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Mitochondrial distribution violation and nuclear indentations in neurons
differentiated from iPSCs of Huntington's disease patients

Nekrasov ED!, Kiselev SL!

Abstract:

AIM: Huntington’s disease (HD) is an inherited disease caused by an expansion of cytosine-adenine-guanine (CAG) repeats in the huntingtin
gene (HTT) that ultimately leads to neurodegeneration. To study the molecular basis of this disease, induced pluripotent stem cells (iPSCs)
generated from patients’ fibroblasts were used to investigate axonal mitochondrial trafficking and the nature of nuclear indentations.
METHODS: Pathological and control iPSCs generated from patients with a low number of repeats were differentiated in striatal neurons of the
brain. Mitochondrial density was measured along the axon using tubulin beta 3 co-staining in pathological and control neurons. To investigate
the connection of nuclear roundness with calcium dysregulation, several calcium inhibitors were used. Proteasome system inhibition was
applied to mimic premature neuronal ageing.

RESULTS: We found that the mitochondrial density was approximately 7.6 = 0.2 in neurites in control neurons but was only 5.3 + 0.2 in
mutant neurons with 40-44 CAG repeats (p-value <0.005). Neuronal ageing induced by proteasome inhibitor MG132 significantly decreased
the mitochondrial density by 15% and 25% in control and mutant neurons to 6.5 + 0.1 (p-value < 0.005) and 4.0 £+ 0.3 (p-value < 0.005),
respectively. Thus, for the first time, an impairment of mitochondrial trafficking in pathological neurons with endogenous mutant huntingtin
was demonstrated. We found that inhibiting the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), the ryanodine-receptor (RyR) or the
inositol 1,4,5-trisphosphate receptor (IP3R) by specific inhibitors did not specifically affect the nuclear roundness or survival of pathological
neurons differentiated from patient iPSCs. Therefore, nuclear calcium homeostasis is not directly associated with HD pathology.
CONCLUSION: Identifying HD iPSCs and differentiating from them neurons provide a unique system for modelling the disease in vitro.
Impairments of mitochondrial trafficking and nuclear roundness manifest long before the disease onset, while premature neuronal ageing
enhances differences in mitochondrial distribution.
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First introduced in 2006, genetic reprogramming of somatic cells to
pluripotency provides new possibilities for modelling hereditary
diseases using personalized human cells carrying pathological
alleles. Easily accessible adult somatic cells, such as skin fibroblasts
or blood cells, are genetically reprogrammed to induced pluripotent
stem cells (iPSCs) that closely resemble embryonic stem cells
(ESCs). Similar to ESCs, iPSCs can grow unlimitedly in culture and
differentiate into any somatic cell type. The latter is particularly
valuable for studying human neurodegenerative diseases due to the
difficulties of obtaining neurons from patients with
neurodegenerative diseases and the limitations of transgenic models.
Using this technology, recent findings have enhanced our
understanding of the ways in which cells regulate and respond to
expanded polyglutamine proteins such as mutant huntingtin. The HD
iPSC Consortium generated and studied a set of 14 iPSC lines from
three HD patients with a significant number of CAG repeats,
including the juvenile form of the disease (60, 109, 180), and from

Introduction

Huntington's disease (HD) is an incurable hereditary
neurodegenerative disease that occurs at a frequency of 1-20 per
100,000 people and typically manifests between 35-55 years of
age. Clinically, HD causes a combination of steadily progressing
movement, cognitive and psychiatric disorders with a wide
spectrum of signs and symptoms. HD is characterized by
extensive neurodegeneration, primarily affecting the striatal
region of the brain. There is no cure that can stop or reverse the
disease. HD is caused by an expansion of cytosine-adenine-
guanine (CAG) repeats in the huntingtin gene (H77) that leads to
a pathological elongation of polyglutamine repeats in the
huntingtin protein!'l. Normal alleles of the HTT gene contain 10-
35 CAG repeats, and when the number of repeats exceeds 35, the
disease develops. In most clinical cases, the number of CAG
repeats does not exceed 50. However, a higher number of CAG

repeats leads to the juvenile form of HD, which begins in
childhood or adolescence and tends to progress more quickly than
the adult-onset form(#l. Despite its monogenic nature, HD
pathogenesis is incredibly complex, and despite a large number of
studies using various transgenic models, the mechanisms leading
to neuronal loss in HD patients are still unknown.

healthy donors. In mutant neurons differentiated from iPSCs,
pathological changes associated with cell electrophysiology,
metabolism and adhesion were detected. Mutant neurons with 180
CAG repeats had an increased level of cell death in comparison with
the normal controlsPl. Aggregates of mutant huntingtin in neurons
differentiated from patient iPSCs were observed after prolonged
cultivation in vitro or transplantation into the rat brain®l,
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Neurodegeneration may be connected to the increased caspase activity
that was observed in the culture of mutant neurons when BDNF
growth factor was removed from the culture medium. With the
decreased expression of BDNF and reduced oxygen consumption that
characterize mitochondria functioning, fragmentation and a decrease
in the length of neurites were observed!”-*]. Neuronal metabolism was
impaired in neurons that were differentiated in vitro from iPSCs
established from patients with a low number of CAG repeats (fewer
than 50); an increased lysosomal content in mutant neurons was
shown compared with normal control neurons®l. Recently, we
established a number of iPSC lines from patients with HD with a low
number of CAG repeats (42-44) showed their pluripotency in vitro
and in vivo, and demonstrated that mutant neurons acquire
pathological phenotypes in vitro, such as nuclear invaginations,
increased expression of calcium-binding proteins and increased store-
operated calcium entry. Premature ageing was associated with the
formation of huntingtin aggregates and increased death of mutant
neurons!%. These results and other data support the calcium
hypothesis of HD pathogenesis.

Neuronal calcium signalling involves several calcium channels:
voltage-gated calcium channels of the plasma membrane (VGCC),
NMDA receptors, AMPA receptors, TRP and store-operated calcium
entry (SOC) channels. The main Ca2+-release channels in the
endoplasmic reticulum (ER) belong to either the ryanodine-receptor
(RyR)[" or the inositol 1,4,5-trisphosphate (IP3)-receptor (IP3R)[1?!
families. Sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), the
plasma membrane Ca2+-ATPase (PMCA) and the Nat/Ca2+
exchanger (NCE) control the calcium levels in the cytoplasm!'3],
Similar to the ER, mitochondria can store Ca2+; however,
mitochondrial Ca2+ storage is regulated by the mitochondrial calcium
uniporter (MCU), a mechanism that is distinct from those used by the
ERI4. According to the calcium hypothesis of HD, destabilization of
neuronal Ca2+ signalling is one of the toxic functions of the mutant
HTT protein. In neurons, the mutant HTT sensitizes IP3RIS] and
NMDA receptors!!®l and increases SOCI'], resulting in an excess of
calcium in the cytosol. The mechanism of toxicity is mediated by the
activation of calpains and the excessive accumulation of calcium in
the mitochondria. Mitochondrial function is impaired in HD
transgenic cellular models!'> ' 1°1. However, mitochondrial function
has not been investigated in human neurons differentiated from iPSCs
with a low number of excessive CAG repeats.

Here, we utilized a previously established model system of medium
spiny neurons differentiated from iPSCs!'” to investigate the possible
effect that calcium homeostasis has on nuclear invaginations in
pathological neurons and to study the mitochondria in the axons of
normal and mutant neurons.

Materials and methods
Cell lines

Pluripotent stem cell lines from HD patients (iPSHD11, iPSHD22,
iPSHD34) and healthy controls (iPSRG2L, endo-iPS12, hESMO01)
were cultured in mTeSR1 medium (Stemcell Technologies, Canada)
on a Matrigel™ substrate (BD Biosciences, USA) as described by the
manufacturer. Striatal neurons were differentiated and characterized
as described previously!'”). Study was approved by local ethics
committee.

Immunocytochemistry
Cells were washed 2 times with PBS (PanEco, Russia), fixed with 4%
paraformaldehyde (Sigma-Aldrich, USA) for 20 min at room

temperature, and washed 3 times with PBS-0.1% Tween20 (Sigma-
Aldrich, USA). The non-specific absorption of antibodies was
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blocked by 30 min of incubation in PBS containing 0.1% Tween20,
5% FBS (HyClone, USA), 2% goat serum (HyClone, USA), and
0.1% Triton X-100 (Sigma-Aldrich, USA) at room temperature.
Primary antibodies were applied at the dilutions recommended by the
manufacturer in PBS containing 0.1% Tween20, 5% FBS, and 2%
goat serum and were incubated for 1 hour at room temperature before
being washed 3 times for 5 min in PBS-0.1% Tween20. Secondary
antibodies were applied at the dilutions recommended by the
manufacturer, incubated for 30 min at room temperature in the dark,
washed 3 times for 5 min in PBS-0.1% Tween20, incubated with
DAPI (4',6-diamino-2-feniliindol dihydrochloride) (Sigma-Aldrich,
USA) 0.1 pg/ml in PBS for 10 min, and washed 2 times in PBS-0.1%
Tween20. The following antibodies were used in this study: primary
antibody for TOMM20 (ab56783, Abcam), TUBB3 (ab18207,
Abcam), and secondary antibody goat anti-Rabbit IgG (H+L)
Secondary Antibody, Alexa Fluor® 555 conjugate (A-21428,
Invitrogen), goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa
Fluor® 488 conjugate (A-11001, Invitrogen). Images were acquired
using a Axiovert 40 CFL fluorescence microscope (Zeiss AG,
Germany) or Axio Imager Al (Zeiss AG, Germany) and were
processed using the Axiovision software.

Quantitative analysis of mitochondria distribution

After fixation, cells were immunostained with anti-TUBB3 and anti-
TOMM20 antibodies. Images were captured with an Axio Imager A1l
(Zeiss AG) microscope with 400x magnification. Axons were
detected and measured using TUBB3 staining, followed by counting
the number of TOMM20 stained spots along the same axon. At least
seven fields of view were analysed for each cell line. Mitochondrial
density was counted per 100 um of axonal length.

Quantitative analysis of cell nuclear morphology

Neurons for the analysis were cultured in a 48-well plate and treated
with the indicated chemical compounds for 24 h before fixation, as
described inl'%. We used 50 pM 2-Aminoethyl diphenylborinate (2-
ABP), 2 uM ruthenium red (RR), 500 nM of Thapsigargin, or 100
uM of 1,4-Dithiothreitol (DTT), all from Sigma-Aldrich, for the
treatments. Cells were then fixed with 4% paraformaldehyde (Sigma-
Aldrich, USA) for 20 min at room temperature and stained with
DAPI (Sigma-Aldrich). Images of stained cells were obtained using
an Axiovert 40 CFL fluorescence microscope (Zeiss AG). To
evaluate the roundness of the cellular nuclei, the following equation
was employed: nuclear roundness = (nuclear perimeter)? / (4 x m x
area). The nuclear roundness of wild-type (WT) neurons was taken to
be 100%. Calculations were performed using self-developed
software, which is available on demand.

Quantitative analysis of cell death during premature cell ageing

Cell death was evaluated as previously described ['°1. Briefly, after
treatment, neuronal death was measured using a MultiTox-Fluor
Multiplex Cytotoxicity Assay (Promega, USA) according to the
manufacturer’s instructions. Fluorescence was detected using a DTX
880 Multimode Microplate Reader (Beckman Coulter, USA). To
evaluate the level of cell death (LoCD), the following equation was
employed: ([cytotoxicity in a well with cells] — [cytotoxicity in a
well without cells]) / ([viability in a well with cells] — [viability in a
well without cells]). The LoCD of MG132-treated WT neurons was
considered 100%. To screen for chemical compounds in the MG132-
induced cell ageing model, the following equation was used to
determine the LoCD: ([LoCD in a well with 10 pM MG132 and
drug] — [LoCD in a well with drug alone] — [LoCD in a well with 10
uM MG132 alone] + [LoCD in a well without MG132 or drug]).
Chemical compounds were added 24 h prior to measuring at
concentrations of 50 pM for 2-APB and 2 uM for RR.
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Statistical analysis

Each experiment for neurons differentiated from each cell line was
repeated at least three times. Quantifiable data are given as the mean
+ the standard error of the mean. Comparisons of means were
performed using a one-tailed Student’s t-test or a one-tailed Welch's
t-test for unequal variances. In all cases, p-values <0.05 indicated
statistically significant differences between means.

Results

Previously, we found significant changes in calcium homeostasis and
cell death of medium spiny neurons differentiated from HD iPSC
lines!'”). However, the involvement of mitochondria in HD
pathogenesis was obscured in our system because mitochondria are
thought to be synthesized in the perinuclear region and must be
trafficked to spines in response to cellular signals?” 211, particularly
by elevated intracellular calcium(??). Thus, we decided to compare the
number of mitochondria distributed along the length of the axons of
normal and pathological neurons (mitochondrial density). To estimate
the distribution of mitochondria, fixed cell cultures were stained with
antibodies to microtubules (TUBB3), and mitochondria were
considered to be colocalized upon detection with antibodies to the
mitochondrial membrane receptor (TOMM20). We found that in
control neurons, approximately 7.6 + 0.2 mitochondria were
distributed along 100 um of neurite microtubules, whereas only 5.3 +
0.2 mitochondria were distributed in mutant neurons (p-value <0.005)
(Figure 1). Thus, for the first time, a decrease in the density of
mitochondria in neurites of human neurons with endogenous mutant
huntingtin was demonstrated. It should be noted that neurons were
differentiated in vitro for 2-3 months and that we did not observe any
differences in cell death between WT and HD neurons, even though
neuronal ageing made pathological neurons more susceptible to cell
death['%l. To mimic cell ageing, we applied the proteasome inhibitor,
MGI132, to WT and HD neurons and calculated the mitochondrial
density. The mitochondrial density was reduced in both WT
(iIPSRG2L, endo-iPS12) and HD (iPSHD11, iPSHD22) neurons: 6.5
+ 0.1 (p-value < 0.005) and 4.0 + 0.3 (p-value < 0.005), respectively
(Fig. 1). Thus, MG132 decreases the density of mitochondria in the
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neurites of WT and HD neurons, regardless of the presence of
mutant HTT, indicating that at the periphery of the axons, the
number of mitochondria can be decreased significantly. Previously,
we found an increased level of nuclear indentation in human HD
iPSC-derived neurons!'’l. Importantly, nuclear impairment was also
demonstrated in human post-mortem brain slices of HD patients(?*].
Invaginations of the nuclear membrane found on neuronal cells
contain a sufficiently large amount of calcium channels>*2¢), It is
unclear whether the nuclear membrane impairment observed in HD
neurons is due to improper calcium regulation in the nucleus or
whether the cellular homeostasis of calcium and invagination of the
nuclear membrane are unrelated manifestations of the HD
phenotype. Cytoplasmic calcium can enter the cell nucleus via the
nuclear pore complexes, but SERCA pumps may shield the nucleus
against calcium entry. Ryanodine receptors and IP3 receptors are
capable of amplifying nuclear calcium signals?’} Therefore, we
decided to block SERCA to investigate the effects that the calcium
level has on nuclear morphology. We applied thapsigargin on WT
and HD neurons. We found that thapsigargin caused nuclear
invaginations in control neurons (Figure 2A) and increased the mean
value of cell nuclei roundness from 100 + 3% to 113 + 3% (p-value
<0.005). In pathological neurons, thapsigargin also increased the
mean value of nuclei roundness from 123 + 4% to 138 & 4% (p-value
<0.05) (Figure 2B). Because thapsigargin is an inducer of ER stress
1281 we decided to investigate whether the increase in the nuclear
roundness is due to ER stress. Pathologic and normal neurons were
treated with another ER stress inducer, DTT?®. We did not observe
any changes in nuclear envelope roundness in either WT or HD
neurons (Figure 2B). Therefore, nuclear invaginations may be
caused by a violation of calcium homeostasis mediated by SERCA
inhibition, but this pathway is not directly associated with HD
pathology. The increased content of IP3R and RyR on the surface of
the invaginated nuclear membranes of neurons?! can also lead to
increased calcium entry into the nucleus and morphological changes.
To investigate this issue, we used 2-APB as an inhibitor of IP3R and
ruthenium red (RR) as an inhibitor of RYR [B% that also inhibits
MCUB!, Neurons that were differentiated from WT and HD iPSCs
were treated with 2-APB or RR, and the mean value of the nuclear
roundness was analysed.

0,04 -

0,02 -

m endo-iPS12
m iPSHD22

Non treated MG132

Figure 1. Axonal mitochondria density in wild type and HD spiny neurons differentiated from respective iPSC lines. (A) Representative immunochistochemical
micrograph of axonal fragment stained with antibodies to tubulin beta-3 (TUBB3 shown in red) and mitochondrial marker TOMM?20 (shown in green). (B) Number of
mitochondria per 1 um of axonal length (v axis) in neurons differentiated from WT (endo-iPS12) cell line and pathological HD iPSCs (iPSHD22) without treatment and

after application of 10 uM MG132 for 24 h (p-value <0.005). Scale bar 100um.
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Figure 2. Thapsigargin induces nuclear indentations in spiny neurons independently from ER stress. () Representative micrograph of neuronal nuclei differentiated
Sfrom WT cell line hESM01 before and after treatment with 250 uM of Tg for 24 h. Stained with DAPI, scale bar 50 um. C shaped nuclei in Tg treated neurons are more
pronounced. (B) Evaluation of nuclear roundness in not treated neurons and cell after treatment with thapsigargin (Tg) and dithiothrietol (DTT) for 24 h. WT is a
mean of nuclear roundness in neurons differentiated from three control cell lines (hESM01, iPSRG2L, and endo-iPS12); HD is a mean of nuclear roundness in neurons
differentiated from three pathological cell lines (iPSHD11, iPSHD22, and iPSHD34) p-value <0.05. From 2408 up to 4059 nuclei were scored in each sample.

We found that neither 2-APB nor RR had a significant influence on
nucleus roundness in either WT or HD neurons (Figure 3A). Since it
was previously shown that IP3R and RYR are involved in the HD
pathology, including neuronal death in vitro mediated by the
increased activity of these calcium channels!'> 3%, we also decided to
study the effect of the receptors’ inhibitors on in vitro differentiated
neurons. Previously we did not observe any differences in cell death
between WT and HD neurons only during ageing caused by
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proteasomal system inhibition the premature death of pathological
neurons was detected. The SOC entry inhibitor EVP4593 rescued
neurons from the death!'”). However, unlike EVP4593, neither 2-
APB nor RR exhibited neuroprotective properties in our model
reducing LoCD (Figure 3B). Therefore, it is unlikely that nuclear
invaginations are directly connected to the intacellular calcium level
or are directly involved in neurodegeneration during HD.

H“g

30 nM 100 nM
EVP4593 2-APB  RR

Figure 3. Inhibition of IP3R and RyR does not affect nuclear roundness and survival of pathological HD neurons. (A) Nuclear roundness of neurons differentiated from WT
and HD iPSCs before and after 24 h treatment with 50uM 2-APB or 2 uM RR. WT is a mean of nuclear roundness in neurons differentiated from three control cell lines
(hESMO01, iPSRG2L, and endo-iPS12); HD is a mean of nuclear roundness in neurons differentiated from three pathological cell lines (iPSHDI11, iPSHD22, and
iPSHD34).From 1453 up to 2842 nuclei were scored in each sample (p-value <0.005). (B) Evaluation of IP3R and RyR inhibition on neuroprotection of pathological
neurons during premature cell ageing caused by MG132 treatment. EVP4593 was used as a positive control. WT is a mean of three independent experiments performed on
neurons differentiated from three control cell lines (hESMO01, iPSRG2L, and endo-iPS12); HD is a mean of three independent experiments performed on neurons

differentiated from three pathological cell lines (iPSHDI1, iPSHD22, and iPSHD34).
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Discussion

Mitochondria are the main sources of intracellular ATP and reactive
oxygen species that form as a result of respiration. In addition,
mitochondria actively participate in apoptosis and maintaining
intracellular calcium homeostasis®*> 331, Mitochondrial movement is
dynamic in neurons and can vary between individual organelles and
between axons and dendritesB4l. It is thought that an impairment of
mitochondrial transport could result in inadequate distribution of
ATP and sequestration of intracellular calcium. Accumulation of
injured mitochondria due to inefficient removal could also have
severe consequences, as damaged mitochondria may promote
apoptosis by producing reactive oxygen species and releasing
cytochrome ¢l*). The decreased mitochondrial density observed in
axons of human spiny neurons differentiated from HD patient iPSCs
indicates that mitochondria trafficking was affected long before
disease onset. Differentiated neurons in vitro correspond to roughly
the last trimester of pregnancy and early postnatal period. Even the
juvenile form of HD, with very high numbers of CAG repeats in the
HTT gene, does not show clinical manifestations this early in
development. There were some controversial reports on mitochondria
isolated from patients or transgenic models investigating the effects
of calcium concentration on mitochondria function*¢-381. However, it
should be considered that isolated mitochondria are extracted from
their physiological context, i.e., they have lost their native
interactions with the ER and dynamics. Mitochondrial dynamics can
be regulated on a genetic level. For example, Mitofusin-1 mediates
mitochondrial fusion, whereas dynamin-related protein-1 controls
fission. Mitochondrial fusion promotes a bioenergetically favourable
state, while fission may contribute to both mitochondrial
proliferation and apoptosis in neurons*’l, However, we did not find
any statistically significant differences in the expression of
mitochondria-associated genes between WT and HD neurons [%,
thus indicating that impairment of mitochondria trafficking in HD
neurons is a consequence of pathology. However, considering the
significant inhibition of mitochondria trafficking that occurs during
neuronal ageing, injured mitochondria may be the source of reactive
oxygen species and cytochrome ¢ and may lead to
neurodegeneration, particularly in HD neurons.

The nuclear envelope is not simply a smooth-surfaced outer
boundary but is interrupted by invaginations that extend within the
nucleoplasm and morphologically resemble the ER[“?, Lamins are
involved in nuclear reticulum proliferation!! that could be directly
connected with pathologies such as Hutchinson—Gilford progeria
syndrome, Emery—Dreifuss muscular dystrophy and Dunnigan-type
familial partial lipodystrophy™>#3l. However, no significant changes
were found in the composition of lamins in HD neurons [0 441,
Therefore, it is unlikely that the observed invaginations in HD are
due to nuclear reticulum proliferation. The existence of nuclear
reticulum continuous with ER offers a potential nuclear calcium-
signalling source. Nuclear indentations contain a high calcium
concentration and a range of calcium-releasing mechanisms,
including the SERCA, IP3R, and RyR calcium channels*. In our
model system of HD, inhibiting the receptors did not rescue
pathological neurons from premature ageing and death. Therefore, it
is unlikely that the observed nuclear indentations have a specific
physiological function in these nuclear calcium-signalling pathways.
This observation supports the hypothesis of the key role of the SOC
entry in HD pathology. However, we cannot rule out the possibility
that localized calcium release in the nucleus can elicit responses in
gene expression changes that are unique and separate from those
elicited by cytosolic calcium release.
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