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Expansions of noncoding CUG and CCUG repeats in
myotonic dystrophies type 1 (DM1) and DM2 cause
complex molecular pathology, the features of which
include accumulation of RNA aggregates and misregu-
lation of the RNA-binding proteins muscleblind-like 1
(MBNL1) and CUG-binding protein 1 (CUGBP1). CCUG
repeats also decrease amounts of the nucleic acid
binding protein ZNF9. Using tetracycline (Tet)–regu-
lated monoclonal cell models that express CUG and
CCUG repeats, we found that low levels of long CUG
and CCUG repeats result in nuclear and cytoplasmic
RNA aggregation with a simultaneous increase of
CUGBP1 and a reduction of ZNF9. Elevation of
CUGBP1 and reduction of ZNF9 were also observed
before strong aggregation of the mutant CUG/CCUG
repeats. Degradation of CUG and CCUG repeats nor-
malizes ZNF9 and CUGBP1 levels. Comparison of
short and long CUG and CCUG RNAs showed that
great expression of short repeats form foci and alter
CUGBP1 and ZNF9; however, long CUG/CCUG repeats
misregulate CUGBP1 and ZNF9 much faster than high

levels of the short repeats. These data suggest that
correction of DM1 and DM2 might be achieved by
complete and efficient degradation of CUG and CCUG
repeats or by a simultaneous disruption of CUG/CCUG
foci and correction of CUGBP1 and ZNF9. (Am J Pathol

2011, 179:2475–2489; DOI: 10.1016/j.ajpath.2011.07.013)

Myotonic dystrophies type 1 and type 2 (DM1 and DM2)
are complex, inherited, neuro-muscular diseases without
cure.1,2 DM1 is caused by an expansion of untranslated
CTG repeats within the 3= untranslated region (UTR) of
the dystrophia myotonica-protein kinase (DMPK) gene
located on chromosome 19q, whereas DM2 is caused by
expansion of CCTG repeats within intron 1 of the CCHC-
type zinc finger, nucleic acid binding protein (ZNF9)
gene.3–9 Mutations in DM1 and DM2 produce symptoms
of the disease through accumulation of untranslated RNA
CUG and CCUG repeats, which disrupt RNA processing
(splicing, translation, RNA stability, and transcription) in
patients’ cells.10–28 There is evidence that mutant RNA
CCUG repeats also reduce ZNF9,29–31 changing protein
turnover at the level of global protein synthesis through
the decreased translation of 5= terminal oligopyrimidine
tract (TOP)–containing mRNAs regulated by ZNF9.29,30

In addition, protein expression is altered in DM2 patients
at the level of protein degradation through the inhibition of
the proteasome-ubiquitin pathway.32,33
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The expansion of CUG and CCUG repeats changes
biological activities of several RNA binding proteins in-
cluding muscleblind-like 1 (MBNL1) and CUG-binding
protein 1 (CUGBP1).11–14,16,18–26,32 Whereas some mu-
tant CUG and CCUG repeats form aggregates that se-
quester MBNL1, other CUG/CCUG repeats remain solu-
ble, stabilizing CUGBP1 and leading to an elevated
amounts of CUGBP1.9,15,16,18,24,32,34,35 CUG and CCUG
repeats aggregate in DM1 and DM2 patients; however, it
remains unknown whether these foci are formed by long,
nondegraded mutant CUG and CCUG RNAs or by
short products of degradation of RNA expan-
sions.9,15,16,32,34,35 It is also not known whether the for-
mation of these aggregates is responsible for all key
molecular abnormalities in DM cells, besides sequestra-
tion of MBNL1.16,21,35 In fact, several reports indicate the
lack of correlation between foci formation and severity of
disease. For instance, induced expression of the normal
3= UTR of DMPK containing five CUG repeats in mice was
sufficient to cause myotonia, muscular dystrophy, and
cardiac abnormalities in the absence of foci formation.24

Formation of CUG foci in two lines of Drosophila models
of DM1 caused muscle disruption in one line, but had no
effect in another line.36 Splicing abnormalities and aggre-
gation of CUG repeats are known to be independent
events.37 Taking into account these observations, we
aimed to resolve the question of whether aggregation of
CUG/CCUG RNAs is a primary event in DM1 and DM2
pathogenic mechanisms. Previous studies from our lab-
oratory and other laboratories showed that CUGBP1 el-
evation is an early event of CUG toxicity; however, it
remains unknown whether CUG foci formation precedes
elevation of CUGBP1.38,39 It is also important to determine
whether elevation of CUGBP1 and the decrease of ZNF9
are primary events of CCUG accumulation or are conse-
quences of the aggregation of CCUG repeats. The elucida-
tion of the primary targets of CUG and CCUG repeats is
important for the development of therapy in DM1 and DM2.

To determine the primary outcomes of CUG/CCUG toxicity,
we have developed several tetracycline (Tet)–regulated mono-
clonal cell culture systems temporarily expressing short and
long CUG and CCUG repeats after induction of their transcrip-
tion with doxycycline (Dox). Using these Tet-regulated CUG/
CCUG cell culture systems, we have determined the kinetics
of accumulation of long and short CUG/CCUG repeats, foci
formation, and CUGBP1 and ZNF9 levels. We also studied the
effects of degradation of CUG/CCUG repeats on reversion of
ZNF9 reduction and CUGBP1 elevation.

Materials and Methods

Plasmids

Generation of the TRE-GFP-CUG914 plasmid has been
described previously.38 To generate TRE-GFP-CTG25

and TRE-GFP-CCTG36 plasmids, complementary oligo-
nucleotides CTG25, CAG25, CCTG36, and CAGG36 were
synthesized at Invitrogen (Carlsbad, CA), annealed, and
cloned into the EcoRV site of a pTRE-Tight-Bl-AcGFP

vector. The resulting sequence of CTG and CCTG re-
peats was verified by sequencing of the plasmids from
both ends. The long CCTG repeat fragment was synthe-
sized by ligation of CCTG10 and CAGG10 fragments,
separation of the products of ligation on a gel, elution of
the DNA fragment in the position of 1.0 to 1.5 kb and
cloning of this fragment into a pcDNA vector. Sequencing
of the insert in the resulting plasmid showed that the
plasmid contained the desired insert of 300 CCTG re-
peats. This insert was cut out from the recombinant plas-
mid in the pcDNA vector and transferred into a pTRE-
Tight-Bl-AcGFP vector at the EcoRV site. The different
clones of the resulting plasmid were resequenced, pro-
ducing a plasmid containing a fragment of 100 CCTG
repeats, perhaps due to contraction of repeats during
cloning. The plasmids in the pTRE-Tight-Bl-AcGFP vector
express GFP and CTG/CCTG repeats without additional
sequences and are driven by different CMV promoters.

Generation of Double-Stable Inducible Clones

We initially used normal human myoblasts for generation of
double-stable cells expressing regulated CUG and CCUG
repeats. Pilot experiments showed that normal human myo-
blasts are very sensitive to geneticin and die within 7 days
of treatment. Therefore, we have performed similar experi-
ments with murine C2C12 myoblasts. In contrast to human
myoblasts, murine C2C12 myoblast were very resistant
to geneticin. After 2 weeks of selection in the medium con-
taining a high concentration of geneticin (450 �g/mL), non-
transfected cells survived and continued to divide. How-
ever, the selection of rtTA positive clones on the
background of the C2C12 myoblasts resulted in many
empty clones resistant to antibiotics. Therefore, we gener-
ated CUG- and CCUG-regulated stable clones in Chinest
Hamster Ovary (CHO) and HeLa cells. The recombinant
TRE-GFP-CUGn/CCUGn plasmids were stably transfected
into monoclonal, stable CHO and HeLa cells expressing a
rtTA activator protein (Clontech, Mountain View, CA) using
FuGene. The recombinant plasmids were co-transfected
with a plasmid providing hygromycin resistance. Trans-
fected cells were maintained in the medium containing hy-
gromycin B for 10 days. Dox was added to the selected
cells (350 ng/mL) in CHO cells and (1 �g/mL) in HeLa cells.
GFP-positive cells were identified by fluorescence and sep-
arated by flow cytometry in the BCM flow cytometry labo-
ratory. Individual cells with the moderate efficiency of GFP/
CUG/CCUG transcription after Dox addition were selected
to avoid toxic effects of CUG/CCUG repeats on cell viability.
Selected cells were grown to 80% density, expanded, and
retested with Dox to determine the regulation of GFP tran-
scription. Monoclonal double-stable cells lines were moni-
tored during 5 to 6 weeks to determine the efficiency of cell
growth. The doubling time was similar in the wild-type, sta-
ble, and double-stable cells. Induction of GFP/CUG/CCUG
expression did not affect cell growth. Light microscopy analy-
sis showed that noninduced and induced cells appeared
healthy without rounded cells. The effect of GFP transcription
as a possible toxic factor was assessed previously.38 It was
shown that GFP expression did not induce significant changes
in ph-eIF2 levels in the selected cells, indicating that the cells

were not under stress.38
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Northern Blot Assay

CUG/CCUG transcription in stable individual cell lines
was induced with Dox and total RNA was collected at
different time points. RNA was extracted with TriZol and
the integrity of RNA was examined by gel electrophoresis
and staining of RNA with ethidium bromide. The RNA (12
�g) was denatured in a buffer containing urea, separated
on the native agarose gel and transferred onto a nitrocel-
lulose membrane. The membrane was hybridized with
32P-CAG7 or 32P-CAGG7, as previously described.38

Western Blot Assay

Cytoplasmic and nuclear extracts were prepared from
induced and noninduced cells according to the protocol
described previously.11,12 A 20- to 50-�g quantity of pro-
tein was separated by polyacrylamide gel electrophore-
sis (PAGE), transferred onto a membrane and probed
with antibodies to CUGBP1 (3B1), C/EBP�, and p21 (all
from Santa Cruz Biotechnology, Santa Cruz, CA), poly-
clonal antibodies to ZNF929 and monoclonal antibodies
to �-actin (Sigma-Aldrich, St. Louis, MO).

Stability of CCUG Repeats

To determine the half-life of short and long CCUG repeats,
the TRE-GFP-CCUG constructs were transiently transfected
into Tet-Off CHO cells together with a construct expressing
�-globin mRNA using FuGene (Invitrogen, Carlsbad, CA).
The efficiency of transfection was determined by examina-
tion of GFP signal. Plates with similar efficiency of transfec-
tion were used. Twenty-four hours after transfection, Dox
was added to block transcription of CCUG RNAs, and RNA
samples were collected at different time points after Dox
addition. Denatured RNA (15 �g) was separated on an
agarose gel, transferred onto nitrocellulose and probed with
CAGG7 and �-globin probes.

Fluorescence in Situ Hybridization

A single pulse of CUG and CCUG transcription was in-
duced with Dox and cells were fixed with 3.7% formalde-
hyde in PBS at different time points after the transcription
pulse. Fixed cells were prehybridized in a solution of 40%
formamide and 2 � SSC for 10 minutes at 37°C, followed
by hybridization for 1 hour at 37°C. The hybridization mix
contained 40% formamide, 4 � SSC, 1 mg/mL tRNA,
salmon sperm DNA (200 �g/mL), 0.2% BSA, 2 mmol/L
vanadyl guanoside, and 0.5 �g/mL CAG15 or CAGG12

labeled with Alexa555. The percentage of cells contain-
ing CUG/CCUG aggregates was determined based on
the microscopic analysis of 200 to 500 cells for each time
point, using the same conditions for time of exposure and
brightness, based on at least three experiments. Images
of foci accumulation in CHO cells were taken at bright-
ness 10 times higher than those in HeLa cells.

To determine the portion of cells with nuclear and
cytoplasmic CUG/CCUG foci, randomly selected cells
(50 cells for each time point) were analyzed by fluores-

cent microscopy. Both large and small foci were counted.
The analysis was repeated three times to determine the
average value. Thus, 150 cells (50 � 3) for each time
point and for each cell line (CHO-CUG914, CHO-CUG25,
HeLa-CUG25, CHO-CCUG36, CHO-CCUG100, HeLa-
CCUG36, and HeLa-CCUG100) were analyzed. Foci-pos-
itive cells have been divided in three categories: i) cells
containing preferentially nuclear foci, ii) cells containing
preferentially cytoplasmic foci, and iii) cells with equal
number of foci in nuclei and in cytoplasm. Cells in group
1 included cells with foci only in nuclei and cells contain-
ing at least twofold more nuclear than cytoplasmic foci.
Cells in group 2 included cells with foci only in cytoplasm
and cells containing at least twofold more cytoplasmic
foci than nuclear foci. Foci in cells with equal number of
foci in nuclei and in cytoplasm were carefully counted
three times. Cells with diffused CUG/CCUG signals were
excluded from the count.

Real-Time RT–PCR

The first-strand cDNA was synthesized using 100 ng of
total RNA with SSIII reverse transcriptase (Invitrogen,
Carlsbad, CA). Real-time PCR was performed with SYBR
Green PCR Master Mix (ABI) and two sets of primers
specific for human ZNF9 in the StepOne Real-Time PCR
System (ABI) according to the manufacturer’s recom-
mendations. The set #1 of ZNF9 primers includes primers
with the following sequences: forward, 5=-GACCATGCA-
GATGAGCAGAA-3= (exon 4) and reverse, 5=-TTGCTG-
CAGTTGATGGCTAC-3= (exon 5). The sequences of
ZNF9 primers in the set #2 (from exon 4) are as follows:
forward, 5=-TGCTACAACTGTGGCAAACC-3= and re-
verse, 5=-TGTCCGAATTCTCCACAAGA-3=. Assays were
performed in duplicate. Each experiment was repeated
two to four times. The results of quantitative real-time PCR
were analyzed by the comparative threshold cycle (CT)
method and normalized by comparison to GAPDH sig-
nals used as an internal control. The sequences of human
GAPDH primers are as follows: forward primer 5=-CAAT-
GACCCCTTCATTGACC-3= and reverse primer 5=-TT-
GATTTTGGAGGGATCTCG-3=.

Results

Analysis of Dox-Dependent Regulation of
Transcription of Short and Long CUG Repeats
in “Tet-On” Monoclonal Cell Lines

The structure of the construct expressing CUG914 RNA
was previously described.38 A similar construct for the
regulated expression of short CUG repeats (CUG25) was
also generated (Figure 1A). We applied Northern blot
analyses to compare the kinetics of CUG25/914 accumu-
lation in CHO double-stable cells after a single pulse of
transcription. Our previous work with CUG-inducible
CHO cells showed that the levels of CUG914 RNA at 17 to
24 hours after Dox addition are similar to the levels of the
mutant DMPK mRNA in human myoblasts from the pa-
tient with DM1.38 Comparison of CUG914 and CUG25
expression on the same gel indicated that the efficiency
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of CUG25 RNA expression was significantly higher than
that of CUG914 RNA (Figure 1B). Although the accumu-
lation of CUG914 was barely visible at 7 hours after Dox
addition, the signals of CUG25 at this time point were very
strong. To examine CUG914 expression during the initial
period after Dox addition (0 to 6 hours), fluorescence in
situ hybridization (FISH) hybridization with CAG probe
was performed. We found that, at 3 and 6 hours after Dox
addition, CUG-positive aggregates could be detected in
small number of cells (approximately 2% to 4%) after
maximal exposure (data not shown). This result suggests
that the accumulation of CUG repeats in this cell line
during 0 to 6 hours after Dox addition is very low, making
it difficult to quantify. The accumulation of CUG914 RNA
began at 7 hours after Dox addition (Figure 1B). There-
fore, we refer to this time point as the earliest stage of the
detectable accumulation of the mutant CUG repeats. A
similar result was observed by other groups in Tet-induc-
ible systems.39 The CUG914 signal was increased during
17 to 24 hours after Dox addition and then reduced at 48
hours. Examination of the kinetic of CUG25 RNA expres-
sion at the same time points by the Northern blot assay
showed that the signals of CUG25 were strong at 7 to 24
hours after Dox addition and then were reduced at 48
hours (Figure 1B). Strong signal of CUG25 at 7 hours after
Dox addition prompted us to measure the kinetic of
CUG25 accumulation during 0 to 6 hours after Dox addi-
tion. We found that CUG25 RNA was already detectable
in 1 hour after Dox addition and the signal continued to
increase during the next 6 hours (Figure 1C). We suggest
that the high efficiency of CUG25 expression in this cell
line allowed detection of CUG25 in 1 hour after Dox ad-
dition, although significantly weaker expression of
CUG914 led to detection of long repeats at 7 hours after
induction of transcription. The reason for the differences
in the Tet-on expression of CUG25 and CUG914 is un-
known. A similar result was described by Mahadevan et
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al,24 in which the Tet-regulated expression of the 3= UTR
from normal DMPK mRNA containing five CUG repeats
resulted in high levels of RNA expression in a murine
model, but a DMPK 3= UTR containing 200 CUG repeats
driven by the same promoter showed very weak expres-
sion. One possible explanation for these results is that the
long repeats might have a negative effect on the effi-
ciency of transcription.

To determine whether removal of Dox from the growth
medium abolishes transcription of CUG repeats, we ex-
amined the levels of CUG25 and CUG914 at 24 hours after
a single pulse of transcription and after withdrawal of Dox
from the growth medium. Transcription of CUG25 and
CUG914 is induced at 24 hours after Dox addition,
whereas the removal of Dox after 24 hours after a pulse of
transcription reduces the levels of both CUG25 and
CUG914 (Figure 1D). The reduction of the levels of short
and long CUG repeats is detectable at 4 hours after Dox
withdrawal leading to complete disappearance of
CUG914 RNA at 16 to 24 hours after Dox removal. Under
the same conditions, Dox withdrawal significantly re-
duced the levels of CUG25 but could not completely
eliminate the repeats, most likely due to the higher effi-
ciency of CUG25 transcription compared with that of
CUG914 (Figure 1D). These studies demonstrated that tran-
scription of CUG25 and CUG914 RNAs can be manipulated
by Dox addition and withdrawal. Importantly, the CUG914

cell model allows the accumulation of repeats after a single
pulse of transcription without overexpression of repeats.
Thus, these generated inducible cell lines can be used to
study the kinetics of the accumulation of CUG RNA, forma-
tion of CUG foci, and CUGBP1 levels.

Accumulation of Low Levels of CUG914 RNA
Results in Nuclear and Cytoplasmic Foci
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Figure 1. Dox-dependent regulation of tran-
scription and decay of CUG25 and CUG914 tran-
scripts in Tet-On double-stable monoclonal
CHO cells. A: Diagram shows the structure of
constructs used for generation of CUG25 and
CUG914 Tet-regulated monoclonal cells. B: Com-
parison of kinetics of the accumulation of CUG25

and CUG914 in CHO cells after a single pulse of
transcription of CTG25 and CTG914 with Dox.
Upper panel shows the results of Northern
blotting using CAG7 probe. The time points for
the collection of RNA after Dox addition are
shown on the top in black. Lower panel shows
ethidium bromide staining of the analyzed
RNAs. The percentage of cells containing CUG-
positive aggregates (Fig. 2) are shown on the top
in blue. C: Kinetic of the accumulation of CUG25

at early time points after Dox addition. Upper
panel shows the results of the Northern blot
analysis. Lower panel shows the ethidium bro-
mide staining of the gel. Positions of CUG25 RNA
and ribosomal 28S and 18S RNAs are shown by
arrows. D: Kinetics of CUG25 and CUG914 RNA
decay after a pulse of transcription during 24
hours determined by Northern blot assay (up-
per panel) are shown. Lower panel shows
ethidium bromide staining of the analyzed
RNAs.
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(more than 50) aggregates and forms nuclear foci.40,41
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Formation of RNA aggregates is one of the hallmarks of
CUG toxicity in DM1. Using the generated Tet-regulated
cell lines, we examined whether the formation of CUG foci
is an early event of the accumulation of CUG RNA. We
analyzed the kinetics of foci formation in CUG914-induc-
ible cells after a single pulse of transcription using FISH
assay. The cells with CUG aggregates were counted
under the same conditions of brightness and time of
exposure to ensure quantification of the signal. As is
shown in Figure 2A, no aggregation of CUG914 foci was
observed before addition of Dox (time 0). At 3 and 6
hours after Dox addition foci were detectable in a few
cells at maximal exposure, but they were not visible un-
der conditions used to quantify foci-positive cells at later
time points (data not shown). At 7 hours after Dox addi-
tion (when CUG914 RNA was barely detectable by the
Northern blot assay, Figure 1B), approximately half of the
cells (53%) showed CUG signals in the aggregated form
in both nuclei and cytoplasm. It should be noted that
some cells contained CUG signal in aggregated and
diffused forms. The number of cells containing CUG914

aggregates remained at approximately similar levels at
17 to 24 hours after Dox addition.

The number of cells containing CUG aggregates at 36
and 46 hours was not reduced (65% for 36 hours and 55%
for 48 hours) (Figure 2A). This was surprising, because the
intensity of CUG914 RNA signal in the Northern blot assay is
reduced at 28 to 48 hours after single transcription pulse38

(Figure 1B for 48 hours) due to degradation of CUG914

RNA. This result was reproducible and statistically signifi-
cant (with P values 0.03 and 0.02 for 36 and 48 hours,
respectively). One possible explanation for this result is that
long repeats bind to additional proteins during partial decay
of CUG914, increasing the number of foci. It is also possible
that the products of degradation of CUG914 contributes to
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Accumulation of High Levels of Short CUG
Repeats Leads to Foci Formation

To examine the possibility that high levels of short CUG
repeats may also aggregate, we have analyzed foci for-
mation in CUG25-inducible cells. We found that CUG25-
expressing cells do indeed contain CUG-positive nuclear
and cytoplasmic aggregates similar to CUG914-express-
ing cells. A pulse of transcription of CUG25 caused foci
formation in 52% of cells at 7 hours after Dox addition
(Figure 2B). At 17 hours, 63% of cells contained foci and
at 24 hours 59% of cells showed foci formation. The
number of cells with foci was even higher at 36 and 48
hours after Dox addition (70% and 68% for 36 hours and
for 48 hours, respectively). Although we do not know how
CUG25 RNA containing normal-sized CUG repeats form
aggregates, we speculate that this could arise from high
levels of expression of CUG25. The presence of CUG
aggregates in CUG25-regulated CHO cells was indepen-
dent of cell origin. Similar accumulation of foci was ob-
served in HeLa cell lines expressing regulated CUG25

RNA (Figure 2C). As seen in Figure 2C, the percentage of
cells with aggregates in HeLa CUG25-induced cells (cell
line 13) was 93% at 7 hours after Dox addition and re-
mained high during the course of accumulation of re-
peats (93% for 17 hours and 91% for 24 hours). The
number of cells with foci was reduced at 36 and 48 hours
after Dox addition (83% and 66% respectively). It is im-
portant to note that the brightness of foci was greater in
HeLa cells relative to CHO cells. Note that images of the
CHO cells were taken at brightness 10-fold higher than
that in Hela cells to compensate for the weak CUG signal
in CHO cells. As expression of CUG25 in both CHO and
HeLa cells was comparable (data not shown), we suggest
that CUG foci might be more stable in human cells than in
rodent cells. Because CUG25 RNA was detectable by
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(Figure 1C), we examined possible foci formation by CUG25

RNA at 3 to 6 hours after Dox addition. At these time points,
foci were observed after maximal exposure, but they were
not visible under conditions used to quantify foci at later
time points (data not shown).

The mutant CUG RNA might be completely trapped in
nuclei. In CUG914-inducible clones however, we ob-
served CUG-positive aggregates in both nuclei and cy-
toplasm (Figure 2). The relative number of cells with nu-
clear and cytoplasmic foci was quantified as described in
Materials and Methods. These calculations show that both
compartments contain CUG foci (Figure 3). High levels of
short CUG repeats also led to the formation of nuclear
and cytoplasmic foci (Figure 3).

Taken together, the analysis of foci in CUG-regulated
cell lines showed that low levels of CUG914 RNA are
sufficient for aggregation, and that the aggregation of
CUG RNA is a primary outcome of the accumulation of
CUG repeats. High levels of short repeats also led to
aggregation. This result shows that foci could be formed
not only after accumulation of the mutant CUG repeats
but also by high levels of short repeats. The lack of CUG
foci in normal cells relative to DM1 cells could be ex-
plained by the short repeat and by the normal level of
expression of DMPK transcripts.

CUGBP1 Elevation Is a Primary Event of the
Accumulation of the Mutant CUG Repeats

Previous reports have shown that CUGBP1 levels are
increased in DM1 patients.18,20,24 It has also been shown
that long CUG repeats degrade, resulting in the accumu-
lation of short CUG repeats detectable in DM1 cells.42
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Because the accumulation of short CUG repeats causes
the DM1 phenotype in DM1 murine models,24 we de-
cided to determine whether high levels of short CUG
repeats would elevate CUGBP1. Analysis of CUGBP1
expression after a single pulse of transcription of CUG25

showed that CUGBP1 is elevated in cytoplasm at 7 hours
after Dox addition (Figure 4A). CUGBP1 levels continued
to grow in cytoplasm of CHO cells during 7 to 48 hours
after Dox addition. In the nuclei, CUGBP1 was also in-
creased at 7 hours after Dox addition. The levels of nu-
clear CUGBP1 were increased further at 17 hours, with a
slight reduction at 24 to 48 hours.

We found that both high levels of short and low levels
of long CUG repeats increase CUGBP1 at 7 hours after
Dox addition; however, the kinetic of CUGBP1 increase
by long CUG repeats was faster relative to that mediated
by short CUG repeats. Accumulation of CUG25 gradually
elevated CUGBP1 during 7 to 48 hours (Figure 4B). In
contrast, low levels of CUG914 (7 hours after Dox addi-
tion) increased CUGBP1 to a higher level that remained
elevated during 7 to 48 hours of CUG914 expression
(Figure 4C). Levels of CUGBP1 were higher at later time
points in cells expressing CUG25 than in cells expressing
CUG914, perhaps because of a significantly higher level
of CUG25 expression relative to levels of CUG914 (Figure
1B). Although Figure 4 shows data acquired with CHO
clones, the rapid increase of CUGBP1 in response to the
accumulation of CUG repeats was independent of cell
origin and was identical in HeLa cell stable clones
(data not shown). Taken together, these data show
that, similar to low levels of long CUG repeats
(CUG914), high levels of CUG repeats of normal size
(CUG25) led to elevation of CUGBP1. However, long
CUG repeats increased CUGBP1 more rapidly than

Figure 3. The kinetics of the accumulation of
short and long CUG repeats in the nuclei and in
cytoplasm. A: Number of cells with the prefer-
entially nuclear and cytoplasmic foci was deter-
mined after the single transcription pulse of
CUG914 and CUG25 RNAs as described in Mate-
rials and Methods. X shows time points (hours)
after Dox addition at which cells with the CUG-
positive foci in the nuclei and in cytoplasm were
counted. Y shows the ratios of the number of
cells with nuclear (red), cytoplasmic (blue), or
equal number of foci (green) relative to the total
number of cells with foci counted as 1. Small and
large foci (shown in B by arrows) were counted
to determine the portion of the cells with pref-
erentially nuclear and cytoplasmic foci. B: Mag-
nified images (�100) of the CUG914 and CUG25

foci in CHO cells are shown. White arrows
point to large foci, whereas blue arrows point
to small foci.
high amounts of short CUG repeats.
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To determine whether foci accumulation after tran-
scription pulse of CUG25 and CUG914 RNAs precedes
CUGBP1 increase, we compared the kinetics of the ele-
vation of CUGBP1 with the accumulation of CUG-positive
aggregates (Figure 4D). A sharp increase of CUGBP1 at
7 hours after transcription pulse of CUG914 occurred si-
multaneously with accumulation of CUG foci. CUGBP1
was also elevated in the CUG25-expressing cells simul-
taneously with foci accumulation but was slower than in
the CUG914-expressing cells (Figure 4D). Because low-
intensity foci could be detected in some CUG25/914-ex-
pressing cells after maximal exposure at 3 and 6 hours
after Dox addition, we measured CUGBP1 levels during this
period by Western blot assay. As one can see in Figure 4E,
CUGBP1 was increased at 2 to 6 hours after Dox addition in
CUG25-expressing cells; however, the elevation of CUGBP1
in CUG914-expressing cells was observed 1 hour early (1 to
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These data show that the increase of CUGBP1 is a primary
event. The lack of delay of the CUGBP1 increase after CUG
foci accumulation suggests that these two events are inde-
pendent.

It is expected that an increase of CUGBP1 by CUG
repeats should affect biological functions of CUGBP1. One
of the functions of CUGBP1 is regulation of translation. We
found that a single pulse of transcription of long CUG
repeats was sufficient to elevate CUGBP1 and to strongly
increase translation of one of CUGBP1’s translational tar-
gets, CCAAT/enhancer binding protein � (C/EBP�).38

C/EBP� is an intronless gene, but a single C/EBP� mRNA
produces three isoforms: FL (full-length) C/EBP�,
C/EBP�-LAP (an activating isoform), and C/EBP�-LIP (an
inhibiting isoform).43 Several reports have shown that
CUGBP1 bound to the 5= region of C/EBP� mRNA and
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effects of high levels of short CUG repeats and low levels
of long CUG repeats on C/EBP� expression. Western
blotting assay in stable clones with short and long CUG
repeats showed that the elevation of CUGBP1 by CUG
repeats at 7 hours after Dox addition increased transla-
tion of all isoforms of C/EBP� (Figure 4, B and C). How-
ever, the kinetics of the elevation of C/EBP� by short and
long CUG repeats differed. Although the increase of
CUGBP1 by the pulse of CUG25 transcription gradually
increased the C/EBP�-FL, C/EBP�-LIP, and C/EBP�-LAP
isoforms (Figure 4B), CUG914 rapidly elevated the FL,
LAP, and LIP isoforms to high levels, correlating with a
sharp increase of CUGBP1 in response to the accumu-
lation of CUG914 RNA at 7 hours after Dox addition (Fig-
ure 4C). Thus, similar to long CUG repeats, high levels of
short CUG repeats elevated CUGBP1 and increased
translation of C/EBP�.

To determine whether CUGBP1 elevation can be cor-
rected by the degradation of CUG repeats, we induced
CUG25 and CUG914 with Dox and then allowed CUG25

and CUG914 RNAs to degrade by removing Dox from the
growth medium. Examination of CUGBP1 in these cells
showed that CUGBP1 was strongly elevated by CUG25

and CUG914 at 24 hours after Dox addition and that its
levels were significantly reduced in 4 hours after Dox
withdrawal (Figure 4, F and G). In agreement with the
normalization of CUGBP1 levels, degradation of long and
short CUG repeats resulted in the normalization of the levels
of short C/EBP� isoform, LIP (Figure 4, F and G). The levels
of the FL-C/EBP� and LAP isoform were also normalized by
Dox withdrawal in CUG25-expressing cells (Figure 4, F and
G). However, in CUG914-expressing cells, Dox withdrawal
did not change the levels of the FL-C/EBP� and LAP iso-
form, perhaps because of a strong increase of C/EBP� in
the CUG914-inducible cells. In contrast, LIP levels were nor-
malized in these cells but at later time points (16 and 24
hours) after Dox withdrawal (Figure 4F). Thus, degradation
of CUG repeats corrected CUGBP1 levels and normalized
translation of CUGBP1 targets.

Dox Regulates Expression of CCUG36 and
CCUG100 RNA Repeats in Stable Clones

CCUG repeats are expanded in DM2 patients and
cause DM2 pathology. To investigate primary targets
of CCUG repeats, we generated Tet-regulated
CCUG36 and CCUG100 monoclonal cell lines in both
CHO and HeLa cells using constructs described in
Figure 5A. The regulation of transcription of CCUG
repeats in these cells after Dox addition was examined
by Northern blot assay. This analysis showed that the
expression of CCUG36 and CCUG100 transcripts was
comparable (Figure 5B). Because the expression of
CCUG36 and CCUG100 RNAs was also comparable to
the levels of CUG914, we used the same time points to
examine the kinetics of the accumulation of these re-
peats. CCUG36/100 repeats were detected by Northern
blot assay at 7 hours after Dox addition. The levels of
CCUG36 transcripts were increased at 17 to 24 hours

after Dox addition and were slightly reduced at 48
hours. The levels of CCUG100 transcripts were in-
creased at 17 hours after transcription pulse and were
reduced at 24 to 48 hours (Figure 5B). Removal of Dox
from the growth medium after a 24-hour pulse of tran-
scription in the CCUG100 cells reduced the CCUG100

signal at 8 hours after Dox removal (Figure 5C).
CCUG100 RNA was undetectable at 16 to 24 hours after
Dox removal. These data show that our generated sta-
ble clones expressing CCUG36 and CCUG100 repeats
are appropriate systems for the study of primary tar-
gets of expanded RNA CCUG repeats.

Pulses of Transcription of CCUG36 and
CCUG100 Lead to Formation of Nuclear and
Cytoplasmic Foci

Similar to the analysis of CUG-positive foci described
above, we have examined the kinetics of the formation of
CCUG foci in CCUG100-inducible cells. We found that, in
CHO cells, even small amounts of CCUG100 repeats form
foci at 7 hours after Dox addition (Figure 6A). We have
also measured the formation of CCUG foci at 3 hours
after Dox addition; however, only weak CCUG signal
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(data not shown). At 7 hours after Dox addition, approx-
imately 24% of cells showed accumulation of CCUG-
positive aggregates (Figure 6A). The number of CCUG-
positive aggregates increased at 17 hours after Dox
addition and then gradually reduced from 51% to 27%
during 24 to 48 hours. Thus, the number of cells with
CCUG-foci in CHO monoclonal CCUG100 line correlated
with the kinetic of the accumulation and degradation of
the mutant CCUG RNA measured by the Northern blot
assay.

Short CCUG repeats also aggregated if expressed at
high levels (Figure 6B). This aggregation was observed
when the CCUG RNA signal was relatively weak. The
number of cells with foci in the CCUG36-induced cells
was increased during 36 to 48 hours in the CHO cell line,
despite the fact that the signal of CCUG36 RNA was
slightly reduced at 48 hours after Dox addition (Figure
5B). The increase of cells with foci in the CCUG36 line
was reproducible and statistically significant, with P val-
ues 0.02 and 0.039 for 36 and 48 hours, respectively.

The number of cells with CCUG-positive foci was
greater in the HeLa CCUG100 line than in the CHO line. In
HeLa double-stable cells, 80% to 81% of cells contained
foci at 7 and 17 hours and almost all cells (95% to 98%)
accumulated CCUG-positive foci during 24 to 48 hours
after Dox addition (Figure 7A). The number of cells with
foci was also increased at 36 to 48 hours after Dox
addition in the CCUG36-regulated HeLa monoclonal line
(with P values 0.0087 and 0.00007 for 36 and 48 hours,
respectively) (Figure 7B).

Similar to intracellular distribution of foci in CUG-ex-
pressing cells, CCUG-containing foci were observed in
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nuclei and in cytoplasm, suggesting that CCUG100 RNA
migrates from the nucleus to the cytoplasm, ultimately
aggregating in both (Figure 8).

Thus, we conclude the following: i) the low levels of the
mutant CCUG100 repeats are sufficient to cause foci for-
mation; ii) CCUG foci are formed in the nuclei and in
cytoplasm; and iii) short CCUG repeats also aggregate if
expressed at high levels. The increase of cells with foci
during the period of time when partial degradation of the
CCUG36 RNA occurs suggests that either the products of
CCUG36 degradation might interact with other proteins,
thereby increasing the number of aggregates, or that the
products of CCUG36 degradation might aggregate.

CCUG RNA Repeats Are Stable in Inducible Cell
Lines

Intronic CCUG repeats accumulate in DM2 cells after
intron excision.34 This accumulation is quite unusual, as
introns normally degrade within several minutes after
splicing. High aggregation of pure CCUG100 in the Tet-
inducible cell line after a transcription pulse also sug-
gested that pure CCUG repeats have increased stability
(Figures 6 and 7). To examine the decay of the CCUG36

and CCUG100 repeats, we have compared stability of
these repeats with the stability of �-globin mRNA, which
is recognized as a very stable transcript. To achieve this
goal, we have transiently co-transfected two constructs,
TRE-GFP-CCUG and pTet-BBB (containing �-glo-
bin),46,47 in Tet-Off CHO stable cells under conditions
providing moderate expression of CCUG repeats and
�-globin to avoid saturation of cells with transfected
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Figure 6. Kinetics of aggregation of CCUG100

and CCUG36 RNAs after transcription pulses in
Tet-On CHO monoclonal cell lines. Foci formed
by long (A) and short (B) CCUG repeats were
detected by FISH assay with CAGG probe (red).
Nuclei were stained with DAPI (blue). Images of
FISH and overlay of FISH with DAPI staining are
shown. Images were taken at brightness 10-fold
higher than in Figure 7 to compensate for a
weaker signal in CHO cells. Numbers on images
(shown in white) indicate time points after Dox
addition. Percentage of cells containing aggre-
gated CCUG100 and CCUG36 RNAs at different
time points after Dox addition are displayed ad-
jacent to corresponding time point. P values in A
are 0.033356, 0.000392, 0.13575, 0.38821, and
0.124414 for 7, 17, 24, 36, and 48 hours, respec-
tively. P values in B are as follows: 0.099972,
0.043283, 0.010648, 0.019951, and 0.039285 for
7, 17, 24, 36, and 48 hours respectively.
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Off cells, transcription of ectopic CCUG repeats and
�-globin is rapidly silenced by the addition of Dox;
therefore, detection of CCUG and �-globin RNAs after
halt of transcription reflects the stability of these tran-
scripts. The stability of CCUG36/100 RNAs was deter-
mined by Northern blot analysis of RNAs collected at
different time points after silencing of CCUG transcrip-
tion. The stability of �-globin was determined as an
example of highly stable mRNA. In these cells, the
half-life of both CCUG36 and CCUG100 is similar to that
of �-globin mRNA, showing that pure CCUG repeats
are very stable (Figure 9).

ZNF9 Reduction and CUGBP1 Elevation Are
Early Events in CCUG Toxicity

It has been shown that RNA CCUG repeats have a com-
plex effect on cell biology. One of the critical alterations in
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DM2 muscle is the reduction of protein levels of
ZNF9.29,31,48 However, the role of CCUG repeats in the
reduction of ZNF9 levels requires additional investigation
as some patients with DM2 show reduction of ZNF9, but
others do not.29,31,34,48,49 The analysis of CUGBP1 levels
in DM2 also provides controversial results, showing an
increase of CUGBP1 in muscle biopsies from some DM2
patients and no changes of CUGBP1 in other patients
with DM2.31,35,48 To examine whether low levels of CCUG
repeats target ZNF9 and CUGBP1, we analyzed the ef-
fect of a single pulse of transcription of short and long
CCUG repeats on ZNF9 and CUGBP1 levels.

Examination of CUGBP1 in CCUG-inducible cells
showed that CUGBP1 is rapidly elevated by low levels of
CCUG repeats (Figure 10, A and B). Accumulation of
small amounts of both short and long CCUG repeats at 7
hours after Dox addition elevated CUGBP1. In agreement
with the elevation of CUGBP1 levels, its translational tar-
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Figure 7. Kinetics of aggregation of CCUG100

and CCUG36 RNAs after transcription pulse in
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CAGG probe are shown. View is �60. C and D:
Diagrams show percentages of cells accumulat-
ing CCUG-positive aggregates in the CCUG100-
and CCUG36-expressing CHO (C) and HeLa (D)
cells after a single pulse of transcription. X rep-
resents hours after Dox addition. Y represents
percentage of cells containing CUG-positive ag-
gregates (including nuclear and cytoplasmic
foci) based on the analysis of 200 to 500 cells for
each time point. P values in A are as follows:
5.12E-05 (7 hours), 1.29E-05 (17 hours), 0.00059
(24 hours), 8.77E-06 (36 hours), and 3.62E-05 (48
hours). P values in B are 0.000396, 0.003597,
0.002342, 0.008783, and 0.00007 for 7, 17, 24, 36,
and 48 hours, respectively.

yto

24 36 48

us

Equal

CUG36

cleus

CUG36

Figure 8. Kinetics of the accumulation of cells
with nuclear and cytoplamic foci in CCUG-reg-
ulated cell lines. Number of cells with preferen-
tially nuclear and cytoplasmic foci was deter-
mined after the single transcription pulse of
CCUG100 and CCUG36 RNAs as described in Ma-
terials and Methods. X shows time points
(hours) after Dox addition at which the distribu-
tion of RNA foci in the nuclei and cytoplasm was
determined. Y shows ratios of the cells with
nuclear foci (red), cytoplasmic foci (blue), or
equal number of foci (green) to the total number
of cells, with foci counted as 1.
G36-He

36

48

24

0%

15%

48%

ells wit
C

Cyto

17

nucle

HO-C

nu

qual

eLa-C
24 36 48



Early Events in Myotonic Dystrophy 2485
AJP November 2011, Vol. 179, No. 5
get, C/EBP�, was also increased after a transcription
pulse of CCUG repeats. CCUG36 RNA elevated C/EBP�-
LAP and C/EBP�-LIP at 17 hours after Dox addition,
whereas CCUG100 increased LAP and LIP at 24 hours
(Figure 10A). This difference in the timing of increase of
LAP and LIP agrees with the more rapid elevation of
CUGBP1 by CCUG36 RNA. Thus, in contrast to CUG
repeats, high levels of short CCUG repeats elevated
CUGBP1 more rapidly than long CCUG repeats.

To determine whether the reduction of ZNF9 is caused
by the low levels of CCUG repeats or whether this reduc-
tion is a consequence of late pathological processes in
DM2 cells, we analyzed the levels of ZNF9 during the
course of accumulation of CCUG repeats. Transcription
pulses of both short and long CCUG repeats reduced
ZNF9; however, CCUG100 reduced ZNF9 more rapidly
and more efficiently than CCUG36 (Figure 10, A and B).
Low levels of CCUG100 reduced ZNF9 at 7 hours after
Dox addition, whereas CCUG36 at the same 7-hour time
point did not change ZNF9 levels (Figure 10, A and B). At
24 to 48 hours after the transcription pulse, CCUG100

RNA completely reduced ZNF9, whereas CCUG36 could
not completely decrease ZNF9 levels (Figure 10, A and
B). Because CCUG repeats increase the stability of a cdk
inhibitor, p21, through the inhibition of the 20S protea-
some,32 we determined the levels of p21 after a single
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CCUG100 RNAs in CHO Tet-Off cells determined by Northern blotting. Time
points for RNA collection after inhibition of CCUG transcription are shown on
the top. CCUG36 and CCUG100 were co-transfected with �-globin as control.
After hybridization with CAGG probe, the membrane was re-probed with the
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expressed GFP from an independent promoter, the efficiency of transfections
was calculated by monitoring green cells. Plates with identical efficiency of
transfections were used for experiments. Staining of 18S and 28S ribosomal
RNAs shows equal loading of RNA. B: Bar graphs show the half life of the
CCUG transcripts �-globin (after adjustment of intensities of CCUG repeats
and �-globin to intensity of 18S RNA) as a summary of three independent
experiments. X shows time (in hours) after silencing of CCUG transcription.
Y shows ratios of intensities of �-globin and CCUG36/100 signals adjusted to
the 18S RNA signal.
pulse of transcription of CCUG repeats, finding that both
short and long CCUG repeats increased p21, but that this
increase took place at later time points of accumulation of
CCUG repeats (Figure 10, A and B). Based on these
data, we conclude that the increase of p21 levels is a late
event of CCUG accumulation. To determine whether
ZNF9 is the primary event of the CCUG toxicity, we mea-
sured ZNF9 levels at 1, 3, and 5 hours after Dox addition
when the CCUG RNA aggregates were barely seen in a
few cells. As shown in Figure 10C, ZNF9 levels were
unchanged during 0 to 5 hours after Dox addition in the
CCUG36-expressing cells. However, the long CCUG re-
peats reduced ZNF9 at 3 to 5 hours after Dox addition
(Figure 10C). This result shows that ZNF9 reduction is the
primary event in the toxicity of the mutant CCUG repeats.

We compared the kinetics of the increase of CUGBP1
and reduction of ZNF9 with the kinetics of accumulation
of CCUG foci after a transcriptional pulse of CCUG100.
Figure 10D shows that the formation of CCUG foci in
CCUG36/100 cells occurred simultaneously (but not pro-
portionally) with the increase of CUGBP1 during the early
stage (7 to 17 hours) of repeat accumulation. During later
stages (17 to 24 hours), the number of cells with foci in
the CCUG100 cell line was decreasing, whereas levels of
CUGBP1 continued to grow. This result shows that the
correlation between foci accumulation and CUGBP1 in-
crease is poor at later stages after a CCUG100 transcrip-
tional pulse.

CCUG foci formation occurs simultaneously with the
reduction of ZNF9 after a pulse of CCUG100 transcription;
however, it appears that ZNF9 reduction by CCUG100

RNA is not proportional to the aggregation of CCUG
repeats. We compared the kinetics of accumulation of
cells with CCUG36 aggregates and ZNF9 reduction. Ac-
cumulation of CCUG aggregates in the CCUG36-ex-
pressing cells at 7 hours after Dox addition (when 36% of
cells contained aggregates) was not sufficient to reduce
ZNF9 (Figure 10D). However, accumulation of CCUG
aggregates at late stages after Dox addition occurred
simultaneously with the reduction of ZNF9. Taken to-
gether, these data show that the reduction of ZNF9 by
long CCUG repeats is a primary event in the toxicity of the
long CCUG repeats and does not seem to be associated
with CCUG foci formation.

Degradation of RNA CCUG Repeats Normalizes
Levels of CUGBP1 and ZNF9

To examine whether degradation of RNA CCUG re-
peats is sufficient to reverse elevation of CUGBP1 and
reduction of ZNF9, Dox was removed from the growth
medium after the accumulation of CCUG repeats. Pro-
tein extracts were prepared at different time points of
CCUG100 degradation. Analysis of CUGBP1 levels dur-
ing accumulation of CCUG100 RNA showed that
CUGBP1 levels were increased at 24 hours after Dox
addition. Degradation of CCUG repeats at 8 to 24
hours after Dox withdrawal reduced CUGBP1 to ap-
proximately normal levels (Figure 10E).

ZNF9 levels were reduced on accumulation of

CCUG100, but ZNF9 levels rose rapidly following Dox
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withdrawal. Interestingly, ZNF9 levels started to normal-
ize at early stages of CCUG100 RNA degradation (4 to 8
hours) when CCUG levels were only slightly reduced
(Figure 5C). This result shows that ZNF9 protein is a very
sensitive target of mutant CCUG repeats. On the com-
plete degradation of CCUG100 RNA, ZNF9 levels re-
turned to normal levels (Figure 10E). Thus, degradation of
CCUG100 RNA normalizes expression of CUGBP1 and
ZNF9, with this normalization being detectable within a
short period of time after CCUG100 RNA degradation.

RNA CCUG Repeats Reduce ZNF9 Expression
via Post-Transcriptional Regulation

Rapid reduction of ZNF9 protein levels at the early stages
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pears that mutant CCUG RNA repeats do not affect the
levels of ZNF9 mRNA in DM2 primary myoblasts and in
CCUG-expressing cells and reduce ZNF9 protein on the
level of posttranscriptional regulation (possibly transla-
tion or protein stability).

Discussion

The mutant CUG and CCUG repeat expansions are lo-
cated within the 3= UTR of DMPK and the intron 1 of ZNF9
genes, respectively. However, multiple studies showed
that pure RNA repeats without surrounding sequences
are responsible for the majority of the symptoms in DM1
and in DM2. Despite significant progress in understand-
ing the role of CUG and CCUG repeats in DM1/2 pathol-
ogies, little is known about primary targets of these re-
peats. In this study, we used Tet-regulated cell models to
determine the sequence of events caused by the mutant
CUG and CCUG repeats. We focused our studies on the
kinetics of RNA foci formation in relation to ZNF9 reduc-
tion and CUGBP1 elevation.

We found that ZNF9 was a primary target of the mutant
CCUG repeats. The reduction of ZNF9 was evident at 3
hours after Dox addition before the formation of well-
detectable CCUG aggregates. Thus, ZNF9 reduction did
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not require high amounts of mutant CCUG repeats or
CCUG foci. Data described in this paper show that the
accumulation of short and long CCUG repeats reduced
ZNF9; however, long repeats down-regulated ZNF9
much earlier and to lower levels when compared with the
effects of short CCUG repeats (Figure 10 A–D).

The increase of CUGBP1 was an early event in the
accumulation of both short and long CUG repeats. How-
ever, long CUG repeats had a stronger effect on
CUGBP1 elevation relative to high levels of short CUG
repeats. CUGBP1 was also elevated by small amounts of
CCUG repeats; however, longer CCUG repeats had a
slower elevating effect on CUGBP1 than large amounts of
short CCUG repeats. These data show that, although
CUGBP1 was elevated in both DM1 and DM2, the effects
of CUG and CCUG repeats on CUGBP1 were different.
This could be due, at least in part, to differences in the
binding of CUGBP1 to CUG and CCUG repeats.
CUGBP1 binds to CUG repeats as a single protein; how-
ever, it binds to CCUG repeats as a component of mul-
tiprotein complexes.18,32 Consistent with elevation of
CUGBP1, translation of CUGBP1 targets is altered by
CUG and CCUG repeats after CUGBP1 increase.

Examination of the kinetics of foci formation by long
CUG and CCUG repeats showed that the accumulation
of CUG and CCUG repeats in foci was an early event in
the toxicity of CUG/CCUG repeats. This event occurs in
parallel with elevation of CUGBP1 and reduction of ZNF9.
Accumulation of CUG aggregates in cells expressing
long CUG repeats correlated with the increase of
CUGBP1. However, there was no evidence that foci ac-
cumulation precedes CUGBP1 increase, as these events
occurred simultaneously. Moreover, the increase of
CUGBP1 was observed even at 1 to 6 hours after Dox
addition, when only a few cells contained CUG aggre-
gates, with weak intensity.

Data in the literature show that splicing abnormalities in
DM are due to accumulation of nuclear foci that disrupt
splicing of mRNAs regulated by MBNL1. On the other
hand, soluble mutant repeats outside of foci increased
CUGBP1 in DM1.18,28 This suggests that the misregula-
tion of CUGBP1 function in DM1 and in DM2 might be
associated with soluble CUG/CCUG repeats outside of
foci. Reduction of ZNF9 in DM2 might be also associated
with the accumulation of soluble CCUG repeats or non-
spliced ZNF9 pre-mRNA.29,31

Because the pathology of DM1 and DM2 is caused by
long CUG and CCUG repeats correspondingly, the gen-
eral assumption is that the nondegraded CUG/CCUG
repeats are toxic. However, recent data suggest that high
levels of short repeats might also be toxic.24,32 In support
of the critical role of high levels of short repeats, our data
show that large amounts of short CUG and CCUG re-
peats cause toxic events such as foci accumulation, el-
evation of CUGBP1, and reduction of ZNF9. We suggest
that the foci formation and elevation of CUGBP1 in CUG25

and CCUG36-inducible cells is caused by the cumulative
effect of high levels of CUG and CCUG repeats of normal
length. This suggestion is supported by our recent find-
ing that high levels of transiently expressed short CCUG
repeats (CCUG36) are sufficient to disrupt protein turn-

over, mimicking molecular abnormalities in DM2.32 We
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have previously found that high levels of short CCUG36

repeats form foci.32 Our current data on the status of high
levels of CUG25 and CCUG36 RNAs show that short re-
peats also aggregate when they are expressed under
regulation of a CMV promoter (Figures 2, 3, and 6–8).
From this we can raise the following question: What is the
significance of the toxicity of large amounts of short re-
peats for patients with DM? We hypothesize that the
incomplete degradation of long CUG and CCUG repeats
might produce large amounts of short repeats that are
also toxic. This hypothesis should be tested by measur-
ing the kinetics of degradation of CUG and CCUG re-
peats and by examinating the effects of the products of
CUG/CCUG degradation on foci, CUGBP1, and ZNF9
using Tet-On cell models after Dox withdrawal.

An important question remains to be answered about
the effects of the sequences surrounding CUG and
CCUG repeat expansions on the stability of CUG/CCUG
repeats. To address this question, we are developing
Tet-On monoclonal cells lines expressing regulated
DMPK mRNA, different portions of the 3= UTR of DMPK
and an intron 1 of ZNF9 pre-mRNA. It would be interest-
ing to determine whether the sequences surrounding
CUG and CCUG expansions have an effect on the deg-
radation and toxicity of these repeats.

The most important result of this study is that the re-
duction of CUG and CCUG expression corrects levels of
CUGBP1 and ZNF9. Thus, it is expected that approaches
providing efficient degradation of mutant CUG/CCUG re-
peats in patients with DM would normalize CUGBP1 and
ZNF9 levels and would correct pathways misregulated by
these proteins.
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