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Abstract

Ancient human genome data that has accumulated in recent years can be employed to establish
the spatiotemporal trajectories of genetic variants associated with human diseases. Such
knowledge might illuminate if and how past adaptations impact contemporary human health and
medicine. Scarcely any studies have yet been attempted to evaluate the genetic susceptibility to
neurodegenerative disorders in ancient human communities. Using publicly available ancient
human genome-wide data the present study evaluates the molecular predisposition to
neurodegenerative disorders in ancient human communities. To this end we screened the ancient
genome-wide data for the presence of variants unequivocally associated with neurodegenerative
disorders in modern populations, and their historical and geographic prevalence was assessed.
These variants are two rare variants in the LRRK?2 gene associated with Mendelian Parkinson's
disease, a pathogenic variant in the CRH gene, associated with autosomal dominant nocturnal
frontal lobe epilepsy (ADNFLE), and a rare variant in the TREM?2 gene, a possible risk modifier
associated with Alzheimer's disease. Our assessment of the historical and geographic prevalence
indicates differing spatiotemporal frequency dynamics for these clinically significant variants.
Neurodegenerative disorders are often with poorly understood pathogenesis that might be
elucidated by studying the interaction of past genetic variability with ecological and evolutionary
factors such as adverse environmental conditions, specific selective pressures, periods of
population isolation and admixture processes. Data on molecular predisposition to
neurodegenerative disorders in ancient genomes is instructive to modern medical diagnostic and

therapeutic practices.

Introduction

Neurodegeneration, the progressive loss of structure or function of neurons, is a feature of many
debilitating, incurable diseases. Research on these diseases is aimed at elucidating the molecular
mechanisms of the damaging processes, and also at finding new methods for diagnosis and
therapy. Recent studies, for example, suggest that changes of the brain proteome are a key
molecular mechanism at the onset of neurodegenerative processes (Schrétter et al. 2016).
Comparative genome studies of different neurodegenerative diseases are therefore critical for

getting insight into their etiology.
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Alzheimer’s disease (AD) is one of the most common neurodegenerative brain disorders
and is responsible for 60—70% for all dementia cases (WHO 2021). The prevalence of AD in
people over 65 years in Europe is 4.4% (Lobo et al. 2000), and several meta-analyses and
nationwide surveys have yielded roughly similar age-specific prevalence of AD across regions
(Lobo et al. 2000, Dong et al. 2007, Plassman et al. 2007). These figures are however bound to
increase as population aging has become a worldwide phenomenon. AD is a multifactorial
disease that is caused by the interaction of genetic and environmental factors. The genetic basis
of AD is better understood in familial cases with early onset (before the age 50) and autosomal
dominant type of inheritance. These however represent only 1% of AD patients and are caused by
rare variants in genes that play role in the formation of amyloid plaques: APP, PSEN1, PSEN?2
and TREM?2 (Khani et al. 2022). The genetic etiology of late sporadic forms of Alzheimer’s
disease is far less known. A small number of rare variants and a large number of common
variants with small impact have been identified, among which the strongest effect is attributed to
the €4 allele of the APOE gene, long considered to be the leading genetic risk factor for late-onset
AD (Corder et al. 1993, Huang and Mucke 2012).

Parkinson’s disease (PD) is the second most common neurodegenerative disease after
AD, the annual incidence of PD being estimated to be 4.5-21 cases per 100000 (Kasten et al.
2007). About 10—15% of the patients have a genetic cause of the disease (Verstraeten et al. 2015).

Epilepsy is a neurological disorder in which brain activity becomes abnormal, with an
estimated annual cumulative incidence rate of around 68 per 100000 (Fiest et al. 2017). Tai et al.,
2016 provide evidence that taupathy is associated with cognitive decline in temporal lobe
epilepsy, the most prevalent form of chronic focal epilepsy (Tai et al. 2016). Taupathy is also
recognized as the key driver of disease progression in Alzheimer’s disease and other
neurodegenerative disorders (Chang et al. 2018). Genetic defects can determine the pathogenesis
of certain epilepsies with familial occurrence and with very early manifestations (Steinlein 2008).
So far, however, the genetic basis of the brain disorders is based only on studies of modern
populations.

Neurology as a modern science dates back to the 17th century with the publication of
Thomas Willis, Anatomy of the Brain (Grand 1999). Before that Alcmaeon of Croton (6th B.C.)
was the first of the Greek physicians to ascertain that the brain is the organ of mental faculties

and that epilepsy is a brain's disease, and not “sacred disease” induced by gods, as was believed
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in the Homeric Era (Baloyannis 2013). Deliberations on neurological concepts can also be found
in the treatises of Hippocrates (5th century BC) (Tsoucalas et al. 2017). Data on neurological
disorders in ancient populations were obtained indirectly by inspecting human busts from the
Roman Republic and the early Roman Empire ages before 3™ century AD (Engmann 2013). The
description of facial features of one bust suggests eyelid ptosis, probably due to the mitochondrial
disorder Kearns-Sayre syndrome (Oculocraniosomatic disorder), or to progressive supranuclear
palsy. In another bust, the pupils diverge, which is interpreted as probable left-sided paralysis of
the oculomotor nerve with additional mild ptosis of the left eyelid, or possibly right-sided
paralysis of the oculomotor nerve. Homeric Epics written down in the late 8th or 7th century BC
contain stories with archaic descriptions of the clinical consequences of trauma to the head and
neck, spine, and peripheral nerve injuries (Walshe I1I 2016). Trepanation is apparently the oldest
practiced surgical intervention in antiquity for the treatment of cranial trauma, neurological
diseases, tumors, or for religious reasons, e.g. to ward off evil spirits that caused mental illness,
epilepsy or migraine symptoms. Evidence has been found that successful trepanations had been
performed in the Neolithic Age in Anatolia (Erdal 2010), in Early Iron Age cemeteries on the
Silk Road in Xinjiang, China (Zhang et al. 2018) in Ancient Egypt (Collado-Vazquez and
Carrillo 2014), in the pre-Columbian Inca empire in South America and in other regions of the
world (Kushner et al. 2018).

Data on the emergence and evolution of mutations associated with neurodegenerative
diseases from ancient DNA samples is currently scarce (Simonti et al. 2016). For the present
study, we examine human genome-wide data obtained from ancient DNA samples for the

incidence of mutations in genes associated with neurodegenerative disorders.

Materials and methods

We examined 2729 publicly available genome-wide data obtained from ancient human DNA
samples from different geographical regions and dated 100-15000 BP (Allen Ancient DNA
Resource, 2022). The age distribution of the samples analyzed is given on Fig. 1.

{~?~IM: insert Fig 1 here.}

Figure 1. Age distribution of the evaluated ancient DNA samples (100 BP—15000 BP).

As a starting point for our analyses, we consider variants listed in the freely available DisGeNet

database of disease associated variants (Pifiero et al. 2020), and we establish 32644 of these
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variants in the ancient genome-wide data. From these we select mutations in genes that have been
determined to be associated with neurodegenerative diseases in contemporary patients.
Considered were only functionally significant variants which are localized in coding sequences
and are either missense, frameshift, splice, start-gain, stop-loss or stop-gain mutations as these
types of mutations entail changes in the amino acid sequence. Also, we selected variants with
contemporary population frequency of < 0.05, as low population frequencies might be indicative
of negative selection resulting from their pathogenic effect. The clinical significance as
monogenic defects or risk factors for neurodegenerative diseases was further determined using
the VarSome platform (Kopanos et al. 2019), whose inferences are used in American College of
Medical Genetics (ACMG) guidelines, the ClinVar database (Landrum et al. 2018) as well as in
relevant forums such as the Alzheimer's disease forum (ALZFORUM, 2022) and LRRK?2 Cohort
Consortium (2022). VarSome utilizes a wide range of data collected from multiple resources,
including the variant’s coding effect for different transcripts, its genomic location, the genes it
affects, its population frequency, the function of the produced protein, associated phenotypes,

relevant literature, clinical studies and pathogenicity.

Results

Our selection procedure to single out monogenic defects or risk factors for neurodegenerative
diseases in the analyzed 2729 ancient DNA samples yielded four variants in three different genes:
two variants in the LRRK?2 gene (rs34637584 G>A and rs34778348 G>A) associated with
Parkinson’s disease type 8 (PARKS), one variant in the CRH gene, rs12721510 C>A), associated
with autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) and one variant in 7TREM?2,
1s2234255 C>T, predisposing to Alzheimer's Disease. These four variants were established 88
times in the analyzed 2729 ancient DNA samples (Table 1).

{~?~IM: insert Table 1 here.}

Population Ancient samples Contemporary samples X2-test
Allele Allele
Total Total
Coun af | Coun af
Count Count
t t
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LRRK2 rs34637584 G>A, p.G2019S
African 0 92 0 2 16252 0.0001 p=1
Ashkenazi - - - 86 10072 0.0085
East Asian 3 422 0.014 0 18394 0 p<2.2e-16
European-
- - - 0 21644 0
Finnish
European Non-
o 9 2762 0.007 29 113486 0.0003 p=6.53e-16
Finnish
Latino - - - 9 34558 0.0003
South Asian 1 358 0.006 0 30616 0 p = 5.04e-06
Other 4 1824 0.004 6 6132 0.0010 p=0.36
25115 p=4.12e-
Total 17 5458 [0.003| 132 0.0005
4 14
LRRK2 rs34778348 G>A, p.Gly2385Arg
African 0 92 0 0 16232 0
Ashkenazi - - - 0 10060 0
East Asian 1 422 0.005 | 401 18382 0.022 p=0.012
European-
- - - 1 21612 0.0001
Finnish
European Non-
1 2762 | 0.0007 5 113372 0.00004 p=0.34
Finnish
Latino - - - 0 34390 0
South Asian 0 358 0 17 30594 0.0006 p=1
Other 1 1824 0,001 5 6092 0.0008 p=0.49
25073
Total 3 5458 [0.001| 429 0.002 p = 0.057
4
CRH rs12721510 C>A
African 0 92 0 445 41428 0.011 p=0.63
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Ashkenazi - - - 320 3472 0.092
East Asian 1 422 0.005 1 5192 0.0002 p=0.35
European-
- - - 637 10594 0.060
Finnish
European Non-
32 2762 0.023 | 4250 | 68010 0.063 p<22e-16
Finnish
Latino - - - 529 15272 0.035
South Asian 0 358 0 61 4826 0.013 p=10.06
Other 10 1824 0,011 88 2090 0.042 p=1.90e-12
15211
Total 43 5458 |0.016 | 6376 0.042 p<2.2e-16
0
TREM2 rs2234255 C>T, p. His157Tyr
African 0 92 0 9 16252 0.0006 p=1
Ashkenazi - - - 7 10 076 0.0007
East Asian 3 422 0.0142| 35 18390 0.002 p=0.07
European-
- - - | 21636 0.00004
Finnish
European Non-
0 2762 0 34 113714 0.0003 p=0.73
Finnish
Latino - - - 1112 | 34576 0.032
South Asian 0 358 0 22 30612 0.0007 p=1
Other 22 1824 0,024 13 6140 0.002 p =6.78e-08
25139
Total 25 5458 |0.009 | 1233 0.005 p=0.381
6

Table 1. Number of variant alleles, number of instances and estimated overall frequencies (af)
from ancient and contemporary (gnomAD exomes, Version: 2.1.1) samples in different
populations.

The ratio of the estimated population frequency of all disease associated variants established in
the ancient samples and their contemporary frequencies is shown on Figure 2. The four variants

that we focus on in this study are all among these with largest overall relative drop between
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ancient and contemporary frequencies indicating that these specific mutations might have been
subject to negative selection.

{~?~IM: insert Fig 2 here.}

Figure 2. Ancient/contemporary ratio of estimated population frequency of disease associated
variants listed in DiGeNet database. The variants are ranged from those with lowest ratio (left
side of the figure) to those with highest ratio (right side of the figure). The four pathogenic
neurodegenerative disease associated variants considered in this study are marked with arrows.
Plotted are 26131 variants for which are available contemporary population frequency estimates,
out of the 32644 DisGeNet variants found in the ancient genome-wide data.

Variant rs34637584 G>A in the LRRK2 gene, G2019S

The variant rs34637584 G>A in the LRRK? gene was found in 17 ancient samples, with overall
ancient population frequency estimate of 0.003. The highest frequency is estimated in East Asia
(0.014), and is lower in South Asia (0.006) and Europe (0.007) (Table 1). The oldest samples are
dated to 8000—8500 BP from today's Latvia and 7000-7500 BC from today's Serbia (Table 2).
The frequency of this variant is significantly lower in contemporary populations (y>-test, p =
4.12¢-14), and in contrast to its ancient distribution, it seems to be absent in contemporary South
Asian and East Asian populations. This variant has been established as Pathogenic by VarSome
and ClinVar, and as associated with Parkinson’s Disease by DisGeNet, with a variant-disease

association (VDA score) of 0.9.

{~?~IM: insert Table 2 here.}

LRRK2 CRH TREM?2
Age pool S:;ip‘is rs34637584 rs34778348 rs12721510 1s2234255
nr. af nr. af nr. af nr. af
0-1000 267 1 0.004 1 0.004 0 0 16 0.06
1000-2000 272 3 0.011 0 0 2 0.007 3 0.011
2000-3000 272 1 0.004 0 0 1 0.004 0 0
3000-4000 549 5 0.009 0 0 9 0.016 1 0.002
4000-5000 626 3 0.005 0 0 10 0.016 2 0.003
5000-6000 241 0 0 1 0.004 | 10 0.041 0 0
6000-7000 127 1 0.008 1 0.008 1 0.008 1 0.008
7000-8000 214 1 0.005 0 0 8 0.037 0 0
8000-9000 75 2 0.027 0 0 2 0.027 1 0.013
9000-10000 34 0 0 0 0 0 0 1 0.029
10000-52000 52 0 0 0 0 0 0 0 0
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Total \ 2729 \ 17 \0006\ 3 \0001 \ 43 \ 0.016 \ 25 \ 0.009

Table 2. Number and population frequency of variants associated with neurological and
neurodegenerative disorders in ancient human genome-wide data, allocated into 1000 -year age
pools.

Variant rs34778348 G>A in the LRRKZ2 gene, Gly2385Arg

The second dominant mutation in the LRRK?2 gene, rs34778348 G>A (Gly2385Arg), was
established in only three ancient samples (Table 1 & Table 2), one from Greece (dated 6000—
6500 BP); one from Mongolia (1000—1500 BP) and one from the Levant (5500-6000 BC). The
estimated population frequency of this variant from ancient samples is very low, as it is in
contemporary populations, 0.001 and 0.002, respectively. The variant has been designated in
modern populations as Likely Pathogenic by Varsome, and with Conflicting interpretations of
pathogenicity by ClinVar. This variant is autosomal dominant and denoted as associated with

Parkinson’s Disease by DisGeNet with VDA score of 0.9.

Variant rs12721510 C>A in the CRH gene

The CRH gene encodes the corticotropin-releasing hormone. The rs12721510 C>A variant was
established in 43 ancient genomes, with overall population frequency of 0.016. The majority of
samples containing the mutation (n=32) were from Europe (af = 0.023) (Table 1). The oldest
instances this variant was identified is in two samples from Anatolia dated to 8000-8500 BC,
followed by two samples from the Balkan region from the Neolithic period dated to 7500-8000
BP. The contemporary population frequency is higher compared to that in ancient populations
(0.016 vs 0.042). The highest contemporary frequency is determined in Ashkenazi Jews (0.092)
and in European populations (Non-Finnish European, 0.063 and European-Finnish, 0.060).
Compared to the limited geographic distribution in ancient communities, this variant is
widespread in modern populations and is found in, along Ashkenazi and European, in African,
South Asian, and Latino populations. Although designated as benign in VarSome, the variant is
determined pathogenic by ClinVar and as associated with autosomal dominant nocturnal frontal

lobe epilepsy (ADNFLE), with VDA score of 0.7.

Variant rs2234255 C> T in the TREMZ2 gene, His157Tyr
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The variant rs2234255 was identified in 25 ancient genomes with an overall allele frequency of
0.009. Three instances are in samples from East Asia (AF = 0.014), one from West Asia, thirteen
from the Caribbean region, one from North America and seven from South America. The oldest
samples are dated to 9500—10000 BP from Brazil and to 8000—-8500 BP from Anatolia. The
overall frequency of the variant in modern populations is 0.005. The variant allele is globally
distributed in contemporary populations. It is classified as benign by VarSome, benign/likely
benign by ClinVar, and is reported as a possible risk modifier for Alzheimer’s disease in the
Alzheimer Forum. The variant has been found to increase the risk of Alzheimer’s disease in the
Han Chinese cohort (odds ratio: 11.01, p =0.02) (Jiang et al. 2016). No association with AD has
been demonstrated in Caucasian, Japanese, and African-American populations, but meta-analyzes
of cohorts from the same populations have shown an increased risk for AD (odds ratio 3.65, p =
0.002), in accordance with results of The Alzheimer’s Disease Sequencing Project (odds ratio:

4.7, p=0.01).

Discussion

The present study investigates the historical and geographic prevalence of four variants in genes
associated with neurodegenerative disorders in modern populations. This is attained using ancient
human genome-wide data and variant frequency data from contemporary populations. These
variants are two rare variants in the LRRK2 gene (the pathogenic rs34637584 and the possibly
pathogenic rs34778348) associated with Mendelian Parkinson’s disease), the variant rs12721510
in the CRH gene, associated with autosomal dominant nocturnal frontal lobe epilepsy, and a rare
variant in the TREM?2 gene, the possible risk modifier rs2234255, associated with Alzheimer’s

disease.

Variant rs34637584 G>A in the LRRK2 gene, G2019S
mutation

Functional interpretations illustrate the pathogenic effect of rs34637584 in heterozygous state in
modern populations (Landrum et al. 2018, Kopanos et al. 2019). The variant is associated with an
autosomal dominant type of monogenic Parkinson’s disease type 8. This is the most common

monogenic mutation in the early and late forms of the disease, and in familial and sporadic cases
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(Bouhouche et al. 2017). The LRRK?2 gene encodes the enzyme Leucine-rich repeat kinase 2 from
the leucine-rich repeat kinase family. The international LRRK2 consortium determined the
presence of this mutation in 1% of sporadic and 4% of familial patients with PARKS (Healy et al.
2008). The onset is usually after the age of 50 years, but there are also early forms (in the 20s)
and late forms (in the 90s). Mutations in LRRK?2 increase the activity of the LRRK?2 protein.
Published data from phenotype-genotype correlation studies demonstrate that heterozygous
carriers have similar clinical characteristics to homozygotes and lack gene dosage effect (Ishihara
et al. 2006). Homozygous mutant mice with the LRRK2 G2019S point mutation appear normal,
but have behavioral and electrophysiological changes, as well as lack of behavioral plasticity that
correlates with abnormal synaptic plasticity in the striatum (Matikainen-Ankney et al. 2016). The
estimated frequency of the mutation is significantly higher in ancient than in modern populations,
i.e. 12.5 times higher (0.0062 vs 0.0005, cf. Table 1). Monogenic mutations associated with AD
are clinically manifested later than the age usually reached by individuals in ancient populations,
which may weaken the effect of natural selection. The significant reduction in the incidence of
pathogenic mutations in modern populations may be further due to unknown environmental
factors affecting the pathogenesis of complex diseases. Small population sizes, limited founder
number and a lack of naturally occurring gene flow could have led to higher levels of inbreeding,
as often might have been the case in ancient human communities (Ceballos et al. 2021). Overall,

our results suggest consistently low prevalence of this variant through time (Fig. 3).
{~?~IM: insert Fig 3 here.}

Figure 3. Frequency of rs34637584 (LRRK?2 gene), rs12721510 (CRH gene) and rs2234255
(TREM? gene) variants associated with neurodegenerative disorders in different periods BP. The
frequency trajectories are plotted using bins of 3000 years and sliding windows of 500 years.
Uncertainty of the frequency estimation is indicated by a gray colored area, representing the
normal approximation of the 95% binomial proportion CI.

Variant rs34778348 G>A in the LRRKZ2 gene, Gly2385Arg

The LRRK2 protein has two domains with kinase and GTPase activities that are disrupted by
dominant mutations (Nguyen and Moore 2017). The variant Gly2385Arg is localized in the C-
terminal WD40 domain of the LRRK2 protein. It causes partial or complete loss of kinase
function of the protein and has been assessed to be a risk factor for Parkinson’s disease (PD) in

some populations, e.g. ethnic Chinese, Japanese, Taiwanese, Singaporean and Korean and
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Malaysian (Gopalai et al. 2014). A meta-analysis of 61 published case-control studies also
demonstrates that the G2385R mutation is a risk factor for PD (Wu et al. 2012).

Variant rs12721510 C>A in the CRH gene

The CRH gene encodes corticotropin-releasing hormone, which is a 48 amino acid peptide
extensively present in the CNS. As a neurotransmitter and neuromodulator in extrahypothalamic
circuits it integrates a multisystem response to stress, and controls numerous behaviors such as
locomotor activity, anxiety, food intake, sexual behavior, sleep, arousal, and learning. The
rs12721510 variant is located in the promoter region of the CRH gene and it alters the expression
of the protein, and is associated with familial autosomal dominant nocturnal frontal lobe epilepsy
(ADNFLE) (Combi et al. 2005). The estimated overall population frequency of the variant in
ancient samples is significantly lower than in modern populations (cf. Table 1). The temporal
dynamic of its frequency (based mostly on European samples) indicates gradual but significant
decrease in frequency throughout the time period analyzed (Fig. 2). As the disease manifests in
childhood, a substantial demographic subgroup of ancient communities, negative selection has
likely had the opportunity to reduce its frequency. Medical advances, e.g. diagnostic and
therapeutic developments, might have weakened the strength of negative selection in recent times

and explain the high frequency of this variant in modern populations.

Variant rs2234255 C> T in the TREM?Z2 gene, His157Tyr

The TREM?2 gene encodes a transmembrane immune receptor in the microglial cells. It acts as a
modulator of the inflammatory response in the CNS by regulating the number of myeloid cells
and enhancing phagocytosis. Disrupted functions of the TREM?2 gene provokes pathogenesis of
neurodegenerative diseases and has been shown to increase the risk of Alzheimer’s disease in
certain populations (Gratuze et al. 2018). The population frequency of this rare risk variant in the
TREM? gene in ancient populations has been estimated to be significantly higher than that in
modern populations (cf. Table 1). The temporal frequency dynamics curve indicates a peak at
around 10000 BP, but also a recent upsurge from about 1000 BP. The high number of variant
alleles established in during the ceramic era in the Caribbean region from the Ceramic Era

(Fernandes et al. 2021) cause this apparent recent frequency upsurge.
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Conclusion

To our knowledge no studies have yet attempted to evaluate the genetic susceptibility to
neurodegenerative disorders in ancient human communities. The present study evaluates the
molecular predisposition to disease using ancient human genome-wide data, but with absence of
information on any probable clinical presentations. Data on molecular predisposition to
neurodegenerative disorders in ancient genomes might however be instructive for modern
medical diagnostic and therapeutic methods. Many of these diseases are with poorly understood
pathogenesis, where along with the genetic, other factors might have influence such as adverse
environmental effects, specific selective pressures, migration processes. Various environmental
factors combined with differential population histories might have led to the diverse

spatiotemporal frequency dynamics of clinically significant variants.
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