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(Supplementary Fig. 9c), and the transduction of either CHCHD2-GFP-
AAV or GFP-AAV led to similar levels of GFP signal (Supplementary
Fig. 9d). As expected, CHCHD2 levels were significantly higher in 70Q/
70Q NPCs transduced with CHCHD2-GFP-AAV compared to those
transducedwith onlyGFP-AAV (Fig. 7f, g). By focusing only on the GFP-
positive cells, we then quantified the amount of TOM20, and found
that CHCHD2 overexpression led to a significant decrease in
TOM20 signal (Fig. 7f, g), thus reverting the diseased phenotype that
we previously observed in cerebral organoids and NPCs carrying
mHTT (Fig. 4g).

In conclusion, repression of CHCHD2 in humanneurons adversely
affected neurite branching capacity, while its overexpression in neural
cells carrying mHTT led to amelioration of mitochondrial morpho-
dynamics. These findings highlight the relevance of CHCHD2 in the
neuronal and metabolic pathology of HD.

Discussion
Increasing evidence from studies in mice and humans suggests that
mutant HTT could impact the physiological development of the
brain4,5,19. Our findings based on various human brain organoid dif-
ferentiation paradigms demonstrate that mHTT disrupts the overall
neurodevelopmental process and particularly the organization of
neural progenitors. These results align with recent studies inmice and
human fetuses showing that mHTT interferes with the cell cycle of
apical progenitors, causing reduced proliferation and premature
neuronal lineage specification19.

By exploring mechanisms underlying defective human neurode-
velopment caused by mHTT, we identified an early dysregulation of
CHCHD2 expression. CHCH domain-containing proteins are imported
into the mitochondrion and have been suggested to play a role in
neurodegenerative diseases32,33. CHCHD2 contributes to the main-
tenance of mitochondrial morphology and dynamics, and its loss has
been reported to disrupt mitochondrial organization in models of
Parkinson’s disease55,56. CHCHD2 expression was previously found to
promote neural-ectodermal lineage differentiation of human iPSCs57,
indicating that its presence may be important during neurogenesis.
Dysregulation of CHCHD2 has also been observed in neural cells car-
rying mHTT that were differentiated from human embryonic stem
cells (hESCs) and iPSCs58,59. However, the role of CHCHD2 within the
pathogenesis of HD remained elusive.

CHCHD2 is known to regulate mitochondrial dynamics and
mitochondrial integrated stress response (mISR)26. mISR is a process
that rises in stress conditions such as those associated with impaired
mitochondrial function35. Accordingly, we identified a mISR signature
in humanneural cells carryingmHTT thatwas associatedwith aberrant
mitochondrialmorpho-dynamics and specificdefects inmitochondrial
complex IV assembly. Elimination of the poly-Q/poly-P region reverted
the abnormal CHCHD2 expression and the associated mISR signature
and mitochondrial defects, including those affecting cristae organi-
zation and complex IV assembly. Moreover, CHCHD2 over-expression

in mutant NPCs ameliorated mitochondrial morpho-dynamics. These
findings suggest that mHTT leads to CHCHD2 dysregulation, which in
turn impairs mitochondrial function and organization in early
neural cells.

Dysfunction of mitochondrial activity and network morphology
have been observed in multiple model systems of HD, including iPSC-
derived medium spiny neurons21,41,42,60–63. Even Pridopidine, currently
being investigated as a treatment for HD in Phase III study
(NCT04556656), has been shown to repress mitochondrial stress and
network defects64. However, again in agreement with a neurodegen-
erative view of the disease, mitochondrial dysfunction in HDmodels is
usually thought to occurmainlywithinmature neuronal cells. Our data
instead indicate that aberrant CHCHD2 expression and related mito-
chondrial morpho-function impairment can occur early during
neurodevelopment.

Such early mitochondrial dysfunctions is expected to affect the
overall process of neurodevelopment65. Impairment of the cellular
NAD+ /NADH redox balance caused by metabolic perturbation can in
fact lower the global rate of protein synthesis, thereby slowing down
the segmentation clock and overall developmental rate66. In particular,
mitochondrial morphology and metabolism are emerging as impor-
tant regulators of early neurogenesis67–69. Mitochondrial dynamics
within NPCs regulate the pace of development70, and help orchestrate
the balance between proliferation and neuronal specification71. A cor-
rectmetabolic programming towardsOXPHOS starts to develop at the
level of NPCs46,47,72,73. In our models, we found that both undiffer-
entiated iPSCs and NPCs were able to respond to OXPHOS impairment
by upregulating glycolytic metabolism. However, impaired NAD/
NADH ratio became evident only in NPCs. Differentiated neurons
could not compensate these defects and developed cell autonomous
impairment of both OXPHOS and glycolysis. The establishment of
neural fate might then pose greater pressure on cells that start relying
more on OXPHOS, ultimately leading to metabolic stress and func-
tional impairment. Hence, mHTT may interfere with the physiological
metabolic programming that is required for enabling neural fate
commitment.

Despite a disruption in neural progenitors, the generation of
neurons (either appearing physiologically within brain organoids or
forced throughNGN2overexpression) still occurred in the presenceof
mHTT. Indeed, we observed increased upregulation of genes related
to neurodevelopment in mutant neural progenitor cultures forced to
be converted into neurons. This is in agreement with premature neu-
ronal generation observed in human fetuses carrying mHTT19. How-
ever, even if neurons can be generated, their functionality and
resiliencemaybe compromised. Cells carryingmHTTthat prematurely
commit to neural differentiation could thus produce neurons that are
more susceptible to degeneration upon stress. Therefore, the loss of
mechanisms protecting from stress and decompensation may play a
role in thedevelopmentofHD.Here,we found thatCHCHD2 reduction
in HD patient-derived neurons impaired neuronal branching capacity

Fig. 5 | Neurometabolic defects induced by mHTT. a Representative electron
microscopy images of mitochondria withinWT/WT NPCs, 70Q/70QNPCs, and 0Q/
0Q NPCs. Arrows indicate mitochondrial cristae with transverse direction with
respect to mitochondrial outer membrane. Arrowhead indicates cristae with
longitudinal direction. Data were repeated in two independent experiments. Scale
bar: 200 nm. b Quantification of cristae direction in NPCs from WT/WT, 70Q/70Q
and 0Q/0Q. For each sample, a minimum of 15 different mitochondrion were
considered out of at least two biological replicates. c Proteomic-driven functional
metabolic analysis (seeSupplementaryData 7) depicting relative glucose utilization
at resting energy demands in NPCs. d Gene Set Enrichment Analysis (GSEA)
showing decreased oxidative phosphorylation (OXPHOS) and increased glycolysis/
gluconeogenesis in 70Q/70Q NPCs compared to WT/WT NPCs. e Substrate utili-
zation at rest in NPCs from WT/WT and 70Q/70Q. Energetic capacities were

evaluated by computing the changes in metabolic state elicited by an increase of
the ATP consumption rate above the resting value. mHTT-carrying cells showed
higher consumption of glucose (gluc) and higher production of lactate-pyruvate
(lact/pyr). fMetabolic state variables for NAD/NADH ratio andmitochondrial NAD/
NADH ratio in NPCs in dependence of increasing energetic demands. Lines and
colored areas represent mean ± s.d. g, h SDS-PAGE analysis and related quantifi-
cation of mitochondrial complex I, III, and IV subunits in WT/WT NPCs, 70Q/70Q
NPCs, and0Q/0QNPCs.n = 3 independent biological replicates per line run in three
different blots; *p <0.05, ns: not significant; unpaired two-tailed Welch t test.
i, jBluenative PAGE analysis and related quantification of complexes III2 and IV, and
supercomplexes I1III2IV0–1 assembly in WT/WT NPCs, 70Q/70Q NPCs, and 0Q/0Q
NPCs. n = 3 independent biological replicates per line run in two different blots;
*p <0.05, ns: not significant; unpaired two-tailed Welch t test.
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locus was amplified by PCR using AmpliTaqGold 360DNApolymerase
(Thermo Fisher Scientific, USA) and HTT-specific primers using fol-
lowing PCR conditions: 95 °C 10min, 35 cycles: 95 °C for 30 s, 55 °C for
30 s, and 72 °C for 1min. Products were visualized by agarose gel
electrophoresis, individual DNA bandswere excised and purified using
TheWizard® SV Gel and PCR Clean-Up System (Promega), cloned with
CloneJET PCR Cloning Kit (Thermo Fisher Scientific, USA), and sub-
mitted to LGCGenomics for Sanger sequencing. Chromatogramswere
analyzed using CLC Genomics Workbench (Qiagen, USA). For quanti-
tative real-time PCR (qPCR) analysis of cerebral organoids, RNA
extraction was performed from four cerebral organoids per condition
with RNeasy kit (Qiagen, USA). cDNA was generated from 100ng RNA
using the first strand cDNA synthesis kit (Thermo Fisher Scientific,
USA). qPCR experimentswere conducted for three technical replicates
and three biological replicates with the SYBR green Mastermix
(Thermo Fisher Scientific). Amplification of 10 ng RNA was performed
in a Viia7 Real-Time PCR system (Thermo Fisher Scientific) as follows:
2min activation step at 50 °C, followed by 10min at 95 °C, 40 cycles of
denaturation for 15 s at 95 °C, andannealing for 1minat60 °C,finalized
with 15 s at 95 °C, 1min at 60 °C, and 15 s at 95 °C. After averaging the
CT-values of the three technical replicates, the expression levels of the
genes of interest were normalized relative to the average expression of
housekeeping genes GAPDH, OAZ1 and ACTB using the delta-delta-CT
method. All primer sequences are reported in Supplementary Data 11.

Immunostaining
Cerebral organoids were fixed with 4% PFA for 20min at RT and
washed 3x with PBS for 15min. Next, organoids were cryoprotected
overnight in a 30% sucrose in PBS solution. Following this, organoids
were embedded in a 10% sucrose/13 % gelatin solution in PBS and
stored at −80 °C upon further use. Hereafter, sections of 20 µm were
cut using a Leica CM3050 S cryostat, collected on Superfrost Plus
slides and stored at −80 °C. Next, sections were washed three times
with warm PBS for 10 s to dissolve and remove any remaining gelatin.
Subsequently, sections were fixed again with 4% PFA for 20min at RT,
washed 3× for 10min with PBS, and blocked for 1 h at RT in blocking
solution (PBS, 10% normal donkey serum, 1% Triton X-100). Sections
were incubatedovernight at 4 °Cwith theprimary antibodiesdiluted in
blocking solution, washed 4× for 10min with 0.1% Triton X-100 and
0.05% Tween-20 in PBS, and incubated for 1–2 h at RT with Hoechst
33342 (1:2500; Life Technologies, USA) and the secondary antibodies
diluted in blocking solution. Finally, sections were washed 4x for
10min with 0.1% Triton X-100 and 0.05% Tween-20 in PBS, mounted,
air-dried and images were taken using the confocal microscope Zeiss
Z1 (Zeiss, Germany), Olympus Fluoview 3000 (Olympus, Japan) or
ZEISS Axio Observer with an apotome 3 (Zeiss, Germany). NPCs and
midbrain organoids were stained following the same procedure. NPCs
grown on Matrigel-coated (Corning, USA) coverslips and free-floating
midbrain organoids were fixed with 4% PFA (Science Services, Ger-
many) for 20min at RT and washed three times with PBS. For per-
meabilization, cells or organoids were incubated with blocking
solution (PBS [Gibco, USA], 10% normal donkey serum, 1% Triton-X-
100, 0.05% Tween-20 [all Sigma-Aldrich, USA]) for 1 h at RT. Primary
antibodies were diluted in blocking solution and incubated overnight
at 4 °C on a shaker. Next, the cover slips or organoids were washed
three times with PBS and incubated for 1 h at RT with Hoechst 33342
(1:2500; Life Technologies, USA) and the secondary antibodies in
blocking solution. After incubation, cover slips or organoids were
washed three times with PBS. Finally, cover slips were mounted, air-
dried and images were acquired using the confocal microscope
Olympus Fluoview 3000 (Olympus, Japan) or ZEISSAxioObserverwith
an apotome 3 (Zeiss, Germany). Images of free-floating midbrain
organoids were acquired using the ZEISS Axio Observer with an apo-
tome 3 as a z-stack, whichwere then deconvoluted using the Zeiss blue
software (v. 3.1) default settings and z-projected with maximum

intensity. Cortical organoids were fixed with 4% PFA for 1 hr at RT and
washed3×with PBS for 15min. Cortical organoidswereembedded into
tissue molds that were filled with 2% low melting point agarose. The
agar blocks containing the organoids were sliced using a Leica VT1000
S vibratome in ice-cold PBS at 50 µm thickness. Free floating sections
were gently transferred towell plates containing PBSand stored at4 °C
until time of staining. Staining and imaging were done in the same
manner as the midbrain organoids. Detailed information about anti-
bodies used can be found in Supplementary Data 11.

CHCHD2 and TOM20 imaging quantification
Images of NPCs and cerebral organoids stained against TOM20,
CHCHD2, and Hoechst were processed as follows. For NPCs, we
analyzed at least two biological replicates, with 11 images being taken
for each replicate. For the cerebral organoids, we analyzed at least
two biological replicates, with at least three slices of each organoid
and three images per slice. In total, we analyzed 77 individual images
for 70Q/70Q and 35 individual images for WT/WT. We performed
background subtraction using the rolling ball algorithm imple-
mentation of Scikit-image136 with a radius of 50 pixels. We applied
Gaussian blur with a radius of three pixels, to smoothen the images.
To separate signal from background, we used Otsu’s thresholding
method on the respective color channels. We then calculated the
amount of colocalized pixels above the threshold for each marker.
For comparing amounts of active TOM20 or CHCHD2 signals of dif-
ferent data sets, the amounts of positive signal per image were nor-
malized by the amount of Hoechst signal per image to account for
the fact that different images contain different number of cells.
Mann-Whitney U tests were used to test for differences between data
sets (cell lines or treatments). For mitochondrial network morphol-
ogy assay of cerebral organoids, pictures of 100xmagnification were
taken of TOM20 stained sections using a Zeiss Z1 microscope. Next,
the pictures were analyzed using ImageJ, as described before41.
Briefly, background was reduced, local contrast enhanced, pictures
were made binary and using a “tubeness” plugin mitochondrial
structureswere tubed. After bandpass filtering, a thresholdwas set to
minimize extremely small and large structures. Lastly, particles were
analyzed, yielding information about the size andmorphology of the
structures. Small mitochondrial structures range were defined as
<0.5 µm and large mitochondrial structures as >0.5 µm.

Western blotting of HTT and filter retardation assay (FRA)
Samples from NPCs and guided brain organoids were resuspended in
150 µl RIPA buffer (150mM NaCl, 50mM Tris, 0.5% w/v sodium deso-
xycholate, 1% v/v Triton X-100, 0.1% SDS, before using freshly added
1mM PMSF and Protease Inhibitor Cocktail 1:100). Cell suspensions
were pipetted 5x by using syringes to pass through 27G needles. The
lysates were incubated at 4 °C for 1 h on a turning wheel followed by
repeating the step of 27G needle treatment. The lysates were cen-
trifuged at 15,000 x g for 15min at 4 °C. The supernatants were
transferred to tubes and the protein concentrations weremeasured by
using a BCA Protein Assay kit (Thermo Fisher Scientific, USA). For
western blot, 5 µg proteins of each sample were used for detection. In
these experiments, polyacylamide gels consisting of a 4% stacking gel
and a 4-12% discontinuous resolving gel were applied. After SDS-PAGE,
the proteins were transferred onto nitrocellulose membrane (Amer-
sham Protan 0.45μm NC, GE Healthcare Life science) by tank blotting
either at 500mA, RT for 1.5 h or 100mA, 4 °C for 16 h. Proteins on the
membranes were detected by using anti-HTT (Anti-Huntingtin anti-
body [EPR5526] (ab109115) Abcam; 1:5,000), primary antibody fol-
lowed by anti-rabbit-HRP (Abcam; 1:10,000) secondary antibody. For
Filter Retardation Assay (FRA), 3 µg protein of each samplewas loaded.
Both cellulose acetate membrane (Cellulose Acetate Membrane Filter
0.2 Micron, STERLITECH Corporation) and nitrocellulose membrane
were equilibrated in PBS/0.01% SDS. The dot blot apparatus was
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assembledwith eithermembrane and the pumpsystemwasconnected
and turned on continuously. After washing the membranes with PBS,
the samples were applied followed by two washing steps. The mem-
branes were dried and proteins on the membranes detected with the
same antibodies applied in western blot. The quantified figures were
analyzed, and all signals were evaluated in ImageJ (v. 1.53a). The signals
were calculated by considering white as a maximum value of 65536,
and black as a minimum value of 0. All experiments were repeated
three times. The values in the figures indicate the average values of all
repeats and replicates.

Western blotting of CHCHD2
Cell pellets were re-suspended in 50μl of lysis buffer (50mM Tris,
150mM NaCl, 1mM EDTA, 1% TritonX-100 + 1x cOmplete™, EDTA-free
protease inhibitor cocktail (Roche) and incubated on ice for 30min.
The lysate was then centrifuged at 14,000 x g for 5min at 4 °C to
remove any cell debris. The supernatant was transferred to new vials
and the protein concentration was determined via Bradford assay
(ROTI®Quant; Roth). For SDS-PAGE, 25 or 50 µg of protein per lane was
loaded on a 12% acrylamide gel. Proteins were blotted onto a nitro-
cellulose membrane using semi-dry Western blotting (Trans-Blot
Turbo Transfer System; BIO-RAD). Themembranes were then blocked
with 5% (w/v) milk powder in TBS-T on a shaker at RT for 1 h, followed
by incubation with the primary antibody diluted in 3% (w/v) milk
powder in TBS-T on a shaker at 4 °C overnight. The next day, the
membranes were washed three times for 10min in TBS-T before being
incubated with the secondary antibody diluted in 3% (w/v) milk pow-
der for 4 h at RT on a shaker. After incubation with the secondary
antibody, the membranes were washed again with TBS-T before
Pierce™ ECLWestern Blotting Substrate was added to themembranes.
The chemiluminescence signal was detected using the ChemoStar
(Intas) or Amersham™ Imager 600 (GE). Western blots were then
analyzed using ImageJ (v. 1.53a). CHCHD2 polyclonal antibody (19424-
1-AP Proteintech 1:500–1:1000) and beta actin monoclonal antibody
(ab8224 Abcam 1:1000 and 66009-1-lg Proteintech 1:6000) were used
as primary antibodies. Goat IgG anti-rabbit IgG (H + L)-HRPO (111-035-
003 DIANOVA 1:3000 – 1:5000) and goat IgG anti-mouse IgG (H+ L)-
HRPO (115-035-003 DIANOVA 1:10000) were used as secondary
antibodies.

Electron microscopy
Electron microscopy (EM) was performed at the Core Facility for
Electron Microscopy (CFEM) at the medical faculty of the Heinrich
Heine University Duesseldorf. NPCs were grown in 15 cm petri dishes
coated with Matrigel. When the NPCs were confluent, they were fixed
using 3% glutaraldehyde (Serva) buffered with 0.1M sodium cacody-
late (Serva) buffer (pH 7.2). Following fixation, the cells were washed
with0.1M sodiumcacodylate buffer (pH 7.2) and subsequently stained
with 1% osmium tetroxide (Science services) for 50min at RT. This was
followed by additional staining with 1% uranyl acetate (Merck)/1%
phosphotungstic acid (Merck) in 70% ethanol for 1 h. To facilitate the
dehydration process, the samples underwent serial ethanol treatment
before being embedded in spur resin and polymerize at 70 °C for at
least 48 h. Ultra-thin sections were prepared using an ultra-microtome
(EM UC7). Imaging was conducted using a JEM-2100 plus (JOEL)
equipped with an EM-24830 flash CMOS camera system (JOEL). EM
images were analyzed using ImageJ (v. 1.53a)137. In each image, mito-
chondrial structures were identified and classified. Then, it was
determined if cristae are visible, if yes how many and along what axis
they were angled. If they were perpendicular to the major axis of the
mitochondria, they were classified as transverse, and contrary, if they
were perpendicular to the minor axis of the mitochondria they were
classified as longitudinal. Next, themitochondrion was traced with the
freehand selection tool in ImageJ and measured regarding size
and shape.

Structural analysis of themitochondrial respiratory chain (MRC)
The steady-state levels ofMRC subunits were analyzed by SDS-PAGE of
whole cell lysates from NPCs (WT/WT, 70Q/70Q and WT/70Q) solu-
bilized with HEPES extraction buffer (20mM HEPES pH 7.4, 10mM
NaCl, 10% glycerol, 1% Triton X-100, protease inhibitors) for 30min on
ice. Lysates were centrifuged at 16,000 g for 10min at 4 °C, protein
concentration was measured with the BCA protein assay kit (Pearson),
and 15μg protein in 1:1 Laemmli 2x (Biorad) were loaded onto 12.5%
polyacrylamide SDS-page gels. Gels were blotted onto nitrocellulose
membranes and protein immunoblotting was performed with anti-
bodies targeting representative MRC subunits (detailed in Supple-
mentary Data 11). The relative abundance of MRC complexes and
supercomplexes was determined by Blue Native (BN)-PAGE fromNPCs
(WT/WT, 70Q/70Q and WT/70Q)48. Briefly, mitochondrial fractions
were isolated, protein concentrations were determined, and samples
were solubilized with digitonin at a detergent-to-protein ratio of 4:1.
Pre-castNativePAGETM 3-12%Bis-Tris gels (Invitrogen)were loadedwith
25μg of mitochondrial protein and processed for blue native elec-
trophoresis. Proteins were then transferred to PVDF membranes at
40V overnight and probed with antibodies (Supplementary Data 11).
Uncropped and unprocessed blot scans are provided in Supplemen-
tary Fig. 10.

Bioenergetic profiling
Live-cell assessment of cellular bioenergetics in NGN2 neurons was
performed using Seahorse XF96 extracellular flux analyzer (Seahorse
Bioscience, USA), as we described before83. Briefly, 20,000 neurons
were plated into eachMatrigel-coated (Corning, USA) well of the XF96
well plates. Cells were maintained in the plates for 2 weeks. On the
assay day, neurons were incubated at 37 °C and 5% CO2 for 60min to
allow media temperature and pH to reach equilibrium before starting
the simultaneous measurement of mitochondrial respiration (oxygen
consumption rate, OCR) and anaerobic glycolysis (extracellular acid-
ification rate, ECAR) using the sequential introduction of oligomycin,
FCCP, and then rotenone plus antimycinA (all products at 1 µM;Sigma-
Aldrich, USA). Normalization to DNA content in each well of the plate
was performed using the CyQUANT Kit (Molecular Probes, USA). The
supernatants were stored before and after the seahorse assay and used
for lactate measurement using a Lactate Fluorometric Assay Kit
(Biovision, USA).

CHCHD2 overexpression
NPCs were transduced with adeno-associated viruses (AAV) carrying a
construct to overexpress CHCHD2 (pAAV EF1a CHCHD2 GFP WPRE3;
Viral Core Facility Charité, Germany). As a control, AAV which only
express GFP were used (scAAV9/pTRs-KS-CBh-EGFP-BGH). These par-
ticles were kindly provided by Qinglan Ling and Steven Gray (Uni-
versity of Texas SouthwesternMedical Center). NPCswere first seeded
onto coverslips coated with Matrigel in a 24-well-plate at a density of
4.8 × 104 cells/well. 24 h later, they were treated with 1.75E + 11 viral
particles per well. After another 24 h, themedia was exchanged. 2 days
later, the NPCs were fixed and subsequently stained against TOM20
and CHCHD2 as described in the section „Immunostaining“. The ima-
ges were semi-automatically analyzed as follows. All images got a
gaussian blur with sigma = 0.5 applied, resulting in a three-pixel blur-
ring radius, to smoothen the images before thresholding. Hoechst and
TOM20 imageswere individually thresholdedusingOtsu thresholding,
and EGFP and CHCHD2 images were thresholded using Triangle
thresholding. To be sure that the effect of the AAV transduction is
analyzed correctly, only cells with stronger GFP signal than the back-
ground fluorescence were considered. The thresholded images were
loaded into QuPath138, and the cells with a stronger marker were
manually annotated. The annotated cells showing stronger GFP signal
were exported as JSON files before being converted to segmentation
masks. The masks were used during quantification to only analyze the
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respective areas instead of the whole image. Therefore, it was not
necessary to use automated background noise subtraction. The ima-
ges were then quantified as described in the method section “CHCHD
and TOM20 quantification”. For mean intensity, the amount of signal
(pixels with brightness > 0) was observed. For the area, the amount of
signal was observed. The two groups (overexpression and control)
were compared using Welch’s t-test.

Statistical analysis
Data are expressed asmean and standard deviation (mean± SD)where
normality of the distribution could be verified, or as median and
quartiles (median [1st; 4th quartiles]) otherwise. Significance was
assessed using parametric tests (Welch’s t-test, ANOVA) for normally-
distributed data and non-parametric tests (Mann-Whitney U test,
Kruskal-Wallis) when normal distribution could not be verified. Unless
otherwise indicated, data were analyzed using GraphPad-Prism (v. 4.0)
(GraphPad Software, USA). Schematics were drawn using Inkscape
(v. 1.2.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
There are restrictions to the availability of the patient-derived iPSC
lines due to the nature of our ethical approval that does not support
sharing to third parties and does not allow to perform genomic
studies to respect the European privacy protection law. The datasets
generated during this study are available, in cases data protection
laws did not prevent the original datasets from being published.
Source Data are provided as a Source Data file. • The RNA-sequencing
data generated in this study have been deposited in NCBI Gene
Expression Omnibus (GEO) database. Bulk RNA sequencing can be
found under accession code GSE233916: https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE233916. • Single-cell RNA sequencing
can be found under accession code GSE271852: https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE271852. • Long-reads RNA
sequencing data generated in this study have been deposited in NCBI
Sequence Read Archive (SRA) Bioproject repository according to
MIAME compliant data submissions and can be found under the
accession code PRJNA1138763: https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA1138763/. • The mass spectrometry proteomics
data generated in this study have been deposited in the Proteo-
meXchange Consortium via the PRIDE partner repository139 under
the accession code PXD041846: http://www.ebi.ac.uk/pride/archive/
projects/PXD041846. • The mass spectrometry metabolomics data
generated in this study have been deposited in Peptide Atlas repo-
sitory under the accession code PASS04827: http://www.
peptideatlas.org/PASS/PASS04827. Source data are provided with
this paper.

Code availability
Codes used for sRNAseq data analysis and related figure plotting are
available on GitHub: https://github.com/rajewsky-lab/Huntington_
midbrain_organoids140. Codes used for CHCHD2 and TOM20 quantifi-
cation analyses are available on GitHub: https://github.com/Scaramir/
HD_colocalization141. The pipeline for the analysis of neurite outgrowth
with the open-source software CellProfiler is available here: https://
zenodo.org/records/664236553.
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