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BSTRACT 

P53 is crucial for maintaining genome stability and 

reventing oncog enesis. Germline pathog enic varia- 
ion in TP53 damages its function, causing genome 

nstability and increased cancer risk. Despite exten- 
ive study in TP53 , the evolutionary origin of the 

uman TP53 germline pathogenic variants remains 

ar gel y unclear. In this study, we applied phylogenetic 

nd archaeological approaches to identify the evolu- 
ionary origin of TP53 germline pathogenic variants 

n modern humans. In the phylogenic analysis, we 

earched 406 human TP53 germline pathogenic vari- 
nts in 99 vertebrates distributed in eight clades of 
rimate, Euarchontoglires, Laurasiatheria, Afrothe- 

ia, Mammal, Aves, Sarcopterygii and Fish, but we ob- 
erved no direct evidence for the cross-species con- 
ervation as the origin; in the archaeological anal- 
sis, we searched the variants in 5031 ancient hu- 
an genomes dated between 45045 and 100 years 

efore present, and identified 45 pathogenic vari- 
nts in 62 ancient humans dated mostly within the 

ast 8000 years; we also identified 6 pathogenic 

ariants in 3 Neanderthals dated 44000 to 38515 

ears before present and 1 Denisovan dated 158 550 

ears before present. Our study reveals that TP53 

 ermline pathog enic variants in modern humans 

ere likely originated in recent human history and 

artially inherited from the extinct Neanderthals and 
eniso v ans. 
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RAPHICAL ABSTRACT 

Cross-species evolution TP53 pathogenic variants  
in modern humans

Neanderthal HumanDenisovan

Common ancestor

: DNA contribution

NTRODUCTION 

P53 is one of the most important tumor suppressors. As 
he ‘guardian of the genome’, TP53 detects intrinsic and ex- 
rinsic stress signals of DNA damage, hypoxia, mitophagy, 
elomer e erosion, r edox potential, epigenetic changes, etc., 
nd responses by regulating global gene expression to main- 
ain genome stability and cellular homeostasis ( 1 , 2 ). TP53 

s also a highly mutable gene that it is mutated in over 
alf of human cancer types ( 3 ). The majority of the vari- 
nts are located within its DNA-binding domain (DBD), 
nd a group of high-frequency pathogenic variants (PVs) is 
nown as ‘hotspot’ variants ( 4–6 ). The mutated TP53 lose 
heir function, leading to genome instability and promot- 
ng cancer de v elopment. While the majority of TP53 vari- 
nts are somatic, a part of the variants is germline that over 
000 TP53 germline variants have been identified in human 

 https://www.ncbi.nlm.nih.gov/clinvar/ , accessed 21 Febru- 
ry 2022; https://TP53.isb-cgc.org/ , accessed October 31, 
022). Many germline variants in TP53 are PVs in caus- 
ng different types of cancer ( 7–9 ) as r epr esented by the
 8822 2314; Email: sanmingwang@um.edu.mo 
e regarded as Joint First Authors. 

cer. 
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Li-Fraumeni syndrome (LFS), a TP53 germline PV-caused
syndrome with various types of cancer de v eloped at early
age ( 10 ). 

With the germline nature, knowledge for the evolution-
ary origin of TP53 germline PVs will promote the deep
understanding of the relationship between TP53 germline
variation and oncogenesis. The information will also help
to identify specific targets for cancer pre v ention and treat-
ment. Indeed, attempts have been made towards this direc-
tion ( 11–21 ). For example, it was observed that TP53 was
originated in unicellular eukaryotes ( 1 , 11 , 13 , 22 ); TP53 is
highly evolutionary conservation especially for the DNA-
binding domain ( 1 , 12 , 18 ); TP53 is under positi v e selection
in humans ( 14 , 19 , 23 , 24 ). Howe v er, only a handful of TP53
germline variants have been analyzed so far (Supplemen-
tary Table S1). Curr ently, ther e is no consensus for the evo-
lutionary origin of TP53 germline PVs in modern humans.

We hypothesized that there could be three potential ori-
gins for the TP53 germline PVs in modern humans. One
could be from the common ancestor of humans and other
species through evolution conservation, the second one
could be from human during its evolution process, and
the third one could be the mixed origin of both cross-
species conservation and human evolution. Taking the ad-
vantage of rich genome data from non-human species and
ancient humans, we tested our hypothesis using the phyloge-
netic and archaeological approaches. Data from our study
provided evidence to support the possibility that TP53
germline PVs in modern humans were originated during re-
cent human history and partially inherited from the extinct
Neanderthals and Denisovans. 

MATERIALS AND METHODS 

Sources of human TP53 variants 

The current classification of genetic variants mainly
follows the ACMG / AMG guidelines ( 25 ). The guide-
lines use a series of criteria evidence to interpret se-
quence variants in Mendelian disorders into five cate-
gories of ‘Patho genic’, ‘Likel y Patho genic’, ‘Uncertain Sig-
nificance’, ‘Likely Benign’, and ‘Benign’. In our study,
the pathogenic variants (PVs) included both ‘Pathogenic’
and ‘Likely pathogenic’; the benign variants (BVs) in-
cluded both ‘Benign’ and ‘ Likely Benign’. A total of 1023
human TP53 germline PVs and BVs from the ClinVar
database were used for the study ( https://ftp.ncbi.nlm.nih.
gov/pub/clin var/vcf GRCh38/clin var 20220213.vcf.gz , ac-
cessed February 21, 2022). The annotation of TP53 vari-
ants was based on the r efer ence sequences: genome DNA
version: hg38 NC 000017.11; cDNA: NM 000546.6; pro-
tein: NP 000537.3. The human genome position of TP53
was chr17:7565097–7590856 (hg19 of Ensemble). The vari-
ants included single nucleotide variants and indel variants
affecting less than 5 bases in order to maintain the accuracy
of sequence alignment analysis. In our pilot test with indels
of different sizes, we observe that the accuracy of sequence
alignment with indels decreased following the increased size
of indels. Ther efor e, we eliminated the indels with size > 5
bases in our anal ysis, w hich accounted for 6.2% of the total
of 2065 TP53 germline variants under the fiv e categories in
ClinVar database. The variants with conflict classification,
variants of unkown significant (VUS) and unclassified vari-
ants were excluded from the study. 

Alignment of vertebrate genome sequences 

Human TP53 variants were compared to the TP53 genomic
sequences of 99 vertebrate species in eight clades of Primate,
Euar chontoglir es, Laurasiatheria, Afrotheria, Mammal,
Aves, Sarcopterygii and Fish through UCSC Genome
Browser ( https://genome.ucsc.edu/cgi-bin/hgGateway ),
using the human TP53 r efer ence genomic sequence as con-
trol. The genome position of each TP53 variant was entered
into UCSC genome browser to obtain the sequences at the
sites of different vertebrate species. Sequence alignment
with 100 species was performed following the procedures
in Li et al. ( 26 ). Briefly, ‘Multiz Alignments of 100 Ver-
tebrates’ in the UCSC genome browser were used for the
alignment ( https://genome.ucsc.edu/cgi-bin/hgc?hgsid =
1317652321 HlKV8m9ZVbi7yloKxK6oNsv2TTwa&db =
hg38&c = chr17&l = 7669691&r = 7669692&o =
7669691&t = 7669692&g = multiz100way&i =
multiz100way ). Multiple sequence alignment was gener-
ated by Lastz ( 27 ) and Multiz ( 28 ) through comparing the
genomic sequences of different species with human genome
sequences. The alignments were based on the phylogenetic
distance of r efer ence genomes to adjust the scoring matrix
and parameters for pairwise alignment and chaining
( 28 , 29 ). High-scoring chains were placed along with the
genome and low-scoring chains were used to fill in the gaps.
Alignment results were generated by the combined chains.
The ‘Getbase’ program was used to collect the aligned data
from ‘Multiz Alignments of 100 Vertebrates’ in the UCSG
genome browser ( https://github.com/Skylette14/GetBase ).
The results of sequence alignment were divided into
single-base and multiple-base alignments. The single-
base alignment was based on the base position in other
species, and the results were compared to the counterpart
human variants; the multiple-base alignment used the
same approach as single-base alignment but performed
multiple times. The alignments were checked manually
to verify the results. The phylogenetic tree model of
100 vertebrates, including the human, was based on the
comparati v e genomics in the UCSC genome browser
( https://genome.ucsc.edu/cgi-bin/hgTrackUi?hgsid =
1318537207 Wnfs9hCE2mtJjhZwL3lO1TMzxNNh&db =
hg38&c = chr17&g = cons100way ) and was gener-
ated by PhyloFit program ( 30 ) in PHAST package
( http://compgen.cshl.edu/phast/ ). The alignment and sta-
tistical figur es wer e gener ated by Gr aphPad Prism (version
8.0). 

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 related publi-
cations through searching the k eyw ords ‘ancient human
genome’ in PubMed and Google scholar. A total of 5047
ancient individuals were included in the study, including

https://ftp.ncbi.nlm.nih.gov/pub/clinvar/vcf_GRCh38/clinvar_20220213.vcf.gz
https://genome.ucsc.edu/cgi-bin/hgGateway
https://genome.ucsc.edu/cgi-bin/hgc?hgsid%20=%201317652321_HlKV8m9ZVbi7yloKxK6oNsv2TTwa&db%20=%20hg38&c%20=%20chr17&l%20=%207669691&r%20=%207669692&o%20=%207669691&t%20=%207669692&g%20=%20multiz100way&i%20=%20multiz100way
https://github.com/Skylette14/GetBase
https://genome.ucsc.edu/cgi-bin/hgTrackUi?hgsid%20=%201318537207_Wnfs9hCE2mtJjhZwL3lO1TMzxNNh&db%20=%20hg38&c%20=%20chr17&g%20=%20cons100way
http://compgen.cshl.edu/phast/
https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genotypes-present-day-and-ancient-dna-data
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031 human genome da ta da ted between 45045 and 

00 years before present (BP), 12 Neanderthal genome 
a ta da ted between 120000 and 38515 years BP, and 4 

enisovan genome data dated between 158500 and 69650 

ears BP. Each set of sequence data was checked using 

apDamage 2.0 (version 2.1.1) ( 31 ), a base recalibration 

ool to remove false variants generated by deamination 

n ancient DNA. SAMtool ( 32 ) was used to call the 
ncient human SNV and indel variants to generate the 
CF file ( http://www.htslib.org/ ). The called variants 
ere annotated by using the ANNOVAR ( 33 ) program 

 https://annovar.openbioinforma tics.org/en/la test/ ). The 
nnotated variants were compared manually between 

uman TP53 PVs and BVs to obtain information from 

he related ancient carriers. The location and dated age of 
ncient human individuals were based on the information 

rom ‘Allen Ancient DNA Resource’ and original publica- 
ions. The distribution map for the ancient individuals was 
enerated by MATLAB (version R2022a). 

ESULTS 

hylogenetic analysis of human TP53 germline PVs 

e used the 1023 TP53 germline variants including 406 

Vs and 617 BVs from the ClinVar database for the phy- 
o genetic anal ysis (Supplementary Table S2). We searched 

he PVs in the TP53 sequences of 99 vertebrates distributed 

n eight clades of Primate, Euar chontoglir es, Laurasiathe- 
ia, Afrotheria, Mammal, Aves, Sarcopterygii, and Fish. We 
dentified 70 (17.2%, 70 in 406) human PVs shared with 54 

pecies (Supplementary Table S3A, B). We also used BVs 
s the control in the mapping analysis and identified 528 

85.6%, 528 in 617) human BVs shared with 99 vertebrates 
Supplementary Table S3C, D). The shared variants had the 
ollowing features: 

Vs 

Low sharing rate. Although 70 human PVs (61 SNV and 

9 indel variants) shared with other species, 48.6% (34 in 

70) shared only with 1 species. 
Species sharing human PVs not following evolutionary 

tree. These species sharing human PVs were mostly dis- 
tributed in the clades of Aves, Sarcopterygii, and Fish 

distal to humans (Figure 1 and Supplementary Table 
S3A, 3B). For example, c.437G > A (p.Trp146Ter) was 
shared with 30 species from Zebrafish in Fish to Rock 

pigeon in Aves; c.1010G > A (p.Arg337His), a TP53 

founder variant in the Brazilian population, shared with 

10 species in Euar chontoglir es , Laurasiatheria, Aves , Sar- 
copterygii and Fish. None of the shared PVs were in 

the species within Primate (Figure 1 ) except 2 PVs of 
c.537T > A (p.His179Gln) and c.455dup (p.Pro153fs), 
shared between humans and Gibbon with the di v ergent 
time of 33 million years ( 34 ). 

Vs 

High sharing rate. Human BVs were continuously shared 

in all 99 vertebrate species, although the shared numbers 
decreased when closer to the humans (Figure 2 and Sup- 
plementary Table S3C, D). c.408A > G (p.Gln136 = ) had 

the highest sharing number of 91 species from Lamprey in 

Fish to Orangutan in Primate; c.493C > A (p.Gln165Lys) 
had the second highest sharing number of 87 species from 

Lamprey in Fish to Squirrel in Euar chontoglir es. Squirr el 
in Euar chontoglir es had the highest sharing number of 
102 human BVs, and Tasmanian devil in Mammal had 

the second highest sharing number of 100 human BVs. 
Synonymous SNV was the major type of shared SNV 

BVs (49.6%, 257 in 518), and all shared indel BVs were 
intronic variants. 
High sharing with species in Primate. Multiple human 

BVs wer e shar ed highly with the species in Primate (Fig- 
ure 2 ). For example, c.376 – 283T > C was shared 

from Squirrel monkey to Chimp, c.1101 – 221G > A 

was shared from Bushbaby to Chimp, and c.408A > G 

(p.Gln136 = ) was shared from Bushbaby to Orangutan. 
Bushbaby in Primate had the highest sharing number of 
71 human BVs. 

Data from the phylo genetic anal ysis showed that human 

P53 germline PVs were lowly shared across vertebrate 
pecies. More importantly, the species sharing human PVs 
id not follow the evolutionary tree but were mostly distal 
o humans. Ther efor e, evolution conservation was unlikely 

he source of TP53 germline PVs in modern humans. This 
s in contrast to the TP53 germline BVs in modern humans, 
hich wer e mor e shar ed with vertebrate species including 

hose in Primate following evolutionary tree. 

rchaeological analysis of human TP53 germline variants in 

ncient humans 

s phylogenetic analysis did not find evidence to support 
volution conservation as the direct origin of human TP53 

ermline PVs, we then performed an archaeological analy- 
is to investigate whether PVs could be originated from hu- 
ans themselves. We searched the 406 TP53 germline PVs 

f modern humans in the genome sequences of 5031 ancient 
uman cases, 12 Neanderthal cases and 4 Denisovan cases, 
nd used the 617 TP53 germline BVs of modern humans as 
he control. We identified 48 of 406 (11.8%) PVs shared with 

2 ancient human cases, 3 Neanderthals and 1 Denisovan. 
e also identified 153 of 617 (24.8%) BVs shared with 2931 

ncient human cases, 6 Neanderthals and 1 Denisovan. The 
hared variants had the following features: 

Vs 

Short history of the shared PVs. Of the 62 ancient hu- 
man individuals sharing 45 modern human PVs, 61 were 
dated between 7889 and 450 years BP (Figure 3 ) except 
c.734G > A (p.Gly245Asp), the oldest PV in a northeast- 
ern Mongolia carrier dated 34425 years BP. c.993G > A 

(p.Gln331 = ) and c.993 + 1G > A were the youngest vari- 
ants shared in an individual in Turkey dated 450 years BP 

(Table 1 ). 
High sharing rate. Ele v en (24.4%) shared PVs were 
present in multiple ancient human individuals. For ex- 
ample, c.637C > T (p.Arg213Ter) had 6 ancient human 

http://www.htslib.org/
https://annovar.openbioinformatics.org/en/latest/
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Figur e 1. Cross-species anal ysis of TP53 PVs. ( A ) Distribution of the shared human TP53 PVs in 8 clades. It shows the number of human TP53 PVs shared 
in eight clades: Primate, Euar chontoglir es, Laurasiatheria, Afrotheria, Mammal, Aves, Sarcopterygii and Fish. The TP53 coding region with functional 
domain information is at the top. Red cell: the PV shared between humans and other species. c.1010G > A: the TP53 founder PV in the Brazilian population. 
( B ) Distribution of the shared human TP53 PVs in 99 vertebrates. X-axis from left to right: human and 99 vertebrates in 8 clades; Y-axis: number of human 
TP53 PVs shared with non-human vertebrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

carriers dated 7144, 4050, 2600, 2255, 2160 and 850 years
BP (Figure 3 A and Table 1 ). 

• Centered in the DNA-binding domain. Thirty of 45
(66.7%) shared PVs were in the DNA-binding domain
(Figure 4 A). 

• Hotspot PVs present in ancient humans. For the TP53
hotspot PVs of c.733G > A (p.Gly245Ser) and
c.743G > A (p.Arg248Gln), the oldest carriers for
each PV were dated 3415 and 2200 years BP respecti v ely,
accounted for 4.4% (2 in 45) of the PVs shared in the
ancient humans. c.733G > A (p.Gly245Ser) had 1 ancient
carrier in Kazakhstan dated 3415 years BP, 1 ancient
carrier in Ukraine dated 2550 years BP; c.743G > A
(p.Arg248Gln) was present in a British carrier dated
2200 years BP. 

• Present in Neanderthals and Denisovans. Four TP53
PVs including c.473G > A (p.Arg158His), c.517G > A
(p.Val173Met), hotspot c.524G > A (p.Arg175His),
c.542G > A (p.Arg181His) were identified in 3 Nean-
derthals dated 44000, 42540 and 38515 years BP, and

art/zcad025_f1.eps
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Figure 2. Cross-species analysis of TP53 BVs. ( A ) Distribution of the shared human TP53 BVs in 8 clades. It shows the number of human TP53 BVs 
shared in eight clades: Primate , Euarchontoglires , Laurasiatheria, Afrotheria, Mammal, Aves, Sarcopterygii and Fish. Blue cell: human BVs shared with 
the species in different clades. ( B ) Distribution of the shared human TP53 BVs in 99 vertebrates. X-axis from left to right: human and 99 vertebrates in 8 
clades; Y-axis: number of human TP53 BVs shared with non-human vertebrates. 

B

•
•

2 PVs of c.574C > T (p.Gln192Ter) and c.661G > T 

(p.Glu221Ter) were identified in 1 Denisovan dated 

158550 years BP (Table 1 ). All PVs shared with Nean- 
derthals and Denisovans were located within the DNA- 
binding domain. 

Vs 

High sharing rate. A total of 150 BVs were identified 
in 2931 ancient human individuals dated 45045 to 100 
years BP, of which 74 (49.3%) BVs were shared with 

multiple individuals, 10 (6.7%) BVs were shared with 

more than 100 carriers (Supplementary Table S4). For 
example, c.376 – 91G > A and c.672 + 62A > G 

wer e pr esent in 2422 and 1403 ancient humans. These 
two variants were also present in Neanderthals and 

Denisovans. 
Distributed across TP53 coding region. Only 27 (18.0%) 
of the 150 shared BVs were within the DNA-binding do- 
main (Figure 4 B). 
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• Highly prevalent in ancient humans. For example,
codon 72 had 3 variants of c.215C > A (p.Pro72His),
c.215C > G (p.Pro72Arg), c.216C > T (p.Pro72 = ).
c.215C > G (p.Pro72Arg) was present in 1113 ancient in-
dividuals, all were dated within 10000 years BP except 11
carriers dated 45045 to 10093 years BP. Further, only 6 of
the 1113 c.215C > G (p.Pro72Arg) ancient carriers were
in Africa. 

• High prevalent TP53 BVs were often not shared with
other vertebrate species. For example, c.74 + 38C > G,
c.215C > G (p.Pro72Arg), c.376 – 91G > A and c.376 –
125T > C had more than 100 ancient carriers but they
were not present in other vertebrate species (Supplemen-
tary Table S5). 

• BVs arose earlier than PVs. The oldest BV carrier with
fiv e BVs of c.74 + 38C > G, c.215C > G (p.Pro72Arg),
c.376 – 91G > A, c.376 – 283T > C, c.672 + 62A > G
was in Omsk Oblast, Russia dated 45045 years BP; the
second oldest carrier was in Tianyuan Cave, China dated
40000 years BP; the third oldest carrier was in Belgium
dated 34795 years BP; the fourth oldest carrier was in
northeastern Mongolia dated 34425 years BP. In compar-
ison, c.734G > A (p.Gly245Asp) was the oldest PV dated
34425 years BP. 
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Table 1. TP53 PVs identified in ancient individuals 

Variant 

Year (BP) a cDNA Protein Type dbSNP155 Domain b Carriers Ref. c 

Ancient Human 
34425 c.734G > A p.Gly245Asp Nonsynonymous SNV rs121912656 DBD 2 26, 37 
7889 c.514G > T p.Val172Phe Nonsynonymous SNV rs1131691043 DBD 1 27 
7144 c.637C > T p.Arg213Ter Stopgain rs397516436 DBD 6 3, 8, 14, 22, 39, 49 
7123 c.422G > A p.Cys141Tyr Nonsynonymous SNV rs587781288 DBD 1 6 
6960 c.844C > T p.Arg282Trp Nonsynonymous SNV rs28934574 DBD 3 22, 38, 44 
6713 c.853G > A p.Glu285Lys Nonsynonymous SNV rs112431538 DBD 1 6 
6415 c.376 – 1G > A - Splicing rs868137297 - 1 41 
4725 c.713G > A p.Cys238Tyr Nonsynonymous SNV rs730882005 DBD 1 44 
4545 c.799C > T p.Arg267Trp Nonsynonymous SNV rs55832599 DBD 4 3, 20, 21, 60 
4500 c.817C > T p.Arg273Cys Nonsynonymous SNV rs121913343 DBD 3 3, 44 
4500 c.451C > T p.Pro151Ser Nonsynonymous SNV rs28934874 DBD 1 2 
4500 c.455C > T p.Pro152Leu Nonsynonymous SNV rs587782705 DBD 1 2 
4500 c.920 – 1G > A - Splicing rs587781702 - 1 2 
4450 c.542G > A p.Arg181His Nonsynonymous SNV rs397514495 DBD 2 1, 6 
4330 c.580C > T p.Leu194Phe Nonsynonymous SNV rs587780071 DBD 1 44 
4160 c.473G > A p.Arg158His Nonsynonymous SNV rs587782144 DBD 1 44 
4071 c.313G > A p.Gly105Ser Nonsynonymous SNV rs1060501195 - 2 2 
4071 c.743G > T p.Arg248Leu Nonsynonymous SNV rs11540652 DBD 1 2 
4069 c.994 – 1G > A - Splicing rs587782272 - 1 6 
4050 c.586C > T p.Arg196Ter Stopgain rs397516435 DBD 1 54 
3826 c.782 + 1G > A - Splicing rs1555525429 - 2 2, 49 
3650 c.856G > A p.Glu286Lys Nonsynonymous SNV rs786201059 DBD 1 20 
3640 c.202G > T p.Glu68Ter Stopgain rs869312782 - 1 51 
3595 c.673 – 1G > A - Splicing rs878854073 - 1 2 
3415 c.733G > A p.Gly245Ser Nonsynonymous SNV rs28934575 DBD 2 20, 44 
3328 c.736A > G p.Met246Val Nonsynonymous SNV rs483352695 DBD 1 2 
3280 c.524G > T p.Arg175Leu Nonsynonymous SNV rs28934578 DBD 1 44 
2937 c.772G > A p.Glu258Lys Nonsynonymous SNV rs121912652 DBD 1 61 
2840 c.517G > A p.Val173Met Nonsynonymous SNV rs876660754 DBD 1 20 
2600 c.823T > C p.Cys275Arg Nonsynonymous SNV rs1057519983 DBD 1 3 
2254 c.560 – 1G > A - Splicing rs1202793339 - 1 20 
2250 c.1010G > A p.Arg337His Nonsynonymous SNV rs121912664 Tet 2 3, 61 
2200 c.743G > A p.Arg248Gln Nonsynonymous SNV rs11540652 DBD 1 49 
2181 c.916C > T p.Arg306Ter Stopgain rs121913344 NLS 3 3, 22, 49 
2113 c.880G > T p.Glu294Ter Stopgain rs1057520607 - 1 49 
1814 c.166G > T p.Glu56Ter Stopgain rs1597375294 TAD 1 3 
1790 c.991C > T p.Gln331Ter Stopgain rs1597359130 Tet 1 20 
1724 c.841G > A p.Asp281Asn Nonsynonymous SNV rs764146326 DBD 1 20 
1125 c.375G > A p.Thr125 = Synonymous SNV rs55863639 DBD 1 8 
960 c.372C > A p.Cys124Ter Stopgain rs1555526478 DBD 1 3 
950 c.644G > T p.Ser215Ile Nonsynonymous SNV rs587782177 DBD 1 50 
850 c.578A > G p.His193Arg Nonsynonymous SNV rs786201838 DBD 1 3 
806 c.638G > A p.Arg213Gln Nonsynonymous SNV rs587778720 DBD 1 8 
450 c.993G > A p.Gln331 = Synonymous SNV rs11575996 Tet 1 6 
450 c.993 + 1G > A - Splicing rs11575997 - 1 6 
Neanderthal 
44000 c.517G > A p.Val173Met Nonsynonymous SNV rs876660754 DBD 1 67 
44000 c.542G > A p.Arg181His Nonsynonymous SNV rs397514495 DBD 1 67 
42540 c.473G > A p.Arg158His Nonsynonymous SNV rs587782144 DBD 1 67 
38515 c.524G > A p.Arg175His Nonsynonymous SNV rs28934578 DBD 1 67 
Deniso v an 
158550 c.574C > T p.Gln192Ter Stopgain rs866380588 DBD 1 73 
158550 c.661G > T p.Glu221Ter Stopgain rs786201592 DBD 1 73 

a Dated age of the oldest carrier. 
b DBD: DNA binding domain; Tet: tetramerization domain, NLS: nuclear localization signal; TAD: transactivation domain. 
c Refer ences wer e listed in Supplementary Table 6. 

•

 

h
m
t
and Denisovans. 
Many BVs were present in Neanderthals and Deniso- 
vans. Ther e wer e 12 BVs identified in 6 Neanderthals 
and 3 in 1 Denisovan, of w hich onl y 2 were in the
DNA-binding domain (Supplementary Table S4). c.376 

– 91G > A and c.672 + 62A > G were present 
in 2422 and 1403 ancient human individuals, they 

were also present in Neanderthals and Denisovans; 
c.215C > G (p.Pro72Arg) was present in 1113 an- 
cient human individuals, it was also present in a 

Denisovan. 

Data from the archaeolo gical anal ysis demonstra ted tha t 
uman TP53 germline PVs were likely originated from hu- 
ans themselves during the recent human evolution his- 

ory, and partially inherited from the extinct Neanderthals 
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Figure 4. Distribution of the shared TP53 PVs and BVs in different functional domains. ( A ) Domain distribution of 45 PVs shared between modern and 
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the DNA-binding domain, whereas the shared BVs were distributed across the entire coding region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 

By using phylogenetic and archaeological approaches, our
study re v eals the e volutionary origins of TP53 germline PVs
in modern humans that they were likely originated during
recent human history within the last 8000 years. In contrast,
the human TP53 germline BVs were more originated from
both cross-species conservation and human evolution. The
key dri v er f orce f or the difference between PVs and BVs lays
on the evolution selection. TP53 PVs are deleterious, they
are under negati v e selection to be suppressed in the popu-
lation; whereas TP53 BVs can be beneficial for survival and
r eproduction, ther efor e, they can be selected and conserved
across species. Consistent with the observation that modern
humans inherited a part of genomic materials from the ex-
tinct Neanderthals and Denisovans, we also observed that
a part of TP53 germline PVs and BVs in modern humans
was present in Neanderthals and Denisovans ( 35–37 ). 
 

Our phylogenetic analysis showed that human PVs were
highly shared in distal species but not in closer species. W ha t
could be the explanation for this sharing pattern? A study
observed the sharing of multiple human deleterious vari-
ants in mice ( 38 ). Upon evaluating multiple related theo-
ries including ‘Founder ef fect’, ‘Fixa tions of slightly dele-
terious mutations’, ‘Relaxed selection on late-onset pheno-
types’ and ‘Compensatory changes’, the authors considered
tha t the ‘Compensa tion theory’ could better explain the
phenomenon, which states that ‘compensatory mutations
at other sites of the same or a different protein render the
deleterious m utations neutral’, impl ying that the PVs in hu-
mans may not be pathogenic in the distal species. While the
compensation theory may also be used to explain why hu-
man TP53 PVs were shared in distal species, we consider it
may not explain well for the high-degree TP53 PVs shared
between human and distal species, such as the species in
Fish. We consider an alternati v e e xplana tion tha t the TP53
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Vs shared between human and the distal species may re- 
ect a possibility that TP53 was highly mutated in Fish. 
uring the evolution process from Fish to Amphibian to 

ammal to human, many of the PVs were eliminated by 

volution selection due to their deleterious effects. The PVs 
hared between human and distal species were the survi v ed 

Vs after the selection. 
Of the 62 TP53 PVs carriers in ancient humans, 61 were in 

urope and Asia but only one was in Africa. This confirms 
hat human TP53 variants were arisen after the latest ‘out of 
frica’ migration ( 22 , 39 ), and is consistent with the obser- 

a tion tha t TP53 varia tion in the modern African popula- 
ion has the lowest prevalence of 0.07% than the prevalence 
n non-African populations (0.12% in South Asian, 0.15% 

n East Asian, 0.16% in Latin American, and 0.24–0.28% 

n European) ( 40 ). The positi v e selection of human TP53 

xplains why TP53 germline PVs are at high prevalence in 

odern humans ( 22 ). 
Genetic contribution from extinct hominins to modern 

umans has been increasingly studied. While most studies 
ocused on the biological function involving basic physi- 
lo gy like imm unity, high altitude ada ptation, hair color, 
etabolism, etc. ( 41–47 ), there have been rare information 

or the medical relevant issues such as cancer genetic pre- 
isposition as shown by our data. 
c.1010G > A (p.Arg337His) is a TP53 founder variant 

n the Southern Brazilian population for LFS ( 48 ), but it 
as limited penetrance due to modifications by other ge- 
etic variants or metabolic cofactors. It is located at a CpG 

otif in TP53 , a region highly mutable due to high sponta- 
eous deamination ( 36 ). Haplotype analysis indicated that 

t was originated from Caucasian / Portuguese-Iberic origin 

000 years BP ( 49 ). Our study identified two carriers, one in 

ongolia dated 2250 years BP and another in Italy dated 

750 years BP, suggesting that c.1010G > A (p.Arg337His) 
ould have occurred in more ancient ethnic human popula- 
ions either through genetic connection or occurred spon- 
aneously by chance ( 50 ). 

W ha t can be the explanation for the high prevalence of 
P53 germline PVs in modern humans, regardless of their 
eleterious effects and selection pr essur e? TP53 germline 
Vs can cause LFS, with cancers de v elopment at young age 
efor e r eaching r eproduction age. Ther efor e, TP53 germline 
Vs would be expected to be rare in human population. 
owe v er, of the spectrum of human TP53 germline PVs, 

ot all cause LFS. Our analysis showed that of the 406 TP53 

Vs included in our study, only 95 (23.4%) were solely de- 
i v ed from LFS. The selection pr essur e on these PVs not
ontributing to LFS may not be negati v ely selected as heavy 

s those causing LFS. Another possibility can be that cer- 
ain TP53 PVs could be beneficial rather than deleterious. 
his is a situation similar to BRCA1 PVs, in which the 
Vs can increase reproduction ( 51 ), enhance pathogen im- 
unity ( 52 ), promote neural de v elopment ( 53 ), and gene

xpression ( 54 ) at the cost of cancer development at the 
ost-reproduction age in the PV carriers. The cancer is 

ethal for the PV carriers but it doesn’t affect the population 

ropagation. 
Multiple TP53 hotspot PVs including c.524G > A 

p .Arg175His), c.733G > A (p .Gl y245Ser) are highl y 

resent in modern humans ( 3 , 4 ). The hotspot variants 
ere often C to T transition that occurs more often than 

ther types of base substitution. This may explain why the 
.524G > A (p.Arg175His) was the oldest hotspot vari- 
nt in Neanderthals dated 38515 years BP; c.733G > A 

p.Gly245Ser) wer e pr esent in ancient humans with 2 carri- 
rs dated 3415 to 2550 years BP. It may be possible that their 
igh prevalence in ancient humans may simply be the conse- 
uence of their high probability of occurrence coupled with 

heir poor antigenic properties. This can also be the case for 
he Brazilian founder c.1010G > A (p.Arg337His). 

Codon 72 was highly variable in ancient humans, with 

hree TP53 BVs of c.215C > A (p.Pro72His), c.215C > G 

p .Pro72Arg), c.216C > T (p .Pro72 = ), with c.215C > G 

p.Pro72Arg) as the most frequent one (Supplementary Ta- 
le S4). Allele frequency of c.215C > G (p.Pro72Arg) in 

he African modern population (0.2 to 0.4) is lower than in 

on-African modern populations (0.5 to 0.8) ( 24 , 55 ). None 
f the codon 72 variants were PVs, suggesting that codon 

2 variants could be beneficial. For example, c.215C > G 

p.Pro72Arg) enhances human adaptation to lower temper- 
ture ( 23 ) by increasing leukemia inhibitory factor (LIF) 
xpression to protect the implantation of fertilized eggs 
 16 , 22 , 56 ), and enhances innate immunity ( 57 ). Its presence
n Denisovan suggests that c.215C > G (p.Pro72Arg) could 

e inherited from Denisovans to ancient and modern hu- 
ans. Ther efor e, c.215C > G (p.Pro72Arg) can be a benefi- 

ial variant. 
It is interesting to note that the pattern of the evolution- 

ry origin of human TP53 germline PVs is similar to that of 
uman BR CA PVs, w hich were also originated from ancient 
umans but not through cross-species evolution conserva- 
ion ( 26 ). The coincidence suggests the possibility that PVs 
n many if not all tumor suppressor genes in modern hu- 

ans could arise during recent human evolution process. 
Our study used the TP53 germline variants from the Clin- 

ar database. The TP53 database (formerly the Interna- 
ional Agency for Research on Cancer, IARC) also provides 
P53 germline variant data ( https://TP53.isb-cgc.org/ , ac- 
essed 31 October 2022). ClinVar contained 2065 and the 
P53 database contained 552 germline variants. Of the 552 

ariants, 336 (60.9%) were included in ClinVar. Therefore, 
e used the ClinVar data in our study. In the archeologi- 

al analysis, our study identified only 48 (11.8%) of the 406 

Vs used in the study. The lower number is likely related to 

he smaller size of the ancient individuals although nearly 

ll ancient samples currently available were included in our 
tud y. W hen more ancient samples are available, the number 
f shared TP53 PVs should likely increase. 
It is important to indicate that the presence of a vari- 

nt in an ancient carrier does not necessarily imply that the 
ariant has been fixed in the human lineage for that length 

f time, as the variant at the same position could occur 
nd eliminated repetiti v ely ov er generations, with each ap- 
earance as an independent e v ent. This is particular for the 
otspot variants in TP53, which often have high tendency 

f spontaneous occurrence ( 4 , 9 ). While the haplotype test 
ill provide a definiti v e answ er, w e w ere unable to provide

he haplotype evidence to definitely prove that every TP53 

Vs in ancient humans were the origins of the PVs in mod- 
rn humans. This is due largely to the limitation of ancient 
uman genome data that many ancient human genome 

https://TP53.isb-cgc.org/
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sequences had poor quality, gaps, and lower genome cover-
age. It is technically difficult to identify reliable TP53 haplo-
types shared between modern and ancient human genomes.
While it may specifically affect the interpretation for the
hotspot TP53 PVs as they have high tendency of sponta-
neous occurrence, only 2, c.733G > A (p.Gly245Ser) and
c.743G > A (p.Arg248Gln), of the 45 ancient PVs identi-
fied in our study were the classical hotspot variants. 

In summary, our study re v eals that TP53 germline PVs
were likely originated during recent human history. As
TP53 germline PVs are strongly correlated with cancer risk
( 58 ), elucidating their evolution origin should deepen our
understanding of the relationship between TP53 variation
and cancer. 
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