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ARTICLE INFO ABSTRACT

Keywords: Fragile X-associated tremor/ataxia syndrome (FXTAS) is an inherited neurodegenerative disorder caused by an
FXTAS expansion of 55 to 200 CGG repeats (premutation) in FMR1. These CGG repeats are Repeat Associated non-ATG
RAN translation (RAN) translated into a small and pathogenic protein, FMRpolyG. The cellular and molecular mechanisms of
FMlﬁl;S}?iyniria FMRpolyG toxicity are unclear. Various mitochondrial dysfunctions have been observed in FXTAS patients and

animal models. However, the causes of these mitochondrial alterations are not well understood. In the current
study, we investigated interaction of FMRpolyG with mitochondria and its role in modulating mitochondrial
functions. Beside nuclear inclusions, FMRpolyG also formed small cytosolic aggregates that interact with mi-
tochondria both in cell and mouse model of FXTAS. Importantly, expression of FMRpolyG reduces ATP levels,
mitochondrial transmembrane potential, mitochondrial supercomplexes assemblies and activities and expression
of mitochondrial DNA encoded transcripts in cell and animal model of FXTAS, as well as in FXTAS patient brain
tissues. Overall, these results suggest that FMRpolyG alters mitochondrial functions, bioenergetics and initiates
cell death. The further study in this direction will help to establish the role of mitochondria in FXTAS conditions.

Mitochondrial supercomplexes (mSCs)

1. Introduction

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a neuro-
degenerative disorder characterized by progressive intention tremor
(parkinsonism), gait ataxia and cognitive decline [1]. In addition,
neuropathy, thyroid dysfunctions, hypertension, immune dysfunction
and cardiac arrhythmias are also observed in some patients of FXTAS
[2]. FXTAS affects 1 in ~3000 male and 1 in ~5000 female and disease
symptoms get more pronounced with the age [3]. The Fragile X mental
retardation (FMR1) gene, located on the g-arm of the chromosome X,
encodes for the FMRP-RNA binding protein, which is involved in reg-
ulation of transport and local translation of mRNAs in brain and is es-
sential to synaptic plasticity and neuronal development [4-6]. An ex-
pansion of CGG trinucleotide repeats within the 5’-UTR of FMR1 causes
different neuropathological conditions based on the number of CGG
repeats.

Firstly, expansions exceeding 200 CGG repeats, which are called full
mutations, are the main cause of Fragile X syndrome (FXS), a neuro-
developmental disease characterized by intellectual disability and
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autism. Expansions over 200 CGG repeats lead to hypermethylation and
silencing of the FMR1 promoter. Hence, the FMRP protein encoded by
FMR1 is absent, which ultimately results in alterations of the brain
synaptic plasticity [7]. Secondly, Fragile X-associated Tremor/Ataxia
Syndrome (FXTAS) is caused by presence of 55 to 200 CGG repeats,
which is named premutation [8]. The prevalence of the CGG pre-
mutation carrier varies among populations but is estimated to range
between 1 in 110 to 250 in females and 1 in 260 to 800 in males [9,10].
At the histopathological level, FXTAS is characterized by neuronal cell
loss and presence of large ubiquitin-positive intranuclear inclusions in
both neurons and astrocytes [11]. Rare ubiquitin positive inclusions are
also observed in non-CNS organs like kidney and thyroid [12]. At the
molecular level and in strict contrast to Fragile-X, the CGG premutation
expansion does not inhibit but promotes FMR1 expression in FXTAS,
resulting in 2 to 8 folds higher levels of FMR1 mRNA in FXTAS patients
compared to control individuals [13,14]. Importantly, expression of
mutant RNA containing the CGG premutation is pathogenic both in cell
and animal models [15-20]. Studies in the last decade have identified
two main mechanisms of how CGG repeats expression can be toxic for
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neurons: RNA mediated titration of specific RNA binding proteins and
Repeat Associated non-ATG (RAN) translation of the CGG premutation
into toxic proteins [21-26]. In that aspect, several emerging evidences
indicate that translation initiation to near-cognate start codons located
before the CGG premutation leads to expression of a small polyglycine-
rich protein named FMRpolyG. FMRpolyG is prone to aggregation and
forms large nuclear ubiquitin-positive inclusions in both cells and ani-
mals. Importantly, FMRpolyG expression appears mandatory to mediate
the toxicity of the CGG premutation in cells, Drosophila and mouse
models of FXTAS [27,28]. However, how FMRpolyG causes neuronal
cell dysfunctions and cell death is currently unclear.

Mitochondrial dysfunctions are one of the major hallmarks of neu-
rodegenerative diseases, including FXTAS. Various studies had shown
mitochondrial dysfunctions in cell and mouse models of FXTAS as well
as in fibroblasts and brain tissue of premutation carriers [29-31].
However, the cellular and molecular mechanisms triggering mi-
tochondrial dysfunctions in FXTAS are not well understood. In the
current study, we investigated the FMRpolyG interaction with mi-
tochondria and its role in modulation of mitochondrial functions using
different in vitro cellular systems and animal model. We found that
FMRpolyG, apart from forming nuclear inclusions, also forms small
inclusions that interact with mitochondria. Furthermore, FMRpolyG
expression recapitulates mitochondrial dysfunctions identified in
FXTAS, including decreased levels of ATP and elevated production of
ROS. The defects in mitochondrial complexes assembly and decreased
expression of mitochondrial DNA encoded transcripts were observed in
both FMRpolyG expressing condition We confirmed these results in
mouse models of FXTAS and in tissue samples of individuals with
FXTAS. Overall, these data suggest that RAN translation of the CGG
premutation may cause the mitochondrial dysfunctions observed in
FXTAS.

2. Materials and methods
2.1. Cell culture and reagents

HEK293 cells were grown in Dulbecco's Modified Eagle's Medium
(DMEM, Gibco, Invitrogen, USA), SH-SY5Y cells were grown in DMEM-
F12 (Gibco, Invitrogen, USA), and U87MG cells were grown in MEM
(Minimal Essential Medium, Gibco, Invitrogen, USA) at 37 °C, 5% CO2
and supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(Gibco, Invitrogen, USA), 1% penicillin, streptomycin and neomycin
(PSN) antibiotic mixture (Gibco, Invitrogen, USA).

2.2. Construct details

Mainly three CGG repeats constructs ATG FMRpolyG-GFP, 5’'UTR
FMR1 CGG99X (fused with GFP) and 5’UTR FMR1 CGG99X untagged
were used for transfection for mimicking FXTAS condition in vitro (Fig.
S1 A). mCherry-Mito-7 was a gift from Michael Davidson (Addgene
plasmid # 55102).

2.3. FXTAS transgenic mouse model

Double transgenic Nestin-cre + Full 5’UTR FMR1 mice were de-
scribed previously [27]. Briefly these mice overexpress 99 CGG repeats
embedded in the 5’UTR natural sequence of the human FMRIgene.
Expression of the premutation is restricted to the nervous system due to
the Nestin-cre that removes a LoxP stop polyadenylation cassette lo-
cated between the CAG promoter and the 5’UTR FMRI construct. All
mouse procedures were done according protocols approved by the
Committee on Animal Resources of the ICS and IGBMC animal facilities
and under the French and European authority guidelines.
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2.4. Brain tissue samples

Frozen postmortem human cerebellum tissue from four premutation
cases, diagnosed with FXTAS, (mean age at death 77.2yrs., range
67-85 yrs. Mean CGG repeat number = 92.7; range 86-100 CGG re-
peats), were obtained from the Medical Investigation of
Neurodevelopmental Disorders Institute Brain Repository at the
University of California at Davis in Sacramento, CA, under approved
IRB protocols (University of California, Davis). Frozen postmortem
human cerebellum tissue from four age matched controls was obtained
frozen from the Brain and Tissue Bank for Developmental Disorders of
the National Institute of Child Health and Human Development at the
University of Maryland in Baltimore, MD. CGG repeat sizing was de-
termined on genomic DNA isolated by kit-based method (Puregene Kit;
Gentra Inc., Minneapolis, MN). A combination of polymerase chain
reaction (PCR) and southern blot (SB) analysis was performed as de-
scribed previously [32,33]. Total RNA was isolated using TRIzol re-
agent, quantified and cDNA was synthesized using PrimeScript™ 1st
strand cDNA Synthesis Kit (Takara). Realtime PCR was performed to
assay the levels of all mitochondrial DNA encoded transcripts.

2.5. Cell death assay and Caspase 3/7 activity

HEK293 and SH-SY5Y cells were plated at density of 5 x 10* cells/
well in 96 well plate and transfected with indicated constructs. After
24 h of transfection, MTT assay was performed to check cellular via-
bility [34] and LDH release assay was performed to check cytotoxicity
as described previously [35]. Caspase 3/7 activity was measured by
using Caspase-Glo® 3/7 Assay Systems (Promega) as per the described
protocol.

2.6. Immunohistochemistry and confocal microscopy

The subcellular localization of FMRPolyG, and interaction of cyto-
solic FMRPolyG with mitochondria was analyzed by confocal micro-
scopy. Briefly, HEK293 cells were plated at density of 1.5 x 10° cells
per well in glass bottom 24 well plate (Greiner Bio-One, USA). Cells
were co-transfected with mCherry-Mito-7 with ATG FMRpolyG-GFP
and 5’'UTR FMR1 CGG99X fused with GFP using Lipofectamine® 2000
(Thermofisher, USA). After 24 h of transfection, cells were fixed and
intracellular localization and colocalization of FMRpolyG with mi-
tochondria was analyzed using Leica TCS-SP5II confocal microscope
(Leica Microsystems, Germany).

Mouse brain sections were deparaffinized for 20 min in Histosol Plus
(Shandon) and dehydrated as follows: twice in ethanol 100% (5 min),
twice in ethanol 95% (5 min), once in ethanol 80% (5 min), once in
ethanol 70% (5min) and rinsed in DPBS. Glass coverslips containing
brain sections treated as described above, fixed in PFA for 10 min and
washed three times with PBS. The coverslips or slides were incubated
for 10 min in PBS plus 0.5% Triton X-100 and washed three times with
PBS and incubated with primary antibody against FMRpolyG (8FM, 1/
100), AIF (1/100, Cell Signaling (USA)). Slides or coverslips were wa-
shed twice with PBS and incubated with goat anti-rabbit or goat anti-
mouse conjugated with Cyanine 3 (1/500 dilution; Fisher) for 60 min;
incubated for 2min in PBS 1X-DAPI (1/10000 dilution) and rinsed
twice with PBS 1X before mounting in Pro-Long media (Molecular
Probes). Slides were examined using a fluorescence microscope (Leica).
Minimum 30 cells were examined in different conditions for cellular
morphology, FMRPolyG localization and interaction with mitochon-
dria. Representative image panel was prepared by Adobe Photoshop CS.

2.7. Western blotting and antibodies
To analyze the presence of FMRPolyG in mitochondria, subcellular

fractionation was performed followed by western blotting. Briefly,
HEK293 cells were plated at density of 2 x 10° in 90 mm dishes and
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transfected with indicated constructs using Lipofectamine® 2000
(Thermofisher, USA). After 24 h of transfection, cells were washed with
cold PBS and harvested. Mitochondrial fraction and cytosolic fraction
were prepared using Qproteome Mitochondria Isolation Kit (37612,
QIAGEN) as per the protocol with minor modifications. Mitochondrial
fraction and total cell were resuspended in Triton X-100 IP buffer
(150 mM NaCl, 50 mM Tris-HCl, 10% Glycerol, 1% Triton X-100, con-
taining complete protease inhibitor cocktail (Roche, Germany)), in-
cubated on ice for 1 h and centrifuged at 13,000 rpm for 10 min at 4 °C.
Protein concentration was quantified by Bradford reagent (BioRad).
Protein lysates were separated on 12% SDS-PAGE and analyzed by
western blotting using specific antibodies. The primary antibodies used
were: Rabbit polyclonal against GFP (AE0011, ABclonal), NDUFS2 (Cell
Signaling, USA). Secondary antibodies: HRP-conjugated anti-rabbit and
anti-mouse antibodies (Open Biosystems, USA) were used in the study.

2.8. ATP assay

The cellular ATP level was measured using ATP determination kit
(Molecular Probes/Life Technologies, Canada) by using 1:10 diluted
cell lysate in ATP determination master mix (25 mM Tricine buffer,
pH 7.8, 5mM MgS04, 0.5 mM D-luciferin, 1.25 pg/ml firefly luciferase,
100 uM EDTA and 1 mM DTT). The luminescence intensity was mea-
sured using TriStar> LB 942 Multimode Microplate Reader, Berthold
Technologies, Germany. The protein content was determined by
Bradford assay and equal protein was used for different assays.

2.9. Membrane potential

The mitochondrial membrane potential was determined by staining
cells with TMRM (5uM) (Tetramethylrhodamine, Methyl Ester,
Perchlorate, Molecular Probes) for 15 min followed by quantification of
fluorescence at 510/570-600 by fluorimeter (Hitachi High-
Technologies Corp., Japan). The protein content was determined by
Bradford assay and normalized for assay.

2.10. BN-PAGE, colloidal Coomassie blue staining and Ingel activity of
mitochondrial respiratory chain complexes

The effect of FMRpolyG on mitochondrial supercomplexes (SCs)
assembly and complex-I and complex-IV activity was determined by
Blue Native PAGE followed by colloidal Coomassie blue staining and in-
gel activity [36]. Briefly, HEK293 and SH-SY5Y cells were seeded at the
density of 3 x 10° in 10 cm dishes, transfected with pEGFP-C1 (con-
trol), ATG FMRpolyG-GFP and 5’'UTR FMRI CGG99X. After 24h of
transfection, cells were collected. Similarly, from the brain, cortical
region of control as well as FXTAS transgenic mice was collected and
homogenized. Isolation of mitochondrial fraction was performed using
Qproteome Mitochondria Isolation Kit (37612, QIAGEN). Briefly, the
cells (7 x 10°) were resuspended in 700 pl lysis buffer. The cells were
lysed in disruption buffer using 24G needle and centrifuged at 1000 x g
for 10 min at 4 °C and supernatant collected. The mitochondrial fraction
was collected by centrifugation at 6000 xg for 10 min at 4°C and
purified from the interface of disruption buffer and purification buffer.
Mitochondrial protein concentration was determined using the Brad-
ford method and 50 pg mitochondrial protein were solubilized in so-
lubilization buffer (50 mM NaCl, 50 mM Imidazole/HCI pH 7.0, 2 mM
6-aminohexanoic acid, 1 mM EDTA, 6.0 g/g digitonin (10%)) and kept
on ice for 30 min. After incubation, solubilized mitochondria were
centrifuged for 20 min at 20,000 g. 20 pl supernatant was mixed with
3 ul 50% glycerol and 5% Coomassie blue G-250 (8 g/g detergent to dye
ratio). The sample was loaded onto 3-12% acrylamide gradient gel for
BN-PAGE, at room temperature and in-gel activity for mitochondrial
complex I and complex IV was performed as described previosuly (ref).
For visualizing SCs and individual mitochondrial respiratory chain
subunits, 100 ug mitochondrial protein was processed and separated by
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BN-PAGE followed by colloidal Coomassie blue (G-250) staining.

2.11. Analysis of relative mtDNA content and mitochondrial transcripts by
qPCR

HEK293 and SH-SY5Y cells were plated at the density of 5 X 10°
cells/well in 6 well plate and transfected with pEGFP-C1 (control), ATG
FMRpolyG-GFP and 5’UTR FMRI CGG99X plasmids using by
Lipofectamine® 2000. After 24 h of transfection, cells were collected,
and genomic DNA was isolated using phenol: chloroform method [37].
Mitochondrial DNA was quantified by qPCR using RNaseP as en-
dogenous control [38]. RNA was isolated using TRIzol reagent, quan-
tified and ¢cDNA was synthesized using PrimeScript™ 1st strand cDNA
Synthesis Kit (Takara). Real-time PCR was performed to assay the levels
of all mitochondrial DNA encoded transcripts. Primer sequences used
for mouse mitochondrial transcripts are given in Table S1 and for
human mito transcripts are given in Table S2.

2.12. Statistical analysis

Data are shown as mean * SEM for the number of observations.
Comparisons of two groups were performed using Student's unpaired t-
test for repeated measurements to determine the levels of significance
for each group. One-paired ANOVA test is used to calculate degree of
significance wherever there are more than two groups (Dunnet's mul-
tiple comparison test). Each experiment has been repeated minimum
two times independently and probability values of p < 0.05 were
considered as statistically significant.

3. Results
3.1. Expression of expanded CGG repeats decreases cellular viability

To understand the cellular and molecular mechanism of CGG re-
peats induced toxicity, we transfected a plasmid expressing 99XCGG
repeats embedded in the natural sequence of the human FMR1 gene
(Fig. S1 A) in neuronal (SH-SY5Y) and non-neuronal (HEK293) cells.
The expression of expanded CGG repeats in HEK293 and SH-SY5Y cells
reduces cellular metabolism as evidenced by a decreased production of
the colored formazan product that originates from the NAD(P)H-de-
pendent reduction of the MTT tetrazolium dye (Fig. S1 C). To assess
whether this deleterious effect was due to the RAN translation of the
CGG repeats into FMRpolyG, we assess the effect of expressing
FMRpolyG-GFP cloned under the dependency of an artificial ATG start
codon (Fig. S1 A). Transfection of FMRpolyG-GFP had a similar dele-
terious effect than the CGG repeats and decreases cell metabolism in
SH-SY5Y cells (Fig. 1C). Treatment with H,O, (100 uM) for 4h was
used as positive control for ROS induced cell death [39]. To differ-
entiate between a decrease in cell metabolism or a reduction of cell
viability, we measured the release of lactate dehydrogenase (LDH)
enzyme in the media, which indicates damage in cell permeability. LDH
release assay demonstrated that expression of the CGG premutation
impairs cell membranes compared to control transfections in both
HEK293 and SH-SY5Y transfected cells (Fig. 1A and B). Similarly,
transfection of a plasmid expressing FMRpolyG-GFP is toxic (Fig. 1A
and B). Cell viability was further checked by trypan blue exclusion
assay. Trypan blue staining further clarifies the decreased viability in
both CGG repeats transfected condition in HEK293 and SH-SY5Y cells
(Fig. S1 B). The common signaling cascades involved in apoptosis is the
activation of a highly specialized family of cysteinyl-aspartate proteases
(caspases) which are usually present as inactive zymogen forms [40].
Hence, we analyzed 3/7 activity. The expression of either expanded
CGG repeats or of FMRpolyG-GFP increases caspase 3/7 activity sug-
gesting the activation of caspase dependent apoptosis in HEK-293
(Fig. 1C) and in SH-SY5Y (Fig. 1D) cells. The activation of initiator
caspases such as caspase 8 and caspase 9 in both CGG repeats
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Fig. 1. Expression of expanded CGG repeats increases cellular toxicity and causes apoptotic cell death. Constructs for FMR premutation (ATG FMRpolyG-GFP and
5’UTR FMR1 CGG99X) along with pEGFP-C1 (control) were transfected and cytotoxicity was measured by LDH release assay in HEK293 (A), and SH-SY5Y (B) cells.
Levels of Caspase 3/7 activity was analyzed in HEK293 (C) and SH-SY5Y (D) cells. Western blot analysis was performed for apoptotic markers such as caspase 8,
caspase 9, caspase 3 and PARP in HEK293 (E), and SH-SY5Y (F). (n = 3) p > 0.05 (ns), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

transfected condition were analyzed in HEK293 and SH-SY5Y cells.
Immunoblotting results showed increased level of 35 KDa band corre-
sponding to the cleaved subunit of caspase 9 under both CGG repeats
expressed condition in HEK293 (Fig. 1E) and SH-SY5Y (Fig. 1F) cells.
There was no change in cleaved form of caspase 8 in CGG repeats
transfected condition as compared to control. These results indicate
involvement of mitochondrial mediated apoptosis. Caspase mediated
apoptotic cell death is accomplished by the cleavage of several key
proteins involving PARP (Poly ADP-ribose polymerase) [41]. Hence, we
also checked the levels of pro/cleaved form of PARP. Increased levels of
cleaved PARP also suggest the late apoptosis in repeats transfected cells
(Fig. 1E, F). Overall, these results confirm that expression of CGG re-
peats promotes cellular toxicity and induces mitochondrial mediated
apoptosis in cells derived from different origin.
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3.2. FMRpolyG forms cytosolic inclusions that interacts with mitochondria

Expanded CGG repeats embedded in their natural FMR1 sequence
are RAN translated into the FMRpolyG protein, which form nuclear
inclusions [42]. However, their subcellular dynamics of aggregate for-
mation and its interaction with another subcellular organelle before
translocation to nucleus is not understood. Hence, we analyzed sub
cellular localization of FMRpolyG aggregates. Cell transfection followed
by confocal microscopy confirmed that expression of expanded CGG
repeats induces formation of large nuclear inclusions of FMRpolyG (Fig.
S2). Consistent with a decrease viability upon FMRpolyG expression,
cells with nuclear inclusions show altered morphology as they are
rounded, vacuolated and show less projections compared to control
transfected cells (Fig. S2). Identical results were observed with
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Fig. 2. FMRPolyG forms cytosolic small aggregates and show association with mitochondria. HEK293 cells co-transfected with ATG FMRpolyG-GFP and 5’UTR FMR1
CGG99X along with mCherry-Mito-7 and observed under confocal microscope for subcellular localization of FMRpolyG. Confocal microscopy showed formation of
extra nuclear aggregates visible as green speckles pointed with white arrows. Cytosolic speckles of FMRPolyG are in association with mitochondria (A).
Mitochondrial association of FMRpolyG further validated by line intensity plot for overlapping of both (green, red) channels. Immunoblotting against GFP in the
different cellular fraction of HEK293 cells transfected with ATG FMRpolyG-GFP and 5’'UTR FMR1 CGG99X. NDUFS2 has been used as mitochondrial marker (B).
Translation of FMRpolyG in FXTAS transgenic mice brain tissue section visible as red puncta (8FM) in the nucleus and smaller aggregates showed by white arrows
show association with mitochondria (green, AIF) under different resolution. Line intensity profile with both (red/green) channels indicates association of FMRpolyG

with mitochondria (C).

transfection of FMRpolyG-GFP expressed under an artificial ATG start
codon (Fig. S2). Importantly, we observed that beside formation of
large nuclear inclusions, most of CGG repeats or FMRpolyG-GFP
transfected cells also show presence of smaller cytosolic aggregates of
FMRpolyG (Fig. S3). We further investigated the localization of these
small cytosolic FMRpolyG inclusions. Co-transfection of expanded CGG
repeats with a mCherry-Mito7 plasmid that labels mitochondria fol-
lowed by confocal microscopy indicated that the cytosolic FMRpolyG
puncta are in contactor on the surface of mitochondria in HEK293 cells
(Fig. 2A; S4). Identical results were observed with a plasmid encoding
ATG FMRpolyG-GFP (Fig. 2A; S4). To confirm the potential interaction
of FMRpolyG with mitochondria, mitochondrial fractions were pre-
pared and analyzed by western blotting. Interestingly, FMRpolyG was
observed in the mitochondrial fraction, whereas it was not detected in
control GFP transfected cells (Fig. 2B). Finally, presence of small
FMRpolyG cytosolic aggregates along with large nuclear inclusions was
also observed in FXTAS mouse model. Confocal imaging of FMRpolyG
in cortical sections of 2 months old transgenic mice expressing the CGG
permutation indicated that the small cytosolic aggregates of FMRpolyG
(red) co-localize with AIF (green), a protein marker of mitochondria
(Fig. 2C). These observations suggest that FMRpolyG interacts with
mitochondria in cell and animal model of FXTAS.

3.3. Expression of FMRpolyG alters mitochondrial functions

As noted previously, expression of the CGG premutation alters mi-
tochondrial functions. We confirmed that expression of CGG repeats
decreases cellular ATP levels in both cells (HEK293 and SH-SY5Y) and
animal (CGG transgenic mouse) models of FXTAS compared to controls
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(Fig. 3A). Interestingly, a similar cellular ATP decreased was observed
in HEK293 cells upon expression of FMRpolyG-GFP cloned under an
artificial ATG (Fig. 3A). Next, we monitored mitochondrial membrane
potential using the fluorescent dye TMRM [43]. Similarly decreased
mitochondrial membrane potential was observed upon expression of
either the CGG premutation or expression of FMRpolyG-GFP (ATG
driven) in both non-neuronal HEK-293 and neuronal SH-SY5Y cells
(Fig. 3B). The mitochondrial content was also analyzed in the cells
expressing FMRpolyG by quantifying mitochondrial/ nuclear DNA ratio
by quantitative PCR. The qPCR results indicated that there is no al-
teration in mitochondrial mass upon expression of FMRpolyG or CGG
premutation both in HEK293 and SH-SY5Y cells (Fig. 3C). These results
confirm that the CGG premutation alters mitochondrial activities which
could be mediated by FMRpolyG interaction with mitochondria.

3.4. CGG permutation alters mitochondrial supercomplexes assembly and
affects respiratory chain complex activity

The individual respiratory chain complexes CI, CIII, and CIV as-
sociate to form intermediate supramolecular assemblies known as mi-
tochondrial supercomplexes (mSCs), which are required for efficient
electron transport and coupling (ETC) [44,45]. The impairment of such
supercomplexes formation leads to decline in ETC capasity, cellular
respiration and ATP production [46]. BN PAGE followed by colloidal
blue staining indicated that expression of the CGG premutation disrupts
assemblies of the mitochondrial supercomplexes in both SH-SY5Y
(Fig. 4A) and HEK-293 (Fig. 4B) cells. Interestingly, expression of
FMRpolyG cloned under an artificial ATG start codon also disrupted
respiratory chain super complexes assembly (Fig. 4A and B).
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Fig. 3. FMRpolyG alters mitochondrial functions. ATP levels were monitored in ATG FMRpolyG-GFP and 5’UTR FMR1 CGG99X transfected condition in HEK293, SH-
SY5Y cells and in cortical neurons derived from FXTAS transgenic mice (n = 3) (A). TMRM staining showing decreased mitochondrial membrane potential in
presence of expanded CGG repeats in HEK293 and SH-SY5Y cells (n = 3) (B). mtDNA/ncDNA ratio quantified by qRT-PCR to monitor mitochondrial mass in both the
cell lines HEK293 and SH-SY5Y expressing FMRpolyG (C). (n = 3) p > 0.05 (ns), p < 0.05 (¥), p < 0.01 (**), p < 0.001 (***).

Densitometry analysis was done for intensity quantification of each
band in the respective lane (Fig. S5 A). The detailed densitometry
analysis in SH-SY5Y and HEK293 suggest decreased levels of SCs la-
belled as n1-n5 and individual complex II, IIl, IV in 5’UTR FMRI
CGG99X compared to control (pEGFP-C1) transfected cells (Fig. S5 B).
Mitochondria isolated from cortical region of FXTAS mice model also

1384

showed alteration in the levels of supercomplexes intermediate (n1-n5)
(Fig. 4C; S5 B). To further determine the specific effect of CGG repeats
and FMRpolyG on individual complexes of mitochondrial respiratory
chain, we examined the in-gel activity of individual respiratory chain
complexes in HEK-293 and in SH-SY5Y cells. Expression of the CGG
premutation significantly decreased complex I (NADH dehydrogenase)
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Fig. 4. FMRpolyG formed due to expanded CGG repeats disrupts mitochondrial supercomplexes (SCs) assembly and decreases individual complex activity. SH-SY5Y
and HEK293 cells were transfected with ATG FMRpolyG-GFP and 5’'UTR FMRI CGG99X and mitochondrial supercomplexes (n1-n5) and individual complex levels
were detected by gradient BN-PAGE followed by colloidal Coomassie blue staining in SH-SY5Y (A) (n = 3), HEK293 (B) (n = 3) and cortical tissue from FXTAS
transgenic mice (C) (n = 2). Activity of CI containing supercomplexes and individual CI were determined by BN-PAGE followed by in-gel activity staining specific for
CI in SH-SY5Y (n = 3) (D), HEK293 cells (E) (n = 4) and in transgenic mice (n = 3) (F). Assembly and activity of CIV containing supercomplexes and individual CIV
were determined by gradient BN-PAGE followed by in-gel activity staining specific for CIV in FMRpolyG expressing SH-SY5Y (n = 3) (G), HEK293 (n = 3) (H) and in

transgenic mice model (n = 2) with low as well as high time exposure (I).

activity compared to control conditions (Fig. 4D and E). As compare to
control, complex I activity is also altered in cortex regions of mice ex-
pressing the CGG premutation (Fig. 4F). Densitometry analysis further
confirms the decreased complex I activity as shown by decreased area
of peak intensities in the graph (Fig. S5 C). Similarly, complex IV
(Cytochrome Oxidase) activity is also decreased in cells (Fig. 4G and H)
and mice (Fig. 4I) expressing the CGG premutation. These results fur-
ther confirmed by decreased area of peak intensities under CGG pre-
mutation condition in HEK293, SH-SY5Y cells and mice expressing CGG
premutation (Fig. S5 D). These observations suggest that the expression
of the CGG premutation in cell and animal models induces defects in
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respiratory chain assembly and individual complex activity.

3.5. FMRpolyG expression alters the level of mitochondrial DNA encoded
transcripts

Critical components of the OXPHOS are encoded by the mitochon-
drial DNA (mtDNA). Thirteen transcripts are encoded by mtDNA: seven
transcripts (ND1-ND6 and ND4L) of complex I (NADH: ubiquinone
oxidoreductase); one (apocytochrome B) of the complex III (ubiquinol:
cytochrome C oxidoreductase) subunits; three (COX1-COX3) of the
complex IV (cytochrome c oxidase) and two (ATP6 and ATP8) of the



D. Gohel, et al.

(Z-A ACT) ;

Relative fold change w.r.t.
actin
[=]
¢

2.0

-AACT
(2777)
- -
=) 2
1 1

Relative fold change w.r.t. actin
e
i

1.5

0.5+

0.0

Relative fold change w.r.t. RLPO
(24A ACT)

-0.5

X ]

;

kkk

BBA - Molecular Basis of Disease 1865 (2019) 1379-1388

EE pEGFP-C1
Bl ATG FMRpolyG-GFP
Bl 5'UTR FMR1 CGG99X

w w ns o oo o Wi - sk S ns
* ns ns e e e e < x ns e * ns *
m m m L } m M m m M m m

N ~N > H D »
S Rl " <’o"r" L v » ‘\0"}' © ® &
Il PCDNA3
B 5UTR FMR1 CGG99X-untagged
* e we ns * ok e ok " _ox ns
m m m m m m m m
N a N ® © ) o v » Q
& & g & L Q SRS »
S I SR P A R
e Control

m  Patient (FXTAS)

1.0 -- b Gb Gb G| e o o -- - | --

<
9
S

v.
&

N v

N
S & oF

N LRSS HNSS
ST &L oY S S

Fig. 5. FMRpolyG alters transcripts encoded by mitochondrial genome. HEK293 and SH-SY5Y cells were transfected with ATG FMRpolyG-GFP and 5’'UTR FMR]I
CGG99X. Mitochondrial transcript levels were analyzed by qPCR in HEK293 (A) and SH-SY5Y (B) cells (n = 3). Actin was used as endogenous control. Similarly,
mitotranscript levels were checked in FXTAS patients (C), RLPO (large ribosomal protein) was used for endogenous control. (n = 4), p > 0.05 (ns), p < 0.05 (*),
p < 0.01 (**), p < 0.001 (***).

1386



D. Gohel, et al.

complex V (ATP synthase)subunits [47]. Hence, critical levels of mi-
tochondrial transcripts should be maintained for optimal mitochondrial
functions. To understand how the CGG premutation affects mitochon-
drial complexes assembly, we analyzed the levels of mitochondrial
encoded transcripts. As shown in Fig. 3C, there is no significant change
in mitochondrial DNA content in cells expressing the CGG premutation.
However, levels of mitochondrial DNA encoded transcripts such as 16S
rRNA, ND1, ND3, ND4L, ND4, COX2, COX3 and ATP6 are all reduced in
HEK-293 cells expressing the both CGG permutation compared to
control (Fig. 5A). Similar results were observed in neuronal SH-SY5Y
cells (Fig. 5B). Interestingly, we confirmed these results in brain tissue
of FXTAS patients. Quantitative PCR revealed decreased expression of
the 16S rRNA, ND1, ND2, ND3, ND5, COX1, COX2, COX3 and ATP6
transcripts in cerebellum samples of individuals with FXTAS compared
to control individuals (Fig. 5C). These results suggest that mitochon-
drial respiratory chain dysfunctions in FXTAS are paralleled by de-
creased mitochondrial transcripts levels.

4. Discussion

FXTAS is a monogenic disorder caused by an expansion of 55 to 200
CGG repeats located within the 5-UTR of FMR1. Emerging evidences
suggest that RAN translation of the CGG permutation into the
FMRpolyG protein is an important cause of pathological changes in
FXTAS [27,28]. Earlier studies have shown evidence of abnormal mi-
tochondrial function and mitochondrial protein expression in both CNS
and non-CNS (dermal fibroblasts) tissues from patients with the FXTAS
[12,44,45]. Altered mitochondrial dynamics, mitochondrial dysfunc-
tions and altered metabolic profiles are observed in cell and animal
models of FXTAS [29]-[31]. However, how CGG repeats alter mi-
tochondrial functions is not well understood. In the current study, we
confirmed that expression of the CGG premutation alters various mi-
tochondrial parameters in cell and animal models which may have
implication in FXTAS pathogenesis.

We used neuronal and non-neuronal cells and expressed two con-
structs mimicking FXTAS conditions to understand the alteration of
cellular processes during FXTAS pathogenesis. The enforced expression
of FMRpolyG either ATG or RAN translation mimicking native FXTAS
condition in different cell lines showed toxicity and inhibited cell pro-
liferation. To further understand the mechanisms regulating neuronal
toxicity, we monitored the dynamics of FMRployG aggregates in cells.
As reported previously [12] [27] [28], here it was observed that
FMRpolyG forms nuclear inclusion. Furthermore, FMRPolyG also forms
smaller cytoplasmic aggregates which interact with mitochondria. Im-
portantly, expression of FMRpolyG under an artificial ATG start codon
reproduces the deleterious effect of the CGG premutation and leads to
multiple alterations of mitochondrial activities. Of technical interest,
we used a CGG construct that form little CGG RNA foci but encodes
FMRpolyG expressed under an artificial ATG codon [27]. The experi-
ments further suggest that FMRpolyG expression alters mitochondrial
functions. The decrease in mitochondrial transmembrane potential and
bioenergetic capacity was also observed in FXTAS cells expressing
FMRpolyG. This is in consonance with previous observation where
mitochondrial functions were altered in fibroblast derived from the
FXTAS patients [30,48,49]. Moreover, FMRpolyG also altered mi-
tochondrial architecture in our study, which further suggests that mi-
tochondrial functions may be altered which had been previously re-
ported from FXTAS patients [29]. However, our results are largely
based on overexpression systems and do not exclude a potential pa-
thogenic contribution of the CGG repeats at the RNA level. Thus, it
remains to test whether endogenous expression of FMRpolyG alters
mitochondrial activities. Similarly, analysis of mitochondrial activities
upon expression of constructs expressing only CGG repeats versus con-
structs expressing FMRpolyG with optimized codon to exclude CGG
repeats toxicity will be necessary to conclude about the relative im-
portance of CGG RNA toxicity versus CGG-RAN translation
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pathogenicity.

How FMRpolyG may alter mitochondrial functions is not clear. Our
data indicate that the levels of mitochondrial DNA encoded transcripts
decrease in FMRpolyG expressing cells as well as in brain samples of
individuals with FXTAS. This is consistent with the observation that all
mitochondrial respiratory chain complexes are affected in FXTAS cell
and mouse models in this study. Proteomics analysis (Supplementary
Table 3) performed in an earlier study [27] showed that several pro-
teins important for mitochondrial activities potentially interact with
FMRpolyG. Notably, several of these candidates are involved in mi-
tochondrial RNA processing (FASTKD5, DHX30) as well as in ribosomal
biogenesis [50,51]. These data raise the possibility that FMRpolyG may
interact and sequester the proteins which translocate to mitochondria
and regulate RNA processing and translation of mitochondrial DNA
encoded transcripts. This hypothesis supports our observation as it
showed decreased level of mitochondrial DNA encoded transcripts in
FMRpolyG expression in cells, transgenic mice and brain of FXTAS
patients. Furthermore, FMRpolyG interacts with LAP2f3 [27], a nuclear
protein important for nuclear lamina organization. Thus, it is possible
that the FMRpolyG-LAP2f interaction alters transport of nuclear en-
coded mitochondrial transcripts to the cytosol or mitochondria. It is
important to further investigate whether the dysregulated assembly of
mitochondrial supercomplexes observed in FXTAS cell and animal
models can originate from alterations in the nuclear export of nuclear
DNA encoded transcripts and/or alterations in the RNA processing of
mitochondrial DNA encoded transcripts.

In conclusion, this study provides several evidences suggesting that
CGG repeats RAN translated into the FMRpolyG protein forms cytosolic
small aggregates that interacts with mitochondria and potentially alters
mitochondrial activities. Given the importance of mitochondrial dys-
functions in neurodegenerative diseases, including Parkinson's disease,
and some overlap of symptoms between FXTAS and parkinsonism, it
will be important to further study the cause and evolution of mi-
tochondrial dysfunctions during FXTAS pathogenesis. The modulation
assembly of supercomplexes by FMRpolyG as observed here, should be
further explored in large cohort of FXTAS patients so that therapeutics
targeting mitochondria can be evaluated.
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