address with the combination of these be-
havioral methods and population-based
neurophysiology.
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RNA Leaching of Transcription
Factors Disrupts Transcription in
Myotonic Dystrophy

A. Ebralidze, Y. Wang, V. Petkova, K. Ebralidse, R. P. Junghans*

Myotonic dystrophy type 1 (DM1) is caused by a CUG,, expansion (n ~ 50 to
5000) in the 3’ untranslated region of the mRNA of the DM protein kinase gene.
We show that mutant RNA binds and sequesters transcription factors (TFs),
with up to 90% depletion of selected TFs from active chromatin. Diverse genes
are consequently reduced in expression, including the ion transporter CIC-1,
which has been implicated in myotonia. When TF specificity protein 1 (Sp1) was
overexpressed in DM1-affected cells, low levels of messenger RNA for CIC-1
were restored to normal. Transcription factor leaching from chromatin by
mutant RNA provides a potentially unifying pathomechanistic explanation for

this disease.

Myotonic dystrophy type 1 (DM1) is an au-
tosomal dominant disorder linked to a mono-
allelic expansion of the CTG,, repeat in the 3’
untranslated region of the DM protein kinase
gene (DMPK); healthy individuals have re-
peats of n = 5 to 37, whereas affected indi-
viduals have repeats of n = 50 to 5000 (/).
The mechanism of DM1 pathogenesis and its
multisystem presentation has spawned many
hypotheses (2-8), but a satisfyingly unifying
concept has yet to emerge.

We hypothesized that DMPK mutant
RNA might exert its deleterious effects
through a transcriptional mechanism by di-
rect binding of basic transcription factors
(TFs). Because mutant RNA is known not to
transport to the cytoplasm but to coalesce into
ribonucleoprotein (RNP) foci in the nucleus
(9, 10), this association had the potential to
divert these factors from their essential tran-
scriptional functions.

If TFs are selectively sequestered by mu-
tant RNA in DM 1-affected cells, it should be
possible to show mutant RNA but not other
RNAs in complex with the affected TFs in
vivo (11). As a cell source, we applied the
widely used model of MyoD-generated
“myocytes” from normal and DM1 subjects,
which leads to equivalent muscle-specific
DMPK gene induction in control and mutant
cells: Control cells express only wild-type
DMPK mRNA; DM cells express both wild-
type and mutant RNAs (/0). DM1 cells
(CTG,,,) showed selective DMPK mutant
RNA coprecipitation (dual bands; Fig. 1)
with TFs Sp1 and retinoic acid receptor gam-
ma (RARvy) and, as a positive control, CUG-
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binding protein 1 (CUGBP1), for its known
affinity for mutant versus wild-type DMPK
mRNA in vivo (4). a-Actin and [-actin
mRNAs were not detectable in any of the
complexes. In contrast, DMPK mutant RNA
was not coprecipitated with nuclear pore pro-
teins complex, nuclear pore component
NUP153, or platelet-derived growth factor
(PDGF) membrane receptor. With control
cells, no DMPK wild-type mRNA (single
band) was recovered bound to any of the
proteins. Equivalent results were obtained
with a second DMI1 cell line, GM03132
(CTG,4) (12). These data demonstrate that
TFs are selectively complexed in vivo by
mutant, but not by wild-type, DMPK mRNA
or heterologous (a- or 3-actin) mRNAs.

To address the core mechanistic element
of this hypothesis, i.e., that TFs are depleted
from their sites of action in mutant RNA-
expressing cells, we examined whether mu-
tant RNA binding of TFs correlated with a
disturbance to their normal distribution
among nuclear compartments. For TFs, we
studied representatives of three classes, asso-
ciated nominally with cell maintenance (Sp
family, Spl and Sp3); activation (signal
transducer and activator of transcription fam-
ily, STAT1 and STAT3); and differentiation
(RARY). For 4 weeks after MyoD induction,
control cells maintained their stable distribu-
tion, with RARvy residing mainly in chroma-
tin instead of RNP (Fig. 2, A and B). In
contrast, over the same period, DM1-affected
cells showed a progressive decline in the ratio
of TF in chromatin versus that in RNP, such
that RNP became the dominant site. At 4.5
weeks, all four DM1-affected lines showed a
similar, pronounced fivefold redistribution of
RARYy toward the RNP (Fig. 2, C and D, top).

The four other TFs from the Sp and STAT
families (Fig. 2D, bottom) were all nearly
absent from RNP before mutant RNA induc-
tion, which precluded a derived baseline
chromatin/RNP ratio (>10). After 3 weeks of
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mutant RNA expression, however, the mea-
sured fractions of TF in chromatin in the
DMI1 cells shifted dramatically for Spl,
STATI, and STAT3, with levels of 30, 14,
and 32%, respectively, versus ~100% in
chromatin for control. Sp3 was only minimal-
ly affected; 75% of it remained in chromatin.

Did the “redistribution” ratio data in
Fig. 2, A to D, represent an actual depletion
from chromatin or merely an accumulation
in the RNP and protection of unbound TF
that would normally have been turned
over? Chromatin isolations were repeated
under conditions controlled for equivalent
absolute numbers of viable myocytes. Sta-
ble levels of TF in chromatin were seen in
normal cells at 4 weeks as compared with 0
weeks of DMPK expression, but a marked
drop in DMI-affected cells was apparent
over the same period (Fig. 2E). Two addi-
tional DM1 cell lines similarly showed
markedly lower RARvy levels in chromatin
after 4.5 weeks of mutant RNA expression
(Fig. 2F). The net amount of RAR'y remain-
ing in chromatin was 9, 15, and 11% of
control after mutant RNA induction.
Hence, these tests demonstrate an authentic
leaching of TFs out of the chromatin and
into the RNP fraction that is specifically
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mediated in mutant RNA—expressing DM1
cells. However, these measured depletions
of TF from chromatin are even more severe
than the maximum changes of three- to
fivefold expected from the redistribution
model (Fig. 2C).

Loss of TFs from chromatin in DMI1
means loss from their sites of action. We
therefore examined whether gene expression
was broadly affected in concert with the TF
depletion. Whereas TFs are themselves de-
pendent on TFs for their own transcription
(13), the same TFs could also be subject to
transcriptional depression. Northern blotting
of cellular RNA 4.5 weeks after DMPK in-
duction revealed the following: a moderate
reduction of glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) mRNA (~35% de-
crease) in DMI1 versus normal cells; no
change in FCGRT (Fc IgG receptor for trans-
port, Brambell receptor) mRNA (~5% in-
crease) or in a-actin or 3-actin mRNAs; and
significantly lower mRNA levels for TFs
Spl, Sp3, and RARy (~50% reduction) and
lesser reduction of Sp2 (~20%) (Fig. 3A).

As corroboration, multiplex reverse tran-
scription polymerase chain reaction (RT-PCR)
was conducted to quantify RNA levels (Fig.
3B). Before DMPK expression (-MyoD), DM1

and control cells began with equal levels for all
RNAs. After DMPK induction (+MyoD),
changes were pronounced for GAPDH,
CLCNI, Spl, Sp3, and RARvy, with average
mRNA suppression in the four DM1 mutant
RNA-expressing cell lines of —41, —70, —46,
—50, and —44% relative to wild-type cells,
respectively. No significant change was ob-
served in FCGRT, a-actin, or [3-actin gene ex-
pression or in 185 RNA (Fig. 3, B and C). All
values were close to the corresponding numbers
estimated by Northern blot phosphorescence
imaging (Fig. 3A).

Hence, maldistribution (leaching) of TFs
can lead to reduced expression of selected
genes, including that of TFs themselves. When
TF transcription is also reduced, it compounds
the impact of mutant RNA leaching to deplete
TFs from chromatin. This accords with our
RARvy results that showed greater net suppres-
sions of TF in chromatin (Fig. 2, E and F) than
that predicted by redistribution alone (Fig. 2C).
If mutant RNA—induced redistributions by fac-
tors of 2 to 5 and reductions in mRNA by of as
much as a factor of 2 for selected TFs are
considered nominal, then overall reductions by
a factor of 5 to 10 (to 10 to 20% of normal) in
chromatin may be commonplace among TFs in
DMI setting.

1P

Fig. 1. Nuclear TFs selectively bind mutant mRNA in vivo. (A) Sp1.
Nuclear extracts from DM1 and normal cells underwent PCR after
immunoprecipitation (“IP”) or not (“No IP”), per nRIP protocol (see
Methods). DMPK mutant mRNA in precipitate revealed by dual bands. (B)
RARy. (C) Interpretation of bands. Primer pair 101-102 flanks CUG,,
Wild-type DMPK mRNA generates single band [150 nt (e )] and mutant
DMPK mRNA dual bands [150 nt (e ) and 450 nt (O)] of approximately
equal intensity (150 > 450), with the smaller band arising by template

16 JANUARY 2004 VOL 303

No IP T

any IP.

H B mRNA,DNA, mRNA
= ) ) )
2 2= Affested oflls Normal AffectedNormal
= 3 i RARy mRNA tissue cells cells
g T 3
s 3 2., 5 2 2
Zi:: 2528 £358=58 58 £33
< 2 99 38 g7 8 7 8% 895
- > - - F = F o~ s
g2 = SESABSAS AEE AR
E A S
T . S
g9
g5
~ E
=
= £
~- D
s E
3 B
gg P No IP IP No
T E P
S5
9DM SDM
35 < %1? 01
=w
«32 1 rodt
T .= I
2 A I 72l

Ex10 Ex14 Ex15

sliding across expanded CUGn during PCR (77, 30) (fig. S1). PCR efficien-
cy is poorer for mutant than wild-type templates: equimolar mutant and
wild-type DMPK in DM1 cellular DNA [lane 9 in (A)] shows strong
dominance of low-molecular-mass PCR band (e) (150 >> 450), also
evident in “No IP” DM1 mRNA [lane 7 in (A)]. Primer pair 8DM-9DM
spans exons 14 to 15 with same size (A) and amplification efficiency for
mutant and wild-type RNAs. Actin control [ in (B)] was not present in
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We examined CLCN1, the gene encoding
CIC-1, the skeletal muscle chloride channel
whose disruption has been implicated in
DM1 myotonia (6, 7). The impact of DM1 on
CLCNI mRNA levels in humans has been
controversial (7, /4). In muscle of long-
repeat (CTG,5,) transgenic mice, reductions
by factors of 2.5 to 3 (to 31 to 43% of normal)
were observed (6). Our own tests of CLCNI
mRNA in DMI1-affected cells showed sup-
pression in transcript levels by factors of 3 to
6 across four cell lines (to 15 to 35% of
normal) and support a common phenomenon
in human and mouse models.

A search for TF binding motifs within the
300-nt CLCN1 promoter region (/5) revealed
18 sites with similarity higher than 0.7 for
Spl consensus, in addition to the three puta-

2.5

tive E-box sites for TFs of the helix-loop-
helix (HLH) family, class I: E47 and class II:
MyoD, which bind as heterodimers (/6). We
confirmed (/7) indicated the Sp1-binding ac-
tivity of such sites and their structural com-
patibility for assembly into canonical tran-
scription initiation complexes (supporting on-
line materials; fig. S2). Because Spl is one of
the TFs most affected by mutant RNA bind-
ing, Spl depletion could be a proximate
cause of depressed CLCNI transcription in
DM-affected cells. Therefore, we tested
whether “replenishment” of Spl in the same
cells could reverse this finding.

Under conditions of induced DMPK, the
GMO0433 cell line displayed a factor of 3 depres-
sion (—68%) of CLCNI mRNA, to 32% of
control. When these affected cells were trans-

REPORTS

duced with a high-expressing Spl plasmid to
restore Spl “sufficiency,” the depressed CLCN!
mRNA was increased 2.8-fold (+280%), which
restored it to normal levels (Fig. 3, C and E). A
nonspecific effect of Spl overexpression on all
genes was ruled out by lack of impact on neg-
ative control gene FCGRT in the same cells,
which was not depressed in DMI-affected
cells. Overexpression of Sp3, the TF that was
most resistant to mutant RNA—induced redis-
tribution in vivo, had no effect on CLCNI or
on FCGRT mRNA levels in mutant RNA—
expressing cells. These data are compatible
with an important role for Spl in CLCNI
regulation and, correspondingly, support the
potential of diverse TF depletions in DM1-
affected cells to depress transcription of
CLCNI and other genes in vivo.
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in normal (CCD-986SK and CCD-919SK). (G) Chromatin and RNP
loading. Coomassie staining of chromatin and RNP from normal
(NHDF adult) and DM1 (GM04033). Top arrows, deoxyribonuclease |
(DNase 1) to solubilize chromatin samples; bottom arrows, ribonucle-
ase (RNase) to solubilize RNP samples. Brackets mark histones H1
(top) and H3, H2B, H2A, and H4 (bottom). Equivalent histone bands
prove uniformity of chromatin extractions.
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CLCNI mRNA has been shown in DM1
to exhibit an increase in aberrant splicing of
pre-mRNA that serves to further depress lev-
els of functional CIC-1 protein beyond that
due to low total mRNA (7). Reduced total
CLCNI mRNA levels were initially proposed
to result from nonsense-mediated decay
(NMD) to rapidly clear misspliced CLCNI
transcripts (6, 7), although a role for NMD
was not directly demonstrated [e.g., in the
manner of (/8)]. In light of our data, it may
alternately be suggested that low CLCNI
mRNA levels in DM1 may derive from de-
pressed CLCNI transcription as a dominant
primary effect, on which splicing disruptions
may secondarily be imposed.

Our results support the hypothesis that mu-
tant RNA binds and sequesters nuclear TFs in
DMI myocytes and leads to disrupted gene
expression patterns. This binding induces a re-
distribution of TFs away from active chromatin
and toward an RNP fraction of the nuclear
matrix for four out of five general transcription
factors. Inasmuch as nuclear structural and cy-
toplasmic membrane proteins were not similar-
ly bound by mutant RNA, the basis for this
interaction between TF and mutant RNA ap-
pears to reside in the proteins’ normal capacity
for nucleic acid (double-stranded DNA) bind-
ing, possibly with analogous double-stranded
regions in the mutant RNA itself (/9). Howev-
er, the TF—mutant RNA binding lacks particular

sequence specificity that is the hallmark of the
TF-DNA interactions.

We also show that maldistribution of
TFs can lead to reduction in total TF tran-
scription, the combined effects of which
can be a net factor of 5 to 10 (80 to 90%)
depletion of select chromatin-associated
TFs. These data thus present a scenario
with the potential for massive derangement
of transcription in affected cells. Mutant
RNA-induced leaching of TFs from chro-
matin led to significant (>30%) reductions
in mRNA expression (20) in several of the
genes examined. However, the disruption
was not general: An equal number main-
tained normal or near-normal transcript
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levels under the same conditions. With the
addition of seven further genes recently
examined (27), the fraction of genes with
significantly reduced mRNA levels is 8/16
or 50% (95% confidence limits: 27 to
73%).

This effect on TFs in DM1 suggests com-
parisons with Huntington’s disease (HD) in
which huntingtin selectively binds and dis-
rupts Spl (22, 23). However, this protein-
protein interaction in HD is more restricted
than the RNA-protein interaction in DMI,
which sequesters many TFs concurrently.
Correspondingly, the extent of derangement
of gene transcription in HD models (estimat-
ed at ~2%) (24) is far less than seen in our
DM1 sample (50%).

A common requirement for basic tran-
scription factors in different tissues that ex-
press DMPK could account for the multisys-
temic and multisymptomic nature of DMI1
findings (e.g., myotonia, myopathy, diabetes,
testicular atrophy). Notably, the clinical anal-
ogies between DM1 and DM2, in which the
latter has CCUG mRNA expansions (25),
may conceivably derive from a common
trans-acting mechanism with trapping and de-
pletion of similar or identical TFs.

Other examples of transcriptional dys-
regulation in genetic disorders are the tricho-
thiodystrophies, a group of autosomal reces-
sive diseases (26), and Cockayne syndrome
(27). All result from phenotype-specific mu-
tations in genes encoding TFIIH, a multicom-
ponent complex that has been implicated in
transcription and DNA excision repair.
Whereas repair defects explain the skin pho-
tosensitivity seen in a subset of patients, other
disease phenotypes have been attributed to
transcriptional defects (26). Deletion of the
variable-number tandem-repeat structure that
binds transcription repressor YY1 leads to
transcriptional derepression in the respective
chromosomal band, to result in facioscapulo-
humeral muscular dystrophy (28). This short
list of genetic disorder transcription syn-
dromes (29) can now perhaps be extended.
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Events and Rapid Decline of
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Several human and animal Ebola outbreaks have occurred over the past 4 years
in Gabon and the Republic of Congo. The human outbreaks consisted of multiple
simultaneous epidemics caused by different viral strains, and each epidemic
resulted from the handling of a distinct gorilla, chimpanzee, or duiker carcass.
These animal populations declined markedly during human Ebola outbreaks,
apparently as a result of Ebola infection. Recovered carcasses were infected by
a variety of Ebola strains, suggesting that Ebola outbreaks in great apes result
from multiple virus introductions from the natural host. Surveillance of animal
mortality may help to predict and prevent human Ebola outbreaks.

Human Ebola virus (EBOV) infection causes
hemorrhagic fever and death within a few
days (7). The most lethal strains, causing up
to 88% mortality, occur in Gabon, the Repub-
lic of Congo (RC), and the Democratic Re-
public of Congo (DRC) in central Africa, and
belong to the Zaire subtype, which is one of
four known EBOV subtypes. Together with
Marburg virus, EBOV forms the Filoviridae
family, a group of enveloped, nonsegmented,
negative-strand RNA viruses (2). The ge-
nome is ~19,000 nucleotides long and bears

linearly arranged genes that encode seven
structural proteins and one nonstructural pro-
tein (3). Human Ebola outbreaks usually oc-
cur abruptly from an unidentified source,
with subsequent spread from person to person
(4). The first three known outbreaks of Ebola
occurred between 1976 and 1979 in Zaire
(now DRC) and Sudan, with 318 (5), 284 (6)
and 34 (7) cases, respectively. No further
cases were recognized in Africa until late
1994. Since then, EBOV has appeared in
human beings eight times, in several sub-
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