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Abstract

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset neurodegenerative disorder affecting carriers of the fragile
X-premutation, who have an expanded CGG repeat in the 5-UTR of the FMR1 gene. FXTAS is characterized by progressive
development of intention tremor, ataxia, parkinsonism and neuropsychological problems. The disease is thought to be caused
by a toxic RNA gain-of-function mechanism, and the major hallmark of the disease is ubiquitin-positive intranuclear inclusions
in neurons and astrocytes. We have developed a new transgenic mouse model in which we can induce expression of an
expanded repeat in the brain upon doxycycline (dox) exposure (i.e. Tet-On mice). This Tet-On model makes use of the PrP-rtTA
driver and allows us to study disease progression and possibilities of reversibility. In these mice, 8 weeks of dox exposure was
sufficient to induce the formation of ubiquitin-positive intranuclear inclusions, which also stain positive for the RAN
translation product FMRpolyG. Formation of these inclusions is reversible after stopping expression of the expanded CGG RNA
at an early developmental stage. Furthermore, we observed a deficit in the compensatory eye movements of mice with
inclusions, a functional phenotype that could be reduced by stopping expression of the expanded CGG RNA early in the disease
development. Taken together, this study shows, for the first time, the potential of disease reversibility and suggests that early
intervention might be beneficial for FXTAS patients.

Introduction early death. This disorder develops in individuals, referred to as
Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late- fragile X-premutation carriers, who have an expansion of 55-200
onset neurodegenerative disorder causing tremor, ataxia, brain CGGrepeats in the 5'-UTR of the FMR1 gene (1). The prevalence of
atrophy, cognitive loss, dementia and, in some individuals, premutation carriers in the general population is high and is
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estimated 1:291 for females and 1:855 for males (2). The chances
of developing FXTAS increase dramatically with age, with ap-
proximately 45.5% of male and 16.5% of female premutation car-
riers over the age of 50 developing FXTAS (3). The major hallmark
of FXTAS neuropathology is the presence of intranuclear inclu-
sions that stain for ubiquitin in neurons and astrocytes through-
out the brain (4). Premutation carriers with or without FXTAS
show elevated levels of FMRI mRNA and normal-to-slightly re-
duced levels of FMRP protein (5). This finding has led to the pro-
posal that FXTAS is caused by a toxic RNA gain-of-function
mechanism, in which mutant RNA containing the expanded
CGG repeat would be pathogenic (6). An additional mechanism
of toxicity that is triggered by (expanded) CGG repeats involves
repeat-associated non-AUG (RAN) translation of the CGG repeat
and has been proposed to play a role in FXTAS (7). Mutant RNA
bearing a CGG repeat expansion can be translated into protein
without using a traditional AUG start codon, and such translation
may occur in all three reading frames (i.e. CGG, GGC or GCG) lead-
ing to multiple toxic entities from a single repeat expansion. For
the CGG repeat in FXTAS, it has been proposed (8) that RAN trans-
lation initiates in the 5'-UTR of the FMR1 gene and results in the
production of a polyglycine (FMRpolyG) and also a polyalanine
(FMRpolyA) protein. The presence of FMRpolyG was demon-
strated in cell culture, Drosophila and mouse models and brain
and other tissues from FXTAS patients, whereas FMRpolyA
could only be detected in transfected cells (8,9).

Previously, we and others have generated knock-in mouse
models with expanded CGG repeats that have greatly facilitated
the study of FXTAS disease progression (10,11). In our knock-in
mouse model, the murine 8CGG repeat has been replaced by
homologous recombination in ES cells with a human expanded
98CGG (12). This model recapitulates many of the features seen
in human FXTAS: not only increased expression of Fmrl mRNA,
decreased levels of FMRP and intranuclear aggregates in neurons
and astrocytes, but also poor motor function, impaired memory
and progressive spatial processing deficits (13). Recently, we re-
ported initial findings in our new Tet-On doxycycline-inducible
mouse model for FXTAS (14). In this model, expression of either
a control size CGG repeat (11CGGs) or a pathogenic expanded re-
peat (90CGGs) can be activated using the Tet-On system. In this
initial study, we reported toxic effects of expression of the ex-
panded repeat under control of the ubiquitous hnRNP-rtTA dri-
ver. We showed that RNA containing an expanded CGG repeat
is pathogenic in the liver, whereas RNA containing a control-
sized repeat is not. After 5 days of doxycycline (dox) exposure,
the expression of expanded repeat RNA resulted in mitochon-
drial dysfunction in the liver and early death, hampering the pos-
sibility to study the long-term effects of expanded CGG repeat
expression in brain. Importantly, the observed effects were due
to the ectopically expressed expanded repeat, out of the context
of the Fmr1 gene.

Results
Inducible expression of expanded CGG RNA in the brain

Recently, we have shown that induced expression of an ex-
panded 90CGG RNA produces mitochondrial stress and apop-
tosis in the liver in a Tet-On mouse model for FXTAS (14). Here,
we used the same strategy to create bigenic transgenic mice in
which exposure to dox induces expression of either a control
size 11CGG or an expanded 90CGG repeat RNA fused to an en-
hanced green fluorescent protein (eGFP) reporter in the brain.
These mice were created by crossing our new PrP-rtTA ‘driver’
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mouse line with ‘target’ mouse lines carrying a tetracycline re-
sponse element (TRE) linked to either an 11CGG (TRE-11CGG-
eGFP) or 90CGG (TRE-90CGG-eGFP) repeat expansion and an
eGFP reporter (Fig. 1A). We opted for the prion protein or PrP pro-
moter, as it drives expression confined to the central nervous sys-
tem (both neurons and glia cells). We expected that the use of this
driver line would avert the liver failure we observed when using
the more ubiquitous driver line hnRNP-rtTA (14). Indeed, the dou-
ble transgenic TRE-nCGG-eGFP/PrP-rtTA mice could be treated
with dox in their drinking water for as long as 28 weeks without
signs of overt toxicity. Dox treatment resulted in eGFP expression
throughout the brain as expected, but with the strongest expres-
sion in the cerebellum, hippocampus and striatum (Fig. 2). We
could detect eGFP expression in the brain within 2 days after
the start of dox treatment. Thus dox can quickly and efficiently
cross the blood-brain barrier to activate transgene expression
in brain tissue. Lack of eGFP expression in single transgenic
TRE-nCGG-eGFP mice treated with dox and double transgenic
TRE-nCGG-eGFP/PrP-rtTA mice without dox provides clear evi-
dence that the Tet-On system did not show leaky expression
(Supplementary Material, Fig. S1). We also found that 90CGG
RNA levels were slightly lower than 11CGG RNA levels (Fig. 1B),
which could be explained by different integration sites of the
transgenes, as an untargeted approach used to generate the
mouse lines 90CGG RNA in brain homogenates was about two
times overexpressed when compared with endogenous Fmr1 le-
vels (Supplementary Material, Fig. S2). Because these RNA levels
were in whole brain homogenates and the expression patternis a
mosaic of expressing and non-expressing cells present, the effect
of overexpression per expressing cell would be much more
dramatic.

Expanded CGG RNA expression leads to inclusion
formation

The major hallmark of FXTAS is the presence of ubiquitin-
positive intranuclear inclusions throughout the brain. Thus,
after inducing transgene expression in the brains of bigenic
mice by dox exposure through drinking water (4 mg/ml), we stud-
ied the distribution and morphology of ubiquitin-positive inclu-
sions. Initially, we started our histological analysis after 8 weeks
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Figure 1. Dox-induced expression of nCGG-eGFP in the brain. (A) The Tet-On
system was used to generate bigenic mice expressing an 11CGG or 90CGG
repeat at the RNA level. Expression of rtTA is controlled by the PrP promoter on
a separate transgene. Upon dox administration, rtTA will be activated and can
bind the Tet response element on another transgene, which induces expression
of the nCGG repeat at the RNA level and eGFP at the protein level. As the
transgene contains the 5'-UTR of the FMR1 gene, a polypeptide is formed from
the repeat by RAN translation. (B) Quantitative RT-PCR on RNA isolated from
the brain of dox-treated (16-28 weeks) bigenic TRE-nCGG-eGFP/PrP-rtTA mice.
90CGG RNA levels are lower than 11CGG RNA levels in whole brain homogenates
(N =8). Error bars represent SEM.

11CGG 90CGG
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Figure 2. eGFP expression in brain after dox induction of bigenic TRE-nCGG-eGFP/PrP-1tTA mice. Immunohistochemical staining of paraffin section of brain from dox-
induced nCGG-eGFP-expressing mice in (A) hippocampus (10x), (B) mainly in the CA3 area (40x); (C) cerebellum (40x), (D) mainly in lobule X (100x) and (E) striatum

10x and (F) striatum 40x.

of dox treatment. In all areas of the brains of TRE-90CGG-eGFP/
PrP-rtTA mice that showed eGFP expression, and thus the ex-
panded 90CGG RNA, we detected ubiquitin-positive intranuclear
inclusions (Fig. 3). As expected, most intranuclear inclusions
were found in those brain regions expressing high levels of eGFP,
including lobule X of the cerebellum, hippocampus and striatum.
In hippocampus, round/spherical inclusions were found, with the
largest in the CA3 area (Fig. 3A). In contrast, in the granular layer of
lobule X of the cerebellum, inclusions showed a cat-eye shape
(Fig. 3E-H). Despite differences in shape, the inclusions were
always intranuclear and only one per nucleus was observed. Ubi-
quitin-positive inclusions were never observed in mice expressing
11CGG RNA, not even after as long as 28 weeks of dox induction,
nor in bigenic mice not treated with dox (Supplementary Material,
Fig. S3A). The level of RNA expression was lower for 90CGG than
for 11CGG, suggesting that the formation of inclusions is depend-
ent on the presence of expanded CGG RNA and is not caused by
overexpression of CGG RNA per se.

The formation of inclusions was followed over time by treat-
ing the bigenic TRE-90CGG-eGFP/PrP-rtTA mice for different time
periods with dox. The percentage of neurons with an inclusion
was quantified by analysis of 500 nuclei in the granular cell
layer of cerebellar lobule X. In this area of the brain, the expres-
sion of eGFP was most pronounced and showed the least vari-
ation. Also, the first ubiquitin-positive inclusions were observed
in this part of the brain after 6 weeks of dox exposure. After
8 weeks of dox treatment, 27% (with an SEM of 7%) of the nuclei

showed an ubiquitin-positive inclusion, with a significant in-
crease over time to 70% (with an SEM of 3%) after 28 weeks of
dox treatment (Fig. 4A). In addition, not only the number of inclu-
sions increased, but also the size increased with longer dox ex-
posure times. Specifically, the size increased from 0.79 pm
(with an SEM of 0.07) at 8 weeks treatment to 1.91 pm (with an
SEM of 0.21) at 28 weeks of dox induction (Fig. 4B). Thus, pro-
longed expression of expanded CGG RNA results in higher num-
ber of and larger-sized inclusions.

Polyglycine and other components of the inclusions

Recently, a new type of translation has been described for several
repeat-associated diseases, including FXTAS (8). This repeat-as-
sociated non-AUG (RAN) translation is thought to be induced by
the presence of an expanded repeat in some RNAs. The repeat ex-
pansion is thought to stall scanning of the mRNA by the 40S ribo-
somal subunit, resulting in the use of an alternate downstream
non-AUG start site. This, in turn, could cause a frameshift and
translation of polypeptides associated with the CGG repeat ex-
pansion. As a result, different polypeptides could theoretically
be produced from RAN translation of the CGG repeat (polyArg,
polyGly and polyAla), depending on the reading frame (i.e. CGG,
GGC or GGC). For FXTAS, such translation has been reported to
result in the production of poly-glycine (FMRpolyG) and poly-
alanine (FMRpolyA) peptides (8). We have used two different
antibodies to detect FMRpolyG: 8FM and 9FM. The 8FM is specific
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Figure 3. Ubiquitin and FMRpolyG-positive intranuclear inclusions in different brain areas after dox induction of bigenic TRE-90CGG-egFP/PrP-rtTA mice. (A) Ubiquitin-
positive intranuclear inclusions in CA3 of the hippocampus. (B) FMRpolyG-positive intranuclear inclusions in CA3 of the hippocampus. (C) Ubiquitin-positive intranuclear
inclusions in striatum. (D) FMRpolyG-positive intranuclear inclusions in striatum. (E) Ubiquitin-positive intranuclear inclusions in the granular cell layer of lobule X after 8
weeks of dox induction. (F) FMRpolyG-positive intranuclear inclusions in the granular cell layer of lobule X after 8 weeks of dox induction. (G) Ubiquitin-positive
intranuclear inclusions in the granular cell layer of lobule X after 20 weeks of dox induction. (H) FMRpolyG-positive intranuclear inclusions in the granular cell layer of

lobule X after 20 weeks of dox induction. All images, 100x magnification.

for the sequence directly upstream of the polyG tract, and 9FM is
specific for the sequence directly downstream of the polyG tract
(9). Thus both antibodies are specific for polyG translated from
the GGC tract in Fmrl mRNA. Both the 90CGG and 11CGG repeat
transgenes in our dox-inducible mice are of human origin, and
they also contain some human flanking sequences that include
the sequence used as the epitope for these antibodies. Therefore,
we explored the presence of FMRpolyG in the brain of the indu-
cible mice. FMRpolyG-positive inclusions were present in those
brain regions of 90CGG mice that express high levels of eGFP,
whereas 11CGG mice were totally devoid of FMRpolyG-positive
inclusions (Fig. 3 and Supplementary Material, Fig. S3B). The
FMRpolyG-positive inclusions could be detected with both
8FM and 9FM antibodies. As both antibodies achieved similar
results, we continued our studies using the 8FM antibody only

(Supplementary Material, Fig. S4). All brains that were studied
for the presence of ubiquitin-positive inclusions were also ana-
lyzed for the presence of FMRpolyG. The distribution of the
FMRpolyG inclusions was similar to the ubiquitin inclusions.
Co-localization studies of ubiquitin and FMRpolyG using double
immunofluorescence staining demonstrated a complete co-
localization in all inclusions at all time points examined (Fig. 5).
We never observed inclusions that stained positive only for ubi-
quitin or only for FMRpolyG.

In addition, to further characterize the nature of the intranuc-
lear inclusions, we studied the localization of proteins previously
shown to be components of these inclusions (12,15). We con-
firmed the presence of the 20S core complex of the proteasome,
Hsp40 and Rad23B (Fig. 5). Similar to FMRpolyG, these compo-
nents almost always show co-localization with ubiquitin.
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Figure 4. Quantification of ubiquitin-positive intranuclear inclusions in cerebellar lobule X of TRE-90CGG-eGFP/PrP-rtTA mice. (A) The percentage of nuclei containing
ubiquitin-positive inclusions after different dox treatment periods. (B) The size of the ubiquitin-positive inclusions after different dox treatment periods. Purple bars
represent results from dox-treated mice, and orange bars represent results obtained from mice with an additional washout after dox induction. N =5-7 mice per
group. Significance was determined using a two-tailed t-test with 95% confidence interval, with *P <0.05; **P <0.01; P <0.001; N = 5-7 mice per group. Error bars
represent SEM.
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Figure 5. Co-localization of ubiquitin (green) with other components (red) in intranuclear inclusions in the granular cell layer of lobule X of the cerebellum after dox-
induced 90CGG RNA expression. Ubiquitin (B, F, J and N) co-localizes (D, H, L and P) in intranuclear inclusions with FMRpolyG (A), Hsp40 (E), Rad23B (I) and 20S
subunit of the proteasome (M). Hoechst staining to visualize nuclei (C, G, K and 0). All images, x630 magnification.



Reversibility of inclusion formation

The main advantage of the Tet-On system is the ability to shut
down transgene expression by removing dox from the drinking
water, thus allowing us to study the possibilities of halting and/
or reversing disease progression. As we have demonstrated that
these inducible mice are a good model to study FXTAS disease
progression, we next studied the effect of a wash-out period
with normal drinking water after initial dox induction. Import-
antly, within 48 h of removing dox from the drinking water, we
found a rapid decrease in CGG repeat RNA expression, and no
significant levels of eGFP could be detected in the brain tissue
(Supplementary Material, Fig. S5).

Wash-out periods of 12 weeks were combined with different
dox-induction periods of 8, 12 and 16 weeks. For quantification
of the number of ubiquitin-positive inclusions before and after
washout, we again chose the granular cell layer of cerebellar lob-
ule X. As illustrated in Figure 4, 12 weeks of washout after both 12
and 16 weeks of dox treatment did not result in a significant re-
duction in the number (Fig. 4A) or size (Fig. 4B) of ubiquitin-posi-
tive inclusions in cerebellar lobule X. Nevertheless, we also did
not observe an increase in the number or size. Thus, upon stop-
ping expanded CGG repeat RNA expression at these time points
appears to prevent further progression of neuropathology.
However, 12 weeks of washout after 8 weeks of dox induction
resulted in a significant reduction in the number (P <0.05) and
size (P <0.05) of inclusions that were still present. Also, after
washout, the co-localization of ubiquitin and FMRpolyG in the
remaining inclusions remained at 100%, and no single ubiquitin-
or FMRpolyG-positive inclusions were observed. Not only the co-
localization of FMRpolyG and ubiquitin did not change after
washout, but also that of ubiquitin with the 20S proteasome,
Hsp40 and Radb23B remained unchanged (data not shown).
Thus, we were able to demonstrate reversibility of neuropathol-
ogy using antibodies against different markers for inclusions.

Development of deficits in compensatory eye movements
is halted by dox washout

Based on the high expression of mutant RNA in the granular cell
layer of lobule X after dox treatment, one could predict functional
deficits and potential functional reversibility in a behavioral test
related to this brain region. Lobule X constitutes, together with
the two laterally located flocculi, the vestibulo-cerebellum.
Although we quantified the inclusions in lobule X, we also
found eGFP expression and inclusions in each flocculus. A well-
established behavioral test known to be dependent on the floccu-
lus is the optokinetic reflex (OKR). The OKR is a motor reflex
driven by full-field visual stimulation that, together with the ves-
tibulo-ocular reflex (VOR), aims to reduce retinal slip (i.e. the
movement of visual input across the retina), to ensure clear
vision. We tested the effect of the inclusions on this motor behav-
ior in head-fixed mice by presenting a sinusoidally rotating visual
stimulus (amplitude 5° and frequency range 0.1-1.0 Hz) while
recording their eye movements (Fig. 6B and C). Behavioral effects
were analyzed by determining the gain of eye movements, which
represents the size of the eye movements relative to the stimula-
tion. Eight weeks of dox induction did not result in a behavioral
deficit, as OKR gain was not affected in 90CGG mice [90CGG ver-
sus 11CGG, P=0.286, repeated-measures analysis of variance
(ANOVA) with Tukey’s post hoc test] (Fig. 6B). However, prolonged
exposure to dox for 20 weeks did result in a behavioral deficit, in
that the gain of the OKR in 90CGG mice was lower when com-
pared with that of control mice (P<0.001) and that of mice
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Figure 6. Deficits in the compensatory eye movements correlate with the presence
of inclusions. To determine the functional consequences of expanded CGG
repeat-induced inclusions, we tested, in head-fixed awake mice, the
compensatory eye movements that are known to depend on an intact
vestibulo-cerebellum. (A) The percentage of nuclei in the granular cell layer of
cerebellar lobule X containing an inclusion for mice used in the analysis of
compensatory eye movements. (B) Sinusoidal rotation of the visual field evoked
the OKR, a cerebellum-dependent reflex that minimizes retinal slip. The OKR
gain, the ratio of eye-to-stimulus velocity, over a range of frequencies, was
compared between mice with and without (ir)reversible inclusions. Whereas
gains of 90CCG mice after 8 weeks of dox induction (purple) were not
significantly lower than those in controls (black), irreversible inclusions as a
result of 20 weeks of exposure to dox (blue) did cause deficits in eye movement
performance compared with controls (yellow). In contrast, reversing the
presence of inclusions by washout (8 weeks of dox induction followed by 12
weeks of washout, orange) prevented the development of performance deficits.
(C) In everyday life, the OKR works in conjunction with the VOR, to maintain a
stable image on the retina. To test whether the deficits in the OKR could also
affect more natural behaviors, mice were subjected to sinusoidal rotation of the
turntable in the light, to evoke the VVOR. All the differences present in the OKR
were reproduced, confirming the link of inclusions with behavioral deficits.
Insets, colors indicate comparisons with P<0.05 (repeated-measures ANOVA
followed by Tukey’s post hoc).

exposed to dox for only 8 weeks (P=0.001). As the presence of
the inclusions is at least partially reversible in lobule X after 8
weeks of dox induction and 12 weeks of washout (Figs 4 and
6A), one could hypothesize that the progression of the behavioral
deficits in the OKR could also be attenuated. This was indeed
true, because discontinuing the dox induction after 8 weeks of
exposure resulted in a better performance at 20 weeks (versus
20 weeks of dox induction, P<0.001), which was no longer
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significantly different from that of control mice (versus 11CGG
with 20 weeks of dox induction, P =0.993). When we tested OKR
gains evoked by visual stimulation with fixed velocity (8°/s and
frequencies 0.05-1.6 Hz), instead of fixed amplitude, the same
differences were found (Supplementary Material, Fig. S6),
strengthening our conclusion that dox exposure correlates with
cerebellum-dependent functional deficits.

As described earlier, the OKR is used in conjunction with the
VOR, a reflex based on vestibular input from the semi-circular ca-
nals to generate the visually enhanced reflex or VVOR. The VVOR
functions to stabilize an image on the retina when moving
through an environment. To verify whether the deficits in OKR
are compensated by changes in the processing of vestibular
input, we also tested the VOR and VVOR in the same mice
(Fig. 6B and Supplementary Material, Fig. S6B). The VOR, evoked
by head rotation in the dark, can be influenced by, but does not
require, the cerebellum. In line with that, the differences in
VOR gain were, compared with those in OKR gain, in the same
general direction, but less pronounced (Supplementary Material,
Fig. S6B). In VVOR gain, similar to OKR, we observed a significantly
lower gain in mice with irreversible inclusions after prolonged,
20-week dox exposure (90CGG versus 11CGG, P=0.002 and 20
versus 8 weeks of dox in 90CGG, P =0.020). Here too, this deficit
could be prevented by stopping the dox exposure after 8 weeks
(20 weeks dox versus washout in 90CGG, P = 0.004).

To conclude, the presence of irreversible inclusions in the ves-
tibulo-cerebellum correlates with deficits in compensatory eye
movements, which depends on their proper functioning. Revers-
ing inclusion number and size by ceasing dox induction after
8 weeks of exposure minimized disease progress, in that the com-
pensatory eye movements did not deteriorate further.

Discussion

Several animal models have contributed to understanding of the
molecular mechanisms underlying FXTAS and have character-
ized the disease process. However, previous mouse models did
not make it possible to address questions concerning the pos-
sible reversibility of FXTAS or to elucidate critical periods in the
natural history of the disease (13). In order to address such
questions, we describe the successful development and initial
characterization of an inducible mouse model for the fragile
X-premutation and FXTAS. In this model, an expanded CGG
RNA is expressed under control of a Tet-On promoter activated
by the addition of dox to drinking water (14). This inducible
model shows no evidence of expression in the absence of dox
(i.e. no leakage of expression) and allows us to control the timing
of CGG RNA expression during development. Consequently, we
were able not only to examine disease progression in these
mice, but also to provide evidence for the potential for halting
disease progression and reversal of neuropathology and specific
functional deficits. Specifically, the number and size of inclu-
sions formed in these mice by induced expression of expanded
CGG RNA were reversible when mice were exposed to dox starting
from 3 weeks of age and taken off dox after 8 weeks of exposure.
However, reversibility could only be demonstrated after 8 weeks
of dox treatment and not after longer treatment periods of 12 and
16 weeks. This study shows that the in vivo formation of inclu-
sions is dependent on the expression of an RNA bearing an ex-
panded CGG repeat rather than on overexpression of CGG RNA
per se. Finally, the aberrant behavior of these mice in an eye reflex
test did not deteriorate further when expression of the expanded
CGG RNA was stopped by withdrawal of dox exposure. Our

results, therefore, suggest that only an early intervention may
be beneficial for FXTAS patients and premutation carriers.

The major histopathological hallmark of FXTAS is the pres-
ence of ubiquitin-positive intranuclear inclusions in neurons
and astrocytes seen in the post-mortem brain. We therefore fo-
cussed on their presence in the quantitative analysis of this new
inducible mouse model. In the cerebellum, where we focussed our
quantitative analyses, we found clear evidence that the number
and size of the inclusions increased with longer exposure to
dox. It remains to be seen whether these inclusions are patho-
logical or protective in the brain. However, we recently reported
that dox-induced expression of expanded CGG RNA can cause
mitochondrial damage in the liver, followed by early death of
mice within 1 week of exposure. These experiments were carried
out in bigenic mice (TRE-90CGG-eGFP/hnRNP-rtTA), in which ex-
pression of the expanded CGG RNA utilized an hnRNP promoter to
drive rtTA expression (14). Importantly, these bigenic mice ex-
press elevated levels of mutant-expanded CGG RNA in the liver,
but show a total absence of ubiquitin-positive inclusions. On the
basis of these results, free expanded CGG RNA appears to be toxic,
even in the absence of inclusions. This finding does not, however,
exclude the possibility that, in human brain, the formation of in-
tranuclear inclusions and subsequent sequestration of specific
RNA-binding proteins can also interfere with normal cell func-
tioning, which could then ultimately lead to cell death (4).

The main hypothesis for the cause of FXTAS has been an RNA
toxic gain-of-function mechanism, in which high levels of ex-
pression of RNA bearing an expanded CGG repeat are the primary
mechanism of pathology. This hypothesis is consistent with the
fact that the expanded CGG repeat is present in the 5'-UTR of the
FMRI1 gene and is therefore not translated into protein. However,
for different repeat-associated disorders, including FXTAS, fron-
totemporal dementia (FTD) and amyotrophic lateral sclerosis
(ALS), a new alternative translational mechanism has been de-
scribed (reviewed in 16), reopening the discussion about the
mechanism of pathology. Specifically, repeat-associated non-
AUG (RAN) translation of the trinucleotide repeat has been re-
ported, resulting in the presence of FMRpolyG and FMRpolyA (8).

In this study, we have shown the presence of the RAN trans-
lation product FMRpolyG in the ubiquitin-positive inclusions.
The observation that inclusions are pathogenic and contain the
FMRpolyG peptide is consistent with a role for the polypeptide
in disease pathology. Of course, this finding does not rule out a
role for Fmr1 RNA toxicity in the inclusion formation. Although
the gain-of-function mechanism of pathology therefore remains
possible in FXTAS, it might involve both RNA and protein. For the
expanded hexanucleotide repeat (GGGGCC) involved in ALS and
FTD, it has now been shown in Drosophila that toxicity seems to be
caused by certain dipeptide repeats rather than by the repeat
RNA (17). Such models are not yet available for FXTAS, but
research is ongoing to establish the roles of different entities
in FXTAS pathology.

The presence of Hsp40, Rad23B and the 20S subunit of the pro-
teasome in the inclusions again suggests a role for the proteaso-
mal degradation pathway in inclusion formation, as was found
for other FXTAS mouse models (12,15,18). The involvement of
the proteasome is 2-fold. First, the proteasome is overloaded
with the ubiquitinated proteins present in the inclusions that it
should degrade. Secondly, components of the proteasome itself
are sequestered in the inclusions and therefore cannot optimally
perform its function. The involvement of the proteasome in
pathology is not unique for FXTAS, but is a general process
involved in several neurodegenerative diseases with which
FXTAS may share common disease mechanisms.
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To evaluate the functional consequences of the inclusions in
the cerebellum of the dox-treated bigenic inducible mice, we
quantified reflexive eye movements associated with cerebellar
lobule X, which showed high levels of expanded CGG RNA expres-
sion. The compensatory eye movements evoked by full-field vis-
ual stimulation or head rotation are known as the OKR and VVOR,
respectively. These eye movements are controlled by the vestibu-
lo-cerebellum, the region of the brain in which most inclusions
were observed. The prominent presence of irreversible inclusions
after 20 weeks of dox exposure could be linked to motor perform-
ance deficits, in that the gain of the OKR and VVOR was lower in
these mice. In fact, the compensatory eye movements in mice
treated for 8 weeks with dox already appear to be affected.
Although this difference was not statistically significant in the
overall group comparison, the differences were statistically sig-
nificant when individual groups were compared for each reflex
(OKR: P=0.0013 and VVOR: P=0.0002). This suggests that the
phenotype worsens over time in these inducible mice, with an
accompanying increase in the number and size of inclusions,
whereas transgene RNA expression levels remain the same.
These ocular reflexes nicely model the progressive character of
FXTAS disease development and suggest that the inclusions co-
incide with disease symptoms in specific brain regions. Ending
the exposure to dox after 8 weeks effectively reversed the disease
progress in terms of inclusions and prevented the progressive
deterioration of the OKR and VVOR gains. The finding that the
development of more severe motor performance deficits could
be prevented by halting the expression of the expanded repeat
emphasizes the potential benefit of early intervention.

Regardless of whether FXTAS is caused by RNA directly or by
translation of a toxic protein, the results of this study demon-
strate that it is possible to halt or even reverse disease progres-
sion if expression of the RNA carrying the expanded CGG repeat
is stopped. Translating the time course of disease from a trans-
genic mouse to the human situation is difficult, but what is
clear from the present research is that therapeutic intervention
in FXTAS patients and premutation carriers is possible. After
longer intervals, we observed that stopping expanded CGG RNA
expression stops further disease progression; earlier in the pro-
cess even reversibility of pathology is possible.

The early time point at which we found reversibility suggests
that it might be needed to treat asymptomatic premutation car-
riers, which raises the ethical question of whom to treat and
when to start. Therefore, research will also need to focus on iden-
tifying biomarkers to predict which premutation carriers are
most likely to develop FXTAS. However, later intervention
might also be promising to prevent further disease progression.
Therefore, for all FXTAS patients, it is important to investigate
whether interfering with the expanded CGG RNA expression is
possible. Although it may be a long time before effective thera-
peutic interventions for FXTAS are available for clinical use, the
results of these experiments—reversibility of disease pathogen-
esis—represent a ‘proof of principle’ that effective treatments
are possible. This is a very important step in recognizing the op-
tions and opens new avenues for further research for other re-
peat-related diseases involving gain-of-function mechanisms
caused by RAN translation or RNA.

Materials and Methods

Mouse lines, dox treatment and genotyping

TRE-11CGG-eGFP and TRE-90CGG-eGFP mouse strains and geno-
typing were as described previously (14) in C57BL/6JRj (from
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Janvier Labs) background. The TRE-90CGG-eGFP mouse strain
has been bred for several generations, and never any instability
of the repeat size was observed. In this study, PrP-rtTA was
used as the driver to induce expression. The PrP-rtTA transgene
was cloned by inserting rtTA2S-MS (a kind gift from H. Bujard)
into the MoPrP.Xho vector using the Xhol restriction sites. Trans-
genic mice were generated by injecting linearized constructs into
oocytes of C57BL/6JRj (from Janvier Labs) mice. We had six foun-
ders and used the one with the highest expression level and
broadest expression pattern. PrP-rtTA mice were cross bred
with TRE-nCGG-eGFP mice to obtain bigenic mice. Genotyping
of the mice was performed, as described previously (14). Dox
treatment of bigenic mice started directly after weaning at an
age of 34 weeks. Dox (Sigma, Zwijndrecht, the Netherlands) was
added to the drinking water in a concentration of 4 mg/ml, supple-
mented with 5% sucrose. Drinking water was kept from the light
and refreshed every 2-3 days. Mice were treated with dox for 8,
12, 16, 22 or 28 weeks. If a wash-out period was added after dox in-
duction, mice received standard drinking water during the 12
weeks after their dox treatment. All experiments were conducted
with the permission of the local animal welfare committee (DEC).

RNA isolation and quantitative RT-PCR

RNA isolation was performed as described previously (14).
Briefly, brains were homogenized in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer pH 7.6 containing 0.45%
Triton X-100, 0.05% Tween-20 and protease inhibitors. RNA was
isolated using RNA Bee, according to manufacturer’s instruc-
tions. Quantitative RT-PCR was performed on cDNA synthesized
with iScript (Biorad, Veenendaal, the Netherlands), according to
the manufacturer’s instructions, using KAPA SYBR Green (KAPA
Biosystems, London, UK) on a Biorad CFX machine.

Immunohistochemistry and immunofluorescence

Tissues were fixed overnight in 4% paraformaldehyde and em-
bedded in paraffin according to standard protocols. Sections
(6 pm) were deparaffinized followed by antigen retrieval using
microwave treatment in 0.01 M sodium citrate. Endogenous per-
oxidase activity was blocked, and immunostaining was per-
formed overnight at 4°C using mouse anti-GFP (Roche 1814460;
1:1000), rabbit anti-ubiquitin (Dako Z0458; 1:250) or mouse anti-
FMRpolyG (8FM (9); 1:10) antibodies. Antigen-antibody com-
plexes were visualized by incubation with DAB substrate
(Dako), after incubation with Brightvision poly-HRP-linker (Im-
munologic). Slides were counterstained with hematoxylin and
mounted with Entellan.

Inclusions were quantified by counting 500 nuclei of the
granular cell layer of lobule X of the cerebellum and by counting
the number of ubiquitin-positive inclusions at a 100x magnifica-
tion. The size of the inclusions was determined using an Olym-
pus BX40 microscope at a 100x magnification and cellSens
Dimension software. Researchers were blinded for genotype
and treatment. If lobule X was not present in paraffin sections,
mice were excluded resulting in the use of five to seven mice
for each group. This number was used based on the previous re-
search (12,19); both male and female littermates were randomly
distributed over the different groups.

For (double) immunofluorescence, slides were blocked for
autofluorescence with Sudan Black in 70% ethanol. Primary
antibodies include rabbit anti-ubiquitin (DAKO Z0458; 1:50),
mouse anti-ubiquitin (Cytoskeleton AUBO01-S; 1:200), mouse
anti-FMRpolyG (1:10) (9), rabbit anti-Hsp40 (Stressgen SPA-400;
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1:100), rabbit anti-Rad23B (1:100) (15) or rabbit anti-20S subunit of
the proteasome (1:100) (12). Secondary antibodies include anti-
rabbit Fab Alexa 488 (Life technologies A11070; 1:100) and anti-
mouse Cy3 (Jackson ImmunoResearch 715-165-150; 1:100). Nuclei
were visualized with Hoechst. Analysis was performed with a
Leica confocal microscope and LAS AF software.

Compensatory eye movements

Male mice, aged 7 or 19 weeks, were surgically prepared for
chronic, head-restrained recordings of compensatory eye move-
ments, as described previously (20,21). Based on this previous
research, 9-13 mice per group were used, and littermates were
randomly divided over the different groups. In short, under iso-
flurane anesthesia (initiation at 4% and maintenance at ~1.5%,
with O,), a construct was attached to the skull in parallel to the
intracranial midline using Optibond primer and adhesive (Kerr)
and Charisma (Haeraeus Kulzer). The construct consisted of
a brass holder with magnet (neodymium, 4 x4 x2mm, MTG
Europe) inside. After a recovery period (<3 days), mice were
head-fixed to a metal bar using the magnet embedded in the ped-
estal, a complementary magnet in the bar and a securing screw.
The body of the mouse was placed in a custom-made cylindrical
restrainer and the head centered in the middle of a turntable.
A cylindrical screen (diameter 63 cm) with a random-dotted pat-
tern (each element 2°) surrounded the turntable (diameter
60 cm), on which the mouse was placed. The OKR and VOR in
the dark and in the light (VVOR) were elicited by sinusoidal rota-
tion of either the drum (OKR) or the table (VOR and VVOR), re-
spectively. Eye movement performance was tested by rotating
the drum or table at 0.1-1.0 Hz with 5° amplitude (fixed) or the
drum at 0.05-1.6 Hz at 8°/s peak velocity (fixed). Each frequency-
amplitude combination was tested twice with 8-20 repeated
cycles, and results were averaged. To illuminate the eye during
the recordings, we used two table-fixed infrared emitters (max-
imum output 600 mW, dispersion angle 7° and peak wavelength
880 nm) and a third emitter mounted on the camera aligned
horizontally with the camera’s optical axis. The third emitter pro-
duced the tracked corneal reflection. The pupil position, after sub-
traction of the corneal reflecting position, was recorded using eye-
tracking software (ETL-200, ISCAN Systems, Burlington, NA, USA).
Calibrations were performed, as described previously (22). Gain
and phase values of the eye movements were calculated using a
custom-made Matlab routine (Matlab, MathWorks Inc.).

Statistics

Statistical significance of the QRT-PCR results was analyzed
using a Student’s t-test. The quantification and size determin-
ation of the inclusions and results were statistically analyzed
with a univariate ANOVA and a subsequent Tukey’s post hoc
test. For the analysis of the compensatory eye movements, gain
and phase results plotted against frequency or time were statis-
tically analyzed using repeated-measures ANOVA followed by
Tukey’s post hoc test.

Supplementary Material

Supplementary Material is available at HMG online.
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