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CHCHD2 up-regulation in Huntington disease mediates a
compensatory protective response against oxidative stress
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Huntington disease (HD) is a neurodegenerative disease caused by the abnormal expansion of a polyglutamine tract resulting from
a mutation in the HTT gene. Oxidative stress has been identified as a significant contributing factor to the development of HD and
other neurodegenerative diseases, and targeting anti-oxidative stress has emerged as a potential therapeutic approach. CHCHD?2 is
a mitochondria-related protein involved in regulating cell migration, anti-oxidative stress, and anti-apoptosis. Although CHCHD?2 is
highly expressed in HD cells, its specific role in the pathogenesis of HD remains uncertain. We postulate that the up-regulation of
CHCHD?2 in HD models represents a compensatory protective response against mitochondrial dysfunction and oxidative stress
associated with HD. To investigate this hypothesis, we employed HD mouse striatal cells and human induced pluripotent stem cells
(hiPSCs) as models to examine the effects of CHCHD2 overexpression (CHCHD2-OE) or knockdown (CHCHD2-KD) on the HD
phenotype. Our findings demonstrate that CHCHD?2 is crucial for maintaining cell survival in both HD mouse striatal cells and
hiPSCs-derived neurons. Our study demonstrates that CHCHD2 up-regulation in HD serves as a compensatory protective response
against oxidative stress, suggesting a potential anti-oxidative strategy for the treatment of HD.
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INTRODUCTION

Huntington disease (HD) is a genetic neurodegenerative disease
caused by the abnormal expansion of the CAG repeats encoding
polyglutamine in the HTT gene resulting in the mutant huntingtin
protein [1]. Currently, treatment options for HD are limited to
symptom management, with no effective method to halt or delay
disease progression. Research on HD pathogenesis holds great
significance: the clear genetic basis of HD facilitates the establish-
ment of animal and cellular models, providing a solid foundation
for exploring underlying disease mechanisms and an opportunity
to evaluate promising therapies in a well-defined patient
population. Furthermore, HD shares clinical manifestations and
molecular signaling pathway abnormalities with other neurode-
generative diseases like Alzheimer’s disease (AD) and Parkinson'’s
disease (PD), including specific subtypes of neuronal death and
protein misfolding and deposition [2]. Therefore, investigating HD
pathogenesis can offer important insights and ideas for the study
and treatment of other neurodegenerative diseases.

The specific molecular mechanisms underlying HD pathogen-
esis remain incompletely understood, but previous studies have
highlighted the involvement of oxidative stress in HD pathophy-
siology. For instance, increased oxidative stress has been observed
in the peripheral blood of HD patients [3] and HD animal models

[4]. Factors contributing to oxidative stress in HD include the
aggregation of mutant huntingtin proteins, impaired antioxidant
systems, elevated brain lipid content, high neuronal energy
demands, mitochondrial electron transport chain damage, and
mitochondrial dysfunction. HD cell mitochondria demonstrate
significant alterations in morphology, structure, and Ca2* home-
ostasis. These changes lead to reduced oxidative phosphorylation
levels, inadequate ATP production, elevated levels of reactive
oxygen species (ROS), and subsequent onset of oxidative stress.
Excessive ROS levels are considered pathological markers of HD,
inducing toxicity, contributing to further mitochondrial damage
and protein misfolding, and ultimately resulting in neuronal death
[5]. The nuclear factor NFE2-related factor 2-antioxidant response
element (Nrf2-ARE) signaling pathway represents one of the most
critical anti-oxidative stress pathways [6]. Activation of this
pathway leads to the activation of various downstream antiox-
idant genes, including NQO1, GCLC, GCLM, and HO-1. These
antioxidant genes eliminate cellular oxidative stress and restore
the balance between pro-oxidants and antioxidants to maintain
normal cellular function [7]. Importantly, Nrf2-ARE signaling
activation has been identified in HD cells, potentially serving as
a compensatory protective mechanism against oxidative stress
in HD.
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CHCHD2, a mitochondrial protein encoded by nuclear genes,
belongs to the “CHCH" protein family. Its physiological functions
are diverse, including regulation of cell migration, differentiation,
oxidative phosphorylation, maintenance of mitochondrial struc-
ture, and anti-apoptosis [8]. Under hypoxic conditions, CHCHD2
acts as a transcription factor, binding to the conserved Oxygen
Response Element (ORE) within the COX4I2 gene, and transcrip-
tionally activating genes such as COX412 and CHCHD?2 itself [9].
Knockout of the CHCHD2 gene in cells reduces COX activity,
increases ROS levels, and leads to mitochondrial fragmentation
and apoptosis [10, 11]. Conversely, overexpression of CHCHD2
protein reduces ROS levels and inhibits apoptosis [12], suggesting
a potential role for CHCHD2 in anti-oxidative stress.

Although the physiological and pathological functions of the
CHCHD family of proteins remain poorly understood, recent
research has highlighted their close association with the devel-
opment of neurodegenerative diseases [13]. Genetic analysis and
experimental evidence indicate a strong correlation between
CHCHD2 gene mutations and Parkinson’s disease (PD) [14] and
Lewy body disease (LBD) [15]. CHCHD2 mutations in Drosophila
have been shown to result in motor dysfunction, degeneration of
dopaminergic neurons, shortened lifespan, and mitochondrial
dysfunction [16]. Moreover, PD-associated CHCHD2 mutations in
human embryonic stem cells (hESCs) have been found to induce
mitochondrial abnormalities, including hollow mitochondria with
reduced cristae [17].

CHCHD2 has been shown to be up-regulated in HD patient
peripheral blood cells, hESCs, human induced pluripotent stem
cells (hiPSCs), and hESCs/hiPSCs-derived neuronal cells [18-22].
However, the precise role of CHCHD2 in HD, particularly in
modulating HD phenotypes, remains unknown. Given its involve-
ment in maintaining mitochondrial function and resisting
oxidative stress, we hypothesize that the up-regulation of CHCHD2
expression may serve as a compensatory protective response to
mitochondrial dysfunction and oxidative stress in HD. In addition,
we propose that CHCHD2 exerts a neuroprotective effect through
the Nrf2-ARE anti-oxidative stress signaling pathway. This study
aims to test this hypothesis by manipulating CHCHD2 expression
through overexpression or inhibition in HD mouse cell lines and
hiPSC models. Moreover, we aim to elucidate the molecular
mechanisms underlying the up-regulation of CHCHD2 expression
and its anti-oxidative stress effects in HD. The findings from this
study have the potential to contribute to the development of
biomarkers and therapeutic drug targets for HD and other
neurodegenerative diseases.

MATERIALS AND METHODS

Materials

All cell culture reagents were obtained from Gibco Life Technologies, while
other reagents were sourced from Beyotime Biotechnology (China), unless
otherwise specified. The GV112 lentiviral constructs containing mouse
CHCHD2 shRNA (shCHCHD2) target sequence (5-AAGTGTGGACCCTTA-
TATT-3) or a non-silencing control (shControl), as well as the GV348
lentiviral constructs containing mouse CHCHD2 (NM_024166) gene
(CHCHD2-OE) or negative control (Vector), were designed, constructed,
and packaged by Shanghai Genechem Co,, Ltd (China). The shRNA against
human CHCHD2 was obtained from TRC Lentiviral shRNA Libraries (TRC
number: TRCN0000141561), with the sequence “5-CCGGCAGTGGAGGAAG-
TAATGCTGACTCGAGTCAGCATTACTTCCTCCACTGTTTTTTG-3". The SHCO16
Sigma MISSION® pLKO.1-puro non-Target shRNA plasmid was used as a
scramble shRNA for human shCHCHD?2. The resulting lentiviral constructs
and packaging plasmids (pMDL, VSV-G, and pREV) were transfected into
HEK293T cells using Lipofectamine 2000 (Life Technologies, USA).
Lentiviruses were collected 48 h post-transfection and stored at —80 °C.

Cell line culture
Immortalized striatal cell lines STHdh®”?” (wild type, Q7) cells, and
STHAh®'"@" (mutant, Q111) cells, expressing 7 and 111 glutamine
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repeats, respectively, were derived from HdhQ7/Q7 and HdhQ111/Q111
knock-in mice as described by [23]. Neuro-2a, SH-SY5Y, and HEK-293T cell
lines were obtained from the American Type Center Collection (ATCC,
USA). All cells were cultured in DMEM media (high glucose) supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, and 100 pg/ml
streptomycin in 37 °C incubator with 5% CO,.

Construction of stable cell lines

To construct stable strains, Q7 and Q111 cells were seeded in 24-well
plates and infected with Vector, CHCHD2-OE, shControl, shCHCHD2
lentiviruses (Shanghai Genechem Co., Ltd, China) at a multiplicity of
infection (MOI) of 20, respectively. After 48h of infection, 1 pg/ml
puromycin was added to the cultures to eliminate uninfected cells until
all cells in the negative control group died. Subsequently, puromycin-
resistant cells were expanded, and finally verified by Western blotting and
guantitative real-time polymerase chain reaction (QRT-PCR).

hiPSCs culture and neuronal differentiation

CAG180 HD hiPSCs, derived from dermal fibroblasts of a juvenile HD
patient, were obtained from the NINDS Repository. The isogenic control
cells (HD-C#1) were generated using the Clustered Regularly Interspaced
Short Palindromic Repeat (CRISPR)-Cas9 genome editing method in our
previous study [20]. hiPSCs were cultured with mTeSR™1 medium
(STEMCELL Technologies) in Matrigel (Coring) coated plates. hiPSCs were
differentiated into forebrain neurons using our previously published
protocol [20, 22]. Briefly, hiPSCs were induced into neural progenitor cells
(NPCs) in N2B27 medium (DMEM-F12/Neural Basal medium 1:1) supple-
mented with 1% N2, 2% B27, 1% non-essential amino acids, and 2 mM
L-glutamine. This medium was further supplemented with specific small
molecules and growth factors for a period of 15 days. The NPCs were then
differentiated into forebrain neurons in N2B27 medium supplemented
with 20 ng/ml BDNF, 20ng/ml GDNF, 0.5mM dbcAMP, and 0.2 mM
ascorbic acid. The medium was half changed every 3-4 days during the
terminal differentiation of neurons.

Cell viability measurement

The cells were treated with tert-Butyl Hydroperoxide (TBHP, Macklin, China)
or control liquid for 24 h and the cell viability were determined by CellTiter-
Lumi™ Luminescent Cell Viability Assay Kit (Promega) according to the
manufacturer’s instructions. The luminescence was measured using a
Varioskan LUX multimode microplate reader (Thermo Fisher Scientific).

RNA isolation and qRT-PCR

The total RNA was extracted with an RNA-Quick Purification Kit (ESscience,
China), and 500 ng of total RNA was reverse transcribed into cDNA by
PrimeScript™ RT Master Mix Kit (TaKaRa, RR036A). qRT-PCR was performed
on CFX96 Touch Real-Time PCR Detection System (Bio-Rad) using TB
Green® Premix Ex Tag™ kit (TaKaRa). The specific primer sequences used
are shown in Supplemental Table 1. Relative gene expression levels were
analyzed using the Comparative CT Method (AACt method).

Western blotting

The cells were lysed using RIPA lysis solution, and protein quantification
was performed using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific) for accurate measurement of protein levels. Lysates containing
equal amounts of protein were loaded into each lane and separated on 6%
(for HTT protein) or 12% SDS-PAGE gels. Subsequently, they were
transferred to a nitrocellulose membrane (GE Healthcare). Blotting of the
membranes was carried out using primary antibodies, including anti-
[-actin (37005, Cell Sailing Technology, 1:1000), anti-CHCHD2 (19424-1-AP,
Proteintech, 1:200), anti-HTT (MAB2166, Millipore, 1:100), anti-Calnexin
(AF5362, Affinity Bioscience, 1:200), and anti-Cleaved Caspase-3 (AC033,
Beyotime, 1:100). The membranes were then probed with Peroxidase-
Conjugated Goat Anti-Rabbit/Mouse 1gG (H+L) secondary antibodies
(Yeasen Biotechnology, China). The protein bands were visualized using
the Tanon 250 Gel Imaging System (TANON Science& Technology Co,
China) and quantified using ImageJ software.

Detection of mitochondrial and cellular ROS

The cells were detached with 0.25% Trypsin-EDTA, followed by tincubation
with fluorescent dyes as instructed by the manufacturer. MitoSOX™ Red
Mitochondrial Superoxide Indicator (MitoSox Red, Wuhan Yeasen
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Biotechnology, China) and 2/,7’-Dichlorodihydrofluorescein diacetate
(H2DCFDA, MedChemExpress LLC, United States) were used to detect
mitochondrial and cellular reactive oxygen species (ROS), respectively. The
fluorescence emitted by the cells was measured using the BD FACSCanto™
Il Flow Cytometer (BD Biosciences), and the data were analyzed using Flow
Jo™ v10 software.

Immunofluorescence staining

hiPSCs, hiPSC-derived NPCs and neurons cultured on coverslips were fixed
with 4% paraformaldehyde (PFA) for 15 min. Subsequently, the cells were
permeabilized using 0.3% Triton X-100 and blocked with a solution
containing 3% normal donkey serum and 0.1% Triton X-100 in PBS. The
cells were then incubated with primary antibodies, including anti-OCT4 (sc-
5279, Santa Cruz, 1:500), anti-NESTIN (MAB5326, Millipore, 1:200), anti-
PAX6 (PRB-78P, Convance, 1:300), anti-MAP2 (MAP3418, Millipore, 1:200),
anti-DARPP-32 (sc-11365, Santa Cruz, 1:100), and anti-SYP (ab68851,
Abcam, 1:100), overnight at 4°C. Following this, the appropriate Alexa
Fluor secondary antibodies were applied for 1h at room temperature,
followed by staining with 1 mg/mL DAPI (MBDO0O015, Sigma-Aldrich, USA)
for 10 min. The images were acquired using an Olympus FV100 inverted
confocal microscope.

TUNEL assay

The hiPSC-derived neurons at day 40 were switched to N2B27 medium
without growth factors (GF withdrawal) for 48 h. Subsequently, the cells
were fixed with 4% paraformaldehyde (PFA) and subjected to TUNEL
(terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling) staining using the in-situ cell death detection kit (Roche)
following the manufacturer’s instructions. For quantification, images were
acquired from eight non-overlapping fields on each coverslip using an
Olympus FV100 inverted confocal microscope. Cell numbers were counted
in a double-blinded manner, and the data used for analysis were obtained
from three independent experiments.

ARE-luciferase reporter assay

SH-SY5Y cells or Q7 cells were transfected with plasmids containing an
ARE-dependent Firefly luciferase reporter gene and the Rinella luciferase
gene, which served as a control for transfection efficiency. After 4h of
incubation, the cell medium was changed, and then the medium
containing 50 uM TBHP was added and incubated for 20 h. The luciferase
activity was measured using the Dual-Luciferase Reporter Assay System
(Promega, E191) according to the manufacturer’s protocol.

Statistical analysis

All statistical analyses were performed in GraphPad Prism 8 software. Two-
way ANOVA analysis was used to test for differences across different
groups, followed by Bonferroni post hoc multiple-comparison test for
specific group comparisons. Otherwise, for the comparisons of the means
between two groups, Student’s t-test was were applied. All data were
presented as mean + SEM and p-values were considered as follows: ns, no
significance; *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001 for
shown comparisons, and p<005 *p<001, **p<0.001, and

###1 < 0.0001 for comparisons relative to corresponding Q7 group.

RESULTS

CHCHD2 up-regulation in HD cells

hiPSCs derived from adult cells of HD patients contain
endogenously expressed full-length mutated HTT proteins,
making them an ideal model with the same genetic background
as the patients. Our previous studies have demonstrated the up-
regulation of CHCHD2 in HD iPSCs, and their derived NPCs
[20, 22, 24] and neurons (Supplemental Fig. 1). However, the role
of increased expression of CHCHD2 in HD pathogenesis remains
unclear. To further investigate the effects of CHCHD2 on HD and
its underlying mechanism, we utilized the murine immortalized
striatal HD cell line Q111 and the corresponding wild-type (WT)
line Q7 in this study. These cell lines have been widely used and
offer ease of manipulation for experimental purposes. Initially,
we validated the mRNA and protein expression levels of HTT and
CHCHD2 in Q7 (WT) and Q111 (HD) cells (Fig. 1A, B). The results
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demonstrated a significant up-regulation of CHCHD2 in
Q111 cells at both the mRNA and protein levels (Fig. 1A, C, D).
Although the total HTT mRNA expression appeared similar
between the WT and HD cells (Fig. 1B), the total HTT protein
levels were decreased in HD cells compared to WT cells (Fig. 1E,
F) as shown previously [25]. This finding is consistent with
previous reports that CHCHD2 is up-regulated in human
embryonic stem cells (hESCs), hiPSCs, and their derived neuronal
cells [19, 22].

CHCHD?2 induction by oxidative stress in mouse and human
neuronal cells

We hypothesized that CHCHD2 up-regulation in HD cells is a
compensatory protective response against oxidative stress. To test
this hypothesis, we treated human neuronal cells SH-SY5Y and
mouse neuronal cells Neuro-2a with the oxidative stress inducer
TBHP and hydrogen peroxide (H,O,). The results revealed that
CHCHD2 expression is induced by TBHP in both human and
mouse neuronal cells (Fig. 2A, B). Furthermore, CHCHD2 expres-
sion was also induced by H,O, oxidative stress in SH-SY5Y and
Neuro-2a cells (Fig. 2C, D). These results corroborate the notion
that CHCHD2 upregulation in HD cells constitutes a protective
response against oxidative stress, contributing to the maintenance
of cellular homeostasis.

Increased susceptibility of HD cells to oxidative stress

We also evaluated the levels of mitochondrial ROS and cellular
ROS in Q7 and Q111 cells using the fluorescent dyes MitoSOX Red
and H2DCFHDA, respectively. The results indicated higher basal
levels of mitochondrial and cellular ROS in Q111 cells compared to
Q7 cells (Fig. 3A). In addition, cellular ROS levels were significantly
increased after TBHP treatment in both Q7 and Q111 cells (Fig.
3B). Overall, Q111 cells exhibited significant increases in ROS levels
and increased susceptibility to oxidative stress compared to Q7
cells. To assess the toxic effect of the oxidative stress inducer TBHP
on Q7 and Q111 cells, we employed the CellTiter-Glo assay to
measure cell viability. The results showed a dose-dependent
decrease in cell viability in both Q7 and Q111 cells. At a
concentration of 50 uM TBHP treatment for 24 h, the viabilities
of Q7 and Q111 cells decreased by 12.17% and 76.7%, respectively
(Fig. 3C). Furthermore, the programmed cell death marker Cleaved
Caspase-3 protein was highly expressed in Q111 cells after 50 uM
TBHP treatment for 24 h (Fig. 3D, E). These results demonstrate
that Q111 cells are more susceptible to oxidative stress compared
to Q7 cells.

Knockdown of CHCHD?2 increases ROS levels and reduced cell
survival in both WT and HD cells

We hypothesized that the up-regulation of CHCHD2 is a
compensatory protective response to the increased ROS levels
in HD cells. To validate this hypothesis, we established stable cell
lines using shCHCHD?2 lentivirus and shControl lentivirus (Fig. 4A
and Supplemental Fig. 2A, B). We then examined cellular ROS
levels in these stable cell lines and found that knockdown of
CHCHD2 significantly increased cellular ROS levels in both Q7 and
Q111 cells, particularly in Q111 cells (Fig. 4B). In addition,
knockdown of CHCHD2 significantly decreased cell viability and
increased cellular apoptosis after TBHP treatment (Fig. 4C, D).
These findings suggest that negative modulation of CHCHD2
through shRNA knockdown enhances oxidative stress-induced
apoptosis, highlighting the essential role of CHCHD2 in modula-
tion of ROS levels and cellular protection against oxidative stress
in both WT and HD cells.

Overexpression of CHCHD2 increases HD cell survival under
oxidative stress

In order to further confirm the role of CHCHD2 in HD, we used
lenti-Vector  (Vector) and lenti-CHCHD2 (CHCHD2-OE)

SPRINGER NATURE
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Fig. 1 CHCHD2 is up-regulated in HD cells. mRNA expression levels of CHCHD2 (A) and HTT (B) were measured in Q7 (WT) and Q111 (HD)
cells by gRT-PCR. C Representative western blot image for CHCHD2 protein expression in Q7 and Q111 cells, and the densitometric analysis
was presented in (D). E Representative western blot image for total HTT protein expression in Q7 and Q111 cells, and the quantification of
total HTT was shown in (F). n=3 independent biological replicates. Values shown as mean +SEM, and ns, no significance, *p < 0.05,
**¥p <0.001, and ****p < 0.0001 was determined by unpaired student t-test.

overexpression lentiviruses to construct the stable strains of Q7
and Q111. Successful overexpression of CHCHD2 was confirmed
by qRT-PCR (Fig. 5A) and Western Blotting (Supplemental Fig. 2C,
D). Interestingly, CHCHD2-OE only reduced cellular ROS levels in
Q7 cells but not in Q111 cells under oxidative stress (Fig. 5B),
indicating a more complex modulation mechanism of ROS levels
in HD. Moreover, CHCHD2-OE significantly increased cell survival
and decreased cellular apoptosis in Q111 cells under oxidative
stress compared to the Vector group (Fig. 5C, D). These results
support the protective effect of CHCHD2 in HD cells against high
levels of cellular ROS.

CHCHD2-mediated neuronal protection is associated with Nrf-
ARE signaling activation

The Nrf2-ARE pathway is recognized as a crucial endogenous
cellular defense mechanism against oxidative stress in neural cells.
Considering the observed increase in ROS levels in Q111 cells, we
further investigated the activation of the Nrf2-ARE signaling in
these cells. We observed elevated Nrf2 expression in Q111 cells
compared to Q7 cells (Supplemental Fig. 3A). Moreover, gRT-PCR
analysis revealed high mRNA expression levels of Nrf2 down-
stream target genes (NQO1, HO-1, GCLC, and GCLM) in Q111 cells,
with further increases upon exposure to oxidative stress (Supple-
mental Fig. 3B-E). In addition, the mRNA expression of P62, an
autophagy-related gene and modulator of the Nrf2-ARE signaling,
was up-regulated in both Q7 and Q111 cells upon TBHP treatment
(Supplemental Fig. 3F). These data suggest that the activation of
Nrf2-ARE signaling may contribute to the up-regulation of the
cellular defense mechanism.

We propose that CHCHD2 may mediate neuronal protection by
activating Nrf2-ARE signaling. To verify this hypothesis, we
employed an ARE-Luciferase assay. Firstly, we verified the ARE-
luciferase assay by treating SH-SY5Y cells with TBHP, resulting in
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increased ARE-Luciferase activity (Fig. 6A). Secondly, we observed
decreased ARE-Luciferase activity in the shCHCHD2 group com-
pared to the shControl group, indicating that knockdown of
CHCHD?2 inhibited the activation of Nrf2-ARE signaling (Fig. 6B).
Thirdly, overexpression of CHCHD2 up-regulated ARE-Luciferase
activity (Fig. 6C). Importantly, overexpression of CHCHD2 in Q7 cells
up-regulated Nrf2-ARE downstream target gene expression (Fig.
6D). Overall, these findings suggest that CHCHD2 may mediate
neuronal protection by activating Nrf2-ARE signaling (Fig. 6E).

Validation of CHCHD2's function in HD using hiPSC-derived
neurons
Considering the crucial roles of CHCHD2 in modulating cellular
ROS and mediating anti-apoptosis function in murine striatal cell
lines, we further validated whether CHCHD2 plays similar roles in
HD iPSC-derived neurons. Figure 7A shows the differentiation of
CAG180 (HD) and its isogenic Control (isoHD-#C1) iPSCs into
forebrain neurons using an established protocol. Immunofluores-
cence characterization of the cells during different stages of neural
induction and differentiation is shown in Fig. 7B. Generally,
OCT4(+) hiPSCs were differentiated into NESTIN(+ )/PAX6(+)
NPCs in neural induction medium. These hiPSC-derived NPCs were
further differentiated into MAP2(+) neurons, some of which
expressed the striatal marker DARPP32. By Day 55 of neuronal
differentiation, hiPSC-derived neurons expressed the synaptic
marker SYP, indicating their maturation into functional neurons.
Importantly, our results demonstrated higher cellular ROS levels in
HD neurons compared to Control neurons (Fig. 7C). Furthermore, we
knocked down CHCHD2 in CAG180 iPSC-derived neurons (Fig. 7D)
and conducted a TUNEL assay. Our findings showed that CHCHD2
knockdown affected neuronal survival in post-mitotic CAG180 iPSC-
derived neurons, indicating a protective role for CHCHD2 in the
context of mutant HTT in HD neurons (Fig. 7E, F). Together, our
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finding in HD iPSCs model also supported the previously proposed
hypothesis of CHCHD2 up-regulation in HD mediating a compensa-
tory protective response against oxidative stress.

DISCUSSION
Oxidative stress-mediated neuronal cell death has been implicated in
various neurodegenerative disorders including PD, AD, amyotrophic
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lateral sclerosis (ALS), and HD [26]. Oxidative stress plays a crucial role
in the pathogenesis of HD, making it a key target for HD treatment
[27]. In this study, we observed high expression of CHCHD2 in HD
striatal cells. Overexpression of CHCHD2 reduced intracellular ROS
levels, enhanced cell survival under oxidative stress, and exerted a
neuroprotective effect associated with activation of the Nrf2-ARE
pathway. These findings highlight the anti-oxidative stress function
of CHCHD2 and provide new insights for HD treatment.
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post hoc multiple-comparison test.

The Nrf2/ARE pathway is a critical anti-oxidative stress pathway
in neurodegenerative diseases. Activation of Nrf2 has been
shown to protect cortical and striatal neurons, reduce motor
deficits, and extend lifespan in animal models of HD [28].
Selective activation of Nrf2 signaling effectively inhibits the
release of the pro-inflammatory factor interleukin-6 in primary
microglia and astrocytes from HD and wild-type mice [29].
Moreover, in primary monocytes from healthy individuals and HD
patients, Nrf2 suppresses the expression of pro-inflammatory
cytokines, including interleukin-1, interleukin-6, interleukin-8, and
tumor necrosis factor alpha [29]. These findings collectively
support the protective potential of the Nrf2 signaling pathway in
key cell types associated with HD pathology, making Nrf2 a
potential molecular target for HD treatment. A recent study
demonstrated increased expression of Nrf2 and its downstream
targets NQO1, HO-1, and GCLM mRNA in an HD model using PC12
cells [30]. Consistent with this, our experiments also confirmed
elevated mRNA expression levels of Nrf2, NQO1, HO-1, GCLC, and
GCLM in HD mouse cell lines, where Q111 cells exhibited

SPRINGER NATURE

significantly higher expression compared to Q7 (Supplemental
Fig. 3), indicating activation of the Nrf2-ARE anti-oxidative
defense system in HD cells.

CHCHD2 has recently been identified as a regulator of
mitochondrial metabolism [10, 31]. Aras et al. demonstrated that
CHCHD2 plays a role in the mitochondrial intermembrane space
by activating cytochrome c oxidase (COX) and in the nucleus by
promoting the transcription of specific genes, including COX4I2
and itself, in response to hypoxia [9]. Up-regulation of CHCHD2
has been observed in HD hESCs, hiPSCs, NSCs and human HD
peripheral blood cells [18-20, 22]. In our study, KD of CHCHD2 in
HD neurons reduced neuronal survival under both normal and
growth factor withdrawal conditions. This suggests that the
upregulation of CHCHD2 in HD may serve as a compensatory
response to mutant HTT, and CHCHD2 could potentially serve as a
novel molecular marker of HD pathology. Our findings in this
study provide experimental evidence linking CHCHD2 to neuronal
death in HD, and point to the potential of CHCHD2 as a
prospective drug development target for HD.
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Considering the potential anti-oxidative effect of CHCHD2
upregulation, it is essential to further clarify the specific
transcription factors and pathways regulating CHCHD2 expression
and function. Ruan et al. showed that the mitochondrial proteases
OMA1 and Ymell, which have been shown to interact with
CHCHD2, are responsible for its degradation under certain
conditions [32]. In addition, Wei et al. experimentally verified the
interaction between CHCHD2 and p32/C1QBP, a multifunctional
mitochondrial chaperone implicated in oxidative stress responses
[33, 34], highlighting its close association with the generation of
ROS and the oxidative stress process [35]. Furthermore, Liu et al.
revealed that CHCHD?2 plays a role in regulating the levels of Opal,
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al replicates; Values shown as mean + SEM; *p < 0.05, **p < 0.01, and ****p < 0.0001 for shown comparisons, and *p < 0.05, **#p < 0.001,
p < 0.0001 relative to the corresponding Q7 group was determined by two-way ANOVA analysis followed by a Bonferroni post hoc

a key determinant of mitochondrial dynamics and energetics, by
competing with YmellL for p32/C1QBP binding [36]. These
observations suggest complex post-translational processes reg-
ulating CHCHD2 expression and function. However, less is known
about the transcriptional mechanisms that influence CHCHD2
expression. Future investigations could explore the involvement of
well-known oxidative stress-responsive transcription factors, such
as Nrf2 and HIF-1a, and signaling pathways, like MAPK and PI3K/
AKT in this process. Such studies could help clarify the
mechanisms underlying changes in CHCHD2 expression in HD
and would contribute to a more comprehensive understanding of
the role CHCHD2 in normal physiology and disease.
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Bonferroni post hoc multiple-comparison test.

The establishment of animal models has been instrumental in
studying the pathogenesis of HD [37]. However, there are inherent
limitations due to differences between humans and animals in
terms of anatomy, physiological functions, and the timing and
progression of the disease. The emergence of hiPSCs has partially
overcome the limitations of animal models [38]. hiPSCs can be
derived from the adult cells of HD patients, carrying endogenously
expressed full-length mutated HTT proteins and sharing the exact
same genetic background as the patients [39]. In the HD hiPSC
model, the most stringent control group consists of isogenic
controls created using CRISPR technology. The use of isogenic
controls ensures that the HD and control groups are derived from
the same parental cell line and are otherwise identical except for
the mutated HTT gene. In our study, we used such isogenic
controls for the HD hiPSC lines [20]. In this study, we observed
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increased ROS levels and cellular susceptibility to growth factor
withdrawal in HD hiPSC-derived neuronal cells. Furthermore,
overexpression of CHCHD2 protected HD hiPSC-derived neurons
against growth factor deprivation.

CONCLUSIONS

In this study, we have demonstrated that both oxidative stress and
CHCHD2 expression are increased in HD models. Furthermore, we
have observed that CHCHD2 expression is highly induced by
oxidative stress in both human and mouse neuronal cells. Through
our experiments, we have confirmed that overexpression of
CHCHD2 provides protection to neuronal cells against oxidative
stress-induced damage. This protective effect of CHCHD2 is
associated with the activation of the Nrf2-ARE signaling pathway,
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Fig. 7 Knockdown of CHCHD2 in HD hiPSC-derived neurons. A Scheme of forebrain neuron differentiation protocol. B Representative
images of hiPSC marker OCT4 (green), NPC marker NESTIN (green) and PAX6 (red), post-mitotic neuron marker MAP2 (green), striatal maker
DARPP-32 (red), synaptic marker Synaptophysin (SYP, red) and DNA marker DAPI (blue). Scale bar, 50 um. C Cellular ROS in CAG180 iPSC-
derived neurons (HD) and its isogenic control line isoHD-#C1 iPSC-derived neurons (Control) was detected by H2DCFDA. n = 4 independent
biological replicates; *p < 0.05, was determined by unpaired student t-test. D Knockdown of CHCHD2 in CAG180 hiPSC-derived neurons (Day
41) by lentiviral shControl and shCHCHD2. n = 3 independent biological replicates; *p < 0.05, and ***p < 0.001 was determined by unpaired
student t-test for (C) and (D). E Representative images of GF (growth factor) withdrawal assay. TUNEL was shown in green, MAP2 was shown in
red, and DNA marker DAPI was in blue. Scale bar, 50 pm. F The percentage of TUNEL (+ )/DAPI was quantified. n = 3 independent biological
replicates. Values shown as mean + SEM. ****p < 0.0001 for shown comparisons, and **## 5 < 0.0001 relative to the corresponding shControl
group was determined by two-way ANOVA analysis followed by a Bonferroni post hoc multiple-comparison test.

DATA AVAILABILITY

All

data generated or analyzed during this study are available from the

corresponding author on reasonable request.

REFERENCES

20.

. Walker FO. Huntington’s disease. Lancet. 2007;369:218-28.
. Armeson D, Zhang Y, Yang X, Narayanan M. Shared mechanisms among neurode-

generative diseases: from genetic factors to gene networks. J Genet. 2018;97:795-806.

. Chen CM, Wu YR, Cheng ML, Liu JL, Lee YM, Lee PW, et al. Increased oxidative

damage and mitochondrial abnormalities in the peripheral blood of Huntington’s
disease patients. Biochem Biophys Res Commun. 2007;359:335-40.

. Bogdanov MB, Andreassen OA, Dedeoglu A, Ferrante RJ, Beal MF. Increased

oxidative damage to DNA in a transgenic mouse model of Huntington’s disease. J
Neurochem. 2001;79:1246-9.

. Angelova PR, Abramov AY. Role of mitochondrial ROS in the brain: from phy-

siology to neurodegeneration. FEBS Lett. 2018;592:692-702.

. Johnson JA, Johnson DA, Kraft AD, Calkins MJ, Jakel RJ, Vargas MR, et al. The Nrf2-

ARE pathway: an indicator and modulator of oxidative stress in neurodegen-
eration. Ann N. Y Acad Sci. 2008;1147:61-69.

. Buendia |, Michalska P, Navarro E, Gameiro |, Egea J, Le6n R. Nrf2-ARE pathway: an

emerging target against oxidative stress and neuroinflammation in neurode-
generative diseases. Pharm Ther. 2016;157:84-104.

. Kee TR, Espinoza Gonzalez P, Wehinger JL, Bukhari MZ, Ermekbaeva A, Sista A,

et al. Mitochondrial CHCHD2: disease-associated mutations, physiological func-
tions, and current animal models. Front Aging Neurosci. 2021;13:660843.

. Aras S, Pak O, Sommer N, Finley R Jr, Hittemann M, Weissmann N, et al. Oxygen-

dependent expression of cytochrome c oxidase subunit 4-2 gene expression is
mediated by transcription factors RBPJ, CXXC5 and CHCHD2. Nucleic Acids Res.
2013;41:2255-66.

. Aras S, Bai M, Lee |, Springett R, Hittemann M, Grossman LI. MNRR1 (formerly

CHCHD?2) is a bi-organellar regulator of mitochondrial metabolism. Mitochon-
drion. 2015;20:43-51.

. Funayama M, Park JS, Amo T, Funayama T, Akamatsu W, Sue CM, et al. CHCHD2

deficiency leads to mitochondrial dysfunction and increasing oxidative stress in
human neuroblastoma SH-SY5Y cells. J Neurol Sci. 2017;381:226.

. Liu'Y, Clegg HV, Leslie PL, Di J, Tollini LA, He Y, et al. CHCHD2 inhibits apoptosis by

interacting with Bcl-x L to regulate Bax activation. Cell Death Differ. 2015;22:1035-46.

. Zhou W, Ma D, Tan EK. Mitochondrial CHCHD2 and CHCHD10: roles in neurolo-

gical diseases and therapeutic implications. Neuroscientist. 2020;26:170-84.

. Shi CH, Mao CY, Zhang SY, Yang J, Song B, Wu P, et al. CHCHD2 gene mutations in

familial and sporadic Parkinson’s disease. Neurobiol

2016;38:217.€219-217.€213.

Aging.

. Ogaki K, Koga S, Heckman MG, Fiesel FC, Ando M, Labbé C, et al. Mitochondrial

targeting sequence variants of the CHCHD2 gene are a risk for Lewy body dis-
orders. Neurology. 2015;85:2016-25.

. Meng H, Yamashita C, Shiba-Fukushima K, Inoshita T, Funayama M, Sato S, et al.

Loss of Parkinson’s disease-associated protein CHCHD2 affects mitochondrial
crista structure and destabilizes cytochrome c. Nat Commun. 2017;8:15500.

. Zhou L, Wang G, Nan C, Wang H, Liu Z, Bai H. Abnormalities in P300 components

in depression: an ERP-sLORETA study. Nord J Psychiatry. 2019;73:1-8.

. Borovecki F, Lovrecic L, Zhou J, Jeong H, Then F, Rosas HD, et al. Genome-wide

expression profiling of human blood reveals biomarkers for Huntington’s disease.
Proc Natl Acad Sci USA. 2005;102:11023-8.

. Feyeux M, Bourgois-Rocha F, Redfern A, Giles P, Lefort N, Aubert S, et al. Early

transcriptional changes linked to naturally occurring Huntington's disease
mutations in neural derivatives of human embryonic stem cells. Hum Mol Genet.
2012;21:3883-95.

Xu X, Tay Y, Sim B, Yoon SI, Huang Y, Ooi J, et al. Reversal of phenotypic
abnormalities by CRISPR/Cas9-mediated gene correction in Huntington disease
patient-derived induced pluripotent stem cells. Stem Cell Rep. 2017;8:619-33.

Cell Death and Disease (2024)15:126

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wright GEB, Caron NS, Ng B, Casal L, Casazza W, Xu X, et al. Gene expression
profiles complement the analysis of genomic modifiers of the clinical onset of
Huntington disease. Hum Mol Genet. 2020;29:2788-802.

Ooi J, Langley SR, Xu X, Utami KH, Sim B, Huang Y, et al. Unbiased profiling of
isogenic Huntington disease hPSC-derived CNS and peripheral cells reveals strong
cell-type specificity of CAG length effects. Cell Rep. 2019;26:2494-2508.2497.
Trettel F, Rigamonti D, Hilditch-Maguire P, Wheeler VC, Sharp AH, Persichetti F,
et al. Dominant phenotypes produced by the HD mutation in STHdh(Q111)
striatal cells. Hum Mol Genet. 2000;9:2799-809.

Xu X, Ng B, Sim B, Radulescu Cl, Yusof N, Goh WI, et al. pS421 huntingtin mod-
ulates mitochondrial phenotypes and confers neuroprotection in an HD hiPSC
model. Cell Death Dis. 2020;11:809.

Pouladi MA, Xie Y, Skotte NH, Ehrnhoefer DE, Graham RK, Kim JE, et al. Full-length
huntingtin levels modulate body weight by influencing insulin-like growth factor
1 expression. Hum Mol Genet. 2010;19:1528-38.

Singh A, Kukreti R, Saso L, Kukreti S. Oxidative stress: a key modulator in neu-
rodegenerative diseases. Molecules. 2019;24:1583.

Stack EC, Matson WR, Ferrante RJ. Evidence of oxidant damage in Huntington’s
disease: translational strategies using antioxidants. Ann N. Y Acad Sci.
2008;1147:79-92.

Saravanan J, Praveen Thaggikuppe K, Meghana J, Vishnu K. Nrf2 as a potential
therapeutic target for treatment of Huntington’s disease. In: Natalia S, editor. From
pathophysiology to treatment of huntington’s disease. Rijeka: IntechOpen; 2022.
Quinti L, Dayalan Naidu S, Trager U, Chen X, Kegel-Gleason K, Lléres D, et al.
KEAP1-modifying small molecule reveals muted NRF2 signaling responses in
neural stem cells from Huntington'’s disease patients. Proc Natl Acad Sci USA.
2017;114:e4676-e4685.

van Roon-Mom WM, Pepers BA, t Hoen PA, Verwijmeren CA, den Dunnen JT,
Dorsman JC, et al. Mutant huntingtin activates Nrf2-responsive genes and impairs
dopamine synthesis in a PC12 model of Huntington’s disease. BMC Mol Biol.
2008;9:84.

Baughman JM, Nilsson R, Gohil VM, Arlow DH, Gauhar Z, Mootha VK. A compu-
tational screen for regulators of oxidative phosphorylation implicates SLIRP in
mitochondrial RNA homeostasis. PLoS Genet. 2009;5:e1000590.

Ruan Y, Hu J, Che Y, Liu Y, Luo Z, Cheng J, et al. CHCHD2 and CHCHD10 regulate
mitochondrial dynamics and integrated stress response. Cell Death Dis. 2022;13:156.
McGee AM, Baines CP. Complement 1g-binding protein inhibits the mitochon-
drial permeability transition pore and protects against oxidative stress-induced
death. Biochem J. 2011;433:119-25.

Noh S, Phorl S, Naskar R, Oeum K, Seo Y, Kim E, et al. p32/C1QBP regulates OMA1-
dependent proteolytic processing of OPA1 to maintain mitochondrial connectivity
related to mitochondrial dysfunction and apoptosis. Sci Rep. 2020;10:10618.
Wei Y, Vellanki RN, Coyaud E, Ignatchenko V, Li L, Krieger JR, et al. CHCHD?2 is
coamplified with EGFR in NSCLC and regulates mitochondrial function and cell
migration. Mol Cancer Res. 2015;13:1119-29.

Liu W, Duan X, Xu L, Shang W, Zhao J, Wang L, et al. CHCHD2 regulates mito-
chondrial morphology by modulating the levels of Opal. Cell Death Differ.
2020;27:2014-29.

Pouladi MA, Morton AJ, Hayden MR. Choosing an animal model for the study of
Huntington'’s disease. Nat Rev Neurosci. 2013;14:708-21.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction
of pluripotent stem cells from adult human fibroblasts by defined factors. Cell.
2007;131:861-72.

Kaye J, Reisine T, Finkbeiner S. Huntington'’s disease iPSC models-using human
patient cells to understand the pathology caused by expanded CAG repeats. Fac
Rev. 2022;11:16.

ACKNOWLEDGEMENTS
The study was financially supported by grants from the National Natural Science
Foundation of China (grant number 81901295) and Funding by Science and

SPRINGER NATURE

11



X. Liu et al.

12

Technology Projects in Guangzhou (grant number 2024A03J0818). MAP is supported
by the BC Children’s Health Research Institute Investigator Grant Award (IGAP), a
Scholar Award from the Michael Smith Health Research BC, and grants from the
Huntington Society of Canada and the Canadian Institutes of Health Research. In
addition, this research received funding from Funding by Science and Technology
Projects in Guangzhou (grant numbers 202002020003, 202201020070, and
2023A03J1022), as well as the Guangdong Provincial Special Fund for Key Fields of
Universities (grant number 2021ZDZX2025).

AUTHOR CONTRIBUTIONS

Conception and design: XX (Xiaohong Xu), MAP, and XL; performance of experiments
and acquisition of data: XL, XX, FW, XF, QX, MC, Xiaoxin Xu; analysis and
interpretation of data: XX, MAP, XL, FW, XF, MC, Xiaoxin Xu, and QX; writing, review,
and/or revision of the manuscript: XX, MAP, XL, HZ, and AX; funding acquisition: XX,
MAP, HZ, and AX; all authors read and approved the final manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-024-06523-x.

SPRINGER NATURE

Correspondence and requests for materials should be addressed to Mahmoud A.
Pouladi or Xiaohong Xu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Cell Death and Disease (2024)15:126


https://doi.org/10.1038/s41419-024-06523-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	CHCHD2 up-regulation in Huntington disease mediates a compensatory protective response against oxidative�stress
	Introduction
	Materials and methods
	Materials
	Cell line culture
	Construction of stable cell�lines
	hiPSCs culture and neuronal differentiation
	Cell viability measurement
	RNA isolation and qRT-PCR
	Western blotting
	Detection of mitochondrial and cellular�ROS
	Immunofluorescence staining
	TUNEL�assay
	ARE-luciferase reporter�assay
	Statistical analysis

	Results
	CHCHD2 up-regulation in HD�cells
	CHCHD2 induction by oxidative stress in mouse and human neuronal�cells
	Increased susceptibility of HD cells to oxidative�stress
	Knockdown of CHCHD2 increases ROS levels and reduced cell survival in both WT and HD�cells
	Overexpression of CHCHD2 increases HD cell survival under oxidative�stress
	CHCHD2-mediated neuronal protection is associated with Nrf-ARE signaling activation
	Validation of CHCHD2&#x02019;s function in HD using hiPSC-derived neurons

	Discussion
	Conclusions
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




