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Huntington’s Disease (HD) is a neurodegenerative disease caused by a polyglutamine (polyQ) expansion in the
Huntingtin gene. Astrocyte dysfunction is known to contribute to HD pathology, however our understanding of
the molecular pathways involved is limited. Transcriptomic analysis of patient-derived PSC (pluripotent stem

f;g:sg;essm cells) astrocyte lines revealed that astrocytes with similar polyQ lengths shared a large number of differentially
DNA damage expressed genes (DEGs). Notably, weighted correlation network analysis (WGCNA) modules from iPSC derived

astrocytes showed significant overlap with WGCNA modules from two post-mortem HD cohorts. Further ex-
periments revealed two key elements of astrocyte dysfunction. Firstly, expression of genes linked to astrocyte
reactivity, as well as metabolic changes were polyQ length-dependent. Hypermetabolism was observed in shorter
polyQ length astrocytes compared to controls, whereas metabolic activity and release of metabolites were
significantly reduced in astrocytes with increasing polyQ lengths. Secondly, all HD astrocytes showed increased
DNA damage, DNA damage response and upregulation of mismatch repair genes and proteins. Together our
study shows for the first time polyQ-dependent phenotypes and functional changes in HD astrocytes providing
evidence that increased DNA damage and DNA damage response could contribute to HD astrocyte dysfunction.

1. Introduction

Huntington’s Disease (HD) is a fatal, neurodegenerative disorder
caused by a polyglutamine (polyQ) expansion in exon 1 of the Hun-
tingtin gene (Ross and Tabrizi, 2011). Unaffected individuals carry < 36
CAG repeats, whilst individuals with > 40 CAG will develop HD
(Andrew et al., 1993). Symptoms of HD include chorea, psychiatric
symptoms and dementia. Despite ubiquitous expression of the mutant
(m)HTT protein, striatal medium spiny neurons and cortical pyramidal
neurons are subject to early, selective neurodegeneration whilst other
subpopulations are relatively spared (Johnson et al., 2020; Rosas et al.,
2008). In addition to neuronal loss, astrocytes have been implicated in

HD disease progression (Khakh et al., 2017; Palpagama et al., 2019).
Astrocytes are the most numerous glial cells in the human brain and are
involved in many crucial functions of the nervous system, including
maintaining homeostasis, providing neuronal support, synaptic modu-
lation and immune response (Liddelow and Barres, 2017; Singh and
Abraham, 2017; Vainchtein and Molofsky, 2020). Increased GFAP
reactivity of astrocytes, a hallmark of astrocyte activation, has been
reported in post-mortem HD human brains and its extent appeared to
correlate with the severity of degeneration of striatal neurones (Rueb
et al., 2015; Vonsattel et al., 1985). Despite increased GFAP reactivity,
HD astrocytes do not seem to present classical activated phenotypes.
Neither a clear neurotoxic (A1 subtype) or neuroprotective (A2 subtype)
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phenotype has been observed by single and bulk RNA sequencing of
mouse and human post mortem samples at various disease states (Ben-
raiss et al., 2021; Diaz-Castro et al., 2019).

A potential role of DNA damage repair pathways in HD pathogenesis
has been emerging. However, it has yet to be addressed whether human
HD astrocytes are affected by a higher burden of DNA damage and/or a
defective DNA damage response. Elevated DNA damage has been
detected in human fibroblasts and blood cells from prodromal HD pa-
tients (Askeland et al., 2018; Castaldo et al., 2019; Maiuri et al., 2017) as
well as in mouse models where it precedes protein aggregation (Maiuri
et al., 2019). Genome wide association studies (GWAS) have identified
several genes involved in the DNA mismatch repair (MMR) pathway as
significant modifiers of HD age of onset and severity (Iyer and Plu-
ciennik, 2021) by influencing somatic expansion of CAG repeats. Most
notably, in affected brain regions including the cortex and striatum the
number of CAG repeats expands progressively over time (Pinto et al.,
2013; Shelbourne et al., 2007; Swami et al., 2009). Whilst somatic CAG
expansion in vulnerable neurons is thought to drive age of onset in HD, it
is not known to which extent astrocytes may be involved or are subject
to MMR pathway dysregulation.

The majority of studies aimed at understanding how astrocytes are
affected in HD have been carried out in mouse models (Chen et al., 2012;
Dvorzhak et al., 2016; Polyzos et al., 2019; Tong et al., 2014; Wéjtowicz
et al., 2013). While HD animal models have aided our understanding of
potential roles of astrocytes in disease pathogenesis, and suggested that
defective astrocyte metabolism may cause or exacerbate neuronal
dysfunction, they do not fully phenocopy the human disease (Benraiss
et al., 2021). Human HD astrocytes derived from PSC (pluripotent stem
cells), such as embryonic (ESC) or induced pluripotent stem cell (iPSC),
have been shown to mirror some phenotypes observed in post-mortem
human HD brains, but have yet to be extensively studied (Cho et al.,
2019; Garcia et al., 2019). Interestingly, in co-cultures with healthy
neurons, human HD astrocytes were found to reduce neuronal matura-
tion and displayed impaired calcium modulation (Garcia et al., 2019).
However, there are many crucial outstanding questions concerning
human astrocyte behaviour with HD progression.

Here, we have used a series of isogenic or highly related human ESC-
and IPSC-derived astrocytes ranging from 45Q to 180Q in order to
examine common and polyQ length dependent phenotypes. Further-
more, this system allows us to examine cell autonomous phenotypes in
astrocytes that are not driven by neuronal dysfunction. Our first aim was
to identify common dysregulated genes and pathways in our human
astrocytes (58Q, 69Q, 75Q, 125Q and 180Q) by bulk RNA sequencing, as
to date no RNA expression data for IPSC-derived astrocytes is available.
Our second aim was to establish whether the extent of HD astrocyte
reactivity and metabolic activity, which is often altered concomitantly
with astrocyte activation, was differently affected by polyQ length by
gene expression analysis and metabolic assays. Finally, we wanted to
establish whether DNA damage may play a role in HD astrocyte
dysfunction by assessing cell death, oxidative stress, double strand
breaks and DNA damage response. Hence, we investigated expression of
MMR genes and proteins, as well as somatic expansion in HD astrocytes.

2. Methods
2.1. Cell lines

RUES ESC lines (20Q, 56Q) were derived and provided by Prof. Ali
Brinvalou’s Laboratory (Rockefeller University) (Conforti et al., 2020).
The IsoHD ESC lines comprising lines with 30Q, 45Q and 81Q were
generated and validated as described in (Ooi et al., 2019) and kindly
provided by Dr. Mahmoud Pouladi. The QS IPSC series (22Q, 58Q, 69Q
and 75Q) and 125Q IPSC lines were generated at University College
London Queen Square as previously described (Goold et al., 2021; Lange
et al.,, 2021b). 180Q IPSCs were provided by Dr. Gabriel Balmus and
generated as described by (Tidball et al., 2016). The 19Q control line
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(Lange et al., 2021a) was generated by Dr Olivia Gillham according to
(Hawkins et al., 2016) and used as an additional control alongside the
QS22 for 125Q and 180Q lines.(Table 1).

2.2. Cell culture

PSC lines were maintained in Essential 8 Media (Thermo Fisher
Scientific) on Geltrex coated plates (1 % in DMEM -F12, Gibco Life
Technologies) and we passaged at ~ 80 % confluency using RELESR
according to manufacturer’s instructions.

2.2.1. Neural Induction and astrocyte differentiation

Neural progenitor fate was induced as previously described (Fitz-
Patrick et al., 2018; Lange et al., 2021b). Briefly, IPSCs were passaged
into U-bottom 96 well plates at a density of 1 x 10* cells per well in
neural induction media (NIM) supplemented with ROCKi. Daily media
changes were performed until day 6 when clusters were plated onto
laminin coated 6-well plates. Neural rosettes were picked after a further
4 days, spun at 200 g for 5 min and plated onto laminin coated 6 well
plated in human neural stem cell media (Lange et al., 2021a; Vagaska
et al., 2020). Neural progenitor like cells (NPCs) were expanded for at
least 5 passages before astrocyte fate was induced by passaging NPCs
using Accutase into T25 flasks in astrocyte media. As HTT plays a role in
neurodevelopment, and this study aimed to detect early phenotypes, an
early differentiation time point, 28 days (Lange et al., 2021a), was
chosen to assess astrocyte function. Astrocytes were plated for immu-
nocytochemistry, cell viability or functional experiments onto 96 well
plates at 1 x 10* cell/cm?. Alternatively, astrocytes were harvested and
pelleted for western blot analysis after 28 days differentiation.

2.3. Cell viability assay

Cell viability under basal conditions was quantified using propidium
iodide (PI) as previously described (Lange et al., 2021a). Two hours
prior to imaging, astrocytes were given a full medium change containing
PI (Invitrogen, final concentration 5 pug/ml) and Hoechst.

2.4. Metabolic assays

For all functional assays, astrocytes were plated at a density of 1 x
10* cells/well in 96 well plates. Subsequent experiments were carried
out 48 h after plating. All experiments were carried out in a minimum of
technical triplicates with three separate differentiations per cell line.

For ATP and MTT assays, astrocytes were plated in duplicates across

Table 1
ESC- and IPSC- cell lines.
polyQ Name Cell Origin
length Type
Rues20 20 RUES ESC Rockefeller Isogenic Pair
(Control) University
Rues56 56
Sues30 30 IsoHD  ESC Singapore Isogenic Series
(Control) University
Sues45 45
Sues81 81
QS22 22 QS iPSC Queen Square Highly genetic
(Control) University related series
QS58 58 College London (mother and
QS69 69 three affected
QS75 75 siblings)
19Q 19 iPSC Institute of Child Additional
(Control) Health control line for
non-isogenic lines
125Q 125 iPSC Queen Square No isogenic
control
180Q 180 iPSC HD Consortium No isogenic
control
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2 plates, where the second plate was fixed and used to obtain cell counts
using Hoechst for each well to normalise the assay. For all other assays,
plates were fixed after supernatant collection and cell counts were
performed using Hoechst on an Opera Phenix high content screening
system (PerkinElmer Cellular Technologies).

Metabolic activity was measured using an MTT assay as previously
described (Lange et al, 202la). Briefly, MTT 3-(4,
5-dimethylthiazol-2-yl)— 2,5-diphenyltetrazolium bromide was added
to astrocytes for two hours after which cells were washed with PBS. 200
pl of Dimethyl sulfoxide (DMSO) were added per well and 100 pl were
taken for an absorbance read out at 595 nm on a Tecan microplate
reader (Life Sciences).

Cellular ATP content was examined using a CellTiter-Glo ATP assay
(Promega). 100 pl of CellTiter-Glo reagent was added to astrocytes in
100 pl supernatant, the plate was shaken for 5 min and incubated at
room temperature after a further 30 min. Luminescence was measured
using a Tecan microplate reader.

2.5. Glutamate uptake

To measure glutamate uptake, supernatant was removed from
astrocyte cultures and replaced with fresh astrocyte media containing
50 pM Glutamate. After 30 min, supernatant was collected and the
amount of glutamate measured using a Glutamate assay kit (Cell Bio-
labs) according to manufacturer’s instructions and as previously
described (Birger et al., 2019).

2.6. Lactate and cholesterol secretion

48 h after plating, a full media change was performed and after two
hours supernatant was collected to measure Lactate and Cholesterol
secretion. A Lactate Detection kit (Promega) and a Cholesterol-Glo kit
(Promega) was used according to manufacturer’s instructions to mea-
sure lactate and total cholesterol (including Cholesterol Ester)
respectively.

2.7. Glucose oxidation

Glucose metabolism was measured using gas chromatography
isotope-ratio mass spectrometry (GC-IRMS) as previously described
(Lange et al., 2021a). Astrocytes were plated in 6-well plates at 9 x 10*
cells/well and after 48 h a full medium change was performed with
experimental medium (glucose free DMEM with 15 mM HEPES, 2.9 mM
sodium bicarbonate, 2 mM L-glutamine, 0.5 mM sodium pyruvate and
21.5 pM phenol red with 3 mM D-glucose added). After 20 h, experi-
mental medium was removed and cells were washed with PBS, 3 ml
experimental DMEM with 3 mM [U-13C] Glucose were added per well.
Wells were sealed with a 3 ml layer of heavy mineral oil to prevent loss
of 13C0,. 100 pl of supernatant were collected at 0 and 24 h and stored in
rubber-sealed Exetainer™ vials (Labco Ltd, Ceredigion, UK) at — 20 C.
Once thawed, 100 pl of 1 M hydrochloric acid was added to release CO,.
Samples were centrifuged at 500 g for 30 s and analysed on a GasBench
II linked to a Thermo Delta-XP isotope-ratio mass sprectrometer (Ther-
mo-Finnigan, Bremen, Germany).

2.8. Mitochondrial oxygen consumption

Mitochondrial oxygen consumption rate (OCR) was measured using
a Seahorse XFe96 Analyzer (Agilent Technologies), in order to assess
mitochondrial function using Agilent Seahorse XFe96 FluxPaks (Agilent
Technologies, 102416-100). Astrocytes were seeded 48 h prior to
analysis at 2 x 10* cells per well, with at least 14 technical replicate
wells seeded for each line per run. Assay cartridges were hydrated prior
to the assay, by adding 200 pl Seahorse Calibrant per well and incu-
bating at 37C for 24-48 h. On the day of each assay, Seahorse XF DMEM
medium (Agilent Technologies, 103575-100) was freshly supplemented
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with 1 mM pyruvate, 2 mM L-glutamine and 10 mM D-glucose. Cells
were carefully washed using 200 pl of this complete Seahorse XF DMEM
per well, then a fresh 150 pl medium was added to each well followed by
incubation for 1 h at 37C in a COy-free LEEC compact incubator. The
mito-stress test was carried out according to manufacturer’s in-
structions. Oligomycin was used at a final concentration of 2.5 uM, FCCP
was used at two sequential dilutions of 0.75 uM and 1.5 uM to ensure the
optimal concentration was used for each cell line, then Antimycin-A was
used at a final concentration of 2.5 pM. Following the assay, Hoechst
33342 was added to each well at a final concentration of 2 pug/ml and
incubated with cells for 20 min. Cells were then imaged and counted
using an ImageXpress High Content Screening System, and cell numbers
used to normalise OCR per well for analysis using Agilent Technologies
Wave 2.6.1 software.

2.9. Immunocytochemistry

Astrocyte cultures were fixed on day 30 with 4 % PFA for 15 min at
room temperature, washed 3 times in PBS and stored in PBS containing
0.02 % sodium azide. After permeabilization with 0.02 % Triton for 15
min, fixed astrocytes were incubated in blocking solution (1 % BSA, 10
% normal goat serum in PBS) for one hour at room temperature. Primary
antibodies (Table 2) in 1 % BSA in PBS were added overnight and kept at
4 C. After 5 washes in PBS, secondary antibodies (Alexa 488, Alexa 594,
Alexa 633, Invitrogen) and Hoechst in PBS containing 1 % BSA were
added for 1 h at room temperature. Following a further 5 washes, fixed
astrocytes were kept at 4 C in 0.02 % sodium azide in PBS until imaging.

2.10. High content imaging

High content imaging was carried out on the Opera Phenix high
content screening system (PerkinElmer Cellular Technologies) running a
Harmony user interface software as previously described (Ref) with
adjustments made for astrocytes. All images were taken with binning set
at 2 and 30 fields of view per well in 6 replicate wells per condition. Well
set height for all astrocyte cultures was optimised by generating a Z-
stack for each condition and set at 1 um. Images for viability (P1/
Hoechst) and cell counts (Hoechst) were taken with a 10x objective, all
other images were taken with a 25x objective. Images were processed as
previously described (Lange et al., 2021b), and results were exported to
excel and analysed in GraphPad Prism8.

2.11. Protein extraction

Astrocytes were harvested from T25 flasks using Tripzean (per
manufacturers instructions), spun down and resuspended in RIPA
buffer. Cell lysates were then kept at 4 C for 30 min, spun at 10,000 g for
15 min and supernatant was collected for quantification of protein levels

Table 2
Primary antibodies used for immunocytochemistry.
Species Dilution  Catalogue Supplier
Number
53BP1 rabbit 1:200 ab21083 Abcam
8-OhDG mouse 1:200 Sc-66036 Santa Cruz
Aquaporin4 rabbit 1:500 ab125049 Abcam
EM48 mouse 1:100 MAB5374 Millipore
GFAP chicken  1:1000 ab4674 Abcam
Glutamine mouse 1:100 Sc-74430 Santa Cruz
Synthetase
Ki67 mouse 1:400 550609 BD Biosciences
Nf-kB rabbit 1:500 8242 Cell Signaling
Technologies
SOX2 rabbit 1:200 Ab97959 Abcam
Vimentin mouse 1:200 MA3-745 Thermo Fisher
Scientific
yH2AX rabbit 1:500 abl11174 Abcam
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(BCA assay kit, Thermofisher). Samples were kept at — 80 until use.

2.12. Western blotting

Western Blots were run in a Xcell Sure Lock Mini-Cell (Life Tech-
nologies) using the NUPAGE system. For low molecular weight proteins
(15-200kDA) samples were run on a 3-12 % Tris Bis Gel, higher mo-
lecular weight proteins were run on a 3-8 % Tris Acetate gel. Protein
gels were run at 75 V for 30 min and for a further hour at 150 V. Gels
were transferred onto a nitrocellulose membrane (low molecular
weight, Tris Bis gel) or PVDF membrane (higher molecular weight, Tris-
Acetate gel) at 35 V for two and a half hours. Membranes were incubated
in Intercept Blocking Buffer (Licor) for 1 h at room temperature and
incubated in primary antibody (Table 3) in blocking buffer overnight at
4 C. Membranes were washed in PBS-T three times and incubated in
secondary antibodies (LICOR, donkey anti rabbit 680 and donkey anti
mouse 800, 1:10000) for one hour at room temperature. Following a
further 3 washes in PBS-T, proteins were visualised using an Odyssey
western blot system (LI-COR).

2.13. Quantitative PCR

RNA was extracted using an RNEasy minikit (Qiagen) according to
manufacturer’s instructions. cDNA was synthesised using Superscript IV
(Thermo Fisher Scientific). 100 ng RNA per sample were added to 1 pl
dNTPs (10 mM) and 1 pl random hexamers (100 ng/pl) and brought up
to 13 pl with RNAse free water. Samples were heated to 65 C for five
minutes, chilled on ice for one minute after which 4 pl 5x Superscript IV
buffer, 1 pl Superscript IV Reverse Transcriptase, 1 pl DTT (100 mM) and
1 pl RNAse Inhibitor were added per sample. These were then cycled for
10 min at 23 °C, 55 °C and 80 °C before 1 pl RNAse H was added to each
sample and incubated for 20 min at 37 °C. Samples were frozen until
qPCR could be performed. 3.5 pl sample was added to 3.75 pl water, 7.5
pl TagMan Fast Advanced Mastermix (Thermo Fisher Scientific) and
0.75 pl of probe for the gene of interest (Table 4) and housekeeper genes
(ATP5B, UBC, EIF4; Thermo Fisher Scientific) in a 96 well plate and
quantified in a QuantStudio 5 ProFlex system using the following con-
ditions: 95 °C for 40 s, 40 cycles of 95 °C for 15 s and 60 °C for 30 s. Data
obtained were analysed using the comparative cycle threshold method
(AACt) (Schmittgen and Livak, 2008).

2.14. CAG repeat sizing

Fragment analysis was performed by PCR of the CAG repeat using the
primers MFHDS3F 5’— 6FAM-CCATGGCGACCCTGGAAA-3’ and
MFHDS3R 5’-AGCGGGCCCAAACTCAC-3’ with Amplitaq Gold 360
(Thermo). Products were resolved by capillary electrophoresis on a

Table 3
Primary anitibodies used for Western blotting.
Species  Dilution  Catalogue number  Supplier
53BP1 rabbit 1:500 ab21083 Abcam
Actin mouse 1:5000 A5316 Sigma
Actin rabbit 1:5000 Ab8227 Abcam
AKT rabbit 1:1000 92728 Cell Signaling Technologies
PAKT rabbit 1:1000 4058L Cell Signaling Technologies
ATM rabbit 1:1000 ab36810 Abcam
PATM mouse 1:1000 ab32420 Abcam
FAN1 sheep 1:2500 N/A CHDI Foundation
MLH1 mouse 1:1000 51-1327GR BD Biosciences
MSH2 rabbit 1:1000 D24B5 Cell Signaling Technologies
MSH3 mouse 1:1000 611930 BD Biosciences
MSH6 mouse 1:1000 610919 BD Biosciences
NEK1 mouse 1:100 SC398813 Insight Biotechnology
p53 mouse 1:100 SC-126 Insight Biotechnology
RAD51 rabbit 1:1000 ab133534 Abcam
yH2AX  rabbit 1:2500 ab11174 Abcam
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Table 4

QPCR probes.
Gene Catalogue number Gene Catalogue number
ADORA2A HS00169123 MSH3 HS00989003
Aldh11l HS01003842 MSH6 HS00943000/HS00264721
ATP5B HS00969569 Nestin HS04187831
C3 HS00163811 PMS1 HS00922262
EIF4A2 HS00756996 PMS2 HS00241053
FAN1 HS00429686 S100A10 Hs00751478
HIT HS00918174 S100b HS00902901
IL-6 HS00174131 SDHA HS00188166
MLH1 HS00979919 UBC HS00824723
MSH2 HS00954125 VEGFA HS00900055

3730XL Genetic Analyzer (ABI). Results were displayed using Gene-
Mapper software (Thermo), and analysed using a custom R script,
available at https://caginstability.ml. The rate of CAG expansion was
modelled as a linear regression of CAG expansion on the number of days
in culture. Expansion rates are compared by anova of a linear mixed
effects model in R, with biological replicate as a random effects variable.

2.15. RNA sequencing

RNA sequencing was performed as previously described (Lange et al.,
2021a). Briefly, 100 ng of RNA per sample was used to generate RNA
libraries by UCL Genomics. Each ¢cDNA fragment was tagged with a
sample specific sequence (index) and a unique molecular identifier
(UMI). Samples were sequenced on the Illumina NextSeq 2000 that
generated approximately 25 M reads/sample. Raw data was processed
to remove poor quality base calls and contaminating Illumina adapter
sequences. Reads that were shorter than 15 bases after trimming were
discarded as these were considered too short to be mapped uniquely.
Obtained reads were aligned to the human reference genome (GRCh38)
with RNA Star. PCR duplicate reads were then removed using the
mapping loci and the molecular identifier to ensure that a read is a true
PCR duplicate. The raw count per transcript was then estimated. Addi-
tional quality control was performed to confirm that there was no excess
ribosomal contamination. Transcripts per million (TPM) were obtained
for 26486 genes and FASTQ sequencing data were further processed in
SARTools. Normalised TPM values for all genes can be found in Sup-
plementary Table 1.

For the QS series, differential expression analysis was performed on
the 22Q isogenic control against 58Q, 69Q and 75Q separately. For non-
isogenic lines differential expression analysis was performed on each of
two control lines (22Q, 19Q) against each of non-isogenic HD lines
(125Q, 180Q) separately using SARTools package (DESeq2 wrapper).
The primary analysis in this report tested whether there was differential
expression between each HD line and relevant control lines. This was
done by combining the association p values for each gene using Brown’s
method which is essentially the Fisher’s method for combining p values
(Brown, 1975). The analyses were performed on three cell line com-
parisons, each HD astrocyte line versus healthy 22Q and 19Q; p values
were Bonferroni corrected for three tests. This is conservative given that
the disease groups are not independent. For comparison, p values were
also combined using the Fisher’s method (Dai et al., 2014) and the
harmonic mean (Wilson, 2019). Log2fold change was combined by fixed
effects meta-analysis to yield a standardised mean difference. These
analyses were performed using a custom R script available on request.

Gene Ontology (GO) enrichment analysis was performed using Shi-
nyGo v0.66 (bioinformatics.sdstate.edu/go/) for Biological Processes,
Cellular Components and Molecular Function on up- and down-
regulated DEGs with Benjamin-Hochberg p-value correction of FDR<
0.05 for statistical significance. We first examined up- and down-
regulated GO terms for shared DEGs across all lines, and then the top
up- and down-regulated GO terms for each HD line and extracted terms
enriched in all HD lines.
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Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway analysis
for Biological Processes was performed using Selection by iterative
pathway group and network analysis looping (SIGNAL: https://signal.
niaid.nih.gov/) (Katz et al., 2021) in up and down-regulated genes with
p < 0.05. Log2Fold Changes were used as cut off values (Medium
Confidence Cutoff Value >2, High Confidence Cutoff Value >7) and
pathways were considered significantly enriched if the FDR was < 0.05.
ECM-receptor interaction pathway information was obtained from
(Kanehisa and Goto, 2000).

Hallmark pathway analysis was conducted using the fgsea package in
bioconductor. Pathways were downloaded from MSigDB. Normalised
enrichment scores were plotted, with colour indicating adjusted p values
with significance < 0.05.

Weighted correlation network analysis (WGCNA) was performed in
R using the WGCNA package (Langfelder and Horvath, 2008). WGCNA
compares expression of genes across multiple samples to define mod-
ules, which are clusters of highly interconnected genes, in an unbiased
fashion. Intramodular connectivity is a measure of how co-expressed a
gene is with respect to others in the same module; it can be considered a
measure of each gene’s module membership. The module eigengene (E)
is the first principal component of each module, and represents the gene
expression profile of that module; one can correlate E with traits, such as
disease status and CAG repeat length, to determine the module signifi-
cance. The ‘hub gene’ is the most central, or highly connected, gene
within each module. We examined the top up- and down-regulated GO
terms for each module in each HD line. WGCNA analysis was addi-
tionally performed on the HD post mortem data described by (Lin et al.,
2016). Overlap analysis of WGCNA modules was performed on the
following data sets: Lin et al., (2016), Diaz-Castro et al. (2019) and
Hodges et al. (2006) as described by Neueder and Bates (2014). For the
latter SRA files and accompanying meta-data were downloaded from the
NCBI GEO database, accession number GSE79666. SRA files were con-
verted to fastq files using fastq-dump v2.8.2 from the NCBI SRA-Toolkit
(https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=software).
Fastq files were quality controlled with FastQC v0.11.5 (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). All files passed QC.
The reads were aligned against Ensembl Homo sapiens GRCh38 release
90 using STAR aligner v2.5.3a (Dobin et al., 2013). Reads were quan-
tified using salmon v0.8.2 (Patro et al., 2017). All subsequent analyses
were conducted in R v3.4.1 and v3.4.3. Transcriptional dysregulation
was computed using tximport v1.10.0 (Soneson et al., 2016) and DESeq2
v1.22.1 (Love et al., 2014) with HD status as the variable of interest. The
normalised and transformed counts from the DESeq2 analysis were used
to construct a weighted gene correlation network using WGCNA v1.61
(Langfelder et al., 2013; Langfelder and Horvath, 2008) as previously
described (Neueder and Bates, 2014). Briefly, signed correlation
matrices were constructed using robust correlation with maxPOutliers
= 0.05. Power for the network construction was 13. Modules with a
correlation of 80 % or more were merged. Scripts are available upon
request.

Metabolic Reaction Enrichment analysis (MAREA) was performed in
GALAXY, using MAREA4Galaxy (Damiani et al., 2020). Reaction Ac-
tivity Scores (RAS) were calculated from TPM values for each DMD line
and merged control lines using the Expression2RAS module. Here we
used the HMRcore human metabolic network module which corre-
sponds to the core model of central carbon metabolism (Damiani et al.,
2020). The control RAS data set was then compared to each control line
using the MAREA module. Differences between groups were considered
significant if the p-value threshold determined by Kolmogorov-Smirnov
test was < 0.01 and the threshold fold-change was > 1.2.

2.16. Statistics
For all quantification, each line was differentiated 3 times in inde-

pendent experiments with a minimum of three technical repeats.
All statistical analysis (with the exception of RNA sequencing
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analysis) was carried out in Graphpad Prism 8. HD lines were compared
to their isogenic control where available (RUES, SUES and QS) and in
the case of the 125Q and 180Q IPSC lines were compared to 22Q and
19Q IPSC derived lines. Where appropriate either a student’s t-test or
two-way ANOVA with Bonferroni’s multiple comparison’s correction
was carried out with a 95 % confidence interval and values with p < 0.05
were considered statistically significant. Statistical significance is indi-
cated as * p < 0.05, * * p < 0.01, * ** <p < 0.001. All data is reported at
mean + SEM.

3. Results

3.1. RNA sequencing shows widespread transcriptional disruption in
iPSC-derived HD astrocytes

We performed RNA sequencing on astrocytes derived from three
highly related IPSC lines (58Q, 69Q, 75Q) and their isogenic control
(22Q), as well as 125Q and 180Q IPSC lines which we compared to an
additional control (22Q, 19Q). Differential Gene Expression (DEG)
revealed a large number of up- and down-regulated genes in HD lines
versus their respective controls (Supplementary Table 1), with a sizeable
number of shared DEGs between astrocytes with similar polyQ lengths
(Fig. 1a). We found 20 up-regulated genes and 34 down-regulated genes
that were shared across all HD astrocytes (Fig. la,b, Supplementary
Table 1b,c). Gene Ontology (GO) enrichment analysis performed on the
shared genes revealed several significantly enriched GO terms for down-
regulated biological processes and cellular components (Fig. 1c), which
largely centred around synapses and synaptic transmission as well as
nervous system development and neurogenesis.

We next performed GO analysis on all DEGs for each line and
extracted significantly enriched GO terms that were shared across all
lines (Fig. 1d); a complete table of all shared GO terms can be found in
Supplementary Table 2. Consistent with GO analysis for shared genes in
HD astrocytes, significantly down-regulated GO terms were highly
related to neuron development, cellular signalling and synapses.
Furthermore, the data suggests significant dysregulation of astrocytic
contribution to synaptic activity. Notably, up-regulated genes linked to
positive and negative regulation of metabolic processes were highly
enriched in HD astrocytes, suggesting dysregulation of various aspects of
astrocyte cellular metabolism (Fig. 1d, Supplementary Table 3). Binding
of several molecules appears to be disrupted in HD astrocytes, with
several terms in both up- and down-regulated molecular functions
including transcription factor binding, enzyme binding and cytoskeletal
protein binding.

We then performed Kyoto Encyclopaedia of Genes and Genomes
(KEGG) pathway analysis on each line and sought out pathways shared
across HD lines (Fig. 1e). Genes associated with neuroactive ligand-
receptor interaction and calcium signalling were both significantly up-
and down-regulated across HD astrocytes, consistent with altered
cellular signalling established in GO analysis. PI3K-AKT signalling and
MAPK signalling were also significantly disrupted in HD astrocytes.
Notably, genes linked to p53 signalling indicative of a DNA damage
response were up-regulated in 58Q, 69Q and 75Q astrocytes, but sur-
prisingly not in 125Q and 180Q astrocytes (Fig. 1e). Gene set enrich-
ment analysis (GSEA) for hallmark gene sets showed significant up-
regulation in enrichment scores of several pro-inflammatory pathways
as well as the p53 pathway for 58, 69 and 75Q astrocytes. (Supple-
mentary Fig. 1). In contrast, several inflammatory pathways appeared
down-regulated in 125Q and 180Q astrocytes, as well as glycolysis, fatty
acid metabolism and cholesterol homeostasis consistent with dysregu-
lated metabolism.

Genes involved in extracellular matrix (ECM) receptor interactions
were significantly up- and down-regulated, with aspects of collagen,
laminin and integrin pathways disrupted across HD astrocytes (Sup-
plementary Fig. 2a) (Kanehisa and Goto, 2000). Taken together with
significant dysregulation of focal adhesion and reduced expression of
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Fig. 1. IPSC-derived Huntington’s Disease astrocytes exhibit transcriptional differences. RNA sequencing was performed on five induced pluripotent stem cell
derived HD astrocytes (58Q, 69Q, 75Q, 125Q and 180Q). (a) Differentially expressed genes (DEGS) for each line. Astrocytes with 58-75Q shared a number of DEGs,
as did 125-180Q astrocytes, whereas only 24 up-regulated genes and 37 down regulated genes were shared across all HD lines. (b) Heatmap of expression of DEGs
shared across all lines. Dendrograms show hierarchical clustering of genes (left) and cell lines (top). Disease state is given for each cell line; 19Q, 22Q =control, HD
= Huntington’s disease. Individual genes are listed in supplementary table 1b&c (c) Gene Ontology (GO) analysis for all shared, significantly down-regulated genes
between HD astrocytes found DEGS to be associated with nervous system development, neurogenesis and synapses. (d) GO analysis of individual lines with shared
terms between lines extracted. This highlighted metabolic dysregulation across all HD line as GO terms related to positive and negative regulation of metabolism
were signficantly up-regulated. Significantly down-regulated GO terms shared across all lines were linked to neuron development and cell signaling, binding of
enzymes and proteins as well as synaptic terms. (e) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed significant dysregulation of several
pathways across HD astrocytes most notably the PIBK-AKT signaling pathway, MAPK signaling pathway and neuroactive ligand receptor interaction suggesting a

wide ranging defect in normal astrocyte functions. ECM receptor interactions and Focal adhesion also showed significant dysregulation in HD. P < 0.001.

genes associated with cell adhesion molecules in 180Q astrocytes, this
suggests that adhesion is altered in HD astrocytes. In IPSC- and
ESC-derived astrocytes (45Q, 56Q, 81Q) (Table 1) we found that 48 h
after plating, the number of astrocytes attached were significantly lower
across all eight HD lines indicative of reduced cell adhesion (Supple-
mentary Fig. 2b). No changes in proliferation were observed that could
account for the differences in cell number (Supplementary Fig. 2c).

Weighted correlation network analysis highlighted several modules
associated with disease and polyQ length across all HD astrocytes
(Supplementary Fig. 3, Supplementary Tables 4 & 5). WGCNA compares
expression of genes across multiple samples to define modules, which
are clusters of highly interconnected genes, in an unbiased fashion. GO
and KEGG analysis of these modules corresponded to data from our GO
and KEGG analysis above, including ion channel activity, glutathione
metabolism and protein processing (Supplementary Fig. 4).

Further analysis of our WGCNA modules from HD astrocytes
revealed significant overlap with modules disrupted in HD patient brain
related to HD and polyQ length from two independent cohorts (Hodges
etal., 2006; Lin et al., 2016; Neueder and Bates, 2014). Overlap analysis
with data from the post-mortem HD patient cortex (Lin et al., 2016),
showed significant overlap with the top modules from all HD astrocytes
(Fig. 2a). We next separated HD astrocytes into three groups, 58Q-75Q,
125Q and 180Q, based on polyQ length (Supplementary Fig. 5, Sup-
plementary tables 4&5). The top modules from 58Q-75Q astrocytes
significantly overlapped with modules from the cortex of the two in-
dependent patient cohorts (Fig. 2b,c). These changes grew more pro-
nounced with increasing polyQ length, as in modules from 125Q and
180Q astrocytes we observed significant overlap with modules from the
patient cerebellum and caudate in addition to modules from the cortex
(Fig. 2d-k). Furthermore, in 125Q and 180Q astrocytes the top WGCNA
modules significantly overlapped with top modules from astrocytes
obtained from 175Q and R6/2 HD mouse models (Supplementary
Figs. 6,7) (Diaz-Castro et al., 2019).

In summary, the most disrupted modules in our HD astrocytes
significantly overlapped with the most disrupted modules from HD pa-
tient caudate and cortex.

3.2. HD astrocytes exhibit a reactive phenotype and show polyQ length
dependent changes in gene expression

Transcriptional data highlighted the significant disruption of path-
ways involved in inflammation such as MAPK and PI3K/AKT (Fig. 1e),
as well as polyQ length dependent changes in inflammatory pathways
(Supplementary Fig 1). We thus investigated whether HD astrocytes
(45Q, 56Q, 58Q, 69Q, 75Q, 81Q, 125Q, 180Q) presented a reactive
phenotype as compared to their respective controls. We first examined
expression of intermediate filaments GFAP and Vimentin, as well as of
the water channel protein aquaporin 4 (AQP4) which is highly expressed
in astrocytes, by immunostaining our astrocyte cultures (Fig. 3a).
Expression of these markers as well as glutamine synthetase (Supple-
mentary Fig. 8a) confirmed that our IPSC-derived astrocytes had suc-
cessfully been differentiated. Only a small number of SOX2-positive
neural progenitor cells was still present in both control and HD astro-
cytes (Supplementary Fig. 8b). As expected in most HD PSC-derived

models, we did not find evidence of mHTT aggregation (Supplemen-
tary Fig. 8c). We found that GFAP was significantly up-regulated across
all HD lines (Fig. 3a) indicative of astrocyte reactivity. We found a
similar trend for Vimentin, however this was more variable between
astrocyte lines (Fig. 3b). Examining combined control and HD astrocyte
values shows that HD astrocytes express significantly more Vimentin.
Furthermore, we observed significantly increased AQP4 expression in
HD astrocytes, with the exception of 81Q astrocytes where some up-
regulation was nonetheless apparent (Fig. 3c). Taken together, HD as-
trocytes express AQP4 more highly than healthy astrocytes. We found no
consistent changes in NF-kB protein levels, as cellular expression was
either significantly up- or down-regulated in some of the HD astrocytes
(Supplementary Fig. 9). Whilst we detected some statistically significant
morphological changes in HD astrocytes in both nuclear and cyto-
plasmic size as well as nucleus to cytoplasm ratio (Supplementary
Fig. 10a-c), these were not polyQ length dependent nor dependent on
iPSC versus ESC background and appeared variable between lines.

We further examined expression of genes associated with astrocyte
reactivity using QPCR and focused on several HD astrocyte lines with a
range of polyQ lengths (45Q, 56Q, 75Q, 81Q, 125Q and 180Q) and
normalised them to their respective controls. We found significant up-
regulation of NES (NESTIN) and S100B in most HD astrocytes lines
(Fig. 4a, b). NES has been found to be up-regulated both in immature
and reactive astrocytes, however concomitant up-regulation of astrocyte
marker, S100B (S100 calcium-binding protein B), a protein also upre-
gulated in reactive astrocytes (Brozzi et al., 2009; Cerutti and Chadi,
2000), suggests that their increased NES expression may be indicative of
a reactive rather than immature phenotype. We found no consistent
changes in gene expression of astrocyte marker ALDHIL1 (Aldehyde
Dehydrogenase 1 Family Member L1) (Supplementary Fig. 11a). Similarly,
expression of IL-1B (Interleukin-1B) and ADORA2A (Adenosine A2a Re-
ceptor) which has previously been highlighted in transcriptomics data,
did not yield consistent differences in gene expression (Supplementary
Fig. 11b-d). The A2 marker S100A10 was significantly down-regulated
except in one isogenic line (45Q, 81Q) (Fig. 4c). Interestingly we
found polyQ dependent changes in expression of VEGFA (Vascular
Endothelial Growth Factor A), C3 (Complement Component 3) and IL-6
(Interleukin-6) (Fig. 4d-f). VEGFA was significantly down regulated
across HD astrocytes, and to a greater extent the longer the polyQ length.
C3 and IL-6 were significantly up-regulated in 45Q and 56Q astrocytes,
but down-regulated in HD astrocytes with > 75Q. This is somewhat
surprising as it would have been expected for markers associated with
neurotoxicity to be more highly expressed in HD astrocytes with longer
polyQ lengths. It is conceivable that this reflects an impaired inflam-
matory response in these HD astrocytes, consistent with the GSEA
Hallmark enrichment data (Supplementary Fig. 2). Taken together our
data supports the idea that HD astrocytes do not exhibit a clear A1 versus
A2 response, but do acquire a reactive phenotype. Most notably we
provide novel evidence that HD astrocytes show polyQ dependent
changes in gene expression.

3.3. PolyQ length-dependent metabolic disruption in HD astrocytes

Astrocyte reactivity in diseases is often accompanied by changes in
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Fig. 2. Significant overlap of weighted correlation network analysis (WGCNA) modules from HD astrocytes with post-mortem HD brain samples. Overlap
analysis of significantly enriched WGCNA modules was performed between HD astrocytes and HD post-mortem transcriptomic data. HD astrocyte WGCNA modules
are given on the y-axis and HD brain modules on the x-axis, each with their significance for HD association. Only modules which reached significance threshold using
Fisher’s exact test in both dataset are shown. For each module pair the gene count intersection is given, and significance as -log10(p) is indicated by colour, according
to the legend. a) Overlap of HD astrocytes (all lines) and HD patient BA4 frontal cortex modules (Lin et al., 2016). b) Overlap of 58Q, 69Q and 75Q HD astrocyte
WGCNA modules and HD patient BA4 frontal cortex modules (Neueder and Bates, 2014) ¢) Overlap of 58Q, 69Q and 75Q HD astrocyte WGCNA modules and HD
patient BA4 frontal cortex modules (Lin et al., 2016). d-f) Overlap of HD 125Q astrocyte and HD patient caudate, BA4 frontal cortex and cerebellum modules
(Neueder and Bates, 2014). g) Overlap of HD 125Q astrocyte and HD patient BA4 frontal cortex modules (Lin et al., 2016). h-j) Overlap of HD 180Q astrocyte and HD
patient caudate, BA4 frontal cortex and cerebellum modules (Neueder and Bates, 2014). k) Overlap of HD 180Q astrocyte and HD patient BA4 frontal cortex (Lin

et al., 2016) modules.
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Fig. 3. Huntington’s disease (HD) PSC-derived astrocytes exhibit evidence of astrocyte reactivity. Control and HD astrocytes were stained with intermediate
filament markers GFAP and Vimentin, as well as Aquaporin 4 (AQP4). Scale bar = 50 uM. (a) GFAP was significantly up-regulated across all HD lines, suggestive of
astrocyte reactivity. (b) A trend towards increased Vimentin expression was apparent across all HD lines, however with higher variability than GFAP. (c) Aquaporin 4
expression was significantly up-regulated across the majority of HD astrocytes. * : p < 0.05, * *: p < 0.01, * **: p < 0.001. Data are presented as mean + SEM of
three astrocyte differentiations of each line, technical replicates n = 6, analyses between each isogenic pair/group was performed by student’s t-test or one way

ANOVA with Bonferroni correction where appropriate.

astrocyte metabolism, and GO analysis showed that several terms
associate with positive and negative regulation of metabolism were
significantly up-regulated in our IPSC-derived HD astrocytes (Supple-
mentary Table 3). We carried out metabolic enrichment analysis
(MAREA) of RNA sequencing data for 58Q, 69Q, 75Q, 125Q and 180Q
astrocytes (Supplementary Figs. 12, 13). Various pathways showed
dysregulation in HD astrocytes, common pathways between lines
included reduced UREA metabolism in 58, 69, 75 and 125Q astrocytes.
MAREA highlighted an up-regulation in key genes involved in fatty acid
oxidation in 58-75Q, however a key enzyme (carnitine-acylcarnitine
translocase) for long chain fatty acid appeared down-regulated in these
astrocytes. Whilst fatty acid oxidation was up-regulated in 125Q astro-
cytes, it was decreased in 180Q astrocytes with no changes in carnetine-
acylcarnitine translocase, which may potentially reflect differences in
processing of long chain fatty acids in HD astrocytes. Water metabolism
was increased in 69 and 75Q astrocytes only, and citrulline metabolism
was down-regulated in 125Q and 180Q astrocytes. Although MAREA
clearly indicated metabolic dysregulation in HD astrocytes, it was
difficult to draw definite conclusions from these transcriptional changes
about the impact on cell behaviour and the pathways mainly affected.

Therefore, we carried out biochemical assays to further investigate
metabolic defects. As previous research indicates reduced ability of HD
astrocytes to take up glutamate, we assessed glutamate uptake in our
human astrocytes. As shown in Fig. 5a and Supplementary Fig. 13a,
glutamate levels were significantly higher in the culture medium of HD
astrocytes than controls regardless of polyQ length. We then examined
glucose metabolism in a representative number of astrocyte lines (58,
69, 75, 125 and 180Q) using mass spectrometry and found significantly
lower rates of glucose oxidation in 125 and 180Q astrocytes only,
consistent with the Hallmark enrichment data (Fig. 5b, Supplementary
Fig. 2, 17b). To investigate metabolic changes further, we used the MTT
assay which is widely used to assess to measure cellular metabolic ac-
tivity. MTT is taken up through endocytosis and is reduced by mito-
chondrial enzymes, endosomal and lysosomal compartments to form
MTT formazans (Lii et al., 2012). To account for changes in cell survival,
we normalised the assay to cell number using Hoechst. We found
significantly up-regulated metabolic activity in HD astrocytes carrying
45-81Q consistent with increased metabolic activity in reactive astro-
cytes, but down-regulated in 125Q and 180Q astrocytes (Fig. 5¢). We
next investigated ATP content in HD astrocytes, which showed a trend
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Fig. 4. Huntington’s disease (HD) astrocytes exhibit polyQ-length dependent changes in genes associated with astrocyte reactivity. QPCR was performed in
biological and technical triplicates and each gene was normalised to three housekeeping genes, UBC, ATP5B and EIF4A2 using the delta delta (A A) CT method.
Values were the normalised to their respective control line. (a) Intermediate filament NES (NESTIN) was significantly up-regulated across most HD astrocytes
compared to respective controls. (b) Astrocyte marker S100B was significantly up-regulated across most HD astrocytes, or a noticeable trend could be observed. (c)
S100A10 was significantly down-regulated in 56Q, 75Q,125Q and 180Q astrocytes, however no significant changes are detected in 45Q and 81Q astrocytes. (d)
VEGFA was significantly down-regulated across HD astrocytes, with greater down-regulation in longer polyQ lengths. (e) C3 was significantly up-regulated in shorter
polyQ length (45&56Q) astrocytes but down-regulated in astrocytes with more than 75Q. (f) Interleukin-6 (IL-6) gene expression was significantly increased in
45&56Q astrocytes, but significantly down-regulated in all other HD astrocytes. * : p < 0.05, * *: p < 0.01, * **: p < 0.001. Data are presented as mean + SEM of
three astrocyte differentiations of each line, technical replicates n = 3, analyses between each isogenic pair/group was performed by student’s t-test or one way

ANOVA with Bonferroni correction where appropriate.

towards increased release in 45Q-58Q astrocytes, but was significantly
reduced in 69Q-180Q astrocytes (Fig. 5d). Interestingly, we did not
observe significant changes in the oxygen consumption of mitochondria
used for ATP production (Supplementary Fig. 15), nor did we detect
altered gene expression of SDHA which is involved in mitochondria
complex II, in HD astrocytes (Supplementary Fig. 11c). However, it
revealed a significant decrease in spare capacity in 75Q and 180Q as-
trocytes (Supplementary Fig. 15). This reduction was not observed in
56Q and 125Q astrocytes, suggesting that mitochondrial defects are line
specific and not major contributors to early astrocyte dysfunction. We
next assessed secretion of lactate and cholesterol, as astrocytes supply
both to neurons as metabolic substrates (Fig. 5e,f, Supplementary
Fig. 14c,d). Lactate and cholesterol secretion was significantly increased
in 45Q-58Q astrocytes, unaffected in 69-81Q astrocytes and signifi-
cantly down-regulated in 125Q and 180Q astrocytes.

10

3.4. HD astrocytes exhibit CAG repeat expansion and increased mismatch
repair response

Somatic expansion of polyQ length has been linked with earlier HD
onset, which we investigated in human HD astrocytes by aging them for
80 days. We detected increases in polyQ length to a minor but significant
degree in 58Q astrocytes and to a greater degree in 125 and 180Q as-
trocytes (Fig. 6a,b). This was accompanied by an increased DNA damage
mismatch repair response (MMR) in HD astrocytes. We first assessed
gene expression using qPCR and found HTT expression to be up-
regulated across HD astrocytes consistent with the existing literature
(Carter et al., 2014) (Fig. 7a). FAN1 up-regulation has been shown to be
protective against CAG expansion in U20S cells (Goold et al., 2019). We
did not observe a consistent phenotype across our HD astrocytes, but
found significant up-regulation of FAN1 in 45Q, 75Q and 180Q
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Fig. 7. DNA mismatch repair gene expression in increased in Huntington’s Disease (HD) astrocytes. DNA mismatch repair gene expression in increased in
Huntington’s Disease (HD) astrocytes QPCR was performed in biological and technical triplicates and each gene was normalised to three housekeeping genes, UBC,
ATP5B and EIF4A2. (a) Huntingtin (HTT) gene expression tended to be increased in HD astrocytes, with significant up-regulation in 45Q, 75Q and 180Q astrocytes. (b)
FAN1 was up-regulated in 45Q, 75Q and 180Q astrocytes (c) MSH2 expression was significantly up-regulated across HD astrocytes. (d) MSH3 was significantly up-
regulated in the majority of HD astrocytes. (e) MSH6 expression was significantly up-regulated across all HD astrocytes. (f) MLHI expression was significantly up-
regulated across all HD astrocytes. (g) PMSI expression was not significantly altered in HD astrocytes. (h) PMS2 trended towards increased expression with
significantly increased expression in 45Q, 75Q and 81Q astrocytes. * : p < 0.05, * *: p < 0.01. Data are presented as mean + SEM of three astrocyte differentiations
of each line, technical replicates n = 3, analyses between each isogenic pair/group was performed by student’s t-test or one way ANOVA with Bonferroni correction

where appropriate.

astrocytes and when samples were pooled in control as compared to HD
astrocytes (Fig. 7b). MSH2, MSH3, MSH6 and MLH1 were significantly
up-regulated across all HD astrocytes, suggesting a significant activation
of the MMR complex (Fig. 7c-f). We did not observe significant changes
in PMS1, a member of the DNA mismatch repair mutL/hexB family,
though expression appeared down-regulated in 45Q, 56Q and 75Q as-
trocytes, but was slightly up-regulated in 81Q, 125Q and 180Q
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(Fig. 7 g). PMS2 appeared up-regulated across HD astrocytes, with sig-
nificant up-regulation in 45Q, 75Q and 81Q astrocytes (Fig. 7 h).

We next investigated whether changes in gene expression translated
to protein expression (Fig. 8a). We found PMS1 and 2 protein expression
to be extremely low and not quantifiable (not shown). FAN1 expression
was variable, but trended towards increased expression across HD as-
trocytes (Fig. 8b). MSH2 expression was significantly up-regulated
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Fig. 8. DNA mismatch repair protein expression is altered in Huntington’s Disease (HD) astrocytes. (a) Representative western blots of HD astrocytes (Control,
58Q, 75Q, 180Q) for FAN1, MSH6, MSH2, MSH3 and MLH1. (b) FAN1 expression was variable, with no significant changes detected in individual HD astrocytes
lines, but significant up-regulation when data were pooled. (c) MSH2 expression was significantly increased in the majority of HD astrocytes. (d) MSH3 expression
was significantly increased in HD astrocytes, with the exception of 81Q astrocytes. (e) MSH6 expression was significantly increased in HD astrocytes, except 56Q and
81Q astrocytes. (f) MLH1 expression was increased in 56Q astrocytes, significantly increased in 45 & 58Q astrocytes, trended towards increase in 75, 81 and 180Q
astrocytes. * : p < 0.05, * *: p < 0.01. Data are presented as mean + SEM of three astrocyte differentiations of each line, technical replicates n = 3, analyses between
each isogenic pair/group was performed by student’s t-test or one way ANOVA with Bonferroni correction where appropriate.

across HD astrocytes with the exception of 56Q astrocytes (Fig. 8c).
Similarly MSH3 expression was significantly up-regulated across HD
astrocytes, except in 81Q astrocytes, as was MSH6 expression with the
exception of 81Q and 180Q astrocytes (Fig. 8d,e). MLH1 trended to-
wards increased expression but was only significantly increased in 45Q
and 58Q astrocytes (Fig. 8 f). Pooling control and HD astrocytes reveals
a significant up-regulation of both FAN1 and MMR proteins, though the
increase in MMR protein expression is greater than that of FAN1.

3.5. HD astrocytes exhibit increased cell death, oxidative DNA damage
and double strand breaks

Our transcriptomics data highlighted several pathways that could
potentially be involved in cell death and DNA damage, including PI3K/
AKT signalling, MAPK signalling and p53 signalling (Fig. 1d). Further-
more, Hallmark analysis highlighted up-regulation of genes involved in
DNA repair in several lines (Supplementary Fig. 1).

We examined cell death in astrocytes using propidium iodide to label
dead cells (Fig. 9a), and found a significant increase in dead cell per-
centage in all HD astrocytes as compared to controls (Fig. 9b). To assess
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oxidative damage, astrocytes were stained for 8OHdG, as well as yH2AX
and 53BP1 which are recruited to double strand breaks (Fig. 9c).
Expression of 80OHdG was significantly increased in HD astrocytes, with
the exception of 81Q and 58Q astrocytes where a trend towards up-
regulation was apparent (Fig. 9d). Nuclear Intensity of yH2AX and
53BP1 was also significantly increased across HD astrocytes, indicative
of increased DNA double strand breaks (Fig. 9e,f). This appeared
particularly pronounced in 125Q and 180Q astrocytes (Supplementary
Fig. 16). Changes in yH2AX and 53BP1 protein expression detected by
western blots were consistent with the immunostaining data, confirming
that HD astrocytes carry a large DNA damage burden (Fig. 9 g).

We next investigated the DNA damage response of HD astrocytes by
assessing expression of relevant proteins encoded by genes identified as
differentially expressed in our RNA seq analysis (Fig. 10a). We first
assessed expression of NIMA related Kinase 1 (NEK1), thought to be
involved in the early DNA damage response, as RNA seq data for 58Q,
69Q, 75Q and 125Q astrocytes showed NEKI1 up-regulation (Fig. 1b,
Supplementary Table 1). However, with the exception of 56Q astrocytes,
NEK1 protein expression in HD astrocytes either trended towards
decrease (45Q, 58Q) or was significantly lower (75Q, 81Q and 180Q) in
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Fig. 9. Huntington’s disease (HD) astrocytes exhibit increased cell death and DNA damage. (a) Astrocytes were stained with Propidium Iodide (PI) to stain
dead cells and counterstained with Hoechst to label all nuclei. Scale bar = 50 uM. (b) PI/Hoechst staining revealed significantly higher level of cell death in HD
astrocytes. (c) Astrocytes were stained with 8-OHdG to stain for oxidative DNA damage, yH2AX and 53BP1 to label DNA double strand breaks. Nuclei were
counterstained with Hoechst. Arrows indicate double strand break foci. Scale bar = 20 pM. (d) 8-OHdG intensity was significantly increased in 56Q, 45Q< 69Q, 75Q,
125Q and 180Q astrocytes, with a trend towards increase in the remaining lines. Pooling control and HD astrocytes found significantly higher expression of 8-OHdG.
(e) yH2AX staining was quantified by measuring staining intensity in all nuclei, which was significantly higher across most HD astrocytes. (f) Nuclear intensity of
53BP1 was significantly higher across HD astrocytes than their respective controls. (g) Western blotting for yH2AX and 53BP1 revealed significantly higher
expression across HD astrocytes indicative of increased DNA damage. *: p < 0.05, * *: p < 0.01, * **: p < 0.001. Data are presented as mean + SEM of three
astrocyte differentiations of each line, technical replicates n = 3, analyses between each isogenic pair/group was performed by student’s t-test or one way ANOVA

with Bonferroni correction where appropriate.

a polyQ dependent manner (Fig. 10b). When we excluded 56Q astro-
cytes as an outlier as the values where 2.8 times higher than the standard
deviation, and pooled values from HD astrocytes, we found a significant
decrease in HD versus control.

We then investigated expression of p53, as TP53 was the most up-
regulated gene in our RNA seq data for 58Q, 69Q and 75Q astrocytes,
but unchanged in 125Q astrocytes and decreased in 180Q astrocytes
(Supplementary table 1). Protein expression of p53 mirrored RNA
expression, with significant up-regulation in HD astrocytes, apart from
180Q astrocytes, where expression trended towards decrease (Fig. 10c).
Next, we assessed expression of RAD51, which contains a p53 binding
element and is essential for homologous recombination in response to
DNA damage. RAD51 was up-regulated or unchanged in 45Q-58Q as-
trocytes, trended towards decrease in 75Q and 81Q astrocytes and is
significantly decreased in 180Q astrocytes in a polyQ length dependent
manner (Fig. 10d).

ATM expression was significantly increased in HD astrocytes or
trended towards increase (75Q, 180Q) Fig. 10e,f). Phosphorylated (p)-
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ATM was barely detectable in our astrocyte cultures (not shown) and
hence was not quantified. Finally, AKT and p-AKT expression were
assessed. AKT showed variable levels of expression across HD lines, but
trended towards increased expression whereas up-regulation of p-AKT
was more pronounced (Supplementary Fig. 17a,b). We found this also to
be the case for the p-AKT/AKT ratio (Fig. 10 g). Pooling of HD astrocyte
lines showed a significant increase of ATM, AKT p-AKT and p-AKT/AKT
ratio expression in HD astrocytes versus controls, consistent with an
increased DNA damage response. Together, these data suggest that the
increased and sustained DNA damage contributes to astrocyte dysfunc-
tion in HD.

Finally, we compared variability within our control lines (Supple-
mentary Figs. 18, 19) for both immunostaining and qPCR data. We
found that our iPSC-derived astrocytes clustered together, as did the
ESC-derived astrocytes, and differences were largely found between
iPSC derived control astrocytes and ESC-derived astrocytes. These could
be due to reprogramming techniques, or iPSC vs ESC genetic back-
ground. However, this strengthens our approach of largely using
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Fig. 10. Huntington’s disease (HD) astrocytes exhibit significant dysregulation of the DNA damage response. (a) Representative western blots of HD as-
trocytes (Control, 58Q, 75Q, 180Q) for NEK1, p53, RAD51, normalised to Actin. (b) NEK1 expression was significantly increased in 56Q astrocytes, unaffected in 45
& 58Q astrocytes and significantly lower in 75,81 & 180Q astrocytes. Pooling HD astrocyte data and excluding 56Q astrocytes shows significant down-regulation of
NEKI1. (c) p53 expression was significantly higher in 45-75Q astrocytes, with 81Q astrocytes trending towards higher expression. In contrast 180Q astrocytes trended
towards lower p53 expression. (d) RAD51 expression was significantly increased in 45 and 56Q astrocytes, unaffected in 58 — 81Q astrocytes and significantly
decreased in 180Q astrocytes. (e) Representative western blots of HD astrocytes (Control, 58Q, 75Q, 180Q) for ATM, AKT and phosphorylated(p)-AKT normalised to
Actin. (f) ATM expression was significantly increased across the majority of HD astrocytes, with the exception of 75Q and 180Q astrocytes which trended towards
increased expression. (e) The p-AKT to AKT ratio was variable across HD astrocytes, with only 56Q and 180Q astrocytes showing a significant up-regulation
compared to their respective control. *: p < 0.05, * *: p < 0.01, * **: p < 0.001. Data are presented as mean + SEM of three astrocyte differentiations of each
line, technical replicates n = 3, analyses between each isogenic pair/group was performed by student’s t-test or one way ANOVA with Bonferroni correction where
appropriate.

isogenic lines and using iPSC derived controls as comparisons for iPSC progression.
derived 125Q and 180Q astrocytes.

4. Discussion 4.1. HD astrocytes display extensive transcriptional changes

Here we have reported significant transcriptional changes in human Bulk RNA sequencing revealed widespread transcriptional dysregu-
PSC-derived HD astrocytes, as well as polyQ dependent phenotypes in lation in IPSC-derived HD astrocytes, with large overlap of dysregulated
astrocyte reactivity and metabolism. We show that human HD astrocytes genes in lines with similar polyQ lengths. Notably, despite a large range
carry a large DNA damage burden, DNA repair pathway activation and of polyQ lengths, we found significantly up-and down-regulated genes
somatic expansion, providing a molecular framework to recent findings that were shared across all HD astrocytes. Dysregulation across several
suggesting contribution of DNA damage response pathways to disease crucial pathways could have widespread consequences on astrocyte

function, such as that of MAPK and PI3K/AKT pathways which are
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associated with apoptosis, inflammation and DNA damage in HD as-
trocytes (Kaminska et al., 2009; Karimian et al., 2019; Lee et al., 2006;
Rezatabar et al., 2019; Xie et al., 2004). Changes in their expression are
likely to have extensive consequences including the ability of HD as-
trocytes to perform crucial tasks such as help maintain neuronal ho-
meostasis. GO analysis highlighted that genes associated with cell
signalling were highly disrupted, consistent with what has been
observed in mouse models and IPSC models (Garcia et al., 2019; Jiang
et al., 2016). Furthermore, ECM receptor interaction, and focal adhesion
molecules have a major impact on synaptic behaviour (Hillen et al.,
2018; Kerrisk et al., 2014), suggesting a widespread disruption of
astrocytic cell signalling in our cultures as an early phenotype. Dysre-
gulation of cell adhesion molecules has been reported in HD
post-mortem brains but it has not been previously shown to occur in HD
astrocytes specifically (Ratovitski et al., 2016). Alongside endothelial
cells, astrocytes are crucial in maintaining blood brain barrier integrity
and cell adhesion molecules mediate these interactions (Abbott et al.,
2006; Hawkins and Davis, 2005). Reduced adhesion of our HD astro-
cytes in culture confirms that disruption of these pathways has signifi-
cant consequences on HD astrocytes, which may result in altered blood
brain barrier function in HD.

Importantly, we found novel evidence that a significant number of
WGCNA modules associated with disease and polyQ length in human
HD astrocytes overlapped with WGCNA modules from two independent
HD post mortem cohorts (Lin et al., 2016; Neueder and Bates, 2014).
This was most pronounced for the cortex and caudate, the most affected
regions of the HD brain, suggesting a significant contribution of astro-
cytes to HD disease progression. Notably, overlap increased with
increasing polyQ length in our HD astrocytes, possibly indicating that
phenotypes in 125 and 180Q reflect astrocyte biology in the end stage of
the disease. Overlap with mouse data (Diaz-Castro et al., 2019) was only
significant in 125Q and 180Q astrocytes, increasing with age of mice.
This suggests that mouse models may not capture the range of pheno-
types observed in lower polyQ lengths and further highlights the
importance of using models that can allow one to investigate shorter
polyQ lengths.

4.2. Changes in gene expression and metabolism in HD astrocytes are
polyQ length-dependent

Our data highlights evidence of astrocyte reactivity, including
upregulation of GFAP and Vimentin, as well as AQP4 which has been
shown to be upregulated in reactive astrocytes (Ikeshima-Kataoka,
2016). Astrocyte reactivity and activation of pro-inflammatory path-
ways have been reported in HD astrocytes (Haim et al., 2015; Hsiao
et al., 2013; Khakh et al., 2017; Rueb et al., 2015). Whether HD astro-
cytes can be clearly assigned to Al or A2 (neurotoxic versus neuro-
protective) astrocyte disease states (Escartin et al., 2021; Liddelow and
Barres, 2017) remains unclear. Activation of JAK/STAT and NF-kB
pathways in neurotoxic astrocytes has been reported in some models,
but not others. Bulk RNA seq of mouse models and human post mortem
data has indicated substantial heterogeneity in HD astrocytes, and little
evidence to support an entirely neurotoxic phenotype (Diaz-Castro et al.,
2019). Amongst the genes up-regulated across all HD astrocytes in our
RNA seq data was TM4SF1, a gene associated with an A2 astrocyte state
(Ceyzériat et al., 2018; Neal et al., 2018). Our qPCR data revealed
up-regulation of A2 marker SI00A10, except in the SUES line astrocytes,
possibly due to line specific differences. However, when we examined
Al markers C3, IL-6, as well as VEGFA, we found surprising polyQ length
dependent differences in gene expression. Whilst C3 and IL-6 expression
was significantly increased in shorter polyQ-length HD astrocytes (45Q,
56Q), their expression was significantly down-regulated in longer
lengths. (Diaz-Castro et al., 2019) suggested that HD astrocytes pro-
gressively lose their essential functions, and the phenotypes observed in
our cultures may reflect either an accelerated disease progression of
longer length astrocytes or an inability to respond to disease states. C3
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expression is commonly associated with negative pro-inflammatory
phenotypes in astrocytes, however it may serve essential functions and
it has been shown that C3 knockout may actually accelerate disease
progression in Prion disease (Hartmann et al., 2019). VEGFA expression
was reduced in all HD astrocytes, however expression decreased the
longer the polyQ length. VEGFA reduction in HD astrocytes is consistent
with reduced VEGF levels observed in peripheral blood mononuclear
cells of pre-manifest and manifest HD patients (Cesca et al., 2015). Given
that VEGFA is associated with a neuroprotective phenotype, it may
reflect an inappropriate disease response in our HD astrocytes and
further drive astrocyte dysfunction.

Changes in metabolism have been reported in pre-symptomatic and
symptomatic HD patients as well as mouse models however it is not clear
to which extent this is driven by astrocytes (Boussicault et al., 2014;
Mochel and Haller, 2011; Polyzos et al., 2019; Shin et al., 2013). GO
analysis highlighted up-regulation of genes linked to GO terms for both
positive and negative regulation of metabolism shared across all lines,
but also line specific terms. We also found significant disruption of
carbon based metabolism using metabolic enrichment analysis; this is
consistent with previous identification of several of these metabolites
such as urea and citrulline in a sheep model of HD (Skene et al., 2017).
Increased fatty acid metabolism as highlighted by MAREA is consistent
with a shift to fatty metabolism in the striatum of HD mice (Polyzos
et al., 2019). Crucially, when assessing other metabolic activities that
are essential to astrocyte function, we found novel intriguing polyQ
dependent changes. Up-regulation of metabolic activity and increased
release of lactate and cholesterol in 45Q-58Q astrocytes appears in line
with increased astrocyte reactivity and matches the increased release of
C3 and IL-6 in these astrocytes. Brain hypermetabolism, thought to be a
compensatory mechanism, is significantly correlated with disease
severity and may negatively affect brain structures (Gaura et al., 2017).
Whilst we see some evidence that 69Q-81Q astrocyte show some
increased overall metabolic activity, ATP production or turnover is
reduced. This could reflect energy depletion in HD astrocytes, which in
turn may contribute to astrocyte stress and dysfunction. Notably, all
metabolic activity and release of metabolites in 125Q and 180Q astro-
cytes was reduced. As observed here in 125Q and 180Q astrocytes,
glucose metabolism appears to be reduced in the cortex of HD patients
(Martin et al., 1992). Reduced cholesterol is commonly reported in
human post mortem brains (Kreilaus et al., 2016) and mouse models
(Valenza et al., 2010, 2015), which have similar polyQ lengths as our
125Q and 180Q astrocytes. Furthermore, Valenza et al. (2010) found
polyQ dependent cholesterol reductions in HD mice, with the most
pronounced reduction in mice with the longest polyQ length. Our data
indicate for the first time that this decrease is likely driven by altered
astrocyte cholesterol metabolism. It is possible that HD astrocytes
up-regulate metabolic activity as an early disease response but this de-
creases as disease burden accumulates and astrocytes are unable to
maintain their function and response. This may explain why cholesterol
is reduced in postmortem brains with similar polyQ lengths to our
45Q-58Q astrocytes, despite their early increased release of metabolites.
Astrocytes produce the majority of brain cholesterol, which is required
for normal brain function (Ferris et al., 2017). Similarly, they are also a
crucial source of lactate and ATP for neurons (Harada et al., 2016;
Machler et al., 2016; Magistretti and Allaman, 2013; Xiong et al., 2018),
and reduced secretion of ATP and lactate have been shown to increase
neuronal stress. Altered secretion of metabolites by HD astrocytes could
result in impaired neuron homeostasis hence represent one mechanism
driving disease progression.

4.3. HD astrocytes exhibit an increased MMR response and somatic CAG
repeat expansion

The mismatch repair pathway has been linked to somatic expansion
of polyQ length, which is associated with earlier disease onset, and we
found evidence of significant somatic expansion in HD astrocytes.
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MSH2, MSH3 and MLH1 have been shown to promote CAG expansion,
whilst FAN1 appears to protect against CAG repeat expansion (Goold
et al.,, 2019, 2021; Maiuri et al., 2019). The majority of MMR pathway
genes assessed were up-regulated on both gene and protein level across
HD astrocytes regardless of polyQ length. It is thought that in the brain,
cell types vulnerable to degeneration in HD exhibit greater somatic
expansion, with individuals inheriting a larger number of CAG repeats
exhibiting greater somatic expansion. CAG repeat expansion in glia has
previously been reported, although at least one study suggested that this
was to a lesser extent than in neurons (Claassen and Lahue, 2007;
Gonitel et al., 2008; Shelbourne et al., 2007). Given the expression
profiles we found, it seems likely the CAG repeat expansion we observe
is the result of increased MMR gene expression, rather than reduced
FAN1 expression. One possibility is that increased DNA damage acti-
vates MMR, during which strand slippage leads to CAG expansion. MMR
proteins may also modify disease progression through interaction with
other DNA repair factors such as ATM and TP53 (Luo et al., 2004; Peters
et al., 2003).

4.4. Increased DNA damage is present in HD astrocytes

Here, for the first time in HD astrocytes, we reported significantly
higher expression of yH2Ax and 53BP1, indicating a greater occurrence
of DNA double strand breaks (Panier and Boulton, 2014; Podhorecka
et al., 2010), as well as increased expression of 8-OHdG indicative of
oxidative DNA damage (Valavanidis et al., 2009). Several pathways
from the bulk RNA seq analysis hinted at up-regulation of the DNA
damage response in HD astrocytes, as well as dysregulation of several
pathways potentially involved in DNA damage. Notably, two of the
genes up-regulated across all IPSC-derived astrocytes are thought to be
involved in the DNA damage response, NEK1 and CAAPI1/C9orf82.
NEK1 has been linked to the early DNA damage response (Chen et al.,
2011b), where it is located downstream of ATM and is involved in cell
cycle arrest to facilitate double strand break repairs (Pelegrini et al.,
2010). Despite up-regulation at the gene level, NEK1 protein expression
was reduced across most HD astrocytes and this may reflect increased
turnover or rapid degradation of NEK1. However, it has previously been
shown that NEK1 knockdown can result in DNA damage accumulation
and impaired DNA damage response (Higelin et al., 2018). NEK1 is also
required for the maintenance of genome stability (Chen et al., 2011a). It
is conceivable that lower NEK1 levels in HD astrocytes could be an
indication of impairments in the DNA repair response.

TP53 plays a prominent role in DNA repair, and mHTT has been show
to bind to it and affect its transcription directly (Bae et al., 2005; Feng
et al., 2006). Interestingly, gene expression of TP53 was up-regulated in
58Q-75Q astrocytes, unaffected in 125Q astrocytes and down-regulated
in 180Q astrocytes, with the protein data matching this trend. HD as-
trocytes with greater polyQ lengths seem to display greater impairment
in DNA damage response. Indeed, we have found evidence of an unex-
pected DNA damage response, as RAD51 expression follows a similar
pattern as p53. This is of interest, as, while in small cell lung carcinoma
lines p53 binding to RAD51 appears to reduce its activation (Arias-Lopez
et al., 2006). However, this certainly does not appear to be the case
45Q-58Q astrocytes, where both p53 and RAD51 are up-regulated.

Consistent with previous data from HD mouse models, we observed
up-regulation of ATM, AKT and p-AKT (Colin et al., 2005; Maiuri et al.,
2017, 2019) as well as an increase in the proportion of p-AKT to AKT in
HD astrocytes compared to controls. Whilst these proteins are crucial for
the DNA damage response, prolonged activation of ATM has been shown
to be toxic to cell survival in HD and may negatively affect astrocytes in
the long term. In summary, we find that HD astrocytes carry a large
burden of oxidative DNA damage and DNA double strand breaks. Whilst
we see evidence for a DNA damage response, we observe disruption in
the expression of specific DNA repair response proteins which could lead
to further accumulation of DNA damage.

Taken together, our data are consistent with the hypothesis that DNA

17

Progress in Neurobiology 225 (2023) 102448

damage in HD astrocytes contributes to early astrocyte dysfunction and
increases vulnerability to cell death and highlight the need to target
astrocytes in the development of novel therapies. Therefore, iPSC-
derived HD astrocytes could provide a novel model to investigate
repeat expansion and DNA damage in HD, as well as possible therapeutic
interventions.

5. Conclusion

In conclusion, we find that PSC-derived astrocytes present a valid
model of astrocyte biology in HD as they showed significant overlap of
transcriptional changes in HD postmortem brains which further suggests
that astrocyte play a substantial role in HD pathogenesis. We have
provided evidence of novel phenotypes affecting HD astrocytes regard-
less of polyQ length, such as increased astrocyte reactivity, changes in
cell adhesion and most notably DNA damage, as well as an altered DNA
damage response. Furthermore, we have provided evidence for the first
time that HD astrocytes exhibit polyQ dependent phenotypes in the
expression of inflammatory factors and most notably in metabolic ac-
tivity. Our results highlight the importance of investigating the role of
glia in neurodegenerative disease as well as heterogeneity of astrocytic
responses in HD.
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