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Abstract
Fragile X-associated tremor ataxia syndrome (FXTAS) is a neurodegenerative disorder caused by a CGG trinucleotide repeat
expansion in the 5′ UTR of the Fragile X gene, FMR1. FXTAS is thought to arise primarily from an RNA gain-of-function toxicity
mechanism. However, recent studies demonstrate that the repeat also elicits production of a toxic polyglycine protein, FMRpolyG,
via repeat-associated non-AUG (RAN)-initiated translation. Pathologically, FXTAS is characterized by ubiquitin-positive
intranuclearneuronal inclusions, raising thepossibility that failure of proteinquality control pathways could contribute todisease
pathogenesis. To test this hypothesis, we used Drosophila- and cell-basedmodels of CGG-repeat-associated toxicity. In Drosophila,
ubiquitin proteasome system (UPS) impairment led to enhancement of CGG-repeat-induced degeneration, whereas
overexpression of the chaperone protein HSP70 suppressed this toxicity. In transfected mammalian cells, CGG repeat expression
triggered accumulation of a UPS reporter in a length-dependent fashion. To delineate the contributions fromCGG repeats as RNA
from RAN translation-associated toxicity, we enhanced or impaired the production of FMRpolyG in these models. Driving
expression of FMRpolyG enhanced induction of UPS impairment in cell models, while prevention of RAN translation attenuated
UPS impairment in cells and suppressed the genetic interaction with UPS manipulation in Drosophila. Taken together, these
findings suggest that CGG repeats induce UPS impairment at least in part through activation of RAN translation.

Introduction
Fragile X-associated tremor ataxia syndrome (FXTAS) is an
under-recognized, inherited, neurodegenerative disorder that af-
fects upward of 1 in 3000males and a lower percentage of females
over the age of 50 years (1,2). It is characterized clinically by inten-
tion tremors, gait ataxia, dementia and peripheral neuropathy
(3). FXTAS results from a CGG trinucleotide repeat expansion in
the 5′UTRof the fragile X gene, FMR1 (4). Normally, this gene con-
sists of <45 CGG repeats. Large intergenerational expansion to
>200 CGGs results in transcriptional silencing of the FMR1 locus

with subsequent loss of the fragile X protein, FMRP (5–9). This
causes fragile X syndrome, a common inherited form of intellec-
tual disability and autism (10). However, intermediate expan-
sions to 55–200 CGGs can lead to FXTAS. Unlike in fragile X
syndrome, this ‘premutation’-sized repeat remains unmethy-
lated, resulting in enhanced FMR1 transcription and the accumu-
lation of CGG-repeat-containing mRNA (11–15).

Work to date by numerous groups suggests that the CGG
repeat can elicit toxicity as RNA, presumably by binding to and
sequestering specific RNA-binding proteins (13,16–21). This
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RNA gain-of-function mechanism has been best established in
Myotonic Dystrophy Type I, where a CUG repeat expansion in
the 3′ UTR of DMPK binds to and sequesters the Muscleblind
(MBNL) family of RNA-splicing factors (22–24). This results in
the dysregulated splicing of MBNL target transcripts, which can
be reversed by supplying additional MBNL in animal models of
the disease (25,26). In FXTAS, CGG repeats have been shown to
avidly bind a large number of proteins, including hnRNP A2, Pur
α, SAM-68 and the miRNA biogenesis complex Drosha/DGCR8
(18,19,21,27). However, studies demonstrating causality of these
interactions in disease pathogenesis remain incomplete.

Recently, our group explored an alternative mechanism by
which CGG repeats might trigger neurodegeneration (28). We dis-
covered that CGG repeats within the 5′ UTR of FMR1 trigger a
process known as repeat-associated non-AUG (RAN)-initiated
translation that leads to production of a polyglycine protein from
translation through the repeat itself (28,29). This polyglycine pro-
tein, FMRpolyG, accumulates in cellular-, fly- and mouse-based
disease models and is found in ubiquitinated neuronal intranuc-
lear inclusions in FXTAS patient brains (28). Moreover, sequence
changes that either enhance or suppress FMRpolyG production
lead to significant modulation of CGG-repeat-associated pheno-
types in transfected cells and in Drosophila (28). RAN translation
has also been shown to occur in other disorders, including at
CAG repeats in Spinocerebellar Ataxia Type 8 and at GGGGCC
and CCCCGG hexanucleotide repeat expansions associated with
ALS and frontotemporal dementia (C9ALS/FTD) (29–34).

The discovery of RAN translation at CGG repeats and the early
findings inDrosophila diseasemodels suggest that FMRpolyG pro-
ductionmay contribute to FXTAS pathogenesis (35). If this is true,
then defining how FMRpolyG elicits toxicity would provide im-
portant insights. One possible mechanism underlying FMRpo-
lyG-associated toxicity involves alterations in protein quality
control pathways (17,28,36–39). Proteostasis has been widely im-
plicated in numerous neurodegenerative disorders, including
Alzheimer’s disease, Parkinson’s disease and polyglutamine dis-
orders such as spinal bulbar muscular atrophy and Huntington’s
disease (40–60). Although it remains unknownwhat, if any, func-
tional domains FMRpolyG might possess, it is aggregation prone
in multiple model systems when fused to either FLAG or green
fluorescent protein (GFP) (28). What functional consequence
this propensity to aggregation has on cellular homeostasis, how-
ever, remains unknown.

Here,we demonstrate that CGG-repeat-elicited toxicity inDros-
ophilamodels ismodifiable by alterations in some, but not all, pro-
tein quality control pathways. The sensitivity to modulators of
protein quality control is dependent on the relative production
of FMRpolyG rather than on the expression of CGG repeat RNA,
per se, and modulating ubiquitin proteasome system (UPS) func-
tion leads to alterations in the number and distribution of FMRpo-
lyG-GFP inclusions. In cell-based reporter assays, expression of
CGG repeats leads to inductionofUPS impairment, and this induc-
tion is largely dependent on RAN translation. Together, these data
suggest that RAN translation of FMRpolyG at CGG repeats triggers
induction of UPS impairment and alterations in neuronal proteos-
tasis that contribute to pathogenesis in FXTAS.

Results
Ubiquitin proteasome system modulation alters
CGG-repeat-associated toxicity in Drosophila

Protein quality control pathways are crucial in ridding cells of
toxic or misfolded proteins. Two major protein quality control

pathways, the UPS and the autophagy system, play important
roles in numerous neurodegenerative disorders (40,44). To evalu-
ate the role of UPS function in CGG-repeat-associated toxicity, we
first utilized a series of temperature-sensitive, dominant, nega-
tive mutations in the β-2 (DTS7) or β-6 (DTS5) subunit of the pro-
teasome to impair theUPS (61). Expression of either DTS5 orDTS7
alone elicited mild ommatidial degeneration at 28°C, which was
greater when two copies of the DTS7 subunit (DTS72C) were
expressed (Fig. 1Aii,iv,vi and C; Supplementary Material, Fig. S1)
(41). Similarly, expression of 100 CGG repeats in the 5′ UTR of
GFP resulted in amoderate rough-eye phenotype (Fig. 1Ai), as de-
scribed (17,28). When this CGG100GFP line was crossed to DTS5 or
DTS7mutant lines, the resulting flies demonstrated significantly
enhanced toxicity comparedwith either line alone (Fig. 1Aiii, v, vii,
C). This finding was reproducible in multiple fly lines generated
by different groups using different parent sequences with either
90 or 100 CGG repeats (SupplementaryMaterial, Fig. S1) (18,28). In
contrast, overexpression of the chaperone protein HSP70, which
enhances UPS-based clearance of proteins, led to suppression of
CGG100GFP-induced neurodegeneration (Fig. 1B and C), consist-
ent with published results (17). These data suggest that CGG-re-
peat-elicited toxicity in Drosophila is modifiable by alterations in
UPS activity.

To determinewhether other protein quality control pathways
were similarly capable of modulating CGG-repeat-elicited tox-
icity, we utilized a series of Drosophila lines in which expression
of either ATG6 or ATG12, critical components of the autophagy
pathway, was suppressed by RNAi. When co-expressed with
polyglutamine, these RNAi lines trigger a significant worsening
of rough-eye phenotypes (41). Knocking down expression of ei-
ther ATG6 or ATG12 had no significant impact on eye phenotypes
in isolation (Supplementary Material, Fig. S2A). Co-expression of
eitherATG6 orATG12RNAi lineswithCGG90GFPhadno impact on
the observed rough-eye phenotype (Supplementary Material, Fig.
S2A) (14,62). To evaluate whether enhanced activation of the au-
tophagy pathwaywas protective, we utilized the drug rapamycin.
Rapamycin is known to, among other things, activate the autop-
hagy pathway, and it has been proposed that this activation con-
tributes to its neuroprotective effects in other neurodegenerative
disease models (41,63). We reared CGG90GFP flies on food con-
taining 1 and 2 m of rapamycin or dimethyl sulfoxide (DMSO)
as a vehicle control. Rapamycin-reared flies showed no improve-
ment and perhaps a dose-dependent toxicity in the observed eye
phenotype compared with controls (Supplementary Material,
Fig. S2B and C), consistent with published results (62). Similarly,
rapamycin treatment did not suppress repeat-dependent lethal-
ity when the transgene was expressed either ubiquitously or
throughout the entire nervous system (Supplementary Material,
Fig. S2D) (62). It did, however, suppress lethality associated with
ubiquitous expression of two copies of the mutated proteasome
subunit, DTS7 (Supplementary Material, Fig. S2D) (41). These re-
sults suggest that manipulation of the autophagy pathway does
not modify CGG-repeat-associated toxicity (14,62).

Repeat-associated non-AUG (RAN) translation leads to
inclusion formation in a Drosophila model of CGG repeat
toxicity

We recently demonstrated that repeat-associated non-AUG
(RAN)-initiated translation triggers inclusion formation and
elicits toxicity in FXTASmodels (28). Based on the way the trans-
gene construct was generated, we expect two different GFP-
containing protein products to be translated (Fig. 2A). First, GFP
is generated from an ATG start codon in a Kozak context. Second,
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Figure 1. Impairment of the UPS enhances CGG-repeat-elicited eye degeneration in Drosophila. (A) Representative eye images from Drosophila of the indicated genotypes

crossed to gmr-GAL4 at 1–2 days post-eclosion. CGG100GFP flies contain the 5′ UTR of FMR1 with 100 CGG repeats in front of eGFP. Both DTS5 and DTS7 are temperature-

sensitivemutations in proteasomal subunits that enhance CGG-repeat-associated toxicity. DTS72C represents two copies of themutant subunit, DTS7. (B) Representative
eye images from Drosophila demonstrating suppression of the CGG100GFP rough-eye phenotype by co-expression of HSP70. (C) Quantitation of observed eye phenotypes.

Scale is 0–10, with 0 being normal and 9 being frank necrosiswith loss of ommatidial structure and bristle patterning over 50%of the eye.N > 50/genotype fromat least two

independent experiments. *P < 0.05, Mann–Whitney U-test compared with gmr-GAL4; CGG100GFP alone.

Figure 2. Altering UPS function modulates RAN translation-elicited inclusion number in CGG-repeat-expressing Drosophila. (A) Schematic of the CGG-repeat transgene.

Both FMRpolyG-GFP (via RAN translation) andGFP (via AUG initiated translation) are generated in flies expressing this transcript. Red is human-derived sequence. (B) Flies
expressing CGG100GFP, but not GFP alone, produce large GFP-positive aggregates in the ommatidia when crossed to gmr-GAL4. (C) Representative transverse sections

through fixed and permeabilized Drosophila eyes of the indicated genotypes. (D) Quantitation of the number of GFP-positive inclusions in flies expressing CGG100GFP

alone or with DTS7 or HSP70. *P < 0.05 on Student’s t-test compared with gmr-Gal4; CGG100GFP alone.

Human Molecular Genetics, 2015, Vol. 24, No. 15 | 4319



RAN translation in the polyglycine (GGC) reading frame in the
inserted FMR1 5′ UTR will generate a polyglycine-GFP fusion pro-
tein (Fig. 2A). In Drosophila, expression of GFP alone in ommatidia
leads to a diffuse pattern of staining within the eye. In contrast,
including the 5′ UTR of FMR1 with a CGG repeat expansion
leads to inclusions that are detectible by epifluorescence even
after fixation and permeabilization of the tissue (Fig. 2B). These
aggregates co-localizewithHSP70 andubiquitin (28). To delineate
whether modulating UPS activity influences the rates of inclu-
sion formation, we crossed CGG100GFP flies with flies expressing
DTS7 or HSP70. GFP cryosections show that UPS-impaired flies
produce more inclusions compared with CGG100GFP flies alone
and that the burden of inclusions is lessened by overexpression
of HSP70 (Fig. 2C and D).

The sensitivity of CGG-expressing flies to UPS
impairment is determined by their ability to produce the
CGG RAN translation product, FMRpolyG

We next determined whether the genetic epistasis of CGG repeat
phenotypes by UPS modulation was a result of the CGG repeat as
RNA or via production of the CGG RAN translation product,
FMRpolyG. To accomplish this, we utilized a series of previously
described Drosophila lines, which have either enhanced or de-
creased FMRpolyG production despite similar CGG RNA expres-
sion (28). As described earlier, the rough-eye phenotype elicited
by ommatidial expression of CGG repeats is enhanced by co-
expression of DTS7 (Fig. 3A and B). To evaluate whether the re-
peats as RNA in the absence of FMRpolyG can interact genetically
with UPS impairment lines, we utilized a Drosophila line expres-
sing CGG repeats preceded by a stop codon just 5′ to the repeat.
Inclusion of this stop codon inhibits generation of FMRpolyG
(28). However, the expression of the CGG repeat as RNA is main-
tained. This line itself has only a mild rough-eye phenotype
(Fig. 3A). When this StopCGG100 line is co-expressed with DTS7,
there is a diminished genetic interaction compared with expres-
sion of the repeat without the stop codon (Fig. 3A and B).

To evaluate whether this interaction was influenced by
FMRpolyG overproduction, we next utilized a CGG-expressing
line in which expression of the RAN-translated product, FMRpo-
lyG, is enhanced by the inclusion of an AUG start codon just 5′ to
the repeat (28). These flies exhibit increased FMRpolyG produc-
tion, decreased CGG RNA expression and a mildly enhanced
basal phenotype compared with CGG repeats alone (Fig. 3A and
B). When crossed to flies expressing DTS7, however, there was a
synergistic enhancement of toxicity, such that all of the omma-
tidia are fused and there is necrosis of the eye (Fig. 3A and B).
Thus, there is an enhanced sensitivity to genetic modulation of
UPS function in the setting of the RAN translation product,
FMRpolyG.

CGG repeats induce impairment of the ubiquitin
proteasome system

The data presented earlier suggest thatmodulating UPS function
can suppress or enhance CGG-repeat-mediated toxicity through
clearance of the CGG RAN translation product, FMRpolyG. How-
ever, it is unclear whether CGG repeats are capable of eliciting
UPS impairment, either directly or indirectly. To determine
whether CGG repeats—either as RNA or RAN-translated protein
—can induce UPS failure, we utilized a GFP-UPS reporter system
in HeLa cells (64). These HeLa cells are stably transfected with a
covalently bound G76V ubiquitin-tagged GFP reporter. The GFP
protein is constantly turned over using the UPS, resulting in little

to no green fluorescent signal (Fig. 4A). Treating these cells with
lactacystin, a pharmacological inhibitor of the UPS, led to an ac-
cumulation of GFP signal (Fig. 4A). Similarly, transfecting HeLa
cells with a truncated Ataxin 3 construct containing an expanded
tract of 80 glutamines (Q80) elicited an enhanced GFP signal
(Fig. 4A), consistent with published studies (41,64).

To evaluatewhether CGG repeats canmodulate UPS function,
we generated a series of new constructswhere the 5′UTRof FMR1
was placed upstream of mCherry, such that RAN translation
would elicit an FMRpolyG-mCherry fusion protein (Fig. 4B). Ex-
pression of mCherry alone elicited little change in GFP signal
(Fig. 4C). However, cells transfected with constructs containing
short (30) or long (65) CGG repeats showed an increase in GFP sig-
nal thatwasmore prominent at larger repeat sizes (Fig. 4C andD).

To determine whether this induction of UPS impairment re-
sults from FMRpolyG production or from the expression of
CGG-repeat-containing RNA, we inserted a stop codon 5′ to the
long CGG repeats to block RAN-initiated translation (Fig. 4B).
This demonstrated significantly reduced levels of GFP compared
with the long CGG repeat construct, despite comparable RNA ex-
pression levels (Fig. 4C and E). We also introduced an ATG start
codon 5′ to the CGG repeats to drive production of the RAN-

Figure 3. RAN translation is required for modulation of CGG-repeat-mediated

toxicity by UPS impairment. (A) Top row: representative images of indicated

genotypes. StopCGG100 includes a stop codon just before the repeat that

precludes translation of FMRpolyG. ATGCGG100 includes a start codon just

before the repeat that enhances FMRpolyG translation. Bottom row: same lines

crossed to uas-DTS7, which impairs the proteasome. (B) Quantitation of eye

phenotypes from flies expressing the indicated genotypes at 28°C. *P < 0.05 on

Mann–Whitney U-test compared with DTS7 alone. # indicates significantly

different from DTS7 × CGG100 and DTS7 × ATGCGG100.
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Figure 4.CGG repeats elicit UPS impairment via FMRpolyG translation. (A) Representative fluorescent (top) andDIC (bottom) images fromHeLa cells that stably express the

UPS reporter G76V-Ub-GFP. Cells were transfected with an empty vector or a vector expressing Ataxin 3 with 80 glutamines, Q80, or were treated for 24 h with 10 µ

lactacystin, an inhibitor of the UPS. (B) Schematic of cell-based constructs. (C) Representative images of G76V-Ub-GFP HeLa cells transfected with the indicated

constructs and imaged by confocal microscopy. (D) Quantitation of the percentage of red cells (indicating transfection) where green fluorescence was present at 48 h

post -transfection. *P < 0.05 compared with mCherry alone. **P < 0.05 compared with the indicated genotype. (E) qRT-PCR quantifying RNA expression from each of the

constructs. (F) Western blot to mCherry in cells either treated with lactacystin or transfected with the indicated constructs. MCherry runs at ∼25 kD (indicated by *).
Higher-molecular-weight bands represent RAN translation product through the CGG repeat (indicated by <) or AUG-driven production of FMRpolyG (indicated by #).
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initiated translation product. Driving expression of FMRpolyG fur-
ther induced UPS impairment as measured by accumulation of
G76V-UbGFP (Fig. 4C andD). The accumulationofGFP in this assay
was not associated with the total CGG RNA generated [as mea-
sured by quantitative reverse transcriptase-polymerase chain
reaction (qRT-PCR)] butwas associatedwithRAN translationprod-
uct generation as assessed by western blot (Fig. 4E and F).

In cell-based models, a second RAN translation product,
FMRpolyA, is produced from expanded CGG repeats in the ala-
nine (GCG) reading frame (28). Given that blocking FMRpolyG
production reduced, but did not eliminate, UPS impairment, we
sought to determine whether enhancing FMRpolyA production
might impact UPS function. We, therefore, placed an ATG start
codon just above the repeat in the alanine (GCG) reading frame
and shifted the mCherry reading frame so that it would detect
the polyalanine fusion protein (Fig. 4B). Expression of ATG-
FMRpolyA-mCherry elicited UPS impairment that was compar-
able with that caused by CGG75 alone and was less than that
observed for ATG-FMRpolyG-mCherry (Fig. 4D, Supplementary
Material, Fig. S3). These data suggest that FMRpolyA production
is not a major driver of CGG-repeat-elicited UPS impairment.

Discussion
Our studies demonstrate that the CGG repeat expansion res-
ponsible for the neurodegenerative disorder FXTAS is capable
of interacting genetically with modulators of UPS function in
Drosophila and of inducing UPS impairment in human cell lines.
These processes are largely dependent on RAN translation of
the CGG repeat into the polyglycine-containing protein, FMRpo-
lyG. Taken together with previous studies (17,28,37,38), these
findings suggest a model where CGG repeat expansions in FMR1
elicit neuronal proteostasis via RAN translation and contribute to
FXTAS pathogenesis.

Impairment of protein quality control pathways is a common
feature among almost all neurodegenerative conditions, includ-
ing Alzheimer’s disease, Parkinson’s disease, polyglutamine dis-
eases and ALS/frontotemporal dementia (40–60). Together, these
conditions have been referred to as neurodegenerative proteino-
pathies, implying that failures in protein quality control path-
ways are a proximal shared event in disease pathogenesis (66)
and thus a potentially shared route to effective therapeutics.
The presence of proteinaceous intranuclear inclusions in
FXTAS brains at autopsy suggests that it may similarly be subject
to age-dependent decrements in protein quality control and thus
share aspects of disease pathogenesis with more common neu-
rodegenerative disorders. However, it was initially unclear how
RNA repeats could trigger such a cascade of UPS failure and ag-
gregate formation. Our discovery that CGG repeats support RAN
translation to produce homopolymeric proteins containing poly-
glycine and (in cell culture models) polyalanine suggested one
possible mechanism by which this might occur (28). Yet, the
exact role that these proteins play inUPS impairment anddisease
pathogenesis was unclear.

This study provides two important additions to the field. First,
we find that not only aremodels of FXTAS sensitive to alterations
in proteostasis pathways but also that CGG repeat expression is
capable of inducing UPS impairment. Second, both the genetic
interaction with UPS pathways and the induction of UPS impair-
ment are largely dependent on production of a specific CGG RAN
translation product, FMRpolyG. These findings imply that a
component of disease pathogenesis that is shared with other
neurodegenerative disorders is specifically dependent on RAN
translation, implying that future therapeutic development may

need to take these products and their toxic consequences into
account.

While the placement of a stop codon just 5′ to the repeat sig-
nificantly impaired both the genetic interaction of CGG repeat ex-
pression with UPS impairment and the induction of UPS
impairment in cell culture, it should be noted that it did not com-
pletely eliminate the effects of the repeat. This could be the result
of at least two possiblemechanisms. First, the CGG repeat as RNA
may have a direct impact on UPS function (16,17,36). This idea is
supported by work in Drosophila on CAG repeats, where place-
ment of these repeats in the 3′ UTR (where its translation should
be minimal) elicits phenotypes that are reversible by co-expres-
sion of the heat-shock protein HSP-70 (56). Alternatively, the in-
troduced stop codon does not preclude RAN translation in other
reading frames. Thus, production of a polyalanine RAN product
from the CGG repeats, FMRpolyA, may serve as an alternative
trigger for this genetic interaction and UPS impairment (28).
Our data in cell culture studies make this less likely, as driving
expression of FMRpolyA causes less induction of UPS failure
than similar constructs expressing FMRpolyG. Future studies
will be needed to determine the potential roles of both FMRpolyA
and the CGG repeat as RNA in UPS impairment and FXTAS
pathogenesis.

In animal models of many neurodegenerative disorders,
treatmentwith agents that augment protein quality control path-
ways can ameliorate neuronal toxicity and behavioral pheno-
types, suggesting a role for targeting this pathway in disease
therapeutics. Here, we have tried to treat a Drosophila model of
FXTAS with rapamycin, a drug that augments autophagy and
suppresses polyglutamine toxicity in multiple model systems
(41,67–70). Surprisingly, we find that rapamycin has no beneficial
effects and in fact has a trend toward enhancing toxicity. More-
over, we see no genetic interaction with autophagy impairment.
These results are consistent with previously published studies
(14,62). This suggests that the CGG RAN-translated products
interact specificallywith theUPS,making them somewhat separ-
ate from other toxic proteins. However, it may be that other ef-
fects of mTOR impairment explain the lack of suppression in
CGG repeat models compared with polyglutamine disorders
that explain this finding. Indeed, activation of mTOR can sup-
press some CGG repeat phenotypes in Drosophila (62).

Recent work by other groups demonstrates that RAN transla-
tion contributes significantly to toxicity elicited by the GGGGCC
repeat expansion in cell- and Drosophila-based models (71–74).
Our data are generally consistent with these findings. However,
it remains unclear whether the translational initiation mechan-
isms and behavior of FMRpolyG are directly comparable with the
dipeptide repeat proteins generated from hexanucleotide repeat
expansions. Early results suggest that each RAN translation
product is likely to elicit both non-specific repeat-mediated pro-
teotoxicity coupled with repeat-specific toxicity mediated
through protein–protein interactions and perhaps sequestration
of specific factors (71,74). However, at least one recent study de-
monstrates that application of drugs which bind to both CGG
and GGGGCC repeat mRNAs impair RAN translation in cellular
models (75). Evaluating these types of compounds in vivo should
assist us in evaluating the broader impact of RAN translation
on disease pathogenesis and provide a model for therapeutic
development.

In summary, we provide evidence that RAN translation of
FMRpolyG underlies the genetic interaction between protein
quality control pathways and CGG-repeat-mediated toxicity
and that these products are capable of impairing UPS function.
These studies suggest that interventions that either impede
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RAN translation or enhance UPS function are likely to have bene-
ficial effects in FXTAS and other repeat-mediated disorders.

Materials and Methods
Drosophila fly stocks/eye images

Drosophila lines used in this study have been previously described
(17,28,61). Unless stated otherwise, all crosses were done and
maintained on standard food at 28°C. For macroscopic eye phe-
notypes, 1- to 2-day-old anesthetized flies were evaluated with
a Leica MZ APO stereomicroscope and photographed with a
Leica DFC320 digital camera at 80× as previously described
(14,28). For each genotype and condition, at least 50 flies over
multiple crosses were evaluated. For whole eye GFP fluorescent
images of Drosophila, the flies were anesthetized with CO2, de-
capitated and immediately imaged on a glass coverslip by epi-
fluorescence on an inverted Olympus IX71 microscope. All
images were taken at the same exposure. Images were processed
using Slidebook 4.0 software and subtracted for background auto-
fluorescence based on images of non-transgenic flies.

Eye phenotype severity was quantified using a validated scale
(41). Briefly, over 50 eyes from each genotype were scored on a
nine-point scale based on the following criteria: supernumerary
inter-ommatidial bristles, abnormal bristle orientation, omma-
tidium fusion, ommatidium pitting, disorganization of ommati-
dial array and retinal collapse/necrosis. The presence of each
feature is given one point, and additional two points were given
if more than 5% of the eyes were affected or four points if more
than 50% of eyes were affected. Higher score means that the
eyes are more degenerated. For rapamycin drug treatments,
flies were maintained on standard food with DMSO or 1 and
2 m of rapamycin at 28°C.

Drosophila histology/confocal imaging

Transverse sections ofDrosophila eyeswere prepared as previous-
ly described (28). Briefly, 1- to 2-day-old flies were anesthetized,
decapitated and immediately frozen in OCT media and cryosec-
tioned at 12 μm. Sections were fixed for 15 min in 4% electronmi-
croscopy grade paraformaldehyde in phosphate-buffered saline
(PBS) and mounted in Prolong Gold with DAPI. Antibodies were
not used to visualize GFP. Fluorescent imaging of histological sec-
tions was performed on an Olympus FV1000 confocal micro-
scope. For inclusion counts, five identical-sized boxes were
drawn on top of each transverse-sectioned confocal image across
samples using Adobe PhotoshopCS2. At least five different trans-
verse sections for each sample were used in counting. The same
exposure and laser settings were used for all directly compared
samples. All post hoc image alterations were applied across the
entire image and were applied identically to directly compared
samples.

Plasmid constructs

mCherry reporter vectorswere derived frompreviously described
GFP plasmids (28,65) by using Xho1 and Not1 endonuclease re-
striction digestion to remove GFP and insert anmCherry reporter
tag. All constructs were verified by Sanger sequencing.

Cell culture and transient transfections

HeLa cells weremaintained at 37°C in 5% CO2 incubators. Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, 1% non-essential amino acids, 1% G418 and

1% Pen-Strep was used as culture media. Cells were transfected
using Lipofectamine LTX with Plus Reagent from Invitrogen
using its protocol.

UPS impairment assay

G76V-Ub-GFP HeLa cell lines were previously described (64). Cells
were transfected with either empty vector or the indicated con-
structs. Forty-eight hours post-transfection, cells were fixed for
15 min in EM-grade 4% paraformaldehyde in PBS, permeabilized
with 0.1% Triton X for 5 min and then blocked in 5% normal goat
serum prior to incubationwith primary antibodies to GFP (Roche,
Mouse, 1:1000) and mCherry (Invitrogen, rat, 1:1000) overnight.
After washing, Alexa-488 (anti-mouse) and Alexa 555 (anti-rat)
secondary antibodies were used. Cells were mounted in Prolong
Gold with DAPI and imaged using confocal microscopy as de-
scribed earlier.

Cells were analyzed blind to genotype. For each construct, 100
red cells/well were identified, and then the percent of these cells
that appeared green above a background level defined by the
empty vector-transfected cells was identified. The data are de-
rived from at least three independent experiments and at least
two separate wells per plasmid per experiment. Similar results
were obtained by flow cytometry-based separation of green and
red cells (not shown).

Statistical analysis

For images of fly eyes, quantitated morphology scores were ana-
lyzed using a non-parametric Mann–Whitney U-test with the
Bonferroni correction for multiple comparisons. For quantitation
of GFPaggregates, Student’s t-testwas utilized. For comparison of
the percentage of red cells that were green, we utilized chi-
squared correlation. Error bars represent the standard error of
the mean except for proportion numbers, where the error bars
represent the 95% confidence interval. *P < 0.05 on a two-sided
Student’s t-test unless otherwise noted.

Supplementary Material
Supplementary Material is available at HMG online.
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