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Abstract

We report the identification and characterization of a previously unknown suppressor of myopathy caused by expansion of
CUG repeats, the mutation that triggers Myotonic Dystrophy Type 1 (DM1). We screened a collection of genes encoding
RNA–binding proteins as candidates to modify DM1 pathogenesis using a well established Drosophila model of the disease.
The screen revealed smaug as a powerful modulator of CUG-induced toxicity. Increasing smaug levels prevents muscle
wasting and restores muscle function, while reducing its function exacerbates CUG-induced phenotypes. Using human
myoblasts, we show physical interactions between human Smaug (SMAUG1/SMAD4A) and CUGBP1. Increased levels of
SMAUG1 correct the abnormally high nuclear accumulation of CUGBP1 in myoblasts from DM1 patients. In addition,
augmenting SMAUG1 levels leads to a reduction of inactive CUGBP1-eIF2a translational complexes and to a correction of
translation of MRG15, a downstream target of CUGBP1. Therefore, Smaug suppresses CUG-mediated muscle wasting at least
in part via restoration of translational activity of CUGBP1.
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Introduction

Myotonic Dystrophy type 1 (DM1) is a multisystemic neuro-

muscular disorder that has become a paradigm of a class of

diseases caused by RNA toxicity. DM1 arises from expansion of a

CTG triplet repeat in the 39 untranslated region of the DMPK

gene, and it accounts for the majority of adult cases of muscular

dystrophy [1–5].

In DM1 the CUG-expanded mRNA is trapped in the nuclei

where it forms nuclear foci and sequesters MBNL1 protein leading

to loss of its activity [6,7]. In addition, the mutant mRNA leads to

increased steady-state levels of CUGBP1 (a.k.a CELF1) [8,9]

through its stabilization as a result of PKC phosphorylation [10].

Both MBNL1 and CUGBP1 are RNA-binding proteins involved

in regulation of splicing [11–14], and aberrant splicing of the

insulin receptor [12], muscle-specific chloride channel [13,15] and

many other genes [16,17] occur in DM1.

The critical significance of MBNL1 sequestration for DM1

pathogenesis is eloquently demonstrated in loss of function and

overexpression experiments. MBNL1 mutant mice show cataracts,

myotonia, and other muscle abnormalities [7] that closely

resemble a number of DM1 pathological features, and they also

share many of the splicing aberrations observed in transgenic mice

expressing CUG repeats [16,17]. Importantly, MBNL1 overex-

pression ameliorates, muscle wasting in a Drosophila DM1 model

[18], and myotonia and splicing aberrations in mouse models [19].

Evidence of the relevance of increased steady-state levels of

CUGBP1 in DM1 pathogenesis comes from overexpression

experiments. Transgenic mice expressing CUGBP1 show delays

in muscle development and differentiation [20], muscle wasting

[21], splicing misregulation [22] and DM1-like cardiac abnormal-

ities [23]. Besides its nuclear role in splicing, CUGBP1 also has

other functions in the cytoplasm including regulation of mRNA

translation and stability [24–26]. Alterations of protein [25] and

mRNA [16] levels occur in DM1 consistent with the idea that

perturbation of CUGBP1 cytoplasmic functions contribute to

DM1 pathogenesis. CUGBP1 cellular localization depends on its

phosphorylation status [25]. Several kinases phosphorylate

CUGBP1 at different residues and affect its localization within

the cell. Activation of the Akt pathway increases CUGBP1

phosphorylation at Ser-28 altering the transition from proliferating

myoblasts to differentiated myotubes in DM1 [27]. On the other

hand, DM1 cells show decreased activity of cyclin D3-cdk4,

another kinase that phosphorylates CUGBP1. This renders higher

levels of unphosphorylated CUGBP1, which forms inactive

complexes with eIF2a (CUGBP1-eIF2a) affecting translation of

mRNAs required for myoblast differentiation. These inactive

complexes containing CUGBP1 accumulate in the cytoplasm of

DM1 cells in stress granules (SG) [25].

The richness of evidence implicating CUGBP1 in DM1

pathogenesis suggests the possibility that correcting the abnormal

levels and activity of CUGBP1 may be a therapeutic approach to
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ameliorate DM1 pathogenesis. In support of this idea, Wang and

colleagues used a pharmacological approach to inhibit PKC in

mice expressing (CUG)960 in the heart; this treatment ameliorates

the mortality rates and cardiac conduction as well as contractile

abnormalities in this heart-specific DM1 mouse model [28].

Additional evidence comes from the observation that overexpres-

sion of a nuclear dominant negative CUGBP1 protein reverses

dysregulation of a splicing minigene reporter in cultured cells, and

of the CUGBP1 target Nrap exon 12 in DM1 mice [29].

Here we report that smaug, a gene not previously known to be

implicated in DM1, is a powerful suppressor of CUG-induced

myopathy when overexpressed in Drosophila. We show that human

SMAUG1 protein (a.k.a SAMD4A) interacts with CUGBP1 and

decreases its abnormally high steady-state levels in DM1 nuclei.

Furthermore, increasing the levels of SMAUG1 in myoblasts of

DM1 patients decreases the amount of inactive CUGBP1-eIF2a
translational complexes. This suggests that SMAUG1 improves

the activity of the CUGBP1-containing translational complexes

that are dysfunctional in DM1, a hypothesis that is supported by

data showing SMAUG1-mediated increased translation of the

CUGBP1 translational target MRG15 in DM1 myoblasts.

Results

Increased levels of Smaug suppress CUG-induced
myopathy and restore muscle function in Drosophila

To identify previously unknown genes implicated in DM1

pathogenesis, we used a well characterized Drosophila DM1 model

[18]. Since DM1 is caused by expansion of an untranslated

transcript, and MBNL1 and CUGBP1 are themselves RNA-

binding proteins, we hypothesized that DM1 modifier genes may

be enriched among genes encoding RNA binding proteins (RNA-

BPs). Thus, we screened a collection of 93 loss of function and 17

overexpression alleles in 73 RNA-BP genes for their ability to

modulate pathogenesis caused by expanded CUG repeats.

First, we used an external eye phenotype induced by expression

of (CUG)480 as a primary screen to identify genes able to

ameliorate or enhance CUG-induced toxicity. To validate the

identified modifiers we tested the ability of the primary screen hits

to modify CUG-induced muscle wasting.

Among the RNA-BPs tested, we uncovered the Drosophila gene

smaug as a strong modifier of both the eye and muscle

degeneration. As shown in Figure 1 increased levels of Smaug

rescue the eye disorganization and loss of bristle phenotypes

induced by (CUG)480 expression (compare Figure 1C with 1B).

Consistent with this result, partial loss of function of smaug caused

by a heterozygous mutation enhances the (CUG)480-induced eye

phenotype (compare Figure 1D with 1B). As shown in Figure S1

these overexpression and loss-of-function alleles do not induce any

abnormal phenotypes in control animals that do not express

expanded CUG repeats.

The DM1 Drosophila model shows progressive muscle wasting,

which is easily studied in the indirect flight muscles of the thorax.

While 1-day-old (CUG)480 flies have muscles that appear wild

type, animals that are 20 days old show muscle disorganization,

vacuolization and loss of muscle fibers [18]. We investigated the

effect of increasing the levels of smaug on (CUG)480-induced muscle

wasting. As shown in Figure 1E overexpression of smaug

dramatically suppresses CUG-induced myopathy.

Next we investigated whether increased smaug levels could

restore muscle function in addition to muscle integrity. Animals

expressing (CUG)480 show a severe impairment in flying ability

prior to showing any signs of muscle wasting by histological

analysis (see green bars in Figure 1F). Increased levels of smaug

sharply improve flying ability in animals expressing (CUG)480.

(compare orange and green bars in Figure 1F). These muscle

histology and behavioral data further support the idea that smaug is

a suppressor of expanded-CUG toxicity in a variety of cellular

contexts.

In addition, we investigated whether Drosophila Smaug protein

and the expanded-CUG RNA co-localize in nuclear foci. Previous

studies have shown that Smaug accumulates in cytoplasmic foci

similar to stress granules, and that it can shuttle between the

nucleus and the cytoplasm [30]. To determine whether Smaug

protein localization is altered due to expression of (CUG)480, we

performed in situ and immunofluorescense analysis of larval

muscles of animals expressing (CUG)480. As shown in Figure 1G

Smaug accumulates mainly in the cytoplasm in the form of

granules (Figure 1G, green), and it does not co-localize with the

nuclear CUG-containing foci (Figure 1G, red, NF). This

observation suggests that the mechanism by which Smaug

modulates expanded-CUG toxicity does not involve direct

interaction with the nuclear foci.

Smaug is a genetic interactor of CUGBP1
The data described above and shown in Figure 1G does not

suggest sequestration of Smaug in nuclear foci as a mechanism for

Smaug modification of expanded-CUG toxicity. Consequently, we

investigated possible interactions between smaug and the known

key players in DM1 pathogenesis: MBNL1 and CUGBP1.

Overexpression of human MBNL1 or CUGBP1 in the Drosophila

eye leads to a mild disorganization phenotype [18], and Figure 2A

and 2D. We used these phenotypes as assays to test potential

genetic interactions with smaug. We found that smaug overexpres-

sion suppresses the phenotype induced by CUGBP1 expression

(compare Figure 2B with Figure 2A). In addition, smaug partial loss

of function enhances this phenotype (compare Figure 2C with

Figure 2A). In contrast, altering smaug levels does not have an effect

on the MBNL1-induced eye phenotype (Figure 2D–2F).

In summary, we find that CUGBP1 and Smaug interact

genetically in Drosophila.

Author Summary

Myotonic dystrophy type 1 (DM1) is the most common
among the muscular dystrophies causing muscle weakness
and wasting in adults, and it is triggered by expansion of
an untranslated CUG repeat. To identify potential thera-
peutic approaches, we used a Drosophila DM1 model to
screen for genes capable of suppressing CUG-induced
toxicity. Here we report that increased levels of the smaug
gene prevent muscle wasting and, perhaps more impres-
sively, also prevent muscle dysfunction caused by the DM1
mutation. Smaug interacts genetically and physically with
CUGBP1, an RNA–binding protein previously implicated in
DM1. We used myoblasts from DM1 patients and control
individuals to investigate how Smaug suppresses CUG-
induced myopathy. We found that increased human
SMAUG1 (a.k.a. SMAD4A) levels revert the abnormal
accumulation of CUGBP1 in myoblasts nuclei and restore
normal translation of at least one mRNA regulated by
CUGBP1 in the cytoplasm. These findings demonstrate that
manipulating Smaug activity protects against the effects of
the DM1 mutation, and they also support the idea that
restoring normal CUGBP1 function is a potential thera-
peutic approach.

Smaug Suppresses Myopathy Caused by DM1 Mutation
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Figure 1. smaug overexpression suppresses expanded CUG-induced toxicity in Drosophila. A–D. Scanning electron microscopy (SEM)
images of Drosophila eyes expressing (CUG)480 and different levels of smaug. A. Control GMR-Gal4 eye showing characteristic organization of
ommatidia and interommatidial bristles. B. Animals expressing (CUG)480 under the control of GMR-Gal4 eye driver show reduced eye size, and
disorganization of ommatidia and bristles. C. Overexpression of smaug ameliorates the (CUG)480-induced phenotypes. Note improved eye size and
ommatidial organization relative to B. D. Reduced smaug function enhances (CUG)480-induced toxicity. Eyes of animals expressing (CUG)480 and
carrying a heterozygous loss-of-function mutation in smaug show more severe eye size reduction, more ommatidial disorganization and less bristles
than eyes of (CUG)480 animals (compare with B). E. Eosin stained transversal paraffin sections of indirect flight muscles (IFM). Expression of (CUG)480
in the muscles causes progressive loss of tissue and vacuolization. (CUG)480 animals of the same age that overexpress smaug show no muscle tissue
loss or vacuolization. All E panels show IFMs from 20-day-old animals grown at 25C. F. Chart showing the percentage of control and experimental
animals that are able to fly at different ages. Almost 100% of control animals (blue bars) are able to fly at days 5, 10 and 20. Animal expressing
(CUG)480 in the IFMs show impaired flying ability (green bars). (CUG)480 animals that also overexpress smaug show rescue of the flying impairment
phenotype (orange bars). n = 100. G. Larval muscles from animals expressing (CUG)480. probed with Cy3-labelled 59-CAG-39 LNA probe to detect
nuclear foci (NF, in red) and stained with anti-Smaug (in green). Note that the Smaug protein does not localize to nuclear foci (NF). Smaug protein is
mainly cytoplasmic where it accumulates in granules, and it also delineates the nucleus (arrow). Scale bar: A–D: 100 mm. E: 50 mm. G: 10 mm.
Genotypes: A: w; GMR-Gal4/+. B: w; GMR-Gal4/+;UAS-(CUG)480-M5T/+. C: w; GMR-Gal4/+;UAS-(CUG)480-M5T/smgEP3556. D: w; GMR-Gal4/+;UAS-
(CUG)480-M5T/smg1. E: Control: w; +; MHC-Gal4/+. (CUG)480: w; UAS-(CUG)480-M5Q, UAS-(CUG)480-M13D/+; MHC-Gal4/+. (CUG)480/smgOE: w; UAS-
(CUG)480-M5Q, UAS-(CUG)480-M13D/+; MHC-Gal4/smgEP3556. F: Control: w; +; MHC-Gal4/+. (CUG)480: w; UAS-(CUG)480-M13D/+; MHC-Gal4/+.
(CUG)480/smgOE: w; UAS-(CUG)480-M13D/+; MHC-Gal4/smgEP3556. G: w; UAS-(CUG)480-M5Q, UAS-(CUG)480-M13D/+; MHC-Gal4/+.
doi:10.1371/journal.pgen.1003445.g001
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SMAUG1 overexpression reduces nuclear accumulation
of CUGBP1, and both proteins physically interact and
accumulate in cytoplasmic granules

To further investigate the interaction between SMAUG1 and

CUGBP1, we performed immunofluorescense on COSM6 cells

transfected with SMAUG1 and (CUG)960. We found that CUGBP1

localizes predominantly in the nucleus in cells transfected only

with (CUG)960 (see arrowhead in Figure 3A), an observation that is

consistent with previous reports [8,9,31,32]. We found, however,

that nuclear CUGBP1 steady-state levels are significantly

decreased in cells transfected with both (CUG)960 and SMAUG1

(Figure 3B, arrowhead). CUGBP1 can be seen in these cells both

diffuse in the cytoplasm as well as co-localizing with SMAUG1 in

cytoplasmic granules (Figure 3B, arrow). As control we transfected

with GFP and we could not observe differences in CUGBP1 signal

between GFP-transfected (Figure 3C, arrow) and GFP-untrans-

fected (Figure 3C, arrowhead) cells. A similar experiment was

performed with MBNL1 and SMAUG1, but we found no

evidence of changes in the accumulation of MBNL1 in nuclear

foci following expression of SMAUG1 (Figure S2).

To validate these data on a cell type more relevant to DM1, we

investigated whether CUGBP1 distribution is altered by SMAUG1

expression in myoblasts from DM1 patients. DM1 myoblasts

transfected with GFP show predominantly nuclear CUGBP1

signal (Figure 4A). In contrast, DM1 myoblasts transfected with

SMAUG1 show significantly decreased levels of nuclear CUGBP1

(Figure 4B, compare intensity of CUGBP1 staining in SMAUG1-

transfected (arrowhead) vs. untransfected myoblasts). We quanti-

fied the intensity of the signal of nuclear CUGBP1 staining in

DM1 myoblasts transfected with SMAUG1 versus controls

transfected with GFP, and we found that SMAUG1-transfected

DM1 myoblasts show a significant decrease in the nuclear signal

intensity compared to controls transfected with GFP (Figure 4D,

p,0.0001).

In addition we find that in SMAUG1-transfected DM1

myoblasts CUGBP1 and SMAUG1 co-localize in cytoplasmic

granules (Figure 4C, arrows, and Figure S3). Cytoplasmic co-

localization of both proteins was also observed in normal myoblast

(Figure 5B). In spite of the observation that SMAUG1-expressing

DM1 myoblasts show reduced nuclear CUGBP1, we did not

detect an increase on cytoplasmic CUGBP1 in DM1 myoblasts

transfected with SMAUG1 when compared to GFP-transfected

controls (Figure S3, see also western blot of cytoplasmic fraction in

Figure 6A). In control non-DM1 myoblasts transfected with

SMAUG1 nuclear CUGBP1 signal remains the same (Figure 5).

Prompted by the genetic interaction between Drosophila smaug

and human CUGBP1 and the co-localization of SMAUG1 and

CUGBP1 in cells, we also investigated whether human

SMAUG1/SAMD4A and CUGBP1 proteins physically interact.

To do so, we performed co-immunoprecipitation experiments with

Figure 2. Smaug interacts genetically with CUGBP1 but not with MBNL1. A–C. SEM eye images of animals overexpressing CUGBP1 and
different levels of smaug. A. SEM eye image showing that expression of CUGBP1 using GMR-Gal4 causes ommatidial disorganization, loss of bristles
and decrease in eye size compared to control eyes (Figure 1A). This phenotype is most prominent in the central dorsal part of the eye (see close-up).
B. smaug overexpression (OE) in animals expressing CUGBP1 rescues the ommatidial, bristle and eye size phenotypes. C. A heterozygous loss-of-
function mutation in smaug enhances the CUGBP1-induced eye phenotype, particularly in the most affected central dorsal area of the eye (see close-
up). D–F. SEM eye images of animals overexpressing MBNL1 and different levels of smaug. D. Expression of MBNL1 in the eye using GMR-Gal4 causes
ommatidial disorganization, loss of bristles and reduction of eye size compared to control eyes (Figure 1A). Neither overexpression (E) nor partial loss
of function (F) of smaug in animals expressing MBNL1 affect these phenotypes. Scale bar: A–F: 100 mm. Genotypes: A: w; GMR-Gal4/+; UAS-CUGBP1-
M2E/+. B: w; GMR-Gal4/+; UAS-CUGBP1-M2E/smgEP3556. C: w; GMR-Gal4/+; UAS-CUGBP1-M2E/smg1. D: w; GMR-Gal4, UAS-MBNL1-M6B/+. E: w; GMR-
Gal4, UAS-MBNL1-M6B/+; smgEP3556/+. F: w; GMR-Gal4, UAS-MBNL1-M6B/+; smg1/+.
doi:10.1371/journal.pgen.1003445.g002
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cellular extracts from human myoblasts expressing SMAUG1. As

shown in Figure 4E, SMAUG1 signal is detected after pull-down

with anti-CUGBP1 antibody both in normal and DM1 myoblasts.

The intriguing finding that increased levels of SMAUG1 leads

to decreased nuclear accumulation of CUGBP1 suggests that

restoration of normal alternative splicing patterns may explain

SMAUG1-mediated suppression of CUG-induced myopathy. To

test this potential mechanism of SMAUG1 suppression, we

examined the alternative splicing changes induced by either

expanded CUG repeats or CUGBP1 overexpression.

Using a cTNT minigene reporter we found no evidence that

overexpression of SMAUG1 restores normal alternative splicing

changes caused by either expanded CUG repeats or CUGBP1

overexpression (Figure S4).

SMAUG1 reduces the amount of inactive CUGBP1-eIF2a
translational complexes

Since we did not find evidence that increased SMAUG1 restore

alternative splicing patterns, we investigated whether they restore

CUGBP1 normal function in the cytoplasm. CUGPB1 regulates

the translation and stability of mRNAs, and these activities are

impaired in DM1 [24–26]; thus, we asked if the translational

activity of CUGPB1 is influenced by SMAUG1.

In the cytoplasm, CUGBP1 interacts with eukaryotic translation

initiation factor eIF2a (eIF2a), and its translational activity is

mediated by CUGBP1-eIF2a complexes [33]. CUGBP1 phos-

phorylated at S302 binds to unphosphorylated eIF2a (non-pS51-

eIF2a) making active CUGBP1-eIF2a translational complexes,

whereas CUGBP1 unphosphorylated at S302 binds with higher

affinity to inactive pS51-eIF2a forming CUGBP1-eIF2a inactive

translational complexes [25]. In DM1 cells, the levels of inactive

eIF2a (pS51-eIF2a) are increased, and formation of inactive

CUGBP1-eIF2a complexes inhibits translation of certain mRNAs

in DM1 myoblasts [25].

Therefore, we examined the effects of SMAUG1 on the

abundance of inactive CUGBP1-eIF2a complexes. Western

blot analysis of cytoplasmic extracts from transfected normal

and DM1 myoblasts and fibroblasts show that the total

cytoplasmic levels of CUGBP1 are increased in DM1

myoblasts and fibroblasts, and are not affected significantly

by SMAUG1 (Figure 6A–6B and Figure S5). Additionally, we

investigated if levels of total eIF2a are altered by SMAUG1

expression in cytoplasm. As shown in Figure 6A and 6B, total

levels of eIF2a remain unchanged upon SMAUG1 transfection

in both normal and DM1 myoblasts and fibroblasts. We then

performed co-IP experiments on cytoplasmic protein extracts

from normal and DM1 myoblasts and fibroblasts to test

whether SMAUG1 expression alters the levels of inactive

CUGBP1-eIF2a complexes. We found that in control GFP-

transfected DM1 myoblasts/fibroblasts pS51-eIF2a-CUGBP1

inactive complexes are abundant. This is in striking contrast to

SMAUG1-transfected DM1 myoblasts (Figure 6A, see

CUGBP1-IP) and Figure S6) and fibroblasts (Figure 6B, see

CUGBP1-IP) and Figure S6) where these complexes are

undetectable. Thus, increasing SMAUG1 levels decreases the

steady-state levels of CUGBP1-eIF2a inactive translational

complexes.

SMAUG1 restores translation of CUGBP1 target MRG15 in
DM1 myoblasts

Previous reports have shown that MRG15 mRNA translation is

controlled by CUGBP1-eIF2a complexes. Particularly, inactive

CUGBP1-eIF2a complexes trap MRG15 mRNA in stress

granules and reduces protein levels of MRG15 in DM1 compared

to normal myoblasts [25]. Since we found that expression of

SMAUG1 reduces amounts of inactive CUGBP-eIF2a complexes,

we investigated if this reduction corrects translation of MRG15, a

target of the CUGBP-eIF2a complex. Western blot analysis of

Figure 3. SMAUG1 expression reduces nuclear accumulation of CUGBP1, and both proteins co-localize in cytoplasmic granules.
Immunofluorescense and in situ images of COSM6 cells. A. Expanded CUG repeat-transfected COSM6 cells show accumulation of the transcripts in
nuclear foci (detected with a Cy3-labelled 59-CAG-39 LNA probe, white), and increased nuclear CUGBP1 signal (arrowhead) (a-CUGBP1, red). B. COSM6
cells co-transfected with CUGs and SMAUG1-ECFP show cytoplasmic signal of SMAUG1 (SMAUG1-ECFP, green) and CUG nuclear foci (CAG probe,
white). These cells have decreased CUGBP1 nuclear signal (arrowhead) (a-CUGBP1, red); in addition, CUGBP1 co-localizes with SMAUG1 in cytoplasmic
granules (arrow). C. Untransfected (arrowhead) and GFP-transfected (arrow) cells show similar nuclear CUGBP signal (a-CUGBP1, red). White lines in
A–B delineate the nuclei. Scale bar: A–C: 10 mm.
doi:10.1371/journal.pgen.1003445.g003

Smaug Suppresses Myopathy Caused by DM1 Mutation

PLOS Genetics | www.plosgenetics.org 5 April 2013 | Volume 9 | Issue 4 | e1003445



nuclear protein extracts shows that DM1 cells contain reduced

amounts of MRG15; however, SMAUG1 restores translation of

MRG15 in DM1 cells to near normal levels in both myoblasts and

fibroblasts (Figure 6C, Figure S7). In summary, these data indicate

that expression of SMAUG1 significantly reduces the amounts of

inactive CUGBP1-eIF2a complexes and enhances translation of

MRG15.

Discussion

Here we show that increased expression levels of smaug, a

conserved gene involved in translational regulation, suppresses

CUG-induced muscle wasting and, notably, it also restores normal

muscle function in a Drosophila model of DM1. Experiments in

DM1 myoblasts indicate that the human homolog SMAUG1/

Figure 4. SMAUG1 and CUGBP1 co-localize and physically interact in DM1 myoblasts. A. Immunofluorescense and in situ images of DM1
myoblasts transfected with GFP. In control DM1 myoblasts transfected with GFP (green) CUGBP1 is predominantly in the nucleus (red); CUG foci are
detected in the nuclei with a Cy3-labelled 59-CAG-39 LNA probe (CAG probe, white). B–C. Immunofluorescense and in situ images of DM1 myoblasts
transfected with SMAUG1-ECFP. SMAUG1 is detected in the cytoplasm (SMAUG1-ECFP, green). Note that nuclear CUGBP1 signal (a-CUGBP1, red) is
clearly diminished in DM1 myoblasts transfected with SMAUG1 (B, arrowhead). Longer exposure of CUGBP1 signal shows cytoplasmic CUGBP1 (C)
and its co-localization with SMAUG1 in granules (arrows). D. Bar graph representing the intensity of CUGBP1 nuclear signal in DM1 myoblasts
transfected with GFP (DM1-GFP, green bar), versus DM1 myoblasts transfected with SMAUG1 (DM1-SMAUG1, blue bar). Data was analyzed with
ANOVA followed by Student’s t test, p,0.0001. Black dots represent individual observations, red lines are the standard error of the mean. E. Western
blot revealing co-immunoprecipitation between CUGBP1 and human SMAUG1 in extracts from SMAUG1-V5-transfected normal and DM1 human
myoblasts. Pull down was carried out using anti-CUGBP1 antibody. SMAUG1 was visualized with anti-V5-HRP antibody. White lines in A–C delineate
the nuclei. Scale bar: A–C: 10 mm.
doi:10.1371/journal.pgen.1003445.g004

Smaug Suppresses Myopathy Caused by DM1 Mutation
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SAMD4A suppresses the toxic effects of expanded CUG repeats at

least in part by restoring impaired CUGBP1 translational

functions.

Early during DM1 pathogenesis CUGBP1 steady-state levels

increase as a consequence of PKC-mediated phosphorylation

[10]. This leads to disrupted regulation of alternative splicing,

as well as impairments in mRNA stability and mRNA

translation, all of which contribute to the multiple features of

the disease (reviewed in [34,35]). In addition, CUGBP1

overexpression in wild-type mice mimics some of the function-

al, histopathological and molecular features of DM1

[22,36,37], while CUGBP1 overexpression in Drosophila en-

hances expanded-CUG induced pathology [18]. Together these

observations suggest that restoring normal CUGBP1 levels and

activities may reverse DM1 pathology. This approach however

may prove difficult to execute. First, there are several

CUGBP1-like proteins in mammals and in Drosophila making

proof-of-principle experiments using loss-of-function alleles

complicated. To circumvent the problem of functional redun-

dancy, a dominant-negative CUGBP1 construct was expressed

in culture cells and mice, and this resulted in the reversion of

abnormal alternative splicing [29]. Expression of dominant-

negative CUGBP1, however, also leads to cardiac and skeletal

muscle pathology [38,39]. A second and perhaps more

important caveat is that CUG expansion leads to increased

nuclear levels of CUGBP1 [8,40] (i.e., a gain of function),

while in the cytoplasm the same mutation leads to the

inactivation of CUGBP1 translational complexes [25] (i.e., loss

of function). Hence, restoring normal CUGBP1 activities in

both nucleus and cytoplasm by modulating CUGBP1 itself

seems challenging. An alternative approach is to target other

factors modulating CUGBP1 function. One such factor is

PKC, a kinase that phosphorylates and stabilizes CUGBP1

[10]. Indeed, PKC pharmacological inhibition ameliorates the

cardiac phenotypes in a heart-specific DM1 mouse model [28].

The data presented here reveals that SMAUG1/SAMD4 is able

to restore CUGBP1 normal levels and activities. We found that

increasing the levels of SMAUG1 leads to decreased levels of

nuclear CUGBP1 in DM1 myoblasts. This intriguing observation

suggested that rescue of alternative splicing alterations may be a

possible mechanism to explain the observed suppression of CUG-

induced myopathy. This is an open possibility because even

though we did not find evidence of SMAUG1 modulating splicing

on a cTNT minigene, we cannot rule out its effects on other

unknown splicing targets.

We showed that SMAUG1 can re-activate impaired CUGBP1

translational activities in the cytoplasm. smaug was first discovered

in Drosophila as a translational regulator of nanos mRNA in the

posterior pole of the embryo [41]. In this context it functions as a

translational repressor by capturing transcripts containing Smaug

recognition elements, forming stable ribonucleoprotein particles,

and displacing the eIF4G initiation factor [42]. Smaug also

promotes the destabilization and degradation of nanos mRNA by

recruiting a deadenylation factor [43–45]. There are two smaug

homologous genes in mammals [30]. One of them, SMAUG1/

SAMD4A, forms mRNA-silencing foci at postsynapses of hippo-

campal neurons that respond to NMDA and modulate synapse

formation [46]. We find that SMAUG1 has a positive function in

the context of CUGBP1-dependent translation in myoblasts

suggesting that SMAUG1 is not a dedicated repressor of

translation, but rather a translational regulator whose function is

context dependent.

In DM1, high levels of CUGBP1 unphosphorylated at S302

form inactive translational complexes with pS51-eIF2a. We found

that increased levels of SMAUG1 lead to a dramatic reduction

of CUGBP1-eIF2a inactive complexes. It is unlikely that this is

a result of nuclear CUGBP1 being exported to the cytoplasm

because we did not detect an increase of CUGBP1 in western

blots of cytoplasmic extracts from SMAUG1-transfected DM1

myoblasts or fibroblasts. This observation was confirmed by

immnofluorescence experiments showing similar levels of

cytoplasmic CUGBP1 between SMAUG1-transfected and

GFP-transfected DM1 myoblasts. An attractive possibility is

that the interaction between SMAUG1 and CUGBP1 pro-

motes repair of defective initiation complexes. In support of

this hypothesis we observe an increase in translation of

MRG15. Translation of MEF2A, C/EBPbeta, p21, and other

translational CUGBP1 targets such as cyclin D1 and HDAC1

are promoted by active CUGBP1/elF2 complexes (i.e., formed

by p-S302-CUGBP1 and elF2 not phosphorylated at S51).

Figure 5. Expression of SMAUG1 in control human myoblasts does not affect CUGBP1 nuclear localization. A–B. Nuclear localization of
CUGBP1 (a-CUGBP1, red) is not altered by expression of SMAUG1 (SMAUG1-ECFP, green) in control unaffected primary human myoblasts. CUGBP1
co-localizes with SMAUG1 cytoplasmic granules in control myoblasts (arrow in B). Scale bar: 10 mm.
doi:10.1371/journal.pgen.1003445.g005
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However, we only know of one target, MRG15, whose

translation is inhibited by inactive CUGBP1/elF2 complexes

(i.e., formed by CUGBP1 not phosphorylated at S302, and p-

S51-elF2) [25]. Thus, we expect that other mRNA targets of

CUGBP1 whose translation is impaired in DM1 may be

corrected as well; however, these other mRNAs have not been

identified yet.

The only therapy available for DM1 patients is used to treat the

symptoms rather than the cause of the disease. Efforts to develop

therapeutic avenues for DM1 pathogenesis include: 1) to revert the

instability of the expansion, 2) to target the toxic RNA with

ribozymes or antisense oligonucleotides [47–51], 3) to target the

CUG RNA hairpins with siRNA [52]. Potential alternatives are to

develop therapeutic approaches to restore CUGBP1 and MBNL1

protein levels and activities [18,19,28] (reviewed in [53]). The data

reported here suggests that therapeutics designed to increase

SMAUG1 protein levels could be useful to ameliorate the toxicity

of the mutant RNA in DM1.

Materials and Methods

Fly strains
The transgenic lines UAS-(CTG)480, UAS-MBNL1, and UAS-

CUGBP1 have been previously described [18]. Mhc-GAL4 was

obtained from G. Davis (UCSF). gmr-GAL4, smg1 and smgEP3556

were obtained from Bloomington Stock Center (Indiana) and

Szeged Stock Center (Hungary).

Scanning electron microscopy of Drosophila eyes and
muscle paraffin sections of Drosophila adult thoraxes

Processing of flies for SEM and image acquisition were

performed following previously published procedures [54].

For paraffin sections, adult thoraxes were dissected out, fixed

overnight in 4% formaldehyde in PBS, washed in PBS and

dehydrated in increasing concentrations of ethanol. Thoraxes

were embedded in paraffin. Serial sections of 10 mm were

obtained and rehydrated to water. Sections were stained with

eosin (Sigma) and the fluorescent images were captured using an

AxioCam MRc camera (Zeiss) attached to a Microphot-FXA

microscope (Nikon).

Flying assay
Individual adult flies were dropped one at a time from the top of

a 12-inch cylinder and the landing position in the cylinder was

recorded. One hundred flies per genotype were scored and each

fly was tested three times.

In situ hybridization and immunofluorescense of
Drosophila larval muscles

The protocols were previously described in [18]. Anti-Smaug

antibody (provided by C.A. Smibert) was used at a concentration

of 1:50.

Cell culture in situ and immunofluorescense analysis
Constructs used for transfection were (CUG)960 (T.A. Cooper)

and SMAUG1-ECFP (G.L. Boccaccio). COSM6 cells were

transfected with (CUG)960 alone or together with SMAUG1-

ECFP using Amaxa Cell Line Nucleofector Line R (Lonza). Two

days after transfection cells were fixed in 4% formaldehyde for one

hour, washed and hybridized with a Cy3-labelled 59-CAG-39 LNA

probe for one hour, followed by incubation with mouse anti-

CUGBP1 3B1 antibody (1:120) overnight at 4C. Secondary anti-

mouse antibody labelled with Cy5 was used to visualize CUGBP1.

Human primary myoblasts derived from control individuals or

from DM1 patients with 300 CTG repeats were grown for no

more than 12 passages and transfected with SMAUG1-ECFP or

control pmaxGFP using Amaxa Cell Line Nucleofector Line

NHDF (Lonza). Two days after transfection in situ and

immunofluorescense was performed as described in the above

paragraph.

For quantification of CUGBP1 nuclear signal, pictures taken at

the confocal microscope under the same conditions were analyzed

using ImageJ software. Pictures of at least 50 different cells were

taken. Data sets were compared using ANOVA followed by

Student’s t analysis.

Western blot and co-immunoprecipitation of human
myoblasts and fibroblasts

Transfection of myoblasts and fibroblasts with SMAUG1-V5

(G.L. Boccaccio) was performed using Amaxa Nucleofector Line

NHDF (Lonza). For co-immunoprecipitation of myoblasts in

Figure 6. SMAUG1 reduces inactive CUGBP1/pS51-eIF2a trans-
lational complexes and recuperates normal levels of MRG15
protein in DM1 myoblasts and fibroblasts. A–B. Protein levels of
total CUGBP1 and eIF2a in control and DM1 myoblasts (A) and
fibroblasts (B) were detected by Western blotting of cytoplasmic
fractions (Western). b-actin serves as a loading control. CUGBP1 levels
are compared in untransfected and SMAUG1-transfected normal and
DM1 myoblasts. Quantification is based in two experiments in
myoblasts and two experiments in fibroblasts. Material immunoprecip-
itated with CUGBP1 antibodies was probed with antibody to specific
inactive pS51-eIF2a (CUGBP1-IP). Note that inactive pS51-eIF2a is not
detected after SMAUG1 transfection. IgGs, heavy chains of immuno-
globulins detected on the same filter. IP was repeated three times in
myoblasts and three times in fibroblasts (see Figure S7). C. SMAUG1
recuperates normal levels of MRG15 protein in DM1 myoblasts and
fibroblasts. Nuclear proteins of normal and DM1 myoblasts were
examined by Western blotting with antibodies to MRG15. The filter was
re-probed with antibodies to b-actin. The level of MRG15 in SMAUG1-
transfected myoblasts are shown compared to untransfected normal
and DM1 myoblasts from two experiments. Quantifications were
performed using ImageJ Gel Analyzer software.
doi:10.1371/journal.pgen.1003445.g006
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Figure 4E, anti-CUGBP1 3B1 antibody (Novus Biologicals) was

coupled to Dynabeads M-270 Epoxy (Invitrogen), and co-IP was

performed with Dynabeads Co-Immunoprecipitation kit (Invitro-

gen) using anti-V5 (Invitrogen) antibodies.

For western blot analysis, control and DM1 myoblasts (300

CTG repeats) and fibroblasts (2000 and 1600 CTGs) were

transfected as described above. Two days after transfection

nuclear and cytoplasmic protein fractions were extracted [31].

Twenty five mg of cytoplasmic proteins were separated by gel

electrophoresis, transferred on membrane and incubated with

anti-CUGBP 3B1 and anti-eIF2a (FL-315, Santa Cruz, CA,

USA).

Co-IP with 100 mg of cytoplasmic protein was performed using

the protocol associated with Trueblot Antibodies from

eBioscience. Antibody for pS51-eIF2a was S51-sc12412-R from

Santa Cruz.

For detection of MRG15, nuclear protein fractions of cells

transfected with SMAUG1 or GFP were separated by gel

electrophoresis, transferred on membrane and incubated with

anti-MRG15 (F-19) and anti-b-actin (AC-15) from Santa Cruz.

Supporting Information

Figure S1 Overexpression and loss-of-function alleles of smaug

do not modify the phenotype of control eyes. A–B. Neither

overexpression (A), nor loss-of-function (B) alleles of smaug in

heterozygosity cause an abnormal phenotype in control eyes

(GMR-Gal4). Genotypes: A: w; GMR-Gal4/+; smgEP3556/+. B:

w; GMR-Gal4/+; smg1/+. Scale bar: 100 mm.

(TIF)

Figure S2 MBNL1 sequestration in nuclear foci is not altered by

SMAUG1 overexpression. Immunofluorescense and in situ images

of COSM6 cells A. In cells transfected with (CUG)960, the

expanded CUGs accumulate in the nuclear foci (CAG probe,

white), where they sequester endogenous MBNL1 (a-MBNL1,

red). B. In cells transfected with SMAUG1-ECFP, SMAUG1-

ECFP (green) accumulates in the cytoplasm, where it co-localizes

with MBNL1 (arrowheads) (a-MBNL1, red). C. In cells cells co-

transfected with (CUG)960 and SMAUG1-ECFP, sequestration of

MBNL1 (a-MBNL1, red) by CUG nuclear foci (CAG probe,

white) is shown by co-localization of both (arrow). Note that co-

localization of MBNL1 and CUG nuclear foci is not altered by

SMAUG1-ECFP (green) expression (compare panels A and C).

Scale bar: 10 mm.

(TIF)

Figure S3 Expression of SMAUG1 in DM1 human myoblasts

does not affect cytoplasmic CUGBP1 levels. A. Bar graph

representing the intensity of a-CUGBP1 cytoplasmic signal in

DM1 myoblasts transfected with GFP (DM1-GFP, green bar),

versus DM1 myoblasts transfected with SMAUG1 (DM1-

SMAUG1, blue bar). Data was analyzed with ANOVA followed

by Student’s t test; NS: not significant. B–C. Representative

images of DM1 myoblasts transfected with GFP (green) (B) or

SMAUG1 (SMAUG1-ECFP, green) (C) taken at high exposure to

reveal cytoplasmic CUGBP1. Note that the intensity of cytoplas-

mic CUGBP1 (a-CUGBP1, red) is similar in both cases. See also

co-localization of CUGBP1 and SMAUG1 (C, arrow). Scale bar:

10 mm.

(TIF)

Figure S4 SMAUG1 does not modify splicing of cTNT

minigene. A. SMAUG1 does not modify splicing changes

caused by CUGBP1 or (CTG)960 on cTNT minigene. CosM6

cells transfected with cTNT minigene show 66% exon 5

inclusion. Upon co-transfection with CUGBP1 or (CTG) 960

exon 5 inclusion increases to 92 and 82% respectively. This

splicing pattern is not affected by SMAUG1 transfection.

Expression of SMAUG1 alone with the minigene has a similar

splicing pattern to cTNT minigene alone with 61% exon

inclusion.

(TIF)

Figure S5 SMAUG1 does not affect abnormally elevated levels

of CUGBP1 in the cytoplasm. A. Western blot analysis of protein

levels from cytoplasmic extracts in control and DM1 myoblasts.

CUGBP1 levels are increased in DM1 myoblasts. B. Western blot

analysis of protein levels from cytoplasmic extracts in control and

DM1 fibroblasts. CUGBP1 levels are increased in DM1

fibroblasts. b-Actin used as control.

(TIF)

Figure S6 Reproduction of the observation that SMAUG1

reduces inactive CUGBP1/pS51-eIF2a translational complex-

es. A. Cytoplasmic protein extracts from normal and DM1

myoblasts immunoprecipitated with CUGBP1 antibody was

probed with antibody to specific inactive pS51-eIF2a
(CUGBP1 IP) in two additional experiments with similar

results. B. Cytoplasmic protein extracts from normal and DM1

fibroblasts immunoprecipitated with CUGBP1 antibody was

probed with antibody to specific inactive pS51-eIF2a
(CUGBP1 IP) in two additional experiments with similar

results. Note that inactive pS51-eIF2a is undetectable after

SMAUG1 transfection. IgG, heavy chains of immunoglobulins

detected on the same filter.

(TIF)

Figure S7 Reproduction of the observation that SMAUG1

recuperates normal levels of MRG15 protein in DM1

myoblasts and fibroblasts. SMAUG1 recuperates normal levels

of MRG15 protein in DM1 myoblasts and fibroblasts. Nuclear

and cytoplasmic proteins of normal and DM1 myoblasts and

fibroblasts were examined by Western blotting with antibodies

to MRG15. The filter was re-probed with antibodies to b-

actin.

(TIF)
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