C

main factor-1 11 A
ining protein homolog 21 E

cific enhancer factor 2 (MEF2) 11 A, C
44 D

dent calcium channel (SCA6) 12 A, B
protease CANPX 12 E

otein 14 A, B
a 13 A

nal activator hSNF2a 23 A, C
23 F

for Biological Information), probing CAG10 repeats. A, polyglutamine
polyserine; E, CAG repeat at 59-UTR; and F, DNA helicase.

FIG. 4. CTG repeats do not interact with the CCG5 repeat in
erritin. M: mouse ribosomal RNA, lane 1: DMPK(CTG5), lane 2:
MPK(CTG140), lane 3: CAG140, lane 4: DMPK(CTG5) 1 CAG140,

ane 5: DMPK(CTG140) 1 CAG140, lane 6: DMPK(CTG140) 1
TG140, lane 7: ferritin, lane 8: ferritin 1 CAG140, lane 9: ferritin 1
TG140, lane 10: ferritin 1 DMPK(CTG140), lane 11: ferritin 1
MPK(CTG5). The band shift is observed only in lane 5.
nin

Ge

xia
eas

rot
TF
E2
logo
-do
erm
spe

en
ike
pr
mm
tio

ute
D,



w
m
e
D
C
c

f
t
s
m
t
f
C
v

w
t
D
f
p
d
D
n
5
t
t
f
u
y
t
g
D

i
t
i
s
a

A

H
S

R

1

1

1

1

1

1

1

1

1

e
r

Vol. 264, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ith other genes with long CAG repeats. This abnor-
al CUG/CAG double strand RNA structure would

xplain the nuclear retention and altered processing of
MPK mRNA with an expanded CUG repeat: CUG/
AG double strand RNA could be recognized by a spe-

ific RNase and digested.
Koch et al. reported that the hairpin structure

ormed by long CTG repeats (n 5 .44) cannot pass
hrough nucleic pores. Thus, the CUG/CAG double
trand RNA with over 40 repeats found in this study
ay also be retained in the nucleus (22). Moreover, this

rans-RNA interference can explain the multisystemic
eatures of DM patients, because there can be multiple
AG repeat targets (vs. the CTG repeats of DMPK) in
arious organs and tissues.
Usuki et al. reported that the overexpression of DMPK
ith expanded CTG repeats retards muscle cell differen-

iation (23). Okoli et al. confirmed the same results that
MPK overexpression leads to the inhibition of cell dif-

erentiation (24). On the other hand, Sabourin et al. re-
orted that the 39-UTR of DMPK itself inhibits myoblast
ifferentiation (25). So, the molecular pathogenesis of
M should occur at the transcription/translation stage,
ot simply at the protein level. Also, DMPK knockout (4,
) and overexpressing mice (6, 7) do not show any of the
ypical symptoms seen in DM patients, indicating that
hese symptoms occur only in humans. Interestingly, as
ar as we know, the polyglutamine repeats in TBP are
nique to humans. Although TBP is well-conserved from
east to humans, only the human protein has polyglu-
amine repeats in it. This fact may explain why these
enetically-engineered mouse models of DM show no
M-like symptoms.
In conclusion, we propose a new model of trans RNA

nterference by expanded CTG triplet repeats in DM pa-
ients (Fig. 5). The expanded CUG trinucleotide repeats
n the DMPK mRNA may anneal to other mRNAs with
ufficiently long stretches of CAG repeats, resulting in
bnormal RNA processing and localization in the cell.

FIG. 5. Scheme for trans RNA interference deduced from these
xperiments. The mechanism works only when the number of CTG
epeats in DMPK is over 140 and the number of CAG repeats is over 35.
79
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