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Fragile X-associated Tremor/Ataxia Syndrome (FXTAS)

is a neurodegenerative disorder caused by expansion of

55–200 CGG repeats in the 50-UTR of the FMR1 gene.

FXTAS is characterized by action tremor, gait ataxia and

impaired executive cognitive functioning. It has been

proposed that FXTAS is caused by titration of RNA-binding

proteins by the expanded CGG repeats. Sam68 is an RNA-

binding protein involved in alternative splicing regulation

and its ablation in mouse leads to motor coordination

defects. Here, we report that mRNAs containing expanded

CGG repeats form large and dynamic intranuclear RNA

aggregates that recruit several RNA-binding proteins

sequentially, first Sam68, then hnRNP-G and MBNL1.

Importantly, Sam68 is sequestered by expanded CGG

repeats and thereby loses its splicing-regulatory function.

Consequently, Sam68-responsive splicing is altered in

FXTAS patients. Finally, we found that regulation of

Sam68 tyrosine phosphorylation modulates its localization

within CGG aggregates and that tautomycin prevents both

Sam68 and CGG RNA aggregate formation. Overall, these

data support an RNA gain-of-function mechanism for

FXTAS neuropathology, and suggest possible target routes

for treatment options.
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Introduction

Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a

recently identified neurodegenerative disorder that affects

principally older adult males who are carriers of pre-mutation

expansions (55–200 CGG repeats) in the 50-untranslated

region (UTR) of the Fragile X Mental Retardation-1 (FMR1)

gene (Hagerman et al, 2001; Hagerman and Hagerman, 2004;

Ostra and Willemesen, 2009). The major clinical features of

FXTAS are progressive intention tremor and gait ataxia, with

more variable associated features, including parkinsonism,

dysautonomia, anxiety, peripheral neuropathy and cognitive

decline (Jacquemont et al, 2003). The neuropathological

hallmark of FXTAS is the presence of ubiquitin-positive intra-

nuclear inclusions in both astrocytes and neurons throughout

the brain (Greco et al, 2002). It is estimated that nearly 1 in

3000 males has a lifetime risk of developing FXTAS, which

would make FXTAS one of the most common single gene

causes of tremor, ataxia and cognitive decline among older

adults (Jacquemont et al, 2004).

In Fragile X syndrome full mutations (4200 CGG repeats)

result in hypermethylation and silencing of the FMR1 gene. In

contrast, carriers of the pre-mutation alleles (55–200 CGG

repeats) have increased FMR1 mRNA levels but normal, or

moderately low, FMR1 protein expression, especially in the

upper pre-mutation range (Tassone et al, 2000a, b; Kenneson

et al, 2001; Primerano et al, 2002). These observations,

coupled with the fact that mRNAs containing expanded

CGG repeats accumulate in intranuclear aggregates, suggest

a toxic RNA gain-of-function model for FXTAS (Tassone et al,

2004). In support of this hypothesis, a knock-in (KI) mouse

model, in which the endogenous eight CGG repeats in the

Fmr1 gene has been replaced with an expansion containing

B100 CGG repeats of human origin, shows ubiquitin-positive

intranuclear inclusions and mild neuromotor and behaviour-

al disturbance (Willemsen et al, 2003; Van Dam et al, 2005;

Brouwer et al, 2008). Furthermore, sole expression of mRNAs

containing 90 CGG repeats outside the context of Fmr1 in a

transgenic mouse model is sufficient to recapitulate the

neuropathological and molecular features of FXTAS

(Hashem et al, 2009). Similarly, heterologous expression of

90 CGG repeats in Drosophila is sufficient to cause neurode-

generation along with formation of neuronal inclusions

(Jin et al, 2003). These models show that sole expression of

expanded CGG repeats is necessary and sufficient to cause a

pathology similar to human FXTAS, and thus indicate that the

expanded CGG repeats in RNA are the likely cause of the

neurodegeneration in FXTAS.

The FXTAS toxic RNA gain-of-function model show simi-

larities with Myotonic Dystrophies (DM), where expanded

CUG or CCUG repeats accumulate in nuclear RNA aggregates

that sequester the Muscleblind-like (MBNL1) splicing factor.

In DM, partial depletion of the free pool of MBNL1 leads to
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specific alternative splicing changes, which ultimately result

in the symptoms of DM (Ranum and Cooper, 2006; Wheeler

and Thornton, 2007). Extending this model to FXTAS, ex-

panded CGG repeats are predicted to sequester specific

proteins resulting in loss of their normal molecular functions.

Several proteins, including a number of heat-shock proteins,

Pura, hnRNP-A2/B1, CUGBP1, MBNL1, lamin-A/C and MBP

were found to localize with ubiquitin-positive inclusions in

CGG-expressing Drosophila, KI mouse model and FXTAS

patients (Iwahashi et al, 2006; Jin et al, 2007; Sofola et al,

2007). However, these proteins were not found to be seques-

tered by expanded CGG repeats and consequently they are

not expected to lose their functions in FXTAS patients.

In this study, we found that in contrast to CUG repeats,

expanded CGG repeats accumulate in dynamic intranuclear

RNA structures that expand over time. Formation of giant

CGG RNA aggregates ultimately results in disorganization of

the nuclear lamin structure and cell death. MBNL1 and

hnRNP-G proteins were found localized within CGG aggre-

gates but only in the larger inclusions and at late time points

after transfection, suggesting these are not the primary

defects. In contrast, we identified the Src-Associated sub-

strate during mitosis of 68-kDa (Sam68) protein as the only

protein that colocalizes with CGG RNA aggregates at each

time point. Sam68 is a nuclear RNA-binding protein involved

in alternative splicing regulation (Stoss et al, 2001; Paronetto

et al, 2007; Chawla et al, 2009), and its ablation in a mouse

knock-out model leads to motor coordination defects

(Lukong and Richard, 2008). Sam68 splicing activity, RNA-

binding ability and localization are regulated by phosphor-

ylation (Haegebarth et al, 2004; Lukong et al, 2005), and

Sam68 interacts with various RNA-binding proteins through

several protein–protein interaction domains (Lukong and

Richard, 2003). We found that Sam68 is required for subse-

quent aggregation of MBNL1 and hnRNP G proteins within

CGG aggregates. Most importantly, Sam68 is sequestered by

expanded CGG-repeat aggregates and thereby loses its spli-

cing-regulatory function. As a consequence, Sam68-regulated

splicing is altered in FXTAS patients. Finally, we found that

regulation of Sam68 phosphorylation modulates its localiza-

tion within CGG aggregates. Strikingly, among the various

kinase and phosphatase inhibitors tested, we found one,

tautomycin, which not only prevents Sam68 colocalization

within CGG aggregates, but also abolishes CGG RNA aggre-

gate formation.

Results

Expanded CGG repeats form dynamic nuclear RNA

aggregates that expand over time

We first questioned whether pre-mutation-length CGG re-

peats can form nuclear RNA aggregates in cultured cells.

We transfected plasmids expressing either 20, 40, 60 or 100

CGG repeats under the control of a cytomegalovirus (CMV)

promoter in various cell lines, and tested the formation of

CGG aggregates by RNA fluorescence in situ hybridation

(FISH) analysis. We confirmed the specificity of the FISH

conditions, and the RNA composition of CGG aggregates, as

they were sensitive to RNAse treatment (Supplementary

Figure S1). Consistent with an RNA gain-of-function model,

expression of 60 or 100 CGG repeats within COS7 cells

generated numerous intranuclear CGG aggregates, whereas

expression of 20 CGG repeats did not (Figure 1A). Expression

of 40 CGG repeats resulted in an intermediate condition with

formation of rare small intranuclear aggregates. This is con-

sistent with observations in FXTAS patients in whom it is

estimated that ‘normal’ CGG polymorphic repeat lengths are

5–45 repeats long, ‘gray zone’ alleles contain 45 to 55 repeats

and FXTAS patients are defined by pre-mutation allele con-

taining 55–200 CGG repeats (Tassone et al, 2007; Leehey et al,

2008).

Next, expression of CGG aggregates was investigated in

various cell types. Transfection of constructs containing 60

CGG repeats led to intranuclear CGG RNA aggregate forma-

tion in primary cultures of hippocampal embryonic mouse

neurons, as well as in various immortalized cell lines such as

neuronal (differentiated PC12), ovarian (SKOV3 and SW626)

and kidney (COS7)-derived cell lines (Figure 1B). However,

no aggregates were observed in A172, U-937, THP1, HeLa,

HEK293, NG108-15, IMR-32, Neuro-2a, SH-SY5Y, SK-N-MC or

SK-N-SH cell lines (data not shown), confirming a previous

report that not all cell lines can support CGG-repeat aggregate

formation (Arocena et al, 2005). Tests of colocalization

with various nuclear structures indicated that in transfected

cells most of the CGG aggregates are associated with nuclear

speckles, but not with other structures such as lamin,

nucleoli, PML, Gems or Cajal bodies (Supplementary

Figure S2A).

Finally, kinetic formation of CGG aggregates was investi-

gated. COS7 cells were transfected with a plasmid expressing

60 CGG repeats and analysed by RNA FISH either 24, 48 or

72 h after transfection. Surprisingly, expanded CGG repeats

formed dynamic nuclear structures that expanded over time,

resulting in giant inclusions, nuclear lamin architecture dis-

ruption and cell death 72–96 h after transfection (Figure 1C).

In contrast, expanded CUG (DM1 mutation) or AUUCU

(SCA10 mutation) repeats were less toxic and formed stable

nuclear aggregates, whose size did not evolve over time

(Supplementary Figure S2B). Annexin-V–PE apoptosis

tests were negative indicating that the cytotoxicity of CGG

repeats is not linked to apoptotic cell death (data not shown),

and in agreement with a previous report (Arocena et al,

2005) no ubiquitin-positive aggregates were observed in

transfected cells.

CGG aggregates recruit Sam68, then MBNL1

and hnRNP G

To identify which proteins are associated with expanded CGG

repeats, we first adopted an in vitro approach. Proteins

extracted from mouse brain or COS7-cell nuclei were cap-

tured on streptavidin resin coupled to biotinylated in vitro-

transcribed RNA composed of 60 CGG repeats, eluted, sepa-

rated on SDS–PAGE gels and identified by MALDI-TOF ana-

lysis. More than 20 proteins were identified (Supplementary

Table 1), including a heat-shock protein and several RNA-

binding proteins, including MBNL1 and hnRNP-G.

To discard non-specific binding proteins, we tested for

colocalization of these candidates with RNA aggregates in

COS7 cells transfected with 60 CGG repeats. CGG aggregates

expand over time, suggesting that these repeats may recruit

different proteins at different time points. Thus, we tested our

candidates at 24 and 72 h after transfection (Figure 2A and B).

Colocalization of MBNL1 within CGG aggregates increased

from 14% at 24 h to 41% at 72 h after transfection. Similarly,

Sam68 sequestration in FXTAS patients
C Sellier et al

&2010 European Molecular Biology Organization The EMBO Journal VOL 29 | NO 7 | 2010 1249



colocalization of hnRNP-G increased from 26 to 73%

(Figure 2D), suggesting that CGG aggregates form dynamic

structures, which constantly recruit proteins.

By contrast, other in vitro-identified candidates such

as SPNR, hnRNP-A1, hnRNP-A2/B, hnRNP-C, hnRNP-D,

hnRNP-E and hnRNP-H showed no or very little colocaliza-

tion with RNA aggregates, and any colocalization observed

was only within the giant CGG aggregates that form just

before cell death (data not shown). We also observed that

neither CUGBP1, nor Pura, colocalized with CGG aggregates

in COS7-transfected cells.

These results suggest that MBNL1 and hnRNP-G are not

initially recruited by CGG repeats, but join the larger aggre-

gates later on, probably through protein–protein interactions.

On the basis of that hypothesis, we searched for proteins that

would colocalize with expanded CGG repeats early after

transfection, and may capture other RNA-binding proteins

through RNA or protein interactions. We screened B50

candidates known to bind to RNA or RNA-binding proteins

(Supplementary Table 2 and data not shown) and found

one, Sam68, that consistently co-localized with CGG

RNA aggregates at each time point, including the earliest

(Figure 2C and D).

Next, we confirmed by FISH/IF that endogenous Sam68

colocalized with CGG aggregates in neuronal-differentiated

PC12 cells (Figure 2C). Similar to COS7 cells, endogenous

MBNL1 and hnRNP-G were not recruited within CGG aggre-

gates in PC12 cells 24 h after transfection. We were not able to

test Sam68, MBNL1 or hnRNP-G colocalization within CGG

aggregates at later transfection time points as PC12 cells are

very sensitive to CGG toxicity and die after less than 48 h of

CGG expression.

Sam68 is a nuclear protein involved in various aspects of

mRNA metabolism and interacts with several RNA-binding

proteins, raising question its specificity towards CGG aggre-

gates versus other expanded RNA repeats. COS7 cells were

transfected by plasmids expressing either expanded CGG,

CUG, CCUG or AUUCU repeats, which are the cause of

FXTAS, DM1, DM2 and SCA10 diseases, respectively. We

found that 24 or 72 h after transfection, endogenous Sam68
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colocalized only with CGG RNA aggregates, but not with

other expanded RNA repeats (Figure 3). These results suggest

that Sam68 is a specific and early component of CGG

aggregates in FXTAS.

Sam68 is essential for recruitment of MBNL1

and hnRNP-G within CGG aggregates

Sam68 is recruited earlier than MBNL1 and hnRNP-G, sug-

gesting sequential recruitment of proteins within the CGG

aggregates. Furthermore, Sam68 protein contains several

protein–protein interaction domains, raising the question

whether Sam68 directly recruits hnRNP-G and MBNL1. In

agreement with a previous report (Venables et al, 1999), we

found by co-immunoprecipitation that Sam68 interacts with

hnRNP-G. However, we found no robust interactions between

MBNL1 and Sam68 or between MBNL1 and hnRNP-G

(Supplementary Figure S3A).

Next, we mapped the domain required for Sam68 coloca-

lization with CGG aggregates. Sam68 protein contains a

central KH RNA-binding domain, and N- and C-terminal

protein–protein interaction domains. Deletion of the Sam68

N-terminal domain abolished colocalization with CGG aggre-

gates, whereas deletion of the Sam68 RNA-binding domain

did not (Supplementary Figure S3B). Similarly, Sam68 para-

log proteins, Slm1 and Slm2 (T-Star), which are devoid of the

N-terminal extended region of the Sam68 protein, did not

colocalize with expanded CGG aggregates 24 h after transfec-

tion. The N-terminal part of the Sam68 protein consists of a

number of potential protein–protein interaction domains,

suggesting that association of Sam68 with CGG repeats

might not be direct but mediated through protein–protein

interactions.

Finally, we tested whether Sam68 is required for colocali-

zation of MBNL1 and hnRNP-G within CGG aggregates.

Transfection of COS7 cells with an shRNA directed against

Sam68 greatly reduced (480%) the expression of endogen-

ous Sam68 (Figure 4C). Importantly, depletion of endogenous

Sam68 abolished the colocalization of MBNL1 and hnRNP-G

within CGG aggregates (Figure 4 and Supplementary Table 3).

These data show that Sam68 protein is required for subse-

quent recruitment of MBNL1 and hnRNP-G proteins within

CGG aggregates.

Sam68 colocalizes with CGG aggregates in FXTAS

patients

Next, we tested whether Sam68 protein colocalizes with

endogenous CGG aggregates. We first analysed the localiza-

tion of endogenous Sam68 and CGG repeats in the brain

sections of a KI mouse model, in which endogenous CGG

repeats had been replaced with an expansion of 98 CGG

CGG

C
O

S
7

Sam68

CGG

C
O

S
7

Sam68

M
B

N
L
1

h
n
R

N
P

 G

Merged

CGG

Cy3-CCG

hnRNP G

Protein

a

b

MBNL1

MS2CP

CGG

M
B

N
L
1

h
n
R

N
P

 G

Protein Cy3-CCG Merged

MBNL1

hnRNP G

24 h after transfection 72 h after transfection

a

A

C D

B

b

a

b

MS2CP

CGGSam68

%
 o

f 
c
o
-l
o
c
a
liz

a
ti
o
n

c

Merged

100
24 h 72 h

80

60

40

20

0
Sam68 MBNL1 hnRNP G

Cy3-CCGSam68

P
C

1
2

7
2
 h

2
4
 h

2
4
 h

Figure 2 Sam68 colocalizes with CGG RNA aggregates. (A) COS7 cells were transfected with a plasmid expressing 60 CGG repeats and
analysed by FISH/IF using an antibody against MBNL1 (a) 24 h after transfection. None of the antibodies against hnRNP-G that we tested
supported FISH conditions. Consequently, endogenous hnRNP-G (b) was analysed by co-transfection of COS7 cells with a plasmid expressing
60 CGG repeats fused to three MS2 tags and a plasmid expressing the GFP-MS2 Coat Protein. The MS2 Coat Protein (MS2CP) possesses a very
high and specific affinity for MS2 RNA tags. Endogenous hnRNP-G (b) was detected by IF and the CGG aggregates by localization of the GFP-
MS2CP protein, which is bound to the MS2-(CGG)60x RNA. In the absence of MS2-(CGG)60x, GFP-MS2CP was diffuse in the nucleoplasm (data
not shown). (B) Similar to panel A but analysed 72 h after transfection. (C) COS7 cells (a, b) or differentiated PC12 neuronal cells (c) were
transfected with a plasmid expressing 60 CGG repeats and analysed by FISH/IF using an antibody against Sam68, 24 h (a and c) or 72 h after
transfection (b). (D) The percentage of endogenous Sam68, MBNL1 and hnRNP-G colocalized within CGG RNA aggregates in transfected COS7
cells 24 or 72 h after transfection. In all the experiments, three independent transfections totalling a hundred cells were counted, and results are
presented as mean±s.d.

Sam68 sequestration in FXTAS patients
C Sellier et al

&2010 European Molecular Biology Organization The EMBO Journal VOL 29 | NO 7 | 2010 1251



repeats (Willemsen et al, 2003). FISH/IF experiments showed

the presence of intranuclear CGG aggregates that colocalized

with Sam68 in mice expressing 98 CGG repeats (Figure 5A).

By contrast, no RNA aggregates were detected and Sam68

was diffuse throughout the nucleoplasm in control mice

(Figure 5A).

Then, we investigated the presence of Sam68 and CGG

aggregates in FXTAS patients. FISH/IF experiments show

that Sam68 consistently colocalized with CGG intranuclear

RNA aggregates in the brain sections of FXTAS patients

(Figure 5B), but neither Sam68 nor CGG aggregates were

found in control brain tissue (Figure 5B). We noted that in

FXTAS patients, Sam68 and CGG aggregates were larger and

more frequent than in KI mice. This is consistent with the

milder neuromotor and behavioural disturbances observed in

KI mice as compared with that in FXTAS patients (Willemsen

et al, 2003; Van Dam et al, 2005).

Finally, presence of Sam68 aggregates in brain sections of

FXTAS patients was confirmed by immunohistochemistry. In

brain sections of control patients, Sam68 was diffuse within

the nucleoplasm and no detectable Sam68 inclusions were

found. In contrast, large intranuclear aggregates of Sam68

were observed in FXTAS patients (Figure 5C), thus confirm-

ing that CGG expanded repeats alter Sam68 localization.

Sam68 protein is partially immobilized within CGG

expanded repeats

An RNA gain-of-function model for FXTAS predicts that CGG

expanded repeats should immobilize Sam68 protein and

deplete its molecular activity. To test Sam68 sequestration

by CGG repeats, we first analysed its mobility by FRAP

(Fluorescence Recovery After Photobleaching) experiments.

FRAP of transfected GFP-Sam68 was measured in nuclear

regions containing Sam68 aggregates and compared to nucle-

ar regions containing diffuse Sam68 either located within the

same nucleus or located in the nuclei of cells not transfected

with CGG repeats (Figure 6A). In both cases, nucleoplasmic

areas without Sam68 aggregates recovered B95% of their

initial fluorescence after photobleaching, whereas areas con-

taining Sam68 aggregates recovered only B60% of their

initial fluorescence (Figure 6B). This shows that a fraction

of Sam68 is less mobile in CGG-transfected cells.

Sam68 depletion by CGG repeats affects alternative

splicing

Sam68 is a nuclear RNA-binding protein with roles in alter-

native splicing regulation (Stoss et al, 2001; Paronetto et al,

2007; Chawla et al, 2009). According to the RNA gain-of-

function model, titration of free nuclear Sam68 into CGG

nuclear aggregates should deplete its functional activity and

result in detectable pre-mRNA splicing alterations. To test this

hypothesis, we co-transfected constructs encoding expanded

CGG repeats with minigenes that recapitulate splicing events

directly regulated by Sam68.

In agreement with a previous report (Paronetto et al,

2007), overexpression of Sam68 with a Bcl-x minigene re-

pressed the formation of the long splicing form, Bcl-xL. We

found that overexpression of expanded CGG repeats repro-

duced a depletion of Sam68 and stimulated the expression of

Bcl-xL (Figure 7A). Next, Sam68 paralogues SLM1 and SLM2

are known to regulate the alternative splicing of exon-7 of the

survival motor neuron-2 (SMN2) pre-mRNA (Stoss et al,

2004); thus we tested whether Sam68 also regulates SMN2

splicing. We found that overexpression of Sam68 modestly

repressed the inclusion of the exon-7 of an SMN2 minigene,

while expression of CGG repeats reproduced a depletion of

Sam68 and stimulated the inclusion of that exon (Figure 7B).

Finally, in a bioinformatic analysis, we identified a novel

exon in intron-28 of the human ATP11B gene, which was

predicted to be specifically included in the central neural

system (Clark et al 2007; Liu et al, 2009). We constructed a

minigene in which ATP11B exon-28B and B300bp of its

flanking introns were bordered by b-globin exons and co-

transfection experiments showed that Sam68 activated its

inclusion. In contrast, overexpression of CGG repeats repro-

duced a depletion of endogenous Sam68 by shRNA and

repressed exon-28B inclusion (Figure 7C).

hnRNP-G and MBNL1 are also recruited within CGG

aggregates, raising the question whether the splicing defects

observed in CGG expressing cells are only due to Sam68

sequestration. To test that hypothesis, we used a mutant of

Sam68 deleted of its N-terminal domain (Sam68DNter),

which was no longer recruited within CGG aggregates

(Supplementary Figure S3B), but was still able to regulate

alternative splicing (Supplementary Figure S4). Co-transfec-

tion of Sam68DNter rescued the splicing defects caused by

expression of CGG repeats (Supplementary Figure S4), sug-

gesting that the splicing alterations observed in CGG-expres-

sing cells were mostly due to sequestration of Sam68.
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Alternative splicing is altered in FXTAS patients

Sam68 has reduced nuclear spatial mobility and splicing

regulatory function in CGG-expressing cells; so we tested

whether alternative pre-mRNA splicing is altered in human

FXTAS patients. RT–PCR analysis of ATP11B alternative spli-

cing in brain samples of control and FXTAS patients showed a

significant decrease of exon-28B inclusion from 47±2% in

control to 31±8% in FXTAS patients (Po0.005). We con-

firmed these results by qRT–PCR and found that expression of

ATP11B exon-28B is downregulated in FXTAS patients as

compared with that in a control (Figure 8A). Similarly, we

tested by qRT–PCR the expression of exon-7 of the SMN2

pre-mRNA and found it under-expressed in FXTAS patients

(Figure 8B). By contrast, we found no significant differences

in the expression of SMN1 exon-7, which is consistent with

no alternative splicing regulation of that exon. These results

are consistent with alternative splicing being altered in

FXTAS patients.

Tyrosine phosphorylation of Sam68 regulates

its recruitment within CGG aggregates

Sam68 is a substrate of the SIK/BRK-tyrosine kinase, which

regulates the RNA-binding ability and localization of the

Sam68 protein (Derry et al, 2000; Haegebarth et al, 2004;
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Lukong et al, 2005). We thus tested the effect of Sam68

phosphorylation on the formation of CGG aggregate. We

found that expression of SIK/BRK disrupted Sam68 protein

localization within CGG aggregates and returned Sam68 to a

free nucleoplasmic localization (Figure 9A and B). Sam68 is

tyrosine-phosphorylated in response to EGF treatment

(Lukong et al, 2005). We found that inhibition of the EGFR

tyrosine kinase pathways through tyrphostin/AG490 treat-

ment stimulated the recruitment of Sam68 within CGG ag-

gregates, leading to formation of large aggregates at early

time points. By contrast, treatment of transfected cells with

dephostatin, a tyrosine phosphatase inhibitor, reduced the

recruitment of Sam68 within CGG aggregates (Figure 9A and

B). These data suggest a model in which tyrosine phospho-

rylation of Sam68, mediated by the EGFR-SIK/BRK tyrosine

kinase pathway, reduces the recruitment of Sam68 within

CGG aggregates (Supplementary Figure S6A).

We confirmed that Sam68 phosphorylation was stimulated

by transfection of the SIK/BRK kinase or by inhibition of

tyrosine phosphatase pathways through dephostatin treat-

ment. By contrast, inhibition of the EGFR pathway (tyrphos-

tin/AG490 treatment) reduced Sam68 phosphorylation

(Figure 9C).

Tyrosine phosphorylation of Sam68 inhibits its splicing

activity (Paronetto et al, 2007). We found that transfection

of SIK/BRK or dephostatin treatment, both of which induced

Sam68 tyrosine phosphorylation (Figure 9C), modified the

splicing of ATP11B and mimicked a depletion of Sam68 by

CGG or shRNA expression (Figure 9D and data not shown).

Interestingly, we noted no cumulative effects on splicing

when CGG-expressing cells were co-transfected with

SIK/BRK or treated with dephostatin. These data suggest

that either ATP11B splicing regulation was saturated or that

CGG repeats acted similarly to SIK/BRK or dephostatin,

probably through inhibition of Sam68 activity. We observed

a similar absence of cumulative effects when CGG repeats

and Sam68 shRNA were coexpressed (data not shown),

suggesting that CGG repeats acted on splicing mostly through

Sam68 depletion.

Tautomycin reduces the formation of CGG aggregates

Among the various inhibitors of kinases and phosphatases

that we tested, we found one, tautomycin, which not only

reduced Sam68 colocalization but also reduced CGG aggre-

gate formation (Figure 10A and Supplementary Table 3). By

contrast, tautomycin treatment did not impair the formation
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of expanded CUG- or AUUCU-repeat RNA aggregates (data

not shown).

We confirmed by qRT–PCR that the quantity of RNA con-

taining the expanded CGG repeats was not altered by tauto-

mycin treatment (Figure 10C), suggesting that tautomycin

disrupts CGG aggregation without altering their expression.

Finally, we observed that in the presence of tautomycin,

ATP11B splicing was no longer altered by expression of

expanded CGG repeats (Figure 10D), suggesting that tauto-

mycin reduced the deleterious effects of the CGG repeats on

splicing. However and as noted previously (Mermoud et al,

1992; Novoyatleva et al, 2008), treatment with tautomycin

alone resulted in splicing changes (Figure 10D), rendering

difficult to pinpoint the precise role of tautomycin on the

deleterious effects of CGG repeats on splicing.

Discussion

CGG aggregates are dynamic structures that recruit

various RNA-binding proteins sequentially

A striking characteristic of CGG expanded repeats is that they

form dynamic intranuclear RNA aggregates that enlarge with

time, resulting in the formation of giant inclusions, an

observation that stands in contrast to the absence of growth

over time of expanded CUG (DM1 mutation), CCUG (DM2) or

AUUCU (SCA10) repeats. Continuous enlargement of CGG

RNA aggregates suggests that these repeats may constantly

recruit proteins.

Consistent with that hypothesis, we and others have found

various proteins, mainly RNA-binding proteins, to be cap-

tured by CGG repeats in vitro (Iwahashi et al, 2006; Jin et al,

2007; Sofola et al, 2007), suggesting that CGG repeats can

sequester a large number of proteins through direct RNA–

protein interactions, but probably also through indirect pro-

tein–protein interactions. When tested in cells, we found that

endogenous Sam68, MBNL1 and hnRNP-G colocalized with

CGG aggregates. In contrast, other candidate proteins such as

Pura, FMRP and CUGBP1 did not colocalize with expanded

CGG RNA, whereas hnRNP-A1, hnRNP-A2/B, hnRNP-C,

hnRNP-D, hnRNP-E and hnRNP-H presented an intermediary

situation with some colocalization, but only at very late time

points and within the giant CGG aggregates that form in

dying cells. This questions whether these other candidate

proteins are recruited specifically at the very last step of CGG

aggregate formation, or that they form non-specific aggre-

gates in dying cells. We tested the localization of some of

these candidates by FISH/IF in brain sections of control and

FXTAS patients.
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First, we tested Pura, but could only detect small quantities

of Pura within the neuronal intranuclear inclusions in sec-

tions from human FXTAS brain as compared with abundant

cytoplasmic labelling in the same neurons, which suggests

that Pura is still available for its cellular function. This is in

agreement with a recent report showing absence of Pura-

positive inclusions in a FXTAS mouse model expressing 90

CGG repeats (Hashem et al, 2009). However, Pura was found

A
G

 4
9

0
D

e
p

h
o

s
ta

ti
n

S
IK

-Y
F

 4
4

7

MergedSam68 Cy3-CCG

CGGSam68

CGG

CGGSam68

a

A

B

D

C

c

S
IK

C
on

tro
l

C
on

tro
l

A
G

49
0

D
ep

ho
st

at
in

SIK AG490 Dephostatin

+ Ex 28b

– Ex 28b

Control

CTL CGG CTL CGG CTL CGG CTL CGG

%
 o

f 
S

a
m

6
8
 c

o
-l
o
c
.

%
 o

f 
e
x
o
n
 2

8
B

 i
n
c
lu

s
io

n

60

50

40

30

20

10

0

100

80

60

40

20

0
Control SIK AG490 Dephostatin

Control SIK AG490 Dephostatin

Sam68

b

P-Sam68

Sam68

Figure 9 Tyrosine phosphorylation reduces Sam68 colocalization within CGG aggregates. (A) COS7 cells were transfected with a plasmid
expressing 60 CGG repeats and either co-transfected with a plasmid expressing a constitutively active YF447 mutant of the SIK/Brk kinase (a),
or treated with 10 mM of tyrphostin/AG490 (b) or 20mM dephostatin (c) and analysed by FISH/IF 24h after transfection. (B) The percentage of
endogenous Sam68 colocalized within CGG RNA aggregates in transfected COS7 cells 24 h after transfection. (C) Similar to panel A but
phosphorylation of Sam68 was assayed by Sam68 immunoprecipitation followed by western blotting using a Sam68-Y440 phospho-specific
antibody. (D) Similar to panel A but COS7 cells were also co-transfected with an ATP11B minigene. Inclusion of exon-28B was quantified 24h
after transfection by RNA extraction followed by RT–PCR.

Sam68 sequestration in FXTAS patients
C Sellier et al

The EMBO Journal VOL 29 | NO 7 | 2010 &2010 European Molecular Biology Organization1256



to colocalize with HSP70 inclusions in CGG-expressing

Drosophila and in a single reported human inclusion (Jin

et al, 2007). A possible explanation is that Pura, which is

cytoplamic, is not found for the most part in CGG aggregates,

which are strictly intranuclear in the mammalian cells and

FXTAS patients that we analysed (Greco et al, 2006). In

contrast, in CGG-repeat-expressing Drosophila, a substantial

fraction of the HSP70 inclusions were cytoplasmic and found

to colocalize with Pura (Jin et al, 2003, 2007).

Next, we found that MBNL1, which is recruited tardily

within CGG aggregates in transfected cells, also colocalizes

with CGG inclusions in FXTAS patients (Supplementary

Figure S5, Iwahashi et al, 2006). However, we found that

the splicing events regulated by MBNL1 are not altered in

CGG-expressing cells or in FXTAS patients (Supplementary

Figure S5). These results suggest that, while MBNL1 is

present within CGG aggregates, it is not immobilized and

does not lose its splicing function. We also tested the pre-

sence of hnRNP-G within CGG aggregates in FXTAS patients,

but none of the anti-hnRNP-G antibodies that we

tested resisted the FISH conditions. Thus, whether hnRNP

G colocalizes with CGG aggregates in FXTAS patients, re-

mains to be determined.

Finally, we found that, while very late recruited within

CGG aggregates, and only in dying cells, both hnRNP-A1 and

hnRNP-A2/B1 were present in the CGG aggregates of FXTAS

patients (data not shown; Iwahashi et al, 2006). By contrast,

little or no hnRNP-A2/B1 aggregates were observed in CGG

KI mice (Hashem et al, 2009 and R Willemsen, personal

communication), which is consistent with smaller CGG

aggregates in mice as compared with that in humans.

hnRNP-A1 regulates the alternative splicing of exon-7 of the

APP pre-mRNA (Donev et al, 2007), but we found no spli-

cing alterations of APP in FXTAS patients (Supplementary

Figure S5), suggesting that, similar to MBNL1, recruitment

of hnRNP-A1 within CGG aggregates may not impair its

splicing-regulatory function.

The presence of hnRNP-A1 and hnRNP-A2/B1 aggregates

only in FXTAS patients is reminiscent of the ubiquitin situa-

tion, where no ubiquitin aggregates are found in CGG-trans-

fected cells, while ubiquitin-positive inclusions are a

hallmark of FXTAS patients (Greco et al, 2002; Arocena
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et al, 2005). Overall, these data suggest that accumulation of

some proteins, such as MBNL1, hnRNP-A1, hnRNP-A2 and

ubiquitinylated proteins, in CGG aggregates of brain from

FXTAS patients is a very late-onset event, which may not

result in sequestration and loss of function of these proteins.

Sam68 nucleation model

In contrast to late recruited proteins, we found that Sam68 is

early and constantly associated with CGG aggregates.

Furthermore, we found that depletion of Sam68 abolished

the recruitment of MBNL1 and hnRNP-G within CGG aggre-

gates and reduced the formation of giant aggregates. These

results suggest that Sam68 is essential for recruitment of

novel proteins and the continuous enlargement of the CGG

aggregates. Sam68 is involved in various aspects of mRNA

metabolism and contains several domains enabling protein–

protein interactions, allowing Sam68 to interact with various

RNA-binding proteins, including hnRNP-G, hnRNP-A1, Tra2b

(SFRS10), Slm1 and Slm2 (T-Star) (Venables et al, 1999, 2000;

Paronetto et al, 2007). Co-transfection of these candidates

with expanded CGG repeats showed that Slm1, Slm2 and

Tra2b colocalized with large CGG aggregates 48 h after trans-

fection. We propose that these proteins can in turn associate

with other proteins such as MBNL1 and probably many

others, ultimately resulting in massive protein aggregation

disastrous for normal cell function and viability

(Supplementary Figure S6B). This ‘sequential recruitment’

model is consistent with the late colocalization of hnRNP-A,

hnRNP-G and MBNL1 in transfected cells, and with the large

intranuclear inclusions, cell death and global cerebral and

cerebellar atrophy observed in FXTAS patients (Greco et al,

2002, 2006; Tassone et al, 2004).

Such a model of sequential protein recruitment within

CGG aggregates implies a founding and nucleating RNA–

protein interaction event that would subsequently trap

other proteins through indirect RNA–protein or protein–pro-

tein interactions. We propose that Sam68 is part of this

founding event, as its depletion by shRNA inhibits subse-

quent protein aggregation and suppresses the formation

of giant CGG aggregates. However, Sam68 does not bind

directly to CGG RNA (data not shown), and its localization

within CGG aggregates requires its N-terminal domain

(Supplementary Figure S3), which contains a number of

protein–protein interaction domains. These data suggest

that association of Sam68 with CGG repeats it not direct

but requires an intermediary RNA-binding protein

(Supplementary Figure S6B). Characterization of that protein

is ongoing (C Sellier, in preparation), but beyond the scope of

this paper.

Sam68 protein is partially sequestered and functionally

inactivated in FXTAS patients

The RNA gain-of-function model for FXTAS predicts that

Sam68 protein should be sequestered by CGG RNA repeats

and consequently lose its activity. FRAP analysis showed that

there is a significant decrease in the mobile fraction of Sam68

in CGG-transfected cells, suggesting that a fraction of nuclear

Sam68 protein is immobilized within Sam68 aggregates.

Interestingly, the proportion of Sam68 immobilized in CGG-

transfected cells is identical to the fraction of MBNL1 im-

mobilized in CUG-transfected cells (Ho et al, 2005). Through

analogy with DM, this shows partial depletion of free Sam68

in CGG-expressing cells, and hence confirms an RNA gain-of-

function model for FXTAS.

Sam68 is involved in various aspects of mRNA metabo-

lism, such as alternative splicing regulation, nuclear export,

somatodendritic transport, polyadenylation and translation

(reviewed by Lukong and Richard, 2003). siRNA depletion of

Sam68 impairs neuronal differentiation in cell cultures

(Chawla et al, 2009), and its ablation in mouse leads to

motor coordination defects (Lukong and Richard, 2008),

suggesting that partial Sam68 sequestration and loss of func-

tion might be involved in the progressive intention tremor

and gait ataxia observed in FXTAS patients.

One of the important functions of Sam68 is in alternative

splicing regulation (Stoss et al, 2001; Paronetto et al, 2007;

Chawla et al, 2009). We found mis-regulation of pre-mRNA

alternative splicing controlled by Sam68 in CGG-transfected

cells and in FXTAS patients. Notably, analysis of alternative

splicing of ATP11B pre-mRNA showed a splicing mis-regula-

tion similar in FXTAS patients and in Sam68-depleted cells by

shRNA transfection. These results are consistent with partial

loss of function of Sam68 in CGG-transfected cells and in

FXTAS patients. Phospho-type-4 ATPase-11B (ATP11B) is a

putative flippase predicted to catalyse aminophospholipid

transport and create lipid asymmetry in late secretory and

endocytic compartments. Exclusion of exon-28B results in a

protein isoform with a distinct C-terminal part. The physio-

logical functions of this splice form remain to be determined.

Next, we tested other splicing events regulated by Sam68

(Chawla et al, 2009). However, we found no significant

alterations of alternative splicing of the KTN1, BIN1,

DNCIC2, CLASP2 and SGCE2 pre-mRNAs in brain samples

of FXTAS patients, possibly due to differences between

human patients and murine cells where they were identified

as Sam68 targets (Chawla et al, 2009). Furthermore, we

found no significant alterations of ATP11B, BIN1, DNCIC2

and CLASP2 alternative splicing in brain samples of Sam68-

knockout mice, probably due to the compensatory effects of

Sam68 paralogues, Slm1 and Slm2, which are highly ex-

pressed in brain (Stoss et al, 2004). We also tested the

alternative splicing of Bcl-x and CD44 pre-mRNAs in FXTAS

patients (Matter et al, 2002; Paronetto et al, 2007). However,

transcripts containing the exon-v5 of the CD44, or corre-

sponding to the Bcl-x Short isoform, were not expressed in

the brain samples that we tested.

Finally, we tested the alternative splicing of the SMN1 and

SMN2 pre-mRNAs. Loss of the SMN1 gene is responsible for

spinal muscular atrophy (SMA), the most common inherited

motor neuron disease. The near-identical SMN2 gene does

not compensate the deficiency of SMN1 due to skipping of

SMN2 exon-7 through alternative splicing. We found that

Sam68 weakly regulates the alternative splicing of an SMN2

minigene and inhibits the inclusion of exon-7. However, we

found in FXTAS patients decreased expression of SMN2 exon-

7 was, which is contradictory with depletion of Sam68

function in FXTAS. SMN2 exon-7 inclusion is robustly stimu-

lated by hnRNP G and Tra2b (Hofmann and Wirth, 2002;

Heinrich et al, 2009), which are both late recruited within

CGG aggregates in COS7-transfected cells. Whether hnRNP-G

and Tra2b are sequestered within CGG aggregates and lose

their splicing functions in FXTAS patients remain to be

determined. Furthermore, whether decrease of SMN2 exon-

7 in FXTAS patients results in lower quantity of SMN protein
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and is involved in the neuronal death observed in these

patients remains also to be determined.

Tautomycin inhibits the formation of CGG aggregates

Sam68 activity is regulated by phosphorylation (Derry et al,

2000; Haegebarth et al, 2004; Lukong et al, 2005), a char-

acteristic that made Sam68 the prototype of the Signal

Transducers and Activators of RNA (STAR) family, which

transduces information from signalling pathways to mRNA

metabolism. Consistent with such a function, we found that

tyrosine phosphorylation of Sam68 reduces its recruitment

within CGG aggregates and, consequently, the deleterious

effects of the CGG repeats on splicing regulation

(Supplementary Figure S6A). By contrast, we found that

activation of the MAP serine/threonine kinase pathway sti-

mulates Sam68 recruitment within CGG aggregates. However,

we failed to detect a direct phosphorylation of Sam68 due to

the poor quality of the serine and threonine antibodies that

we tested (Supplementary Figure S7).

Strikingly, among the various drugs tested, we found one,

tautomycin, which not only prevents Sam68 colocalization

with CGG aggregates, but also reduces CGG aggregate for-

mation. We found that tautomycin prevents the deleterious

effects of the CGG repeats on alternative splicing regulation,

but due to the inherent toxicity of tautomycin, we were not

able to assess whether tautomycin also reduces the toxicity of

the CGG repeats. By contrast to tautomycin, depletion of

Sam68 by shRNA does not alter the formation of CGG

aggregates, suggesting that tautomycin may act upstream

from Sam68, maybe on the uncharacterized protein that

bridges CGG repeats and Sam68 (Supplementary Figure

S6B). Tautomycin was first described as an inhibitor of the

serine/threonine PP1 phosphatase, and more recently as an

inhibitor of the glycogen synthase kinase-3b (GSK-3b) (Adler

et al, 2009) and of the Raf1 pathway (Pinchot et al, 2009).

Whether formation of CGG aggregates requires the PP1, GSK-

3b or Raf pathway remains to be determined.

In conclusion, our results support an RNA gain-of-function

mechanism in which Sam68 is partially sequestered within

CGG aggregates and consequently loses its regulatory func-

tion in neurons from FXTAS patients. Furthermore, our data

suggest that CGG aggregates can be dispersed, thus, bringing

hope of drug treatments able to reduce CGG aggregate

formation in FXTAS patients.

Materials and methods

Plasmids and constructions
Plasmids expressing 20, 40 or 60 CGG repeats were constructed by
ligation of oligonucleotides containing 20 CGG repeats in
pcDNA3.1. The plasmid expressing 98 CGG repeats was described
previously (Arocena et al, 2005). ATP11B exon-28B was amplified
using primers Fwd: 50-AAAAAAAACAATTGCCCTAAATCTTGGTGG
CAAATG and Rev: 50-AAAAAAAACAATTGGTTGTGAGAATATCTT
CACAGC, using BAC RP11-36G17 as template, and cloned within
the vector pXJ41. Sam68 WT and mutants, Slm1, Slm2 and
hnRNP-G expression plasmids were described previously (Venables
et al, 2004).

Cell cultures, transfections and treatments
COS7 cells were cultured in Dulbecco’s modified Eagle’s Medium
(DMEM), 10% foetal bovine serum and gentamicin at 371C in 5%
CO2. PC12 were cultured in DMEM, 10% horse serum, 5% foetal
calf serum and penicillin at 371C, 5% CO2. Cells were plated on
glass coverslips in a 24-well plate for immunofluorescence and

transfected 24 h after plating in DMEMþ 0.1% foetal bovine serum
to block cell divisions, using either FugenHD (Roche) for COS7 cells
or Lipofectamine 2000 (Invitrogen) for PC12 cells. PC12 cells were
differentiated 6 h after transfection by growing cells in 1% horse
serum, 1% foetal calf serum plus 50ng/ml of NGF (Clinisciences).
Primary cultures of hippocampal neurons were obtained from WT
E18 mouse and grown into 24-wells plates in 500ml neurobasal
medium (Gibco), 1� B27 (Gibco), 0.5mM L-glutamine and
penicillin at 371C, 5% CO2, and were transfected after 4 DIV with
Lipofectamine 2000 (Invitrogen).

Cell treatments
Cells were incubated 6 h after transfection in 50mM PD98059, 4 nM
okadaic acid, 40 ng/ml TPA, 10mM AG490, 20mM dephostatin or
1 mM tautomycin (Calbiochem).

Patients and brain sections
FXTAS patients have been described previously (case 6, 7 9 and 10
of Greco et al, 2006). KI mouse (72 weeks old, 98 CGG repeats) or
human brain sections were deparaffinized two times for 20min in
Histosol Plus (Shandon) and dehydrated as follows: twice
in ethanol 100% (5min), twice in ethanol 95% (5min), once in
ethanol 80% (5min), once in ethanol 70% (5min) and rinsed in
TBS-Tween 1% before FISH.

FISH combined with immunofluorescence
Glass coverslips containing plated cells or brain sections on slides
treated as described above were fixed in 4% paraformaldehyde in
PBS (pH 7.4) for 15min and washed three times with PBS. The
coverslips were incubated for 5min in PBS/0.5% Triton X-100 and
washed three times with PBS before pre-hybridization in 40%
DMSO, 40% formamide, 10% BSA (10mg/ml), 2� SCC for 30min.
The coverslips were hybridized for 2 h in 40% formamide, 10%
DMSO, 2� SCC, 2mM vanadyl ribonucleoside, 60 mg/ml tRNA,
30mg/ml BSA plus 0.75mg (CCG)8x-Cy3 DNA oligonucleotide probe
(Sigma). The coverslips were washed twice in 2� SCC/50%
formamide and twice in 2� SCC. Following FISH, the coverslips
were washed twice successively in 2� SCC/50% formamide, in
2� SCC and in PBS. The coverslips were incubated overnight with
primary anti-hnRNP-G (1/200 dilution; Heinrich et al, 2009),
hnRNP-A2/B1 (1/200 dilution, clone DP3B3; Tebu), hnRNP-A1
(1/200 dilution, clone 9H10; Abcam), MBNL1 (1/200 dilution, clone
HL1822 3A4-1E9; Sigma) and Sam68 (1/400 dilution, C20 SC-333;
Santa Cruz Biotechnology) at 41C. The coverslips were washed
twice with PBS before incubation with a goat anti-rabbit secondary
antibody conjugated with Alexa-Fluor 488 (1/500 dilution; Fisher)
or Cy5 (1/500 dilution; Interchim) for 60min. Then, the coverslips
were incubated for 10min in 2� SCC/DAPI (1/10 000 dilution) and
rinsed twice in 2� SSC before mounting in Pro-Long media
(Molecular Probes). Slides were examined using either a simple
fluorescence microscope (Leica) or a Leica DM4000 B confocal
microscope, equipped with a Leica 100� HCX Plan Apo CS 1.40
objective, in 1-mm optical sections.

FRAP analysis
COS7 cells were plated in 35-mm glass base dish (Iwaki) and
transfected with Fugene HD 24 h after plating. Twenty-four hours
after transfection, FRAP experiments were performed using a Leica
DM4000 B confocal microscope combined to a heated stage. The
cells were maintained for 15min in growth media at 371C with no
CO2 or humidifier systems; five single scans were obtained followed
by five bleach pulses. After photobleaching, images were taken
every 10 s for 150 s (post-bleach 1) followed by 40 acquisitions
every 20 s (post-bleach 2). Fluorescence intensities were calculated
using the Image J software and normalized by total cellular
fluorescence intensity. As foci are mobile, an area around the foci
was determined for the duration of the experiment.

MALDI analysis
Nuclear extracts were prepared from COS7 cells or mouse brain
extract as described by Dignam et al (1983). Nuclear extract was
passed over a CGG60x in vitro T7 transcribed and biotinylated RNA
(Ambion) bound to a streptavidin agarose column (Invitrogen) in
the presence of KCl (100mM), HEPES (10mM) and MgCl2 (1mM).
The column was washed with 33mM MgCl2 and glacial acetic acid.
The eluted protein was separated by gel electrophoresis and
detected by silver staining. The protein bands were excised,
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digested and identified using a Reflex IV MALDI-TOF spectrometer
(Bruker Daltonics) and the Profound search engine, as described by
Argentini et al, 2008.

RNA isolation and PCR
COS cells were cultured as described above in a six-well plate. RNA
was isolated 24 h after transfection using a GenElute kit (Sigma).
Endogenous ATP11B splicing analysis was performed on total RNA
extracted (Trizol reagent) from control or FXTAS patient brain
samples. cDNA synthesis reactions were performed with Super-
script II (Invitrogen). The primers are described in Supplementary
Table 4. PCRs were performed with Taq polymerase (Roche). The
conditions for SMN2 and Bcl-x minigenes were described previously
(Paronetto et al, 2007; Heinrich et al, 2009). The conditions for
ATP11B minigene were 4min at 941C; 30 cycles of 40 s at 941C, 45 s
at 601C and 1min at 721C; and a final extension at 721C for 4min.
The PCR reaction products were analysed on 8% polyacrylamide
gels.

Statistical analysis
The percentage of endogenous Sam68, MBNL1 and hnRNP-G
colocalized within CGG RNA is expressed as the number of
nuclei presenting colocalization/total number of nuclei containing
CGG aggregates. Three independent transfections totalling a
hundred cells were counted. Results are presented as mean±s.d.
The balance between the mRNA levels of the SMN2, Bcl-x and
ATP11B splicing variants is calculated as ((mRNAþexon)/
(mRNA�exonþmRNAþexon))� 100. The results are derived
from at least three independent experiments. The error bars in the

figures indicate the s.e.m.’s. Statistical differences were calculated
using t-test.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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