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Huntington’s disease is a neurodegenerative disorder caused by CAG expansions in the huntingtin (HTT) gene.
Modelling Huntington’s disease is challenging, as rodent and cellular models poorly recapitulate the disease as
seen in ageing humans. To address this, we generated induced neurons through direct reprogramming of human
skin fibroblasts, which retain age-dependent epigenetic characteristics.
Huntington’s disease induced neurons (HD-iNs) displayed profound deficits in autophagy, characterized by reduced
transport of late autophagic structures from the neurites to the soma. These neurite-specific alterations in autophagy
resulted in shorter, thinner and fewer neurites specifically in HD-iNs. CRISPRi-mediated silencing of HTT did not res-
cue this phenotype but rather resulted in additional autophagy alterations in control induced neurons, highlighting
the importance of wild-type HTT in normal neuronal autophagy.
In summary, our work identifies a distinct subcellular autophagy impairment in adult patient derived Huntington’s
disease neurons and provides a new rationale for future development of autophagy activation therapies.
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Introduction
Huntington’s disease is an autosomal dominant neurodegenera-
tive disorder caused by an expanded polyglutamine tract within
the first exon of Huntingtin (HTT).1 Clinically, Huntington’s dis-
ease is characterized by involuntary movements together with
cognitive impairment, psychiatric disturbances as well as meta-
bolic and sleep problems, a result of extensive cell impairment
and death within the CNS. Genetics and age in combination are
key components of Huntington’s disease pathology as the length
of the CAG repeat expansion in HTT correlates with age of disease
onset, andmanifest disease ismore prevalentwith increasing age,
independent of CAG repeat length.1–3 Most Huntington’s disease
patients have CAG repeats in the range of 40–45 CAGs and are di-
agnosed around the age of 50.4 HTT is ubiquitously expressed, yet
the presence of a mutated Huntingtin allele (mHTT) results, at
least early on, in the dysfunction and death of neurons specifically
in the striatum and cortex.5 Mutant HTT has a propensity to aggre-
gate and form insoluble protein inclusions, but it is still debated as
to how protein aggregation influences, if at all, neuronal dysfunc-
tion and ultimately cell death. In general, themolecular and cellu-
lar basis for the pathology and the age-related disease process
remains poorly understood and thus the development of disease-
modifying treatments for Huntington’s disease remains a major
challenge.

Several studies have documented altered autophagy in neuro-
degenerative disorders including Huntington’s disease, a phenom-
enon thought to contribute to the failure of clearance of aggregating
proteins.6–12 Autophagy is a lysosomal protein degradation path-
way that is present at a basal level in all cells, including neurons
and is essential for their survival.13,14 Boosting autophagy through
pharmacological or genetic manipulation successfully reverses
disease-associated phenotypes in various mouse models of neuro-
degenerative disorders, including models of Huntington’s disease,
and is associated with a reduction of the protein aggregate bur-
den.6,7,11,15,16 These preclinical findings have led to the initiation
of clinical trials to activate autophagy in Huntington’s disease
and other neurodegenerative disorders.17–20 While these initial
studies have shown that this approach is feasible and well toler-
ated, it is also evident that therapeutic approaches to activate au-
tophagy need to be optimized and tailored for different
neurodegenerative disorders. In particular, a clear understanding
of exactly how and why alterations in autophagy appear in
Huntington’s disease (and other neurodegenerative disorders)
and how this contributes to neuronal dysfunction and death is cur-
rently lacking.

In this study we have used direct reprogramming of human fi-
broblasts to generate patient-derived induced neurons (iNs) that
retain age-associated epigenetic marks.21–23 When performing a
combined transcriptomic, proteomic and automated microscop-
ic analysis on induced neurons obtained from patients with
Huntington’s disease (HD-iNs), we found a clear impairment in
autophagy that was characterized by a failure to transport late
autophagic structures from neurites to the cell body. This

subcellular autophagy impairment was directly linked to a re-
duction in the neurite complexity of HD-iNs. The autophagy im-
pairment in Huntington’s disease neurons also appearedwithout
the presence of mHTT-aggregates, demonstrating that this phe-
nomenon lies upstream of overt protein aggregation. Finally, in-
hibition of HTT expression (both wild-type and mutant) using
CRISPR interference (CRISPRi) rescued some of the
autophagy-related impairments but also resulted in additional
new autophagy alterations suggesting that the disease pheno-
type is driven by a combination of both loss-of-function and
gain-of-function mechanisms. In summary, our results provide
a novel understanding of the Huntington’s disease process by
demonstrating a specific subcellular autophagy impairment lo-
calised to the neurites. Our findings have clear translational
implications.

Materials and methods
Human tissue

Post-mortemhumanbrain tissuewas obtained from theCambridge
Brain Bank (Cambridge, UK) and used under local ethics approval
(REC 01/177). Severity of Huntington’s disease was graded by a cer-
tified pathologist according to the Vonsattel grading system24

(Table 1).

Cell culture

Adult dermal fibroblasts were obtained from the Huntington’s dis-
ease clinic at the John van Geest Centre for Brain Repair
(Cambridge, UK) and the Fondazione IRCCS, Instituto Neurologico
Carlo Besta (Milan, Italy) and used under local ethical approvals
(REC 09/H0311/88). The cells were obtained from 10 Huntington’s
disease and 10 non-related healthy individuals (Table 2) (for more
information on the biopsy sampling see Drouin-Ouellet et al.21).
CAG repeat length was defined for both alleles using Sanger se-
quencing (Laragen Sanger Sequencing Services). The fibroblasts
were kept in Dulbecco’s modified Eagle medium (DMEM) glutamax
medium (Gibco) supplemented with 10% foetal bovine serum (FBS)
(Gibco) and 1% penicillin/streptomycin (Gibco) and passaged when

Table 1 Human samples

Fig. 3I Brainbank
ID

Age of
death

Pathological
grade

Number of
CAG repeats

Control PT89 66 — —

HD patient:
grade 2

H721 61 2 46

HD patient:
grade 3

H715 57 3 47

HD patient:
grade 4

H693 43 4 51

Related to Fig. 3. HD = Huntington’s disease.
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they reached 80–90% confluency using a previously described
procedure.21

Lentiviral production

Third-generation lentiviral vectors were produced as previously
described.6

For induced neuron conversion LV.U6.shREST1.U6.shREST2.
hPGK.BRN2.hPGK.Ascl1.WPRE transfer vector was used. This
previously published and available construct from the plasmid
repository contains the transcription factors ASCL1 and
BRN2 with two short hairpin RNAs (shRNA) targeting REST.21 The
lentiviral vector also contains non-regulated ubiquitous
phosphoglycerate kinase (PGK) promoters and a Woodchuck
Hepatitis Virus (WHP) Posttranscriptional Regulatory Element
(WPRE). Four additional viral vector plasmids were used:
pLV.hU6-sgLacZ-hUbC-dCas9-KRAB-T2a-GFP (LacZ), pLV.hU6-sg1
HTT-hUbC-dCas9-KRAB-T2a-GFP (g1HTT), pLV.hU6-sg2HTT-hU
bC-dCas9-KRAB-T2a-GFP (g2HTT) and pLV.hU6-sg3HTT-hU
bC-dCas9-KRAB-T2a-GFP (g3HTT). Vectors are specified in the
CRISPRi section below.

Virus titration was performed, and the titre was determined
with qRT-PCR as previously described.6 The virus titres ranged be-
tween 2.33 × 108 and 9.3 × 109. Amultiplicity of infection (MOI) of 1–
20 was used from different lentiviral vectors as specified for each
case.

Neural conversion

Prior to the start of conversion, Nunc Delta surface treated plates
(Thermo Scientific) were coated as previously described.25

Fibroblasts were plated at a density of 50 000 cells per Nunc
24-well (�26000 cells/cm2) in fibroblast medium 1 day prior to the

start of conversion. On the following day (Day 0), the fibroblasts
were transduced with the all-in-one lentiviral vector at MOI 20.
The conversion was performed as previously described until the
cells were harvested for experiments on Day 25, 28 or 50 of conver-
sion as described below.21

CRISPRi

To silence the transcription of HTT we used the catalytically in-
active dead Cas9 (dCas9) fused to the transcriptional repressor
KRAB in six control (1, 2, 4, 6, 8 and 10) and six Huntington’s disease
(1, 2, 5, 6, 9 and 10) cell lines, and only including those Huntington’s
disease lines with the shorter CAG-repeats.26,27 Single guide
sequences were designed to recognize DNA regions just down-
stream of the HTT transcription start site (TSS at 3074690 using
reference sequence NC_000004.12) according to https://portals.
broadinstitute.org/gpp/public/analysis-tools/sgrna-design-crisprai?
mechanism=CRISPRialgoritms (Supplementary Table 1).

The guides were inserted into a deadCas9-KRAB-T2A-GFP lenti-
viral backbone containing both the guide RNA under the U6 pro-
moter and dead-Cas9-KRAB and GFP under the Ubiquitin C
promoter [pLV.hU6-sgRNA-hUbC-dCas9-KRAB-T2a-GFP was a gift
from Charles Gersbach (Addgene plasmid #71237; http://n2t.net/
addgene:71237; RRID:Addgene_71237)]. The guides were inserted
into the backbone using annealed oligos and the BsmBI cloning
site. Lentiviruses were produced as described above yielding titres
between 4.9 × 108 and 9.3 × 109. Three guides were designed and
tested in HEK293T and induced pluripotent stem cells (iPSCs).
HEK293T cells were cultured similarly to the fibroblasts cells as de-
scribed above. iPSCs (RBRC-HPS0328, 606A1 from RIKEN) were cul-
tured as previously described.28 HEK293T and iPSCs were
transduced with different gRNAs targeting LacZ or HTT. After 4
days of transduction, cells were passaged and 7 days post infection
GFP+PI− cells were purified by FACS. Silencing efficiency was tested
using quantitative real-time PCR and two gRNAs were chosen for
further analysis.

Guide 2 and Guide 3 were chosen for further validation with
‘cut-sites’ at 25 bp and 65 bp downstream of the transcription start
site, respectively. Control LacZ viruswith a gRNA sequence not pre-
sent in the human genome was also produced and used in all ex-
periments. All lentiviral vectors were used with MOI of 20. Cells
were FACS sorted one week after transduction and silencing effi-
ciency was validated using standard quantitative real-time reverse
transcriptase PCR techniques as described below.

Autophagy treatments

Six Ctrl (1, 2, 4, 6, 8, 10) and six Huntington’s disease (1, 2, 5, 6, 9, 10)
cell lines, which only included those Huntington’s disease lines
with the shorter CAG-repeats, were treated with factors regulating
autophagy as follows. The cell medium was aspirated from the
wells and fresh medium with one of the factors (Bafilomycin,
200 nM, Merck Millipore; Rapamycin, 20 nM, Sigma-Aldrich;
Wortmannin, 100 nM, Sigma-Aldrich) was added to the well fol-
lowed by fixation for immunocytochemistry after 4 h. Torin
(250 nM, Tocris Bioscience) treatment was performed identically
and only lasted for 2 h. Non-treated wells received fresh media
with dimethyl sulphoxide (DMSO) in equivalent amount to that
used in treated cells.

Cells were starved by replacing themedia with Hank’s Balanced
Salt Solution (Thermo Fisher, 14025092) for 2 h before fixation.

Table 2 Summary of control and Huntington’s disease patient
biopsies

Line Agea Sex CAG repeats Age at onsetb

C1 27 Male 17/17 —

C2 30 Male 19/24 —

C3 52 Female 19/23 —

C4 54 Female 15/20 —

C5 61 Female 17/17 —

C6 61 Male 17/23 —

C7 66 Male 24/24 —

C8 67 Female 17/17 —

C9 71 Male n/a —

C10 75 Female 18/18 —

HD1 28 Male 15/39 Premanifest
HD2 31 Male 20/45 33
HD3 33 Female 17/58 n/a
HD4 38 Female 17/52 n/a
HD5 43 Male 17/42 38
HD6 43 Male 19/44 36
HD7 47 Male n/a/40 Premanifest
HD8 49 Female 18/47 n/a
HD9 53 Male 19/42 Premanifest
HD10 59 Male 16/39 33

Overviewof the cohort used in the study specifying the age, sex, CAG repeats and age

at onset of 10 healthy control (C) and 10Huntington’s disease (HD) patient fibroblasts
lines. n/a = not available.
aAge of the fibroblasts indicates when they were collected.
bAge at onset correspond to appearance of motor symptoms.
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Immunostaining

Immunocytochemistry to stain induced neurons was performed as
previously described.21 Briefly, the cells were fixedwith 4% parafor-
maldehyde for 10–15 min. Following fixation, the paraformalde-
hyde was aspirated, and the cells were washed carefully twice
with DPBS. Thereafter, the cells were permeabilized in 0.1 M
phosphate-buffered saline (PBS) with 0.1% Triton X-100 for 10 min
and then blocked for a minimum of 30 min in a blocking solution
of 0.1 M PBS and 5% normal donkey serum. The primary antibodies
were diluted in blocking solution and incubated overnight at 4°C
(Supplementary Table 2). The cells were washed twice with
DPBS and the secondary antibody conjugated to a fluorophore
(Supplementary Table 2) diluted in blocking solution and incubated
for 2 h at room temperature. Following incubationwith the second-
ary antibodies, DAPI was applied for 15 min and the cells were
washed once with DPBS. Finally, high-content automated micros-
copy analysis was performed using the Cellomics Array Scanner
(VT1 HCS Reader, Thermo Fischer) and imaging was performed
using either a Leica inverted fluorescent microscope (model
DMI6000 B) or a Leica TCS SP8 confocal laser scanning microscope.

Immunohistochemistry staining was performed as described
previously.6 Paraffin-embedded striatal sections (10-µm thick)
were taken from three differently graded Huntington’s disease pa-
tients and healthy age-matched control brains. Sections were
stained using the antibodies listed in Supplementary Table 2, using
mouse anti-Neurofilament and rabbit anti-p62. Briefly, sections
were surrounded with Dakopen and dried for 10 min at 65°C.
Sections were then further incubated first with xylene and then
with different concentrations of ethanol (99.5%, 95%, 70%), MilliQ
water and last in TN buffer (1 M Tris-HCl, 1.5 M NaCl, MilliQ water)
prior to 20 min of boiling in a pH=9 Tris/ EDTA solution. After cool-
ing, the sections were again twice incubated with TN buffer and
then with TN+5% serum at room temperature. The sections were
incubated at room temperature with the primary antibody diluted
in TNT+5% serum (TN+10% Tween20). Secondary antibodies
were diluted in TNT+5% serum and kept in the dark for 2 h after
washing with TN and TNT. Lastly, sections were washed, and
cover-slippedwith PVDA-DABCOwith DAPI. All fluorescent images
were taken using a Leica TCS SP8 confocal laser scanning
microscope.

High-content automated microscopy

The Cellomics Array Scan (VT1 HCS Reader, Thermo Fischer) was
used for high-content automated microscopy.

To quantify the number of DAPI+, MAP2+, and TAU+ cells and de-
fine neuronal purity and conversion efficiency ‘target activation’
(TA) was used. Using this method, we obtained objective, unbiased
measurements of the induced neuronal cultures. The TA program
was used to acquire images of 100–289 fields using a 10× objective
of each well to define cell number, neural purity and conversion ef-
ficiency. Wells with <50 valid fields were excluded from further
analysis. The program defined DAPI+ cells based on intensity and
area and then measured fluorescent intensity on a cell-by-cell
bases to identify MAP2+ and TAU+ cells. We excluded DAPI cells
which were clumped together or where the separation of nuclei
by the software was not efficient enough by setting a maximum
area and shape to be able to ensure that we were counting single
cells. Border objects were also excluded from the analysis. TAU or
MAP2 positive cells were identified by setting a threshold defined
by total cell body intensity and average cell body intensities with

only one valid nucleus. The neuronal purity was quantified as the
fraction of MAP2+ or TAU+ cells of the total DAPI+ cells at the time
of analysis. The conversion efficiency was determined as the num-
ber ofMAP2+/TAU+ cells over the number of fibroblasts plated at the
start of conversion.

The ‘neuronal profiling’ (NP) program was used at a 10× object-
ive. NP analysis was performed by re-analysing images taken for
the TA analysis to quantify the neuronal morphology of the
MAP2+ and TAU+ cells. Control and HD-iNs were imaged with a
10× objective after 50 days of conversion. The NP program was
used to acquire images of 100–289 fields at ×10 magnification of
each well to define neuronal morphology. Wells with <50 valid
fields were excluded from further analysis. First valid nuclei were
defined by DAPI staining based on intensity and area. Border ob-
jects were excluded from the analysis. Average cell body area, aver-
age neurite area, average number of neurites, average neurite
length, average neurite width and average number of branchpoints
per cell was defined by theNPprogrambased onMAP2 or TAUneur-
onal staining. Border objects were excluded from further analysis.

Neuronal profiling with spot detection (using a 20× objective)
was used to determine average LC3B, LAMP1 and p62 dot number
and size per cell within MAP2+ or TAU+ cell bodies and neurites.
LAMP1 and LC3B co-localization was also analysed by defining
the overlapping area as a percentage between the two markers.
First valid nuclei were defined by DAPI staining based on intensity,
area, and shape. Border objects were excluded from further ana-
lysis. Next, cell bodies and neurites were defined based on total
and average intensity and area of MAP2+ or TAU+ as the region of
interest. Border objects were excluded from further analysis here
also. Autophagy markers were analysed and defined by intensity
and area within the valid neuronal cells. In every case, 150–250
fields were analysed and wells <50 valid fields were excluded
from further analysis.

In each case we have verified the accuracy of the program by
manually curating 10 images fromeach conversion round to ensure
that the thresholds were set accurately to define the neuronal
population and the ‘dots’.

Fluorescence-activated cell sorting

To increase the purity of converted control and HD-iNs for
RNA-sequencing, the cells were harvested and sorted by
fluorescence-activated cell sorting (FACS), as previously de-
scribed.25 To this end, the cellswere dissociatedwith StemPro accu-
tase by incubation at 37°C for approximately 10–15 min. Following
detachment, the cells were washed off and collected in FACS buffer
[Hanks’ Balanced Salt solution (HBSS) with 1% bovine serum albu-
min (BSA) and 0.05% DNAse I (Sigma)] and centrifuged at 400g for
5 min. The supernatant was aspirated, and the cells were once
more washed in FACS buffer, centrifuged, and resuspended in
50 µl FACS buffer. An allophycocyanin conjugated antibody against
human NCAM (1:10, anti-mouse hNCAM, Biosciences, #555515,
clone B159) was added to the samples and incubated for 15 min
on the bench. The antibody was washed twice with FACS buffer
and centrifuged again with the same settings. After the final dilu-
tion, 1:1000 propidium iodide (Sigma) was added to label dying
cells. The cells were sorted with a FACSAria III through a 100 µm
nozzle, using a 1.5 filter and area scaling of 0.35. Gates were set
up to obtain small NCAM+PI− cells using fluorophore specific gates
and the forward and side scatter to select the smaller cell popula-
tion. Re-analysis was also performed for each sorted sample and
a purity >95% was set as a cut-off. In each case 10000 NCAM+PI−
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single cells were sorted at 10°C and the samples were then kept on
ice for further processing. Sorted cells were centrifuged at 400g for
5 min and after the removal of the supernatant, frozen on dry ice
and stored for RNA-sequencing experiments.

To purify successfully transduced GFP+ HEK293T, iPSCs or fibro-
blasts, these cells were also harvested and sorted by FACS.
Untransduced and transduced cells after 1 week of lentiviral
transduction were dissociated with 0.05% trypsin (Sigma) for
5 min at 37°C. Following detachment, the cells were washed off
and collected in FACS buffer and centrifuged at 400g for 5 min.
Supernatant was removed and cells were washed with a FACS buf-
fer again. After washing cells were filtered through a 60 µm sterile
nylon filter to remove possible cell aggregates and collected in
500 µl FACS solution. Before sorting, cells were stained with propi-
dium iodide. GFP+PI− cellswere sorted into freshDMEMmedium for
further analysis. In all cases untransduced cells were also FACS
sorted. Re-analysis was also performed for each sorted sample
and a purity >95% was set as a cut-off.

Quantitative real-time PCR

Tomeasure the expression level ofHTTRNAand to detect intron re-
tention in fibroblasts and induced neurons from healthy control
subjects and Huntington’s disease patients, we did qRT-PCR ana-
lysis. Total RNA was first extracted according to the supplier’s re-
commendations using the mini or micro RNeasy kit (Qiagen).
cDNA was generated using the Maxima First Strand cDNA
Synthesis Kit. All primers were used together with LightCycler
480 SYBR Green I Master (Roche). Three reference genes were
used for each qRT-PCR analysis (ACTB, GAPDH and HPRT).
Sequences were:

ACTB,
fw: CCTTGCACATGCCGG
rev: GCACAGAGCCTCGCC
GAPDH
fw: TTGAGGTCAATGAAG
rev: GAAGGTGAAGGTCGG
HPRT
fw: ACCCTTTCCAAATCCTCAGC
rev: GTTATGGCGACCCGCAG.
HTT expression levels were tested using two alternative primer

pairs. Sequences were:
HTT–pp1
fw: TCAGCTACCAAGAAAGACCGT
rev: TTCCATAGCGATGCCCAGAA
HTT–pp2
fw: TCAGAAATGCAGGCCTTACCT
rev: CCTGGACTGATTCTTCGGGT.
Intron retention was tested using exon 1–exon 2 and exon

1–intron 1 primer pairs. Sequences were:
HTT–exon 1–intron 1
fw: CACCGACCGTGAGTTTGGG
rev: CAGGCTGCAGGGTTACCG
HTT–exon 1–exon 2
fw: CTGTGGCTGAGGAGCCG
rev: TGTCAGACAATGATTCACACGG.
In all cases data were quantified using the ΔΔCt method.

Western blot

Fibroblasts (200 000 cells/ sample) and induced neurons (converted
in T25 flasks starting from 250000 fibroblasts/ sample or converted

in Nunc Delta treated 6-well plates starting from 200000 plated fi-
broblasts/ sample) were harvested as follows: the cell medium
was removed and the cells were lysed in RIPA buffer (Sigma) with
4% protease inhibitor cocktail (PIC, cOmplete™). For autophagy
flux measurements induced neurons were treated with
Bafilomycin (200 nM, Merck Millipore) for 4 h, while non-treated
wells received fresh media with DMSO in an equivalent amount
to that used in treated cells before harvesting. The lysed cells
were collected in a microcentrifuge tube and incubated on ice for
a minimum of 30min, followed by centrifugation at 10000g for
10min in 4°C to pellet cellular debris. Following centrifugation, the
supernatant was transferred to new vials. The protein content was
quantified with Bradford DC™ Protein Assay (Bio-Rad) and 10–
15 µg protein of each sample was used for loading the gel. Gel elec-
trophoresis and blotting was performed as previously described.7

Both the primary and secondary antibodies (Supplementary
Table 3) were diluted inmilk blocking solution. The blots were incu-
bated in Immobilon Western Chemiluminescent HRP Substrate
(Millipore) for 5 min to enhance the signal for visualization using
the ChemiDoc™ MP Imaging System.

To determine HTT protein expression in fibroblasts and induced
neurons protein concentration was determined using Bradford
ProteinAssay (Bio-RadLaboratories). HTT immunoblottingwasper-
formed as previously described.29 Briefly, proteins were loaded on a
Tris-acetate gradient gel (3–10% 37.5:1 acrylamide/Bis-acrylamide,
BioShop),migrated at 100 Vand transferred inBicine/Bis-Tris trans-
fer buffer overnight at 25 V and 4°C, followed by 1 h at 90 V.
Membranes were blocked with 5% milk and 1% BSA in
Tris-buffered saline with 0.1% Tween 20. Membranes were than in-
cubated with primary antibodies raised against poly-glutamine re-
peats (5TF1-1C2, EMDmillipore) or HTT (1HU-4C8 andmEM48, both
from EMD Millipore; CH00146, CHDI – Corriell Institute). Detection
was achieved using appropriate horseradish peroxidase-labelled
secondary antibodies and Immobilon western chemiluminescent
HRP substrate (Millipore Sigma). Band intensity was determined
with ImageJ 2.0.0-rc-69/1.52p software (http://imagej.nih.gov/ij)
and corrected to the total amount of protein per lane.

RNA preparation and sequencing

Samples C1–C7 (four males and three females) and Patients HD1–2,
HD5–7 and HD9–10 (age-matched but only males, only including
Huntington’s disease lines with the shorter CAG-repeats) were
used for RNA-sequencing. Total RNA was extracted from 10000
cells/sample with the RNeasy micro kit (Qiagen) according to the
manufacturer’s protocol. A quality control of the samples was
made with the Bioanalyzer RNA pico kit. cDNA was synthesized
with the SMART-Seq® v4 Ultra® Low Input RNA Kit for
Sequencing (Takara/Clontech) and assessed with the Bioanalyzer
high sensitivity DNA kit, followed by library preparation using
Nextera XT (Illumina). The quality and concentration of the librar-
ies was assessed with the Bioanalyzer high sensitivity DNA kit and
Qubit dsDNA BR DNA assay kit, respectively. Paired-end sequen-
cing of 2× 150 base pairs (300 cycles) was done with a NextSeq
500/550 High Output v2.5 kit 400 million reads (Illumina) on a
NextSeq 500 sequencer (Illumina).

RNA sequencing analysis

Fibroblast and induced neuron samples were sequenced as speci-
fied above for further analysis. Raw base counts were demulti-
plexed and converted to sample-specific fastq format files using
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Figure 1 Huntington’s disease fibroblasts readily convert into induced neurons with similar purity and conversion efficiency. (A) Experimental over-
view of the induced neuron (iN) conversion. (B) Induced neurons derived from control and Huntington’s disease patient fibroblasts both

(Continued)

3040 | BRAIN 2022: 145; 3035–3057 K. Pircs et al.



the bcl2fastq program (Illumina) with default parameters. The
quality of the reads was assessed using FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC
(https://multiqc.info/), after which reads were mapped to the hu-
man genome (GRCh38) using the STARmapping algorithmwith de-
fault parameters.30

Indexingwas performed to investigatewhether incomplete tran-
scriptswere generatedwith the samtools (version 1.4) index, and the
bigwigfiles to generate the IGV tracks (version 2.10.0, assemblyhg38)
were produced using bamCoverage from deeptools (version 2.5.4)
normalizing for sequencing depth using –normalizeUsingRPKM.

Following mapping, mRNA expression was quantified using
FeatureCounts. Only reads mapping to genetic elements annotated
as exons were quantified, and only the primary alignments were in-
cluded.31 The GTF annotation file used for the quantification was
downloaded from Gencode version 30 (https://www.gencodegenes.
org/human/). We performed median of ratios normalization with
DESeq232 to account for differences in sequencing depth and RNA
composition. Gene ontology overrepresentation tests were per-
formed using PANTHER database (version 14). The GO analysis be-
tween induced neurons and fibroblasts was performed using the
upanddownregulated genes found tobe significantly differentusing
DESeq2. Genes with basemean >10were used as the background set
for the overrepresentation test, andonly significant terms are shown
(Padj<0.05, log2FC>1).

Using the normalized reads (mean of ratios calculated with
DESeq2), we tested for difference in expression between HD- and
Ctrl-iNs using unpaired t-test. We defined significantly different
genes those with P-value<0.05. Code for tests and visualization is
available at Github (https://github.com/raquelgarza/iN_HD).32 Gene
ontology overrepresentation tests comparing HD- and Ctrl-iNs using
theRNAsequencingdata (gene sets ofupanddownregulateddefined
asPadj<0.05, log2FC>0)wereperformedusingPANTHER (version 16)
using Fisher’s exact test and Benjamini-Hochberg correction to cal-
culate false discovery rates.33 All genes with some expression in
any of the conditions were used as background sets for these tests.

Shotgun proteomic analysis

Samples C1–C7 (four males and three females) and Patients HD1–2,
HD5–7 and HD9–10 (age-matched but only males, only including

Huntington’s disease lines with the shorter CAG-repeats) were
used formass spectrometry (MS) analysis. Fibroblasts (500 000 cells)
and induced neurons converted in T75 flasks (600 000 fibroblasts
plated for conversionper sample)weredissociatedaspreviouslyde-
scribedandprepared for quantitativeproteomicanalysis as follows.
The cells were carefully washed off and collected in a tube with ei-
ther trypsinor accutaseandspunat 400g for 5 min. The supernatant
was discarded, and the pellets were washed three timeswith DPBS.
After the final wash, the supernatant was aspirated, and the pellets
were frozen on dry ice and stored at −80°C until use.

The cell pellets were resuspended in 200 µl lysis buffer (50 mM
DTT, 2% SDS, 100 mM Tris pH = 8.6), rested for 1 min on ice and so-
nicated (20 cycles: 15 s on/off; Bioruptor plus model UCD-300,
Diagenode). Reduction and alkylation of disulphide bridges was
performed by incubating the samples at 95°C for 5 min, followed
the addition of iodoacetamide to a final concentration of 100 mM
and incubation for 20 min at room temperature in the dark.

Sampleswere processed using S-TrapMini Spin Columns (ProtiFi)
according to the manufacturer’s instructions. Briefly, samples were
acidified by adding phosphoric acid to a final concentration of 1.2%,
seven volumes of binding buffer (90% MeOH, 100 mM TEAB,
pH = 7.1) was added to the samples, which were then transferred to
the S-Traps, and spun at 4000g for 30 s. The trapped proteins were
washed three times with the binding buffer. Protein digestion was
performedby adding trypsin (Promega Biotech AB) 1:50 (enzyme:pro-
tein ratio) in 125 µl of 50 mM TEAB and incubating for 16 h at 37°C.
Peptideswereelutedwith0.2%ofaqueousformicacidand0.2%of for-
mic acid in 50:50water:acetonitrile. Following speedvacuumconcen-
trationpeptidesweredissolvedin0.1%TFA,quantifiedwiththePierce
Quantitative colorimetric peptide assay (Thermo Fisher Scientific),
and 1 µgwas injected on the LC-MS/MS system.

Peptides were analysed in a Dionex Ultimate 3000 RSLCnano
UPLC system in line-coupled to a Q-Exactive HF-X mass spectrom-
eter (Thermo Fischer Scientific). Peptides were first trapped on an
Acclaim PepMap100 C18 (3 µm, 100 Å, 75 µm i.d. × 2 cm,
nanoViper) trap column and separated following a non-linear
120 min gradient on an EASY-spray RSLC C18 (2 µm, 100 Å, 75 µm
i.d. × 25 cm) analytical column. The flow rate was 300 nl/min and
the temperature was set to 45°C. A top 20 data-dependent acquisi-
tion (DDA) method was applied, where MS1 scans were acquired
with a resolution of 120 000 (at 200 m/z) using a mass range of

Figure 1 Continued
expressmature neuronalmarkers like TAUandMAP2. (C) Percentage ofMAP2+ or TAU+neurons fromDAPI+ cells. Each dot represents the average value
for one control or Huntington’s disease cell line. Percentage of MAP2+ or TAU+ neurons from plated cells after conversion (n=9 lines for controls, 81
wells analysed for MAP2 in total and 78 for TAU; n=10 lines for Huntington’s disease, 85 wells analysed in total for MAP2 and 77 for TAU).
(D) Scatter plot displaying RNA-sequencing log2 mean gene expression in induced neurons (x-axis) and fibroblasts (y-axis). Significantly upregulated
genes in induced neurons compared to fibroblasts are shown in red, significantly downregulated genes are shown in blue, and non-significant genes in
black (n=7 control and n=7 Huntington’s disease fibroblast and induced neuron lines). (E and F) Gene ontology overrepresentation test of biological
processes (Fisher’s exact test using PANTHER GO-slim biological process) of genes up or downregulated in induced neurons compared to fibroblasts
(differential gene expression analysis performed with DESeq2; Padj < 0.05, log2FC>1), top 10 most significant terms are shown. Bar plots represent
fold enrichment. Circles represent Benjamini-Hochberg false discovery rates (n=7 control and n=7Huntington’s diseasefibroblast and inducedneuron
lines; FDR<0.05). (G) Heat map of RNA expression of neural markers (n=7 control and n=7 Huntington’s disease fibroblast and induced neuron lines;
normalized by mean of ratios, Padj <0.05). (H) Scatter plot displaying mean protein abundance in induced neurons (x-axis) and fibroblasts (y-axis).
Proteinswith statistically significant differences between groupswere highlighted in red (upregulated in neurons) or blue (downregulated in neurons).
Proteins that were not found significantly different are shown in black (n=7 control and n=7 Huntington’s disease fibroblasts and induced neuron
lines). (I) 2D annotation enrichment analysis of biological pathways between induced neurons and fibroblasts from Huntington’s disease patients
and healthy donors. Significant pathways were selected following a threshold of 0.02 (Benjamini-Hochberg FDR). (J) Heat map of protein abundance
of neural markers (n=7 control and n = 7 Huntington’s disease fibroblast and induced neuron lines; normalized counts, Padj <0.05). (K) Scatter plot
of chronological age in years (x-axis) versus DNAm predicted age (y-axis) with regression curves and 95%-confidence intervals plotted separately
for control and HD-iNs (n=6 for control and n = 9 for HD-iN lines; Pearson correlation coefficient R2 = 0.9639 for control and 0.09839 for HD-iN lines).
*P<0.05; two-tailed unpaired t-tests were used. All data are shown as mean±SEM. Scale bar = 50 µm. See also Supplementary Figs. 1 and 2. FB = fibro-
blast; GO = gene ontology; iN = induced neuron; DMEM = Dulbecco’s modified Eagle medium; Ndiff = Neural differentiation medium; sh = short hairpin;
REST1/2 = RE1/2-silencing transcription factor; PGK= Phosphoglycerate kinase promoter; BRN2 = POUClass 3 Homeobox 2; ASCL1 =Achaete-Scute Family
BHLH Transcription Factor 1; WPRE = Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element.
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Figure 2 HD-iNs show a major post-transcriptional difference using quantitative proteomics. (A) Experimental overview of RNA-seq and Shotgun
proteomic experiments. (B and C) Scatter plots displaying log2 mean gene expression or protein abundance in control and HD-iNs.
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375–1500 m/z, the target AGC value was set to 3 × 106, and themax-
imum injection time was 100 ms. The 20 most intense peaks were
fragmented with a normalized collision energy (NCE) of 28. MS2
scans were acquired at a resolution of 15 000, a target AGC value
of 1 × 105, and a maximum IT of 50 ms. The ion selection threshold
was set to 8 × 103 and the dynamic exclusion was 40 s, while single
charged ions were excluded from the analysis. The precursor isola-
tion window was set to 1.2 Th. Each sample was analysed in
triplicate.

Protein identification and relative label-free quantification was
performed by means of the Proteome Discoverer v2.2 (Thermo
Fisher Scientific) using SEQUEST HT as the search engine and a hu-
man protein database download from UniProt on 2019-01-15. For
the search trypsin was selected as the protease, two missed clea-
vages were allowed, the tolerance was fixed at 10 ppm for MS1
and 0.02 Da for MS2, carbamidomethyl-cysteine was set as static
modification while methionine oxidation, phosphorylation on ser-
ine, threonine and tyrosine, and protein N-terminal acetylation
were selected as dynamic modifications. Peptides and correspond-
ing proteins were identified with 1% of FDR.

Protein quantitative data were processed using Perseus v1.6.5.0.
All quantitative values were log2 transformed and standardized by
subtracting the median in each sample. The technical replicates
were averaged and only those proteins with quantitative values
in at least four out of the seven samples, in at least one group
were kept for further analysis. The resulting number was 7001 dif-
ferent proteins. Statistical tests, principal component and 2D func-
tional annotation enrichment analyses were performed in Perseus.
The R bioconductor package limma was used to fit a linear model
and to compute moderated t-statistics.34

Figures showing scatter plots withmean protein abundance be-
tween different cell types (induced neuron and fibroblasts) or con-
ditions (HD- and Ctrl-iNs) show unpaired t-tests results. The code
for these tests and visualization is available on GitHub (https://
github.com/raquelgarza/iN_HD), as well as the visualization for
the functional enrichment analysis (Fig. 2E), which was performed
with STRING version 11.35

DNA methylation array and analysis

Samples C1–C3, C5, C6, C9 and HD1–HD8 and HD10 were used for
DNA methylation analysis. DNA was extracted from Ctrl- and
HD-iNs converted in T25 flasks (200 000 fibroblasts cells plated for
conversion per sample) using DNeasy Blood and Tissue Kit
(Qiagen) following the manufacturer’s instructions.

Bisulphite conversion was performed using the EZ DNA
MethylationTM Kit from Zymo Research. Product No: D5004 with
250 ng of DNA per sample. The bisulphite converted DNA was
eluted in 15 µl according to the manufacturer’s protocol, evapo-
rated to a volume of <4 µl, and used for methylation analysis using
the Illumina Methylation EPIC array.

For analysis of methylation data, the statistical software R (ver-
sion 4.0.3) was used. The ‘minfi’36 package (version 1.34) was used
to determine the quality of methylation experiments and to derive

single probe scores per sample after normalization using the
preprocessNoob() function.37 All samples were deemed to have ac-
ceptable quality based on density plots of beta-values aswell as sig-
nal intensities for control probes in the red and green channel.
Sample age was derived from normalized beta values using the
getAgeR function from the cgageR package (https://github.com/
metamaden/cgageR).

Statistical analysis

In induced neuron conversion efficiency and purity analysis each
dot represents either one control or a Huntington’s disease adult
human fibroblast cell line converted into induced neurons. Each
cell line value is an average from several individual wells specified
in each case in the figure legends. The well values are generated
with high-content automatedmicroscopy analyses. For ‘target acti-
vation’ analysiswe scanned at least 100fields (there are 189fields in
total). We excluded all wells having less than <50 valid fields.
MAP2+ and TAU+ purity % was defined for each line by taking the
average of:

Purity = number of scanned MAP2+or TAU+ cells
number of DAPI+ cells

× 100 (1)

Conversion efficiency % was defined by:

Efficiency = number of MAP2+ or TAU+cells
number of plated cells

× 100 (2)

Number of plated cells in a 24-well plate was 50000 cells.
For all induced neuronmorphology analysis each dot represents

one control, or one Huntington’s disease adult human fibroblast
cell line converted into induced neurons. Each cell line value is an
average from several individual wells specified in each case in the
figure legend. The average value for one cell line was defined by:
(average value of all wells/line) / (average value of all control wells
performed with identical high-content automated microscopy set-
tings and immunocytochemistry stainings). All neuronal profiling
values (cell body area, neurite area, count, width, length and
branchpoint count) are average relative values per cell.

In all qRT-PCR experiments five control and five Huntington’s
disease fibroblast and induced neuron cell lines were analysed
using qRT-PCR by using three different reference genes. In experi-
ments using 293T and iPSCs cell lines we used to test the silencing
efficiency of g1HTT, g2HTT and g3HTT using qRT-PCR by using
three different housekeeping genes.

In all autophagymeasurements each dot represents one control
or one Huntington’s disease adult human cell line from the con-
verted induced neurons. Relative dot number and area values
were defined by: (average dot number or area of all wells/ line) /
(average dot number or area of all control wells performed with
identical high-content automated microscopy settings and im-
munocytochemistry staining). Fold changes were defined for each
line by first setting every individual non-treated cell line value to

Figure 2 Continued
Significantly upregulated RNAs and proteins in HD-iNs compared to controls are shown in red, downregulated RNAs/proteins in HD-iNs compared to
controls are shown in blue, and non-significant genes in black (n=7 control and n=7 HD-iN lines). (D) Number of significantly differentially expressed
RNAs or proteins in control and HD-iNs. (E) Selected biological processes connected to autophagy by gene ontology functional enrichment analysis
(STRING, biological process) of proteins downregulated in HD-iNs compared to Ctrl-iNs. Bar plots represent fold enrichment. Circles represent
P-values (n=7 control and n=7 Huntington’s disease fibroblast and induced neuron lines; P<0.05). (F) AMPK pathway proteins significantly dysregu-
lated between control and HD-iNs where the RNA expression was not changed (n=7 control and n=7 HD-iN lines). ***P<0.001; **P<0.01; *P<0.05; two-
tailed unpaired T-tests were used in all. All data are shown as min/max box plots. See Supplementary Fig. 3.
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Figure 3 HD-iNs exhibit neurite specific autophagy alteration. (A) Reduced BECN1 expression in HD-iNs compared to Ctrl-iNs usingwestern blot (n=10
replicates for control and n=9 replicates forHD-iNs). (B) LC3B-II levels are significantly increased in theHD-iNs,while the LC3B-II/I ratio decreased com-
pared to the healthy Ctrl-iNs (n=6 replicates). (C–H) Representative images and statistical analysis shows a significant increase both in
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1. Afterwards BAF,W, RAP, ST, g2HTT or g3HTT treated valueswere
defined by:

FC after treatment = average well value after treatment/line
average non− treated well value

(3)

Correlation analysis were tested with Pearson’s correlation coeffi-
cient. Correlation between the predicted age (based on Horvath
clock) and real age of the donors was tested using Pearson’s correl-
ation coefficient. Two-tailed unpaired t-tests or paired t-tests were
used to test differences between two groups. One-way ANOVA or
non-parametric Kruskal-Wallis test was used depending on
whether the data obeyed a normal distribution as defined by the
D’Agostino-Pearson omnibus normality test to test differences be-
tween more than two groups. Two-way ANOVA corrected for mul-
tiple comparisons using Sidak statistical hypothesis testing was
used when comparing values after various treatments. Multiplicity
adjusted P-values were defined for each comparison. Data are pre-
sented asmin/maxboxplots ormeanand error barswhich represent
either standard error of the mean (SEM) or standard deviation of the
mean (SD), specified in each figure legend.

Data availability

Themass spectrometry proteomics data have beendeposited to the
ProteomeXchange Consortium via the PRIDE38 partner repository
with the dataset identifier PXD024286.

The accession number for the RNA-seq and DNA methylation
data reported in this paper is GEO: GSE182866.

Results
Direct induced neuron conversion of fibroblasts from
Huntington’s disease patients

We collected fibroblasts through skin biopsies from 10 individuals
diagnosed with Huntington’s disease and 10 age and sex-matched
healthy controls (Ctrl) (Table 2). The Huntington’s disease patients
were all between 28–59 years of agewith CAG repeats lengths in the
range of 39–58 (Table 2). The CAG-repeat length was initially deter-
mined by genotyping patient biopsies and later confirmed in the es-
tablished fibroblast cultures. Huntington’s disease and control
fibroblasts had a similarmorphology and expanded at similar rates.

We reprogrammed the 20 fibroblast lines to induced neurons
using our previously described protocol.21,25,39 In brief, this meth-
odology includes a single lentiviral construct that expresses the
transcription factors Achaete-scute homolog 1 (Ascl1) and POU
Class 3 Homeobox 2 (Pou3f2v or Brn2) with two short hairpin RNAs
(shRNA) targeting the RE1-silencing transcription factor (REST1)21

(Fig. 1A). Upon transduction, the fibroblasts rapidly developed a
clear neuronal morphology with a reduction in the size of both
the nuclei and cell body and the formation of long, elaborate neur-
ites (Fig. 1B and Supplementary Fig. 1A and B). Over a time period of
a few weeks, the reprogrammed fibroblasts transformed into
mature induced neuron and started to express the neuronal mar-
kers MAP2 (neuron-specific cytoskeletal protein enriched in

dendrites) and TAU (a highly soluble microtubule-associated pro-
tein abundant in neurons) (Fig. 1B and Supplementary Fig. 1A and
B). In addition to which they became electrically active as we
have previously shown.21

We analysed the reprogramming capacity of fibroblasts derived
from Huntington’s disease patients in detail using a high-content
automatedmicroscopy analysis of the reprogrammed inducedneu-
rons. By quantifying the number and proportion of MAP2+ and
TAU+ cells (as defined by DAPI) we found that the Huntington’s dis-
ease fibroblasts converted into induced neurons 4 weeks post-
transduction with a similar purity (number of induced neurons /
number of DAPI cells) and conversion efficiency (number of in-
duced neurons / number of starting fibroblasts) (Fig. 1C and
Supplementary Fig. 1C and D) as to that seen with control fibro-
blasts. Neuronal purity and conversion efficiency were not affected
by passage number (Supplementary Fig. 1E and F), and therewas no
difference in the rate of cell death between control and HD-iNs at 4
weeks, as determined by the number of induced neurons andDAPI+

cells at this stage (Supplementary Fig. 1G). Together, these data
demonstrate that fibroblasts obtained from Huntington’s disease
patients can be reprogrammed to induced neurons with the same
efficiency as that seen for healthy matched control individuals.

Transcriptome, proteomeand epigenomeprofiling of
induced neurons

To investigate molecular changes during the reprogramming pro-
cess as well asmolecular alterations in HD-iNs, we performed tran-
scriptome and proteome analysis using RNA sequencing and
shotgun proteomics on ctrl and HD-iNs, as well as the unconverted
parental fibroblasts. To obtain a pure population of induced neu-
rons for these analyses (in order to reduce background transcrip-
tional noise), we established a procedure to FACS-purify induced
neurons at 4 weeks post-conversion using neural cell adhesion
molecule (NCAM+), a mature neuronal cell surface marker25

(Fig. 1A).
We first analysed the RNA-seq transcriptome data across seven

control and seven HD-iNs and fibroblasts and found that fibroblast
and induced neuron samples (both control and Huntington’s dis-
ease) were clearly distinguishable (Fig. 1D, Supplementary Fig. 2A
and Supplementary Tables 4 and 5). We found high-level RNA ex-
pression of numerous genes that are known to be expressed in neu-
rons in the induced neurons but not in the fibroblasts confirming
successful neuronal conversion. Gene ontology analysis confirmed
that the transcriptsenriched in inducedneurons representedcellular
processes related to neuronal functions, such as synaptic signalling
and regulation of membrane potential (Fig. 1E and Supplementary
Table 6). On the other hand, transcripts enriched in fibroblasts
were related to cell proliferation (Fig. 1F and Supplementary
Table 7). We also investigated the presence of transcripts related to
specific neuronal subtypes in the induced neurons and found genes
related to several different neuronal subtypes, including both excita-
tory and inhibitory neurons (Fig. 1G), as well as an absence of neural
progenitor markers both in the fibroblasts and in the induced neu-
rons (Fig. 1G). This is in line with previous studies indicating that

Figure 3 Continued
number and size of LC3B, p62 and LAMP1 dots in the MAP2+ neurites of HD-iNs compared to controls (n=6 lines). (I) Representative images of human
post-mortem striatal tissue from a healthy control and three different Huntington’s disease patients at different disease stages showing p62 accumu-
lation specifically in the neurites as visualized by a neurofilament specific antibody. ***P<0.001; **P<0.01; *P<0.05; two-tailed unpaired T-tests were
used. All data are shown as mean±SEM. Western blot values were normalized to Ctrl-iNs expression levels and corrected to actin values. Scale
bar = 20 µm. See also Supplementary Fig. 4.
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these types of induced neurons represent a mixed population of dif-
ferent types of maturing neurons.21–23,39

Next,we analysed the shotgun proteomics data from theuncon-
verted seven ctrl and sevenHuntington’s disease fibroblasts aswell
as the resulting induced neurons. The proteome analysis resulted
in 4241 proteins being quantified and identified at high confidence
in the majority of samples in at least one group (Fig. 1H and
Supplementary Tables 8 and 9).Whenwe compared the abundance
of individual proteins, we found that the fibroblast samples and in-
duced neurons (both control and Huntington’s disease) displayed a
high degree of proteomic difference when compared to each other
(Supplementary Fig. 2B), similar to that which we saw in the tran-
scriptomic analysis. In particular, proteins linked to neuronal func-
tion, such as synaptic vesicles proteins, were highly abundant in
induced neurons, while proteins related to proliferation pathways,
such as cell cycle and DNA replication were downregulated com-
pared to fibroblasts (Fig. 1I and Supplementary Fig. 2C–E).
Additionally, the metabolic profile seen in induced neurons, in-
volved the upregulation of pathways like glycolysis, the lysosome
and phagosome, demonstrating that these cells, to a large extent,
mimic the metabolic state normally found in neurons (Fig. 1I and J
and Supplementary Fig. 2F–H).

Several previous studies have demonstrated that induced neu-
rons retain age-dependent molecular features.22,23,40–43 To confirm
this in our induced neurons, we investigated if we could detect age-
dependent epigenetic signatures in these cells.Weused the Illumina
EpicMethylation array to profile global DNAmethylation patterns in
six control and nine HD-iNs. A penalized regression model using a
set of 353 CpGs defining the biological age by the Horvath epigenetic
clock allows the prediction of the age of the donor.44 We converted
control and Huntington’s disease donor cell lines into induced neu-
rons and estimated the biological age of the resulting induced neu-
rons. We found that in the Ctrl-iNs, the DNAm predicted biological
age strongly correlatedwith the donor’s actual real age (Pearson cor-
relation coefficient R2 =0.9639, Fig. 1K). A previous study performed
onpost-mortembrain tissue indicated an increase in epigenetic age-
ing rates inpatientswithHuntington’s disease.45 In linewith this,we
also found significantly increased DNAm predicted biological age in
the HD-iNs compared to the Ctrl-iNs (P=0.038, Fig. 1K). Taken to-
gether, these data confirm that both control and HD-iNs retain epi-
genetic signatures consistent with aged neuronal cells and that
induced neurons derived from patients with Huntington’s disease
have an increased biological age.

HD-iNs display alterations in proteins linked to
autophagy

To identify molecular mechanisms potentially linked to
Huntington’s disease pathogenesis, we analysed HD-iNs for differ-
ences in their transcriptome and proteome when compared to
Ctrl-iNs (Fig. 2A). Starting with the transcriptome, we found 516
mRNA transcripts thatwere upregulated inHD-iNs and 347 downre-
gulated out of 14104 detected transcripts compared to Ctrl-iNs, con-
firming previous findings that mHTT induces major transcriptional
alterations (Fig. 2B and Supplementary Tables 10 and 11). However,
gene ontology andnetwork analysis only identified immunoglobulin
production but not any other molecular or biological processes that
were significantly enriched in the differentially expressed genes
(Supplementary Tables 12 and 13). This suggests that while HD-iNs
display transcriptome alterations, these alterations are not linked
to distinct gene programs, making it difficult to link transcriptomic
changes in HD-iNs to phenotypical alterations.

We next turned our attention to the differences between the
proteomes of Ctrl-iNs and HD-iNs and found that 273 proteins
were upregulated in HD-iNs while 137 proteins were downregu-
lated out of 4951 proteins detected (Fig. 2C and Supplementary
Tables 14 and 15). Noteworthy was the finding that the majority
of proteins altered in HD-iNs were not changed at the RNA level.
Out of the 410 proteins that were either up- or downregulated in
HD-iNs only 21 of these genes were altered at the mRNA level
(Fig. 2D and Supplementary Table 16). This suggests that only a
very limited fraction of the differentially expressed transcripts
thatwe detected resulted in significant changes at the protein level.
Rather, the vast majority of changes at the protein level appear to
be the result of post-transcriptional mechanisms.

Interestingly,whenweperformedgeneontology andnetwork ana-
lysis of significantly dysregulated proteins in HD-iNs, we found that
many of these proteins were functionally linked (Supplementary
Tables 17 and 18). Downregulated proteins were enriched for cellular
pathways suchas theCAMKK-AMPKsignalling cascadeaswell asau-
tophagy related processes, while upregulated proteins were con-
nected to ribosomal functions (Fig. 2E and Supplementary Tables
17 and 18). We also performed the same analysis in ctrl and
Huntington’s disease fibroblasts and found that ribosomal proteins
were also upregulated in the Huntington’s disease fibroblasts, in
linewith previous studies indicating thatmHTT stalls ribosomes sug-
gesting that translational alterations may be a ubiquitous down-
stream consequence of the presence of mHTT (Supplementary
Tables 19 and 20).46,47 On the other hand, the proteins related to
CAMKK-AMPK signalling and autophagy were only downregulated
in HD-iNs and not in the corresponding Huntington’s disease fibro-
blasts, indicating that these proteomic alterations are linked to
neuron-specific cellular functions (Supplementary Fig. 3 and
Supplementary Tables 18 and 20). We thus focused our further ana-
lyses on these neuron-specific proteome alterations.

In HD-iNs, several kinases in the CAMKK-AMPK pathway were
downregulated, including CAMKK2, CAMK2G, AMPK and IRS1 as
well as the autophagy regulator BECN1 (Fig. 2F). Moreover, suppres-
sors of the AMPK pathway, PPP2R5E and PPP2R1B phosphatases
were significantly upregulated in HD-iNs compared to healthy con-
trols (Fig. 2F). Taken together, this omics-based analysis demon-
strated that HD-iNs display an altered proteome with links to
alterations in autophagy. Noteworthy, these alterations were cell-
type specific, only present in the induced neurons but not in the fi-
broblasts and mainly due to post-transcriptional mechanisms that
could not be detected by transcriptome analysis.

Subcellular alterations in autophagy in HD-iNs

One of the downregulated proteins detected in the proteomic ana-
lysis was BECN1, an autophagic regulator protein that plays a key
role in autophagosome formation. Several studies support the im-
portance of BECN1 in Huntington’s disease pathology, as overex-
pression of it can slow the progression of Huntington’s disease
pathology in both cell and mouse models by inducing autophagy,
while the expression of BECN1 in the brains of Huntington’s disease
patients declines with age.6,7,48,49 The downregulation of BECN1, as
well as the other alterations in the CAMKK-AMPK signalling path-
way, suggests that autophagy activity may be impaired in HD-iNs.

To investigate this inmore detail, we first verified that in HD-iNs
(but not the parental fibroblasts) there was a significant reduction
of BECN1 levels using western blot analysis (Fig. 3A and
Supplementary Fig. 4A). We then assessed autophagy activity in
HD-iNs compared to Ctrl-iNs bymeasuringmicrotubule-associated
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protein 1A/1B-light chain 3B (LC3B). LC3B conjugates from LC3B-I to
LC3B-II during autophagosome formation. We found a reduction in
the LC3B conjugation, as determined by assessing the ratio of
LC3B-II over LC3B-I using western blot in HD-iNs (Fig. 3B), which
was coupled to an increase in total LC3B-II levels, suggesting
more autophagosomes in HD-iNs (Fig. 3B). We next measured p62
levels, which inversely reflects autophagolysosome degradation
and found a non-significant trend for increased levels
(Supplementary Fig. 4B). p62 is selectively degraded by autophagy
and therefore, the level of p62 negatively correlates with autop-
hagy.50 We also measured the levels of LAMP1, which is present
on endosomes and lysosomes including autophagolysosomes and
autolysosomes but did not detect significant difference in HD-iNs
(Supplementary Fig. 4B).51 In summary, there were alterations in
basal autophagy in HD-iNs, primarily reflected by alterations in
BECN1 and LC3B, in line with an increase in autophagosomes and
most likely a reduction in autophagic flux.

In neurons, autophagosomes are formed in the neurites and
then transported to the cell body where the active lysosomes are
present.52 Moreover, degradative lysosomes in the soma can also
be transported to target autophagosomes in the distal axons ante-
rogradely in mature neurons.53 To characterize autophagy altera-
tions at a subcellular level, we performed immunocytochemistry
analysis of LC3B, p62 and LAMP1 as well as an unbiased quantifica-
tion of autophagosomes including the subcellular localization
using high-content automated microscopy. This analysis revealed
an increased number and size of LC3B puncta in HD-iNs, that was
particularly apparent in the neurites of these cells (Fig. 3C and D).
This demonstrates that autophagosomes accumulate specifically
in neurites in HD-iNs. The increase in autophagosomes was
coupled to an increased number and size of p62 puncta in neurites
as well as an increase in the number and size of LAMP1-positive
puncta at this same location (Fig. 3E–H), indicating that autophago-
somes and autophagolysosomes remain in the neurites and fail to
transport their cargo to the soma for degradation in HD-iNs.

Next, we investigated if the impairments are specific for
autophagy-related vesicles or if vesicles not related to autophagy,
such as endosomes were also affected. Previous studies have indi-
cated that there is dysregulation in the early endosomal trafficking
in different Huntington’s disease cell lines.54,55 Moreover,
Huntington’s disease pathogenesis in some mouse models has
been linked to decreased Rab11 activity in recycling endosomes.56

We therefore analysed different endosomal proteins to discover
whether there were any subcellular alterations in endosomal traf-
ficking using high content automated microscopy. We found that
while there was no difference in the cell body, a significant reduc-
tion in the number of early endosomal marker EEA1 dots were
found in the neurites of HD-iNs compared to the Ctrl-iNs
(Supplementary Fig. 4F and G). We found no significant difference
between ctrl and HD-iNs when using RAB11, a marker for recycling
endosomes (Supplementary Fig. 4H and I). These data indicate that
while there are some alterations in early endosomalmarkers in the
HD-iNneurites, these differences are not in linewith the autophagy
phenotype (increase of autophagolysosomes in neurites). Thus,
these results suggest that the accumulation of vesicle-structures
in the HD-iNs are specific to autophagy-related structures.

We next used immunohistochemistry to further verify the
neurite-specific impairment of basal autophagy in Huntington’s
disease neurons using human post-mortem brain tissue (Table 1).
We found no evidence of accumulation of p62 positive dots in the
neurites of healthy controls identified by co-labelling with a
Neurofilament specific antibody (Fig. 3I). In contrast, we found clear

p62 accumulation in the neurites in all Huntington’s disease pa-
tients analysed regardless of disease stage (Fig. 3I). Taken as a
whole, we therefore conclude that there is a subcellular, neurite
specific autophagy alteration in Huntington’s disease neurons.

Impaired autophagic flux in HD-iNs

We next focused on analysing autophagic flux in HD-iNs by modu-
lating the autophagy pathway using pharmacological agents
(Fig. 4A). First, we treated the cells using BafilomycinA1 (Baf), a late-
stage inhibitor of autophagy that blocks autophagosome-lysosome
fusion andmonitored autophagic activity by assessing the levels of
LC3B-II and the LC3B-II/ LC3B-I ratio using western blot and im-
munocytochemistry. We found, in line with other studies an ex-
pected increase of LC3B-II expression both in the Ctrl- and HD-iNs
but we failed to detect any changes in LC3B-II/LC3B-I ratio in the
HD-iNs indicating an alteration in the autophagic flux detected by
western blot (Supplementary Fig. 5). Using immunocytochemistry
we found an increase in size of autophagosomes as visualized by
LC3B-puncta, in the cell body of both Ctrl- and HD-iNs
(Supplementary Fig. 5B–D). However, the number of LC3B dots in-
creased significantly in the Ctrl-iNs, but not in the HD-iNs.
Furthermore, there was an increase in p62-puncta count in both
the cell body and neurites in HD-iNs but not in the Ctrl-iNs
(Supplementary Fig. 5E–G). Thus, blocking autophagolysosomal for-
mation in HD-iNs resulted in a further reduction in autophagy ac-
tivity, suggesting that degradation of these structures occurs at a
reduced rate in HD-iNs. In line with this observation, we found
that the accumulation of autophagolysosomes in HD-iN neurites,
as visualized by LAMP1-puncta, was completely abolished upon
Baf-treatment (Fig. 4B–D). Thus, when the formation of new autop-
hagolysosomes is prevented in HD-iNs, these cells are capable of
dealing with the accumulation of these structures in the neurites.
We further corroborated these results by treating the cells with
Wortmannin (W), which blocks the initiation of autophagy by inhi-
biting phosphatidylinositol 3-kinase (PI3K) (Fig. 4A).51 This treat-
ment resulted in a robust reduction of LAMP1-puncta in the
neurites of HD-iNs with this treatment (Fig. 4B–D).

To further understand the autophagy impairment in HD-iNs we
next used rapamycin (RAP) or torin, both of which activate autop-
hagy at an early stage by inhibiting mTOR signalling (Fig. 4A). In
Ctrl-iNs, RAP and torin treatment resulted in a clear reduction in
LC3B-puncta in both the cell body and neurites, in line with the in-
creased autophagic flux mediated by the treatment (Fig. 4E–G and
Supplementary Fig. 6). However, in HD-iNs RAP treatment resulted
in an increase in both the size and number of LC3B-puncta specif-
ically in neurites (Fig. 4E–G). Torin treatment also failed to decrease
the size and number of LC3B-puncta in the HD-iNs (Supplementary
Fig. 6C–E). Thus, the impairment in autophagolysosome transfer
and degradation that is present in HD-iNs prevents an increased
autophagic flux in RAP or torin treated cells. Moreover, LAMP1 dot
number and area was significantly reduced after RAP treatment
in the Ctrl-iNs cell body where the active lysosomes are present
and where the late autophagic structures are transported for deg-
radation, while this was not seen in the HD-iNs. This further corro-
borates an autophagosomal transport failure in the HD-iNs. These
results were verified by performing co-localization analysis for
LC3B and LAMP1 (Fig. 4E, H and Supplementary Fig. 6A and B).
While RAP clearly increased the autophagy flux in the cell body of
Ctrl-iNs by an increased formation of LC3B-LAMP1 double positive
late autophagy structures, we did not detect these structures in
HD-iNs (Fig. 4E and H). On the contrary, HD-iNs exhibited a
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Figure 4 Autophagic flux is altered in the neurites in HD-iNs. (A) Schematic summary of the effect of different autophagy drugs. (B–D) Representative
images and fold changes summarizing LAMP1+ dot number and area changes in the cell body and neurites of non-treated and Baf orW treated healthy
control and HD-iNs (n=6 lines). (E–G) Representative images of non-treated and rapamycin-treated healthy control and HD-iNs stained with the neur-
onalmarkerMAP2 togetherwith LC3B and LAMP1. Arrowheads are indicating LC3B, p62, LAMP1 positive dots in the neurites. Statistical analysis shows
a significant decrease after RAP treatment both in the number and size of LC3B dots in the MAP2+ cell bodies and neurites in the control induced neu-
rons (n=6 lines). Statistical analysis shows an opposing effect of RAP treatment regarding the amount and area of LC3B puncta in the neurites between
control and HD-iNs. While in the control induced neurons rapamycin significantly decreased the number and size of LC3B positive dots in the MAP2+

neurites, HD-iNs exhibited the opposite, LC3B dots significantly increased both in number and size (n=6 lines). (H) Statistical analysis showing a sig-
nificant increase in LC3B-LAMP1 co-localization in the cell bodies of Ctrl-iNs, while there was no change in the HD-iNs (n=6 lines). The percentage of
LC3B-LAMP1 co-localization significantly increased both in the control and HD-iN neurites (n=6 lines). ***P<0.001; **P<0.01; *P<0.05; two-tailed paired
t-tests were used in almost all cases except H (neurites panel) where one-way ANOVA was used. All data are shown as mean±SEM. Fold changes are
presented, except inH, neurite co-localization,where several data-pointswere 0 therefore the co-localization is presented as percentage between LC3B
and LAMP1. Scale bar = 25 µm. See also Supplementary Figs 5 and 6.
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Figure 5 Silencing of HTT using CRISPRi further alters autophagy in HD-iNs. (A) Experimental overview. Fibroblasts from five Huntington’s disease
patients and five healthy individuals were first transduced with lentiviral vectors targeting LacZ or HTT (sgRNA). After 7 days, GFP+ cells were FACS
sorted and converted into induced neurons. (B) qRT-PCR revealed an efficient silencing of HTT using gRNA2 and gRNA3 both in control and HD-iNs
(n=10 replicates from five control and five HD-iN lines for LacZ and gRNA2 and n=4 replicates from two control and two HD-iN lines for gRNA3).
(C–H) Representative images and statistical analysis of LC3B, p62 and LAMP1 dot number and area in TAU+ cells in HD-iNs stably expressing LacZ
and HTT gRNAs using CRISPRi (n=7 replicates from five control and five HD-iN lines pooling gRNA2 and gRNA3 data). Arrowheads are indicating
LC3B, p62, LAMP1positive dots in the neurites. (**P<0.01; *P<0.05; two-tailed paired T-testswere used). All data are shownasmean±SEM. Fold changes
are presented in all graphs. Scale bar = 25 µm. FB =fibroblasts; iN =human induced neurons; DMEM=Dulbecco’smodified Eaglemedium;Ndiff =Neural
differentiationmedium; sh = short hairpin; REST1/2 = RE1/2-silencing transcription factor; PGK = Phosphoglycerate kinase promoter; BRN2 = POUClass
3 Homeobox 2; ASCL1 = Achaete-Scute Family BHLH Transcription Factor 1; WPRE = Woodchuck Hepatitis Virus Posttranscriptional Regulatory
Element; UbC =mammalian ubiquitinC promoter; KRAB=Krüppel associated box transcriptional repression domain; T2A = thosea asigna virus 2A self-
cleaving peptides. See also Supplementary Figs 7–9.
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Figure 6 HD-iNs showa less elaborate neuronalmorphology. (A) Experimentalworkflow summarizing iN conversion. After neural conversion,morph-
ology of the cells is analysed using high-content automated microscopy analysis. (B) Representative images after 28 days of conversion

(Continued)
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significant increase only in neurite LC3B-LAMP1 co-localization
after RAP treatment (Fig. 4E and H). This further verifies that while
autophagolysosomes are formed inHD-iNs they fail to get degraded
and transported to the cell body. Early activation of autophagy
using RAP thus increases the amount of trapped autophagolyso-
somes in the neurites of HD-iNs.

Taken as a whole, these results demonstrate that HD-iNs show
impairment in degrading autophagolysosomes. It appears that the
cellularmachinery is working at a reduced rate and cannot degrade
the autophagy cargo, resulting in an accumulation in late stage au-
tophagic structures. The reason for this impairment is likely to re-
late to the late autophagic structures getting stuck in the neurites
and failing to be transported to the cell body where they should
be degraded. This impairment in the last step of autophagy results
in an overall reduction in autophagy activity. These observations
are important from a therapeutic point of view as treatment para-
digms to restore autophagy alterations in Huntington’s disease
should aim to enhance autophagolysosome transfer and degrad-
ation rather than activating autophagy at an early stage, which
could actually worsen the pathology.

Cellular mechanisms underlying the autophagy
impairments found in HD-iNs

We next investigated the molecular mechanisms underlying the
autophagy impairment in HD-iNs. It has been suggested that pro-
tein aggregates are the key driver of the autophagy phenotype ob-
served in neurodegenerative disorders. For example, long-term
exposure to protein aggregates could eventually exhaust the autop-
hagymachinery.57,58 On the contrary, HTT has also been suggested
to be directly linked to the cellular signalling pathway that controls
autophagic activity.59,60 HTT has been reported to directly bind to
BECN1 via its polyQ-tract and modulation of this binding, either
by loss of wtHTT levels or by the presence of an expanded
polyQ-tract in mHTT, results in a reduction in BECN1 levels and
an overall reduction in autophagic activity.7,49 wtHTT has also
been reported to directly interactwith p62 to facilitate cargo engulf-
ment in autophagy, indicating that the loss-of-function of onewild-
type allele of HTT in Huntington’s diseasemay impair autophagy.60

To investigate this further, we first looked for the presence of
mHTT-aggregates inHD-iNs. In humanbrains, aggregatedHTTpro-
tein can be quantified in samples extracted in lysis buffer. Through
the use of western blot analysis with several different lysis condi-
tions, we did not detect the presence of any mHTT-containing ag-
gregates (Supplementary Fig. 7A and B) even though the
expression of HTT-mRNA in fibroblasts and induced neurons was
similar in both groups (Supplementary Fig. 7C). In addition, we per-
formed formic acid extraction of the residual pellet as described

before29 but failed to detect any specific bands, due to the low level
of aggregated HTT in the HD-iN samples which caused only non-
specific binding. Together, these experiments demonstrate that
the autophagy impairments in HD-iNs are present without evi-
dence for overt HTT aggregation.

We next investigated whether incomplete HTT-transcripts
were generated in the fibroblasts or in the induced neurons since

this has previously been reported in Huntington’s disease cells
and may be linked to cellular pathology.61,62 We first analysed our
RNA-sequencing data, where we could not detect any retention of
intron 1 in our Huntington’s disease fibroblast and induced neuron
samples (Supplementary Fig. 7E). To validate these results, we also

used primers detecting exon 1–exon 2 and exon 1–intron 1 junc-
tions using qRT-PCR. We could not detect any exon 1–intron 1 sig-
nal while we had a clear expression of exon 1–exon 2 both in the
fibroblasts and in the inducedneurons demonstrating that process-
ing of the HTT transcript in not altered (Supplementary Fig. 7F).
Thus, we found no retention of intron 1 in the Huntington’s disease

fibroblasts and in the HD-iN samples.
We next investigated the direct role of HTT in the regulation of

autophagy in induced neurons. Previous studies showed that silen-
cingHTT blocks retrograde transport of late autophagosomes,while
depletion of the mHTT results in accumulation of late autophagic
structures with undegraded cargo.9,10 Moreover, HTT is also in-
volved in lysosomal transport.63,64 Since bothwild-type andmutant

HTT have been implicated in the regulation of autophagy we
decided to investigate the consequence of transcriptional silencing
of wtHTT/mHTT on the autophagy pathway in both Ctrl-iNs and
HD-iNs.9 To this end we established a lentiviral-based CRISPRi ap-
proach to silence HTT-expression (Fig. 5A). The CRISPRi-vector ex-
pressed a dead Cas9-KRAB fusion protein that was linked to a GFP

reporter as well as a guide RNA (gRNA) targeted to the area around
the HTT transcription start site (Fig. 5A). This vector design allows
for the binding of dCas9-KRAB to the HTT loci, thereby resulting
in the establishment of local heterochromatin and subsequent
transcriptional silencing. We optimized the vector construct by

testing different gRNAs and MOIs in HEK293T cells and human
iPSCs and ultimately found two different gRNAs, targeted to a re-
gion just downstream of the HTT transcription start site, that very
efficiently silenced both alleles of HTT (Supplementary Fig. 8A).

We transduced control and Huntington’s disease fibroblasts
with the CRISPRi-HTT vector and FACS purified GFP expressing cells
(Fig. 5A). This resulted in efficient silencing of both alleles of HTT in

the patient-derived fibroblasts as quantified with qRT-PCR
(Supplementary Fig. 8B). We then proceeded to generate induced
neurons from the CRISPRi-HTT silenced fibroblasts (Fig. 5A). After
4 weeks of conversion, we confirmed that HTT remained silenced

Figure 6 Continued
showing control and HD-iNs expressing mature neuronal markers like MAP2 and TAU. (C) The average relative cell body area and number of branch-
points per cells as defined by MAP2 staining using high-content automated microscopy analysis shows no difference between control and HD-iNs.
Relative neurite area, length and width per cell was significantly reduced in the HD-iNs compared to the healthy controls (n=9 lines for controls, 96
wells analysed in total; n=10 lines for HD, 119wells analysed in total). (D) Biological processes connected tomicrotubules and cytoskeletal organization
selected from the gene ontology functional enrichment analysis (STRING, biological process) of proteins downregulated in HD-iNs compared to
Ctrl-iNs. Bar plots represent fold enrichment. Circles represent P-values (n=7 control and n = 7 Huntington’s disease fibroblast and induced neuron
lines; P<0.05). (E) Tubulin proteins significantly dysregulated between control and HD-iNs (n=7 control and n = 7 HD-iN lines). (F) Neurite area and
length per cell is reduced after autophagy impairment in control iNs, while it is not further reduced in HD-iNs (n=3 control and n = 3 HD-iN lines,
9–9 wells analysed in each condition). (G) Neurite area and length per cell is reduced after starvation in HD-iNs, while it is not changed in control
iNs (n=6 for Ctrl-iN lines and n=5 for HD-iN lines, 12 wells analysed in total for Ctrl-iNs and 10 for HD-iNs). (H) Relative neurite area and length per
cells were not changed in the HTT (wild-type and mutant) silenced HD-iNs compared to the LacZ transduced. HTT silencing did not affect neurite
area and length in the control induced neurons (n=5 control and n = 5 HD-iN lines for LacZ and gRNA2, n=2 control and n = 2 HD-iN lines for
gRNA3). ***P<0.001; **P<0.01; *P<0.05; two-tailed unpaired T-tests were used in C, E and G. Ordinary one-way ANOVA was used in F. Two-way
ANOVA was used in H. All data are shown as mean±SEM in C and F–H. All data are shown as min/max box plots in E. Scale bar = 50 µm. See also
Supplementary Fig. 10.

Distinct autophagy impairments in HD-iNs BRAIN 2022: 145; 3035–3057 | 3051

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab473#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab473#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab473#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab473#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab473#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab473#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab473#supplementary-data


in the induced neurons after conversion and that CRISPRi-HTT
treatment did not impact on reprogramming efficacy (Fig. 5B and
Supplementary Fig. 8C–F). The resulting HTT-silenced HD-iNs and
Ctrl-iNs were then analysed using immunocytochemistry for
LC3B, p62 and LAMP1 spots in the cell body and in the neurites.

We focused first on silencing of HTT in the Ctrl-iNs. Previous
studies have demonstrated that wild-type HTT has an essential
function in autophagy, as it contains an autophagy-inducing do-
main and it also facilitates axonal trafficking of autophago-
somes.9,10 Moreover, HTT functions as a scaffold in autophagy
where it physically interactswith p62 and depletion of HTT reduces
the association of p62 with LC3B and other substrates of autop-
hagy.60 When silencing HTT in Ctrl-iNs, we found that while LC3B
dotnumber count or areawerenot affected, thenumber of p62posi-
tive puncta significantly increased in the neurites of Ctrl-iNs, con-
firming its role in regulating autophagy or other mechanisms
related to p62 degradation (Supplementary Fig. 9A and B). Notably,
the number and area of LAMP1 puncta significantly decreased but
only in the neurites of HTT silenced Ctrl-iNs (Supplementary Fig.
9C). Thus, silencing of HTT in the Ctrl-iNs resulted in the alteration
of autophagic activity characterised by increased p62 accumulation
and reduction in the endolysosomalmarker LAMP1. These findings
are in linewith previous studies demonstrating that HTT facilitates
cargo recognition by modulating the assembly of the cargo recep-
tors and autophagy proteins. Moreover, these findings highlight
that silencing HTT in the Ctrl-iNs results in a different autophagy
impairment to that seen in HD-iNs.

Next, we focused on the effect of silencingHTT in HD-iNs on au-
tophagy. As described above it is important to highlight that
CRISPRi experiments resulted in a highly efficient silencing of
both healthy and mHTT alleles in the HD-iNs (Fig. 5B). Moreover,
as described above, HD-iNs display a neurite specific late-stage au-
tophagy alteration with increased LC3B, p62, LAMP1 dot number
and area. When silencing HTT (both the wtHTT and mHTT allele)
in HD-iNs we found a further accumulation of LC3B both in terms
of the number and their size in the neurites, while p62 expression
was not significantly affected (Fig. 5C–F). LAMP1 was significantly
reduced in the HD-iNs after silencing HTT both in the neurites
and in the cell body (Fig. 5G and H). These results suggest that
some of the autophagy impairments are restored by silencing
mHTT, most notably there is a significant reduction of LAMP1 in
the neurites. However, with this silencing comes another type of
autophagic impairment likely due to a loss-of-function of the wild-
type HTT (Fig. 5C–H and Supplementary Fig. 9). Thus, CRISPRi silen-
cing of wtHTT/mHTT does not substantially rescue the autophagy
impairment in HD-iNs, most likely due to the important role of
wtHTT in the control of autophagy.

The autophagy impairment in HD-iNs results in
reduction in neurite complexity

We finally explored the cellular consequences of the impaired au-
tophagy in HD-iNs. It is well established that Huntington’s disease
neurons tend todisplay alterations inneurite arborizationandcom-
plexity, and these impairments are thought to contribute to the
early disease process and possibly clinical expression.40,65–67

Importantly, autophagy has been directly linked to neurite forma-
tion, since inhibition of this degradation pathway reduces neurite
growth and branching complexity.52,68 To investigate whether
HD-iNs have an altered neurite morphology and if this is linked to
the autophagy impairments found in the cells, we performed a de-
tailed analysis of neural morphology of the reprogrammed cells

using high-content automated microscopy (Fig. 6A and
Supplementary Fig. 10A and B). After 4 weeks of conversion, we
found a significant decrease in neurite complexity in HD-iNs as
measured by total neurite area, the number of neurites per cell,
neurite length and neurite width (Fig. 6B, C and Supplementary
Fig. 10C–F). This phenotypewas not a consequence of a slowermat-
uration of HD-iNs, since we observed a similar reduction in neurite
number, lengthandcomplexityevenwhenweextended theconver-
sion period to 7 weeks (Supplementary Fig. 10G–M). Also, at this ex-
tended conversion period we found no difference in cell number,
cell body size, conversion efficiency or purity when comparing
HD-iNs and Ctrl-iNs. (Fig. 6C and Supplementary Fig. 10M–O).

At a molecular level we found that many proteins that were
downregulated in HD-iNs were connected to the microtubule sys-
tem, which plays a fundamental role in the maintenance of axonal
homeostasis by preserving axonal morphology and providing
tracks for protein and organelle transport. A significant reduction
was seen in proteins belonging to the tubulin protein superfamily,
such as TUBGCP2, TUBA1C, TUBAL3, which are all involved in neur-
onal microtubule migration, axonal assembly and neurodegenera-
tion (Fig. 6D and E). Notably, these alterations in the microtubule
system were dysregulated at a post-transcriptional level as the
tubulin superfamily protein members were not different at the
RNA level (Supplementary Fig. 10P).

Autophagosomes form at the axon terminal and fuse with lyso-
somes during a dynein-mediated transport to the soma. Moreover,
lysosome transport is also mediated via microtubules in the neur-
ites.69 To investigate a direct link between the reduced neurite
morphology in HD-iNs and autophagy, we analysed neuronal
morphology after inhibition or activation of autophagy using Baf or
W and starvation, respectively. We found a significant reduction in
the ctrl-iNsneurite area and lengthwhen inhibiting autophagyusing
Baf orW. In contrast, HD-iNs did not exhibit any further reduction in
neurite area or length after autophagy suppression (Fig. 6F). These
data suggest that while Ctrl-iNs neurite morphology is affected by
autophagy impairment using different pharmacological agents,
HD-iNs do not show any further morphological changes, likely due
to an already existing autophagolysosomal transport failure.

Next, we used amino acid free starvation to activate autophagy
in the induced neurons. In response to starvation, cells recover nu-
trients through autophagy by increased AMPK activation and in-
creased mTOR inhibition. This short-term autophagy activation
through starvation did not have any major effect on the neuronal
morphology of the Ctrl-iNs since neurite area and length were not
affected (Fig. 6G). On the other hand, the neuronal morphology of
HD-iNs was significantly affected, neurite area and length signifi-
cantly decreased after starvation (Fig. 6G), suggesting that HD-iNs
couldnot copeevenwith this short-termstarvationactivationofau-
tophagy. Lastly, we analysed the effect of CRISPRi editing on the
neurite morphology after silencing of HTT expression in Ctrl-iNs
and HD-iNs. CRISPRi silencing did not rescue the reduced neurite
area nor neurite length in the HD-iNs (Fig. 6H). HD-iNs were signifi-
cantly shorter and smaller even after silencing both HTT alleles in
the HD-iNs compared to the Ctrl-iNs (Fig. 6H). Together, these re-
sults suggest that the abnormal neuronal morphology present in
the HD-iNs is directly linked to impairments in autophagy.

Discussion
The pathogenic processes underlying Huntington’s disease have
been difficult to elucidate, in part due to the fact that age-
dependent human neurodegenerative disorders are challenging
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to study. Post-mortem material is limited, both in terms of avail-
ability and experimental possibilities and provides only a static
snapshot of the consequence of disease. Several mouse models
have been developed to study Huntington’s disease, including
both transgenic overexpression mice as well as those based on
knock-in technology. While these models vary in regards to both
the severity and progression of the pathology they are limited in
their recapitulation of the human disease, in part due to the shorter
lifespan of rodents compared to human.70–73 This has led to the use
of transgenic mHTT-alleles with very long CAG repeats (sometimes
>100 CAGs), where the pathology is accelerated and thus possible to
study in mice. However, this many repeats are rarely, if ever, seen
in routine clinical practice looking at adult patients with
Huntington’s disease. In cases where they are seen, they are asso-
ciated with the rare juvenile form of the disease, in which the dis-
ease process may be significantly different from Huntington’s
disease associated with more typical CAG repeat lengths.74 While
alternative models have been generated, including for example
transgenic mHTT rats with shorter CAG repeats and pathology,
there are still many challenges to modelling Huntington’s disease
in a non-human system.75 These issues have contributed in part
to the lack of effective treatments and it is therefore critical to es-
tablish model systems that recapitulate the human disease pro-
gression, including age-dependent processes.

Recent advances in cellular reprogramming have allowed for
the establishment of iPSCs that can be efficiently differentiated
into neurons, making it possible to obtain human patient-derived
Huntington’s disease neurons76–79 with the potential to generate
isogenic control lines. While iPSC-derived neurons have become
an essential tool for studying neuronal function, there are limita-
tions when studying the underlying molecular mechanisms of
late-onset neurodegenerative disorders.80,81 A drawback with
iPSCs is that during the reprogramming process epigenetic marks
associated with ageing are erased, thereby transforming them to
a juvenile state.82 Thus, the study of iPSC-derived neurons is lim-
ited to young cells, which is suboptimal since age is a key determin-
ant of Huntington’s disease pathology.2,3 As a consequence, most
HD-iPSCs studies with well documented phenotypes are of limited
utility.76–79 As an alternative to iPSCs, we and others have recently
developed direct lineage reprogramming.39,81 By overexpressing
and knocking-down key transcription factors it is possible to repro-
gram human fibroblasts directly into neurons, without going
through a juvenile state. This approach allows for the generation
of patient-derived neurons that retain age-associated epigenetic
marks.21–23

In this study we have used direct reprogramming of patient-
derived fibroblasts to induced neurons to study disease mechan-
isms in Huntington’s disease. The key advantage of this approach
is the possibility to study patient-derived neurons with an ageing
phenotype—two very important characteristics which combined
are unique for this model system. With this system we were able
to detect clear disease-related phenotypes when studying induced
neurons fromHuntington’s disease individualswith CAG repeats in
the pathological range normally seen in clinic in patients.4 The
DNA-methylation analysis confirms that the induced neurons we
generated retained age-dependent epigenetics marks and indeed
that there are even Huntington’s disease specific epigenetic altera-
tions in line with an enhanced biological age of Huntington’s disease
patients, as previously has been suggested.45 The transcriptional
changes that occur upon ageing as a consequence of epigenetic al-
terations are likely to contribute topathology inHuntington’s disease
and importantly appears to be recapitulated by our induced neuron

model system. However, there are also limitations to induced neu-
rons. Fibroblasts carry skin-specific, age-related changes that are
not relevant for Huntington’s disease pathology and in addition rele-
vant brain-specific epigenetic changes may not be captured. Also,
while inducedneuron cells displaymany characteristics ofneuronal-
like cells they do not develop into the mature subtype-specific neu-
rons that canbegenerated fromiPCS, adrawback thatmay limit their
utility for the study of different neuronal phenotypes. Finally, the
generation of isogenic controls remains extremely challenging
when working with fibroblasts as compared to iPSCs and the selec-
tion and size of the cohort therefore becomes very important when
working with induced neurons—namely to offset this problem it is
possible to studymanydifferent inducedneuron cell lines in contrast
to what can be done with iPSC derived neurons. Our current cohort
therefore used 10 Huntington’s disease individuals and for the ma-
jority of experiments we only included the seven individuals with
CAG repeats in the shorter pathological range. It is promising that
even with this relatively small cohort, we were able to identify and
study disease mechanisms linked to autophagy alterations. This in-
dicates that in future studies, the use of carefully selected cohorts
should be able to start addressing how age, life-style, sex and
CAG-repeat length influence the molecular biology of Huntington’s
disease neurons since the model system allows for easy molecular
analysis including several omics-approaches (as we have shown in
this paper).

Our transcriptome data clearly demonstrate that fibroblasts
undergo amajor transcriptional changewhen converted to induced
neurons, primarily characterized by the activation of neuronal gene
programmes. This is linked to a similar change in the proteome, in-
cluding a transition of the metabolic state to that of neurons.
Notably, we also detected almost a thousand transcripts that
were differentially expressed when comparing induced neurons
from healthy controls to mHTT carriers, confirmingmany previous
reports of transcriptional dysregulation in Huntington’s dis-
ease.6,7,83 However, many of these transcriptional changes could
not be detected at the protein level in our proteomics dataset. In
fact, most alterations in genes related to autophagy were not chan-
ged at the transcriptional level and are likely to be a consequence of
post-transcriptional mechanisms. Some of this discrepancy could
be due to technical challenges when comparing datasets obtained
from RNA-sequencing and mass-spectrometry, which are very dif-
ferent in terms of sensitivity, quantification and normalization
making a direct comparison challenging. Still, our data indicate
that proteomic analyses are an important addition when studying
molecular alterations in Huntington’s disease and other neurode-
generative disorders where post-transcriptional mechanisms are
likely to be disrupted.

Several studies have demonstrated that the presence of mHTT
interrupts autophagy, contributing to the impaired clearance of ag-
gregated proteins.6–10,55 In various models of Huntington’s disease,
different kinds of impairments in autophagy have been described
including an increased number of autophagosomes (which some-
times appear empty), disrupted vesicle trafficking and impaired
autophagosome-lysosome fusion and dynamics.7,8,10,84 It is also
not clear if impaired autophagy directly contributes to the build-up
of protein aggregates or if the aggregates themselves influence the
activity of autophagy.7–10,60,85–89 It has been speculated that defects
in the autophagic machinery can lead to a negative feedback loop,
whereby mHTT aggregation leads to a further dysregulation of au-
tophagy causing increased mHTT accumulation and neurotox-
icity.7,89–91 Thus, while there are numerous experimental reports
on autophagy impairments in Huntington’s disease, it remains
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unclear which of these are specific to the model system and which
are relevant to the actual disease.7–10,60,85–89 This is important given
its therapeutic implications and the fact that trials are now starting
to appear in the clinic looking at autophagy enhancing agents. In
HD-iNs, we found a subcellular, neurite specific autophagy impair-
ment, with an accumulation of LAMP1-positive late autophagic
structures. We also show that this is a consequence of an impaired
transport of these structures to the cell soma where they should be
degraded. This finding provides an answer as to why neurons are
particularly vulnerable in Huntington’s disease and represent a no-
vel therapeutic target—restoration of autophagolysosome transfer
to the cell soma.

The underlying molecular mechanism for the autophagy im-
pairment in HD-iNs appears to be linked to the AMPK pathway,
since several factors in this pathway were dysregulated. AMPK is
a key energy sensor that promotes catabolic pathways while shut-
ting down ATP consuming processes required for cell growth.92–94

AMPK inhibits cell growth by inhibiting mTORC signalling and pro-
tein synthesis downstream of mTORC1. Energy impairments such
as decreased mitochondrial biogenesis and trafficking, oxidative
stress, increased apoptosis, and ATP deficit all have been impli-
cated inHuntington’s disease pathogenesis.69 Neurons are energet-
ically demanding cells and thus highly vulnerable to abnormalities
in cellular respiration. Our findings point towards boosting autop-
hagy by specifically targeting the AMPK pathway. In line with
this, we and others have also shown that BECN1 overexpression
can rescue some aspects of Huntington’s disease pathology in vari-
ous models.6,7,48,49 Moreover, genetic and pharmacological activa-
tion of AMPK has been shown to protect dysfunctional and
vulnerable neurons in Huntington’s disease in nematode, cellular
and mouse models.95,96 An impairment of autophagy in neurons
will have multiple pathological consequences.13,14 Autophagy is
implicated in neurogenesis, synaptogenesis, the control of post-
transcriptional networks and protein aggregation.6,97–99 Thus, im-
pairment of autophagy could underlie many of the early cellular
disease phenotypes observed in Huntington’s disease.100,101 As
such, the development of specific autophagy-boosting therapies
is promising as they have the potential to directly restore other dys-
functional intracellular processes.

Since HD-iNs retain ageing epigenetics characteristics, our re-
sults indicate that autophagy impairments in Huntington’s disease
may be due to a combination of age-related epigenetic alterations
and mHTT-mediated post transcriptional processes. Exactly how
the presence of amHTT-allele results in a reduction in the transport
of autophagolysosomes from neurites remains unknown, but a
combination of an age-related alteration in autophagy-control to-
gether with a direct mHTT-mediated protein–protein interaction
appears themost likely scenario. For example,mHTT has previous-
ly been found to directly interact and destabilize BECN1, which is in
line with the reduction of BECN1 protein that we found in
HD-iNs.6,7,48,49,55,102 How ageing and the epigenetic alterations in-
fluences the disease pathology and autophagy impairments is cur-
rently unknownbutwill be interesting to investigate in order tofind
mechanistic links between these phenomena.

Our study also has direct implications for the development of
therapies working on mHTT-silencing. Such therapies are consid-
ered a very promising possibility to successfully treat
Huntington’s disease patients and clinical trials are already under-
way.17,103,104 Our results suggest that the development of
allele-specific silencing of mHTT may be key to the success of
such therapies given that wtHTT is directly involved in the control
of cellular pathways controlling protein degradation. This could

explain some of the findings for example in the recently halted
ASO trial in Huntington’s disease.105,106 Thus, while the silencing
of mHTT will certainly have beneficial consequences, as demon-
strated in our study by efficiently lowering LAMP1 in the neurites,
the silencing of wtHTT will also come with loss-of-function conse-
quences on similar cellular pathways.

In summary, we have developed a novel cell-based model of
Huntington’s disease that allows for the study of aged patient-
derived neurons. We found that HD-iNs display distinct autophagy
alterations, characterized by a blockage in autophagolysosome
transfer and degradation. Our results thus identify a novel thera-
peutic target through autophagy while also helps to advocate for
the development of allele specific silencing-based Huntington’s
disease therapies.
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