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Induced expression of expanded CGG RNA causes
mitochondrial dysfunction in vivo
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Michelle Minneboo', Alex Maas?, Rini de Crom?, Johan M Kros*, Paul J Hagerman?, Robert F Berman>*, and Rob Willemsen'*#

'Department of Clinical Genetics; Erasmus MC; Rotterdam, The Netherlands; 2Department of Biochemistry and Molecular Medicine; University of California Davis; Davis, CA USA;
3Department of Cell Biology; Erasmus MC; Rotterdam, The Netherlands; “Department of Pathology; Erasmus MC; Rotterdam, The Netherlands; *Department of Neurological
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Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset neurodegenerative disorder affecting carriers of
premutation forms of the FMRT gene, resulting in a progressive development of tremor, ataxia and neuropsychological
problems. The disease is caused by an expanded CGG repeat in the FMRT gene, leading to an RNA gain-of-function
toxicity mechanism. In order to study the pathogenesis of FXTAS, new inducible transgenic mouse models have been
developed that expresses either 11CGGs or 90CGGs at the RNA level under control of a Tet-On promoter. When bred
to an hnRNP-rtTA driver line, doxycycline (dox) induced expression of the transgene could be found in almost all
tissues. Dox exposure resulted in loss of weight and death within 5 d for the 90CGG RNA expressing mice.
Immunohistochemical examination of tissues of these mice revealed steatosis and apoptosis in the liver. Decreased
expression of GPX1 and increased expression of cytochrome C is found. These effects were not seen in mice expressing
a normal sized 11CGG repeat. In conclusion, we were able to show in vivo that expression of an expanded CGG-repeat
rather than overexpression of a normal CGG-repeat causes pathology. In addition, we have shown that expanded CGG
RNA expression can cause mitochondrial dysfunction by regulating expression levels of several markers. Although
FTXAS patients do not display liver abnormalities, our findings contribute to understanding of the molecular
mechanisms underlying toxicity of CGG repeat RNA expression in an animal model. In addition, the dox inducible

mouse lines offer new opportunities to study therapeutic interventions for FXTAS.

Introduction

Fragile X-associated tremor/ataxia syndrome (EXTAS) is a
late-onset neurodegenerative disorder affecting carriers of the
Fragile X premutation forms of the FMRI gene located on the
X-chromosome." The chances of developing FXTAS increase
dramatically with age, with approximately 30% of male and
8-11% of female PM carriers over the age of 50 y.* Premutation
alleles of the FMRI gene contain 55-200 CGG repeats in the
5'UTR compared to less than 54 for most individuals in the gen-
eral population. FXTAS results in progressive development of
tremor, ataxia and neuropsychological problems, including anxi-
ety, memory impairment and dementia. Medical co-morbidities
may include thyroid disease, fibromyalgia, gastro-intestinal
symptoms, hypertension, migraine, auto-immune disease, impo-
tence and neuropathy.>* The prevalence of premutation carriers
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in the general population is approximately 1 in 200 females and
1 in 400 males.”® Premutation carriers irrespective of showing
signs of FXTAS, have been shown to have up to 8-fold elevated
FMRI mRNA levels in peripheral blood leukocytes, despite close
to normal or slightly lowered FMRP protein levels.” Neurohisto-
logical examination of brains of both male and female premuta-
tion carriers who displayed the neurological phenotype revealed
the presence of cosinophilic, intranuclear inclusions in neurons
and astrocytes, and Purkinje cell dropout.®” The inclusions were
seen in various regions throughout the brain. The intranuclear
inclusions stain positively with antibodies against several pro-
teins, including ubiquitin, molecular chaperones, components of
the proteasome, Sam68 and Drosha.'®'? Based on the toxic
RNA gain-of-function model proposed for FXTAS, it was pre-
dicted that FMRI mRNA would be present within the intranu-
clear inclusions. Indeed, FAMRI mRNA could be detected in
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Figure 1. New inducible transgenic mouse model. (A) The Tet-On system
was used to generate bigenic mice expressing a 11CGG or a 90CGG
repeat at the RNA level in all tissues. Expression of rtTA is controlled by
the hnRNP promoter on a transgene. Upon dox administration rtTA will
be activated and can bind the Tet Responsive Element (TRE) on another
transgene, this induces expression of the nCGG repeat at the RNA level
and eGFP at the protein level. (B) Genotyping PCR showing the repeat
size of 2 x 11 and 2 x 90 CGGs at approximately 390 bp and 630 bp,
respectively. (C) 90CGG expressing mice lose weight when compared to
11CGG expressing mice or bigenic mice (TRE-90CGG-eGFP/hnRNP-rtTA)
without dox treatment. The straight line with circles shows the weight of
mice not treated with dox (n = 7), the dotted line with squares shows
the weight of 11CGG expressing mice after 2 mg/ml dox-water treat-
ment (n = 7), and the striped line with triangles show the weight of
90CGG expressing mice after 2 mg/ml dox-water treatment (n = 6). Error
bars are +/— SE; * = p < 0.05.

inclusions from post-mortem human FXTAS brain dssue,
although FMRP has not been localized in the inclusions."”
Recently, an additional mechanism of toxicity that is triggered by
CGG repeat associated non-AUG initiated (RAN) translation
has been proposed to underlie pathology in FXTAS.'* This is
based on evidence that trinucleotide repeats can be translated
into protein even if they do not reside in an AUG-initiated open
reading frame (ORF), and such translation can occur in all 3 pos-
sible ORF’s of a transcript generating multiple potentially toxic
products from a single repeat. In the case of FXTAS it has been
proposed that RAN translation initiated in the 5-UTR of FMRI
mRNA results in the production of a cytotoxic polyglycine- and
polyalanine-containing protein named FMRpolyG and FMRpo-
lyA, respectively. Indeed, the presence of FMRpolyG could be
demonstrated in brain tissue from patients with FXTAS and the
expanded CGG knock-in (KI) mouse models. The mechanisms
underlying RAN translation are as yet unknown.

The development of mouse models of FXTAS has facilitated
studies on the underlying cellular and molecular bases of this
neurodegenerative disease. Knock-in mouse lines have been gen-
erated with either an expanded human CGG98 or CGG118
repeat, which exhibit most of the symptoms observed in humans
with FXTAS, including ubiquitin-positive intranuclear neuronal
inclusions, elevated levels of Fmrl mRNA and reduced Fmrp
expression.'”® In addition, neuropsychological and cognitive
deficits, including poor motor function, impaired memory, pro-
gressive spatial processing deficits and evidence of increased anxi-
ety could be demonstrated using various behavioral tests. '
Such studies have provided critical information about the molec-
ular events that occur with the onset and progression of the disor-
der, including new insights into the role of RNA toxicity in the
pathophysiology of FXTAS and the relationship between the
number of CGG repeats and disease progression.

However, the pathological consequences of the intranuclear
inclusions as well as the exact mechanisms involved in the RNA
gain-of-function toxicity model remain to be elucidated. There-
fore we developed a new inducible transgenic mouse model with
RNA overexpression of a normal length 11CGG repeat or an
expanded 90CGG repeat in order to study their effects in vivo.
Our model is a Tet-On system using the hnRNP-rtTA driver to
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regulate expression of the CGG repeat RNA (i.e., either 11CGG
or 90CGQG) in almost all tissues of the bigenic mice by adding
doxycycline (dox) to the drinking water or to the food. In this
study we show that overexpression of a 90CGG repeat, but
not an 11CGG repeat, at the RNA level can induce toxicity i
vivo. Expression of expanded 90CGG RNA induced dysfunction
of the liver and eventually death of the animals. We found
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increased steatosis, apoptosis and disrupted expression of several
enzymes involved in the processing of reactive oxygen species

(ROS).

Results

A new dox inducible mouse model to study the role of
expanded CGG repeat RNA

Although a leading hypothesis for the cause of FXTAS is a
toxic RNA gain-of-function mechanism, it has not been clear
whether overexpression of a CGG-repeat containing RNA per se
is sufficient to cause toxicity iz vivo, even when the repeat size is
within the normal size range, or whether toxicity depends on the
presence of an expanded CGG repeat. Therefore, we generated
new dox inducible mouse lines in which a normal sized (i.e., for
mouse) 11CGG or an expanded 90CGG repeat was overex-
pressed, and examined the mice for pathology (Fig. 1A). We
never observed any repeat instability when breeding the TRE-
nCGG-eGFP mice (data not shown). The repeat size remained
equal during all breedings, with an estimated 90CGGs for the
expanded transgene, corresponding to a 630 bp band by agarose
gel electrophoresis (Fig. 1B).

We first generated mouse lines bearing a TRE-nCGG-eGFP
transgene. We cross-bred this line with an existing hnRNP-rtTA
mouse line that expresses a reverse tetracycline-controlled transacti-
vator protein (rtTA) that is activated when mice are treated with
dox in drinking water or food.** Bigenic offspring with the
expanded CGG RNA (TRE-90CGG-eGFP/hnRNP-rtTA) treated
with dox in their drinking water (2 mg/ml) or food (1mg/kg) start-
ing at 3 weeks of age, began to lose weight after 2 d of dox treat-
ment. Therefore we stopped dox treatment after 4 d since the mice
died after 5 d of treatment (Fig. 1C). In contrast, TRE-11CGG-
eGFP/hnRNP-rtTA mice did not show this weight loss, steadily
gained weight, and remained viable. In addition, monogenic mice
with only the hnRNP-rtTA or only the TRE-90CGG-eGFP trans-
gene treated with dox, and untreated bigenic TRE-90CGG-eGFP/
hnRNP-rtTA mice did not show any weight loss or loss of viability
(Fig. 1C; data not shown). These results suggest that the weight loss
and subsequent deaths observed in TRE-90CGG-eGFP/hnRNP-
rtT'A are caused by expression of the 90CGG transgene and are not
due to dox treatment or overexpression of mRNA per se (without a
CGG repeat expansion). Indeed, we were able to treat TRE-
11CGG-eGFP/hnRNP-rtTA mice with a higher dose of dox-water
(4mg/ml) or for as long as 25 d without evidence of weight loss
(data not shown).

Expression of expanded CGG repeat RNA is toxic in vivo

Dox treatment of bigenic TRE-nCGG-eGFP/hnRNP-rtTA
mice resulted in eGFP expression in all tissues examined (Fig. 2).
Immunological staining revealed eGFP expression in heart, lung,
intestine, liver, kidney, spleen, and brain. The level of transgene
expression was compared in different tissues. Quantitative RT-
PCR showed that the level op nCGG-eGFP RNA expression was

higher in liver when compared to lung, kindey and brain. In liver,

2602

Cell Cycle

Heart

Lung

Intestine

Liver

Kidney

Spleen

Brain

Figure 2. eGFP expression in different tissues. Representative photomi-
crographs (40x) of immunohistochemical staining with GFP antibody on
heart (A-C), lung (D-F), intestine (G-1), liver (J-L), kidney (M-0), spleen
(P-R), and brain (S-U) from no dox control mice (A, D, G, J, M, P, S),
TRE-11CCG-eGFP mice (B, E, H, K, N, Q, T), and TRE-90CGG-eGFP mice
(C,F, 1L OR, V).

the overexpression of 9CGG RNA was 600 & 80 times higher
when compared to endogenous Fmr! RNA levels.

No eGFP expression was found after dox treatment of mono-
genic TRE-nCGG-eGFP mice (data not shown). Also, no eGFP
expression was seen in bigenic TRE-nCGG-eGFP/hnRNP-rtTA
mice not treated with dox (Fig. 2, 3B and 3C), indicating that
our Tet-On system does not show any leakage of expression.

We compared the expression levels of CGG RNA and eGFP
protein of the TRE-11CGG-eGFP/hnRNP-r{TA and TRE-
90CGG-eGFP/hnRNP-r¢TA mice after 4 d of dox treatment
(2 mg/ml in drinking water). No significant differences were
found in the expression levels of 11CGG and 90CGG RNA
(Fig. 3A; data not shown). In addition, there were no significant
differences in eGFP protein levels between 11CGG and 90CGP
expressing mice as determined by Quantitative Western blot
(Fig. 3B, 3C; data not shown). Because there were no differences
in expression of 90CGG RNA in mice treated with doxycycline
in water when compared to mice treated with doxycycline in
their food (data not shown), the 2 dox exposed groups were com-
bined into one group.
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Figure 3. Comparable eGFP RNA and protein expression in the liver of
11CGG and 90CGG mice after 4 d dox treatment. (A) Quantitative RT-PCR
on RNA isolated from livers of no dox control mice (white bars; n = 7),
TRE-11CGG-eGFP/hnRNP-rtTA mice treated 4 d with dox (gray bars;
n = 7), and TRE-90CGG-eGFP/hnRNP-rtTA mice after 4 d dox treatment
(black bars; n = 6). 90CGG-eGFP levels are not significantly different from
11CGG-eGFP (p = 0.7) (B) Representative Western blot for eGFP on liver
homogenates of no dox control mice and 11CGG or 90CGG expressing
mice after 4 d dox treatment with GAPDH as a loading control. (C) Quan-
tification of eGFP protein expression after Western blot on liver homoge-
nates from no dox control mice (white bars; n = 4), TRE-11CGG-eGFP/
hnRNP-rtTA mice treated 4 d with dafter 4 d dox treatment (gray bars; n
= 8), and TRE-90CGG-eGFP/hnRNP-rtTA mice after 4 d dox treatment
(black bars; n = 7). 90CGG-eGFP levels do not significantly differ from the
11CGG-eGFP levels (p = 0.3). Error bars are +/— SE.

The brains of all mice were evaluated for the presence of ubig-
uitin positive intranuclear inclusions, the major hallmark of
FXTAS. Although the brains of dox treated bigenic TRE-
90CGG-eGFP/hnRNP-rtTA mice did show expression of eGFP
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and thus the expanded CGG RNA (Fig. 2C), we did not find
any ubiquitin positive inclusions. Also all the other organs that
did (over)express the expanded CGG RNA did not form any
ubiquitin positive inclusions (data not shown). Apparently, the
dox treatment of only 4 d was not long enough to induce the for-
mation of the inclusions.

Expression of expanded repeat RNA causes mitochondrial
dysfunction in the liver

When sacrificing the mice it was evident that the liver was
affected by the dox induced expression of the 90CGG RNA. The
livers in the TRE-90CGG-eGFP/hnRNP-rtTA mice treated
with dox were pale and pink in color, compared to the dark red-
dish-brown color of a normal, healthy liver (Fig. 4A, and B). All
control mice, including TRE-11CGG-eGFP/hnRNP-rtTA or
monogenic mice treated with dox, showed livers with normal
appearance. We performed routine histological examination of a
large number of tissues, including the brain, liver, kidney, spleen,
heart, lung and the intestinal tract. The only pathology found
was in the liver, with all other tissues appearing normal. Closer
examination of the liver using various histological stainings
revealed mild steatosis limited to the livers of the TRE-90CGG-
eGFP/hnRNP-rtTA mice treated with dox (Fig. 4D-F).

The presence of steatosis of the liver is suggestive of mitochon-
drial dysfunction, which can in turn lead to apoptosis.”® Further-
more, evidence has been found for mitochondrial dysfunction
and abnormalities in several neurodegenerative diseases, includ-
ing FXTAS, and in cultured primary neurons from the exCGG-
KI mouse model.”**” Thus, we hypothesized that mitochondrial
dysfunction might underlie the abnormalities we found in the liv-
ers of mice that expressed the 90CGG RNA and consequent early
demice of these mice.

RNA expression levels of several markers for mitochondrial
stress were tested using qRT-PCR. Expression of SOD2,
NPUFS4, and ATPB1 was normal (supplemental data). We did
find altered RNA expression levels in the livers for CYP2EI,
SODI1, and Catalase, both in TRE-11CGG-GFP/hnRNP-rtTA
and TRE-90CGG-GFP/hnRNP-rtTA mice treated with dox
when compared with untreated control mice (supplemental data).
Since these effects were found in mice expressing both 11CGG
RNA and 90CGG RNA, these changes are likely to be caused by
the doxycycline treatment and not to expression of the transgene.

However, 2 other markers, cytochrome C and GPXI, only
showed significant effects in the dox treated TRE-90CGG-
EGFP/hnRNP-rtTA mice, but not in the dox treated TRE-
11CGG-GFP/hnRNP-rtTA mice and also not in dox treated
monogenic TRE-99CGG-eGFP mice. GPX1 is a glutathione
oxidase, functions in the detoxification of hydrogen peroxide,
and is one of the most important antioxidant enzymes. It pre-
vents apoptosis by caspase 3 through inhibition of cytochrome
C.*® We found that expression of GPX1 is significantly downre-
gulated to 45 £ 8% (p < 0.05) in liver of mice expressing
90CGG RNA compared with untreated mice (Fig. 4C). GPX1
RNA levels in the liver of 11CGG RNA expressing mice was
normal at 98 £ 16% of untreated mouse livers (p = 0.9). In
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model for
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CGG RNA under control of the

Ono dox Tet-On  promoter. Our trans-

B 116G genic mice combined with the
W90CGG

hnRNP-rtTA driver mouse show
expression  upon  doxycycline
administration in all tissues exam-
ined. The system shows no evi-

dence of leaky transcription and
allows for the study of the effects
of expanded CGG RNA expres-
sion compared with similar levels
of control size CGG RNA expres-
sion. It has been shown before
that over expression of an
expanded CGG repeat is toxic in
Drosophila,”*® but using this
murine model we showed in vivo

Cytochrome C

90CGG

in a vertebrate model that toxicity
depends on overexpression of an
expanded CGG repeat and is not
seen with overexpression of RNA
with a normal sized CGG repeat.
Findings in this new mouse
model also show that expression

of 90CGG RNA leads to mito-

expressing mice.

Figure 4. Mitochondrial dysfunction in the liver of 90CGG expressing mice. The color of 90CGG expressing
livers is pink and pale (A) compared to the dark reddish-brown color of the liver of control mice (B). Quantita-
tive RT-PCR on RNA isolated from liver of no dox control mice (white bars; n = 7), TRE-11CGG-eGFP/hnRNP-
rttA mice treated 4 d with dox (gray bars; n = 7), and TRE-90CGGeGFP/hnRNP-rtTA mice treated 4 d with dox
(black bars; n = 6) for oxidative stress markers GPX1 and cytochrome C (C); Error bars are +/— SE; * = p < 0.05;
** = p < 0.01. Representative photomicrographs (40x) of hamatoxylin and eosin (HE) staining (D-F) and
cleaved caspase 3 (casp3) immunostaining (G-I) on the livers of no dox controls mice and 11 or 90CGG

chondrial dysfunction in the liver,
ultimately  resulting in
pathology and death.
Previously, it has been shown
in vitro by Hoem et al.’’ that
there is a threshold for CGG
repeat length to induce pathology

liver

addition, we found that cytochrome C, which is part of the same
pathway, is significantly upregulated in the same 90CGG
expressing livers to 155 £ 17% (p < 0.05) when compared with
untreated mouse livers. The 11CGG expressing livers showed
normal levels 81.1 &= 8% of cytochrome C (p = 0.3; Fig. 4C).

Since the pathway with GPX1 and cytochrome C can affect apo-
ptosis through caspase 3 activation, we performed an immunostain-
ing for cleaved caspase 3 in the liver. Indeed, we could demonstrate
semi-quantitatively elevated levels of activated caspase 3 in the livers
of 90CGG expressing mice, when compared with 11CGG express-
ing or untreated mice (Fig. 4G-I). Both control groups of TRE-
11CGG-GFP/hnRNP-rtTA mice with dox and untreated mice
show the same, low levels of cleaved caspase 3. Taken together, the
data indicate that iz vive expression of expanded CGG RNA leads
to toxicity in the liver by affecting ROS signaling and thus inducing
steatosis and apoptosis.
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in  neuroblastoma-derived SK
cells that is not due simply to the
amount of RNA transcribed. In
the present study we confirm that pathology and toxicity is not
caused by a molarity effect from overexpression of large amounts
of CGG-containing RNA in the absence of a large CGG repeat
expansion. Because pathology was only found with 90CGG
RNA and not 11CGG RNA in vivo, there must be an in vivo
threshold for CGG repeat toxicity between 11 and 90 CGG
repeats, although the size of this threshold remains to be deter-
mined. These findings are also consistent with the iz vitro cell
culture studies by others'"'*?" that show effects of CGG repeat
expansions on viability and inclusion formation that are depen-
dent on the size of the repeat. This suggests that the pathological
processes involved in FXTAS differ from other repeat associated
disease such as myotonic dystrophy where overexpression of a
normal-sized repeat RNA can induce pathology as well.”> The
use of the Tet-On system allows us not only to control the

expression of the nCGG RNA by adding dox, but it also gives us
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good controls to check for side-effects of transgene integration
sites. Since no abnormalities were found in bigenic TRE-
90CGG-eGFP/hnRNP-rtTA mice not treated with dox, we can
rule out that the effects found in the mice that were exposed to
dox, are caused by the transgene integration site. Since it is
expected that if the site of transgene insertion would affect mito-
chondrial function in the liver, we would also see the effects in
mice not treated with dox. Since we do not observe any pathol-
ogy in mice not treated with dox, this allows us to specifically
study the effects of the transgene and not its site of integration.
Furthermore, since also the monogenic mice treated with dox
and the bigenic TRE-11CGG-eGFP/hnRNP-rtTA control mice
treated with dox, do not show an aberrant expression of gpx1,
cytochrome C, or activated caspase 3 in the liver, we can also rule
out the effects of dox on these markers. Therefore, we can rule
out several side effects and pinpoint the effects to the expression
of expanded CGG RNA, making our model very valid for study-
ing the Fmrl premutation and FXTAS.

The deleterious effects of expanded CGG RNA expression on
the normal functioning of the liver was not expected, since
human FXTAS patients are not known to display liver damage
or dysfunction. Also no inclusions have been observed in the liv-
ers of FXTAS patients or mouse models.® This observation can
be explained by the fact that in this artificial system the CGG
repeat RNA is overexpressed 600 times in liver when compared
with endogenous Fmrl mRNA levels. And also since CGG RNA
expression levels are highest in liver compared to other tissues,
this can explain the unexpected deleterious effect on this organ.
In addition, the fact that the liver was selectively affected rather
than other organs may be explained by the fact that the liver is
the first organ to clear dox from the body and the liver is one of
the organs with the highest content of gpx1, and alterations in its
regulation can contribute to several pathologies related to oxida-
tive stress.> Hepatic mitochondria are recognized as a major
source of oxidative stress, which in turn can regulate vital liver
functions and disease pathogenesis. Both in alcoholic and in
non-alcoholic steatosis of the liver there is a major role for the
depletion of glutathion in mitochondrial dysfunction. Thus,
although FXTAS patients do not display liver dysfunction, the
bigenic TRE-90CGG-eGFP/hnRNP-rtTA mouse model enables
in vivo studies to investigate the toxic effect of RNA containing
an expanded CGG repeat outside the Fmr] message.

Due to the liver problems bigenic TRE-90CGG-eGFP/
hnRNP-rtTA mice we were not able to treat the mice long
enough with dox in order to induce the formation of ubiquitin
positive inclusions and pathology in the brain. Still, inclusion
formation and brain pathology would be interesting to study
using this inducible model (i.e., TRE-90CGG-eGFP) combined
with different rcTA driver lines that specifically expresses in the
brain. Currently, these studies are ongoing in our lab using PrP,
pepL7, and CamKlIla drivers. On the other hand, many inclu-
sions have also been observed outside the CNS both in FXTAS
patients and in the exCGG-KI mouse model.> Therefore, inclu-
sions formation in other tissues besides the brain will be interest-
ing to study. Nevertheless, in this model the study of inclusion
formation seems not to be possible since the expression of the
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expanded CGG RNA can never be long enough and other patho-
genic triggers result in such dramatic cellular dysfunctioning that
the mice die. This dysfunctioning seems to be caused by the free
RNA with the expanded CGG repeat, rather than RNA that is
accumulated in inclusions.

Recently, RAN translation was identified as a potential patho-
genic trigger for FXTAS. In case of RAN translation. The exact
mechanisms underlying RAN translation and its contribution to
the pathogenesis of FXTAS are still unkown, but it would be
very interesting to determine if RAN tranlation would play a role
in the mitochondrial dysfunction described in this study. Unfor-
tunately, no (commercial) antibodies are available to us yet, to
perform these experiments.Evidence for mitochondrial dysfunc-
tion has been described in studies using cultured neurons from
the exCGG-KI mouse,?” and also in studies in fibroblasts and
post-mortem brain materials from premutation carriers with and
without FXTAS.?*3* Therefore we reasoned that the steatosis we
observed in the mice expressing 90CGG RNA might also be
related to defective mitochondrial signaling. After testing a range
of markers for mitochondrial function, we found that several
were affected by dox treatment in both 11CGG RNA expressing
mice as well as in the 90CGG RNA expressing mice. This was
not entirely unexpected because the antibiotic dox is processed
and metabolized by the liver and it is known that tetracyclines
affect mitochondrial function.>® Nevertheless, we did find the
mitochondrial enzymes GPX1 and cytochrome C to be differ-
ently expressed, specifically in the liver of the 90CGG expressing
mice, without any effect in the 11CGG RNA expressing mice.
Unfortunately, we were not able to show if this is also the case in
the brain, since we are not able to treat the mice long enough
with doxycycline to induce inclusion formation in the brain.
Future experiments with other rtTA driver lines should shed a
light on the question of whether these same mitochondrial
markers are also affected in brains expressing expanded CGG
RNA for a longer period, as might be expected from the present
results. In fact, considerable evidence links GPX1 to neurodegen-
erative disease including Alzheimer, Parkinson and Huntington.
GPX1 is localized in glial cells and its expression regulates vulner-
ability for neurotoxins. Increased vulnerability to toxins may be
important because of the possibility that exposure to environ-
mental toxins, general anesthetics and chemotherapeutic agents,
may contribute to the risk for premutation carriers to develop
FXTAS.>*37 This suggests that mitochondrial dysfunction, and
possibly GPX1, may be a common pathological process in neuro-
degenerative diseases, including FXTAS. Further studies on
altered GPX1 and cytochrome C expression related to CGG
repeats could offer a new perspective on the development of new
biomarkers for FXTAS and future therapeutic intervention
studies.

Materials and Methods
Construct and mice

The pCMV-RL plasmid (Promega) was modified to express
eGFP (enhanced green fluorescent protein) with an FMRI 5’
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UTR under the control of the tetracycline responsive promoter
element (TRE). Utlizing oligonucleotide poly-linkers the CMV
promoter in pRL-CMV was replaced with the TRE promoter
from the pTRE2 vector (Clontech). Immediately downstream of
the TRE promoter, FMRI 5'UTRs containing 11, and 90 CGG
repeats were cloned upstream of the chimeric intron in pRL-
CMV. The eGFP reporter from the eGFPn-1 vector (Clontech)
was cloned downstream of the chimeric intron followed by a
SV40 poly A signal. The resulting plasmids are TRE-11CGG-
eGFP, and TRE-90CGG-eGFP. The FMRI 5’ UTR containing
90 CGG repeats was cloned from the parent plasmid CMV-
FMRI-FL between Blpl and Nbel restriction sites (all restriction
enzymes from New England Biolabs Inc.) The FMRI 5" UTR
containing 11 CGG repeats was amplified by PCR from mouse
genomic DNA, followed by a BlpIl-Xhol restriction enzyme diges-
tion, and cloned into TRE-90CGG-eGFP. Transgenic mice were
generated by injecting linearized contstruct into oocytes of Janv-
ier .c57bl6 mice. For each construct we had several founders. We
used the founders that gave optimal expression, combined with
good breeding results. For the TRE-90CGG-eGFP construct we
had 2 different founders, that both die when bred with hnRNP-
rtT'A driver mice and treated with dox.

TRE-nCGG-eGFP mice were crossed with the hnRNP-rtTA
driver line** and bigenic mice were treated with dox directly after
weaning at an age of 3 weeks. In the inidal experiments we
treated mice with dox either in food or drinking water, we have
not observed any differences between mice treated with dox water
or dox food (Bio Services). Dox was stable in food pellets and had
a concentration of 1 g/kg. Dox drinking water contained 2 mg/
ml doxycycline hyclate (Sigma) in 5% sucrose (Sigma) and was
refreshed every 2-3 d. All animal experiments were conducted
with the permission of the local animal welfare committee

(DEC).

Genotyping

For genotyping toe clips were incubated overnight at 55°C in
TDB (50 mM KCl, 10 mM Tris-HCl pH9, 0.1% Triton X-100
and 0.15 pg proteinase K). After heat inactivation samples were
spun down and 1 pl was used for a PCR. The TRE transgene
was amplified using forward primer 5'-GCTTAGATCTCTC-
GAGTTTAC-3 and reverse primer 5'-ATGGAGGTCAAAA-
CAGCGTG-3. The rtTA transgene was amplified using
forward primer 5'-CAGCAGGCAGCATATCAAGGT-3' and
reverse primer 5'-GCCGTGGGCCACTTTACAC-3'.

RNA and protein isolation

Livers were homogenized in 500 wl HEPES buffer (10 mM
HEPES, 300 mM KCI, 3 mMMgCI2, 0.1 mM CaCl2, 0.45%
Triton, 0.05% Tween-20; pH 7.6) containing Complete prote-
ase inhibitor (Roche), 3 mM DTT and 40 units RNAse OUT
(Invitrogen). RNA was isolated from 100 pl of homogenate
using RNA Bee according to the manufacturer’s instructions. For
protein isolation, the remaining homogenate was spun down
15000g at 4°C for 15 minutes. The supernatant was collected
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and the protein concentration was measured using the BCA kit
(Pierce).

Quantitative RT PCR

Reverse transcriptase was performed in 1 pg of RNA using
iScript cDNA synthesis kit (Biorad) according to manufacturer’s
instructions. RNA was treated with DNase before cDNA synthe-
sis. Q-PCR using SYBR Green (KAPA Biosystems) was per-
formed on 0.1 pl RT product. Cycling conditions were an initial
denaturation of 3 minutes at 95°C, followed 40 cycles of 5 sec-
onds 95°C and 30 seconds 60°C. As a reference gene actin was
used and statistical analysis was performed with a t-test. See sup-
plemental data for primer sequences.

Western blotting

Thirty g of total protein homogenate was loaded to Crite-
rion XT precast gels (4-12% bis-tris) (Biorad) and run in MOPS
buffer (0.05M Mops, 0.05M Tris, 3.5 mM SDS, ImM EDTA,
pH 7.7). The gel was electroblotted to a nitrocellulose membrane
in TG buffer (0.192M glycine, 0.025M Tris, 20% methanol).
After blocking in PBS-Tween, the membrane was incubated
overnight with rabbit anti-GFP (1:100.000 Abcam) and mouse
anti-GAPDH (1:200.000 Chemicon) antibodies. The secondary
antibodies were goat-anti-rabbit IRDye 800cW and donkey-anti-
mouse IRDye 680LT (both 1:10.000; Li-Cor). The membrane
was scanned with an Odyssey Infrared Imager.

Immunohistochemistry

Tissues were fixed overnight in 4% paraformaldehyde and
embedded in paraffin according to standard protocols. Sections
(7 pm) were deparaffinised followed by antigen retrieval using
microwave treatment in 0.01 M sodium citrate. Endogenous per-
oxidase activity was blocked and immunostaining was performed
overnight at 4°C using mouse anti-GFP (1:2000 Roche) or rab-
bit anti-cleaved Caspase 3 (1:100 Cell Signaling Technology)
antibodies. Antigen-antibody complexes were visualized by
incubation with DAB substrate (Dako) after incubation with
Brightvision poly-HRP-linker (Immunologic). Slides were coun-
terstained with hamatoxylin and mounted with Entellan (Merck
Millipore International).
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