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Neuronal intranuclear inclusion disease (NIID) is a neuromuscular/neurodegenerative
disease caused by the expansion of CGG repeats in the 50 untranslated region (UTR) of
the NOTCH2NLC gene. These repeats can be translated into a polyglycine-containing
protein, uN2CpolyG, which forms protein inclusions and is toxic in cell models, albeit
through an unknown mechanism. Here, we established a transgenic Drosophila model
expressing uN2CpolyG in multiple systems, which resulted in progressive neuronal cell
loss, locomotor deficiency, and shortened lifespan. Interestingly, electron microscopy
revealed mitochondrial swelling both in transgenic flies and in muscle biopsies of individ-
uals with NIID. Immunofluorescence and immunoelectron microscopy showed colocali-
zation of uN2CpolyG with mitochondria in cell and patient samples, while biochemical
analysis revealed that uN2CpolyG interacted with a mitochondrial RNA binding protein,
LRPPRC (leucine-rich pentatricopeptide repeat motif-containing protein). Furthermore,
RNA sequencing (RNA-seq) analysis and functional assays showed down-regulated
mitochondrial oxidative phosphorylation in uN2CpolyG-expressing flies and NIID
muscle biopsies. Finally, idebenone treatment restored mitochondrial function and
alleviated neurodegenerative phenotypes in transgenic flies. Overall, these results indicate
that transgenic flies expressing uN2CpolyG recapitulate key features of NIID and that
reversing mitochondrial dysfunction might provide a potential therapeutic approach for
this disorder.

neuronal intranuclear inclusion disease j polyG j transgenic Drosophila model j mitochondrial oxidative
phosphorylation defects j idebenone treatment

Microsatellites are short tracts of two to six DNA base pairs repeated multiple times in the
human genome. However, expansion over a threshold limit of some microsatellite repeats
is responsible for more than 50 human disorders (1, 2). When embedded in open reading
frames (ORFs), these repeat expansions are consequently translated and lead to expression
of mutant proteins containing a stretch of repeated amino acids, notably polyglutamine
(polyQ), polyalanine (polyA), or polyglycine (polyG) (3, 4). PolyQ tracts encoded by
(CAG)n repeat expansions are associated with various neurodegenerative diseases, such as
Huntington’s disease (HD) and several spinocerebellar ataxias (5, 6). PolyA tracts encoded
by (GCG)n repeat expansions are associated with eight congenital disorders and a neuro-
muscular disease, oculopharyngeal muscular dystrophy (7, 8). More recently, polyG tracts
encoded by (CGG)n repeat expansions were found to be associated with two neurodegen-
erative diseases, fragile X-associated tremor/ataxia syndrome (FXTAS) and neuronal intra-
nuclear inclusion disease (NIID) (9–11).
NIID is a progressive neuromuscular and/or neurodegenerative disease characterized

by varied muscle and central or peripheral nervous system dysfunctions associated with
the presence of eosinophilic hyaline ubiquitin- and p62-positive inclusion bodies
(12, 13). Consequently, NIID was essentially diagnosed by its core clinical features
associated with hyperintense signal at the corticomedullary junction on diffusion-
weighted imaging of MRI and the presence of intranuclear inclusion body in skin biop-
sies (13, 14). In 2019, an expansion of CGG repeats in the 50 untranslated region
(UTR) of the NOTCH2 N-terminal like C gene (NOTCH2NLC, MIM: 618025)
was identified as the genetic cause of NIID (15–18). Using genetic testing for
NOTCH2NLC repeat expansion, recent studies have found that NIID comprises a
much wider spectrum of clinical symptoms, including Alzheimer’s disease (AD) (16),
frontotemporal dementia (19), parkinsonism-related disorders (16, 20–22), multiple
system atrophy (23), essential tremor (ET) (24, 25), adult leukoencephalopathy (26),
amyotrophic lateral sclerosis (27), and oculopharyngodistal myopathy (OPDM)
(28, 29). Moreover, histopathological analyzes revealed that NIID pathology expanded
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to almost all systems (30). These results suggest that the terms
systemic intranuclear inclusion disease and/or NOTCH2NLC-
related repeat expansion disorders (NREDs) would more accu-
rately reflect the diversity of clinical features associated with the
NOTCH2NLC CGG repeat expansion (31–33).
Corollary to its recent genetic identification, research on the

pathogenesis of NIID is just beginning (34). Recent studies indi-
cate that expansions over 41 CGG repeats but below 300 to
500 repeats are considered pathogenic (16, 20, 22). Different
repeat numbers may be related to different phenotypes. The largest
CGG repeat expansion (118 to 517 repeats) is related to a muscle
weakness-dominant phenotype, a shorter (91 to 268 repeats)
expansion might result in a dementia-dominant phenotype, and a
much shorter repeat expansion (66 to 102 repeats) might cause a
parkinsonism-dominant phenotype (16, 33). However, there was
no difference in the number of repeats between juveniles (139 and
172 repeats in two juvenile-onset patients) and adults (29, 33, 35).
Importantly, neither NOTCH2NLC transcript levels nor methyla-
tion levels showed significant differences between NIID patients
and normal controls (28). These observations exclude a promoter-
silencing and loss-of-function mechanism in NIID, and suggest
that the mutant NOTCH2NLC messenger RNA (mRNA) with a
CGG repeat expansion is toxic through a gain-of-function mecha-
nism at the RNA and/or protein level. Several studies have
observed foci of RNA containing expanded CGG repeats that
colocalize with specific RNA binding proteins in NIID cell models
and/or patients’ muscle or skin samples, albeit with undetermined
pathological consequences (35, 36). A second proposed mechanism
is that NIID is caused by translation of the CGG expansion in a
pathogenic protein. In this aspect, two recent studies found that
this microsatellite is located in a small upstream open reading
frame (uORF), located in front of the NOTCH2NLC main ORF,
and translated by canonical initiation at an AUG start codon,
resulting in expression of polyG-containing protein. So this protein
was named upstream open reading frame of NOTCH2NLC
(uN2CpolyG) or N2NLCpolyG (10, 11). Expression of uN2Cpo-
lyG in the mouse nervous system through an adeno-associated
virus (AAV)-based approach leads to formation of ubiquitin- and
p62-positive inclusions and locomotor alterations, neuronal cell
loss, and premature death of the animals (10). Concomitantly,
Zhong and collaborators (11) found that uN2CpolyG expression
and aggregation impairs nuclear lamina and nucleocytoplasmic
transport but does not necessarily cause acute neuronal cell death.
Thus, the role of uN2CpolyG causing neuronal, muscular, and/or
multisystemic degeneration is still unclear, and a transgenic animal
model expressing uN2CpolyG to mimic NIID was missing.
In this study, we established a transgenic Drosophila model

expressing uN2CpolyG in multiple systems. Interestingly,
expression of uN2CpolyG recapitulates the major clinical and
pathological features of NIID, notably the formation of protein
inclusions and the progressive neuronal cell loss, locomotor
deficiency, and shortened lifespan. Moreover, mitochondrial
swelling was observed in both transgenic flies and NIID muscle
biopsied samples, and uN2CpolyG protein was found to pre-
dominantly interact with the outer mitochondrial membrane
(OMM) in NIID patient samples and the neuronal cell model.
Remarkably, RNA sequencing (RNA-seq) analysis and func-
tional assays showed mitochondrial oxidative phosphorylation
(OXPHOS) defects, especially complex I impairment, in both
transgenic fly and NIID patient samples. Importantly, restoring
mitochondrial OXPHOS by idebenone (IDB) treatment
rescued neurodegenerative phenotypes, mitochondrial dysfunc-
tion, and morphological defect in flies. Overall, these data indi-
cate that uN2CpolyG transgenic flies can serve as a useful

animal model to uncover the pathogenic mechanisms and
investigate therapeutical approaches for NOTCH2NLC-related
disorders, notably in regards to mitochondrial functions.

Results

Expression of uN2CpolyG in Fly Eyes Leads to Progressive
Retinal Degeneration. The NOTCH2NLC CGG repeat micro-
satellite sequence is embedded in a short AUG-initiated uORF
encoding in control condition (nine CGG repeats in RefSeq) for
a small, ∼6-kDa protein, which was named uN2C. Thus, expan-
sion between ∼40 and ∼300 to 500 repeats of the CGG track in
NIID individuals results in expression of a longer protein, where
each GGC codon encodes for a glycine, that was consequently
named uN2CpolyG (10, 11). To evaluate the pathogenic role of
uN2CpolyG in a transgenic animal model, we used the upstream
active sequence-GALactose-regulated upstream promoter elemen-
t(UAS-Gal4) system to express green fluorescent protein (GFP),
control uN2C-GFP, and uN2CpolyG-GFP in flies (Fig. 1A). The
fly eye is an advantageous choice for neurodegeneration research
because it is the most accessible part of the Drosophila nervous sys-
tem (37). Therefore, we first used a glass multiple reporter-
GALactose-regulated upstream promoter element (GMR-Gal4)
driver to express uN2CpolyG in fly eyes. Equivalent expression
levels of GFP, uN2C-GFP, and uN2CpolyG-GFP proteins were
detected by western blot (Fig. 1B). Consistent with the previous
finding that uN2CpolyG exerted moderate neuronal toxicity at an
early time point (11), expression of uN2CpolyG did not cause
obvious eye surface degeneration but did lead to mild rhabdomere
loss at day 5, while fly eyes expressing GFP or uN2C reveal intact
ommatidial structures with seven rhabdomeres (Fig. 1 C–E and SI
Appendix, Fig. S1). Of interest, small GFP-positive and ubiquitin-
positive inclusions were present in uN2CpolyG-GFP–expressing
fly eyes as early as day 5, but no inclusions were observed in
flies expressing GFP or uN2C-GFP (Fig. 1F and SI Appendix,
Fig. S1). To investigate if expressing uN2CpolyG causes age-
dependent neurodegeneration, we examined the ommatidial struc-
tures in fly eyes at day 30. Importantly, expression of uN2CpolyG
caused severe ommatidial degeneration in 30-d-old flies, while
flies expressing GFP or uN2C-GFP had an intact ommatidial
structure. Quantification indicated that the average number of
rhabdomeres in flies expressing uN2CpolyG at day 30 was three,
as compared with six rhabdomeres at day 5 (Fig. 1 C–F). Remark-
ably, large intranuclear inclusions were found in flies expressing
uN2CpolyG but not in flies expressing the control uN2C protein
(Fig. 1G). To exclude the effect of GFP fusion protein, we
expressed uN2C or uN2CpolyG lacking the GFP tag in flies.
Consistently, ommatidial degeneration was observed in flies
expressing uN2CpolyG but not in flies expressing uN2C (SI
Appendix, Fig. S2). These data indicate that expression of the
uN2CpolyG protein in Drosophila leads to progressive neurode-
generation and intranuclear inclusion formation, which recapitu-
lates the major clinical and pathological features of NIID.

Expression of uN2CpolyG in Fly Leads to Locomotor
Impairment and Reduced Lifespan. To investigate the systemic
multisystem toxicity of uN2CpolyG in transgenic flies, GFP,
uN2C-GFP, or uN2CpolyG-GFP were then ubiquitous
expressed using an actin5C-Gal4 driver, and we examined the
locomotor ability of the adult flies. Consistent with the skeletal
muscle weakness and the neurological clinical features observed
in NIID, the movements of flies expressing uN2CpolyG-GFP
were significantly and progressively reduced in both male and
female groups compared with the GFP or uN2C-GFP group
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(Fig. 2 A and B). In addition, the lifespan was significantly
shortened in flies expressing uN2CpolyG-GFP, with medians
of 40, 40, and 30 d in males and of 60, 55, and 45 d in females
expressing GFP, uN2C-GFP, and uN2CpolyG-GFP, respec-
tively (Fig. 2 C and D). In contrast to ubiquitous expression

driven by actin5C-Gal4, flies with neuron-specific expression of
uN2CpolyG driven by the Elav-Gal4 driver did not show
motor deficits, whereas nearly all flies that multisystemically
expressed uN2CpolyG at day 30 lost their locomotor ability (SI
Appendix, Fig. S3). Since NIID is a multisystem proteinopathy,
ubiquitous expression of uN2CpolyG could better mimic the
phenotype of NIID.

uN2CpolyG Causes Mitochondrial Swelling in NIID Patients
and Transgenic Flies. To explore further the pathological changes
induced by uN2CpolyG expression in vivo, we examined muscle
fibers of actin5C-Gal4-driven GFP, uN2C-GFP, or uN2CpolyG-
GFP transgenic flies by transmission electron microscopy (TEM).
Muscle fibers were intact in flies expressing uN2CpolyG at both
day 5 and day 30, but a remarkable increase of mitochondrial size
was observed in flies expressing uN2CpolyG compared with flies
expressing GFP or uN2C-GFP at day 30. Quantification revealed
that mitochondrial size was normal at day 5 but significantly
increased in 30-d-old flies expressing uN2CpolyG (Fig. 3B), sug-
gesting that uN2CpolyG expression causes progressive mitochon-
drial changes. To investigate if uN2CpolyG also induces some
mitochondrial damage in NIID patients, we examined skeletal mus-
cle samples from NIID patients and normal controls by TEM.
Importantly, increased mitochondrial size was also observed in
NIID patients compared with normal controls (Fig. 3 C and D).
Taken together, these data suggest that uN2CpolyG expression
leads to progressive mitochondrial dysfunctions.

uN2CpolyG Partly Colocalizes with Mitochondria. To examine
if uN2CpolyG protein may alter mitochondria by direct interac-
tion, we performed immunofluorescence on skeletal muscle and
brain samples from NIID patients. Of interest, we observed that
some uN2CpolyG partially colocalized with mitochondria in both
muscle and brain sections of NIID patients but not in age-
matched controls (Fig. 4 A and C). Line scan analysis confirmed
uN2CpolyG colocalization with mitochondria in NIID patient
samples, as indicated by overlapping fluorescence intensity (Fig. 4
B and D).

To further confirm colocalization of uN2CpolyG with mito-
chondria in vitro, GFP, uN2C-GFP, or uN2CpolyG-GFP was
expressed in a neuronal cell line, SH-SY5Y. Consistent with NIID
tissue analyzes, uN2CpolyG aggregates partially colocalized with
mitochondria, while GFP or uN2C were diffusely distributed in
the cytoplasm (Fig. 5 A and B). Then, we isolated mitochondria
from SH-SY5Y cells expressing uN2CpolyG-GFP. Western blot-
ting experiments showed that the mitochondrial samples were
enriched for the mitochondrial marker TIM23 but lacked either
the cytoplasmic marker GAPDH or the nuclear marker Histone
H3. The uN2CpolyG protein was consistently detected in these
mitochondrial preparations (Fig. 5C). To explore further
uN2CpolyG localization within mitochondria, isolated mitochon-
dria were subjected to proteinase K (PK) digestion. Western blot
revealed that the OMM was broken by PK treatment (0.5 to
1 μg/mL PK) and that uN2CpolyG was sensitive to PK digestion,
a pattern identical to that of the OMM protein marker TOM20,
while the mitochondrial inner membrane marker TIM23
remained intact (Fig. 5D). These data indicated that uN2CpolyG
was predominantly associated with the OMM, while a small
amount of uN2CpolyG was translocated into the intermembrane
space (IMS). To verify the submitochondrial location of uN2Cpo-
lyG in vivo, we performed immunoelectron microscopy
(immuno-EM) analysis using specific anti-uN2CpolyG antibody
on NIID brain tissues. Consistently, uN2CpolyG was found
localized in both OMM and IMS (Fig. 5E), suggesting that

Fig. 1. Expression of uN2CpolyG causes progressive neurodegeneration in
the eyes of Drosophila. (A) Schematic diagram of pUAST-uN2C-(CGG)n-GFP con-
structs. Top: Schematic of UAS-GFP. Middle: Schematic of UAS-uN2C-GFP with
the full NOTCH2NLC uORF fused to GFP. Bottom: Schematic of UAS-N2CpolyG-
GFP with the full NOTCH2NLC uORF with 100 CGG repeats fused to GFP.
(B) Western blot analysis of protein expression from the fly heads. Genotypes:
GFP, GMR-Gal4 > UAS-GFP; uN2C, GMR-Gal4 > UAS-N2C-GFP; and uN2CpolyG,
GMR-Gal4 > UAS-N2CpolyG-GFP. (C) Toluidine blue staining shows intact
ommatidial structures with seven rhabdomeres in both 5-d-old and 30-d-old
female adult flies expressing GFP and uN2C-GFP protein. But in the flies
expressing uN2CpolyG-GFP protein, the rhabdomeres were lost when 5 d old
and more severely damaged when 30 d old. (D) Quantification of rhabdomeres
in three groups at day 5 and day 30. Data were analyzed using one-way ANOVA
with Bonferroni post hoc test (****P < 0.0001). (E) EM images show intact
ommatidial structures with seven rhabdomeres in 5-d-old and 30-d-old female
adult flies expressing GFP and uN2C protein, whereas the rhabdomere
structures are damaged or completely lost in the retinae of flies expressing
uN2CpolyG protein. (F) Confocal micrographs of transverse retinal sections
from GMR-Gal4 > UAS-uN2CpolyG-GFP flies at day 5 reveal nuclear and cyto-
plasmic inclusions that colocalize with ubiquitin (indicated by arrow). (G) EM
images show intranuclear inclusion formation in flies expressing uN2CpolyG
protein but not in flies expressing uN2C protein. Error bars correspond to the
SEM. MWT, molecular weight.
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endogenous uN2CpolyG is associated with mitochondria in the
NIID brain.
Of interest, a previous study based on uN2polyG immuno-

precipitation followed by mass spectrometry analysis provided a
list of proteins potentially interacting with uN2CpolyG (10),
revealing that 17.4% of these putative interactants are related
to mitochondria, which further supports the possibility that
uN2CpolyG alters mitochondrial functions. Hence, we per-
formed coimmunoprecipitation (coIP) assays and confirmed an
interaction of a mitochondrial RNA binding protein LRPPRC
(leucine-rich pentatricopeptide repeat motif-containing protein)
with both uN2C and uN2CpolyG (Fig. 5F). As uN2CpolyG is
prone to form protein inclusions, its interaction with LRPPRC
might cause coaggregation and loss of function of LRPPRC
associated with mitochondrial dysfunctions. Interestingly,
overexpressing Bsf (a homolog of human LRPPRC) (38) in
uN2CpolyG transgenic flies could partially rescue the retinal
degeneration (SI Appendix, Fig. S5).

Mitochondrial Complex I Coding Genes Are Down-Regulated
in NIID. Since skeletal muscle samples from NIID exhibited
substantial pathological changes, including rimmed vacuoles,
lipid accumulation, and ubiquitin-positive uN2CpolyG depos-
its in the nucleus (SI Appendix, Fig. S4), we sought to explore
further the mitochondrial and molecular alterations involved in
NIID. Skeletal muscle biopsy samples of three NIID patients
(N1 to N3) with muscle pathology and three age-matched con-
trols (C1 to C3) were analyzed by RNA-seq. The volcano plot
and heatmap of the genome-wide mRNA expression profiles
revealed numerous gene expression changes between control
and NIID samples (Fig. 6 A and B). Importantly, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway

analyses revealed that the most significantly down-regulated
expressed genes correspond to the OXPHOS pathway (Fig.
6C), with notable decreased expression of mitochondrial
and nuclear genes encoding mitochondrial complexes I, III, IV,
and V (Fig. 6 D and E). qRT-PCR confirmed transcriptional
down-regulation of complex I-encoding genes, including ND2,
ND6, NDUFA3, NDUFA6, NDUFA7, and NDUFV3
mRNAs in skeletal muscle samples of an additional five NIID
patients compared with three control individuals (Fig. 6F).

To investigate further the role of mitochondrial complex
I subunits in uN2CpolyG-induced pathogenesis, we examined
whether down-regulation of mitochondrial complex I modified
uN2CpolyG-induced toxicity. Interestingly, knockdown of
mitochondrial complex I coding genes, including NDUFA6
and NDUFS2, exacerbated retinal degeneration in flies express-
ing the uN2CpolyG protein, whereas knockdown of these
genes in control flies did not show any detectable effect (Fig.
6G). It suggested that exacerbation of the eye phenotype could
be an independent event rather than a synergistic effect, in
which susceptibility is increased with the uN2CpolyG expres-
sion, together with the OXPHOS deficit.

Finally, given mitochondrial morphological and molecular
alterations in uN2CpolyG-expressing flies, we wondered
whether these animals exhibited altered mitochondrial respira-
tion. Using the Oroboro Oxygraph system, we observed a sig-
nificantly reduced mitochondrial respiration capacity in flies
expressing uN2CpolyG protein compared with flies expressing
the control uN2C protein (Fig. 6H). Mitochondrial alterations
were particularly evident for coupled respiration at complex
I (CI OXPHOS) (Fig. 6I). Furthermore, we measured the
levels of mitochondrial ATP synthesis in the whole body of
these two groups of flies. Importantly, flies expressing the

Fig. 2. Expression of uN2CpolyG in flies leads to locomotive impairment and shortened lifespan. (A and B) The locomotor index was measured in adult flies at
different time points. Expression of uN2CpolyG protein in adult flies led to progressive locomotor deficits in both male flies (A) and female flies (B) compared
with flies expressing GFP or uN2C protein. (C and D) Lifespan analysis assay. Survival of adult male flies (C) and female flies (D). Fly genotypes: GFP, Actin-Gal4
> UAS-GFP; uN2C-GFP, Actin-Gal4 > UAS-uN2C-GFP; and uN2CpolyG-GFP, Actin-Gal4 > UAS-uN2CpolyG-GFP. Flies expressing uN2CpolyG exhibited a decrease
in the median lifespan. The median lifespan was 30 d for uN2CpolyG-GFP–expressing male flies versus 40 d for GFP- or uN2C-GFP–expressing male flies
(C) and 45 d for uN2CpolyG-GFP–expressing female flies versus 55 d for N2C-GFP–expressing female flies and 60 d for GFP-expressing female flies (D) (log-rank
Mantel-Cox test; n = 235–356/genotype for female flies and n = 233–279/genotype for male flies; ****P < 0.0001). Error bars correspond to the SEM.
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uN2CpolyG protein had significantly lower levels of ATP syn-
thesis compared with flies expressing the control uN2C protein
(Fig. 6J). These data suggest that changes in mitochondrial
complex I could be a key pathogenic process in NIID, poten-
tially unveiling a therapeutic target for this disease.

IDB Restores Motor Performance, Lifespan, ATP Synthesis, and
Mitochondrial Morphology in Flies Expressing uN2CpolyG. IDB
is an analog of coenzyme Q that facilitates electron transfer
along the respiratory chain and increases mitochondrial com-
plex I activity (39). As our data suggest that complex I defi-
ciency may be involved in uN2CpolyG pathogenesis, SH-SY5Y
neuronal cells expressing uN2CpolyG-GFP were treated with
increasing concentrations of IDB. Immunofluorescence showed
that a concentration of 2 μM IDB significantly reduced
uN2CpolyG aggregate formation (Fig. 7 A and B). Moreover,
uN2CpolyG-expressing flies feed 20 d with a 7, 15, or 50 μM
concentration of IDB showed significantly improved motor
performance (P < 0.0001, P < 0.0001, and P < 0.01, respec-
tively) (Fig. 7C). Importantly, treatment with 15 μM IDB sig-
nificantly extended the lifespan of flies expressing uN2CpolyG
protein (P < 0.0001) (Fig. 7D), although it did not fully
restore the animals to normal lifespan. Finally, we measured
whole-body mitochondrial ATP synthesis levels in 25-d-old
uN2CpolyG-expressing flies treated with IDB. Treatment with
7, 15, or 50 μM IDB significant improved ATP synthesis
compared with control flies (P < 0.0001, P < 0.0001, and P <
0.001, respectively), with an optimal dose of 15 μM (Fig. 7E).
Notably, the 15 μM dose of IDB significantly mitigated mito-
chondrial swelling in uN2CpolyG-expressing flies at day 15 (SI
Appendix, Fig. S6). These data suggested that IDB attenuated
mitochondrial dysfunction and neurodegeneration in a
transgenic Drosophila model of NIID, serving as a potential
therapeutic agent for the disease.

Discussion

NOTCH2NLC is one of the human-specific NOTCH2NL genes,
which were thought to be involved in the cortical neurogenesis
and the expansion of the human cortex (40, 41). Since the expan-
sion of CGG repeats located in the 50 UTR of the NOTCH2NLC
gene has been identified as the causative mutation of NIID
(15–18), numerous clinical studies have confirmed that NIID is a
heterogeneous and systemic neurological disease with clinical symp-
toms and pathological changes involving almost all systems (30).
Meanwhile, several studies have demonstrated that the abnormal
expression of CGG repeat expansion not only was confined in neu-
rons but also existed in multiple other cells and formed eosinophilic
intranuclear inclusions. The intranuclear inclusions can be widely
observed in 1) neurons and astrocytic glial cells of central nervous
system, including cerebral cortex, basal ganglia, brainstem, hippo-
campus, and spinal cord (13); 2) Schwann cells of the peripheral
nerve system; and 3) multiple cells of other organs, such as skin,
blood vessels, colon, bladder, heart, stomach, kidney, and lung tis-
sues (13, 30, 42). However, as a corollary to the recent identifica-
tion of this mutation, studies on pathogenic mechanisms are just
emerging. The National Center for Biotechnology Information
(NCBI) Gene Database documented two mRNA isoforms of
NOTCH2NLC: NM_001364012.2 (the canonical transcript vari-
ant, https://www.ncbi.nlm.nih.gov/nuccore/NM_001364012.2)
and NM_001364013.2 (the transcript variant uses an alternative
splice site that is expected to result in the use of an upstream start
codon, https://www.ncbi.nlm.nih.gov/nuccore/NM_001364013.2)
(11). Previous studies verified that NM_001364012.2 was the
physiologically dominant transcript variant, and two recent studies
were all based on this isoform. They revealed the NOTCH2NLC
CGG repeat expansion located in a small uORF, leading to transla-
tion of these repeats into a toxic polyG-containing protein,
uN2CpolyG, in the absence of the entire NOTCH2NLC gene

Fig. 3. EM analysis showing increased mitochondrial size in muscle samples from flies expressing uN2CpolyG and NIID patients. (A) Muscle fibers were
intact in flies expressing GFP, uN2C-GFP, and uN2CpolyG-GFP at both day 5 and day 30. Normal mitochondrial size was observed in three groups expressing
GFP, uN2C-GFP, and uN2CpolyG-GFP at day 5. Meanwhile, increased mitochondrial size was observed in flies expressing uN2CpolyG-GFP at day 30
compared with five other groups. (B) Statistical analysis of mitochondrial size in flies expressing GFP, uN2C-GFP, and uN2CpolyG-GFP at day 5 and day 30.
A significant difference was observed in uN2CpolyG-GFP–expressing flies at day 30 compared with five other groups. (C) Increased mitochondrial size was
observed in four NIID patients compared with three normal controls. Massive lipid droplets accumulated in muscle fibers of patient NIID#2. (D) Statistical
analysis of mitochondrial size in NIID patients and normal controls. A significant difference was observed between NIID patients and normal controls. Scale
bar, 1 μm (A and B); ****P < 0.0001. Error bars correspond to the SEM. Ctr, control; Mito, mitochondrial.
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(10, 11). This protein forms and accumulates in ubiquitin- and
p62-positive inclusions in cell and animal models of NIID. More-
over, antibodies against uN2CpolyG stain the typical inclusions in
tissue sections of individuals with NIID. Importantly, expression of
uN2CpolyG is pathogenic in cell and mouse models, albeit
through an unknow mechanism (10, 11). In vitro studies demon-
strated that uN2CpolyG protein impairs nuclear lamina and nucle-
ocytoplasmic transport but may not cause acute neuronal cell death
(10, 11). Moreover, current animal models are based on transient
uN2CpolyG expression in the mouse brain through AAV injection
or intrauterine electroporation and thus cannot mimic the multisys-
tem involvement observed in NIID patients.
Here, we established a transgenic Drosophila model expressing

ubiquitously the uN2CpolyG protein from the dominant transcript

through the UAS-Gal4 system. We report a transgenic animal
model expressing uN2CpolyG protein and enabling study of sys-
temic changes. We demonstrated that expression of uN2CpolyG
alone is sufficient to induce formation of protein inclusions and
age-dependent progressive degeneration, which are key features of
NIID (working model in Fig. 8). Interestingly, formation of
uN2CpolyG aggregates occurs at a very early stage and precedes
massive neuronal cell loss. This is consistent with an observation of
ubiquitin-positive inclusions in morphologically intact neurons and
years before NIID symptom onset (43). Thus, our study confirms
that detection of ubiquitin-positive uN2CpolyG deposits can be an
early diagnosis biomarker for NOTCH2NLC-related diseases.

Importantly, we observed mitochondrial morphological and
molecular alterations in uN2CpolyG-expressing flies. These

Fig. 4. Colocalization of uN2CpolyG and mitochondria in skeletal muscle and brain from NIID patients. (A) Representative immunofluorescence microscopy
images of skeletal muscle samples from three NIID patients and one normal control, which reveals the distribution of uN2CpolyG in muscle fibers. uN2Cpo-
lyG protein partially colocalized with mitochondria. (B) Line scan analysis of the merged images shows uN2CpolyG was colocalized with mitochondria in mus-
cle fibers from NIID patients. (C) Representative immunofluorescence microscopy images of brain samples from one NIID patient and one normal control,
which reveals the distribution of uN2CpolyG in brain samples. uN2CpolyG protein partially colocalized with mitochondrial. The arrow indicates uN2CpolyG-
positive intranuclear inclusion. (D) Line scan analysis of the merged images shows uN2CpolyG was colocalized with mitochondria in three different brain
regions (temporal lobe, basal ganglia, and thalamus) from the NIID patient. Scale bar, 50 μm (A and C).Nu, nucleus.
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results were confirmed in tissue sections of individuals with
NIID, suggesting that the toxic uN2CpolyG protein may lead
to progressive neurodegeneration by impairing mitochondrial
functions. These data are reminiscent of another neurodegener-
ative disease, FXTAS, caused like NIID by a polyG-containing
protein, FMRpolyG (9, 44), which also forms protein inclu-
sions and alters mitochondrial functions (45). Furthermore,
various mitochondrial alterations are reported in cell models or
tissues of FXTAS (46–49). Considering that both NIID and
mitochondrial disease are episodic diseases with high clinical
heterogeneity, NIID may have pathogenesis similar to that of
mitochondrial disease, and mitochondrial abnormalities may be
a trigger event for these diseases (50). This is reminiscent of other
toxic proteins translated from expanded trinucleotide repeats.
Notably, an association between mutant huntingtin with a polyQ
expansion and the TIM23 complex has been shown in HD,
which leads to deficient mitochondrial protein import and subse-
quent neuronal cell death (51). Similarly, an abnormal accumula-
tion of PABPN1 with an extended polyA tract has been observed
on the inner membrane of mitochondria, resulting in alteration of
the mitochondrial protein import complex TIM23 and reduced

expression of OXPHOS complexes (52). Together, these findings
suggest that mitochondrial dysfunctions caused by different toxic
protein interactions can be a common pathogenesis in repeat
expansion disorders. However, it remains to be determined by
what precise molecular mechanisms the uN2CpolyG protein alters
the mitochondrial metabolism in NIID. In that aspect, we identi-
fied an interaction between uN2CpolyG and LRPPRC. The
LRPPRC protein is involved in posttranscriptional regulation of
mitochondrial gene expression and is associated with defective
complex I assembly and decreased steady-state levels of mitochon-
drial mRNAs (53, 54). These findings suggest that uN2CpolyG
may impair LRPPRC functions, thereby reducing mitochondrial
RNA stability and reducing RNA levels, such as down-regulation
of the mitochondrial encoding gene for OXPHOS, as shown in
uN2CpolyG-expressing flies and in NIID tissue samples (working
model in Fig. 8). To support this hypothesis, expression of Bsf, a
homolog of human LRPPRC, in uN2CpolyG transgenic fly eyes
could partially restore retinal degeneration.

Of clinical interest, our identification of mitochondrial dys-
functions in NIID animal models and tissues may help to pin-
point a potential therapeutic pathway to target and cure these

Fig. 5. Colocalization of uN2CpolyG and mitochondria in a SH-SY5Y cell model and NIID brain tissue. (A) Representative immunofluorescence microscopy
images of SH-SY5Y cells expressing GFP, uN2C-GFP, and uN2CpolyG-GFP at 24 h posttransfection. Mitochondria were partially colocalized with uN2CpolyG
(indicated by arrows). (B) Line scan analysis of the merged images showed uN2CpolyG was colocalized with mitochondria in SH-SY5Y cells expressing
uN2CpolyG-GFP. (C) Isolated mitochondria were prepared from SH-SY5Y cells expressing uN2CpolyG-GFP. The mitochondrial purity was confirmed by the
detection of mitochondrial TIM23 and the absence of the cytoplasmic proteins such as GAPDH or nuclear protein Histone H3. The uN2CpolyG protein was
localized to mitochondria. (D) Isolated mitochondria from SH-SY5Y cells expressing uN2CpolyG-GFP were subjected to digestion with PK. The uN2CpolyG
protein, the OMM protein, TOM20, and the inner mitochondrial membrane (IMM) protein TIM23 were detected. (E) Immuno-EM images of brain tissues
from the NIID patient showed uN2CpolyG-immunostaining signals associated with mitochondria labeled with 6-nm immunogold particles (indicated by
arrows; uN2CpolyG is labeled by a 4D12-specific antibody). (F) uN2CpolyG-LRPPRC interaction was detected by coIP assay. Western blot was performed
using corresponding specific antibodies following immunoprecipitation of cell lysates with anti-GFP. Cyto, cytoplasm; IP, immunoprecipitation.
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diseases. Notably, we found that IDB treatment improves
uN2CpolyG-induced neurodegeneration in Drosophila. IDB is a
coenzyme Q10 analog with better pharmacological properties
and contains a redox-active moiety, so it is able to transport elec-
trons to protect cells from oxidative damage and help to preserve
mitochondrial respiratory capacity (55). IDB has been used to
treat numerous neurodegenerative disorders, including AD (56),

Friedreich ataxia (57), and dementia (58). Considering that 15
μM IDB could significantly restore lifespan and motor perfor-
mance of uN2CpolyG-expressing flies, possibly by improving
mitochondrial activities and ATP levels, as well as ameliorating
mitochondrial morphological deficits, we propose that mitochon-
dria can be an important therapeutic target, and IDB a potential
therapeutic agent, for NREDs (working model in Fig. 8).

Fig. 6. Down-regulation of mitochon-
drial complex I in NIID patient sam-
ples and in transgenic flies. (A) Vol-
cano plots of significantly differentially
expressed genes. The criteria of cor-
rected P < 0.05 and jfold changej ≥ 2;
red, up-regulated; green, down-
regulated. (B) Heatmap showing hier-
archical clustering of the differentially
expressed mRNAs. (C) Significant
enrichment items of KEGG analyses.
KEGG pathway classification associ-
ated with dysregulated mRNAs in skel-
etal muscle biopsies between individ-
uals with NIID and controls. The
OXPHOS pathway, highlighted by a
red square, is verified in this study. (D)
Heatmap showing hierarchical cluster-
ing of the differentially expressed
mRNAs. Part of the mitochondrial
DNA and nuclear DNA encoding genes
were down-regulated. (E) The number
of down-regulated genes encoding
complex I, complex III, complex IV,
and complex V, among which complex
I has the largest number of down-
regulated genes. (F) Alteration of tran-
scriptional levels of mitochondrial-
encoded and nuclear-encoded genes
in muscle samples of five NIID cases,
determined by qRT-PCR in three bio-
logical replicate experiments. The rela-
tive mRNA levels of ND2, ND6, COX1,
NDUFA3, NDUFA6, NDUFA7, and
NDUFV3 were significantly down-
regulated in NIID. (G) Representative
microscopic images of fly eyes
expressing GFP or uN2CpolyG-GFP in
combination with small interfering
RNA (siRNA)-mediated knockdown of
mitochondrial complex I subunits.
RNAi knockdown of NDUFA6 and
NDUFS2 genes aggravated retinal
degeneration in flies expressing
uN2CpolyG protein. Fly genotypes:
Control (Ctr): GMR-Gal4 > UAS-GFP,
GMR-Gal4 > UAS-GFP/UAS-siNDUFA6,
GMR-Gal4 > UAS-GFP/UAS-siNDUFS2,
and GMR-Gal4 > UAS-GFP/UAS-
siNDUFB1; uN2CpolyG: GMR-Gal4 >
UAS-N2CpolyG-GFP, GMR-Gal4 > UAS-
N2CpolyG-GFP/UAS-siNDUFA6, GMR-
Gal4 > UAS-N2CpolyG-GFP/UAS-
siNDUFS2, and GMR-Gal4 > UAS-
N2CpolyG-GFP/UAS-siNDUFB1. (H and
I) Average experimental oxygen con-
sumption rate (OCR) measurements
at baseline and after addition of gluta-
mate/malate, adenosine diphosphate
(ADP), succinate, carbonyl cyanide 3-
chlorophenylhydrazone (CCCP), rote-
none, and antimycin are shown. (J)
Mitochondrial adenosine-triphosphate
(ATP) synthesis was measured. ATP
levels were significantly reduced in
uN2CpolyG-GFP–expressing flies com-
pared with uN2C-GFP–expressing
flies (n = 3 for all conditions; *P <
0.05, ***P < 0.001). Fly genotypes:
Actin-Gal4 > UAS-uN2C-GFP and Actin-
Gal4 > UAS-uN2CpolyG-GFP. Error bars

correspond to the SEM. VS, versus; log2FC, log2 fold change = mean(log2(certain gene transcription level of NIID patient)) - mean(log2(the gene transcription
level of control)); Glu/M, glucose or malic acid; Suc, succinic acid; Rot, rotenone; Ama, antimycin A; CII, complex II; ROX, rates of oxidation.
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Interestingly, both NIID and FXTAS are caused by similar
CGG repeat expansions translated into polyG-containing pro-
teins (9–11). In addition to FMR1 and NOTCH2NLC, three
other genes, LRP12, GIPC1, and RILPL1, have been recently
reported to contain similar 50 UTR-embedded CGG repeat
expansions causing a neuromuscular disorder, OPDM, which
presents some striking overlapping clinical symptoms and histo-
pathological features with FXTAS and NIID (9). These findings
suggest the existence of a class of disorders called the polyG dis-
eases (15, 59–61). It remains to test whether mitochondrial dys-
functions may be a common pathogenesis of these diseases and
whether reversing/blocking mitochondrial dysfunction may be a
potential therapeutic approach to treat polyG diseases.
There are limitations in this study. We only used the domi-

nant transcript variant (NM_001364012.2) of NOTCH2NLC to
generate the transgenic fly model in accordance with previous
studies (10, 11). Although the expression level of another tran-
script variant (NM_001364013.2) of this gene was much lower
than that of the dominant transcript, its pathogenic role in NIID
is still required to be elucidated. Moreover, the antisense

transcripts of NOTCH2NLC appeared to be generated in fibro-
blasts of individuals with NIID (17). Previous studies showed
that repeat-associated non-AUG (RAN) translation also occurred
in an antisense transcript containing expanded C4G2 repeats of
C9orf72 and expanded CCG repeats of FMR1 to generate toxic
proteins (62, 63). Additional studies are needed to decipher
whether toxic peptides could be translated from the antisense
transcripts of NOTCH2NLC by RAN translation machinery.

In conclusion, our study indicates that transgenic Drosophila
expressing the uN2CpolyG protein recapitulates key pathologi-
cal and clinical features of NREDs. This powerful animal
model will be a key asset for studying pathogenic mechanisms
of these diseases and can be used for research on genetic modi-
fiers or therapeutic agents in the future.

Materials and Methods

Transgenic Constructs and Fly Strains. The uN2C and uN2CpolyG reported
in the previous study (10) were subcloned into the attB-pUAST vector, which con-
tains a UAS sequence in the promoter region (Fig. 1A) (64): uN2C with 9×

Fig. 7. IDB decreases uN2CpolyG aggregation in cells and restores motor performance, lifespan, and ATP synthesis in uN2CpolyG-GFP–expressing flies.
(A) IDB treatments at concentrations of 0, 1, 2, 3, and 4 μM were applied to cells expressing uN2CpolyG. Representative immunofluorescence images showed
2 μM IDB decreased uN2CpolyG aggregate formation in SH-SY5Y cells. (B) The proportion of the uN2CpolyG aggregates at different IDB concentrations. The
concentration of 2 μM IDB significantly decreased the number of aggregates. (C) Flies expressing uN2CpolyG were fed with 0, 7, 15, and 50 μM IDB. The loco-
motor index was measured in adult flies at different ages. IDB treatment significantly restored motor performance of flies expressing uN2CpolyG at day
20 and day 35. (D) Effect of IDB on the lifespan of uN2CpolyG-expressing flies. 15 μM IDB treatment significantly improved the survival rate of flies express-
ing uN2CpolyG. The median lifespan was 35, 30, 55, and 35 d for flies treated at concentrations of 0, 7, 15, and 50 μM IDB, respectively. (log-rank Mantel-
Cox test; n = 233–279/genotype for flies; **P < 0.01, ***P < 0.001, ****P < 0.0001). (E) IDB significantly improved ATP levels in flies expressing uN2CpolyG
protein. Fly genotype: Actin-Gal4 > UAS-uN2CpolyG-GFP. Error bars correspond to the SEM.
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glycine as wild-type uN2C and uN2CpolyG with 100× glycine as mutant uN2C.
Both uN2C and uN2CpolyG protein fused at its carboxyl terminus to GFP. After
the sequence of complementary DNA (cDNA) was verified, the constructs with or
without GFP fusion protein were inserted into attP2 site of phiC31 stocks via
standard microinjection, as in our previous study (65). Transgenic flies express-
ing GFP vector control, uN2C-GFP, or uN2CpolyG-GFP were generated. The RNA
interference (RNAi) stocks of mitochondrial complex I were a gift from Dr. Jane
Wu’s laboratory and UAS-Bsf stock was provided by Dr. Tao Wang’s laboratory
(38). All Gal4 lines were obtained from the Bloomington Drosophila Stock Cen-
ter. All fly strains were maintained on standard cornmeal agar medium at 25 °C
with a 12-h light-dark cycle.

Climbing Assay and Lifespan Assay. Sex-specific climbing assays and life-
span assays were performed using vials containing 20 to 30 flies of the same
nature. All flies were separated within 1 d of eclosion and transferred to new
vials every 4 d throughout the assay period. For climbing assay, flies were lightly
tapped down to the bottom of the vial. Then, we recorded the number of flies
climbing above 5 cm within 15 s. Each climbing trial was repeated five times,
and the mean and SE were calculated. The lifespan assay conducted between
three gender-matched and age-matched groups as described above. The climb-
ing assay and lifespan assay were recorded every 5 d.

Extraction of Mitochondrial Fraction. Mitochondria extraction of Drosophila
tissues was based on the previous protocol (66). In brief, 50 alive flies were
transferred into a glass-Teflon Dounce homogenizer filled with 500 μL of cold
isolation buffer (220 mM mannitol, 70 mM sucrose, 20 mM HEPES, and 1 mM
EDTA) and were homogenized on ice for 20 strokes. The homogenate was trans-
ferred to a 1.5-mL tube for centrifugation at 300 × g for 5 min at 4 °C. The
supernatant was then centrifuged at 6,000 × g for 10 min at 4 °C to enrich for
mitochondria. The mitochondrial pellet was washed in 1 mL of wash buffer (250
mM sucrose, 50 mM HEPES, and 1 mM EDTA, pH 7.4) and was then resus-
pended in the same buffer and stored at�80 °C before use.

PK Digestion Assay. The fresh isolated mitochondrial samples were incubated
with the different indicated concentrations of PK on ice for 10 min. Then, the
reaction was terminated by phenylmethylsulfonyl fluoride at a final concentra-
tion of 2 mM, followed by 95 °C heating for 10 min. Mitochondrial proteins

were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and proteins were detected by western blot analysis.

qRT-PCR. We isolated the total RNA from patients’ skeletal muscle samples using
TRIzol reagent (Invitrogen). We performed the cDNA synthesis and qRT-PCR as
described (61). Fold changes of RNA levels were calculated using the 2�ΔΔCT

method and analyzed by Student’s t test. The primer pair sequences used for qPCR
reactions are listed in SI Appendix, Table S1. ACTB was used as a reference gene.

Administration of IDB. IDB was obtained from Qilu Pharmaceutical in the
form of powder, stored at 4 °C, and dissolved in dimethyl sulfoxide (DMSO) at a
storage concentration of 1mM and stored at �20 °C. The drug was diluted to
the working concentration with cornmeal agar medium of Drosophila or a fresh
medium of cells, and the drug was freshly prepared before each experiment.

IDB was administered at the egg stage, and adults were transferred to fresh
vials with the drug three times per week. IDB was dissolved in 0.025% DMSO
[safe dietary concentration of DMSO in feeding medium for flies (67)] to final
concentrations of 0, 7, 15, and 50 μM. These concentrations of IDB were used
according to previously reported methods (68, 69).

SH-SY5Y cells expressing uN2CpolyG were treated with different concentra-
tions (0, 1, 2, 3, and 4 μM) of IDB for 24 h. Then, immunofluorescence was per-
formed as described above.

Full details regarding the electron microscopy (EM), western blot analysis,
patients, muscle biopsies and brain autopsy, cell culture and transfection, immu-
nofluorescence, immuno-EM, immunoprecipitation, RNA-seq, oxygen consump-
tion rate, and ATP assay are provided in SI Appendix.

Statistical Analysis. Data were 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 signifi-
cance for each group. The one-way ANOVA test is used to calculate the degree of
significance wherever there were more than two groups (Dunnett’s multiple
comparison test). Each experiment was repeated a minimum of two times inde-
pendently, and probability values of P < 0.05 were considered to be statisti-
cally significant.

Data, Materials, and Software Availability. All study data are included in
the article and/or SIAppendix. The data is available upon reasonable request.

Fig. 8. Working model for uN2CpolyG-induced mitochondrial dysfunction and progressive neurodegeneration. In this study, the CGG repeat expansion of
NOTCH2NLC is translated into toxic uN2CpolyG protein, which leads to intranuclear inclusion formation and progressive neurodegeneration in multiple sys-
tems of a Drosophila model. The uN2CpolyG protein is associated with mitochondria and interacts with a mitochondrial RNA binding protein, LRPPRC, which
may lead to mitochondrial RNA (mtRNA) instability and reducing mitochondrial OXPHOS complex-related RNA expression. Eventually, down-regulation of
complex I activity, reduced OCRs, and decreased ATP synthesis contribute to neuronal and muscle cell degeneration. The use of IDB may reverse mitochon-
drial damage and alleviate neurodegenerative phenotypes in a transgenic fly model.
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