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Cockayne syndrome (CS) is an autosomal recessive disorder of developmental delay, multiple organ system
degeneration and signs of premature ageing. We show here, using the RNA-seq data from two CS mutant cell
lines, that the CS key transcriptional signature displays significant enrichment of neurodegeneration terms,
including genes relevant in Huntington disease (HD). By using deep learning approaches and two published RNA-
Seq datasets, the CS transcriptional signature highly significantly classified and predicted HD and control
samples. Neurodegeneration is one hallmark of CS disease, and fibroblasts from CS patients with different
causative mutations display disturbed ribosomal biogenesis and a consecutive loss of protein homeostasis -
proteostasis. Encouraged by the transcriptomic data, we asked whether this pathomechanism is also active in HD.
In different HD cell-culture models, we showed that mutant Huntingtin impacts ribosomal biogenesis and
function. This led to an error-prone protein synthesis and, as shown in different mouse models and human tissue,
whole proteome instability, and a general loss of proteostasis.

1. Introduction Huntingtin-(HTT)-gene, resulting in a prolongation of a polyglutamine

stretch in HTT. Degeneration of the striatum and cortical involvement

Because ageing is the single most important risk factor for disease
development, insights into the mechanisms of ageing may yield strate-
gies to prevent or treat ageing-associated diseases. Ageing can be studied
in progerias, genetically defined syndromes that display accelerated
ageing in different organ systems. Cockayne syndrome (CS) is a degen-
erative childhood disorder with premature symptoms and signs of
ageing like cataract formation, loss of subcutaneous fat, alopecia and
severe cachexia frequently leading to early mortality (Laugel, 1993).
Neurodegenerative features include de- and dysmyelination and basal
ganglia calcification (Karikkineth et al., 2017), and can be accompanied
by lipofuscin accumulation (Levin et al., 1983). Huntington disease
(HD), by contrast, is a dominantly inherited disorder, typically of adult-
onset, caused by a dynamic CAG repeat expansion mutation in the
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lead to a progressive movement disorder and cognitive decline together
with behavioural alterations and unintended weight loss with sarcope-
nia (Jurcau, 2022; Bates et al., 2015; Tabrizi et al., 2020). Childhood
degeneration indicates that the underlying pathomechanisms are so
dominant, that they overwhelm cellular and organismal compensation
mechanisms. Adult or late-onset degeneration suggests that the patho-
mechanisms only reach the disease threshold when cellular and organ-
ismal compensation mechanisms decrease. The exact nature of the
pathomechanisms in HD is a matter of debate (Jurcau, 2022) and, asking
whether the recently described loss of proteostasis in CS (Alupei et al.,
2018) is a feature in other neurodegenerative diseases, we here describe
a novel facet of the pathophysiology of HD. CS can be provoked by
mutations in DNA-repair genes; however, because a failure in DNA-
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repair does not sufficiently explain the neurodegenerative phenotype
(Brooks, 2013), others and we demonstrated that the CS gene products
are all involved in ribosomal biogenesis (Iben et al., 2002; Bradsher
et al., 2002; Koch et al., 2014; Lanzafame et al., 2021). CS mutations
affect ribosomal biogenesis and maturation, protein synthesis and pro-
teome stability, thereby inducing a loss of proteostasis (Alupei et al.,
2018; Lebedev et al., 2008; Qiang et al., 2021). Because the loss of
proteostasis is a hallmark of adult-onset neurodegeneration, we
hypothesise that disturbances in ribosomal biogenesis and performance
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might contribute to neurodegeneration in HD. In this study, we provide
mechanistic insights into the cellular pathology of HD and identify ri-
bosomal biogenesis and function as essential and susceptible cellular
pathways to maintain general cellular proteostasis.

2. Results

We recently generated an RNA-Seq data set of Cockayne patient-
derived fibroblast cell lines with causative mutations in the Cockayne
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Fig. 1. Transcriptomic analysis identified HD as a CS-related disease. a. Gene Set Enrichment (GSEA)-based network map of significant gene sets in mCSA. Two core
networks were identified: chemokine- and apoptosis-related processes and ribosomal translation and localisation. b. Mutant CSB enrichment analysis yielded sig-
nificant terms related to inflammation, IFN signalling and proteolysis. c. Overlap between significant gene sets (upper panel) and leading-edge genes (lower panel)
between mCSA and mCSB as compared to their respective controls. d. Protein annotation through evolutionary relationship (Panther) analysis of the leading-edge
genes yielded 39 significant terms. e. PCA based on the 290 genes also revealed segregation between HD and control samples (left) that was not accomplished with
290 random genes (right). f. Proteostasis-related genes were tested in CS and HD samples in our current study. Of the four datasets, brain-derived HD samples and

mCSA mutant cell line (CS) showed statistically significant enrichment.
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syndrome A (CSA) protein (mCSA) and Cockayne syndrome B (CSB)
protein (mCSB), as well as wild-type (WT) reconstituted syngenic cells
(Alupei et al., 2018). Using this dataset, we performed Gene Set
Enrichment Analysis (GSEA) for each mutant and control cell line pair
using the biological process (BP) Gene Ontology (GO) terms. Comparing
mCSA to ctr (WTCSA), we identified 247 significantly upregulated gene
sets (p-value <0.05; FalseDiscoveryRate (FDR) < 0.25; Supplementary
Table 1 and Supplementary Fig. 1a). A network analysis of the signifi-
cantly dysregulated gene sets identified the networks “chemokine and
cytokine activity”, “proliferation”, “apoptosis”, “cell adhesion/activa-
tion processes” (Fig. la; left panel and Supplementary Fig. 1c), and
“structural component of the ribosome”, “translational initiation” and
“localization to the endoplasmic reticulum” as the major networks
(Fig. 1a; right panel). In comparing mCSB to ctr (WTCSB), 631 gene sets
were significantly upregulated, while 5 gene sets were significantly
downregulated in the mCSB mutant cell line (Supplementary Table 2
and Supplementary Fig. 1b). The pattern was broader when compared to
the mCSA results, and “apoptosis”, “proteolysis” and “enzyme initia-
tion”, “interferon gamma signaling”, “inflammation response” and “cell
adhesion and activation” were some of the network members (Fig. 1b
and Supplementary Fig. 1d) We subsequently looked at the overlap
between the significant gene sets of the two comparisons and identified
71 common gene sets and 290 leading-edge genes (Fig. 1c and Supple-
mentary Table 3). By taking the 290 leading-edge genes, we performed a
Panther pathway analysis (Thomas et al., 2003) and identified 39
significantly enriched pathways (adj. p-value <0.05; Fig. 1d and Sup-
plementary Table 5). Interestingly, neurodegenerative disease terms,
including HD, Alzheimer's disease (AD) and Parkinson's disease (PD),
were statistically significant in skin cells (Fig. 1d; HD is pathway number
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13; P13). Subsequently, we acquired two publicly available HD datasets:
an RNA-Seq dataset of HD patient monocytes (Miller et al., 2016)
(accession number PRJEB12995) and an mRNA-Seq expression profiling
of human post-mortem BA9 brain tissue (prefrontal cortex) of HD
(Labadorf et al., 2015) (accession number GSE64810). We first per-
formed a Principal Component Analysis (PCA) of the two public datasets
using the 290 leading-edge genes. We observed that HD and control
samples were segregated into distinct clusters (Fig. 1e left), indicating
that the 290 leading-edge genes from CS, but not 290 random genes
(Fig. le right), sufficiently recapitulated the distinct transcriptional
profile of HD. In a GSEA analysis of reactomes related to proteostasis
(translation, protein ubiquitination, chaperone-mediated autophagy
and protein folding), we observed that they were significantly enriched
in brain-derived HD samples and mCSA mutated CS samples (FDR and a
p-value cut-off of 0.25 and 0.05, respectively) (Fig. 1f). More impor-
tantly, using deep learning models, we demonstrated that CS common
leading-edge genes could classify and predict group membership of HD
and control samples in a tissue-independent manner. These findings
encouraged us to hypothesise that related pathomechanisms play a role
in both, HD and CS. In CS, we previously identified disturbances in ri-
bosomal biogenesis and function as a pathomechanism leading to a
general loss of proteostasis (Alupei et al., 2018). HD is caused by a CAG-
triplet repeat expansion in exonl of the HTT-gene, resulting in an
elongated polyglutamine (Q) stretch in the N-terminus of the protein
HTT. We now used lymphoblastoid cells from two HD patients with
different lengths of the polyglutamine (Q) repeat of 46 and 93, respec-
tively, and two controls with a repeat length of Q17 (HTT western blot in
Fig. 2a and Supplementary Fig. 7). We first tested whether HTT binds the
ribosomal DNA (rDNA) coding for the functional backbone of the
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Fig. 2. Huntingtin binds rDNA and mutation influences rRNA synthesis and ribosomal performance. a. Western blot analysis of HTT with anti HTT antibody clone
$829. mHTT was detected by anti polyQ antibody clone 1C2 in lysates of lymphoblastoid cell lines. b. Chromatin immunoprecipitation analysis of HTT binding to
different regions of rDNA in control (grey) and HD patient (orange, red) lymphoblastoid cells. n = 3-4. c. Relative quantification of the 47S pre-rRNA precursor and
mature 18S rRNA by qPCR. n = 14. d. Translational fidelity assay assessing the translational error rate of HD patient cells in a luciferase-based transfection
experiment. n = 6. e. 4,4-dianilino-1,1-binaphthyl-5,5"-disulfonic acid (BisANS)-labelling of hydrophobic side chains after partial unfolding with 2 M urea. n = 4. f.
Protein carbonylation determined using the Carbonylation Assay Kit. n = 3. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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ribosome. Chromatin-immunoprecipitation and qPCR analysis detected
that HTT binds coding and non-coding regions of the rDNA (Fig. 2b) and
that it binds to gene-internal regions (H8) weakly when the polyglut-
amine stretch is expanded (Supplementary Fig. 2a). qPCR analysis of
rRNA expression showed a reduction of 47S pre-rRNA transcription,
indicating a reduced or repressed initiation of RNA polymerase I tran-
scription as well as a lower abundance of the mature 18S rRNA, the
backbone of the small ribosomal subunit, in HD cells (Fig. 2c). This
pattern resembles the ribosome biogenesis alterations described in CS
cells (Alupei et al., 2018; Qiang et al., 2021). Moreover, northern blot
analyses revealed an accumulation of immature processing in-
termediates in HD cells (Supplementary Fig. 2b) as recently described by
Sonmez et al. (Sonmez et al., 2021), indicating an rRNA maturation
defect in HD, like in CS. Because alterations in ribosomal biogenesis in
CS can result in dysfunctional ribosomes (Alupei et al., 2018; Qiang
et al., 2021), we subsequently assessed the error-rate of the translation
process. A mutant luciferase reporter plasmid with a point mutation
(K529N), inactivating luciferase activity, was transfected in the lym-
phoblastoid control and HD cells (Fig. 2d). We observed a re-activation
of luciferase in the Q93 cells, indicating an error-prone translation
process. Challenging the proteome with unfolding stress by urea led to
an increased exposure of hydrophobic side chains in HD cells (Fig. 2e),
indicating an unstable proteome. Moreover, there was increased protein
carbonylation of the proteome detectable in HD cells (Fig. 2f), pre-
sumably a consequence of translational errors (Dukan et al., 2000),
because no elevated reactive oxygen species (ROS) were detected
(Supplementary Fig. 3). Translational infidelity and downstream events
were mild in the Q46 patient lymphoblasts, but because there is a re-
ported somatic repeat instability in neurons that leads to a brain-specific
amplification of the polyglutamine stretch in HTT (Kennedy, 2003),
these parameters might be of relevance for HD development. We took
advantage of a doxycycline-inducible HTT-expression system in HEK
(human embryonic kidney) cells expressing either WT (HTT17) or
mutant (HTT128) HTT, showing that induction of the mutant, but not
WT HTT, provoked an error-prone translation process at the ribosome
(Fig. 3a), accompanied by an elevated protein carbonylation (Fig. 3b).
These experiments suggested that in HD, like in CS, perturbations of
ribosomal biogenesis lead to a decline in the quality of overall protein
synthesis. Investigating several mouse models of HD, we first stained
aggregated HTT and found a high aggregation load in brains of symp-
tomatic R6/2 mice in contrast to the mildy affected HdhQ111 mice
(Fig. 3c).Subsequently, we stained for carbonylated proteins and
observed strong reactivity in sick 12-week-old R6/2 mice but not in
HDHQ111 mice (1 year) (Fig. 3d). Subsequently, we tested the aggre-
gation properties of the proteome of three different mouse models by
applying a short heat shock or sequential heat treatment (Treaster et al.,
2014) and observed a significantly elevated aggregation propensity of
proteins extracted from two different symptomatic HD mouse models
(R6/2 12 weeks; ZQ175 het 9 months), but not from the asymptomatic
mouse model (HDHQ111 hom, 1 year) (Fig. 3e, Supplementary Fig. 4),
again resembling the general proteomic instability found in CS (Qiang
et al., 2021). Analysing protein carbonylation in the striata of ZQ175
mice revealed highly significant elevation of carbonylated proteins
(Fig. 3f). Finally, having access to human post-mortem brain tissue from
HD patients (Table 1) (Supplementary Table 6)., we stained cortex for
carbonylated proteins in areas known to be pathologically affected in
HD in comparison to unaffected areas. Indeed, Brodmann area (BA) 4,
where corticostriatal neurons are highly vulnerable in HD (Pressl et al.,
2024), displayed a strong positive reaction for protein carbonylation in
contrast to BA9 and BA17 (Fig. 3h, Supplementary Fig. 5) On the other
hand all the areas were positive for HTT aggregates, suggesting that
protein carbonylation but not HTT aggregates indicates affected areas
(Fig. 3g, Supplementary Fig. 6). Taken together, our data support the
hypothesis that HD is accompanied, if not caused, by a general loss of
proteostasis by the ribosome as already shown for CS.
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3. Discussion

In this study, we elucidated that impaired protein synthesis at the
ribosome contributes to the loss of proteostasis in HD using comple-
mentary approaches when comparing a model disease of ageing char-
acterised by neurodegeneration with HD.

Identifying common transcriptional programmes or signatures be-
tween various neurological disorders is a long-standing aim We propose
that general mechanisms of neurodegeneration can be elucidated by
identifying overlaps between distinct disorders. Sagar et al. (Sagar et al.,
2017) identified convergent gene networks in seven major neurological
disorders: AD, PD, multiple sclerosis, age macular degeneration, ALS
vascular dementia and restless leg syndrome. Noori et al. (Noori et al.,
2021a) also performed a meta-analysis of transcriptomics of AD, Lewy
body diseases (LBD) and amyotrophic lateral sclerosis and fronto-
temporal dementia (ALS-FTD) to identify common/shared gene net-
works. In a follow-up study, Noori et al. (Noori et al., 2021b) performed
a systematic meta-analysis of 60 human central nervous system tran-
scriptomic datasets (2600 in total) including of AD, LBD and ALS-FTD
patients. Arneson et al. (Arneson et al., 2018) investigated AD, PD and
amyotrophic lateral sclerosis to identify shared mechanisms among
neurodegenerative diseases, including genetic factors and gene net-
works. Mukherjee et al. (Mukherjee et al., 2019), when considering AD,
PD and HD and employing weighted gene co-expression network anal-
ysis, identified a preserved network of immune/microglia genes among
the entities. CS transcriptomic datasets are not as readily or extensively
available as for HD. This indeed limits the application of methodologies
that take advantage of large-scale studies. Okur et al. (Okur et al., 2020),
in cross-species transcriptomic analysis, identified DNA damage accu-
mulation, mitochondrial dysfunction and compromised mitophagy/
autophagy as interconnected processes contributing to accelerated
ageing. Furthermore, they indicated that CSA and CSB proteins in CS use
NAD+ signalling to maintain mitochondrial homeostasis. Moreover, the
interplay between NAD+ supplementation, mitochondria and mitoph-
agy provides insight into the development of therapeutic strategies in
the treatment of DNA repair-accelerated ageing models like CS. Our
observation regarding the significantly higher impact of CSB on the
transcriptome and biological processes (see results section and Fig. 1) is
in agreement with Wang et al. (Wang et al., 2014) who showed that,
even in the absence of DNA damage, CSB affects the expression of
thousands of genes. It has also been reported that dysregulation of the
insulin-like growth factor-1 pathway, synapse formation and mainte-
nance and neuronal differentiation are deregulated in CSB neurons
(Vessoni et al., 2016). More recently, Liang et al. (Liang et al., 2023),
using an RNA-Seq approach in multiple cell types, identified necdin as a
target of the CSB protein.

In the current study, we demonstrated a novel link between CS and
HD by combining various bioinformatic approaches, including GSEA,
top scoring pairs, support vector machines and deep learning algo-
rithms. We showed that 290 core leading-edge genes shared between
two CS mutant cell lines are not only strongly correlated but are suffi-
cient to identify HD samples. Furthermore, we observed that
proteostasis-related genes are significantly enriched in both CS and HD
samples. This is in agreement with the aforementioned report by Noori
et al. (Noori et al., 2021b), where their meta-analysis revealed neuro-
inflammation, deficient energy metabolism and proteostasis failure as a
common phenomenon across neurodegeneration.

The high level of consistency between patient samples of different
origins argues in favour of the assumption that we identified general
cellular mechanisms that play a role in all assessed cell types and tissues.
This hypothesis is supported by the fact that HTT is globally, if not
ubiquitously, expressed (Laugel, 1993; Strong et al., 1993; Li et al.,
1993; Landwehrmeyer et al., 1995), indicating that it interferes with and
mediates general cellular pathways. Accordingly, mHTT might disturb
these general pathways in different cells; however, only specific cells
might be vulnerable to and affected by these disturbances. Moreover,
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Table 1

HD cases used in this study.
T-ID Sex Age Diagnosis CAG length
4337 w 40 HD 49/17
4493 w 50 HD 47/17
4501 w 8 HD 105/22
4522 M 42 HD 52/17
4830 w 63 HD 45/12
5301 w 64 HD 46/19

brain-specific repeat instability and repeat amplification of mHTT (Lee
et al,, 2019) might induce neurodegeneration. One of the general
pathways perturbed by mHTT appears to be ribosomal biogenesis and
function. This hypothesis is based on the one hand by gene-expression
analysis that implies that alterations in proteostasis, common in both
diseases, might be caused by related pathomechanisms. On the other
hand, we identified strikingly similar disturbances in ribosomal
biogenesis and function in both CS and HD. Ribosomal dysfunction can
destabilise the proteome and impact gene transcription (Tahmasebi
et al., 2018). Proteostatic imbalances may affect gene expression, for
example, at the level of p-eIF2alpha that represses general translation in
favour of translating typical stress-related mRNAs like the transcription
factors activating transcription factor (ATF)4, C/EBP homologous pro-
tein Chop and ATF5 (Back, 2020). Translation disturbances at the
ribosome are already described for HD (Eshraghi et al., 2021).Eshragi
et al. demonstrated a direct interaction of WT/mHTT with the trans-
lating ribosome and proposed that the detected alteration in the trans-
latome in HD originates from this interaction. Here we add a novel facet
to these insights by the identification of a physical involvement of HTT
in ribosomal biogenesis. First, we identified a direct association of HTT
with rDNA by chromatin immunoprecipitation (ChIP) analysis. This is in
agreement with the observations of Cha and colleagues that HTT and
mHTT can bind to gene promotors and influence gene expression
directly and differently (Benn et al., 2008).

ChIP experiments revealed a direct attraction of HTT to rDNA and
this association was reduced in the 3’ part of the rDNA when HTT is a
mutant. Mutant, truncated CSB protein, responsible for 70 % of CS cases,
also binds to rDNA and disrupts transcription elongation by RNA poly-
merase I (Lebedev et al., 2008) followed by rRNA-processing and ribo-
somal assembly defects (Qiang et al., 2021). Pre-rRNA processing was
also affected in HD cells and might impact on the assembly and stability
of the ribosomes, giving rise to a functionally compromised protein
synthesis that we detected in HD patient cells and the mHTT-inducible
HEK cells. Translational infidelity, typical for CS fibroblasts (Alupei
et al., 2018), might also be the source of global protein misfolding
revealed by BisANS in HD patient cells. Moreover, because protein
oxidation is dictated by the accuracy of the ribosomes (Dukan et al.,
2000; Ballesteros et al., 2001; Nystrom, 2005) and that we found no
elevated ROS in the HD cells (Supplementary Fig. 3), we propose that
the strongly elevated carbonylation observed in HD cells and mouse and
human HD-tissue is an additional indicator of ribosomal inaccuracy as
demonstrated in CS cells. Brain protein aggregation properties, as tested
by heat treatment of HD mouse models, correlated with disease severity,
indicating that total proteome stability was affected in these models.
Aggregation stability of the proteome against stress is a feature of the
longest-living animal, Arctica islandica (Treaster et al., 2014), and pro-
teome stability evolved with a prolonged lifespan as also shown for the
naked mole rat Heterocephalus glaber (Azpurua et al., 2013). It is
conceivable that exacerbated proteome instability may predispose to
cellular dysfunction, particularly in vulnerable cell types. Moreover, the
observed loss of proteostasis in HD affected a significant proportion of
the proteome as shown by the BisANS, carbonylation and aggregation
assays. These results argue against the concept that cellular dysfunction
in HD results primarily from an accumulation of selectively misfolded
HTT, rather from a more general misfolding problem likely as a
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consequence of translational infidelity of the ribosome. This hypothesis
is supported by the observations that polyQ expression impacted the
aggregation properties of unrelated proteins (Gidalevitz et al., 2006).

Taken together, the interesting transcriptomics-based association
between CS and HD provides evidence that neurodegenerative diseases
might share common cellular programmes than can be deciphered using
large scale -omics datasets. Such datasets, coupled with state-of-the-art
analysis like machine learning, will not only provide novel insights
into overlapping pathomechanisms, but will also help in the develop-
ment of simple but novel diagnostic and prognostic markers of neuro-
degenerative diseases. Finally, we here propose a novel hypothesis
underlying the loss of proteostasis in HD: ribosomal biogenesis defects
that impact proteome stability. Proteostasis is sustained by the balance
of protein synthesis, maintenance and degradation and it is already
established that mHTT affects protein synthesis by direct binding to the
ribosome (Eshraghi et al., 2021). Whether the levated error-rate of the
translation process is due to a physical interference of mHTT with the
ribosome (gain of function) or a consequence of ribosomal biogenesis
disturbances (loss of function) awaits further analysis. We here specify a
general loss of proteostasis that is not confined to mHTT, rather affects
the entire proteome. Employing bioinformatic transcriptomic analysis
and biochemical/molecular biology techniques, we describe that —
although apparently unrelated — a profoundly similar mechanism pro-
vokes the loss of proteostasis in both, HD and CS. This implies that there
are general pathomechanisms in action in neurodegeneration.

3.1. Strengths and limitations

Strengths: First, the transcriptomic pattern of skin fibroblasts from
CS classified mononuclear cells and brain areas of HD, indicating that we
had identified general, systemic mechanisms that are evident in all cells
but might be of pathophysiological relevance only in particular cells and
tissue. Moreover, we described that a general loss of proteostasis in HD
was due to an elevated protein synthesis error rate in contrast to the
prevailing hypothesis that HD is characterised by a specific loss of
proteostasis. One limitation of the study is that we are still unable to
measure random amino-acid exchanges by mass spectrometry or related
methods.

4. Conclusions

Our study demonstrated that transcriptomic analyses and biochem-
ical verification can be applied to identify general mechanisms of
pathogenesis. Moreover, the striking similarity of the disturbances in
ribosomal biogenesis and function and the cellular outcomes between
CS and HD suggested that common pathogenetic motifs are indeed
involved, arguing in favour of the assumption that proteinopathies are
characterised by similar/general disease pathways. This study also
evaluated efforts to identify pathomechanisms in rare genetic model
diseases that might represent general disease pathways in their ex-
tremes. One could hypothesise that a loss of proteostasis by the ribosome
might also contribute to other neurodegenerative disorders.

5. Material and methods
5.1. RNA-Seq analysis

Data normalisation and differential expression analysis were per-
formed using the R package limma (Ritchie et al., 2015). Heatmaps, PCA
and radar plots were also generated using R (Team RC, 2015). GSEA was
performed using the standalone GSEA java application (Subramanian
et al., 2005; Mootha et al., 2003). An R implementation of the Keras/
TensorFlow (Abadi et al., 2016) binary classifier was used for the deep
learning analysis. Glorot uniform initializer and hyperbolic tangent
activation were used for kernel initialisation and activation, respec-
tively. Furthermore, stochastic gradient descent as used as a model
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optimiser and binary cross-entropy for loss measurement. An initial
layer of 16 units with an additional three hidden layers of 16 units was
employed, with a final one output layer.

5.2. Cell culture

Cell line characteristics

Immortalised lymphoblastoid cells from healthy control with 17/17
Q17.148 CAGs in HTT; EHDN 148-873-196

Immortalised lymphoblastoid cells from healthy control with 17/16
Q17177 CAGs in HTT; EHDN 177-383-529

Immortalised lymphoblastoid cells from HD patient with 46/17 CAGs in
Q46 HTT; EHDN 078-311-491

Immortalised lymphoblastoid cells from HD patient with 93/23 CAGs in
Q93 HTT; EHDN 155-672-513
HEK Q17 see (Huang et al., 2015)
HEK

Q128 see (Huang et al., 2015)

Lymphoblastoid cells from HD patients and from healthy controls
were obtained from the European Huntington Disease Network (EHDN)
Biorepository.

Cell culture work was performed under sterile conditions in a
laminar flow hood to avoid contamination. Cells were cultured in RPMI-
1640 medium containing glutamine supplemented with 20 % foetal calf
serum as well as 100 U/ml penicillin and 100 U/ml streptomycin at
37 °C under 5 % CO,.

Frozen cells were thawed rapidly at 37 °C, diluted in 9 ml pre-
warmed media and pelleted by centrifugation for 5 min at 1300 rpm.
Cells were resuspended with pre-warmed medium and plated into T75
flasks. Every 2-3 days the cell density was observed via a microscope
and cells were sub-cultured when attaining 70 % density to maintain
viability.

5.3. Mouse brain protein extracts

To prepare cytoplasmic extracts of mouse brain, frozen cortices of
12-week-old (R6/2 and WT littermates), 1-year-old (HdhQ20/111) and
9-month-old (ZQ175 and WT littermates) mice were used (. The brains
were thawed, washed briefly in phosphate-buffered saline (PBS) and
were individually placed within a liquid nitrogen-precooled mortar. The
brain tissue was frozen again with liquid nitrogen and ground until a
homogeneous powder was obtained. The powder was collected and
placed in a new 1.5 ml reaction tube. The tubes were stored in liquid
nitrogen until further use. Subsequently, the frozen brain powder was
centrifuged for 5 min at 1700 rpm and 4 °C and the packed cell volume
was determined. If the packed cell volume was <150 pl, two samples
were pooled. Tissue powders were suspended in two volumes of Dignam
A (containing 1 mM dithiothreitol (DTT) + complete proteinase inhib-
itor mix 1:50) and incubated for 10 min on ice. Afterwards, samples
were pottered with a 860 pm syringe 25 times and centrifuged for 5 min
at 5000 rpm and 4 °C. The supernatant containing the cytoplasm was
transferred into a new 1.5 ml reaction tube and directly used for sub-
sequent analysis. Pellets containing nuclei as well as extracellular matrix
were stored at —80 °C.

5.4. Cytoplasmic extracts

To obtain cytoplasmic extracts of the lymphoblastoid cell lines, 4 x
10° cells were pelleted and resuspended in 1.5 volumes of Dignam A
(including 1:50 complete protease inhibitor, 1 mM DTT). After a 10-min
incubation on ice, cells were lysed by 50 strokes through a 23G syringe
and centrifuged for 20 min at 10,400 g and 4 °C. Supernatant containing
the cytoplasmic extracts was separated from the pellet containing nuclei.
Cytoplasmic extracts were directly used for further analysis.
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5.5. Heat sensitivity assay

The heat sensitivity assay was performed according to the method of
Treaster et al. (Treaster et al., 2014). Cytoplasmic protein extracts of
100 pl from mouse brain/cell culture were subjected to ultracentrifu-
gation (TLA-100 S/N 07 U1825, Optima MAX-XP Ultracentrifuge) for 1
h at 100,000 g and 4 °C. The insoluble protein pellet was resuspended in
4 M urea and the protein content respectively in the purely soluble su-
pernatant and resolved pellet were quantified by the Bradford assay.
Subsequently, the supernatants were divided for two different ap-
proaches. In the first approach, 100 pg of purely soluble supernatant
were heated at 99 °C for 15 min and subsequently centrifuged for 5 min
at 14,000 g. Finally, the amount of protein in the pellet and supernatant
were quantified as before. In the second approach, 500 pg of purely
soluble supernatant were heated at 42 °C for 1 h followed by ultracen-
trifugation for 1 h at 100,000 g and 4 °C. Subsequently, the protein
content in the supernatant and pellet were quantified as before. Soluble
supernatant from the second ultracentrifugation was further heated at
55 °C for 1 h and subjected to ultracentrifugation. Following protein
quantification of the resulting pellet and supernatant, the supernatant
was again heated at 95 °C for 1 h. After ultracentrifugation, the protein
contents were quantified as described above.

Dignam A 10 mM KCl, 10 mM Tris pH 7.9, 1.5 mM MgCly, 1:50 complete
buffer proteinase inhibitor mix, 1 mM DTT

5.6. Northern blotting

To analyse pre-rRNA processing steps, northern blot analysis was
performed. A 0.9 % agarose gel was casted and equilibrated with
running buffer for at least 30 min before running. Five microgrammes of
total RNA from cells of interest were mixed with an equal volume of RNA
loading dye (50 % formamide, 7.5 % formaldehyde, 1 x -Morpholino-
propansulfonacid, 0.5 % ethidium bromide) and denatured at 65 °C for
15 min followed by cooling on ice for 5 min. The samples were loaded
and the gel was run at 80 V for 3 h. Transfer of nucleic acids was per-
formed by capillary blot, whereby a nylon membrane (RPN303S, GE
Healthcare) and Whatman paper was wetted in 2 x saline sodium citrate
buffer and placed on top of the RNA gel in a reservoir of 20x SSC (3 M
NaCl, 0.3 M Na citrate, adjusted to pH 7). Approximately 6 cm of dry
filter paper was stratified over the gel/membrane and a weight of 500 g
was placed on top of this stack of paper towels. The transfer was incu-
bated overnight. Following air drying, the membrane was crosslinked
with 2x 1200 J UVC (UV Stratalinker™ 1800) and pre-hybridised with
buffer (50 % formamide, 0.1 % SDS, 8x Denhards solution, 5x SSC
buffer, 50 mM NaP buffer, 0.5 mg/ml t-RNA) for 2 h at 65 °C. The 32p.
labeled (T4 polynucleotide kinase) oligonucleotide probe was denatured
at 95 °C for 10 min and added to the membrane. Following incubation
for one hour at 65 °C, the membrane was hybridised at 37 °C overnight.
The membrane was washed with low stringency wash buffer (2x SSC)
the following day, exposed to X-ray films and quantified using Image
Quant Software according to Wang et al. (2014). For rRNA processing
pathway analysis, a probe binding to the region ITS1 (5
GGGCCTCGCCCTCCGGGCTCCGTTAATGATC 3') was used.

5.7. Carbonylation assay

The amount of carbonylated protein was determined using the Pro-
tein Carbonylation Assay Kit (Cayman Chemicals) following the manu-
facturer's instructions. The cells were lysed in 50 mM MES. Samples
were centrifuged for 20 min at maximum speed and the supernatant was
transferred into a new tube. The lysates were diluted with water to a
protein content of 2 mg/ml, incubated with 2,4-dinitrophenylhydrazine
(DNPH) for 1 h at room temperature and were further precipitated with
20 % trichlor-acetic acid. Following centrifugation for 10 min at 10,000
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g, the pellets were washed first with 10 % TCA followed by three times
with 1:1 ethanol:ethyl acetate mixture. Precipitated proteins were
solubilised in 500 pl guanidine HCI (6 M), transferred into a 96-well
plate and absorption was determined at an OD of 375 nm. The values
were normalised to the protein content, as measured by the BCA assay.
For analysis of protein carbonylation of the ZQ175 striata, frozen striata
of 9-month-old ZQ175 heterozygous and WT animals were ground in a
liquid nitrogen-cooled mortar. Two striata were pooled and 500 pl 50
mM MES pH 6.7 were added. Samples were homogenised with steel
spheres (0.5 cm diameter) in the TissueLyser LT (Qiagen) for 10 min at
50 Hz and 4 °C. Homogenate was centrifuged for 15 min at 10,000 g and
4 °C. Afterwards, samples were incubated with 1 % streptomycin sul-
phate at room temperature for 15 min. Samples were centrifuged at
6000 xg for 10 min at 4 °C. The supernatant was used to determine the
protein carbonyl content as described above.

5.8. Carbonyl immunohistochemistry

Formalin-fixed paraffin-embedded brains were sectioned sagitally at
5 pm thickness.

For staining, paraffin was melted at 60 °C for 30 min and solved
twice in xylene for 5 min. For rehydration, slides were placed in a
descending alcohol series followed by incubation in running tap water
for 30 min. Unspecific endogenous alkaline phosphatase activity was
blocked using BLOXALL (Vector laboratories, SP-6000-100) for 30 min.
The slides were washed for 5 min in PBS and incubated in 0.1 % DNPH
for 1 h at room temperature. Following washing in PBS, a-DNP antibody
(Thermo Fisher, clone LO-DNP-2) diluted 1:100 was added to the slides
and incubated overnight at 4 °C in a humid chamber. After washing
three times for 5 min in PBS, the slides were incubated with anti-rat
biotinylated secondary antibody at a dilution of 1:50 for 30 min at
room temperature. The slides were washed and incubated with ABC-AP
mix (Vector laboratories, AK-5200), prepared in advance for 30 min at
room temperature. After soaking for 5 min in PBS, the slides were
incubated with Vector Red (Vector laboratories, SK-5100) prepared
according to the manufacturer's instructions. Development was per-
formed under microscopic control. The slides were washed for 10 min in
running tap water and counterstained with haemalaun for 1 min. The
slides were washed and dehydrated in an ascending alcohol series,
mounted in Eukitt and analysed blinded under the microscope. Further
information about HD brain sections used in this study can be found in
the table below and in Supplementary Table 6.

5.9. BisANS assay

Protein folding stability was investigated using fluorescent BiSANS
(SIGMA) dye (Treaster et al., 2014). Cells were harvested in TNE buffer
(50 mM TrisHCI, 100 Mm NaCl, 1 mM EDTA), sonicated (3 x 30 s) and
centrifuged for 20 min at maximum speed (table top centrifuge). The
protein concentration of the supernatant was determined by the Brad-
ford assay. In total, 100 ug protein were subjected to 2 M urea for 2 h.
BisANS was added to each sample (30 pM final concentration) and
fluorescence was determined using an excitation wavelength of 375 nm
and 500 nm emission.

4,4-dianilino-1, 1"-binaphthyl-5, 5~ disulphonic acid, dipotassium
BisANS dye salt
Labelling
buffer 50 mM Tris HCl, 10 mM MgSOy, adjusted to PH 7.4

5.10. Transfection and luciferase assay (plasmids)

pGL3 WrT-luciferase plasmid, hypoxanthine-guanine phosphor-
ibosyltransferase (HRPT) negative control, Renilla luciferase plasmid
and K529N (lysin AAA - Asn AAC) mutant firefly luciferase plasmid were
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a gift from Andrei Seluanov (Vera Gorbunova) from the University of
Rochester. In total, 10° cells were transfected with 5 pg of firefly re-
porter plasmid and 0.1 pg of Renilla luciferase via electroporation using
the Neon™ Transfection System (MPK1096, Invitrogen) (1100 V, 20 ms
and two pulses). Cells were cultured in a 96-well plate (5 x 10* cells/
well in 100 pl) overnight in OptiMEM (31,985,070, Gibco; antibiotic
free medium). To analyse the transfected cells, a Dual-Luciferase assay
kit (E2920 Promega) was used. The luminescence was measured and the
ratio of firefly to Renilla was used as an indicator of translational

fidelity.
Plasmids Backbone Promoter Mutation
Firefly luciferase pGL3 SV40
Firefly luciferase pGL3 SV40 K529N
HPRT pGL3 SV40
Renilla luciferase pGL3 SV40

5.11. mHTT immunohistochemistry

Formalin-fixed paraffin-embedded human brains were sectioned
sagitally at a 5 pm thickness. For staining, the paraffin was melted at
60 °C for 30 min and solved twice in xylene for 5 min. For rehydration,
the slides were placed in a descending alcohol series followed by incu-
bation in running tap water for 30 min. For antigen unmasking, the
slides were incubated for 15 min in heated Antigen retrieval solution
(DAKO). Following washing, the sections were permeabilised with 0.1 %
Triton X. Unspecific endogenous alkaline phosphatase activity was
blocked using BLOXALL (Vector laboratories, SP-6000-100) for 10 min.
Unspecific antibody binding was blocked using 5 % bovine serum al-
bumin for 30 min. Subsequently, the slides were incubated with 1:120 a-
HTT antibody (EM48, Merck Millipore), preferentially detecting mHTT
aggregates, overnight at 4 °C in a humid chamber. After washing three
times for 5 min in PBS, the slides were incubated with anti-goat bio-
tinylated secondary antibody in a dilution of 1:50 for 30 min at room
temperature. The slides were washed and incubated with ABC-HRP mix
(Vector laboratories, AK-5100), prepared in advance for 30 min at room
temperature. After soaking for 5 min in PBS, the slides were incubated
with diaminobenzidine (Vector laboratories) prepared according to the
manufacturer's instructions. Development was performed under micro-
scopic control. The slides were washed for 10 min in running tap water
and counterstained with haemalaun for 1 min. The slides were washed
and dehydrated in an ascending alcohol series, mounted in Eukitt and
analysed blinded under the microscope.

5.12. RNA isolation and cDNA synthesis

RNA isolation was performed using the RNeasy Mini Kit (Qiagen). In
total, 350 pl RLT buffer and 350 pl ethanol (70 %) were added to the cell
pellet and transferred onto a spin column. Following centrifugation at
8000 g for 30 s, the flow-through was discarded and 700 pl RWI buffer
was added and centrifuged. Subsequently, 500 pl RPE Buffer were added
and centrifuged at 8000 g for 30 s. The columns were air dried, trans-
ferred to new 1.5 ml tubes and 30 pl RNase-free water was added to the
column. Following centrifugation, the concentration of the purified RNA
was determined via Nanodrop.

A total of 1 pg of RNA was pre-incubated with 250 ng of random
hexamer primer p(dN)g in nuclease-free water for 5 min at 70 °C.The
cDNA reaction mix was: 4 pl 5x M-MLV reverse transcriptase buffer, 1
pl M-MLV (400 U/pl) (Promega) and 0.5 pl RNasin (40 U/ul) (Promega)
and supplemented with nuclease-free water to 20 pl. Reverse tran-
scription was performed for 1 h at 37 °C. Primers used for qPCR were
synthesised after O'Sullivan et al. (O'Sullivan et al., 2002).
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5.13. ChIP

For ChIP analysis, 80 % confluent cells were fixed with 1 % form-
aldehyde at room temperature for 10 min and 0.125 M glycine was used
to stop the cross-linking reaction. Cells were washed with PBS, harvested
and lysed with ChIP cell lysis buffer on ice for 10 min. Pelleted chro-
matin was sonicated in ChIP sonicate buffer using a Focused-
ultrasonicator (Covaris M220, 1 ml) to yield chromatin fragments with
an average size of 600 bp. For chromatin precipitation, Protein A
agarose beads or Protein A magnetic dynabeads were used. After incu-
bating 10 pg chromatin with antibodies at 4 °C overnight in IP diluent,
chromatin-antibody complexes were washed first with low salt buffer
followed by high-salt buffer, LiCl buffer and twice with TE buffer. Chl-
Ped DNA was eluted from beads in pChIP elution buffer for 2 h at 60 °C
with 900 rpm. ChIPed DNA was purified using the QIAquick® Nucleo-
tide Removal Kit (28,306, Qiagen) according to the manufacturer's
protocol. Samples were qualitatively and quantitatively analysed by
PCR and qPCR, respectively. For qualitative ChIP analysis, samples were
loaded on a 1 % agarose gel and visualised using the Ged-Doc-It Imager
(UVP). For rDNA analysis, primers spanning the complete gene ac-
cording to O'Sullivan et al. (O'Sullivan et al., 2002) were used.

5 mM HEPES pH 8.0, 85 mM KCl, 0.5 % NP-40, 1:50
complete

50 mM HEPES pH 7.9, 140 M NaCl, 1 mM EDTA, 1 % Triton
X 100, 0.1 % Na-deoxychlorate, 0.1 % SDS, 0.5 mM PMSF,
1:50 complete

10 mM Tris-Cl pH 8, 1 mM EDTA pH 8, 1 % SDS, 1 %
proteinase K

ChIP cell lysis buffer

ChIP sonicate buffer

pChIP elution buffer

TE buffer 10 mM Tris pH 8, 1 mM EDTA

Protein A agarose Pierce™, Thermofisher Scientific, Waltham,
beads Massachusetts, USA, 20334

Protein A magnetic Invitrogen, Thermofisher Scientific, Waltham,

dynabeads Massachusetts, USA, 10002D
0.1 % SDS, 1 % Triton X 100, 1 mM EDTA pH 8.0, 16.7 mM
IP diluent TrisHCI pH 8.0, 167 mM NaCl, 1:50 complete

0.1 % SDS, 1 % Triton X 100, 2 mM EDTA, 20 mM Tris-Cl,
pH 8.1, 150 mM NaCl

0.1 % SDS, 1 % Triton X 100, 2 mM EDTA, 20 mM Tris-Cl,
pH 8.1, 500 mM NaCl

10 mM Tris-Cl pH 8.0, 250 mM LiCl, 1 % NP40, 1 %
deoxychloric acid, 1 mM EDTA

10 mM Tris pH 8, 1 mM EDTA

Low salt buffer
High-salt buffer

LiCl buffer
TE buffer

5.14. Statistics

All -omics-related analyses of significance levels used a p-value cut-
off of 0.05, unless specified otherwise. The GSEA cut-off was 0.05 and
0.25 for the p-value and FDR, respectively. The cell biological experi-
ments were proof-of-concept experiments and were performed with at
least three independent replicates. Statistical significance was calculated
using either one-way student's t-test if applicable or one-way analysis of
variance with Bonferroni post hoc test after testing for normality and
identification of outliers. Results were assumed to be statistically sig-
nificant with p < 0.05.

Ethics approval and consent to participate Ethical approval

Human cell lines from patients with HD and healthy controls were
obtained from the EHDN under the EHDN REGISTRY study (Orth et al.,
2011). All materials provided by the EHDN repository were obtained
after informed written consent according to the International Confer-
ence on Harmonisation-Good Clinical Practice guidelines, and the study
was conducted in accordance with the Declaration of Helsinki and
following approval of the study by the respective institutional ethics
committees of the different institutions. The analysis of human post-
mortem specimen was covered by a vote of the ethical committee of
Ulm University (252/23).

Neurobiology of Disease 201 (2024) 106668
Animal experiments

The studies with animal tissues comply with the current laws in
Germany and are covered by a proposal (TVA1553).
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