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Abstract
Cerebellar neurodegeneration is a classical feature of ataxia telangiectasia (A-T), an autosomal recessive condition caused 
by loss-of-function mutation of the ATM gene, a gene with multiple regulatory functions. The increased vulnerability of 
cerebellar neurones to degeneration compared to cerebral neuronal populations in individuals with ataxia telangiectasia 
implies a specific importance of intact ATM function in the cerebellum. We hypothesised that there would be elevated tran-
scription of ATM in the cerebellar cortex relative to ATM expression in other grey matter regions during neurodevelopment 
in individuals without A-T. Using ATM transcription data from the BrainSpan Atlas of the Developing Human Brain, we 
demonstrate a rapid increase in cerebellar ATM expression relative to expression in other brain regions during gestation 
and remaining elevated during early childhood, a period corresponding to the emergence of cerebellar neurodegeneration 
in ataxia telangiectasia patients. We then used gene ontology analysis to identify the biological processes represented in the 
genes correlated with cerebellar ATM expression. This analysis demonstrated that multiple processes are associated with 
expression of ATM in the cerebellum, including cellular respiration, mitochondrial function, histone methylation, and cell-
cycle regulation, alongside its canonical role in DNA double-strand break repair. Thus, the enhanced expression of ATM in 
the cerebellum during early development may be related to the specific energetic demands of the cerebellum and its role as 
a regulator of these processes.
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Introduction

Ataxia telangiectasia (A-T) is an autosomal recessive con-
dition associated with cutaneous telangiectasias, cerebellar 
neurodegeneration, immunodeficiency, respiratory disease, 
and increased risk of cancer [1]. Defects in the ataxia tel-
angiectasia mutated (ATM) gene lead to absent or defective 

production of the ATM gene product, a protein kinase with 
known roles in repair of double stranded DNA breaks and 
in regulating the cellular response to oxidative stress [2–4]. 
The ATM protein resides in an inactive homodimeric form 
and is recruited to DNA double-strand breaks via the Mre11-
Rad50-Nbs1 (MRN) complex [5, 6]. By contrast, reactive 
oxygen species (ROS) trigger ATM activation in an MRN-
independent manner, via a pathway dependent on the forma-
tion of a reversible disulphide bond between the two ATM 
monomers forming an active dimer [3, 7].

Patients with classical A-T have a complete absence of 
ATM protein or defective ATM protein with no detectable 
ATM kinase activity [8]. A-T patients who have defective 
ATM protein production with limited kinase activity are said 
to have variant A-T, and typically have a milder clinical phe-
notype. The neurological features range on this spectrum of 
severity and include progressive movement disorders, dys-
tonia, oculomotor abnormalities, and classical cerebellar 
ataxia [8]. Pathologically, A-T is characterised by gross cer-
ebellar atrophy involving both the vermis and hemispheres, 
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with loss of Purkinje cells, thinning of the molecular layer, 
and depletion of granular neurones [9]. Macroscopically, the 
cerebellar hemispheres and vermis are atrophic [10],in clas-
sic A-T, the cerebellar atrophy progresses throughout child-
hood [11], whilst adults with variant A-T show a spectrum 
of cerebellar hemispheric and vermian atrophy ranging from 
none to severe [12]. In contrast to the prominent cerebellar 
neurodegeneration, atrophy of the cerebral grey matter (both 
cortical and deep) is not a feature of A-T, although quanti-
tative imaging studies and systematic pathological studies 
are lacking.

Animal models have been extensively used to investigate 
the pathogenesis of A-T [13]. However, many of these mod-
els do not recapitulate the neurological features found in 
patients [14]. Recently, mouse models have been described 
using a double-hit method of dual null mutations in both 
the ATM and APTX genes in the same animal [15, 16]. 
APTX mutations cause the syndrome ataxia with oculomo-
tor apraxia 1, which shares a similar cerebellar pathology 
to A-T. Importantly, this animal model does demonstrate 
a progressive ataxic phenotype associated with atrophy of 
the cerebellar molecular layer. These rodents demonstrate 
the pathological hallmarks of genotoxic damage within 
the Purkinje cells, including abundant R-loops, increased 
double-strand breaks and aberrant RNA splicing and gene 
expression [15]. Furthermore, damage-susceptible gene loci 
in the Purkinje cells of the double-mutant model demon-
strated a markedly open chromatin architecture, increasing 
susceptibility to genotoxic damage [15]. The biophysical 
properties of Purkinje cells are significantly perturbed, 
altering their neuronal activity and causing a progressive 
reduction in spontaneous action potential frequency which 
correlates with both cerebellar atrophy and the ataxia phe-
notype [16]. These studies support the notion that geno-
toxic stress is a key driver of neurodegeneration in A-T and 
that Purkinje cells are particularly susceptible. However, it 
remains unclear why ATM-knockout models fail to display 
the ataxic phenotype of A-T, suggesting either that species-
specific adaptations provide alternative pathways which 
reduce the cerebellar effects of ATM deficiency or that they 
fail to develop such features within their shortened lifespan 
[16].

Intriguingly, a recent study has assessed the correlation 
of cell-type expression profiles for target cerebellar disease 
genes between humans and mice [17]. Whilst the cell-type 
expression signatures of granule cells, oligodendrocytes, 
astrocytes, and Purkinje neurons were correlated between 
humans and mice, microglia were the least correlated. The 
human microglia-enriched genes ATM, SETX, and VPS13D 
had relatively reduced expression in murine microglia 
compared to other cell types. As such, the failure of A-T 
mouse models to recapitulate the human neurological phe-
notype may be related to the cell-type specific differential 

expression characteristics of microglia between humans and 
rodents [17].

Multiple putative molecular mechanisms contributing to 
neurodegeneration in A-T have been identified, including 
the accumulation of excess reactive oxygen species, aberrant 
protein aggregation and disrupted autophagy and mitophagy 
[18–20]. Although dysfunction of these molecular pathways 
due to ATM deficiency provides a possible explanation for 
neurodegeneration, it is not well understood why the bur-
den of neurodegeneration in A-T is cerebellar, with relative 
sparing of the cerebral cortex and other cerebral grey matter 
areas. In a recent review, Shiloh has argued that Purkinje 
cells have a particular vulnerability to ATM deficiency that 
is multifactorial [21]. In addition to the susceptibility to 
oxidative DNA damage that all neurones are exposed to as 
non-dividing, long-living cells, Purkinje cells receive exten-
sive excitatory synaptic inputs and have high firing rates 
with accompanying high metabolic demands and consequent 
elevated exposure to oxidative stress.

The increased vulnerability of Purkinje cells and other 
cerebellar neurones to degeneration compared to cerebral 
neuronal populations in individuals with A-T implies a 
specific importance of intact ATM function in maintaining 
health in these cerebellar neurones. Previous studies have 
shown that ATM is constitutively expressed throughout 
the cell cycle, suggesting that continuous transcription is 
required to maintain ATM activity [22, 23]. In post-mitotic 
neuronal tissue samples, ATM is predominantly cytoplas-
mic, suggesting a translocation of ATM during neuronal 
differentiation from its nuclear localisation in proliferating 
cells [24, 25]. ATM immunohistochemistry demonstrated 
that cerebellar neurons, and in particular Purkinje cells, were 
strongly immunoreactive during the late prenatal and early 
postnatal periods, subsequently followed by persistent mod-
erate reactivity in Purkinje cells. Cerebellar granule cells 
were also immunoreactive during the gestational period, but, 
in contrast, the expression of the ATM protein markedly 
reduced by full-term. [25]. Pharmacological inhibition of 
ATM protein by KU55933 leads to upregulation of the ATM 
protein mediated at the transcriptional level, as demonstrated 
by a luciferase reporter assay of the promoter of ATM [26]. 
Furthermore, ionising radiation has been shown to lead to 
activation of the ATM promotor [27].

On this basis, we hypothesised that a specific importance 
of ATM in cerebellar neuronal health would be manifest 
as elevated transcription of ATM in the cerebellar cortex 
relative to ATM expression in other brain regions during 
neurodevelopment in individuals without A-T. To test this 
hypothesis, we analysed the pattern of region-specific ATM 
transcription across normal human development using the 
BrainSpan Atlas of the Developing Human Brain [28], com-
paring the ATM expression in the cerebellar cortex to ATM 
expression in other brain regions. In order to identify the 
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biological processes potentially modulated by cerebellar 
ATM expression, gene-ontology over-representation analy-
sis was performed on sets of genes correlated with ATM 
expression.

Materials and Methods

Dataset

To explore cerebellar cortical ATM expression profiles across 
normal human development, we accessed ATM transcription 
data from BrainSpan Atlas of the Developing Human Brain 
(©2010 Allen Institute for Brain Science. Available from: 
http:// www. brain span. org/) [28]. This dataset provides gene 
expression data in up to 16 specific brain regions using RNA 
sequencing and exon microarray techniques for up to six-
teen targeted cortical and subcortical grey matter structures 
from 42 brain specimens from 8 weeks post conception to 
40 years of age. The ‘RNA-Seq Gencode v10 summarised to 
genes’ dataset was downloaded on 16th January 2021 (www. 
brain span. org/ static/ downl oad. html). This data set contains 
RNA-Seq RPKM (reads per kilobase per million) values 
averaged to genes.

Inclusion and Exclusion Criteria

For inclusion of specimens in this analysis, data for ATM 
expression from cerebellar cortical (or whole cerebellum 
in early fetal specimens) and at least 4 other non-cerebellar 
brain regions had to be available.

Analysis of ATM Expression Across Time

Cerebellar cortical ATM expression was expressed as a 
z-score relative to average ATM expression in all other grey 
matter regions for each brain specimen. Significant elevation 
of cerebellar cortical ATM expression relative to average 
ATM expression in all other grey matter regions was defined 
as z-score > 1.96. We did not specify an a priori model for 
the shape of the curve for the predicted increase in ATM 
expression during neurodevelopment, but inspection of the 
data prompted post hoc analysis using Pearson correlation 
to assess the age trajectory of relative cerebellar cortical 
ATM expression in two phases: the early neurodevelopmen-
tal period (foetal and first year post-natal specimens), and 
post-natal neurodevelopment through to adulthood. Statisti-
cal significance of correlation was defined as α < 0.05.

To test whether any observed increase in relative cerebel-
lar cortical expression of ATM during early development was 
reflective of increased relative cerebellar cortical expression 
of genes more generally during this period, we calculated 
z-scores for cerebellar cortical expression of all other genes 

included in the dataset, relative to expression of those genes 
in all other grey matter regions. Genes for which no expres-
sion was recorded in any brain region in any brain specimen 
were excluded from the analysis. The trend of cerebellar 
cortical gene expression across the age range of the speci-
mens was examined by plotting the distribution of z-scores 
for all genes for each specimen. The z-score for cerebellar 
expression of ATM was then compared to the distribution of 
z-scores for all genes for each specimen.

Pearson Correlation Analysis

In order to investigate the downstream networks modu-
lated by cerebellar ATM expression, Pearson correlation of 
z-scores was used to assess the relationship between relative 
cerebellar ATM expression and relative cerebellar expres-
sion of all other genes. Correlational analysis was performed 
across the whole cohort. Genes with an average expression 
across all samples within the lowest quartile of the dataset 
were excluded from the analysis. Genes with less than 25 
cerebellar z-scores, due to either missing data or lack of cer-
ebellar sampling, were excluded from the analysis. Statistical 
significance of correlation was defined as α < 0.05. Signifi-
cant positive correlation with ATM expression was defined 
as r > 0.6 and negative correlation with ATM as r <  − 0.6. 
Sets were then generated using these thresholds to define 
positively and negatively correlated gene sets, respectively.

Gene Ontology Analysis of Genes Related to ATM

Gene overrepresentation analysis was performed indepen-
dently on both sets using an online tool (http:// panth erdb. 
org/ webse rvices/ go/ overr ep. jsp). Benjamin-Hochberg cor-
rection was performed to adjust statistical significance for 
multiple comparisons (corrected FDR values are included 
within the results). Graphical analysis was performed using 
the ClueGO application for Cytoscape [29] to illustrate sig-
nificantly associated (p < 0.05) biological processes.

Results

Cerebellar and multi-region non-cerebellar ATM transcrip-
tion data was available for 30 of the 42 specimens from the 
BrainSpan Atlas of the Developing Human Brain, ranging 
from the 12th post-conception week to 40 years (supplemen-
tary materials S1). For 3 early-stage foetal specimens, ATM 
expression data for whole cerebellar samples was provided, 
but for all other specimens, the cerebellar cortical ATM 
expression was provided. Twelve of the 42 specimens were 
excluded due to lack of cerebellar or multi-region non-cer-
ebellar ATM expression data (supplementary materials S2).

http://www.brainspan.org/
http://www.brainspan.org/static/download.html
http://www.brainspan.org/static/download.html
http://pantherdb.org/webservices/go/overrep.jsp
http://pantherdb.org/webservices/go/overrep.jsp
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There was a steep linear increase in cerebellar corti-
cal ATM expression relative to the average ATM expres-
sion in all other grey matter regions over the gestational 
period and first post-natal year (r = 0.87, p < 0.0005; 
Fig. 1a). Relative cerebellar cortical ATM expression was 
significantly elevated (z-score > 1.96) from mid-gestation 
onwards. There was a linear decline in cerebellar cortical 
ATM expression relative to average ATM expression in all 
other grey matter regions from infancy through to adult-
hood (r = -0.54, p = 0.011, Fig. 1b), although expression 
remained elevated (z-score > 1.96) during early childhood.

Of the 52,375 non-ATM genes reported in the data-
set, 1899 genes were excluded from the analysis of the 
trend of cerebellar cortical gene expression due to the fact 
that these genes were not expressed in any brain region 
in any specimen (supplementary materials S3), resulting 
in 50,476 genes being included in this analysis (supple-
mentary materials S4). There was no trend in increased 
relative cerebellar gene expression compared to expres-
sion in all other brain regions over the age range of the 
specimens (Fig. 2), with median values for the z-scores 
sitting close to zero for all specimens. Relative expression 
of cerebellar cortical ATM (compared to all other brain 
regions) was above the 95th centile for relative cerebel-
lar cortical expression of all other genes (compared to 
all other brain regions) for 5 out of 7 specimens between 
24 weeks post-conception to 1-year post-natal age, and for 

most specimens from early gestation onwards was above 
the 75th centile.

For the gene ontology analysis, genes within the low-
est quartile of expression scores averaged across all sam-
ples (< 0.008109 RPKM) were excluded from the analysis 
as they provide little evidence for differential expression 
between the samples and reduce the likelihood of detecting 
significant results when correcting for multiple testing. Of 
the remaining 37,860 genes, all genes with greater than 5 
missing z-score values within the 30 included specimens 
were excluded from this analysis. The total number of genes 
which were included in the gene ontology analysis was 
31076 (supplementary materials S5).

Gene ontology analysis demonstrated that differential net-
works of biological functions were significantly overrepre-
sented in the positively and negatively correlated gene sets. 
In the set of genes positively correlated with cerebellar ATM 
expression (Fig. 3a) (supplementary materials S6), genes 
implicated in the canonical DNA double-strand break repair 
were over-represented (GO:0006302; fold change = 2.51, 
FDR = 0.002). Other biological processes over-represented in 
this set were regulation of biosynthetic and metabolic pro-
cesses (GO:0031323, fold change = 1.67, FDR < 0001), regula-
tion of cell cycle processes (GO:0010564 fold change = 1.72, 
FDR < 0.004), and histone modification (GO:0016570; fold 
change = 2.53, FDR < 0.001). RNA processing was also 
over-represented in the co-expressed set (GO:0006396; 

Fig. 1  Scatterplot with linear fit line and 95% confidence intervals for 
cerebellar ATM expression (reads per kilobase per million) expressed 
as a z-score relative to ATM expression in all other brain regions plot-
ted against age for the 30 included specimens from the BrainSpan 
Atlas of the Developing Human Brain (© 2010 Allen Institute for 

Brain Science). a Specimens from foetuses and infants during the 
first post-natal year, with the vertical dashed line indicating the end 
of the gestational period; and b post-natal specimens up to 40-years. 
The horizontal lines indicate z-scores of zero (solid line) and ± 1.96 
(dashed line)
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fold change = 2.34, FDR < 0.001), including RNA splicing 
(GO:0008380; fold change 2.84, FDR < 0.001) and mRNA 
metabolic processing (GO:0016071), fold change 2.67, 
p < 0.001). Biological processes under-represented in this set 
included aerobic respiration (GO:0009060, fold change = 0.01, 
FDR = 0.03) and generation of precursor metabolites and 
energy (GO:0006091, fold change = 0.26, FDR < 0.01).

The set of genes negatively correlated with cerebellar 
ATM expression included over-represented genes implicated 
in the related biological processes of mitochondrial organisa-
tion (GO:0007005, fold change = 2.98, FDR < 0.0001), mito-
chondrial electron transport (GO:0006123, fold change = 10, 
FDR < 0.01) (Fig.  3b), and oxidative phosphorylation 
(GO:0006119, fold change = 5.9, FDR < 0.0001). Aerobic res-
piration (GO:0009060, fold change = 4.99, FDR < 0.0001) and 
generation of precursor metabolites and energy (GO:0006091, 
fold change = 3.05, FDR < 0.0001) were also over-represented 
in this set, consistent with their under-representation in the set 
of genes positively correlated with cerebellar ATM expression, 
as above.

Discussion

We identify a marked increase in cerebellar cortical ATM 
expression relative to expression in other brain regions 
during gestation and up to the end of the first year of life. 
Cerebellar cellular proliferation peaks approximately in 
the third trimester, followed by a gradual decrease that 
lasts up to the eighth postnatal month in the external gran-
ular layer, and a much more rapid decline in the internal 
granular layer [30]. We also observed a slow decline in 
expression from infancy onwards, with relative cerebel-
lar cortical ATM expression generally remaining elevated 
during the early post-natal developmental period. The 
observed elevation in relative cerebellar cortical ATM 
expression does not appear to be due to a general increase 
in relative cerebellar cortical gene expression during this 
time, in that no overall increase was observed in the cer-
ebellar cortical expression of > 50,000 other genes (com-
pared to their expression in all other brain regions) over 

Fig. 2  Boxplots showing the distribution of relative cerebellar corti-
cal gene expression values (expressed as z-score relative to all other 
brain regions) for each brain specimen, with specimens arranged in 
ascending age order. Grey boxes indicate the interquartile range (with 

median shown), and whiskers represent the 5th and 95th centiles. Red 
dots indicate the z-score for cerebellar cortical ATM expression for 
each brain specimen. Vertical dotted line indicates the transition from 
the gestational to post-natal brain specimens
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this developmental period. Indeed, in the late gestational 
and early postnatal brain specimens, relative expression 
of cerebellar cortical ATM was above the 95th centile for 
relative cerebellar gene expression.

This relative increase in cerebellar cortical ATM tran-
scription implies a key role for ATM in healthy cerebellar 
development, and this may in part explain the disproportion-
ate damage to the cerebellar cortex seen in ATM deficient 
individuals with A-T. The period of elevated relative ATM 
expression in these non-A-T specimens coincides with the 
characteristic and progressive childhood cerebellar atrophy 
seen in individuals with classic A-T. However, the mecha-
nisms underlying the disproportionate effect of ATM loss of 
function on the cerebellum are still poorly understood [14, 
21] and most ATM-knockout animal models, excepting the 
combined ATM- and APTX-knockout models, have failed to 
recapitulate the cerebellar phenotype observed in humans 
[19].

Our gene ontology analysis confirms the canonical func-
tion of ATM in double-strand break repair of DNA is impli-
cated in cerebellar development, with expression of genes 

within this functional network, including MRE11, correlat-
ing with cerebellar expression of ATM. However, there is 
emerging evidence that, aside from the DNA damage repair 
function, ATM also mediates distinct pathways regulating 
redox homeostasis [3, 5, 31, 32]. Clinical studies in A-T 
patients have demonstrated deranged biomarkers of redox 
homeostasis [33, 34], supporting oxidative stress as an aetio-
pathological mechanism in A-T. In keeping with this, our 
gene ontology analysis demonstrated that the cerebellar 
expression of genes implicated in the processes of aerobic 
respiration and oxidative phosphorylation, are negatively 
correlated with cerebellar expression of ATM throughout 
development.

The unique functional features of the cerebellum predis-
pose an environment particularly susceptible to disruption 
in redox homeostasis. A characteristic feature of cerebel-
lar Purkinje cells is their high excitatory input and syn-
aptic firing rate, in which ATP plays a crucial role [35]. 
This energetic demand establishes a cellular environment 
highly vulnerable to oxidative stress [36]. Furthermore, 
the high transcriptional activity of Purkinje cells leads to 

Fig. 3  Network of gene ontology biological processes which are 
implicated in the set of genes correlated with cerebellar gene expres-
sion. Groups of related biological processes are clustered together 
and colour coded. The size of node represents p-value (p < 0.05). Net-

works were generated using the ClueGO plugin for Cytoscape [29]. 
The specific gene ontology biological processes represented by the 
nodes are demonstrated in the appendix (supplementary materials S7)
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a relaxed chromatin state in which the DNA is more sus-
ceptible to ROS-mediated damage [21]. ATM has been 
shown to translocate from the nucleus to the cytoplasm 
upon neuronal differentiation [24], and this may repre-
sent differential functions of ATM in dividing cells and 
post-mitotic neurones [37]. The double-strand break repair 
function must occur within the nucleus, where ATM is 
recruited to the double-strand break by the MRN com-
plex. In contrast, ATM localisation has been shown to be 
predominantly cytoplasmic in mature neurones, suggest-
ing a possibly different functional role in these cells [19]. 
Cytoplasmic ATM has been shown to be activated by ROS 
[37, 38]. These studies support the notion that aberrant 
redox homeostasis is a key aetiological mechanism in A-T 
cerebellar neurodegeneration.

However, ATM has a synergistic function as a regulator 
of mitochondrial biosynthesis and mitophagy, potentially 
integrating both redox-sensing and mitochondrial-regulatory 
roles as a master regulator of energetic homeostasis [39]. 
Mitochondrial dysfunction has been implicated in a broad 
range of neurodevelopmental and neurodegenerative dis-
eases [40], including A-T, Bloom syndrome, and Nijmegen 
breakage syndrome, potentially forming the common patho-
genic mechanism in these diseases [33, 34]. Indeed, rodent 
A-T models demonstrating impaired mitochondrial function 
responded to  NAD+ replenishment therapy with restored 
mitophagy, suggesting this mechanism as a potential thera-
peutic target [41, 42]. Our gene ontology analysis particu-
larly implicated a set of genes involved in mitochondrial 
organisation and biosynthesis. Previous studies have shown 
aberrant mitochondrial morphology in ATM deficient cells 
[43, 44]. Fibroblasts derived from A-T patients demonstrated 
depletion of mitochondrial DNA [45] and A-T thymocytes 
were demonstrated to have impaired mitophagy, in turn 
resulting in oxidative stress and ATP depletion [46]. ATM 
has also been shown to mediate mitophagy via phosphoryla-
tion of CHK2 and p53, thereby inducing transcription of 
denitrosylase S nitrosoglutathione reductase (GSNOR) [47].

There is an emerging novel epigenetic regulatory func-
tion of ATM [20, 48, 49]. Our data corroborates the rela-
tionship between ATM expression and histone methylation, 
with a functional group of genes implicated in this process 
positively correlated with cerebellar ATM expression. This 
set of genes included EZH2, previously implicated in A-T 
pathogenesis [50]. This study demonstrated that EZH2 is 
a target of ATM, and ATM-mediated phosphorylation of 
EZH2 reduces stability of the protein. EZH2 is a core com-
ponent of polycomb repressive complex 2 (PRC2), a com-
plex which mediates epigenetic trimethylation of histone 
H3 on Lys27 (H3K27me3). Thus, in A-T, ATM loss causes 
increased PRC2 formation and an alternation in the distribu-
tion of H3K27me3 marks, consequently leading to cell cycle 
re-entry and cell death of ATM-deficient neurones [50].

Other studies have also demonstrated a role of ATM in 
regulation of the cell cycle and cellular senescence, closely 
interlinked with the role of ATM in sustaining mitochon-
drial function [51]. Loss of neuronal cell cycle regulation 
by ATM appears to be an important factor in A-T (Y. [52], 
with both cortical and cerebellar neurones from ATM defi-
cient mice showing extensive cell cycle re-entry and degen-
eration [53]. Our gene ontology analysis demonstrates that 
cerebellar expression of genes involved in the regulation of 
the cell cycle were positively correlated with ATM. Studies 
have shown that ATM kinase is a major mediator of DNA 
damage-induced NF-κB-mediated cellular senescence and 
the senescence-associated secretory phenotype (SASP) [54]. 
ATM, activated by oxidative stress, negatively regulates 
mechanisms promoting cell senescence by facilitating the 
removal of macroH2A.1 from SASP genes [55, 56]. Thus, 
the A-T phenotype may lead to premature cell senescence 
due to loss of this inhibitory mechanism, with increased 
senescent cells a feature of aging and age-related patholo-
gies [51, 57].

Limitations

Our analysis provides evidence for an important role of ATM 
cerebellar expression levels within a specific time-window, 
during the period of early neonatal development. Further-
more, we identified the likely functional significance of this 
change in cerebellar ATM expression, via gene ontology 
functional enrichment analysis. Whilst the RNAseq dataset 
used in this present study can only provide data on transcript 
abundance, rather than protein activity, our gene ontology 
analysis demonstrated that expression of ATM correlates 
with the expression of other genes implicated in canonical 
ATM-related biological processes. This supports our hypoth-
esis that increased ATM expression is functionally relevant 
and that ATM is involved in the transcriptional regulation 
of related biological functions. However, it must be noted 
that there are additional considerations, such as post-tran-
scriptional and post-translational modifications, which are 
not captured by this approach, and which may impact ATM 
activity in vivo [58]. Future research could investigate cere-
bellar ATM activity at the protein level, in order to ascertain 
the relationship between ATM expression and protein activ-
ity. In vivo work using modifiable ATM expression, such as 
tet-on/tet-off systems and knock out models of ATM, would 
complement our gene ontology analysis by demonstrating 
the role of ATM expression in the transcriptional regulation 
of these functionally relevant biological processes.

We have calculated a z-score to identify genes specifi-
cally upregulated in the cerebellum, due to its centrality in 
the pathogenesis of A-T. However, our data relies on bulk 
RNA-sequencing, which does not provide information on the 
differential expression of ATM and related genes between 
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cell types. As such, our analysis assumes that the function 
of ATM is the same between cell types and that the biologi-
cal processes mediated by ATM in bulk sequencing data are 
of relevance to the pathogenesis of A-T. Recent single-cell 
sequencing has shed light on the cell-specificity of these 
changes, finding that ATM is most highly expressed in 
microglia throughout development in both the cerebellum 
and prefrontal cortex, with cerebellar expression of ATM 
relatively lower in Purkinje cells [17]. The authors also show 
an increased proportion of glial cells in the A-T cerebel-
lum and that A-T microglia demonstrate a highly perturbed 
transcriptome, with a significant number of differentially 
expressed genes (DEGs) [17]. This is consistent with previ-
ous studies implicating glial cells in the pathogenesis of A-T 
neurodegeneration [59–61]. Many of the DEGs were cell-
type specific, with microglia and Purkinje cells harbouring 
the most cell-type-specific DEGs. Of these, less than 25% 
were identified in pseudobulk data analysis, underscoring 
the limitation of bulk RNA-sequencing. Future work could 
compliment this single-cell data by using spatial approaches 
and immunohistochemistry to identify the spatial distribu-
tion of ATM expression within the developing and adult 
cerebellum.

Whilst our dataset consists only of data from individu-
als without ataxia telangiectasia, we hypothesise that our 
findings are nevertheless of relevance to understanding 
the pathogenesis of A-T. The temporal window in which 
we have identified increased cerebellar expression of ATM 
corresponds to that of the onset of cerebellar symptoms in 
classical A-T. Identification of differential gene expression 
during this developmental window would provide evidence 
of its functional relevance to A-T pathogenesis, requiring 
comparison between matched non-AT and A-T RNAseq 
datasets across developmental timepoints.

Whilst the dataset includes samples throughout the devel-
opmental spectrum, it does not have specimens matched 
between timepoints. As such, the comparison between ages 
may be biased by secondary variables such as co-morbid 
conditions. Utilising larger matched datasets, with more 
replicates per time-point, would enable elucidation of dif-
ferential gene expression between stages throughout normal 
development. Our gene ontology analysis across the whole 
cohort assumes that the function of ATM remains the same 
across development. Further research utilising more samples 
is required in order to conduct gene ontology analysis at 
multiple time-points, and ascertain if the biological func-
tions of ATM changes during neurodevelopment.

Although we hypothesised that relative cerebellar cortical 
ATM expression would be elevated during neurodevelop-
ment, we did not specify an a priori model for the shape of 
the curve. Consequently, the correlation analysis dividing 
the data into two, early and later neurodevelopmental phases, 
was post hoc following inspection of the data, and should 

be considered exploratory, requiring further independent 
validation.

Conclusion

We provide data which indicates a degree of temporal speci-
ficity in the role of ATM in normal cerebellar development. 
This indicates a likely window in which ATM function is 
of particular importance and which warrants further inves-
tigation. We demonstrate a marked increase in cerebellar 
cortical ATM expression relative to expression in other brain 
regions during gestation that is sustained during early child-
hood. This observed maximal elevation in relative cerebel-
lar cortical ATM expression coincides with the onset of the 
characteristic and progressive childhood cerebellar neurode-
generation seen in individuals with classic A-T.

The aetiological mechanisms which contribute to the cer-
ebellar neurodegeneration characteristic of ataxia telangi-
ectasia remain poorly understood. Alongside the canonical 
DNA repair function of ATM, our gene ontology over-rep-
resentation analysis demonstrates multiple other functional 
networks are correlated with cerebellar ATM expression 
across the lifespan. The biological processes implicated in 
this network include mitochondrial function and cellular 
respiration, histone methylation, and cell cycle regulation, 
consistent with the published roles of ATM in regulating 
redox homeostasis, mitochondrial biosynthesis, and cel-
lular senescence. The enhanced expression of ATM in the 
cerebellum during early development may be related to the 
specific energetic demands of the cerebellum, and our data 
shows that ATM appears to be involved in the regulation of 
these processes.

Emerging single-cell RNA-sequencing data demonstrates 
an important role of microglia in the pathogenesis of A-T 
[17]. However, the authors acknowledge that there is activa-
tion of microglia in the A-T prefrontal cortex also, despite 
a lack of cortical atrophy. This suggests that cerebellar neu-
rons have a particular susceptibility to activated microglia 
compared to other brain regions, and that there other cere-
bellar-specific mechanisms by which A-T neurodegenera-
tion occurs. Future work must reconcile this single-cell data 
with the disproportionate cerebellar neurodegeneration seen 
in A-T, by further delineating the contribution of specific 
cell-types to the onset of neurodegeneration and exploring 
the interaction of glial cells and neurons in mediating this 
phenotype.
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