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ABSTRACT: Genetic variation is the driving force of evolution. A part of the variation is deleterious to
the function of the affected genes, causing a high risk of developing various types of diseases in humans.
Knowing the evolutionary origin of deleterious variation in modern humans is fundamental to protecting
human health. Despite rich knowledge of the roles of deleterious variation in human diseases, however, its
origin remains largely elusive due largely to the lack of variation information in ancient humans. Rapid
progress in extracting DNA from Carbon-14-dated ancient human fossils and coupling it with high-
throughput DNA sequencing has generated massive ancient human genomic DNA sequences, which may
provide an opportunity to be used as a reference to determine the evolutionary origin of deleterious variation
in modern humans. We explored this possibility by using the cancer-risk deleterious variation in human
DNA damage repair (DDR) genes as a model. By systematic comparison of the variation data in hundreds
of DDR genes between modern humans and ancient humans, we observed that 1066 (6.2%) of the 20,272
deleterious variants in 91 DDR genes of modern humans were also present in 73 DDR genes of ancient
humans dated within the past 10,000 years, peaking between 7000 and 4000 years before present. We
propose that the short history of deleterious variants in ancient humans can be largely attributed to human
population expansion after the agricultural revolution. Our study demonstrates that the ancient human
genome data can be a powerful means to bridge the gap between evolution and medicine, allowing deep
understanding of the evolutionary origin of disease risk in modern humans. Our study also highlights that
cancer risk by germline deleterious variation in modern humans can be a byproduct of human evolution.

Keywords: Origin; Deleterious variation; Disease risk; Modern humans; Ancient humans; Cancer;
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Deleterious Variation and Human Disease-Risk

Genetic variation is the driving force for evolution [1]. Two types of genetic variation can be involved
in human diseases: the germline variation and somatic variation. Taking cancer-causing genetic variation
as the example. The germline variation-related cancer accounts for about 20% of all cancer cases, whereas
the somatic variation-related cancer accounts for 80%. The cancer-related germline variation present mostly
in the DDR genes of hundreds is the genetic predisposition for high cancer risk. As germline variation is
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heritable, its origin can be traced along evolutionary history. Cancer risk-related germline variation has
been extensively studied through decades’ effects and is widely applied in clinical prevention, treatment,
and prognosis of the cancer. In contrast, cancer-related somatic variation is caused by environmental factors.
It occurs randomly, is not inheritable, and its origin cannot be traced along evolutionary history. This review
focuses on cancer-related germline variation.

Germline variation includes benign variation and deleterious variation. While benign variation can be
beneficial or neutral, deleterious variation damages the function of the affected genes, causing increased
risk of developing various types of diseases, including cancer (“deleterious” is a biological term referring
to the genetic variants that reduce fitness under purifying selection [2], whereas “pathogenic variation™ is a
medical term referring to the genetic variants that contribute to disease risk with clinical implications [3].
Although the two definitions are closely related, our study used “deleterious” instead of “pathogenic”, as
our study focused more on the evolutionary origin of DDR variation rather than its clinical aspects in ancient
human populations). About 20% of human cancers are related to the deleterious variation in functionally
important genes, mostly in the hundreds of DNA damage-repairing genes [4]. As a genetic predisposition,
the deleterious variation is transmitted generation by generation in the carriers’ families, causing high
cancer risk in the variation carriers. This is best represented by the deleterious variation in BRCA 1, which
repairs double-strand DNA breaks, a serious type of DNA damage [5,6]. The damaged BRCA1 loses its
normal function of repairing DNA breaks, leading to genome instability and a high risk of developing breast
and ovarian cancer [7-9].

1. Current Status of Studying the Evolutionary Origin of Germline Deleterious Variation

“Where do we come from?” is an essential question in philosophy. The same question applies to the
deleterious variation in modern humans, as the knowledge can deepen our understanding of disease risk in
modern humans. For example, the founder deleterious variants BRCA 1 ¢.68 69delAG, BRCAI ¢.5266dupC,
and BRCA?2 ¢.5946delT in the Ashkenazi Jewish population are estimated to have arisen 750—1500 [10],
1800 [11], and 580 years before present (BP) [12]. The information establishes a foundation to effectively
prevent breast and ovarian cancer in the Ashkenazi Jewish women through population screening to identify
the variant carriers before cancer development.

Evolutionary knowledge is believed to provide a key to understanding and curing human diseases [13].
Regardless of the rich knowledge of the involvement of deleterious variation in human disease risk, there
is limited knowledge between evolution and human disease risk, as reflected by the fact that the
evolutionary origin for most of the disease-risk variation remains unknown [14—18]. For example, realizing
the functional importance of DDR gene variation in human cancer risk, many efforts have been made since
the 1990s to study the evolutionary origin of the variation in DDR genes, e.g., the origin of BRCA1/BRCA2
variation [14-18]. However, the accumulated information remains very limited. Since the 1990s, the
evolutionary origins have only been determined for a small set of DDR variants present in a few DDR
genes: only 68 variants in 7 DDR genes of BRCAI, BRCA2, MLHI1, MSH2, MSH6, MUTYH, and TP53
have been studied so far, of which only 44 were deleterious [19], whereas the others were variants of
uncertain significance (VUS) or benign variation. Most of these studies were focused on evolutionary
conservation between species within primates. Factors contributing to the deep gap between evolution and
medicine include the very different aims that evolutionary study focuses more on population-wide, long-
term fitness and reproduction, whereas medical study focuses more on individual-level, immediate curing
and life-saving; poor communication between evolution and medicine; and lack of variation data from
ancient humans as the reference to trace the origin of the disease risk-variation in modern humans.
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2. Haplotyping Method for Dating Germline Deleterious Variation

Historically, determination of the origin of genetic variation relies on the use of the traditional
haplotyping method [20]. The method was designed by the concept that genetic variation is conserved as a
linked block in a genome. Following DNA recombination per generation, the size of the ancestor block
shared between generations will become smaller. The size differences can be used to date genetic variation
in the block. In practice, it uses flanking genetic markers to define a block, then uses Markov Chain Monte
Carlo simulation and Bayesian approaches to test differences between the variant-containing block and the
control block. The information is then used to calculate the age of the variation within the block. However,
the accuracy of the haplotyping method can be affected by multiple factors, including the type of evolution
selection imposed on the targeted genes [21], the size of the tested population [22], and the number of DNA
recombination sites along given regions in chromosomes [23]. Its technical complexity has also restricted
the use of haplotyping methods to date a few highly selected founder variants in high-impact disease-risk
genes, such as the founder variant BRCAI c.68 69delAG in the Ashkenazi Jewish population [24]. These
factors restrict its use for large-scale dating deleterious variation in humans.

3. C-14 Method for Dating Ancient Biological Fossils

The Carbon-14 (C-14) dating method is widely applied to date ancient biological fossils [25]. C-14 on
earth is generated by cosmic rays. Through metabolism, C-14 integrates into living beings and reaches an
equilibrium state between the environment and the body. Once life ceases, C-14 intake stops, while the C-
14 already integrated into the body begins to decay. By measuring the remaining C-14 radioactivity in the
dead body, the death time, i.e., the age of the body, can be determined. With its half-life of 5730 years, C-
14 is particularly suitable to date the human fossils formed after the last human out-of-Africa migration
occurred 60,000—70,000 years ago till nowadays, including the human fossils formed within the past 11,000
years since the last ice age stopped with the following agricultural revolution and human population
expansion. As C-14 decay is a basic physics feature not influenced by environmental factors, a C-14-dated
result is considered more accurate than a haplotyping-dated result in reflecting the true biological age of
genetic variation [26].

4. DNA Extraction from Dated Ancient Human Fossils and Sequencing

The C-14 dating method has been mainly used in archaeological studies for dating ancient biological
fossils [27]. Since the mid-1990s, the technology of extracting DNA from ancient human fossils has gradually
developed into maturation [28]. Sequences generated from the DNA extracted from C-14-dated ancient
human fossils expand the power of C-14 dating from dating ancient fossils to dating ancient human genomes
at single-base nucleotide resolution. Tens of thousands of ancient human genomes with different ages have
been decoded, providing a potential source to trace the origin of genetic variation in modern humans.

5. Ancient Human Genome Data as a Potential Source to Identify Origin of Germline Deleterious
Variation in Modern Humans

The rapid development of ancient DNA genome sciences is generating massive ancient human genome
data. For the first time, it is possible to directly use the DNA variation data in ancient humans as the
reference to study genetic variation in modern humans. Indeed, efforts have been made to address several
fundamental biological questions related to metabolism, pathogen exposure, and environmental adaptation,
such as the origin of microbe infection in humans [29], human adaptation to extreme environmental
conditions like high altitude [30], the evolution of HLA and ABO blood types [31], the genetic basis of
pigmentation [32], and the development of behavior [33] and intelligence [34]. However, few efforts have
been made to trace the evolutionary origin of the genetic variation contributing to human disease risk.
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Notably, no efforts have been made to understand the evolutionary origin for the genetic variation
contributing to human cancer risk.

Several important factors need to be considered when using ancient human genome data to study
genetic variation in modern humans. Since separating from chimpanzees, the human lineage has evolved
over six million years to Homo sapiens today. To trace the origin of human disease risk, it would be ideal
to have ancient human variation data across the entire period of human evolution as the reference. However,
this is currently impossible to reach due to the lack of DNA samples from the fossils covering the entire
period of human evolution. However, modern humans are the direct descendants of the latest out-of-Africa
human migration, which occurred 60,000-70,000 years ago. Further, it is well documented that the genetic
variation in modern humans occurred largely after this period, especially in the later stage of the last 10,000
years [35,36]. We reasoned that the availability of C-14-dated ancient human genome data, which were
derived mostly from the ancient human fossils aged within the last 10,000 years, may provide an immediate
reference to study the origin of human disease risk. Compared to the study of genetic variation in modern
humans, studying genetic variation analysis in ancient DNA samples also faces a reliability issue, as the
quality of ancient DNA and the derived sequences can be affected by multiple factors, such as DNA
degradation, uneven genome coverage, sequencing artifacts, and biased sample availability. However, these
issues were commonly present in the early phase of ancient DNA extraction and sequencing. Following
extensive efforts made afterwards in ancient DNA extraction, sequencing, and variant identification, the
situation has been significantly improved [37]. Therefore, the reliability issue is of less concern nowadays.
It is also important to note that our study imposed a critical quality control condition to ensure the reliability
of the ancient genetic variants, that is, the use of modern human variants as the bait to identify the
counterpart variants in ancient humans. Imposing this condition basically prevents the inclusion of
artifactual variants present in ancient genome sequences.

6. Proof-of-Principle Studies: The Origin of Germline Deleterious Variation in Human DDR Genes

We proposed that rich ancient human genome data could be valuable to bridge the gap between
evolution and medicine for better understanding the origin of human disease risk. In the past years, my
laboratory has been systematically exploring such a possibility. We used cancer risk variation in the DNA
damage repair (DDR) system as a model in our study. The DDR system preserved in vertebrates is essential
in maintaining genome stability [38—40]. In humans, the DDR system consists of 9 DDR pathways with at
least 169 DDR genes. Each pathway repairs a given type of DNA damage: the base excision repair (BER)
pathway repairs small DNA lesions, the direct reversal (DR) pathway repairs ubiquitous alkylation damage,
the Fanconi anemia (FA) pathway repairs strand cross-link damages, the homologous recombination (HR)
and non-homologous end joining (NHEJ) pathways repair double-strand DNA breaks, the mismatch repair
(MMR) pathway repairs DNA mismatch errors, and the nucleotide excision repair (NER) pathway repairs
helix-distorting DNA damage. Importantly, the DDR genes themselves are prone to germline variation. Part
of the variation is deleterious in disrupting the function of the affected genes, causing genome instability, a
precondition for oncogenesis. The DDR deleterious variation is well-determined as the genetic predisposition
for cancer risk in modern humans [41,42].

We first tested the deleterious variation in BRCAI and BRCA2 (BRCA), two of the most important
DDR genes related to breast and ovarian cancer [8]. Before the study, however, we need to know if human
BRCA deleterious variation could originate from non-human species through evolutionary conservation. If
this were the case, it would be meaningless to study their human origins by exploring the ancient human
genome data. In the study, we used the 6624 BRCA deleterious variants from the ClinVar database [43] to
represent their presence in modern humans. Using a phylogenetic approach, we searched for the presence
of human BRCA deleterious variants in 100 vertebrate species in eight clades of primates, Euarchontoglires,
Laurasiatheria, Afrotheria, Mammalia, Aves, Sarcopterygii, and fish. The results showed that the human
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BRCA deleterious variants were nearly absent in the species of primates closest to humans, including
chimps, gorillas, orangutans, gibbons, rhesus monkeys, crab-eating macaques, and baboons. A group of
human BRCA deleterious variants was present in non-primate species, mostly in the clades of Sarcopterygii
and Fish, which are evolutionarily more distant from humans than primates. Based on the results, we
concluded that the human BRCA deleterious variation was not inherited from non-humans (Figure 1) [44].
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Figure 1. Phylogenetic analysis for the relationship of BRCA deleterious variation between human and non-human species. (A)
Distribution of human BRCA 1 and BRCA?2 deleterious variants in non-human species. Left: BRCAI; right: BRCA2; (B) Combined
distribution of modern-human BRCA deleterious variants in non-human species. The figure shows no direct evolutionary
connection of BRCA deleterious variation between modern humans and non-human species. (Li J, et al. Breast Commun
2026;2:12 | https://dx.doi.org/10.21037/bc-25-4, accessed on 22 May 2026).

We then tested whether BRCA deleterious variants in modern humans could be present in ancient
humans. From public sources, we collected ancient human genome data sets derived from 2792 ancient
human fossils dated between 45,000- and 300-years BP (before present). We searched the presence of
modern-human BRCA deleterious variants in the ancient humans and identified 50 ancient variant carriers
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dated within 10,000 years BP except one (BRCA1 c.181T>G) dated at 37,470 BP. The 50 ancient carriers
carried 46 modern-human BRCA deleterious variants, of which 28 carriers carried 24 BRCA 1 variants and
22 carriers carried 22 BRCA?2 variants (Table 1). Of the 24 BRCA 1 variants, 14 (58.3%) were stop-gain, six
(25%) were located at the BRCT domain, and 4 (c.3607C>T, ¢.4327C>T, ¢.5095C>T, ¢.5503C>T) were
recurrent in more than one carrier; of the 22 BRCA?2 variants, 15 (68.2%) were stop-gain, and three were
located at the nucleic acid binding domain. These ancient carriers lived in Africa, Europe, Asia, Oceania,
and Central and North America (Figure 2). The oldest BRCAI carrier of BRCAI ¢.181T>G lived in
Voronezh Oblast, Russia, dated 37,470 years BP [45]; the youngest BRCAI carrier of BRCAI ¢.2599C>T
lived in Fujian, China, dated 307 years BP [46]; the oldest BRCA2 carrier of BRCA2 ¢.9573G>A lived in
Bor District, Serbia, dated 7874 years BP [47]; and the youngest BRCA?2 carrier of BRCA2 ¢.8009C>T lived
in Shefa, Vanuatu, dated 350 years BP [48].

Table 1. BRCA deleterious variation shared between modern and ancient humans.

Age (BP) Fossil Site Variation Type Domain
cDNA Protein
BRCAl
37,470 + 1210 Voronezh Oblast, Russia c.181T>G p.Cys61Gly missense Zinc finger
9871 £ 1650 Bor District, Serbia c.5095C>T  p.Argl699Trp missense BRCT
7796.5+75.5 Shandong, China c.2059C>T p-GIn687Ter stopgain -
4971 + 450 Catalonia, Spain c.1A>G p-MetlVal startloss -
4671 £50 Sistan and Baluchestan, Iran c.4327C>T p.Argl443Ter stopgain -
4121 £100 Senec, Slovakia ¢.3607C>T  p.Argl203Ter stopgain -
3350 £ 200 Sardinia, Italy c.1618G>T p-Glu540Ter stopgain -
3096 + 20 Hope Town, Bahamas ¢.5503C>T p.Argl1835Ter stopgain BRCT
2110+ 30 Ballito Bay, South Africa c.643C>T p.GIn262Ter stopgain
2110+ 30 Ballito Bay, South Africa c.949C>T p-GIn317Ter stopgain
2110+ 30 Ballito Bay, South Africa c.441+1G>A - splice site
2031 Khovsgol, Mongolia c.135-1G>A - splice site -
1980 + 20 Ballito Bay, South Africa ¢.3967C>T p.GIn1323Ter stopgain
1933 Rostov Oblast, Russia ¢.5353C>T p.GIn1785Ter nonsense BRCT
1695 £ 195 Chukotka, Russia c.2761C>T p.GIn921Ter nonsense -
1471 + 50 Girona, Catalonia c.4255G>T p.Glul419Ter stopgain -
1221 + 100 Monsenor Nouel, Dominica ¢.2309C>A p-Ser770Ter stopgain -
921 + 500 Monsenor Nouel, Dominica ¢.3607C>T  p.Argl203Ter stopgain -
921 + 500 Monsenor Nouel, Dominica c.5096G>A p-Argl699GIn missense BRCT
921 £ 500 Monsenor Nouel, Dominica c.4327C>T p.-Argl443Ter stopgain -
921 £ 500 Monsenor Nouel, Dominica c.5216A>T p.Aspl739Val missense BRCT
921 + 500 Monsenor Nouel, Dominica ¢.5095C>T  p.Argl699GIn missense BRCT
721 £100 San Pedro de Macors, Dominica c.2389G>T p-Glu797Ter stopgain -
721 £ 100 San Pedro de Macors, Dominica ¢.5503C>T p.-Argl835Ter stopgain BRCT
480 + 30 Eland Cave, South Africa c.5074G>A p.Aspl692Asn  nonsynonymous BRCT
480 + 30 Eland Cave, South Africa c.3403C>T p-GInl135Ter stopgain
419+ 94 Guangxi, China c4573C>T p-GIn1525Ter stopgain SRD
307.5+£26.5 Fujian, China ¢.2599C>T p-GIn867Ter stopgain -
BRCA2
7874+ 72 Bor District, Serbia c.9573G>A p-Trp3191Ter stopgain NAB
7030 £ 50 Castile and Leon, Spain c.9466C>T p-GIn3156Ter stopgain NAB
4950 + 150 Baden, Germany c.6952C>T p.Arg2318Ter stopgain -
4571 £ 350 Kladno, Central Bohemian Region c.9382C>T p-Arg3128Ter stopgain -
4384 + 200 Scotland, UK c.3922G>T p-Glul308Ter stopgain -
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4250 £ 1200 Vrancea County, Romania c.7806-2A>G - splicing -
3858 =200 Budapest, Hungary ¢.8695C>T p.GIn2899Ter stopgain -
3546 + 325 Atyrau region, Kazakhstan c.244A>T p.Lys82Ter stopgain -
2921+ 100 NWEP, Pakistan c.1189C>T p-GIn397Ter stopgain -
2921 £ 100 NWEP, Pakistan c.3469G>T p-Glul157Ter stopgain -
2821 + 100 East Kazakhstan, Kazakhstan c.1825C>T p-GIn609Ter stopgain -
2821 + 100 East Kazakhstan, Kazakhstan ¢.2455C>T p.GIn819Ter stopgain -
2330+ 25 St. Helena, South Africa c.2905C>T p-GIn969Ter stopgain
2321 +£100 NWEP, Pakistan ¢.5200G>T p-Glul734Ter stopgain -
2131 Khovsgol, Mongolia c.316+1G>A - splice site -
2083 Omnogovi, Mongolia c.7617+1G>A - splice site -
1980 + 20 Ballito Bay, South Africa c.7480C>T p.-Arg2494Ter stopgain
1783 Issyk Kul, Kyrgyzstan c.7007G>A p-Arg2336His missense -
1697 South Kazakhstan, Kazakhstan c.7977-1G>A - splice site -
1100 + 500 Santo Domingo, Dominica c.171C>A p.Tyr57Ter stopgain -
480 + 30 Eland Cave, South Africa c.475G>A p.Vall59Met  nonsynonymous
350 + 100 Shefa, Vanuatu ¢.8009C>T p.Ser2670Leu missense NAB

Note: Bold refers to the variants present in more than one ancient individual. (Li J, et al. Life Sci Alliance. 2022, 5, €202101263,
https://doi.org/10.26508/1sa.202101263, accessed on 22 May 2026).
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Figure 2. Geographic locations of ancient carriers with BRCA deleterious variants. Circle dot: ancient BRCA/ variant carrier;
triangle dot: ancient BRCA?2 variant carrier; irregular dot: overlapped BRCA! and BRCA?2 variant carriers (Li J, et al. Life Sci
Alliance. 2022, 5, 202101263, https://doi.org/10.26508/1sa.202101263, accessed on 22 May 2026).

Based on the results, we concluded that BRCA deleterious variation in modern humans largely
originated from humans themselves during recent human history within 10,000 years. To know if the results
are only specific for BRCA deleterious variation, we applied the same approach to test the deleterious
variants in several other DDR genes of MUTYH, PALB2, TP53, MLHI, MSH2, and MSH6. We obtained
very similar results that most of the deleterious variation in these DDR genes arose in the recent human
history of 10,000 years, as seen in BRCA [49-52]. The results raised an interesting question: if the short-
arising history observed in these DDR genes might be universal for the deleterious variation in all DDR
genes? To test this possibility, we expanded the study to all 169 DDR genes [19,53]. In the study, we
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increased the ancient genome sequence data sets from the 2792 ancient humans used in the BRCA study to
5031 available dated between 45,045- and 100-years BP (Table S1) including several Neanderthal genome
sequences available, and used the 20,272 deleterious variants in 91 DDR genes from the ClinVar database
to represent the modern-human DDR deleterious variation. In the 5031 ancient humans, we identified 959
carriers dated mostly within the last 10,000 years, carrying 1266 modern-human deleterious variants in 73
DDR genes, of which 67 deleterious variants in 33 DDR genes were recurrent in more than one carrier (Figure
3A). The 959 ancient carriers lived in the Great Steppe and Asian continent. Comparing the variation rate at
1000-year intervals during the 10,000 years showed that the highest carrier rate of 0.18/1000 individuals was
at the 6000—6999 and 4000—4999 intervals (Figure 3B, Table S2). The oldest carrier of LIG4 ¢.833G>A was
a Brazilian dated 9550 years BP; the youngest carrier of MSH6 c.1407T>A was a Russian dated 1070 years
BP. Of the DDR pathways affected by the deleterious variants, the homologous recombination (HR) pathway
had the highest number of 636 deleterious variants in 21 (67.7%) of its 37 genes.

The same variant can have multiple carriers from the first (oldest) carrier to the last (youngest),
distributed over a wide time range (Figure 3A). The significance of identifying the first carrier is that it
narrows down the arising time of the variant by excluding any later carrier as the origin. Therefore, the
chance that most of these first carriers represent the true origin of the variants should be high (Figure 3A).
Figure 3B shows the DDR variation at 1000-year intervals in the 5031 ancient humans. A two-peak
distribution was present, suggesting that the arising time of DDR variation is dynamic rather than simple
accumulation. Among the possible factors can be the changes of population size, as exemplified by the
vanished population following the collapse of the LIANGZHU civilization in Zhejiang, China, around 3000
BP due to climate change-caused sea level increase during the period [54].

Consistent with the presence of Neanderthal DNA in modern humans, we also identified 5 DDR
deleterious variants in 5 Neanderthals dated between 80,000- and 50,000-years BP, including ATM
c.5918+1G>A, ATM c.8584+1G>A, ATM ¢.7089+1G>A, BRCA2 c¢.9076C>T, and CHEK2 c.988C>T
(Table 2).

Table 2. Deleterious variation of modern humans identified in Neanderthal.

Gene HGVSc Neanderthal Age Location
ATM  c.5918+1G>A Chagyrskaya K >50,000 Altai mountains, Russia
ATM  c.8584+1G>A Chagyrskaya B >50,000 Altai mountains, Russia
ATM  ¢.7089+1G>A  Chagyrskaya 8, Vi33.19 80,000 to 50,000 Altai mountains, Russia
BRCA2  ¢.9076C>T Chagyrskaya F 80,000 Altai mountains, Russia
CHEK2  ¢c.988C>T Chagyrskaya B >50,000 Altai mountains, Russia Vindija cave, Croatia

We also compared the quantitative distribution for the DDR deleterious variants shared between modern
and ancient humans. Using the ratio between individual variant/total variants as the indicator, we observed
that modern and ancient humans had a similar pattern of quantitative distribution for the shared deleterious
variants, with the deleterious variants in ATM, BRCA2, and BRCA1 at the highest (Figure 4). The deleterious
variants in 7P53, MLHI, and MSH2 were exceptionally higher in ancient humans but lower in modern
humans, possibly being suppressed in modern humans to prevent their deleterious effects.
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Figure 3. DDR deleterious variation shared between modern and ancient humans within the last 10,000 years. (A) Time
distribution of the ancient carriers of DDR deleterious variations. It shows the timing of the carriers for the 67 recurrent
deleterious variations in 33 DDR genes within the last 10,000 years. The red dot in each line refers to the first carrier for each
variant; the black dot(s) in the same line refer to the later carrier(s) carrying the same variant. The line to the left of the red dot
shows the absence of variant carriers in samples older than the first carrier. (B) Variation of DDR deleterious variation in ancient
humans at 1000-year intervals during the past 10,000 years. The rate in each interval was normalized by dividing the number of
ancient carriers at each interval with the total number of 5031 ancient individuals. The 6000-6999 and 4000-4999 intervals showed
the highest variation among all intervals (Zhao B, et al., BMC Cancer 2024, 24, 415. DOI:10.1186/s12885-024-12160-6, accessed
on 22 May 2026).
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Figure 4. Quantitative comparison of DDR deleterious variation between ancient and modern humans. The comparison was
made between the 1266 DDR deleterious variants identified in ancient humans in this study and the 1781 DDR deleterious
variants identified in global modern humans by our previous study [53]. The rate of deleterious variants in each DDR gene in
ancient or modern humans was calculated by the number of deleterious variants in each gene/total number of deleterious variants
in all DDR genes. The red rectangle in the lower part refers to the deleterious variation-containing DDR genes in the affected
DDR pathways. The data show that most of the DDR deleterious variation shared between ancient and modern humans had a
similar pattern of quantitative distribution (Zhao B, et al. BMC Cancer 2024, 24, 415. DOI:10.1186/s12885-024-12160-
6,accessed on 22 May 2026).

We further tested whether the DDR deleterious variation identified in ancient humans originated in
Africans before the latest Out-of-Africa human migration or in descendant non-Africans after the latest
Out-of-Africa human migration. High sharing among ancient humans, Africans, and non-Africans would
imply that the variation arose before the Out-of-Africa migration, and high sharing between ancient humans
and non-Africans but not Africans would suggest that the variation arose in non-Africans after the out-of-
Africa migration. We extracted DDR deleterious variants from the genome data of 28,872 African
individuals and 222,342 non-African individuals. We then compared the deleterious variation of ancient
humans with those of Africans and non-Africans. Of the 397 shared ancient variants, 15 (3.8%) were shared
with Africans only, 106 (26.7%) with both Africans and non-Africans, and 276 (69.5%) with non-Africans
only. The non-proportional rates of population size (28,872 Africans /222,342 non-Africans =13%) and
shared variants (15 shared with Africans only and 276 with non-Africans only = 5.4%) suggest that the
DDR deleterious variation of ancient humans mostly originated in descendant non-Africans of the latest
Out-of-Africa migrants (Figure 5) [55].

Africans

533

Ancient humans non-Africans

Figure 5. Comparison of DDR deleterious variation between ancient humans, Africans, and non-Africans. It shows that over
two third of the ancient DDR PVs were shared only with non-Africans, highlighting their non-African origins (He J, et al. Front
Genet. 2024, 15, 1408952. DOI:10.3389/fgene.2024.1408952, accessed on 22 May 2026).
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We also tested the possibility that human admixture could transfer DDR deleterious variation between
different ethnic human populations. Over five million Brazilian individuals carry Portuguese heritage
formed during Portugal’s global colonization era, constituting 2.3% of Brazil’s population of 214 million.
In the study, we observed in the Brazilian population the presence of three well-determined Portuguese-
BRCA founder deleterious variants (BRCAI c¢.2037delinsCC with unknown arose time, BRCAI
c.3331 3334del arose over 2000 years ago [56], and BRCA2 c.156_157insAlu arose over 500 years ago
[57]). The results indicate that human admixture can indeed impact human health, such as cancer risk, by
transferring disease-risk genetic variation between different ethnic populations (Figure 6) [58].

A. No. Variants Tested cases # Carrier Carrier rate (%) Population Frequency
GMAF* gnomAD**
BRCA1
11 ©.3331_3334del*** 4131 84 2.03
3 c211A>G 2,416 32 1.32 = -
4  ©.3477_3480del 158 1 063 2 0.00000
14 ©.3477_3480del 158 1 0.63 = 0.00000
7 c©.4165_4166del 998 6 0.60 -
9 c.470_471del 2,265 13 0.57
2 c.2037delinsCC*** 1,261 5 0.40
13 c.3257T>G 769 3 0.39
10 c.66dup 780 3 0.38
6 c.3817C>T 1.916 7 0.37 = =
5 ¢.3627dup 649 2 0.31 - 0.00001
8 c4484G>T 418 1 0.24 = 0.00000
1 ¢.1016dup 1,267 2 0.16 o =
12 c.116G>A 1,267 1 0.08 : 0.00003
BRCA2
3 ©.1310_1313del 44 ¥ 227
2  ¢.156_157insAlu™* 4,471 30 0.67 5
1 c2T>G 2727 14 051 0.00001 5
14 c.9382C>T 2429 12 0.49 < 0.00001
12 c.9004G>A 1.067 4 0.37 -
7 ¢B656C>G 2,523 8 0.32
13 ¢.9098_8099insA 649 2 0.31
10 c.8488-1G>A 2,528 7 0.28
5 c.4808del 2,528 6 0.24
8 c.7007G>A 1,067 2 0.19
9 ¢7738C>T 1,916 3 0.16
6 c.6468_6469del 649 1 0.15
11 ¢.8695C>T 649 1 0.15
15 ©.956dup 649 1 0.15
4 c.4380_4381del 1,267 1 0.08
Total LTI 254

*Global minor allele frequency
**Genome Aggregation Database
***Portuguese BRCA founder variants
**** Non-reduandant cases

<
%
- 4

vy

oY
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Figure 6. The presence of Portuguese BRCA founder deleterious variants in the Brazilian population. (A) Of the 29 of the 56
Portuguese-derived variants shared with Brazilians, the three founder variants (in bold) were highly present in the Brazilian
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population; (B) Resident location of the Brazilian carriers of Portuguese BRCA variants in multiple states of Brazil (darker blue).
(Andaluz S, et al. BMC Genomics. 2024, 25, 416. DOI:10.1186/s12864-024-10311-4, accessed on 22 May 2026).

To test the consistency of haplotyping-dated and C-14-dated results, we compared the age of
deleterious variation dated by both methods. Of the ages for the 12 DDR deleterious variants dated by both
methods (Table 3), 6 were highly consistent, but 6 were highly inconsistent. For example, BRCA1 ¢.4485-
1G>A was dated as 3800 years BP by haplotyping but 34,425 years BP by C-14. As C-14 dating is less
affected by different factors than haplotyping, we consider that the age dated by the C-14 method should
be more reliable than the age dated by the haplotyping method.

Table 3. Age comparison for the pathogenic variants determined by both haplotyping and C-14 dating.

Gene cDNA Age (Year Before Present)
Haplotyping Dating C-14 Dating
Pubmed ID Time Pubmed ID #Carrier Time *

Similar Age

26595274,
29743352,
34937049;
34937049
30988490;
31699931
33157037;
35366416
35561686;
29743352,
33579752;
BRCAI ¢.3598C>T 35377489 3850 33618348; 7 4250
34937049;
34937049;
34937049
31147405;
31699931,
33618348;
34937049

MLHI ¢.306+5G>A 20858721 2200 29743352 1 3818
Very Different Age

MUTYH c.1103G>A 23361220 8675 4 8315

MUTYH c.452A>G 23361220 7500 2 7701

BRCAI ¢.5503C>T 35377489 3975 2 4575

TP53 c.1010G>A 26618902 2000 4 2530

29743352;
33122380
29743352;
31488661;
BRCAI c.4327C>T 15883839 2000 33157037 5 4600
33157037
34937049
29743352;
26062507
BRCA2 c.7480C>T 11039581 400-200 29743352 1 6319
BRCAI c.5153-1G>A 19912264 380 30417088 1 1724
MSH2 c.2152C>T 30968502 273 31699931 1 1946

* Note: The earliest time if present in multiple samples.

BRCAI c.4485-1G>A 35377489 3800 2 34425

MSH6 c.10C>T 25318681 543 2 6713

In summary, our study reveals that DDR deleterious variation in modern humans mostly originated in
the recent human history of 10,000 years BP. The following factors can contribute to the result:
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Evolution selection. The genes under positive selection can contain more genetic variation, as shown
by the presence of abundant deleterious variants in BRCAI [19]. Furthermore, the short history of
deleterious variation arising within the past 10,000 years may not allow evolution selection to function
effectively by either eliminating or fixing the variation in the genome, leading to the accumulation of
variation [59,60].

Beneficial effects. Certain deleterious variations can be developmentally beneficial by promoting fitness,
although they can lead to high disease risk in individual carriers. BRCA/ variation is an example. BRCA 1
variants are so highly abundant that there is one carrier among a few hundred individuals in modern humans.
Besides the cancer risk, evidence shows that the BRCA variant carriers have higher reproduction capacity
than non-carriers, suggesting BRCA I variants may enhance human reproduction [61].

Size of genes. Genes with larger coding region often have more deleterious variations than those with
smaller coding region. For example, BRCA1 has 1863 residues, BRCA2 has 3418 residues, and ATM
has 3056 residues. All of them had highly abundant deleterious variants (Figure 4).

Cultural influence. Human consanguineous marriage can substantially alter the carrier rate of BRCA
deleterious variation in the practicing population [62,63], and human admixture can transfer disease-
risk deleterious variation between ethnic human populations [58].

Human evolution history. The short history of human DDR variation is coincident with several key
events of human evolution history after the latest Out-of-Africa human migration. These include the
ending of the last glacial period, the agricultural revolution and industrial revolution, human population
expansion, etc. It is estimated that only a few thousand human individuals moved out of Africa during
the latest Out-of-Africa human migration, and the size of the human population remained lower till the
end of the last glacial period of 11,000 years ago [64,65]. The following agricultural revolution and
industrial revolution later on led to the expansion of the human population till over 8 billion nowadays
[66,67]. As the human genome has a fixed variation rate of 2.5 x 10~ per nucleotide site per generation
[68], the drastic increased population size provides a favorable explanation for the rapid arising of
deleterious variation in modern humans within the past 10,000 years.

7. Limitation of Our Study

There are several limitations in our current study. Therefore, more evidence is required to support the

conclusion that DDR deleterious variation in modern humans mostly originated in recent human history.

1.

Limited time range for the ancient human samples. The current ancient human data mostly consist of
individuals aged within the past 10,000 years. As such, the deleterious variation that originated earlier
than this time range may be missed. The situation can be improved when more old ancient human
samples can be identified and sequenced, as shown by a recent study that the number of sequenced
ancient human cases has rapidly increased from 5031 used in our recent study to over 15,000 cases in
2026 [69].

The first carrier identified may not be the true first carrier. Such a situation may particularly affect the
first carriers closer to 10,000 years BP, as not many ancient samples older than 10,000 years are
currently available. This should be much less of concern for the first carriers distant from 10,000 years
BP, as non-carrier samples older than these first carriers are widely present (Figure 3A).

Lower quality of ancient human genome sequences. Extensive technical improvement for ancient DNA
extraction and sequencing has been made, resulting in decoding a tenth of thousands of high-quality
ancient human genomes. The ancient human genome sequence data used in our study were dominantly
generated in recent years with tight quality control, ensuring high reliability of the identified ancient
variants. The use of modern-human variants to fish out their ancient counterparts greatly eliminates the
contamination of artifactual variants.

Uneven age distribution of ancient human samples. Although the ancient human samples were aged
mostly within the Holocene of 11,000 years BP, they were not equally distributed within this period.
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5. Lack of experimental validation for the ancient variants. Ideally, validation should be performed for
the ancient variants. However, the rarity of ancient DNA samples basically prevents attempts at
validation study.

6. A variant shared between ancient and modern humans may not have a hereditary relationship. This is
particularly true for the “hot-spot” variation loci that can generate spontaneous variation, as shown in
certain 7P53 variants [70,71].

8. Conclusions

Our study provides proof-principle evidence that ancient human genome data are valuable for
understanding the evolutionary basis of human disease risk. Based on the results from our study, we
consider that cancer risk caused by germline deleterious variation in modern humans is largely a byproduct
of human evolution. We propose that establishing and timely expanding the ancient human variation
databases should greatly facilitate the efforts of determining the age and origin of deleterious variation
contributing to human disease risk (https://genemutation.boboz.io/dbddr-ancienthumans/, accessed on 30
September 2026).

Supplementary Materials

The following supporting information can be found at: https://www.sciepublish.com/article/pii/1320,
Table S1: List of 5031 ancient human samples used in the study; Table S2: List of 1266 DDR deleterious
variants shared between modern and ancient humans.
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