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SUMMARY

Parkinson’s disease (PD) is a progressive, debilitating neurodegenerative disease that afflicts
approximately every 1000th individual. Recently, activation of genomic transposable elements (TE) has
been suggested as a potential driver of PD onset. However, it is unclear where, when, and to what extent
TEs are dysregulated in PD. Here, we performed a multi-tissue transcriptional analysis of multiple patient
cohorts and identified TE transcriptional activation as a hallmark of PD. We find that PD patients exhibit
up-regulation primarily of human endogenous retrovirus (HERV) transcripts in prefrontal cortex tissue,
prefrontal neurons as well as in blood, and we demonstrate that TE activation in the blood is highest at
the time of PD diagnosis. Supporting a potentially causal association between ERV dysregulation and PD
heterogeneity, reduced gene dosage of the TE repressor Trim28 triggers transcriptional changes highly
correlated to those measured in animal models of synucleinopathy (PFF-injection), and importantly, to
those exhibited by patients themselves. These data identify ERV up-regulation as a common feature of
central and peripheral PD etiology, and highlight potential roles for Trim28-dependent TEs in stratifying
and monitoring PD and treatment compliance.

INTRODUCTION

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder, with an incidence
rate of 108 to 212 per 100,000 among persons ages 65 and older’. While the molecular etiology of PD is
not well understood, PD is characterized by progressive degeneration of the dopaminergic neurons of the
substantia nigra and the appearance of intraneuronal inclusions enriched in misfolded a-synuclein (Lewy
bodies and Lewy neurites) 2. The pathogenesis of PD includes typically a long prodromal phase (lasting
several years) before onset of hallmark symptoms, and evidence indicates that the disease is rooted in
both genetic and environmental factors®. Familial PD is associated with strong disease predisposing
mutations and accounts for 3-5% of all cases*. The underpinnings of sporadic PD, on the other hand,
have been more elusive. Estimates from twin studies indicate an ~20% heritability’; genome-wide
association studies (GWAS) similarly place it at ~16-36%°. What is clearly acknowledged in the field is
that substantial phenotypic heterogeneity is observed both for familial forms (e.g. including individuals
with mutation who do not get disease) and for idiopathic forms (e.g. many PD patients fail to exhibit
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substantial known polygenic risk and vice versa). These data suggest a strong role for environmental and
epigenetic mechanisms in PD etiology.

Recently, transposable elements (TEs) were postulated to play a role in PD’. TEs are mobile DNA
elements which originate from viruses that integrated into our ancestral germline DNA millions of years
ago®. TEs have the ability to replicate and re-insert, causing de novo insertional mutations. TE presence
in all plant and animal genomes is believed to highlight their critical role in driving evolution, speciation
and the emergence of novel trait regulation. Specifically, TEs can contribute novel cis-regulatory elements
(e.g., enhancers, alternate promoters) and provide a multi-copy sequence basis for transcriptional
co-regulation®. While TEs are mostly epigenetically silenced, activation of retrotransposons such as
endogenous retroviruses (ERVs), a subclass of TEs, can result in genomic and cellular instability,
disruption of coding regions, and modulation of epigenetic and post-transcriptional regulation of gene
expression®. Loss of silencing at TEs represents a mechanism to release cryptic genetic information and
has been associated with activation of viral immune response pathways within cells'®". A recent
publication demonstrated an increase of retrotransposition events in PD blood, suggesting that
retrotransposons may be associated with PD risk and disease progression™?.

Human ERVs (HERVSs) represent ~8% of the human genome. They originate from the cumulative
infection and integration of germline DNA by retroviruses™ and are kept silent by dedicated epigenetic
machinery including the Trim28 silencing complex. Trim28 is considered a master regulator of ERV
silencing™'. A large multi-domain protein, Trim28 is recruited to genomic ERVs via Kriippel-associated
box (KRAB)-zinc finger transcription factors and coordinates the assembly of a multiprotein complex to
establish heterochromatin deposition through DNA methylation and the repressive histone mark
H3K9me3'®. Homozygous Trim28 deletion in mice is early embryonic lethal and conditional maternal
deletion mutants exhibit highly variable developmental abnormalities''®. Our group recently characterized
a Trim28 haploinsufficiency that survives well into adulthood and old age and found that animals exhibit
exaggerated phenotypic variation, implicating Trim28, and by extension ERV dysregulation, in the control
of non-genetic non-environmental phenotypic outcomes, also known as unexpected phenotypic variation
(UPV)™. Trim28 is highly expressed in the brain and is known to silence ERV expression in mouse and
human neural progenitor cells®?',

Here, we identify transcriptional activation of TEs as a hallmark of PD and show that Trim28
haploinsufficiency triggers a PD-mimicking transcriptional state in the CNS. Supporting a potentially
causal association between ERV dysregulation and PD heterogeneity, reduced gene dosage of the TE
silencer Trim28 triggers transcriptional changes highly correlated to those measured in animal models of
synucleinopathy (intrastriatal injection of preformed fibrils of alpha-synuclein), and importantly, to those
exhibited by patients themselves. We find that PD patients exhibit up-regulated ERV transcripts in
prefrontal cortex (PFC) tissue, in PFC neurons, as well as in blood, using multiple cohorts. By comparing
samples ipsi- and contra-lateral to symptom onset, we demonstrate that ERV up-regulation is coupled to
PD severity, findings that are also consistent with the idea that neuroinflammation contributes towards PD
etiology. These data identify ERV dysregulation and Trim28 haploinsufficiency as novel features of PD
heterogeneity and experimental synucleinopathy. They highlight potential utility of Trim28-dependent TEs
in PD diagnosis, stratification and treatment compliance.
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RESULTS

TEs are up-regulated in PD prefrontal cortex

We performed RNA-seq of bulk prefrontal cortex (PFC) tissue from patients with PD (N = 24) and a set of
healthy controls (N = 13) of Caucasian race 75.51 (+ 5.20 SD) years old. Thirteen of the PD samples
(termed ‘Matched’) were isolated from the brain hemisphere contralateral symptom onset. For the
remaining 11 PD samples (termed ‘Unmatched’) samples were taken from the ipsilateral hemisphere
relative to symptom onset. ‘Control’ samples were obtained from persons without known
neurodegenerative disease. After QC and data filtering we reliably quantified the expression of 19,883
genes and 202 TEs across all the samples. After normalization and variance correction we applied a
robust linear regression model to each gene and TE with and adjusted the model for age, sex, brain
hemisphere, post-mortem interval, estimated excitatory neuron proportion and other possible sources of
unknown variation using RUV (Risso 2014).

Focusing first on Matched PD samples, we identified 6,147 differentially expressed genes (DEGs) and 86
differentially expressed TE’s (DETEs) (Additional File 2), relative to controls. Interestingly, whereas
DEGs were more likely to be down-regulated relative to controls, DETEs were preferentially up-regulated,
suggesting a global impairment in TE silencing (Fig. 1a; p = 3.6 x 10® and p = 0.0085 for DEGs and
DETEs, respectively). These differences were validated in a parallel analysis of ‘Unmatched’ PD samples.
Interestingly, whereas DEGs showed no directional skew, TEs were once again up-regulated (OR = 4.00,
p = 0.05) relative to controls (Additional File 1: Figure S1a; OR = 1.03; Fisher’s exact test). Consistent
with the spatial progression of PD pathogenesis, the ‘Unmatched’ PD samples showed fewer DEGs
(3,393 genes) and DETEs (34 TEs). These data identified TE up-regulation as a feature of both early and
late PD pathology. Thus, transposable elements are derepressed in PD PFC.

Among the significantly affected TEs in the Matched PD group, we identified six DNA transposons (33%),
five short interspersed nuclear element (SINEs, 17%), 18 long terminal repeat (LTRs, 28%) and 53 long
interspersed nuclear element (LINE, 68%) families (Fig. 1b). Interestingly, when analyzed by TE class,
only LTR elements showed significant up-regulation, a finding which again replicated in both the Matched
and Unmatched PD groups (Additional File 1: Figure S1b). These results suggest that loss of TE
repression, and particularly LTR elements, may play a role in PD pathogenesis.

Focussing on dysregulated LTRs in Matched PD, we found that the majority of differentially regulated
elements were from the ERVL and ERVL-MaLR families, with MLT2B3, LTR70, MLT1H1, and THE1D
showing both high average expression and up-regulation. LTR12B elements (ERV1 sub-family) were the
most expressed and up-regulated (Fig. 1¢), a finding that again replicated in Unmatched PD samples
(Additional File 1: Figure S1c). LTR12B therefore was the most abundant and up-regulated ERV1 in PD
samples. Of all investigated LINE elements, only those belonging to the L1 family showed differential
expression. L1s showed the highest average expression in both Matched and Unmatched PD samples to
controls (Fig. 1d, Additional File 1: Figure S1d).

We next tested for evidence of co-regulation between TEs and genes. We performed gene set
enrichment analysis (GSEA), and in a second step, correlated the GSEA results with DETE dysregulation.
Of > 7,000 pathways investigated, we found 213 up- and 608 down-regulated in Matched PD relative to
controls (FDR q < 0.05; Additional File 3). Intriguingly, the enrichments included up-regulated clusters of
immune response pathways including ‘positive regulation of immune response’ (GO:0050778), ‘response
to external biotic stimulus’ (GO:0043207), and ‘diseases associated with TLR signaling cascade’
(R-HSA-5602358.1) (Fig. 1e), pathways whose activation has been associated with exogenous and
endogenous viral activation. Consistent with our previous results, parallel analysis of Unmatched PD
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samples showed a highly overlapping set of pathway dysregulation, once again with more modest
enrichment scores (Additional File 3). Similar to the Matched-PD analysis, the enriched pathways
included clusters associated with defense response and inflammation (Additional File 1: Figure S1e).
While the ‘defense response to virus’ (GO:0051607) was up-regulated, ‘viral life cycle’ (GO:0019058) and
‘viral process’ (G0O:0016032) pathways were both down-regulated in Matched PD analysis. Collectively,
these results suggested that increased TE expression may induce viral mimicry responses and
inflammation in the PD brain.

Next, for each TE and cluster of pathways in Fig. 1e we fit a linear mixed effects model with gene
expression as the response variable. Intriguingly, with the exception of LTR41, TEs had negative
associations with pathway expression (FDR q < 0.05; Fig. 1f). Further, a highly co-varying matrix of
TE-to-pathway regulation was observed for those pathways down-regulated in PD. Specifically, pathways
associated with respiration and metabolism, HIV, macroautophagy, neuronal projection development,
synaptic transmission, and translation were inversely associated with a large number of TEs (Fig. 1f).

Thus, TE activation or misexpression is a novel genomic feature of both mild (Unmatched) and
progressed (Matched) PFC pathogenesis in human PD. The identified TE-dysregulation-associated gene
expression changes support PD pathogenesis models that include viral mimicry and infection-based
triggering in PD etiology.

TEs are up-regulated in sorted PFC neuronal nuclei in PD

To gain insight into the cellular origin of the TE expression signature, we performed RNA-seq of sorted
neurons of PFC brain tissue samples of the same Matched (N = 13) and Unmatched (N = 11) PD samples
and healthy controls (N = 14). We obtained 15,871 genes and 150 TEs reliably quantified across all
samples. After normalization and variance correction we applied a robust linear regression model to each
gene with condition as the dependent variable. We adjusted the models for patient age, sex, post-mortem
interval, brain hemisphere and possible sources of unknown unwanted variation estimated using RUV.

Comparing Matched PD samples to controls, we identified 851 DEGs and 6 DETEs (Additional File 4).
DEGs skewed towards up-regulation (OR = 1.75, p = 4.5 x 10", Fisher’s exact test), and, consistent with
the observations made in bulk PFC tissue, all DETEs were up-regulated (Fig. 2a). Notably, whereas the
Unmatched PD sample analysis validated a DEG skew towards up-regulation (OR = 1.36, p = 0.003), no
statistically significant up-regulation of TE expression was detected (OR = 3.51, p = 0.4, Fisher’s exact
test). Importantly, analysis comparing Matched and Unmatched PD differential expression showed a very
strong correlation for both DEGs and DETEs (Pearson r = 0.68, p < 2.2 x 10% and r = 0.57, p = 1.57 x
10" respectively) indicating high similarity between the transcriptional dysregulation in the two conditions.
Consistent with the idea that contralateral pathology tends to be more progressed relative to the ipsilateral
hemisphere, DEGs were more strongly dysregulated when comparing Matched to Controls than it was
when comparing Unmatched to Controls (mean difference 0.12, p = 3.94 x 10"%and 0.26, p = 6.74 x 10
among the up-regulated genes and TEs, respectively, and mean difference -0.15, p = 9.32 x 102 and
-0.21, p = 0.04 among the down-regulated genes and TEs, respectively, paired t-test, Additional File 1:
Figure S2a ).

As with the whole PFC tissue analysis we performed GSEA for both the Matched and Unmatched PD
analyses. We tested for correlation of normalized pathway enrichment scores in Matched vs Controls and
Unmatched vs Controls and found it to be significant (Pearson correlation r = 0.77, p < 2.2 x 10"® and
overlap of significantly enriched pathways OR = 5.77, p < 2.2 x 1076 Fisher's exact test; Fig. 2b).
Neurodegeneration, Parkinson’s and Alzheimer’s disease as well as Herpes simplex virus and salmonella
infection pathways as defined in the KEGG database were significantly enriched (Fig. 2c; and Additional
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File 1: Figure S2b for Unmatched). Using enrichment map gene sets from Bader lab and clustering the
top 50 most dysregulated pathways we identified multiple PD-related clusters (Fig. 2d). In addition to a
strong set of enrichments for cell-signaling cascades including acetylcholine and GPCR signaling, several
viral pathways including viral mRNA translation (Reactome pathway R-HSA-192823.3) were also
observed (Additional File 5 and Additional File 1: Figure S2c for Unmatched). Thus, PFC neurons
exhibit progressive TE derepression.

Within the large set of DETEs, MLT1J2-int and LTR12B were both differentially expressed in bulk and
sorted neuron data. The expression of LTR12B in sorted neuronal data also correlated with that in bulk
tissue (Pearson r = 0.78, p = 2.1 x 10%). These data suggested that LTR12B expression changes in bulk
tissue are driven by the neuronal compartment of that tissue. We therefore asked whether the expression
of LTR12B or MLT1J2 might be associated with the expression of genes in neuronal tissue. Using linear
regression we identified N = 328 genes correlated with expression of LTR12B and N = 184 genes
correlated with expression of MLT1J2 (robust linear regression adjusted for condition, brain hemisphere,
age, sex, PMI and two RUV vectors representing unwanted variation; Additional File 6). Dataset
intersection revealed 14 genes that correlated with both of these TEs, an overlap that exceeded random
expectation (OR = 4.44, p = 1.04 x 10°) and an analysis that suggested these were acting in concert
(Pearson r = 0.82, p = 3.6 x 10™). Intriguingly, the genes included NEURL1, HHIP-AS1, VWC2, ARLNC1,
MIR4500HG, PMS2P3, SMARCE1P5, ANOS1, LRRIQ1, and NIPA2, many of which have previously been
associated with PD and neurodegeneration?-%, Interestingly, MTL1J2 was primarily associated with
down-regulated pathway signatures including signaling and negative regulation of cell death (Fig. 2e,
Additional File 7). LTR12B was positively associated with pathways pertaining to cellular respiration and
regulation of PAK-2p34 by proteosome mediated degradation (Fig. 2f, Additional File 7). These findings
suggest that activated HERV and LINE element expression might trigger or modulate apoptosis in the PD
brain.

TEs are up-regulated and dynamic in peripheral blood of PD patients

The data above identified TE dysregulation as a potential new feature of PD pathology and one that
exhibits strong associations with viral mimicry and infection-like gene expression signatures. Substantial
evidence in the literature supports the hypothesis that PD is originally triggered in the periphery through
infection. We therefore tested whether similar associations were measurable in the patient periphery in
PD (ie. outside the CNS). We analyzed whole blood RNA-seq data provided by the Parkinson’s
Progression Markers Initiative (PPMI) and evaluated gene and transposable element expression
differences between patients with PD (N = 324), Prodromal patients with PD (N = 29) and healthy,
age-matched control individuals (N = 167) of Caucasian race, with a mean age of 62.38 + 10.04 SD. We
analyzed data from samples obtained longitudinally, over five visits (0, 6, 12, 24, 36 months), starting from
the date of disease diagnosis (0 months). After QC and preprocessing we obtained 17,105 genes and
135 TE reliably quantified across all samples. As above, we applied a multivariate linear regression model
after normalization and variance correction, correcting for visit, age, and sex as well as technical
parameters (sample position on the plate, sample collection phase, center number) and unknown sources
variation.

Comparisons of whole blood transcriptomes of PD and control samples identified 3,497 DEGs and 21
DETEs (FDR g < 0.05, least squares linear regression, Additional File 8). Intriguingly, both genes and
TEs were once again skewed towards up-regulation (OR = 1.68 and OR = 2.65 respectively; Fig. 3a).
Among the 21 DETEs, 19 were up-regulated (Fig. 3b). Importantly, and in keeping with the PFC analysis
in Fig. 1, we observed up-regulated TEs in each class, and binomial regression indicated that this
association was again driven by LTR transposable elements.
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GSEA analysis identified 863 up-regulated and 254 down-regulated pathways at FDR q < 0.05 when
comparing PD to Control samples (Additional File 9). Clustering of the top 50 most significantly
up-regulated and 50 most down-regulated pathways revealed DNA replication, RNA maodification, and
mitochondrial translation clusters down-regulated in PD, while oxidative stress, mitochondrial function and
numerous immune response pathways including IL6, IL1b and type-1 interferon (viral) response pathways
were up-regulated (Fig 3c). Together with the findings above, these data demonstrate hallmark features
of PD transcriptional dysregulation found in the brain are already present in peripheral blood as early
diagnosis. They support PD pathogenesis models where PD is considered a systemic inflammatory
disease .

Comparisons of Prodromal PD with Controls at baseline visit identified substantially fewer DEG’s (1,700)
and 14 DETEs (FDR g < 0.05; least squares linear regression). Once again DEG’s trended towards
transcriptional up-regulation (OR = 1.09, p = 0.11; Additional File 1: Figure S3a; Additional File 8).
From a statistical standpoint, it is noteworthy that in addition to milder disease severity in the Prodromal
individuals, the sample number was much smaller than the PD group. Interestingly, TEs in Prodromal PD
were down-regulated relative to Controls despite a strong positive correlation in both differential gene
expression (Pearson r = 0.29, p < 2.2 x 1075, Additional File 1: Figure S3b) and DETEs (Pearson r =
0.28, p = 0.001; Additional File 1: Figure S3c) when comparing the PD and Prodromal PD responses to
Control. Normalized Enrichment Scores between the two conditions showed substantial overlap of
significant pathways (r = 0.33, p < 2.2 x 10" and OR = 4.59, p < 2.2 x 107'®; Pearson correlation and
Fisher's exact test) though it is noteworthy that the co-regulation amongst the top 100 differentially
regulated pathways were substantially different (Figure S3d). Thus, while central transcriptional features
of PD can be observed in the periphery as early as diagnosis, from a blood transcriptome point of view
the prodromal PD is distinct from post-diagnosis.

Since TE up-regulation appeared to be triggered at or around PD diagnosis, we performed a dedicated
longitudinal analysis. The analysis revealed 6,058 DEGs (FDR < 0.05) and 66 DETEs associated in some
way with PD over time (Additional File 8). Unexpectedly, we observed a significant down-regulation of
both genes and TEs with time (OR = 0.88, p = 5.56 x 10 and OR = 0.07, p = 1.59 x 10°° for genes and
TEs, respectively; Fisher’'s exact test; Additional File 1: Figure S4a), a finding reciprocal to the baseline
comparison of PD samples against Controls. Thus, blood transcriptome activation is a hallmark feature of
PD that attenuates over time.

Given that the PPMI sample set zero time point is the time of diagnosis, we hypothesized that the
attenuation of these inflammatory signatures might be linked to the initiation of PD treatment. A
comparison between PD-associated gene expression and the genes that change progressively over time
in PD revealed a strong correlation indicating that PD is also a progressive disease from the perspective
of the blood transcriptome (r = 0.37, OR = 1.47, p < 2.2 x 107, Additional File 1: Figure S4b).
Noteworthy, DETEs exhibited the opposite association, if any (OR = 0.2; Additional File 1: Figure S4c).
Indeed, analysis of TE dynamics over time showed a significant association between reduced
transposable element expression and its significance in PD over time (p = 3.91 x 10%, binomial
regression,), a statistical effect that was significantly driven by LTR TEs (p = 5.66 x 10, binomial
regression; Additional File 1: Figure S4d).

Altogether, the collective PD transcriptional analyses identify PFC TE up-regulation as a novel feature of
PD; they indicate that TE up-regulation is triggered in the periphery at or around disease onset; that TE
up-regulation ceases and in some cases reverses upon diagnosis and treatment onset; and, the data
identify LTR TEs as potential novel mediators or readouts of PD medication efficacy and compliance.
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A Trim28/ERYV axis buffers against variability in PFF-triggered pathology

Finally, we aimed to test whether TE up-regulation might play a causal role in PD pathogenesis. We
generated mice harboring a heterozygous loss-of-function mutation in the TE silencing factor Trim28
(Trim28*"°) and challenged those animals with a PD-mimicking alpha-synuclein preformed fibril (PFF)
injections into the dorsal striatum. The experimental groups consisted of the two genotypes (WT and
Trim28*®°) for which groups of sham-treatment (PBS) and PFF injection were both run. Animals were
euthanized after one month to avoid indirect or secondary effects. In addition to histopathology, RNA-seq
was performed on a total of N = 38 substantia nigra brain samples.

We first performed a baseline characterization of the model. After QC and preprocessing we used
multivariate linear regression to adjust for age, sex, lean and fat mass as well as possible sources of
unknown variation. RNA-seq confirmed down-regulation of Trim28 gene expression in Trim28""° animals
(Additional File 1: Figure S5a). Consistent with the role of Trim28 as a repressor of TE expression,
Trim28*®° animals showed modest up-regulation of TEs at baseline (Fig. 4a; Additional File 11). Similar
to our observations in PD patient neuronal and blood datasets, TE up-regulation was accompanied by a
skew towards genic down-regulation (OR = 0.67, p = 9.7x10® and OR = Inf, p = 0.08 for genes and TEs,
respectively; Fisher’s exact test; Fig. 4a). Five of the 6 significantly dysregulated TEs were ERVs of LTR
class which is consistent with Trim28 literature (Fig. 4b). Intriguingly given the lack of obvious behavioral
phenotypes in most Trim28""° mice, GSEA identified 172 up-regulated and 1,181 down-regulated
pathways (FDR q < 0.05; Additional File 12). Cytokine signaling in the immune system, cell recruitment
(pro-inflammatory response) pathway clusters as well as viral infection KEGG pathways were enriched
(FDR g < 0.05; Additional File 1: Figure S5b,c). Immunohistological examination of sham-operated
animals showed no evidence of pathology in either Trim28*"° or WT animals (PBS groups; Fig. 4c).
Thus, Trim28*"° mice exhibit PD-like precocious TE activation and related gene expression effects.

Next, we examined the effect of PFF-injection itself. We observed significantly increased misfolded alpha
synuclein pathology scores (pSER129) in isolated substantia nigra and isocortex tissues for both WT and
Trim28 heterozygous mice injected with PFF as compared to PBS injected WT controls (Fig. 4c;
Additional File 10). The latter was expected given the low dose applied, the early time point used and
the small fraction of each sample that displayed substantial pathology. While the trend was
non-significant, Trim28*"° animals injected with PFFs showed the greatest level of isocortex pathology
(Fig. 4c), and potentially interesting given previous work on Trim28, the greatest variability in pathological
scores. From the genomic perspective, PFF injection alone showed modest effects on gene expression
relative to the effect of the Trim28"P° mutation with 105 differentially expressed genes and a skew
towards up-regulation (OR = 1.90, p = 0.002; Fisher’s exact test; Fig. 4d; Additional File 11); and
up-regulation of 1 TE (Additional File 11), a LINE L1 subclass TE (Additional File 1: Figure S5d).
Importantly, gene and TE expression changes induced by PFF injection and Trim28 knockout were highly
correlated (Pearson correlation r = 0.5, p<2.2x 10" and r =0.49, p = 2.9 x 1078, respectively; Fig. 4e,f).
Early PFF-induced pathology triggers transcriptional changes similar to those triggered by reduced
Trim28-dependent silencing, including TE up-regulation. Collectively, these data are consistent with a
two-compartment model where genotype generates a widespread genomic predisposition and a second
event (in this case PFFs) triggers pathology.

Finally, to understand whether Trim28*®° triggered ERV up-regulation activates similar pathways to those
observed in human PD samples, we tested for overlap in dysregulated gene sets across experiments.
From the 4,997 pathways analyzed in both mice and bulk human brain tissue we identified 160 pathways
that were significantly enriched in both datasets, a rate significantly higher than expected by chance (OR
= 2.16, p = 1.32 x 10"'?; Fisher’s exact test). We found 71 pathways that were significantly down-regulated
in both Trim28*"° mouse and contralaterally Matched PD samples (OR = 3.73, p = 3.2 x 107'%; Fisher’s
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exact test). Consistent with human analyses, numerous viral response pathways including ‘viral process’
(G0O:0016032), ‘viral life cycle’ (G0O:0019058), and ‘regulation of apoptosis’ (R-HSA-169911.2) were
among the down-regulated pathways (Fig. 5). Thus, the coding and non-coding genome regulation
observed in human PD shows a significant similarity to the effects of partial Trim28 loss-of-function.

DISCUSSION:

Our study identifies transcriptional activation of TEs as a hallmark of PD and provides a systematic
characterization of the landscape of transcriptional dysregulation in PD prefrontal cortex and in blood. The
data demonstrate that intrastriatal injections of aSyn PFFs can trigger genome-wide transcriptional
dysregulation in the striatum that mimics partial loss of Trim28, suggesting a potential role for
destabilization of ERV repression in PD. These data add to previous work in the field showing that Trim28
is necessary for normal aSyn and Tau expression levels 26?° and that loss of Trim28 during
neurodevelopment triggers neuroinflammation 0. Collectively, our data together suggest a model where
Trim28-dependent suppression of TE expression protects from neuroinflammation. Importantly, our
comparative analysis of human PPMI resources with the Trim28"™ (to mimic physiological
downregulation) shows that PD shares similarities with a Trim28 haploinsufficient state.

Our findings have four main implications important for understanding PD. First, we find that expression of
LINEs and ERVs is up-regulated in prefrontal cortex tissue and in the blood of advanced stage PD
patients. The data show consistent up-regulation of TEs and that this signature is more pronounced on
the side of the brain associated with disease symptom onset. TE upregulation is less evident among
prodromal patients. The data indicate that TE dysregulation is a dynamic and common feature of PD.
Aberrant expression of LINE and endogenous retrovirus (ERV) elements were the most prominent,
though variation in TE family dysregulation was observed across tissue types. PD therefore joins a
growing group of neuronal diseases whose severity correlates with increased ERV expression 2, HERV
expression can be re-activated in a chromatin and sequence-specific manner during infection and aging
4345 and identifying the relevant mechanistic intermediaries represents an important next step for the field.
Studies in multiple sclerosis, Alzheimer’s disease, schizophrenia, amyotrophic lateral sclerosis, and PD
have found ERV expression in the cerebrospinal fluid in post-mortem brain biopsies too. Our work
indicates that ERV expression dynamics are coupled to events that coincide with diagnosis and/or
treatment. The potential of ERVs as biomarkers should therefore be explored. While the downstream
effects of ERVs in neurological disorders remains enigmatic, there is evidence that activation of the innate
immune response is involved®#'.

The data also identify an association between precocious ERV expression and cell death in neuronal
tissue. We demonstrate enrichment of pathways related to immune response, response to viral infection
in both bulk and sorted neuron tissues as well as in blood, pathways expected to exacerbate inflammatory
PD phenotypes. We show that genes correlating with ERV expression are enriched in apoptosis related
pathways and associated up-regulation of cellular respiration. We hypothesize that neuroinflammation
and cell death is triggered, at least in part, by an innate immune response to aberrant HERV activation.
Interestingly, the occurrence of PD is known to be inversely associated with cancer in epidemiological
studies “¢, and retrotransposon activation has been shown to induce cancer resistance through cell death
regulation, at least in select contexts “7. It will be important to test in PD models whether ERV expression
represents a double-edged sword.
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Finally, we find evidence that synucleinopathy (PFF injection) and ERV up-regulation elicit overlapping
responses in murine experimental PD. Comparing transcriptional signatures of Trim28 haploinsufficiency
and PFF injection, we identified substantial similarity in the transcriptional responses and showed these to
be enriched for inflammatory expression patterns. PFF injection in wild-type mice alone, however, did not
elicit an obvious effect on ERV expression. Taking into consideration the very small fraction of any given
sample (tissue section) that contains pathology in those assays, it remains unclear from our data whether
PFFs are sufficient to generate an ERV response.

Since Trim28 haploinsufficiency leads to ERV derepression and since Trim28 knockout mice do not
exhibit PD phenotypes on their own, the data would suggest that it is the ERV activation, and not other
PD related processes, that activates viral response and apoptosis pathways in PD. Given the association
between ERV up-regulation and PD severity, it will be interesting to see if suppression of ERV expression
specifically might slow down neurodegeneration in PD and thus provide therapeutic benefit. Indeed,
anti-inflammatory and antiviral drugs have already been shown through epidemiological studies to be
associated with reduced PD incidence 4¢-%°.
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prefrontal cortex neurons comparing Unmatched PD to control brain samples. Figure S3. Differential
expression of genes and transposable elements (TEs) in the blood of prodromal PD patients. Figure S4.
Longitudinal expression changes of genes and TEs in blood of PD patients. Figure S5. Gene set
enrichment analysis of Trim28 heterozygous knockout mouse samples.

Additional File 2 (.xIsx): Differential expression statistics of genes and TEs in bulk prefrontal cortex
neuron tissue.
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Additional File 4 (.xIsx):: Differential expression statistics of genes and TEs in sorted neuronal nuclei.
Additional File 5 (.xIsx): Sorted neuronal nuclei GSEA analysis results table for each contrast.

Additional File 6 (.xIsx): Summary statistics of gene correlation with LTR12B and MLT1J2 transposable
elements.

Additional File 7 (.xlsx): GSEA analysis of gene correlation with LTR12B and MLT1J2 transposable
elements.

Additional File 8 (.xIsx): Differential expression statistics of genes and TEs in peripheral blood of PD
patients

Additional File 9 (.xIsx): GSEA analysis results in peripheral blood of PD patients.
Additional File 10 (.xIsx). Animal pathogenicity scores

Additional File 11 (.xIsx). Summary statistics of differential expression analysis in Trim28+/D9, wild-type,
PBS and PFF-injected mice.

Additional File 12 (.xIsx). GSEA results of differential expression analysis in Trim28+/D9, wild-type, PBS
and PFF-injected mice.

Additional File 13 (.xIsx). Demographic and clinical information of samples.
METHODS

Prefrontal Cortex Tissues Samples

Prefrontal cortex tissue were obtained from the Parkinson’s UK Brain Bank, NIH Neuro-BioBank, and
Michigan Brain Bank, with approval from the ethics committee of the Van Andel Research Institute (IRB
#15025). For each individual, we have information on demographics (age and sex assigned at birth),
tissue quality (postmortem interval, tissue quality/RIN score), and clinical variables (PD diagnosis),
provided in Additional File 13. Control individuals had pathologically normal brains (and verified to have
no brain Lewy body pathology), while PD cases were pathologically confirmed to have brain Lewy body
pathology. Neurons of the prefrontal cortex were examined in this study because 1) this brain region plays
an important role in PD 5!, 2) pathology does spread to this brain region 2, and 3) prefrontal cortex
neurons still exist in the postmortem PD brain . Neuronal nuclei isolation from prefrontal cortex tissue
was done by a flow cytometry-based approach, as described 5.

Prefrontal Cortex RNA Sequencing Libraries

We used RNA-seq to profile the gene and TE transcriptome in both bulk and neuronal prefrontal cortex
samples from PD and healthy controls. Total RNA was isolated using the standard TRIzol protocol and
re-suspended in 85 uL of ultrapure distilled water (Invitrogen). DNase treatment was performed with the
RNase-Free DNase kit (Qiagen) using 5 yL DNase | and 10 yL RDD buffer, followed by a column cleanup
using the RNeasy Mini kit (Qiagen) with two additional washes (75% ethanol) before elution. RNA
quantity was assessed by Nanodrop 8000 (Thermo Scientific) and quality was assessed with an Agilent
RNA 6000 Nano Kit on a 2100 Bioanalyzer (Agilent Technologies, Inc.). RNA-seq libraries were prepared
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by the Van Andel Genomics Core from total RNA using the KAPA RNA HyperPrep Kit with RiboseErase
(v1.16) (Kapa Biosystems). Base calling was done by lllumina NextSeq Control Software (NCS; v2.0),
and the output of NCS was demultiplexed and converted to FastQ format with lllumina Bcl2fastq (v1.9.0).

Parkinson’s progression markers initiative (PPMI) Samples

This study was done in collaboration with the Parkinson’s progression marker initiative (PPMI). PPMI
provided RNA sequencing data from whole blood of PD and healthy control patients unaffected by
neurologic diseases. The PPMI cohort contains multiple samples of the same patients across three years.
At enrollment, PD patients were required to be untreated with PD medications (levodopa, dopamine
agonists, MAO-B inhibitors, or amantadine), within 2 years of diagnosis, Hoehn and Yahr score of less
than three, and to have either at least two of resting tremor, bradykinesia, or rigidity (must have either
resting tremor or bradykinesia). PD patients also had to show a dopamine deficit via dopamine transporter
(DAT) imaging or vesicular monoamine transporter (VMAT-2) imaging. At enrolment the prodromal
patients were required to be over 60 years old, have no clinical diagnosis of PD, parkinsonism or
dementia, have REM sleep behavior disorder (RBD) and Hyposmia based on UPSIT testing. Healthy
controls at enrolment have no current or active clinically significant neurological disorder, no first-degree
relative with PD, and normal dopamine levels via DAT imaging.

Generation of Trim28 Mice

Trim28*°° were initially generated during N-ethyl-N-nitrosourea mutagenesis screenings as described in
Blewitt et al., 2005 %, described therein as modifiers of murine metastable epialleles D9 (MommeD9). The
phenotypic variation of this line was further characterized in '°, demonstrating that the mutants with
aberrant ERV expression in adipose tissue have increased adiposity. Animals were under a 12 hour
day/night cycle, and housed based on international guidelines. Food and water administered ad libitum.

Stereotactic injections

Purification of recombinant full-length mouse a-syn fibrils (PFFs) was performed as previously described
%657 On the day of stereotactic injection, PFFs were thawed, sonicated at room temperature by probe
sonication (Misonix XL2020, pulse sonication at 50% amplitude with 1 sec on and 1 sec off for 2 minutes
of total sonication time) and kept on ice for the duration of the surgical procedures. Animals of 20-22
weeks of age were anesthetized with isoflurane/oxygen mixture and stereotactically injected with either
sterile PBS or 1 ug PFFs (1 ug/uL) into the dorsal striatum (coordinates: AP +0.2 mm, L -2.0 mm, DV -2.6
mm relative to bregma and dural surface) with a 10 uL Hamilton microsyringe at a constant rate of 0.2 uL
per minute as previously described ®. The microsyringe was left in place for 3 minutes after injection, and
then slowly removed. This dosage was decided upon after a serial dilution was performed in C57B6J
animals and determined to be the lowest amount to induce pathology.

Tissue preparation

Tissue was collected when animals reached 36 weeks of age. Mice were anesthetized with
tribromoethanol and perfused transcardially with 0.9% saline, followed by 4% PFA in phosphate buffer.
Brains were harvested, post-fixed for 24 h in 4% PFA at 4°C, and cryoprotected in 30% sucrose in a
phosphate buffer for at least 3 days at 4°C or until taken for sectioning. The entire brain of each mouse
was cut into 40 ym free-floating coronal sections on a freezing microtome and stored in a cryoprotectant
solution consisting of 30% sucrose and 30% ethylene glycol in PBS at -20°C until immunostaining.
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Immunohistochemistry

Coronal free-floating sections were stained with one of the following primary antibodies (xyx). For
detection of the antibody with DAB, we utilized a peroxidase-based method (Vectastain ABC kit and DAB
kit; Vector Laboratories). Stained sections were mounted onto gelatin-coated glass slides, dehydrated,
and coverslipped with Cytoseal 60 mounting medium (Thermo  Fisher  Scientific).
Tyrosine-hydroxylase-stained and mounted sections were counterstained with Cresyl Violet prior to
dehydration and coverslipping.

RNA Sequencing Data Analysis

The same RNA sequencing data analysis pipeline was used for all human and mouse datasets as
follows. Adapter trimming, removal of PCR duplicates and quality filtering was performed using fastp
(v0.23.2) . Read alignment and gene counts were performed using STAR (v2.7.9a) ®. Reference
genome and gencode versions were GRCh38 and 38 for human and GRCm38 and M25 for mice
samples, respectively. TE counts were obtained using TEtranscripts (v2.2.1) ¢'. Gene counts matrix was
used to find DE genes. Combined gene and TE counts estimated by TEtranscripts were used to identify
DETEs. The count matrices were imported into R (4.1) and edgeR (v3.38.1) %2 was used to remove low
expressed genes prior to trimmed fastmean of M-values normalization. Voom variance stabilization and
robust or ordinary least squares regression implemented in limma (v3.50.1) ¢ was used to identify DE
genes and TEs. The regression models were adjusted for known confounders as well as sources of
unknown variation, which were determined using stable control genes (p value = 0.5) using the RUVseq
Bioconductor package (v1.28.0) %. Multiple testing correction was performed using Benjamini-Hochberg
correction.

For the bulk prefrontal cortex samples Cell-type deconvolution was performed using CIBERSORT % (100
permutations) with 834 brain cell-type-specific gene signatures ®. The robust linear regression models
were adjusted for diagnosis, age, sex assigned at birth, RIN, hemisphere, and neuronal proportion. For
the neuronal prefrontal cortex samples the robust linear regression models were adjusted for diagnosis,
age, sex assigned at birth, RIN, brain hemisphere, post-mortem interval, and sources of unknown
variation. For the sorted neurons of prefrontal cortex samples robust linear regression models were
adjusted for diagnosis, age, sex assigned at birth, brain hemisphere, post mortem interval and sources of
unknown variation. Analysis of the whole blood PPMI data was performed with a linear regression model
adjusted for the combination of diagnosis and month, sex assigned at birth, age, position, phase, sample
processing centre number and sources of unknown variation, with a blocking factor for patient
identification.

For the Trim28 heterozygous mice samples the robust linear regression models were adjusted for
condition, sex, lean mass at 16 weeks and adjusted fat mass. Condition was a combination of genotype
(either WT or heterozygous knockout) and injection (either PFF or PBS). The adjusted fat mass was
computed as residuals from a linear model where fat mass was the response variable and genotype and
sex were the independent variables.

Gene set enrichment analysis

Pathway enrichment was performed using GSEA (v4.1.0) software from
https://www.gsea-msigdb.org/gseal/index.jsp. Genes were ranked according to the sign of their DE fold
change and negative log transformed p value. Mouse and human gene set files (GMT) were downloaded
from Bader lab website on August 03 of 2022 5. 1000 permutations were performed to estimate pathway
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enrichment p values. Fifty of the most significant up-regulated pathways and fifty of the most significant
down-regulated pathways were clustered and their interaction networks were visualized using the aPEAR
package %. Each cluster was named after the most influential pathway within that cluster determined
using the PageRank algorithm. In addition to the above, R package clusterProfiler was used to obtain the
word cloud of the top 100 most significant pathways.


https://sciwheel.com/work/citation?ids=14661166&pre=&suf=&sa=0
https://doi.org/10.1101/2023.11.03.565438
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565438; this version posted November 5, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Bibliography

1. Willis, A. W. et al. Incidence of Parkinson disease in North America. npj Parkinsons Disease 8,
170 (2022).

2. Corti, O., Lesage, S. & Brice, A. What genetics tells us about the causes and mechanisms of
Parkinson’s disease. Physiol. Rev. 91, 1161-1218 (2011).

3. Kline, E. M. et al. Genetic and environmental factors in parkinson’s disease converge on
immune function and inflammation. Mov. Disord. 36, 25-36 (2021).

4. Klein, C. & Westenberger, A. Genetics of Parkinson’s disease. Cold Spring Harb. Perspect.
Med. 2, a008888 (2012).

5. Goldman, S. M. et al. Concordance for Parkinson’s disease in twins: A 20-year update. Ann.
Neurol. 85, 600-605 (2019).

6. Bloem, B. R., Okun, M. S. & Klein, C. Parkinson’s disease. Lancet 397, 2284-2303 (2021).

7. Ravel-Godreuil, C., Znaidi, R., Bonnifet, T., Joshi, R. L. & Fuchs, J. Transposable elements as
new players in neurodegenerative diseases. FEBS Lett. 595, 2733-2755 (2021).

8. Wells, J. N. & Feschotte, C. A field guide to eukaryotic transposable elements. Annu. Rev.
Genet. 54, 539-561 (2020).

9. Saleh, A., Macia, A. & Muotri, A. R. Transposable elements, inflammation, and neurological
disease. Front. Neurol. 10, 894 (2019).

10. Zhou, B. et al. Endogenous Retrovirus-Derived Long Noncoding RNA Enhances Innate Immune
Responses via Derepressing RELA Expression. MBio 10, (2019).

11. Chuong, E. B., Elde, N. C. & Feschotte, C. Regulatory evolution of innate immunity through
co-option of endogenous retroviruses. Science 351, 1083-1087 (2016).

12. Pfaff, A. L., Bubb, V. J., Quinn, J. P. & Koks, S. An Increased Burden of Highly Active
Retrotransposition Competent L1s Is Associated with Parkinson’s Disease Risk and
Progression in the PPMI Cohort. Int. J. Mol. Sci. 21, (2020).

13. Shin, W. et al. Human-specific HERV-K insertion causes genomic variations in the human


https://sciwheel.com/work/bibliography
https://sciwheel.com/work/bibliography/14094912
https://sciwheel.com/work/bibliography/14094912
https://sciwheel.com/work/bibliography/715463
https://sciwheel.com/work/bibliography/715463
https://sciwheel.com/work/bibliography/10190131
https://sciwheel.com/work/bibliography/10190131
https://sciwheel.com/work/bibliography/715477
https://sciwheel.com/work/bibliography/715477
https://sciwheel.com/work/bibliography/10946566
https://sciwheel.com/work/bibliography/10946566
https://sciwheel.com/work/bibliography/10879417
https://sciwheel.com/work/bibliography/13234882
https://sciwheel.com/work/bibliography/13234882
https://sciwheel.com/work/bibliography/9780389
https://sciwheel.com/work/bibliography/9780389
https://sciwheel.com/work/bibliography/9222652
https://sciwheel.com/work/bibliography/9222652
https://sciwheel.com/work/bibliography/13579470
https://sciwheel.com/work/bibliography/13579470
https://sciwheel.com/work/bibliography/1273188
https://sciwheel.com/work/bibliography/1273188
https://sciwheel.com/work/bibliography/10225452
https://sciwheel.com/work/bibliography/10225452
https://sciwheel.com/work/bibliography/10225452
https://sciwheel.com/work/bibliography/4473430
https://doi.org/10.1101/2023.11.03.565438
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565438; this version posted November 5, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

genome. PLoS ONE 8, e60605 (2013).

14. Grassi, D. A., Jonsson, M. E., Brattas, P. L. & Jakobsson, J. TRIM28 and the control of
transposable elements in the brain. Brain Res. 1705, 43—-47 (2019).

15. lyengar, S. & Farnham, P. J. KAP1 protein: an enigmatic master regulator of the genome. J.
Biol. Chem. 286, 26267—26276 (2011).

16. Sripathy, S. P., Stevens, J. & Schultz, D. C. The KAP1 corepressor functions to coordinate the
assembly of de novo HP1-demarcated microenvironments of heterochromatin required for
KRAB zinc finger protein-mediated transcriptional repression. Mol. Cell. Biol. 26, 8623-8638
(2006).

17. Cammas, F. et al. Mice lacking the transcriptional corepressor TIF1beta are defective in early
postimplantation development. Development 127, 2955-2963 (2000).

18. Messerschmidt, D. M. et al. Trim28 is required for epigenetic stability during mouse oocyte to
embryo transition. Science 335, 1499-1502 (2012).

19. Dalgaard, K. et al. Trim28 Haploinsufficiency Triggers Bi-stable Epigenetic Obesity. Cell 164,
353-364 (2016).

20. Brattas, P. L. et al. TRIM28 controls a gene regulatory network based on endogenous
retroviruses in human neural progenitor cells. Cell Rep. 18, 1-11 (2017).

21. Fasching, L. et al. TRIM28 represses transcription of endogenous retroviruses in neural
progenitor cells. Cell Rep. 10, 20-28 (2015).

22. Jabbari, E. et al. Proximity extension assay testing reveals novel diagnostic biomarkers of
atypical parkinsonian syndromes. J. Neurol. Neurosurg. Psychiatr. 90, 768—773 (2019).

23. Lee, S., Kong, S. & Xing, E. P. A network-driven approach for genome-wide association
mapping. Bioinformatics 32, i164—i173 (2016).

24. Phung, D. M. et al. Meta-Analysis of Differentially Expressed Genes in the Substantia Nigra in
Parkinson’s Disease Supports Phenotype-Specific Transcriptome Changes. Front. Neurosci. 14,
596105 (2020).

25. Lamontagne-Proulx, J. et al. Portrait of blood-derived extracellular vesicles in patients with


https://sciwheel.com/work/bibliography/4473430
https://sciwheel.com/work/bibliography/12072313
https://sciwheel.com/work/bibliography/12072313
https://sciwheel.com/work/bibliography/1027966
https://sciwheel.com/work/bibliography/1027966
https://sciwheel.com/work/bibliography/186008
https://sciwheel.com/work/bibliography/186008
https://sciwheel.com/work/bibliography/186008
https://sciwheel.com/work/bibliography/186008
https://sciwheel.com/work/bibliography/43221
https://sciwheel.com/work/bibliography/43221
https://sciwheel.com/work/bibliography/976161
https://sciwheel.com/work/bibliography/976161
https://sciwheel.com/work/bibliography/1295860
https://sciwheel.com/work/bibliography/1295860
https://sciwheel.com/work/bibliography/3015614
https://sciwheel.com/work/bibliography/3015614
https://sciwheel.com/work/bibliography/121771
https://sciwheel.com/work/bibliography/121771
https://sciwheel.com/work/bibliography/11354414
https://sciwheel.com/work/bibliography/11354414
https://sciwheel.com/work/bibliography/1632746
https://sciwheel.com/work/bibliography/1632746
https://sciwheel.com/work/bibliography/13184084
https://sciwheel.com/work/bibliography/13184084
https://sciwheel.com/work/bibliography/13184084
https://sciwheel.com/work/bibliography/14167848
https://doi.org/10.1101/2023.11.03.565438
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565438; this version posted November 5, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Parkinson’s disease. Neurobiol. Dis. 124, 163-175 (2019).

26. Novak, G. et al. Single-cell transcriptomics of human iPSC differentiation dynamics reveal a
core molecular network of Parkinson’s disease. Commun. Biol. 5, 49 (2022).

27. Tansey, M. G. et al. Inflammation and immune dysfunction in Parkinson disease. Nat. Rev.
Immunol. 22, 657-673 (2022).

28. Rousseaux, M. W. et al. TRIM28 regulates the nuclear accumulation and toxicity of both
alpha-synuclein and tau. eLife 5, (2016).

29. Rousseaux, M. W. et al. Depleting Trim28 in adult mice is well tolerated and reduces levels of
a-synuclein and tau. eLife 7, (2018).

30. Jonsson, M. E. et al. Activation of endogenous retroviruses during brain development causes
neuroinflammation. BioRxiv (2020) doi:10.1101/2020.07.07.191668.

31. Douville, R,, Liu, J., Rothstein, J. & Nath, A. Identification of active loci of a human endogenous
retrovirus in neurons of patients with amyotrophic lateral sclerosis. Ann. Neurol. 69, 141-151
(2011).

32. Garson, J. A., Tuke, P. W., Giraud, P., Paranhos-Baccala, G. & Perron, H. Detection of
virion-associated MSRV-RNA in serum of patients with multiple sclerosis. Lancet 351, 33
(1998).

33. Guo, C. et al. Tau activates transposable elements in alzheimer’s disease. Cell Rep. 23,
2874-2880 (2018).

34. Karlsson, H. et al. Retroviral RNA identified in the cerebrospinal fluids and brains of individuals
with schizophrenia. Proc Natl Acad Sci USA 98, 4634—4639 (2001).

35. Andrews, W. D. et al. Detection of reverse transcriptase activity in the serum of patients with
motor neurone disease. J. Med. Virol. 61, 527-532 (2000).

36. Li, W. et al. Human endogenous retrovirus-K contributes to motor neuron disease. Sci. Transl.
Med. 7, 307ra153 (2015).

37. MacGowan, D. J. L. et al. A controlled study of reverse transcriptase in serum and CSF of

HIV-negative patients with ALS. Neurology 68, 1944—1946 (2007).


https://sciwheel.com/work/bibliography/14167848
https://sciwheel.com/work/bibliography/13878335
https://sciwheel.com/work/bibliography/13878335
https://sciwheel.com/work/bibliography/12607743
https://sciwheel.com/work/bibliography/12607743
https://sciwheel.com/work/bibliography/3342672
https://sciwheel.com/work/bibliography/3342672
https://sciwheel.com/work/bibliography/7370829
https://sciwheel.com/work/bibliography/7370829
https://sciwheel.com/work/bibliography/9360031
https://sciwheel.com/work/bibliography/9360031
https://sciwheel.com/work/bibliography/3050748
https://sciwheel.com/work/bibliography/3050748
https://sciwheel.com/work/bibliography/3050748
https://sciwheel.com/work/bibliography/8215640
https://sciwheel.com/work/bibliography/8215640
https://sciwheel.com/work/bibliography/8215640
https://sciwheel.com/work/bibliography/6727701
https://sciwheel.com/work/bibliography/6727701
https://sciwheel.com/work/bibliography/610962
https://sciwheel.com/work/bibliography/610962
https://sciwheel.com/work/bibliography/9857309
https://sciwheel.com/work/bibliography/9857309
https://sciwheel.com/work/bibliography/790679
https://sciwheel.com/work/bibliography/790679
https://sciwheel.com/work/bibliography/1338900
https://sciwheel.com/work/bibliography/1338900
https://doi.org/10.1101/2023.11.03.565438
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565438; this version posted November 5, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

38. Perron, H. et al. Molecular identification of a novel retrovirus repeatedly isolated from patients
with multiple sclerosis. The Collaborative Research Group on Multiple Sclerosis. Proc Natl Acad
Sci USA 94, 7583-7588 (1997).

39. Steele, A. J. et al. Detection of serum reverse transcriptase activity in patients with ALS and
unaffected blood relatives. Neurology 64, 454—458 (2005).

40. Sun, W., Samimi, H., Gamez, M., Zare, H. & Frost, B. Pathogenic tau-induced piRNA depletion
promotes neuronal death through transposable element dysregulation in neurodegenerative
tauopathies. Nat. Neurosci. 21, 1038-1048 (2018).

41. Tam, O. H., Ostrow, L. W. & Gale Hammell, M. Diseases of the nERVous system:
retrotransposon activity in neurodegenerative disease. Mob. DNA 10, 32 (2019).

42. Tam, O. H. et al. Postmortem cortex samples identify distinct molecular subtypes of ALS:
retrotransposon activation, oxidative stress, and activated glia. Cell Rep. 29, 1164-1177.e5
(2019).

43. Costello, K. R. et al. Sequence features of retrotransposons allow for epigenetic variability. eLife
10, (2021).

44. Wang, T. et al. Species-specific endogenous retroviruses shape the transcriptional network of
the human tumor suppressor protein p53. Proc Natl Acad Sci USA 104, 18613-18618 (2007).

45. Macfarlan, T. S. et al. Embryonic stem cell potency fluctuates with endogenous retrovirus
activity. Nature 487, 57-63 (2012).

46. Lee, J.Y.S., Ng, J. H., Saffari, S. E. & Tan, E.-K. Parkinson’s disease and cancer: a systematic
review and meta-analysis on the influence of lifestyle habits, genetic variants, and gender.
Aging (Albany NY) 14, 2148-2173 (2022).

47. Zhao, Y. et al. Transposon-triggered innate immune response confers cancer resistance to the
blind mole rat. Nat. Immunol. 22, 1219-1230 (2021).

48. Gao, X., Chen, H., Schwarzschild, M. A. & Ascherio, A. Use of ibuprofen and risk of Parkinson
disease. Neurology 76, 863—-869 (2011).

49. Lin, W.-Y. et al. Association of antiviral therapy with risk of parkinson disease in patients with


https://sciwheel.com/work/bibliography/8159997
https://sciwheel.com/work/bibliography/8159997
https://sciwheel.com/work/bibliography/8159997
https://sciwheel.com/work/bibliography/4941685
https://sciwheel.com/work/bibliography/4941685
https://sciwheel.com/work/bibliography/5607557
https://sciwheel.com/work/bibliography/5607557
https://sciwheel.com/work/bibliography/5607557
https://sciwheel.com/work/bibliography/8186579
https://sciwheel.com/work/bibliography/8186579
https://sciwheel.com/work/bibliography/7721124
https://sciwheel.com/work/bibliography/7721124
https://sciwheel.com/work/bibliography/7721124
https://sciwheel.com/work/bibliography/11909336
https://sciwheel.com/work/bibliography/11909336
https://sciwheel.com/work/bibliography/292334
https://sciwheel.com/work/bibliography/292334
https://sciwheel.com/work/bibliography/462449
https://sciwheel.com/work/bibliography/462449
https://sciwheel.com/work/bibliography/13879629
https://sciwheel.com/work/bibliography/13879629
https://sciwheel.com/work/bibliography/13879629
https://sciwheel.com/work/bibliography/11746889
https://sciwheel.com/work/bibliography/11746889
https://sciwheel.com/work/bibliography/1084007
https://sciwheel.com/work/bibliography/1084007
https://sciwheel.com/work/bibliography/12236881
https://doi.org/10.1101/2023.11.03.565438
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565438; this version posted November 5, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

chronic hepatitis C virus infection. JAMA Neurol. 76, 1019-1027 (2019).

50. Rascol, O., Fabbri, M. & Poewe, W. Amantadine in the treatment of Parkinson’s disease and
other movement disorders. Lancet Neurol. 20, 1048-1056 (2021).

51. Narayanan, N. S., Rodnitzky, R. L. & Uc, E. Y. Prefrontal dopamine signaling and cognitive
symptoms of Parkinson’s disease. Rev. Neurosci. 24, 267-278 (2013).

52. Braak, H. et al. Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol.
Aging 24, 197-211 (2003).

53. Weintraub, D. & Burn, D. J. Parkinson’s disease: the quintessential neuropsychiatric disorder.
Mov. Disord. 26, 1022—1031 (2011).

54. Li, P. et al. Hemispheric asymmetry in the human brain and in Parkinson’s disease is linked to
divergent epigenetic patterns in neurons. Genome Biol. 21, 61 (2020).

55. Blewitt, M. E. et al. An N-ethyl-N-nitrosourea screen for genes involved in variegation in the
mouse. Proc Natl Acad Sci USA 102, 76297634 (2005).

56. Becker, K. et al. Detecting Alpha Synuclein Seeding Activity in Formaldehyde-Fixed MSA
Patient Tissue by PMCA. Mol. Neurobiol. 55, 8728—-8737 (2018).

57. Volpicelli-Daley, L. A., Luk, K. C. & Lee, V. M.-Y. Addition of exogenous a-synuclein preformed
fibrils to primary neuronal cultures to seed recruitment of endogenous a-synuclein to Lewy body
and Lewy neurite-like aggregates. Nat. Protoc. 9, 2135-2146 (2014).

58. Rey, N. L., Petit, G. H., Bousset, L., Melki, R. & Brundin, P. Transfer of human a-synuclein from
the olfactory bulb to interconnected brain regions in mice. Acta Neuropathol. 126, 555-573
(2013).

59. Chen, S., Zhou, Y., Chen, Y. & Gu, J. fastp: an ultra-fast all-in-one FASTQ preprocessor.
Bioinformatics 34, i884—i890 (2018).

60. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

61. Jin, Y., Tam, O. H., Paniagua, E. & Hammell, M. TEtranscripts: a package for including
transposable elements in differential expression analysis of RNA-seq datasets. Bioinformatics

31, 3593-3599 (2015).


https://sciwheel.com/work/bibliography/12236881
https://sciwheel.com/work/bibliography/14674289
https://sciwheel.com/work/bibliography/14674289
https://sciwheel.com/work/bibliography/28885
https://sciwheel.com/work/bibliography/28885
https://sciwheel.com/work/bibliography/71507
https://sciwheel.com/work/bibliography/71507
https://sciwheel.com/work/bibliography/715382
https://sciwheel.com/work/bibliography/715382
https://sciwheel.com/work/bibliography/10492819
https://sciwheel.com/work/bibliography/10492819
https://sciwheel.com/work/bibliography/6117638
https://sciwheel.com/work/bibliography/6117638
https://sciwheel.com/work/bibliography/5006369
https://sciwheel.com/work/bibliography/5006369
https://sciwheel.com/work/bibliography/926149
https://sciwheel.com/work/bibliography/926149
https://sciwheel.com/work/bibliography/926149
https://sciwheel.com/work/bibliography/2909270
https://sciwheel.com/work/bibliography/2909270
https://sciwheel.com/work/bibliography/2909270
https://sciwheel.com/work/bibliography/5861897
https://sciwheel.com/work/bibliography/5861897
https://sciwheel.com/work/bibliography/49324
https://sciwheel.com/work/bibliography/1144392
https://sciwheel.com/work/bibliography/1144392
https://sciwheel.com/work/bibliography/1144392
https://doi.org/10.1101/2023.11.03.565438
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565438; this version posted November 5, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

62. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics 26, 139—140 (2010).

63. Ritchie, M. E. et al. limma powers differential expression analyses for RNA-sequencing and
microarray studies. Nucleic Acids Res. 43, e47 (2015).

64. Risso, D., Ngai, J., Speed, T. P. & Dudoit, S. Normalization of RNA-seq data using factor
analysis of control genes or samples. Nat. Biotechnol. 32, 896—902 (2014).

65. Chen, B., Khodadoust, M. S, Liu, C. L., Newman, A. M. & Alizadeh, A. A. Profiling Tumor
Infiltrating Immune Cells with CIBERSORT. Methods Mol. Biol. 1711, 243-259 (2018).

66. Yu, Q. & He, Z. Comprehensive investigation of temporal and autism-associated cell type
composition-dependent and independent gene expression changes in human brains. Sci. Rep.
7, 4121 (2017).

67. Home - Bader Lab @ The University of Toronto. https://baderlab.org/.

68. Kerseviciute, I. & Gordevicius, J. aPEAR: an R package for autonomous visualisation of

pathway enrichment networks. BioRxiv (2023) doi:10.1101/2023.03.28.534514.


https://sciwheel.com/work/bibliography/673952
https://sciwheel.com/work/bibliography/673952
https://sciwheel.com/work/bibliography/148089
https://sciwheel.com/work/bibliography/148089
https://sciwheel.com/work/bibliography/740049
https://sciwheel.com/work/bibliography/740049
https://sciwheel.com/work/bibliography/6090100
https://sciwheel.com/work/bibliography/6090100
https://sciwheel.com/work/bibliography/4056736
https://sciwheel.com/work/bibliography/4056736
https://sciwheel.com/work/bibliography/4056736
https://sciwheel.com/work/bibliography/13883123
https://sciwheel.com/work/bibliography/14661166
https://sciwheel.com/work/bibliography/14661166
https://doi.org/10.1101/2023.11.03.565438
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565438; this version posted November 5, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

a N Genes | | TEs | b o o
2} =)
B . OR =0.84 *** OR=3.46 ** Color g ] ®)
[}
§ @ Down-regulated =4 oy )
© 60% A o
£ 8 ? $ %
= Not significant [} -
g - . . % 0 % ‘
2 — L
g . J @ Up-regulated o=
LL— Down— Down— - T = T T
regulated regulated regulated regulated DNA LINE LTR SINE
e
¢ PABL_B
o | €®TTR76 __—HERVLG6-int LTR12B )
S K Subclass tr modu f chemical
P LTRO MER4E1 +THE1D —int synaptic transmission
2 1 +_©® |_-|- MLTZBS ® ERVI modification ton devel
g AN ) ’ + A ERVK tein catab neuron projection developme
O H ERVL
E + ERVL-MaLR ‘ respons‘eI biotic
° LTR41 Sf
: . ; ®
0 2 . 4 positive regulation of innate .
Mean expression, log CPM immuge response regulation of neuron
d 151 a Diseases %with the projection development
fod A L1MA9 [ TLR si g cascade
2—10- A NI Subclass Ne L o )
% k A L1 PB o cni P o macroautophagy cel“gr respiration
j = o "
% os] @4 ?QMEC A g A}A‘AUPI L1iA4 A U F\O establishment@f pratein nucleotide metabolic process
. r - )
% . A A paLt | LIPA " L local itlon to organelle .‘
[ ]
% 00 .A A ‘. £ L1PA3 type 1 interferon signaling
- - : pathway
0 2 A P circulatory m )
Mean expression, log CPM development .(: ’
‘ HI ‘ufection
f
’l‘ | Pathway size @ 100 @ 200 . 300 . 400  NES .
-4-20 2 4
Class 5 Class
e sl b D D b x| Il x T cireulatory system development LINE
xIxIxlxx{xIxlxIxIxIxIx{xIxIxlx|xIx|x|x|xf{x]|x Di associated with the TLR signaling cascade = LTR
x| x x [ x| x[x x| x x| x|x x[x|x[x positive regulation of innate immune response ) ’
x x| x|x|x|x|x x| x x x| x| x x| x| x|x response fo external biotic stimulus Satellite
x[x x[x|x[x x|x xIxIx{xx]x|x x I x|x|x type | interferon signaling pathway SINE
[ x| cellular respiration =
_x x| establishment of protein localization to organelle 5
| HIV Infection
X | x| macroautophagy
[ x | modlflcatlon—dependent protein catabolic process
x| modulation of chemical synaptic transmission
x| neuron projection development -10
[ x| nucleotide metabolic process
| _x___ regulation of neuron projection development
[ x| X x| translation
=44 L P O I U I T I I SN TR 4 _15
3E3T33:3553522555555:502:22083
==ogmQH PRPNBE“ZEELILR 2T
=23 L= (@SN 5 © 1 1.
s El = EL 3
5 - -20

Fig. 1. Differential expression of genes and up-regulation of transposable elements (TEs) in
the bulk prefrontal cortex neuron tissue comparing Matched PD to control brain samples. (a)
Fraction of up-regulated and down-regulated significant genes and TEs (colored fill) compared to the
fraction of non-significant up-regulated and down-regulated genes as well as TEs (gray fill). (b) Fold
change of TEs stratified by class and colored by statistical significance. (c) Mean expression and
fold change of long terminal repeat elements (LTRs) colored by statistical significance and shaped
by element subclass. (d) Mean expression and fold change of LINE elements colored by statistical
significance and shaped by element subclass. (e) Network and clustering of the top 50 most
up-regulated and 50 most down-regulated pathways obtained through gene set enrichment analysis.
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Each cluster is named after the most prominent pathway decided by the PageRank algorithm. (f)
Mixed effects modeling of the association between the expression of TEs and genes belonging to
the leading pathways indicated in clustering analysis. Fill color indicates signed log p value. P values
were adjusted for multiple testing using FDR. Heatmap cells with a value exceeding FDR g-value

higher than 0.05 were marked with an x and gray color.
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Fig. 2: Differential expression of genes and up-regulation of transposable elements (TEs) in sorted
prefrontal cortex neurons comparing Matched PD to control brain samples. (a) Mean expression
and fold change of TEs colored by statistical significance and shaped by element class. (b)
Correlation of normalized enrichment scores obtained through GSEA of Matched/Control and
Unmatched/Control comparisons. Pathways, significantly enriched in both comparisons are shown
as orange dots. Selected pathways have been labeled. The blue line was plotted using deming
regression coefficients. (c) A word cloud of significantly enriched KEGG pathways obtained through
GSEA of Matched/Control comparison. (d) Network and clustering of the significantly enriched
pathways obtained through GSEA of Matched/Control comparison. (e) Network and clustering of the
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significantly enriched pathways obtained through GSEA of genes correlating with MLT1J2. (f) Network
and clustering of the significantly enriched pathways obtained through GSEA of genes correlating with
LTR12B. GSEA, gene set enrichment analysis.
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Fig. 3. Differential expression of genes and transposable elements (TEs) in blood of
Parkinson’s disease patients. (a) Fraction of up-regulated and down-regulated significant genes
and TEs (colored fill) compared to the fraction of non-significant up-regulated and down-regulated
genes as well as TEs (gray fill). (b) Mean expression and fold change of TEs stratified by class and
colored by statistical significance. (¢) Network and clustering of the top 50 most up-regulated and 50
most down-regulated pathways obtained through gene set enrichment analysis. Each cluster is
named after the most prominent pathway decided by the PageRank algorithm.
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Figure 4. Differential expression of genes and transposable elements (TE) in PFF injected and
Trim28 heterozygous knockout mouse substantia nigra samples. (a) Fraction of up-regulated and
down-regulated significant genes and TEs (colored fill) compared to the fraction of non-significant
up-regulated and down-regulated genes as well as TEs (gray fill) in Trim28 heterozygous knockout
mouse brain data. (b) Mean expression and fold change of TEs stratified by class and colored by
statistical significance in Trim28 heterozygous knockout mouse brain data. (¢) Misfolded alpha synuclein
pathology scores (pSER129) in substantia nigra and isocortex tissues. (d) Fraction of up-regulated and
down-regulated significant genes and TEs (colored fill) compared to the fraction of non-significant
up-regulated and down-regulated genes as well as TEs (gray fill) in PFF injected mouse brain data. (e)
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Correlation of gene expression changes in  Trim28"° to wild-type comparison and PFF injected to PBS
injected animal comparison. Significant differentially expressed genes in both comparisons are indicated
in orange. Labeled genes at the perimeter indicate the strongest effect in both datasets. Blue line was
plotted using deming regression coefficients. (f) Correlation of TE expression changes in Trim28*™° to
wild-type comparison and PFF injected to PBS injected animal comparison. Blue line was plotted using
deming regression coefficients.
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Figure 5. Overlap of enriched PD related pathways in human blood, human prefrontal cortex
bulk tissue samples and Trim28 heterozygous knockout mouse brain samples. The fill color
indicates signed log p value of pathway enrichment. PD vs control contrast was used for blood data.
Matched versus control contrast was used for prefrontal cortex tissue data. Knockout vs wild type
contrast was used for mouse brain tissue data.
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