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Abstract

Evolutionary understanding of cancer genes may provide insights on the nature and evolution of
complex life and the origin of multicellularity. In this study, we focus on the evolutionary ages of
cancer-driving sites, and try to explore to what extent the amino acids of cancer-driving sites can
be traced back to the most recent common ancestor (MRCA) of the gene. According to gene
phylostraigraphy analysis, we use the definition of gene age (tg) by the most ancient
phylogenetic position that can be traced back, in most cases based on the large-scale homology
search of protein sequences. Our results are shown that the site-age profile of cancer-driving sites
of TP53 is correlated with the number of cancer types the somatic mutations may affect. In
general, those amino acid sites mutated in most cancer types are much ancient. These sites
frequently mutated in cancerous cells are possibly responsible for carcinogenesis, some may be
very important for basic growth of single-cell organisms, and others may contribute to complex
cell regulation of multicellular organisms. The further cancer genomics analysis also indicates
that ages of cancer-driving sites are ancient but may have a broad range in early stages of
metazoans.
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Introduction

Cancer occurs in amost al metazoans in which mutated somatic cells proliferate without
any control, suggesting that the mechanisms of cancer are deep-rooted in evolutionary history
(Weinberg 1983; Nesse and Williams 1998; Merlo, et al. 2006). Hence, evolutionary
understanding of cancer genes may provide insights on the nature and evolution of complex life
and the origin of multicellularity. Using the phylostratigraphic approach, Domazet-Lozo and
Tautz (Domazet-Loso and Tautz 2010) found that evolutionary ages of many cancer genes (gene
ages for short) can be traced back to the transition period from unicellular organisms to
multicellular metazoans. This so-called cancer-as-atavism hypothesis has been verified by a
number of follow-up studies (Davies and Lineweaver 2011; Domazet-Loso, et al. 2014; Chen, et
al. 2015; Greaves 2015; Chen, et al. 2018; Trigos, et al. 2018; Makashov, et al. 2019; Trigos, et
al. 2019).

As many cancer genes are responsible for the celular cooperation necessary for
multicellularity that also malfunction in cancer cells (Hanahan and Weinberg 2000, 2011), the
connection between cancer and the emergence of multicellularity can be revealed through a
detailed evolutionary analysis of amino acid sites at which many somatic mutations were
detected from multiple cancer samples, i.e., cancer-driving sites. In this study, we focus on the
site-age problem, i.e., under a metazoan phylogeny, to trace the (human wide-type) amino acid
of a cancer-driving site to a particular ancestral node. Our goal is to explore to what extent the
(human) amino acids of cancer-driving sites can be traced back to the most recent common

ancestor (MRCA) of the gene. i.e., site ages of cancer-driving sites approach to the gene age.

Results and Discussion
Evolutionary age of an amino acid site (site-age)

According to the common practice in gene age (or gene phylostraigraphy) analysis
(Domazet-Loso and Tautz 2010), we use the definition of gene age (tg) by the most ancient
phylogenetic position that can be traced back, in most cases based on the large-scale homology
search of protein sequences. We extend the concept of gene age to amino acid sites, using the
human protein sequence for illustration. Under a species phylogeny that is biologically known or
can be reliably inferred from the multiple sequence alignment (MSA), the phylogenetic age of an
amino acid site (ts) is defined as the most ancient node within the lineage that ranges from the
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phylogeny root to the human, a which the human amino acid type still remains. In other words,
ts indicates the most ancient phylogenetic position to which this human-type amino acid residue
appeared can be traced back.

Fig. 1 shows the phylogenetic tree inferred from the multi-sequence alignment of TP53
proteins in metazoans, using the unicellular protist M. brevicollis as outgroup. According to this
phylogeny, the lineage from the human to the root of animals can be divided into severa
intervals defined by the corresponding internal nodes. With the help of ancestral sequence
inference (Yang, et al. 1995; Griffiths and Tavare 2018) , it is straightforward to determine the
site-age for each amino acid site (see Fig.1 for illustration). For instance, the overall site-age
profiles of TP53 are shown in Table 1.

Sites with more cancer somatic mutations tend to have more ancient site-ages: a
case study of TP53

Cancer-related amino acid sites, or cancer-driver sites, refer to those who have many
recurrent somatic mutations (denoted by Z) compiled from different cancer samples. According
to the cancer-as-atavism hypothesis, cancer-driver sites tend to have ancient site-age as cancer
somatic mutations are functionally harmful, causing cellular genetic instability or deconstruction
of cell-cell communications. To test this notion, we use fifty seven amino acid sites of TP53, at
which cancer somatic mutations were detected by Kan et a (Kan, et a. 2010) with a drict
selection criteria in cancer genomic analysis. Impressively, we observed that the site-ages of
cancer-related sites are considerably enriched in the ancient stages of animals such as Holozoa,
and Bilateria (Table 1). We used a y2-test and found that the age profile of cancer-related sites
differs significantly from the age profile of all sites (P-value<0.001). We thus conclude that these
sites may play fundamental roles in backbone cellular genetic program and multicellularity, and

somatic mutations occurred at these sites facilitate the cancer progression.

Ancient TP53 somatic mutation sites tend to affect more cancer types

It is well-known that somatic mutations in TP53, one of most important tumor suppressor
genes, have been found in many human tumor types (Greenblatt, et al. 1994). We use UMD
TP53 database (http://p53.fr/) that compiles most somatic mutations in TP53 reported in human
cancers. While cancer somatic mutations have been found over 90% amino acid sites of TP53,
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only a small number of sites with somatic mutations from many cancer types. There are two
empirical measures: one is the number of case-reports in UMD TP53 database that include
somatic mutations occurred at an amino acid site, and the other is the number of cancer typesin
those case reports. We adopt the second measure in our analysis because it removed the potential
redundancy in different case-reports; yet the results are virtually the same (not shown).

Our results are shown in Table 1. It appears that the site-age profile of cancer-related sites of
TP53 is correlated with the number of cancer types the somatic mutations may affect. In general,
those amino acid sites mutated in most cancer types are much ancient. For instance, most sites
with somatic mutations affecting more than 30 cancer types originated from M. brevicollis, early
metazoan or early vertebrates. These sites frequently mutated in cancerous cells are possibly
responsible for carcinogenesis, some may be very important for basc growth of single-cell

organisms, and others may contribute to complex cell regulation of multicelular organisms.

Cancer genomics analysis

To further test the notion that amino acid sites frequently mutated in cancerous cells tend to
have more ancient site-ages, we extracted all non-synonymous somatic mutation sites data from
COSMIC database (release 63). A total of 17381 dtes, each of which has recelved somatic
mutations from at least two samples (z=2 or more), were used in our study, among which 14982
sites are for z=2, 2281 for z=3, 359 sites for z=4, and 821 sites for z=5 or more, respectively.
Based on the metazoan phylogeny shown in Fig.1, we inferred the evolutionary ages of all these
Sites.

As summarized in Table 2, we calculated the site-age profiles for amino acid sites with
different counts (z) of somatic mutations. For comparisons, we randomly selected 10000 amino
acid sites from the human genome to estimate the genome background of site-age profile. It
appears that the site-age profile for sites with z=2 is datistically not significant from the
background (P-value >0.05). Thisresult is reasonable because most of those sites are passengers
so that the corresponding age-site profile is virtually a random sample from the genome
background. While the site-age profile for sites with z=3 is statistically significant marginaly (P-
value <0.01), those for sites with z=4 and z>=5 are highly statistically significant (P-value <10°®).
In other words, for those sites with large z counts that are likely to be cancer-driving, their site-

ages tend to be more ancient.
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We further analyzed a list of 538 known cancer genes. Many well-known cancer genes
whose site-ages for sites with z=3 or more can be traced back to the origin of metazoans (the
Holozoa group); some examples are shown in Table 3. Meanwhile, Table 4 shows some
examples that cancer-driving sites can be only tranced back to the emergence of Bilateria or
early stage of vertebrates. Together, we conclude that ages of cancer-driving sites are ancient but

may have abroad range in early stages of metazoans.

Materials and Methods

The protein sequences of most species we used were downloaded from Ensembl (Ensembl
65) and NCBI database. Orthologous genes of these species for human p53, p63 and p73 genes
were searched by BLASTP method. Orthologs of human p53, p63 and p73 genes in other 11
Drosophila species were obtained by online BLASTP searching in FlyBase website
(http:/flybase.org). The best hit of each search with E-value less 10° was selected as the

homolog of the human p53, p63 and p73. than Multiple protein sequence alignment for p53 gene
family was generated by MUSLE (Edgar 2004). ClustalW and T-coffee programs were also used
to validate the results of multiple sequence alignment (Thompson, et a. 1994; Notredame, et al.
2000). The phylogenic tree for p53 gene family was constructed by neighbor-joining (NJ)
method (Saitou and Nel 1987) with Poisson correction distance in MEGA X software (Kumar, et
al. 2018). Bootstrap test with 1,000 resampling was used to evaluate the reliability of tree
topology for p53 gene family (Felsenstein 1985). We applied the choanoflagellate Monosiga
brevicollis as outgroup to determine the root of the phylogeny.

Age of each p53 protein site was defined according to ancestral inference of p53 protein
sequence by maximum parsimony in MEGAS.0. The evolutionary age was classified into 11
groups, namely Hominidae, Hominoidea, Primate, Mammalia, Tetrapoda, Fish-1, Euteleostomi,
Vertebrata, Chordata, Metazoa and Holozoa. Hominidae group means that the amino acid sitein
p53 originates from Hominidae, while Holozoa represents that the amino acid site of p53
originates from protist M. brevicollis, hereinafter and so on. Here the difference between Fish-1
and Euteleostomi groupsis that p53 amino acid sites in the former group were earliestly found in
zebrafish, while amino acid sites in the latter group were also found in other teleostome species,
like Fugu, stickleback and Tetradon. We used age of site conservation to define conservation

level of each p53 protein site. Phyletic age of conservation degree was aso divided into 11
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groups mentioned above. Specifically, p53 amino acid sites in Hominidae group are totally
conserved in Hominidae (without any amino acid change), and in Vertebrata group means these
sites are completely conserved in vertebrate species, and so on.

TP53 somatic mutation data prevalence in human cancer were downloaded from UMD
TP53 database (http://p53.fr/). This resource compiles all TP53 gene variations reported in
human cancers with annotations on tumor phenotype, patient characteristics and functional
impact of mutations.

The list of 538 known cancer genes was compiled by merging the list of 253 cancer genes
with the missense mutation type from the Cancer Gene Census Tier 1 (COSMIC GRCh37,
V89)(Tate, et al. 2019), 127 sgnificant mutated genes (SMGs) reported by Kandoth et al.
(Kandoth, et al. 2013), 260 SMGs reported by Lawrence et al. (Lawrence, et a. 2013) and 299
cancer driver genes reported by Bailey et al. (Bailey, et al. 2018). We extracted the cancer
somatic mutations of 10,224 cancer donors from TCGA PanCanAtlas MC3 project
(https://gdc.cancer.gov/about-data/publications/mc3-2017), which include 3,517,790 somatic
mutations in coding region and 2,035,693 of which caused amino acid changes in cancers
(missense mutations). After filtering some redundancies according to the criterion of Bailey et al.
(Bailey, et a. 2018), 9,078 samples with 1,461,387 somatic mutations in coding region and
793,577 missense mutations were used in our study.
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Figure 1. The phylogenetic tree inferred from the multi-sequence alignment of TP53
proteins in metazoans. The phylogenetic tree was inferred using MEGA X with the Neighbor-
Joining method. The percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test (1000 replicates) are shown next to the branches. The unicdlular protist M.

brevicollis was set as outgroup.
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Datasets Holozoa | Bilateria Chordates Teleost Mammals
Amino acid sites
All sites (393 sites) | 20.0% 18.5% 10.0% 17.8% 33.7%
Kan (57 sites) 37.3% 21.6% 13.7% 19.6% 7.8%
Cell types (all 393 amino acids included)

<20 3.5% 4.6% 10.3% 14.7% 67.0%
20-30 15.7% 11.6% 14.1% 25.9% 32.7%
>30 39.4% 24.6% 16.9% 12.7% 6.4%

Table 2. Phylogenetic site-age profiles of amino acid Site categorieswith different counts of

cancer somatic mutations (CSM) of somatic mutations.

CSM Sites Holozoa | Bilateria Vertebrates | Tetropoda
=2 14982 8% 11% 27% 54%
Z=3 2281 15% 18% 28% 39%
Z=4 359 25% 19% 30% 26%
755 821 28% 22% 32% 18%
Background | 10,000 6% 9% 27% 58%
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Table 3. Some examples of cancer genesthat can be classfied asthe Holozoa group

Gene CSM Holozoa | Bilateria | Vertebrate | Tetropoda
BRAF 30 19 6 1 1
CBL 9 7 1 1 0
CHEK?2 5 3 1 0 1
DNMT3A 5 3 1 0 1
HRAS 9 9 0 0 0
IDH1 7 6 0 0 1
IDH2 6 6 0 0 0
KRAS 20 19 1 0 0
NRAS 13 12 1 0 0
PPP2R1A 7 7 0 0 0
PTEN 63 50 8 1 0
SF3B1 10 10 0 0 0
Total 184 151 19 3 4

Table 4. Some examples of cancer genesthat can be classified asthe Bilateria group

Gene CSM Holozoa | Bilateria | Vertebrate | Tetropoda
ABL1 14 0 10 4 0
CTNNB1 34 0 23 10 1
EGFR 60 0 39 16 5
EZH2 7 0 6 0 1
PTPN11 13 4 8 1 1
SMAD4 10 0 8 2 0
TSHR 15 0 9 5 1
Total 153 4 103 38 9
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