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ORIGINAL PAPER

Defining Trends in Global Gene Expression in Arabian Horses
with Cerebellar Abiotrophy

E. Y. Scott1 & M. C. T. Penedo2,3 & J. D. Murray1,3 & C. J. Finno3

# Springer Science+Business Media New York 2016

Abstract Equine cerebellar abiotrophy (CA) is a hereditary
neurodegenerative disease that affects the Purkinje neurons of
the cerebellum and causes ataxia in Arabian foals. Signs of
CA are typically first recognized either at birth to any time up
to 6 months of age. CA is inherited as an autosomal recessive
trait and is associated with a single nucleotide polymorphism
(SNP) on equine chromosome 2 (13074277G>A), located in
the fourth exon of TOE1 and in proximity to MUTYH on the
antisense strand. We hypothesize that unraveling the func-
tional consequences of the CA SNP using RNA-seq will elu-
cidate the molecular pathways underlying the CA phenotype.
RNA-seq (100 bp PE strand-specific) was performed in cer-
ebellar tissue from four CA-affected and five age-matched
unaffected horses. Three pipelines for differential gene

expression (DE) analysis were used (Tophat2/Cuffdiff2,
Kallisto/EdgeR, and Kallisto/Sleuth) with 151 significant
DE genes identified by all three pipelines in CA-affected
horses. TOE1 (Log2(foldchange) = 0.92, p = 0.66) and
MUTYH (Log2(foldchange) = 1.13, p = 0.66) were not dif-
ferentially expressed. Among the major pathways that were
differentially expressed, genes associated with calcium ho-
meostasis and specifically expressed in Purkinje neurons,
CALB1 (Log2(foldchange) = −1.7, p < 0.01) and CA8
(Log2(foldchange) = −0.97, p < 0.01), were significantly
down-regulated, confirming loss of Purkinje neurons. There
was also a significant up-regulation of markers for microglial
phagocytosis, TYROBP (Log2(foldchange) = 1.99, p < 0.01)
and TREM2 (Log2(foldchange) = 2.02, p < 0.01). These find-
ings reaffirm a loss of Purkinje neurons in CA-affected horses
along with a potential secondary loss of granular neurons and
activation of microglial cells.

Keywords Cerebellar abiotrophy . Horse . Calcium .

Microglial activation . RNA-seq

Introduction

Cerebellar abiotrophy (CA) is a neurodegenerative disease
often resulting from the loss of Purkinje neurons in the
cerebellum. Among the abiotrophies seen in domestic ani-
mals, CA is one of the most common [1] and often involves
an autosomal recessive mode of inheritance. Mutations as-
sociated with CA vary between species, with an ultimate
diagnosis of CA arising from an incomplete loss of
Purkinje and, in some species, secondary loss of granular
neurons [2–4]. In horses, CA results in varying levels of
ataxia with exaggerated forelimb movement, difficulty ris-
ing from a recumbent position, head tremors and lack of
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menace response [5]. These signs are consistent with the
histological hallmark of apoptosis of Purkinje neurons and
subsequent disorganization of the three-layer cerebellar
cortex structure [6]. The loss of Purkinje neurons in CA
has also been coupled with incomplete loss of granular
neurons and a proliferation of Bergmann glia [7]. The
equine CA phenotype varies in degree of severity as well
as time of onset, which can be between a few days to approx-
imately 6 months after birth [8]; no studies connecting the
number of Purkinje neurons lost to severity or onset have been
done. Unlike CA in several other species, a candidate single
nucleotide polymorphism (SNP) on ECA2:13074277(G>A)
(CA SNP) has been associated with the CA phenotype [9];
however, molecular mechanisms underlying the defect and
the functionality of this SNP have yet to be determined. CA
occurs almost exclusively in Arabian horses [10], with an
average breed-wide carrier frequency of 20 % based on CA
SNP screening of nearly 11,000 horses by the Veterinary
Genetics Laboratory, UC Davis.

Horses with CA have inherited the CA SNP in an autoso-
mal recessive manner [10]. The CA SNP causes an amino acid
change, Arg > His, in exon 4 (R95H) of Target of Egr1
(TOE1) [9] (Fig. 1). Although both amino acids have similar
characteristics, the change is in a highly conserved region of
TOE1 and could have a functional impact on TOE1.
Alternatively, the overlapping transcriptional regions of
TOE1 and the promoter of the gene encoding MUTY homo-
log (MUTYH), which is antisense to TOE1, suggest a potential
interference of transcriptional regulation of MUTYH by the
CA SNP. Neither MUTYH nor TOE1 is Purkinje neuron spe-
cific; however, their regulation or potential functional impor-
tance during development of Purkinje neurons prevents them
from being eliminated as candidate genes.

TOE1 is a mRNA deadenylase (adenine-specific
exonuclease) that is also involved in nuclear Cajal body [11]
and cytoplasmic Processing body (P-body) [12] formation.
Cajal bodies are compartments within the nucleus thought to
be associated with pre-mRNA processing [13]. P-bodies are

RNA processing bodies known to contain proteins involved in
mRNA metabolism and translational repression [14] and are
known to respond to synaptic activity in mammalian neurons
[15]. Despite Cajal bodies being associated with neurodegen-
erative disorders [16] and the likely presence of P-bodies in
Purkinje neurons, TOE1 was previously considered to have
quite low levels of expression in the equine cerebellum [9],
thus making MUTYH a more likely candidate gene for CA.

MUTYH is a DNA glycosylase involved in DNA repair in
the nucleus and mitochondria in response to oxidative dam-
age, specifically 8-oxoguanine [17]. The distribution of the
nuclear and mitochondrial isoforms of MUTYH differs quite
markedly during neurodevelopment in the rat, with nuclear
isoforms being more prevalent in the embryo and mitochon-
drial isoforms in the neonate [18], which suggests a role of
MUTYH in nuclear and thenmitochondrial DNA repair during
development. MUTYH has also been associated with two
pathways leading to apoptosis of the cell, depending on
whether the oxidative damage is primarily affecting the nucle-
us or the mitochondria [17]. Dysregulation of MUTYH has
been linked to several neurodegenerative disorders [19], mak-
ing it a promising candidate gene for CA.

The predicted MUTYH gene structure is incompletely
annotated in the horse, lacking start and stop codons and a
vast number of isoforms seen in humans [20], making
targeted analysis of MUTYH difficult. A pilot study in-
volving RNA sequencing (RNA-seq) to detect global dif-
ferentially expressed (DE) genes associated with the ob-
served Purkinje neuron loss in CA-affected horses was
done. We hypothesized that the expression of MUTYH, and
corresponding downstream pathways, would be decreased in
CA-affected individuals. In addition, gene networks and their
association with the CA phenotype were analyzed using un-
supervised clustering (WGNCA) [21] and supervised cluster-
ing (ROAST) [22]. By defining global gene expression asso-
ciated with the CA phenotype, we sought to uncover potential
mechanisms to determine the functional consequences of the
CA SNP and variable expressivity of the phenotype.

Fig. 1 UCSCGenomeBrowser depiction ofMUTYH and TOE1 genes in
equine cerebellum. All tracks are from a publically available equine
transcriptome (https://github.com/drtamermansour/horse_trans.git). The
first track is a merged annotation of the region with transcriptomes from

8 different tissues. The lower set of tracks are cerebellar tissue-specific
annotations of the region, where TOE1 is in blue,MUTYH in red, and the
CA SNP is represented by the dotted red line and red arrow
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Method

Samples

Cerebella transcriptomes of five unaffected and four CA-
affected horses were used for RNA-seq. Unaffected horses
included a 3-month-old Paso Fino colt, a 6-month-old
Thoroughbred gelding, a 1-year-old Quarter horse geld-
ing, a 4-year-old Thoroughbred mare, and a 29-year-old
Thoroughbred mare. The unaffected phenotype of these
samples was confirmed via histologic assessment by
board-certified pathologists at the UC Davis School of
Veterinary Medicine, and all unaffected samples were
not homozygous for the CA SNP [9]. The Arabian CA-
affected horses included a 4-month-old colt, an 8-month-
old mare, a 9-month-old colt, and a 6-year-old gelding.
All CA-affected samples were homozygous for the CA
SNP [9], with histologic confirmation of the disease at
necropsy confirming Purkinje neuron loss. Cerebella sam-
ples were collected within an hour of euthanasia for all
individuals. Samples were harvested by different veteri-
narians, with the instruction to extract sagittal cerebellar
cortex slices from the cerebellum and either snap freeze or
store in RNAlater (Thermofisher Scientific, Grand Island,
NY, USA) at −80 °C. Sections of cerebella were also
stored in formalin for histopathology examination.

RNA Extraction

Total RNAwas extracted using TRIzol reagent (Thermofisher,
Wilmington, DE, USA) and an electric homogenizer
(TissueMiser, Fisher Scientific, Pittsburg, PA, USA). The
RNA was concentrated, eluted, and treated with DNase
(Promega, Madison, WI, USA) on Zymo RNA extraction col-
umns (Zymo Research, Irvine, CA, USA) according to man-
ufacturer’s instructions. Quantification and quality of RNA
were monitored on Bio-Rad Experion HiSens Chips (Bio-
Rad, Hercules, CA, USA), with a quality threshold RNA qual-
ity indicator (RQI) of over 8.

cDNA Synthesis

cDNAwas synthesized using the SuperScript II reverse tran-
scriptase kit (Invitrogen, Carlsbad, CA, USA). One micro-
gram of RNA was incubated with 75 ng of Oligo dT15 [23]
primer and 1μl dNTPs (10mM each) at 65 °C for 5 min. First-
Strand Buffer (5X), DTT (0.1 M), and RNAse Out (40 units)
were added to tubes which were then incubated at 42 °C for
1 min. One microliter (200 units) of Superscript II was then
added, and the reaction was incubated at 42 °C for 1 h follow-
ed by 70 °C for 15 min.

RNA-Seq Library Preparation

Total RNA was depleted of rRNA using the Epicentre Ribo-
Zero Gold Kit for Human/Mouse/Rat samples, and 1 μg of this
RNA was used to generate strand-specific PE100bp libraries
with BIOO NEXTflex Rapid Directional RNA-Seq Kit
(Bioo-Scientific, Austin, TX). Library qualities were analyzed
with the Bioanalyzer 2100 (Agilent, Santa Clara, CA) and
quantified on a Qubit instrument (LifeTechnologies, Carlsbad,
CA). The libraries were then pooled in equimolar ratios, quan-
tified by qPCR with a Kapa Library Quant kit (Kapa,
Cape Town, South Africa), and sequenced on two lanes of an
Illumina HiSeq 2500 run (Illumina, San Diego, CA).

RNA-seq Read Trimming and Mapping

All reads were trimmed with Sickle [24] with a Phred quality
threshold of 30. Reads were then mapped either directly to
EquCab2.0, 2007 (http://www.ncbi.nlm.nih.gov/genome/145)
with Tophat2 [25] or with Kallisto [26] to an equine
ENSEMBL, 2007 reference transcriptome (http://www.
ensembl.org/info/data/ftp/index.html), with 30 bootstraps per
sample. Only concordantly mapped reads were kept for
further analysis.

Differentially Expressed Genes Analysis

Three DE analysis pipeline analyses were performed:
Tophat2/Cuffdiff2 [27], Kallisto/EdgeR [28], and
Kallisto/Sleuth (https://github.com/pachterlab/sleuth).
Sleuth and EdgeR analyses were performed on the
Kallisto output and Cuffdiff2 on the Tophat2 output
(Supplementary Fig. 1, SF1). The input for Sleuth and
EdgeR was normalized transcripts and counts per million,
respectively. Cuffdiff2 normalizes input as fragments per
kilobase per millions of reads (FPKM). All analysis pro-
grams are parametric; however, they have different statis-
tical tests for differential gene expression. Sleuth uses the
Wald test (https://github.com/pachterlab/sleuth), EdgeR
uses the exact test [28], and Cuffdiff2 uses the T-test
[27]. Only DE genes found in agreement between all three
pipelines were further analyzed. Cuffdiff2 results were
visualized with the CummeRbund package in R. EdgeR
and Sleuth had built in visualization tools in R [29].

qPCR

All qPCR were performed in triplicate on an ABI 7500 Fast
thermocycler (Applied Biosystems, Foster City, CA, USA)
and analyzed with the ABI 7500 Software v2.0.1 (Applied
Biosystems, Foster City, CA, USA). qPCR was performed
on the same samples used for RNA-seq as validation of
RNA-seq results. Fast SYBR Green MasterMix (Applied
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Biosystems, Foster City, CA, USA) with 5 μMof forward and
reverse primer (Supplementary Table S1) and approximately
50 ng of cDNA per reaction were used. The thermocycler
stages consisted of 1 cycle of 95 °C for 20 s for enzyme
activation and 40 cycles of 95 °C for 15 s and 60 °C for
30 s. Standard curves were generated from pooled cDNA from
all samples (equimolar ratios) in concentrations of 200, 100,
50, 25, 12.5, and 0 ng/reaction. Using the standard curve,
nanogram (ng) quantities of gene expression were averaged
across the triplicates and Log2(fold change) was calculated
relative to the control and to the housekeeping gene HPRT1.
HPRT1 was selected as the best housekeeping gene over
SYNAP because it showed consistent expression in all sam-
ples. Based on the small samples size, the nonparametric
Mann-Whitney U test was used to calculate significance of
Log2(fold change) in CA-affected individuals and a
Bonferroni corrected p value (p = 0.0125) was used to deter-
mine significance.

Unsupervised Clustering of RNA-seq Data with WGCNA

Unsupervised clustering was performed with WGCNA
(weighted gene correlation network analysis) in R [21].
Hierarchically clustered genes were integrated into larger gene
networks based on a correlation matrix depicting how corre-
lated the clustered modules were to each other. WGCNA ac-
counts for hub genes and expands gene networks to allow for
detection of several genes that may be co-expressed on vary-
ing scales [21]. Normalized variance-stabilized read counts
from EdgeR were used as input for WGCNA. The soft power
threshold used was 15, with an unsigned network and height
thresholds of 0.25 and 0.65. Using weighted correlation
values between groups of genes, which were summarized as
eigenvalues, more expansive gene networks were created and
their correlation to the CA-affected phenotype was quantified.
All figures were made within the WGCNA program.

Gene Set Testing of RNA-seq Data with ROAST

ROAST is a rotation gene set test that can identify whether a set
of genes is differentially expressed between treatment groups
[22]. It is especially relevant to this gene set because of its resil-
ience against several experimental designs, including experi-
ments with a small number of replicates. ROAST was used in
conjunctionwith EdgeR and its output of normalized read counts
(CPM). The gene sets provided were Purkinje neuron and gran-
ular neuron markers from Kuhn et al. [30] as well as Allen Brain
Atlas derived markers fromKirsch et al. [31], with 236 and 1684
transcripts, respectively. All Purkinje neuron markers had visual-
ly confirmed localization to Purkinje neurons according to the
Allen BrainAtlas ISH images. The calcium homeostasis markers
(176 transcripts) were acquired from Bettencourt et al. [32] as
well as from the Panther family of genes Bcalcium mediated

signaling^ [33]. Resulting MA plots were constructed using
ROASTwithin the EdgeR package.

Panther Pathway Analysis

Gene lists consisting of ENSEMBL gene IDs from the 151 DE
genes, Purkinje module, and Module 5 from the WGCNA
ana lys i s were used fo r the Pan the r S t a t i s t i c a l
Overrepresentation test [34]. Panther’s output of biological
processes and gene ontology (GO) molecular functions with
p values below the Bonferroni-corrected threshold (5 % ex-
periment-wide) for each of the three gene sets were further
examined.

Results

RNA-seq Overall Mapping Statistics

Averaged across all samples, there were 34 million reads per
sample with an average Phred quality score of 34. After Sickle
trimming, the overall mapping rate to EquCab2.0, 2007
(http://www.ncbi.nlm.nih.gov/genome/145) was 91 %, 86 %
of which was concordant.

Clustering of Treatment Groups

The five unaffected and four CA-affected horses clustered by
treatment groups in a dendrogram (Fig. 2). The dendrogram
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Fig. 2 Clustering of samples into their respective treatment groups. In
this figure, and subsequent figures, the affected samples are named as
such: affected_0 is the 4-month-old colt, affected_1 is the 7–8-month-
old mare, affected_2 is the 9-month-old colt, and affected_3 is the 6-year-
old gelding. For the unaffected, control_0 is the 3-month-old Paso Fino
colt, control_1 is the 6-month-old Thoroughbred gelding, control_2 is the
1- year-old Quarter horse gelding, control_3 is the 4-year-old
Thoroughbred mare, and control_4 is the 29-year-old Thoroughbred
mare. The control and CA-affected horses cluster into their control or
CA-affected treatment groups based upon a dendrogram using the
Jensen-Shannon distance between the distribution of reads. Figure made
with CummeRbund (25)

Cerebellum

http://www.ncbi.nlm.nih.gov/genome/145


clusters based on the Jensen-Shannon distance between the
distributions of variance-stabilized reads for each sample.

Differential Gene Analysis

There was a difference in the number of DE genes detected
between the EdgeR [28], Sleuth and Cuffdiff2 [27] pipelines
(Supp lemen ta ry Tab le S2 ) . The 151 DE genes
(Supplementary Table S3) that were detected and in agree-
ment between all three pipelines were further analyzed using

heatmaps depicting Log2(foldchange) relative to the control
horses (Fig. 3a, b). The heatmaps also have the genes hierar-
chically clustered based on the read distribution of the gene,
with clusters suggesting co-expression of the genes within the
cluster. Clusters that demonstrated clear and contrasting dif-
ferences between controls and CA-affected horses were
outlined, and genes involved in calcium homeostasis or asso-
ciated with glial activation were marked. Among the up-
regulated DE genes, we detected a cluster of genes associated
with microglia activation and, more specifically, with genes

a b

Fig. 3 Hierarchically clustered heatmaps showing gene expression in
CA-affected horses (n = 4) by Log2(foldchange) relative to the
unaffected (n = 4) separated into upregulated DE genes (a) and
downregulated genes (b). Clusters that were further annotated with
gene names are outlined in blue for down-regulated genes and red for

up-regulated genes. The upregulated genes had a cluster associating with
microglia, indicated with a red asterisk, and the downregulated genes had
clusters with calcium homeostasis associated genes, indicated with blue
asterisks. The 29-year-old control was removed from this analysis to
obtain even treatment groups and appropriate Log2(foldchange) analysis

Cerebellum



associated with microglia phagocytosis of apoptotic cells
(Triggering Receptor Expressed On Myeloid Cells 2,
TREM2, and TYRO Protein Tyrosine Kinase Binding
Protein, TYROBP) (Fig. 3a, red asterisk). Among the down-
regulated DE genes, we identified a cluster of genes involved
in calcium homeostasis pathways (Fig. 3b, teal asterisk) in
both Purkinje and granular neurons. The gene clusters
resulting from hierarchical clustering contained genes with
biological relevance to each other and suggested pathways
associated with microglia activation to be up-regulated and
pathways associated with calcium homeostasis to be down-
regulated in CA-affected horses.

Unsupervised Clustering of RNA-seq Data with WGCNA

Unsupervised clustering was used to parse out cell-type spe-
cific gene expression. Gene networks were formulated based
on the correlation of gene modules to one another. Upon post-
clustering annotation of the larger gene networks with
predefinedmarkers for Purkinje neurons and granular neurons
[30, 31, 35, 36], the turquoise gene network block, labeled as
Purkinje neuron cluster, was enriched for Purkinje neuron
gene markers, while the coral gene network-labeled granular
neuron cluster was enriched mainly of granular neuron
markers (Fig. 4a, Supplementary Table S4). The height thresh-
old was then increased to 0.65 to obtain larger gene modules
that might be correlated with the CA-phenotype (Modules 1
through 5), of which only Module 5 was significantly corre-
lated with the CA phenotype (Fig. 4b, Supplementary
Table S5). Module 5 contains 10 Purkinje neuron gene
markers (among them Calbindin 1 (CALB1), Like-
Glycosyltransferase (LARGE) and Polymerase (DNA-
Directed), Epsilon 4 (POLE4)), and 11 calcium homeostasis
markers, including Carbonic Anhydrase VIII (CA8), Inositol-
Trisphosphate 3-Kinase A (ITPKA) , and Calcium/
Calmodulin-Dependent Protein Kinase II Alpha (CAMK2A).
MUTYH and TOE1, however, were not inModule 5, but rather
clustered in Module 1.

Gene Set Testing of RNAseq Data with ROAST

Given pre-defined markers [30–33, 35, 36], ROAST tests how
gene sets behave, in terms of Log2(foldchange), relative to the
unaffected group, and determines the proportion of genes with-
in a gene set that are dysregulated. Granular neuron versus
Purkinje neuron marker gene expressions were compared and
40 % (FDR = 0.0002) of Purkinje neuron markers were down-
regulated and 5 % considered up-regulated in the CA-affected
group (Table 1), with a corresponding, however, non-
significant down-regulation of granular neuron markers as well
(21 %, FDR = 0.056). Among the calcium homeostasis
markers, 40 % (FDR = 0.0004) were down-regulated in CA-
affected horses (Fig. 5 and Table 1), of which 17 % of the

calcium markers are also Purkinje neuron markers. Detailed
expression analysis for the granular, Purkinje, and calcium
homeostasis-associated genes can be found in Supplementary
Tables 6, 7, and 8, respectively. Gene expression patterns for all
genes can be found in Supplementary Table 9. In summary, this
analysis demonstrated that markers for Purkinje neurons and
calcium homeostasis were both down-regulated in CA-
affected horses.

qPCR

Complete annotations of MUTYH and TOE1 were obtained
from the RNA-seq analysis (Fig. 1) and allowed for better
primer design and more accurate qPCR analysis. qPCR con-
firmed results from RNA-seq and cluster analyses. In addition
to MUTYH and TOE1, two genes related to calcium homeo-
stasis (CALB1 and CA8) were also chosen for qPCR, as both
are markers for Purkinje neurons and involved in other cere-
bellar ataxias [32].MUTYH and TOE1 were not differentially
expressed between control and CA-affected individuals
(p = 0.66 for both genes); however, both CALB1 and CA8
were significantly down-regulated in CA-affected individuals
by a Log2 (fold change) of −1.7 (p = 0.0043) and −0.97
(p = 0.0087), respectively (Fig. 6).

Panther Pathway Analysis

The main biological processes over-represented in the 151 DE
genes include cellular calcium ion homeostasis (fold enrich-
ment >5, p = 3.28E-2) and overall homeostatic processes (fold
enrichment >5, p = 1.69E-2) (Table 2, Supplementary
Table S10). For the Purkinje module, which is a smaller com-
ponent of the Module 5 from the WGCNA analysis, DNA
repair (fold enrichment = 2.05, p = 8.08E-5) and mRNA pro-
cessing (fold enrichment = 1.99, p = 9.16E-8) were the top
two overrepresented biological processes (Table 2,
Supplementary Table S11). For the larger Module 5, overrep-
resented biological processes included general cellular meta-
bolic processes (fold enrichment = 1.43, p = 1.69E-9) and,
more specifically, overrepresented GO molecular functions
included ribonucleoside binding (fold enrichment = 1.52,
p = 4.10E-2) (Table 2, Supplementary Table S12).

Discussion

Cerebellar abiotrophy is a neurologic defect that occurs in
several species [37–40] and is characterized by the end result
of loss of Purkinje neurons. The mechanisms resulting in
Purkinje neuron loss within and across species are not well
understood. Identification of a putative mutation in Arabian
horses allows for a more targeted investigation of global gene
expression associated with the CA phenotype in horses. Our
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results provided evidence of up-regulated microglia pathways and down-regulated Purkinje neuron-associated calcium ho-
meostasis markers in CA-affected horses.

Among the differentially expressed (DE) genes detected by
our three DE pipelines, there were two distinct biological
groups of genes demonstrating contrasting differences between
unaffected and CA-affected individuals. In CA-affected horses,
genes associated with microglia activation were up-regulated
and contained TREM2 and TYROBP, which are often affiliated
with the microglia genetic signature and have a proposed in-
volvement in phagocytosis of apoptotic cells [41]. Microglia
are the major immune cells in the central nervous system

Table 1 ROAST quantification regarding proportion of gene markers
downregulated along with their corresponding false discovery rate (FDR)
value

Gene set Proportion downregulated FDR

Granular 0.20962 0.05438

Purkinje 0.4025424 0.00046

Ca2+ genes 0.3988439 0.00041

a

b

Fig. 4 WGCNA unsupervised
clustering of gene networks in the
five unaffected and four CA-
affected horses. Initially, a
topological overlay matrix (19)
evaluates correlations between
gene modules, with the gene
modules (with a height threshold
of 0.25) corresponding to the
different colored blocks under the
gene network dendrogram (a).
The correlation (and
corresponding p value in
parentheses) of the gene modules,
with a height threshold of 0.65, to
the unaffected or CA-affected
treatment group identify. Module
5 as the only significant gene
module correlated to the CA-
affected phenotype (b). The more
negative (and blue) the module,
the more correlated it is with the
CA-affected phenotype

Cerebellum



(CNS) and are responsible for adjusting synapses, removing
cellular debris and mediating the inflammatory response [42].
In spinocerebellar ataxia (SCA) mouse models, the degree of
microglia activation follows disease progression and correlates
with the severity of damage and neuronal loss within the affect-
ed region of the CNS [43]. Microglia activation has been ob-
served in several neurodegenerative diseases including
Alzheimer’s [44], Parkinson’s [45], and amyotrophic lateral
sclerosis [46, 47]; therefore, a potential role of microglia acti-
vation in equine CAwas expected. In addition, microglia acti-
vation detection provides a molecular marker for severity of the

CA phenotype, where its sensitivity and activation can appear
before neuronal death [43].

The second group of DE genes was down-regulated in CA-
affected horses and pertained to calcium homeostasis. Panther
overrepresentation tests also confirmed an enrichment in
genes pertaining to calcium homeostasis in our 151 DE genes
[34], including the genes CA8, ITPR1, and TRPC3. In
humans, CA8 has been affiliated with an autosomal recessive
ataxia [48] with ITPR1 as its allosteric inhibitor, mediating
excitatory calcium signaling [49]. Purkinje neurons experi-
ence large influxes of calcium due to their excitatory rapid
firing; therefore, genes pertaining to calcium regulation are
often Purkinje neuron markers [50]. Subsequently, a loss of
Purkinje neurons, as seen in CA, would cause a decrease in
expression of genes associated with calcium homeostasis.
Therefore, the down-regulation of calcium homeostasis-
associated genes is most likely a consequence of Purkinje
neuron loss. Along with the Purkinje-specific calcium homeo-
stasis markers, genes involved in calcium homeostasis, but
localizing to other cell types in the cerebellum, were also
found to be differentially up-regulated. These genes include
Vav Guanine Nucleotide Exchange Factor 1 (VAV1) and Rac/
Cdc42 Guanine Nucleotide Exchange Factor 6 (ARHGEF6),
which localize to granular neurons according to Allen Brain
Atlas [36], and Pleckstrin Homology And RhoGEF Domain
Containing G1 (PLEKHG1) and Calcium And Integrin
Binding 1 (CIB1), which localize to the granular layer and
appears to demonstrate some enrichment in the Bergmann glia
according to Allen Brain Atlas [36] (Supplementary Table 9).
These genes indicate an enrichment of gene expression, in-
cluding calcium-related gene expression, from other cell types
such as Bergmann glia and granular neurons with the absence
of Purkinje neurons.

The results of unsupervised gene clustering were consistent
with the DE analysis in that expression patterns of calcium ho-
meostasis gene markers were affiliated with the CA-phenotype
and clustered with the Purkinje neuron markers CALB1 and
Purkinje cell protein 4 (PCP4). However, the unsupervised

Fig. 6 qPCR results showing gene expression in CA-affected horses
(n = 4) in terms of Log2(foldchange) relative to unaffected (n = 5) of
TOE1, MUTYH, CALB1, and CA8. CALB1 and CA8 were significantly
downregulated. Error bars are mean ± SEM, *P < 0.01; Mann-Whitney
U test for each gene

Fig. 5 ROAST analysis on the five unaffected and four CA-affected
demonstrating how predefined gene sets correlate with control or CA-
affected phenotype. MA plots identify granule cell marker (green),

Purkinje neuron markers (blue squares), and calcium homeostasis
markers (red) with respect to their Log2(foldchange) relative to controls
using the normalized read count output from EdgeR
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method revealed this type of clustering withmore extensive gene
associations and suggests co-expression or co-regulation of these
two gene sets, which can be extrapolated to calcium homeostasis
gene expression being down-regulated and correlating to the
decrease in Purkinje neuron population. The distinction of which
neuronal population is expressing the down-regulation of this
pathway becomes particularly important in cerebellar cortex
slices, where there are other neuronal populations housed within
the tissue, most notably, the more abundant granular neurons,
which make up a larger proportion (granular layer) of the cere-
bellar cortex compared to the single layer of Purkinje neurons
[51]. Despite not having the samples prepared in a manner con-
ducive for microdissection of Purkinje cells, computational
methods employing clustering and weighted gene networks
can, to a certain degree, mitigate this deficit [30, 41]. Others have
employed similar approaches pertaining to the cerebellum [30]
and microglia populations throughout the brain [41], with the
conclusion that such parsing of gene expression is a necessity
when performing RNA-seq on a sample with heterogenous cell
populations.

While unsupervised clustering establishedwhich gene expres-
sion patterns were correlated with the CA-phenotype, ROAST
analysis confirmed the trends in expression patterns of these
genes. Due to the loss of Purkinje neurons in CA-affected indi-
viduals, we observed significant down-regulation in expression
of 40 % of Purkinje neuron gene markers without a correspond-
ing down-regulation of granular neuron gene markers in CA-
affected horses, confirming a primary loss of Purkinje neurons
and their associated gene expression with a potential secondary
loss of granular neurons in horses with CA.

Ataxias in other species involving failure to establish synapses
with granular neurons has been seen in rabbits, where, as a result,
there is apoptosis and irregular orientation of the Purkinje neu-
rons [3]. In mice, there is also consequential degeneration of
granular neuron axons and an increase in length of the remaining
Purkinje neuron dendrites, with a reduction in dendritic spine
branchlets [52]. This results in an incomplete loss of Purkinje
neurons, with a small subset of intact Purkinje neurons receiving
climbing or mossy fiber afferents. Our data does have a subset of
Purkinje neuron markers that are up-regulated in CA-affected

horses (Fig. 5, Supplementary Table 7), most interestingly
APAF interacting protein (APIP) and inhibitor of DNA binding
2 (ID2). Both genes show strict expression in mouse Purkinje
neurons in the cerebellum, according to Allen Brain Atlas [36],
and have an increase in Log2(foldchange) greater than 0.4 and
FPKM values greater than 10 in both control and CA-affected
horses; however, they do not have significant FDR values
(Supplementary Table 7). ID2 is recognized as associating with
transcription factors that inhibit differentiation [53] and promotes
proliferation of neuronal precursor cell types [54]. APIP inhibits
two pathways leading to apoptosis: caspase-9-dependent apopto-
sis [55] and caspase-1-dependent pyroptosis [56]. Further and
more targeted work confirming restricted expression of these
two Purkinje neuron markers in equine Purkinje neurons and
especially in the remaining Purkinje neurons of CA-affected
horses is necessary. Also, a time course study evaluating time
points before and after CA onset is necessary to deduce whether
compromised synapses between granular and Purkinje neurons
may be causing the ataxic phenotype and whether the Purkinje
neurons exhibiting the APIP and ID2 gene expression profiles
confer some survival strategy for the Purkinje neurons remaining
in CA-affected horses.

Secondarily, a large portion of the granular neuron markers
were also significantly down-regulated (Supplementary Table 6),
including Diacylglycerol Kinase Delta (DGKD), Solute Carrier
Family 8 Member A2 (SLC8A2), and Sodium Voltage-Gated
Channel Beta Subunit 2 (SCN2B). Thesemarkers are exclusively
present in granular neurons according to the Allen Brain Atlas
[36]. The down-regulation of these granular neuron genemarkers
suggests a potential associated loss of granular neurons in CA-
affected horses. Further work focusing on the time course of
neurodegeneration during CAwould need to be done to confirm
that granular neuron loss is secondary; however, due to husband-
ry, gestation, and opportunistic sample collection in horses, time
course experiments are not feasible. Further work should be done
in a mouse model integrating the proposed CA-SNP to better
describe the molecular mechanisms driving CA disease progres-
sion in the horse.

Although differential expression of MUTYH and TOE1 was
not detected in the RNA-seq analyses, this study improved

Table 2 The top significant
Panther overrepresentation results
regarding biological processes
and molecular functions. The
Gene Ontology (GO) ID and p
value are in parenthesis

Input gene
list

Biological processes Molecular function

151 DE
genes

- Cellular calcium ion homeostasis
(GO:0006874, 3.28E-2)

- Homeostatic process (GO:0042592, 1.69E-2)

- Nucleic acid binding (GO:0003676,
0.0253)

Purkinje
module

- DNA repair (GO:0006281, 8.15E-5)

- mRNA processing (GO:0006397, 9.28E-8)

- mRNA binding (GO:0003729, 1.09E-3)

- RNA binding (GO:0003723, 4.67E-9)

Module 5 - Cellular protein metabolic process
(GO:0044267, 1.63E-3)

- Cellular metabolic process
(GO:0044237, 1.64E-9)

- Cytochrome-c oxidase activity
(GO:0004129, 4.28E-2)

- Ribonucleoside binding
(GO:0032549, 4.10E-2).
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annotation of their gene structure, demonstrated their potential
involvement in cerebellar pathways, and, because of the similar
expression levels of TOE1 andMUTYH in horse cerebellar cor-
tex, stimulated renewed consideration for TOE1 as a candidate
gene for CA. The limited timeframe and sample size prevent us
from detecting developmental-specific differential expression of
either of these candidate genes, but we were able to observe
resulting expression patterns that may ensue fromCA-SNP com-
promised TOE1 (CA-TOE1). The cytoplasmic P-bodies associ-
ated with TOE1 are known to respond to synaptic activity [15],
and thus, further work characterizing the CA-TOE1 interactions
with other proteins and P-bodies as well as localization of TOE1
in CA-affected horses must be done to explore the possibility of
TOE1 involvement inCA.Additionally, characterizing the subset
of Purkinje neurons that remain after CA onset via immunohis-
tochemistry and the genetic candidates APIP and ID2 is required
to confirm any selective subpopulation of Purkinje neurons that
may not be affected in CA.

Conclusion

The early onset of equine CA suggests a problem in maturation
of the Purkinje neuron circuitry during development that results
in ataxia without a complete loss of Purkinje neurons. An anal-
ysis ofmolecular pathways preceding onset of CA is necessary to
determine causal factors; however, we have characterized the loss
Purkinje neurons in CA-affected horses by significant down-
regulation of calcium-mediated signaling in the cerebellar cortex
with concurrent up-regulation of microglia markers and a poten-
tial secondary loss of granular neuron markers.
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