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Introduction: The DNA damage repair (DDR) system in human genome is pivotal
in maintaining genomic integrity. Pathogenic variation (PV) in DDR genes impairs
their function, leading to genome instability and increased susceptibility to
diseases, especially cancer. Understanding the evolution origin and arising
time of DDR PV is crucial for comprehending disease susceptibility in
modern humans.

Methods: We used big data approach to identify the PVs in DDR genes in modern
humans. We mined multiple genomic databases derived from 251,214 modern
humans of African and non-Africans. We compared the DDR PVs between African
and non-African. We also mined the DDR PVs in the genomic data derived from
5,031 ancient humans. We used the DDR PVs from ancient humans as the
intermediate to further the DDR PVs between African and non-African.

Results and discussion: We identified 1,060 single-base DDR PVs across 77 DDR
genes in modern humans of African and non-African. Direct comparison of the
DDR PVs between African and non-African showed that 82.1% of the non-African
PVs were not present in African. We further identified 397 single-base DDR PVs in
56 DDR genes in the 5,031 ancient humans dated between 45,045 and 100 years
before present (BP) lived in Eurasian continent therefore the descendants of the
latest out-of-Africa human migrants occurred 50,000-60,000 years ago. By
referring to the ancient DDR PVs, we observed that 276 of the 397 (70.3%)
ancient DDR PVs were exclusive in non-African, 106 (26.7%) were shared
between non-African and African, and only 15 (3.8%) were exclusive in African.
We further validated the distribution pattern by testing the PVs in BRCA and TP53,
two of the important genes in genome stability maintenance, in African, non-
African, and Ancient humans. Our study revealed that DDR PVs in modern
humans mostly emerged after the latest out-of-Africa migration. The data
provides a foundation to understand the evolutionary basis of disease
susceptibility, in particular cancer, in modern humans.
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1 Introduction

A genome is constantly damaged by endogenous and
exogenous factors (Liu and Huang, 2014; Bian et al, 2019).
Effectively repairing the damaged DNA is vital to all life (Jeggo
et al, 2016). The DNA damage repair (DDR) system is composed
of multiple functional pathways and is universally preserved in
living organisms. Each pathway consists of multiple genes that
repair special types of DNA damage: BER (base excision repair)
pathway repairs the lesions with small bases (Willey et al., 2014);
DR (direct reversal) pathway repairs the DNA damaged by
ubiquitous alkylating agents (Volkert, 1988); FA (Fanconi
anemia) pathway repairs the damages of strand cross-link
errors (Ceccaldi et al., 2016); HR (homologous recombination)
(Liang et al., 2005) and NHE]J (nonhomologous end joining)
pathways (Budman and Chu, 2005) repair double strand DNA
breaks; MMR (mismatch repair) pathway repairs mismatched
errors (Lynch et al, 2015); NER (nucleotide excision repair)
pathway repairs the DNA damaged by helix-distorting DNA
errors (Reardon and Sancer, 2006).

Genetic variation of insertion, deletion, duplication, indel, single
nucleotide change etc. is common in DDR genes (Seplyarskiy and
Sunyaev, 2021). While most genetic variants in DDR genes are
benign or neutral, a portion of the variants are pathogenic that they
damage the function of the affected DDR genes, causing genome
instability and high risk of diseases. In medical terminology, a
classified likely
pathogenic, variant of uncertain significance, likely benign, or

genetic variant can be into pathogenic,
benign. Pathogenic and likely pathogenic variants (PVs) have
direct clinical significance in disease diagnosis, treatment and
prognosis but benign and likely benign variants (BVs) don’t,
whereas the function of uncertain significance variants (VUS)
remains unclear (Richards et al., 2015).

The PVs in DDR genes are well determined as the genetic
predisposition for high disease risk, in particular, cancer (Lynch,
2010; Xue, et al., 2012; Fu, et al., 2014; Simons, et al., 2014). For
example, the tumor suppressor BRCAI in the homologous DNA
damage repair pathway plays essential roles in repairing double-
strand DNA breaks. PVs in BRCAI lead to deficiency of the
homologous DNA damage repair pathway, increasing the risk of
breast and ovarian cancer (Welcsh and King, 2001; Narod and
Foulkes, 2004). One of the distinct features of modern humans from
many other mammals is the high susceptibility to cancer (David and
Zimmerman, 2010). This could also be attributed to specific genetic
factors in humans, to which the DDR PVs can be directly relevant.
Determining the evolutionary origin and arising time of DDR PVs in
modern humans can provide deep in-sight into the evolutionary
basis of human diseases and develop strategies to control disease
risk. Our recent studies in the human DDR genes including BRCA1,
BRCA2, TP53, MUTHY, and PALB?2 etc. revealed that the DDR PVs
were not transmitted from nonhuman species through cross-species
conservation but arose in humans themselves (Li, et al., 2022; Chian,
etal., 2023; Kou, et al., 2023; Xiao, et al., 2023). The results promoted
us to question whether the result observed in these genes could be
universal that the PVs in all human DDR genes were originated from
humans themselves. We expanded the study by testing the origins of
PVsin all 169 human DDR genes. The results confirmed that nearly
all PVs in the 169 DDR genes were originated in humans themselves
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(Zhao, et al., 2024). However, human evolution has lasted for over
6 million-years since the separation from Chimp. While our study
determined that the PVs in human DDR genes is basically originated
from humans themselves, the precise time point for when the PVs
arose along human evolutionary history remain unknown. One of
the most significant events in human evolution history is the latest
out-of-Africa migration, which played fundamental roles in the
formation of modern humans. Our previous study (Zhao et al,
2024) used the PV data from ancient humans determine that the
origin of human DDR PVs was from humans themselves. However,
the precise arising timing of the DDR PVs along human evolution
process remains to be determined.

Modern non-African humans (hereafter: non-African) were
the direct descendants of the latest out-of-Africa human migrants
that occurred 50,000-60,000 years ago (Hublin, et al.,, 2017)
staying largely in Persian Plateau and spread to the world
45,000 years ago (Vallini et al, 2024). The non-African
migrants were more homogeneous than the ancestral African
due to the founder effects and the bottleneck effects of small
population size when out-of-Africa migration occurred
(Tishkoff, et al., 2009). Although out-of-Africa humans could
inherit certain genetic variants from their African ancestors,
novel genetic variation should arise and be selected in the
decedent out-of-Africa humans following their adaptation to
new environments and increased population size. These novel
variants should be largely absent in the ancestors of the out-of-
Africa humans and the descendants of ancient African (hereafter:
African) except these occurred coincidentally. Rapid progress in
archaeological genomics has led to the identification of rich
genetic variation data including the PVs from ancient humans,
which were mostly from the descendants of out-of-Africa
migrants composed of the ancient non-African living in
Eurasia continent within the last 10,000 years (Kou, et al,
2023). The main goal of our current study is to narrow down
the arising time of human DDR PVs by referring to the out-of-
Africa migration as the cutting point. We consider that the
assumptions “zoom-in” from the million-year human
evolution history to the Out-Of-Africa period of 60,000 years
ago, which played one of the most significant roles in the
formation of modern humans, to determine the arising time of
human DDR PVs. The results from the much simplified analytic
process can open a door to further study the complexities of DDR
PV origins. Thus, we hypothesized that comparison of the DDR
PVs among African, non-African and ancient humans should
allow to determine the arising time by referring out-of-Africa
migration as the cutting point. The PVs absence in African but
sharing between ancient humans and non-African would imply
that the PVs were originated after the out-of-Africa migration;
the PVs shared in African, ancient humans and non-African
would imply that the PVs were originated in African; and the PV's
present only in African but not in ancient humans and non-
African would imply that the PVs were originated in African.

To test our hypotheses, we identified the DDR PVs in 169 human
DDR genes originated in 28,872 African, 222,342 non-African, and
5,031 ancient humans. We made direct comparison of DDR PVs
between African and non-African. We also used the DDR PVs of
ancient humans as the intermediate to further compare the DDR PVs
between African and non-African. We further validated the results by
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comparing the PVs in BRCA and TP53 in the three cohorts. The results
reveal that DDR PVs in modern humans mostly arose after the latest
human out-of-Africa migration.

2 Materials and methods

2.1 Sources of human DDR PVs

The following databases were used to extract African and non-
African PV data: gnomAD combing v2 (125,748 exomes) and v3
(76,156 genomes); only the noncancer data were included in the
study (https://gnomad.broadinstitute.org/) (Karczewski, et al, 2020);
jMorp (https://jmorp.megabank.tohoku.acjp/, genome variation data,
v202f (20,630, 38,722 samples) (Tadaka, et al., 2019); and ChinaMAP
(http://www.mbiobank.com/, v2020-03.beta, 10,588 samples) (Cao,
et al, 2020). Each dataset (vcf files) was annotated against the
coding regions of DDR genes by ANNOVAR (https://annovar.
openbioinformatics.org/en/latest/) (Wang, et al., 2010), using hg38 as
the reference. The 169 DDR genes were identified in our previous work
(Qin, et al,, 2022) by referring to “Replication and Repair” in the KEGG
PATHWAY database (https://www.genome.jp/kegg/pathway.
html#genetic) (Kanehisa and Goto, 2000) and the Human DNA
Repair Genes database (https://www.mdanderson.org/documents/
Labs/Wood-Laboratory/human-dna-repair-genes.html) (Wood, et al,
2005). The PVs included the Pathogenic and Likely Pathogenic
classified by ClinVar (released on 20 March 2022) (Landrum, et al,
2016). The PVs located in coding exons were used for the analyses.
Based on the origins of the extracted PVs, the PVs from different
databases were combined to form the African PV and non-African PV
datasets. Only single-base PVs were included in the study.

2.2 Ancient human genomic data analysis

Ancient human genome sequences were collected from “Allen
Ancient DNA Resource” (version 50.0, https://reich.hms.harvard.edu/
allen-ancient-dna-resource-aadr-downloadable-genotypes-present-day-
and-ancient-dna-data, accessed 10 October 2021) and its listed
publications. A total of 5,031 ancient individual genomic datasets
dated between 45,045 and 100 years before present (BP) were
included in the study. MapDamage 2.0 (version 2.1.1) (Jonsson, et al,
2013), a base recalibration tool used to remove false variants generated by
deamination of ancient DNA, was used to check the quality of the data.
SAMtools (Li, et al., 2009) was used to call variants to generate a VCF file
(http://www.htslib.org/). The called variants were further processed by
the ANNOVAR program (https://ANNOVAR .openbioinformatics.org/
en/latest/) (Wang, et al., 2010). The annotated variants were compared
with ClinVar to obtain related information for those matched by the
ancient variants. The locations of ancient PV carrier’s fossil excavations
and the estimated timing were based on the original data sources and
publications.

2.3 Statistical analysis

Z-test, T-test, regression analysis, and phylogenetic clustering
were performed to characterize the population differences using R,
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and p < 0.05 was set as the significant level if applicable.
Geographical map of the matched ancient PV carriers was
MATLAB version R2022a (The

generated by
MathWorks, Inc.).

using

3 Results

We designed the strategy for our study: 1. Direct comparing the
DDR PVs between African and non-African populations to estimate
the similarity and difference of DDR PVs between the two
populations after their separation since out-of-Africa migration;
2. Using the DDR PVs derived from ancient humans as the reference
to further test the similarity and difference of DDR PVs between the
two populations; 3. Using the PVs in BRCA and TP53 as the
examples to validate the results from the comparisons. Figure 1
outlines the working flow of analytic process.

3.1 DDR PVs identified in African and
non-African

Modern non-African humans (hereafter: non-African) were the
direct descendants of the latest out-of-Africa human migrants that
occurred 50,000-60,000 years ago (Hublin, et al., 2017). In addition
to the genetic variation inherited from the African ancestors, de novo
variation including DDR PVs can arise in non-African in reflecting
their adaptation to new global environments. The first step of our
study was to collect DDR PVs from African and non-African for
further comparison.

We mined DDR PVs from the genomic data covering
251,214 individuals, including 28,872 (11.5%)
individuals and 222,342 (88.5%) non-African
Table 1 lists the compositions of non-African population. We
identified a total of 1,060 single-base DDR PVs in 77 human DDR
genes, distributed in 8 DDR pathways of base excision repair
(BER), DNA damage response (DNA res), DNA replication
(DNA rep), Fanconi anemia (FA), homologous recombination

African
individuals.

(HR), mismatch repair (MMR), nonhomologous end joining
(NHEJ), and nucleotide excision repair (NER) (Table 2;
Supplementary Table S1). At the pathway level, the FA
pathway had the highest number of 493 PVs among the
49 DDR genes in the pathway (Table 2A); at the gene level,
ATM had the highest number of 104 PVs among the 77 PV-
containing DDR genes. Of the 1,060 PVs, 378 (35.7%) were found
in the ATM, BRCAI, BRCA2, FANCA, and MUTYH genes
(Table 2B), and stop-gain PV was the major variation type
contributing to more than 70% of all PVs (Table 2C).

We performed phylogenetic test to know the relationship of
DDR PVs among ethnic groups in non-African population. We
removed Amish and middle-eastern groups from the analysis due to
the small size of these groups (less than 1,000). The results show
indeed DDR PV follows the ethnic relationship between different
populations (Figure 2).

The DDR PVs were identified from different ethnic populations.
We compared the PVs in non-Finnish European group with
620 PVs and East Asian group with 313 PVs. The results showed
that only 140 PVs were shared between the two groups, accounting
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Identify DDR PVs in African population
}

Identify DDR PVs in non-African population
‘

Compare DDR PVs between African and non-African populations

‘

Identify DDR PVs from ancient humans

}

Compare DDR PVs between African and ancient humans, non-African and ancient humans

}
Compare PVs in BRCA and TP53 as the showcases

FIGURE 1
Scheme of the analytic process. See text for detailed explanation.

TABLE 1 Composition of non-African populations.

Non-African population Cases

Non-Finnish European 90,914
East Asian 61,111
Latino/Admixed American 24,943
South Asian 17,727
Finnish 16,140
Ashkenazi Jewish 6,776
Other (population not assigned) 4,117
Amish 456
Middle Eastern 158
Total 222,342

for 23% of European PVs and 45% of East Asian PVs, whereas the
rest PVs were only present in each group. The results highlighted the
ethnic-specific nature of DDR PVs. Further, the PVs were rare
with
pathogenicity (Supplementary Table S2).

variants low population frequency, supporting their

3.2 Direct comparison of DDR PVs between
African and non-African

We compared directly the DDR PV's between African and non-
African. The results showed 1). Higher carrier rate of DDR PV in
African than in non-African. Of the 1,060 PVs, 260 PVs among the
54 DDR genes were in 618 African individuals (4.2 PVs/individual
on average), and 974 PVs in 77 DDR genes were in 7,691 non-
African individuals (1.3 PVs/individual on average) (Supplementary
Table S1). The high carrier rate of DDR PV in African compared
with non-African was consistent with the high diversity of African
genome among different ethnic human populations (Tishkoff, et al.,
2009); 2). The DDR PVs affected the same DDR pathways and genes
between African and non-African. At the pathway level, all eight
DDR pathways in both African and non-African carried DDR PVs
(Table 2; Supplementary Table S1); at the gene level, there were
54 PV-containing DDR genes in African and 77 in non-African, all
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54 PV-containing DDR genes in African were included in the 77 PV-
containing DDR genes in non-African (Figure 3A); 3). Similar
prevalence of DDR PVs between African and non-African. The
prevalence of DDR PVs was highly correlated between African and
non-African, except for the PVs in a few DDR genes. For example,
BRCA1 PVs were lower in African than in non-African and RAD50
PVs were higher in non-African than in African (Figure 4); 4). Most
DDR PVs were not shared between African and non-African. 86
(33.1%) of the 260 PVs in African and 800 (82.1%) of the 974 PVs in
non-African were not shared (Figure 3B; Supplementary Table S3).
For the 174 DDR PVs shared between African and non-African, the
highly prevalent PVs in 5 DDR genes of MUTYH p.Gly368Asp,
MUTYH p.Tyr151Cys, ERCC3 p.Arg452Ter, ERCC4 p.Trp193Ter,
and RNASEH2B p.Alal77Thr contributed 30% (141 out of 471) of
the total PV carrier, and 4 TP53 PVs of c.473G>A p.Argl58His,
c.733G>A  p.Gly245Ser, ¢.743G>A  p.Arg248Gln, c.818G>A
p-Arg273His were all TP53 hot-spot PVs (Baugh et al, 2018),
and the European founder mutations of MUTYH c.452A>G
p.Tyr151Cys and ¢.1103G>A p.Gly368Asp (p.Tyr179Cys and
p.Gly396Asp) were represent in African (Casper, et al, 2012)
(Supplementary Table S4).

We applied Z test for Figure 3 to test the significant difference
between the ratios of the involved genes to all the 169 DDR genes
(p = 0.01404), and for Figure 4 to show the significant difference
between the ratios of the variants to the respective population sizes
(p < 2.2e-16). We also performed T-test for the significant difference
of DDR PV carriers between African and non-African populations
0.00712 between the last two
Supplementary Table S1).

The results indicated that the spectrum of DDR PVs between
African and non-African were substantially different.

(p-value = columns in

3.3 Comparison of ancient DDR PVs in
African and non-African

Recent progress in archaeological genomics has generated rich
genomic sequence data from ancient humans distributed in the
Eurasia continent. We collected genomic data from 5,031 ancient
humans covering most ancient human genomic data publicly
available to date. Although the dated time for the cases spans
between 45,045 and 100 years, nearly 80% were within the last
6,000 years but only 2.5% were older than 10,000 years (Table 3;
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TABLE 2 Germline DDR PVs identified in Africans and non-Africans.

A. DDR pathways and genes with PVs

Pathways Gene with PVs (%)

Homologous Recombination 37 21 (56.8) 472
DNA damage response 15 4 (26.7) 66
Fanconi anemia 49 30 (61.2) 493
Mismatch Repair 20 9 (45.0) 134
Nonhomologous end joining 13 6 (46.2) 72
Nucleotide excision repair 41 15 (36.6) 121
Base excision repair 32 8 (25.0) 63
DNA replication 34 12 (35.3) 35

Total 166 77 (45.6) 1,060

B. DDR genes with PVs

Gene
ATM 104 RAD54L 6
BRCA2 92 ERCC1 5
BRCA1 72 FANCE 5
FANCA 65 RNASEH2A 5
MUTYH 45 RNASEH2C 5
PMS2 39 XRCC4 5
RADS50 37 DDB2 4
TP53 37 DNA2 4
MSH6 35 FANCL 4
PALB2 35 NHEJ1 4
ERCC6 26 RBBPS 4
BARD1 25 SLX4 4
CHEK2 25 ATR 3
MSH3 25 MCM?7 3
BRIP1 22 RNASEH1 3
ERCC2 22 TOP3A 3
BLM 19 FAN1 2
MLH1 19 FANCF 2
FANCC 17 LIG1 2
FANCD2 16 LIG3 2
XPC 15 MCM2 2
RAD51C 14 POLK 2
FANCI 12 TELO2 2
MREI11 12 UNG 2
NBN 12 GTF2H5 1
ERCC8 11 MCM4 1

(Continued on following page)
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TABLE 2 (Continued) Germline DDR PVs identified in Africans and non-Africans.

B. DDR genes with PVs

Gene
FANCM 11 MLH3 1
MSH2 11 PCNA 1
ERCC3 10 POLE 1
FANCG 9 RAD51 1
NTHLI 9 RAD51B 1
RAD51D 9 RAD54B 1
BIVM-ERCC5 8 REV3L 1
LIG4 8 RPA1 1
POLH 8 SYCP3 1
ERCC4 7 UBE2T 1
RNASEH2B 7 XRCC1 1
XPA 7 XRCC2 1
DCLREIC 6
Total 1,060

C. Types of PV variation

Variation type Number of PVs Rate (%)
Stop gained 747 70.5
Missense 271 25.6
Start lost 24 23
Synonymous 17 1.6
Stop loss 1 0.1
Total 1,060 100

Supplementary Table S5). Therefore, the ancient samples included

in our study were mostly within the last 6,000 years of the
descendants of out-of-Africa migrants, reflecting the human
population expanded following agricultural revolution. The

narrow timing window of the samples used in the study
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FIGURE 2 We first identified 930 PVs in 70 DDR genes from 5,031 ancient

Clustering of DDR PVs in different ethnic groups of non-African .
population. It shows that DDR PVs are clustered following the ethnic humans, which were dated between 37,470 and 190 years BP, all were

relationship between different ethnic groups. from the fossils in Eurasia continent except two cases from Cameroon
(sample ERR3607244 dated 3,105 years BP carrying ERCC1 ¢.121C>T
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that most of the DDR PVs in non-African were not present in African.
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Quantitative distribution of DDR PVs, affected DDR genes and pathways between African and non-African. It shows that the patterns of the
quantitative distribution of DDR PVs were highly correlated between African and non-African, except for BRCA1 and RAD50. HR, homologous
recombination; FA, Fanconi anemia; NER, nucleotide excision repair; MMR, mismatch repair; BER, base excision repair; NHEJ, honhomologous end

joining; DNA rep, DNA replication; DNA res, DNA damage response.

p-Arg4l*, sample ERR3607243 dated 3,065 years BP carrying MUTYH
c.1180C>T p.GIn394*) (Supplementary Table S6).

We then compared the ancient DDR PVs with the DDR PVs in
African and non-African. Of the 930 ancient DDR PVs, 397 in
56 DDR genes were shared and 533 were not shared with African or
non-African (Supplementary Table S7). We focused on the shared
PVs for further comparison. The 397 shared ancient PVs were
derived from 964 ancient humans dated between 30,375 and
190 years BP (Supplementary Table S7). We observed 3 types of
sharing pattern: 1). 15 (3.8%) PV's were shared with African only; 2).
106 (26.7%) PVs were shared with both African and non-African,
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and 3). 276 (69.5%) PVs were shared with non-African only
(Figure 5; Supplementary Table S7). The results indicate that the
ancient DDR PVs were mostly present in non-African.

3.4 Comparison of TP53 and BRCA PVs
between ancient humans, African and
non-African

We used the TP53 and BRCA (BRCA1/BRCA2) PV as examples
to further illustrate the relationship of the DDR PV's between ancient
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TABLE 3 Dated timing of ancient human samples used in the study.

Timing (year before Number of

present) cases

10,000-37470 128 25

8,000-9,999 133 26

6,000-7,999 579 115

4,000-5,999 969 193

2000-3,999 2,002 39.8
<2000 928 184
NA 292 5.8
Total 5,031 100

Africans

non-Africans

Ancient humans

FIGURE 5
Comparison of DDR PVs between ancient humans, African, and

non-African. It shows that of the shared DDR PVs, those shared
between ancient humans and non-African were more common than
those shared between ancient humans and African, between
African and non-African, and among all the three groups.

humans, non-African and African. We observed the following
results from the analysis:

1) TP53 PVs. Of the 397 ancient DDR PVs shared between African
and non-African, there were 19 ancient TP53 PVs. Of the 19 PV,
only 2 (10.5%) were shared with African only; 4 (21%) were
shared with both African and non-African, all were TP53 hotspot
PVs (c.473G>A p.Argl58His, c.733G>A p.Gly245Ser, ¢.743G>A
p-Arg248GlIn, c.818G>A p.Arg273His); and 13 (68%) were shared
with non-African only, 3 were TP53 hotspot PVs. The PV carriers
of non-African were dated between 34,425 and 2,409 BP
(Table 4), and were distributed in different geographic
locations  across the Eurasia continent (Figure 6;
Supplementary Table S8).

2) BRCA PVs. Direct comparison of BRCA PVs between African

and non-African showed that of the 143 BRCA PVs in
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non-African, 136 (95.1%) were not shared with African
(Figure 7A). Using Ancient human BRCA PVs as the
intermediate identified 38 BRCA PVs dated between
37,470 and 419 years BP, of which only 1 (2.6%) was present
in African, 7 (18.4%) in both African and non-African, and 30
(78.9%) in non-African only (Figure 7B; Supplementary Table
S9). The non-African carriers were dated across a wide range
between 37,470 and 419 years BP (Table 4), and spread mainly
in the Eurasia continent (Figure 6).

We further used the BRCA PVs from modern African as an
additional reference to test the relationship of BRCA PVs between
African and non-African. The Consortium of Investigators of
Modifiers of BRCA1/2 (CIMBA) identified 134 BRCA PVs (61 in
BRCA1I and 73 in BRCA2) from African and descendants (Friebel,
et al, 2019). Comparison of the 134 African BRCA PVs with the
38 ancient BRCA PVs showed that only 2 PVs (BRCA2 ¢.7115C>G
and BRCA2 c.8009C>T) were shared between the two datasets
(Supplementary Table S9).

The results from the comparisons showed a consistent pattern
that the majority of DDR PVs were present in non-African, a small
part was shared between African and non-African, and only limited
PVs were present only in African.

4 Discussion

Determination of the evolution origin and arising time of PVs in
human DDR genes is important, as it will provide information to address
the following fundamental questions in human genetics and human
diseases: 1. Understand the genetic basis of human cancer. A
fundamental question in biology is “where we come, where we go.”
The same applies for genetic variation. Only after knowing the origin and
arising time, we can better understand the genetic basis of human cancer
risk. The germline PV in human DDR genes provides an ideal system to
address the issue; 2. Understand the origin of human disease
susceptibility. The PVs in human DDR genes are well determined as
the genetic predisposition in causing high risk of cancer by functioning as
the first hit in initiating the oncogenic process. This is best represented by
many “founder mutation” in human DDR genes, such as the 185delAG
(c.68_69delAG) founder mutation in Ashkenazi Jews that causing high
risk of breast cancer in Ashkenazi Jews population. Determination of the
origin and timing of the mutation greatly enhances cancer prevention in
the population; and 3. Understand why modern humans are at much
higher cancer risk than many other mammals such as elephant, whales,
and chimpanzee.

By systematically comparing DDR PVs among modern African,
modern non-African, and ancient humans, our study reveals that
most of the DDR PVs in modern humans originated after the latest
out-of-Africa migration.

Our current study aims to understand the arising time of disease-
causing DDR PVs risk in modern humans by referring the well-
established Out-of-Africa model (Hublin, et al,, 2017). The key points
of the model include that 1). African is the most genetically diversified
among global ethnic human populations; 2). Modern humans were
originated from African; 3). Only part of genetic variants in the
descendants of out-of-Africa migrants was inherited from African
ancestors; 4). de novo genetic variation could arise in the descendants
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TABLE 4 Ancient TP53 and BRCA PVs shared with Africans and non-Africans.

Protein Type of variation Shared with Earliest time (BP)
African Non-African

TP53
c.814G>A p-Val272Met nonsynonymous SNV - + 2,409
c.1010G>A p.Arg337His nonsynonymous SNV - + 2,530
c.638G>A p-Arg213Gln nonsynonymous SNV - + 2,549
c.736A>G p-Met246Val nonsynonymous SNV - + 3,328
c.542G>A p.Argl81His nonsynonymous SNV - + 4,450
c.817C>T p.Arg273Cys nonsynonymous SNV - + 4,500
c451C>T p-Prol51Ser nonsynonymous SNV - + 4,500
c455C>T p-Prol52Leu nonsynonymous SNV - + 4,500
c713G>A p.Cys238Tyr nonsynonymous SNV - + 4,725
c.853G>A p.Glu285Lys nonsynonymous SNV - + 6,713
c.844C>T p.Arg282Trp nonsynonymous SNV - + 6,960
c.742C>T p.-Arg248Trp nonsynonymous SNV - + 10,000
c.734G>A p.Gly245Asp nonsynonymous SNV - + 34,425
c473G>A p.-Argl58His nonsynonymous SNV + + 4,160
c.818G>A p.-Arg273His nonsynonymous SNV + + 6,415
c.733G>A p.Gly245Ser nonsynonymous SNV + + 6,483
c.743G>A p-Arg248GIn nonsynonymous SNV + + 7,515
c.841G>A p-Asp281Asn nonsynonymous SNV + - 1724
c375G>A p.Tyr126Valfs*23 synonymous SNV + - 2,927
BRCA1
c4573C>T p.Gln1525* stopgain - + 419
c.5497G>A p.Vall833Met nonsynonymous SNV - + 2,185
¢.5096G>A p-Argl699GIn nonsynonymous SNV - + 2,600
c.5444G>A p.Trp 1815* stopgain - + 4,079
c514C>T p.Gln172* stopgain - + 4,500
c.962G>A p.Trp321* stopgain - + 4,500
¢.5503C>T p.Arg 1835* stopgain - + 4,575
c.34C>T p.GIn12* stopgain - + 4,839
c2338C>T p-GIn780* stopgain - + 5,350
€.3403C>T p.GIn1135* stopgain - + 6,319
c.4675G>A p-Glul559Argfs*15 nonsynonymous SNV - + 6,373
c.1687C>T p.GIn563* stopgain - + 6,483
c.4834C>T p-Glnl612* stopgain - + 7,200
¢.5095C>T p.Argl699Trp nonsynonymous SNV - + 9,872
c181T>G p.Cys61Gly nonsynonymous SNV - + 37,470
c.4327C>T p.Argl443* stopgain + + 4,600
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TABLE 4 (Continued) Ancient TP53 and BRCA PVs shared with Africans and non-Africans.

Protein Type of variation Shared with Earliest time (BP)
African Non-African

BRCAT

¢.3607C>T p.Argl203* stopgain + + 6,415
¢.5251C>T p.Argl751* stopgain + + NA
BRCA2

¢5992C>T p.Gln 1998* stopgain - + 450
c3G>A p? startloss - + 1964
c.5773C>T p.Gln 1925* stopgain - + 1964
c.7757G>A p.Trp2586* stopgain - + 3,000
c.8377G>A p.Gly2793Arg nonsynonymous SNV - + 3,070
c.8754G>A p= synonymous SNV - + 3,532
c9117G>A p= synonymous SNV - + 4,225
€.2224C>T p.GIn742* stopgain - + 4,239
c.7615C>T p.GIn2539* stopgain - + 4,450
c9154C>T p.Arg3052Trp nonsynonymous SNV - + 4,800
c.7480C>T p.Arg2494* stopgain - + 6,319
€.6952C>T p.Arg2318* stopgain - + 7,515
c.772C>T p-GIn258* stopgain - + 10,000
c.7878G>A p.Trp2626* stopgain - + 10,000
c.92G>A p.Trp31* stopgain - + 31,630
¢.8009C>T p.Ser2670Leu nonsynonymous SNV + + 400
€9294C>G p.Tyr3098* stopgain + + 2,221
c.7558C>T p.Arg2520* stopgain + + 2,305
c9382C>T p.Arg3128* stopgain + + 8,610
c.7115C>G p.Ser2372* stopgain + - 1,595

of out-of-Africa migrants by adaptation, selection and population  African and non-African differs substantially after their separation by
expansion. The de novo genetic variants were absent in their  the latest out-of-Africa migration. After about 2,000 generations since
African ancestors. the latest out-of- Africa migration, de novo DDR PVs can arise constantly
The increased population size since the latest out-of-Africa  following the expansion of the human population (Hudjashov, et al,
migration can be an important factor contributing to the de novo ~ 2007). The high PV sharing rate between ancient humans and non-
variants, as the increased population size can greatly increase the  African but low between ancient humans and African is due to the
number of DDR PVs in the human population considering the  relationship of ancient humans closer to non-African (within
consistent mutation rate in the human genome (Cabrera, 2021). It is 10,000 years) than African. These findings also explain the high
determined that only a few hundred to thousands of individuals moved  ethnic specificity of DDR PVs in modern humans (Bhaskaran et al.,
out of Africa 60,000 years ago (Zhivotovsky, et al., 2003). Since then, the ~ 2021; Qin et al., 2022; Qin et al,, 2023). The fact that most human DDR
size of human population had increased slowly until the end of the last PV have only a few thousand years of history also implies that human
glacial period approximately 10,000 years ago (Henn et al, 2012).  DDRPVs could be too young to allow evolutionary selection to function
Following the agricultural revolution occurred 6,000 years ago  effectively. Whether the PVs would be eliminated or integrated into
(Gignoux, et al, 2011) and the industrial revolution centuries ago, — human genome re-mains to be determined with longer time.
the size of human population has been expanding significantly till For the following reasons, TP53 and BRCA were selected from
the current size of modern humans. Although the same DDR  all DDR genes as the examples for detailed analysis. As the most
pathways and DDR genes were affected by DDR PVs in both  mutated tumor suppressor gene, TP53 is mutated in more than half
African and non-African, the spectrum of DDR PVs between  of human cancer types (Narod and Foulkes 2004). The presence of a
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FIGURE 6
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Geographic locations of ancient fossils carrying BRCA and TP53 PVs. It shows the PV carriers distributed across the Eurasia continent. Red: Fossils
carrying BRCA1 PVs; yellow: Fossils carrying BRCA2 PVs; blue: Fossils carrying TP53 PVs.
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FIGURE 7

B

BRCA PVs between African, non-African and ancient humans. (A). Direct comparison of BRCA PVs between African and non-African. It shows that of
the 143 BRCA PVs in non-African, 136 were not shared with African; (B). Comparison of BRCA PVs between African, non-African, and ancient humans. It
shows that of the 38 PVs in ancient humans, 30 were not shared with African. The results demonstrated that the BRCA PVs in non-African were largely

different from African regardless the absence or presence of ancient BRCA PVs.

Non-African African African
&
Non-African

group of hot-spot PVs in African makes TP53 a valuable tool to test
the origin of DDR PVs (Olivier et al., 2010; Monti et al., 2020). The
finding that only 2 of the 19 ancient TP53 PVs were shared with
African is consistent with the observation that TP53 variation has
lower prevalence in African than in non-African (0.07% in African,
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0.12% in South Asian, 0.15% in East Asian, 0.16% in Latin
American, and 0.24%-0.28% in European) (de Andrade et al,
2017), whereas TP53 hotspot PVs are also highly prevalent in
modern humans (Freed-pastor and Prives, 2012; Baugh et al,
2018; Kou et al,, 2023). As represented by the four TP53 hotspot
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PVs, those shared between African and non-African were likely
originated from African and inherited by non-African after the out-
of-Africa migration. BRCA is under strong positive selection in
humans (Huttley, et al., 2000; Fleming, et al., 2003; Abkevich, et al.,
2004; Pavlicek, et al., 2004; Burk-Herrick, et al., 2006) for its new
roles gained in regulating immunity (O’Connell, 2010), gene
2014),
development (Rosen, et al., 2006), and reproduction (Smith et al.,
2013; Pao, et al,, 2014). BRCA variation is also highly prevalent in
non-African and African with high ethnic-specificity (Qin et al.,
2022). These features make BRCA PVs as ideal markers to test the
relationship of DDR PVs between African and non-African before

expression and metabolism (Lou, et al, neural

and after out-of- Africa migration. Our previous studies revealed that
the PVs in TP53 and BRCA were originated from humans
themselves but not from non-human species (Li et al., 2022; Kou
et al., 2023). Furthermore, rich PV data in TP53 and BRCA are
available and widely applied in guiding clinical cancer diagnosis,
treatment and prognosis (Cline et al., 2018; de Andrade et al., 2022).
These features made TP53 and BRCA as ideal models to validate the
observed DDR PVs between African and non-African populations.

Direct comparison of the DDR PV's between African and non-
African showed substantial differences (Figure 3). However, the
results could be biased due to the different population sizes of
African and non-African included in the study. We further used the
DDR PVs from ancient humans as the intermediate for the
comparison. The ancient humans used in the study were mostly
dated within the last 10,000 years, therefore, closer to non-African
than the African. Using the ancient DDR PVs for the comparison
eased the uncertainty attributed by different population sizes and
enhanced the reliability of the results.

The results from our study have an immediate impact on the
characterization of human DDR PVs. Many genetic variants have
been identified, but their pathogenicity remain to be determined. For
example, 89.7% of the 72,330 BRCA variants identified in modern
humans remain uncharacterized (https://brcaexchange.org/
factsheet, accessed 8 December 2023). To ease the situation, in
silico computational programs are often applied to predict
pathogenicity for the unknown variants. Certain computational
programs are designed using the concept of evolutionary
conservation. However, our studies showed that DDR PVs did
not originate from nonhuman species through evolutionary
conservation but arose from humans themselves (Li, et al., 2022;
Chian, et al., 2023; Kou, et al., 2023; Xiao, et al., 2023), and our
current study further reveals that most human DDR PVs arose after
the latest human out-of-Africa migration. While evolutionary
conservation-based approaches can be powerful in analyzing the
benign variants in DDR genes highly conserved between human and
nonhuman species, they are not suitable in identifying the PVs in
human DDR genes as they are basically absent in non-human
species. Instead, focusing on the humans themselves via non-
conservation-based approaches, such as those based on the
impact of variants on protein structural stability, will be
necessary to define human DDR PVs (Tam, et al,, 2020).

There are limitations in our study. Although the study included
28,872 modern African individuals, the number is smaller than the ones
of non-African. The unbalanced population size between African and
non-African could influence the results of the PV comparison. It is well
determined that African population has the most diversified genetics
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among global ethnic populations. However, current human genetic
study is heavily biased towards European and descendent populations
that contributed most of the genetic variation data currently available.
This is reflected by the limited BRCA PV data derived from African
population. The lack of genomic data from ancient African can also
limit the results from the comparison. This is also the reason that we
used two sets of African BRCA PV data in our analysis in order to
compensate for the weakness. In addition, ancient human genomes are
often not fully covered by sequences because of the damaged ancient
DNA samples. Therefore, the actual DDR PVs in the ancient humans
could be higher than identified.

In summary, by tracing the PV data in modern African, modern
non-African, and ancient humans, our study demonstrates that the
DDR PVs in modern humans arose mostly after the latest human
out-of-Africa migration. The information provides a foundation to
understand the genetic basis for disease susceptibility including
cancer in modern humans.
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