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Abstract: Identifying cancer driver genes and exploring their functions are essential and the most urgent need in
basic cancer research. Developing efficient methods to differentiate between driver and passenger somatic muta-
tions revealed from large-scale cancer genome sequencing data is critical to cancer driver gene discovery. Here, we
compared distinct features of SNP with SNV data in detail and found that the weighted ratio of SNV to SNP (termed
as WVPR) is an excellent indicator for cancer driver genes. The power of WVPR was validated by accurate predictions
of known drivers. We ranked most of human genes by WVPR and did functional analyses on the list. The results
demonstrate that driver genes are usually highly enriched in chromatin organization related genes/pathways. And
some protein complexes, such as histone acetyltransferase, histone methyltransferase, telomerase, centrosome,
sin3 and U12-type spliceosomal complexes, are hot spots of driver mutations. Furthermore, this study identified
many new potential driver genes (e.g. NTRK3 and ZIC4) and pathways including oxidative phosphorylation pathway,
which were not deemed by previous methods. Taken together, our study not only developed a method to identify
cancer driver genes/pathways but also provided new insights into molecular mechanisms of cancer development.
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Introduction tions with low frequency are shared by various
cancers and remain discovered [6-9].

Cancer is characterized by accumulated somat-
ic mutations during tumorigenesis, of which

only a small subset contributes to the tumor

To identify driver genes, most of current meth-
ods test whether the mutation rate of each

progression [1]. Distinguishing these “driver”
mutations from the preponderance of “passen-
ger” mutations is still a challenge because of
the genetic heterogeneity of cancer [2]. In
recent years, several methods were developed
for predicting driver genes by taking advantage
of the wealth of data produced by high-through-
put cancer genome sequencing studies [3-5].
Till now more than 125 driver genes have been
identified [1]. These genes have relatively high
frequency mutations, which are usually shared
by different tumors. However, more and more
studies suggested that a great number of muta-

gene is significantly higher than the background
(passenger) mutation rate using binomial or
likelihood test. They used a common approach
to define background non-silent mutation rate
pN, which is a product of pS * R, where the pS
is the result of dividing the number of observed
silent mutations by the number of base pairs
and R is the average ratio of the number of
potential non-silent mutation sites to the num-
ber of potential silent mutation sites. However
this model is not as simple as it looks like. The
most challenging part of this strategy is how to
define pS and R for genes in distinct contexts.
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Many elaborate models designed to deal with
the problem using additional parameters such
as mutation type, gene length and nucleotide
context to optimize the model [3, 5]. Although
working well for the genes with high frequency
mutations, they have three unavoidable short-
comings for identifying low frequency ones.
First, previous approaches ignore the fact that
even the same type of mutations may have dif-
ferent impact on proteins’ function when they
occur at different sites (such as active site and
no essential site); Second, in most cases, the
observation number of silent mutations is too
small to be used for estimating silent mutation
ratio (oN) accurately for each gene. For exam-
ple, only 108 silent mutations were identified in
the data from Ding et al. who sequenced 623
genes in 188 tumor samples. In average, even
one sample has less than one silent mutation;
Third, many non-silence mutations are actually
“silence” and haven’t significant impact on pro-
tein function, which results in overestimation of
the value of R and losing of their sensitivity. As
it is hard for current methods to overcome
these shortcomings, developing new strategies
to identify low frequency mutations is an urgent
requirement in the field.

A single-nucleotide polymorphism (SNP) is an
inheritable single nucleotide variation between
members of species or paired chromosomes.
Evolutionally, the SNP profile in genome is the
fixating result of natural selection in evolution.
Because unfavorable mutations will typically be
eliminated while favorable changes are quickly
fixed in a population, and only neutral (or nearly
neutral) mutations, which has little effect on an
organism’s fitness, can be accumulated across
the genome [10, 11]. They were considered as
common variants in general population (minor
allele frequency (MAF) of somatic mutation is >
1%) [10] and were derived from a lot of whole
genome sequencing experiments. Therefore,
the density of SNP can be used to estimate the
frequency of neutral mutation for each gene
[12, 13]. Single-nucleotide variants (SNV) are
somatic point mutations found in cancer tis-
sues. Majority of them are non-silent mutations
locating at exons and lead to alterations of pro-
tein’s structure/function. SNVs are enriched in
cancer driver genes and cellular pathways
essential for tumorigenesis. Here, we propose
a new method that compares cancer SNV data
to single-nucleotide polymorphism (common
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SNP) data to identify novel cancer driver genes.
We validated the method by precise predictions
of known drivers. Functional analyses on driver
genes uncovered new protein complexes and
pathways that are enriched with driver muta-
tions, which provides new insights into molecu-
lar mechanisms of cancer development.

Materials and methods
Data collection

In this research, we collected four types of
data: Chip-Seq data: Gene expression (RNA-
Seq); mutation data (common SNPs [14] and
cancer SNVs [15]) which were download from
GEO [16], UCSC, SRA (NCBI Sequence Read
Archive  http://www.ncbi.nlm.nih.gov/Traces/
sra), NIH website (http://dir.nhlbi.nih.gov) and
COSMIC [15] databases. The detailed informa-
tion about datasource can be found in Table
S4. The reference genome [17] (NCBI37/hg19)
of human was downloaded from UCSC FTP site.

Data pre-processing

Firstly, all ChiP-Seq and RNA-Seq data from
SRA were converted to fastq files using SRA
toolbox. Genomic read alignment and assem-
ble were done by Bowtie [18] using default
parameters with human reference genome of
NCBI37/hg19. Secondly, the conversion of
gene locations from NCBI36/hgl18 to NCBI37/
hg19 for sequence assembling was done by lift-
Over [19]. Finally, all aligned ChlIP-Seq, RNA-
Seq data files (bed, bam files) were converted
into wig files using software MACS [20] with
default setting. The cancer SNVs that co-local-
ize with common SNPs were filtered out for con-
sequential analyses.

Calculate weighted SNV/SNP ratios (WVPRS)
for genes

Firstly, we used the longest isoform of a gene to
define six gene related regions including exon,
intron, promoter, tail, acceptor and donor. For
each gene, promoter region includes upstream
1000bp and downstream 200bp of TSS;
Donors include around 36bp of split site 5’ [21];
Acceptors include upstream 36bp and down-
stream 24bp of split site 3’ [22]; Tail includes
upstream 200bp and downstream 1000bp of
TTS. The location information of exons and
introns were extracted from reference genomes
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Figure 1. Predict cancer driver genes using SNP and SNV data. A. A carton to illustrate the definition of six regions in
a gene. B. The distribution of length of six regions; the proportions of common SNPs and cancer SNVs within six dif-
ferent regions. C. The correlation between relative lengths and the numbers of SNVs and SNPs of six regions. D. The
percentages of SNPs and SNVs in six regions. E. The distribution of SNPs and SNVs in GATAL. F. The distribution of
cancer related genes annotated by databases in our ranked gene list. All genes were sorted and categorized into ten
groups based on their WVPR value. The 0%-10% group contains genes with top10% highest WVPRs. There are 455
genes in Cosmic database [15], 180 genes in OMIM database and 168 gene in KEGG database (ver 2011-7-13)
were annotated as cancer related genes. Driver gene list includes 125 genes and is adopted from the reference 1.

[17] (NCBI37/hg19) of human. All SNVs and
SNPs were mapped to these regions. For each
region, the weight (W) is the percentages of
total number of SNPs or SNVs within this region
to total numbers of SNPs and SNVs across
genome. For each gene, we calculated the
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mutation densities for each region, which is the
ratio of the number of mutations within the
region to the length of the regions in the gene.
Finally, a line model was used to speculate
mutation risk in normal and cancer (MRN and
MRC) cells. The weighted SNV/SNP ratio
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Figure 2. The correlation of SNP, SNV with gene expression and epigenetics marks. A. The correlation between SNV/
SNP density and gene expression in six cells. B. The correlation between SNV density and SNP density in 17,498
genes. C. The profile of seven epigenetics markers around SNV and SNP sites in H1-ESC and Hepg?2 cells.

(WVPR) is the ratio of MRC to MRN and was
used to estimate gene mutation risk for each
gene. The formula is as following:

MRN = vvpa X Mp.’! + Wpd x Mpd + Wpex Mpe+
Wi % Mpi+ Wop X My + Wy X My,

MRC = W\-’Zl X M\'a + W\'d x M\d+ W\ex M\'c+
W\-i X M\'i+ va X Mvp+ Wvl x M\1
MRC

WVPR = ——
MRN

Here, the “W” and “M” represent the weight
parameters and mutation densities; “p” indi-
cates common SNP; “v” indicates cancer SNV;
a, d, e, |, p and t represent six different ranges
of gene including acceptor, donor, exon, intron,

promoter and tail respectively.
Fisher test for KEGG pathways

Fisher’'s exact test was performed to identify
KEGG pathways enriched in cancer driver
genes. A two-way contingency table was creat-
ed based on the numbers of common SNPs
and cancer SNVs in/out of a certain pathway to
calculate the p values using R.

Results
Distinct characteristics of SNPs and SNVs

In this research, we collected 13,608,948 com-
mon SNPs and 2,342,135 unique cancer SNVs
in which 5,140,763 and 1,735,291 mutation
sites were found from 1000bp upstream to
1000bp downstream of 17,498 genes. All of
these genes expressed at least in three out of
six cells (H1-ESC, CD4, K562 Testis, Ovary and
Hepg?2) (see ‘Materials and methods’ section).
All of SNPs and SNVs are classified into six
groups based on the elements they locate on
(promoter (upstream 1000bp and downstream
200bp of TSS), exon, intron, donor (around
36bp of split site 5’) [21], acceptor (upstream
36bp and downstream 24bp of split site 37)
[22] and tail (upstream 200bp and downstream
1000bp of TTS)) (Figure 1A). As shown in Figure
1B, although SNPs occur in non-coding regions
with little higher frequently than in coding
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regions, in general, the number of SNPs is high-
ly correlated with the length of elements (Figure
1C) suggesting their nature of neutral muta-
tions. SNVs are highly enriched in exons and
two splicing sites (donor and acceptor), which is
consistent with previous reports [23-25]. It is
notable that both majorities of SNPs
(65,697/84,938) and SNVs (690,827/886,381)
in exons are non-silent mutations and have
almost consistent percentage (77.34% and
77.93%) in all SNP and SNV suggesting that
many non-silent mutations are actually neutral.
More important, no significant correlation
between densities of SNV and SNP (R = 0.115)
has been found (Figure 2A). And the size of
genes is not correlated with SNV/SNP ratio
(Figure S1). As that whether highly expressed
genes in cancer cell have elevated mutation
rates is a controversial question [26, 27], we
checked the correlation of mutation density
and gene expression. We calculated the corre-
lations between SNP density and gene expres-
sion in four normal cell lines/tissues (H1, CD4,
Ovary, Testis) and correlations between SNV
density and gene expression in two cancer cell
lines (K562, Hepg?2). No significant correlations
were found in all tests supporting the null
hypothesis that the gene expression doesn’t
take an essential role in regulating SNV and
SNP distribution. (Figure 2B).

Distinct chromatin structure at SNV and SNP
mutation sites

One possible mechanism to affect generation
of DNA sequence variations is the alteration of
chromatin structure [28]. However what are epi-
genetic statues that correlate with SNPs and
SNVs occurrence are still unknown. To address
the question, we calculated the accumulated
profiles of active transcriptional epigenetic
markers (such as H3K4mel, H3K4me2,
H3K4me3, H3K9ac and H3K27ac) and tran-
scriptional repressive markers (such as
H3K9me3 and H3K27me3) at SNPs and SNVs
site in H1 (normal human ES Cell) and Hepg?2 (a
liver cancer cell) cells. We found that the pro-
files of the same marker from two cells are usu-
ally similar. However, the profiles of H3K4me2,
H3K9ac and H3K9me3 are significant different

Am J Cancer Res 2014;4(4):394-410
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Figure 3. Discovering functional preference of driver genes by GO analysis. All of genes were categorized into ten
groups according to their WVPR values. Hypergeometric test was used to test the enrichment of genes with certain
GO items in these groups. The number in each grid is the -log10 (P), where P is the p value of hypergeometirc test. A.

399 Am J Cancer Res 2014;4(4):394-410



Prediction cancer driver gene

The enriched GO items in cell component namespace. B. The enriched GO items in molecular function namespace.

C. The enriched GO items in biology processes namespace.
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Figure 4. Pathways and networks enriched with cancer driver genes. A. Table of KEGG pathways enriched with genes
with top 10% WVPR, which are classified into three groups: known cancer pathways, cell survival pathways and
novel pathways. B. The core network of cancer driver genes. All genes are represented as circles. They are linked
by lines with different colors representing interactions and regulation among them. C. A novel pathway of cancer,
the members are location on mitochondrial inner membrane and involving oxidative phosphorylation (Pathway 2).

between SNPs and SNVs sites in both cells. The
SNP sites have lower level of two transcription
activation epigenetics markers (H3K4me2,
H3K9ac) than around regions and localize at
the bottom of valleys, And SNV sites however
usually localized at the boundary between
regions with high and low level of two epigene-
tic markers. Intriguingly, the difference of
H3K9me3 profiles around SNP and SNV sites
are totally different. Usually, SNP sites have low
H3K9me3 marker but SNV sites are rich for the
modification, which is consistent to recent
study [29]. Similar observation also found for
H3K27me3 profile in J1 cell. Taken together,
SNPs are enriched at the regions free of epi-
genetics markers and SNVs are usually found
at chromatin structure transition regions which
are repressed by repressive epigenetic mark-
ers (Figure 2C).

Ranking genes by the weighted SNV/SNP ratio
(WVPR)

It is reasonable to speculate that driver genes
usually have higher SNV density and lower SNP
density, as individuals who have mutations in
these genes usually get more chances to be
eliminated by cancer. This hypothesis also was
supported by the analyses of known driver
genes such as GATAL (Figure 1E). Thus the sim-
plest way to identify driver genes is ranking
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genes with ratio of density of SNV to SNP.
However, we found although working well for
most of driver genes, this method is not sensi-
tive to some driver genes that have high SNP
density such as TP53, PTEN, NF2. To improve
its performance, we used a line model to spec-
ulate the weighted SNV and SNP ratio by multi-
plying relative frequencies of each group with
the densities of them in each gene. Details can
be found in the materials and method section.
The formula is as following:

All of genes were then sorted by the ratio of
weighted SNV to weighted SNP (WVPR) and
classified into ten groups for further analysis.

Method validation

To validate the method, we divided the sorted
gene list into ten groups and tested whether
known driver genes are enriched in groups with
high WVPR. We extracted potential driver genes
based on annotations in Cosmic, OMIM and
KEGG database. And a driver gene list present-
ed by Bert Vogelstein et al. was also included.
As shown in Figure 1E, there is a clear trend of
enrichment for each dataset on highly ranked
groups. Especially 70% of known driver genes
are ranked in top 10% gene group. And most of
the well-known oncogenes and tumor suppres-
sor (for example: TP53, PTEN, VHL, NF2, GATA1)

Am J Cancer Res 2014;4(4):394-410
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Figure 5. The distribution of driver mutations in histone family members with high WVPRs. The histone modification
sites are marked by colored rectangles and mutations are represented by triangles and colored backgrounds as the

legends in the figure.

have top 10 highest WVPR scores. Some high-
risk genes reported by recent GWAS studies are
also included in top 10% such as STAT4 and
TNFAIP3. They were firstly linked to human dis-
eases in GWAS researches on hepatitis B virus-
related hepatocellular carcinoma [30] and sys-
temic lupus erythematosus [31] respectively.
We categorized the top 10% genes into 18 gene
families and some of them were not reported
by previously studies such as ANKRD family
(involving cell cycle, immune response, cell
structure and cell’s signaling); ZNF family (as
key role in gene transcription especially C2H2
zinc finger proteins); Histone family from H1 to
H4 (contracture nucleosome); PCDHC family
(involving cell adhere) (Table S2). The WVPR
distribution in top 10% was shown in Figure S2.
These results support the high accuracy of our
prediction method and indicate there are more
driver genes remained to be discovered.

GO analysis

To understand the functional preference of
driver genes, we identify the enriched GO terms
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for all gene groups by Kolmogorov-Smirnov
test. Using the value of -log p where p is the
p-value of the test, we construct three matrixes
for three GO name spaces and did hierarchical
clustering to classify enriched GO items. As
Figure 3A shown, the chromosome organiza-
tion and its related biological processes (such
as histone modification) are exclusive enriched
in top groups suggesting their significant role in
cancer development, which is consistent with
previous reports [32-34]. Other processes of
transcription regulation, cell cycle regulation
and apoptosis are also highly enriched in high
ranked groups. It is interesting that genes
involved in translation and transportation to
organelles have less SNVs than others in can-
cer cells and are highly enriched in the group
with lowest WVPR, which suggests that
although having lower possibility to be driver
genes, these genes are important for viability
of cancer cells. (Figure 3A).

Intriguingly, in cellular component matrix, we
found that chromatin remodeling complexes,

Am J Cancer Res 2014;4(4):394-410
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Figure 6. The distribution of missense mutations in ZIC1 and NOVA1l. Mutations are represented as colored tri-
angles and the domain regions are highlighted with yellow background.

especially histone acetytransferse complex
and histone methytransferase complex are hot-
test spots of cancer driver mutations. For
example, MEN1, OGT, RUVBL1, TAF1L have
high WVPR in which MEN1 location on 27 in top
10% highest WVPR. These results suggest that
histone modification alterations are one of
most fundamental driving mechanisms for
tumor genesis. Additionally, genes forming cen-
tromere and telomerase complex are also high-
ly enriched in top ranked groups. It makes
sense because centromere and telomerase
mutations have long been linked to cancer
development [35, 36]. Furthermore, some com-
plexes, such as Ul2-type spliceosomal com-
plex and Sin3 complex, which were not deemed
by previous studies, were firstly found as
hotspots of driver mutations and remain for fur-
ther study. Finally, no significant enrichment of
driver genes was found in other cellular compo-
nents such as Goligi apparatus, lysosome, ribo-
some, cytoskeleton and nuclear inner mem-
brane. (Figure 3B).
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In molecular function namespace, chromatin-
binding genes and transcription cofactors are
highly enriched in top ranked group (Figure 3C).
The p-value of enrichment analysis in GO item
for ten groups have been shown in Tables S5,
S6, S7. It is consistent with previous observa-
tions [37, 38] and reinforces the conclusion
that alterations of cis and trans transcription
regulation is the major driver force of cancer
development.

Discovering cancer driver genes enriched
pathways and networks

To discover the pathways involved in cancer
development, we searched KEGG pathway
database with top 10% high WVPR genes. 25
pathways are rich in these genes (149 genes in
total) significantly by Fisher statistic test (P <
0.01). These pathways can be categorized into
three groups including 14 cancer related path-
ways, 7 cell survival pathways and 4 novel path-
ways (Figure 4A). In cancer related pathways
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%11:121:1 11181212 I 22

N LRRCT and !g-llkeCZI Ig-like C2 Protein kinase N‘ CHC2 : CHC2 : CHC2 : CHC2 : CHC2 |C
NTRK3 839 AA ZIc4 334 AA

VYV VY VYWY VYWYV VVVY F vv ww P VY U v
N C2H2 | C2H2 | C2H2 [C2H2|C2H2C2H? I e T TR — T — T
A ZIC1 AA A A 7 an b WAS 502 AA

Figure 7. The different patterns of mutations in two cancer driver genes (NTRK3 and ZIC4) and two tumor suppres-
sors (ZIC1 and WAS). For NTRK3 and ZIC4, mutations information was obtained from the COSMIC database and
recurrent mutations including truncation or insertion in different samples have been shown. For ZIC1 and WAS, the
first 30 mutation sites are plotted from COSMIC database.

group, 62 high WVPR genes were found in the
common cancer pathway (hsa05200) with the
most significant p-value (6.97e-06) suggesting
good accuracy of our method. The cell survival
groups include p53 signaling pathway, cell
cycle, apoptosis, Wnt, MAPK and phosphati-
dylinositol and ubiquitin mediated proteolysis
signaling system. All of them have long been
thought related to cancer development [5,
39-44]. Our data suggests what components
are the driver parts of the cancer pathways. For
novel pathways, which wasn'’t linked to cancer
before, 50 unique genes are involved in four
potential signal pathways including inositol
phosphate metabolim, neurotrophin signaling
pathway, amyotrophic lateral sclerosis and
Huntinton’s disease. Interestingly, three of
them related to neuron diseases. Whether
some types of cancer sharing similar bio molec-
ular mechanisms with these diseases remain
further exploration.

The ranked list of cancer driver genes also
presents a good opportunity to construct a core
network of cancer development. We use the
high confident PPI (protein-protein interaction)
data (p-value > 0.7) extracted from STRING
database [45] to assemble the networks de
novo. Finally 41 genes and two networks have
been discovered which were named Network 1
and 2 (Figure 4B, 4C). Network 1 contains 32
genes, more than half of them (HDACZ1, TP53,
AKT3, CREB3L4, CASP8, PTEN, MAPKS,
PIK3CA, BCL2, RHOA, CREB3L2, CREBBP,
KRAS, PIK3R1, NTRK1, PIK3CG, BRAF) have
reported in known cancer pathway (yellow
node), which forms a core of the network. For
example, HDAC1 as a deacetylase is responsi-
ble for deacetylation lysine residues on the

403

N-terminal part of histones (H2-H4), which are
not only involved in chronic myeloid leukemia
but also discovered effectively in cell cycle pro-
cess [46, 47]. GSK3B is an oncogene in basal
cell carcinoma, endometrial cancer, prostate
cancer, and colorectal cancer and is involved in
Wnt signaling pathway and two novel pathways
in our result (Neurotrophin signaling pathway,
Insulin signaling pathway) [48-54]. Other genes
are usually involved in cell survival pathways
(such as cell cycle and Wnt, MAPK and phos-
phatidylinositol signaling pathway) and may
serve as interface of the core to link to other
pathways. For example, DAXX is a transcription
repressor and histone 3.3 specific chaperon
and involved in MAPK signaling way. Recent
reports suggested that mutations of DAXX
result in dysfunction of telomeres and pancre-
atic neuroendocrine tumors [55].

Network 2 is constructed by 10 genes, which
are involved in oxidative phosphorylation. It is
notable that three out of five complexes in the
network contain high mutation risk genes: Four
genes (NDUFA1, NDUFB6, NDUFB5, NDUFB7)
belong to mitochondrial respiratory chain com-
plex I; two genes (UQCRC1 and UQCRC2) locat-
ed on complex lll; two genes (COX7B and
COX5B) located on complex VI and ATP5B and
ATP5E are subunits of F-type ATPases in com-
plex V. As most cancer cells exhibit increased
glycolysis for generation of ATP as a main
source of their energy supply [56], this surpris-
ing result reveals that accumulated mutations
and defect of oxidative phosphorylation path-
way may be an initial step in cancer develop-
ment. It also partially answers the question that
why cancer cells prefer glycolysis but not oxida-
tive phosphorylation even if oxygen is
available.
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Novel candidates of cancer driver genes

One of major goals of the study is founding new
cancer driver genes. We discovered several
gene families that are enriched in top 100
genes (Table S2). Here we focused on histone
family and transcription related families.

Although the histone epigenetics modifications
have long been linked to cancer development,
until recently the missense mutations of his-
tones were given more and more attentions
[57, 58]. Our data suggests that histone family
is a hot spot of cancer related mutations and
more ten histone genes have high WVPRs.
More importantly, we found that most of un-
silent mutations locate on/around (x 1) epi-
genetics modification sites in H2A, H2B, H3
and H4 (Table S3, Figure 5). For example, in
HIST2H2AB and HIST2H2AC, 45 missense
mutations and 6 other mutations (including
three deletion mutations at N73, L115 and
H123, one insertion at K126 and two nonsense
mutations at Q24 and S18) accumulate on 10
sites. In which 7 of 10 mutation sites locate on
or aside histone modification sites respectively
now, few studies investigated the biological
effect of mutations around these modification
sites, it is reasonable to speculate that these
mutations may affect the structure and epigen-
etic statue of chromatin because most of them
are highly conserved in evolution. How do these
mutations influence histone function and can-
cer development is an interesting topic for fur-
ther study.

Aberrant transcription/translation regulation is
a key step of cancer development. Some tran-
scription/transication factors (e.g. ZIC1, ZIC4,
ZNF26, ZNF513, ZNF536, ZMYM3, HOXA1),
which were not deemed by previous methods,
were highlighted in our list. For example, ZIC1 is
sequence-specific transcription factor which
involving developmental regulatory and regula-
tion cell cycle and cell migration in gastric can-
cer [59]. Mutation analysis showed that ZIC1
gene is rich in mutations including 31 silence
mutations, 103 missense mutations, two non-
sense and one unknown mutations. Intriguingly,
47/50 mutations accumulated on its five C2H2
domains, which only take 30% of protein in
length and are responsible for DNA binding
(Figure 6). NOVA1 is another example. 90% un-
silent mutations of NOVA1 have occurs on its
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conserved three KH domains, which function
as RNA binding domains. Till now, no studies
linked it to cancer and it was thought playing a
role in regulating RNA splicing or metabolism in
a specific subset of developing neurons [60,
61].

The pattern of mutations

Recent studies suggested that, aside from
mutation frequency, the pattern of mutations is
also an important feature to identify Mut-driver
genes. Oncogenes are usually recurrently
mutated at the same positions, whereas tumor
suppressor genes may mutate evenly through
the gene body [1]. Based on the hypothesis, we
tried to classify the top ranked genes into onco-
genes and tumor suppressor by calculating the
average mutation number per site for top 200
genes (Table S1). 98 driver cancer genes were
identified as oncogenes based on the rules:
more than 10% mutation sites are recurrently
mutations. The other 102 genes may be tumor
suppressor genes (Addition File). Two novel
candidates of oncogenes including NTRK3
(SNVs are 54 times more than SNPs and 12%
mutation sites have been repeated identified in
different sample) and ZIC4 (SNVs are 14 times
more than SNPs and 14% mutation site has
been repeated identified in different sample)
have high ratio of recurrently mutations were
shown in Figure 6. Most of mutations of NTRK3
were discovered in lung and colon tumors. And
the fusion protein ETV6-NTRK3 has been con-
sidered as a biomarker in breast carcinoma
[62, 63]. Although the last studies suggested
that NTRK3 is a potential tumor suppressor
gene [64], the high mutation frequencies and
recurrently mutation rate suggest that it looks
like a oncogene. ZIC4 gene encodes a member
of ZIC family of C2H2 type zinc finger protein.
Although its function is unknown, member of
this family were linked to several human dis-
eases such as visceral heterotaxy, and para-
neoplastic neurologic disorders [65, 66].
Another interesting observation about ZIC4
gene is that most of its cancer SNVs cluster at
the exons encoding the N-terminal, C-terminal
and two CHC2 domains of the proteins sug-
gesting a potential function of ZIC4 in cancer
development. Further experiments are needed
to figure out the role of NTRK3 and ZIC4 in the
process of cancer development. We also
showed two genes (ZIC1 and WAS) as examples
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of tumor suppressors that usually have even
distribution of SNVs (Figure 7).

Discussion

Our analyses suggest that although both of
SNPs and cancer SNVs are single-nucleotide
polymorphisms, their underline driver mecha-
nisms might be dramatically different. It is sup-
ported the result that SNPs are enriched at the
regions free of epigenetics markers and SNVs
usually was found at chromatin structure tran-
sition regions which accumulate some repres-
sive epigenetic markers. Here we propose a
model: SNP sites are usually more sensitive to
mutagen attack in germ cell than SNVs sites
because they are not protected by epigenetic
marker binding proteins. Comparing with gene
body, which usually occupied/protected by
transcriptional and epigenetic factors, inter-
genic regions have higher chances to get SNP.
The chromatin statue of transition regions is
changing dynamically in cell and need by pro-
tected by certain repressive epigenetic mecha-
nisms such as H3K9me3 or PRC2 complex,
which recognizes H3K27me3 marker. In cancer
cells, the defect of these repressive epigenetic
mechanisms may result in high frequency of
mutations within these regions.

Tumorigenesis is an evolutionary process of
accumulation of somatic mutations (driver
mutation), which promotes a selective growth
advantage for cancer cells. Numerous statisti-
cal methods to identify driver genes have been
proposed. Most of them estimated background
mutation ratio using the ratio of frequency of
no silent mutations to silent mutations with the
hypothesis that most of non-silent mutations
are unfavorable and will affect gene function as
well as fitness of species. However the validity
of the hypothesis is controversy. Because the
ratio of non-silent mutations in SNP and SNV is
comparable suggesting that in most cases the
non-silent mutations are natural, then it means
previous methods usually can’t estimate back-
ground accurately.

One of significant advantages of our new meth-
od is using SNP to estimate the background
mutation ratio for each gene. The SNP data
cross human genome presents a natural map
of neutral mutations. The genomic distribution
of SNPs is not homogenous. For each gene, the
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final distribution of SNPs is the product of natu-
ral selection and affected by many factors such
as mutation context, gene structure, location,
size, nucleotide composition and basal muta-
tion ratio, which vary among genes. As all of
these factors already been taken into account,
a complex model for correction is not neces-
sary, which enables the method very simple. As
the same SNP/SNV at different gene features
might have distinct possibilities to be a neutral
mutation/driver mutation, we used a line model
to estimate the weight parameters for calculat-
ing the background as well as cancer mutation
ratio, which dramatically increased the sensitiv-
ity of the method. In addition, it is notable that
the new method also has some limitations. For
example, as SNPs are the affixation result of
neutral mutations in germ cell, using it to esti-
mate the ratio of somatic neutral mutations in
cancer cells may be risky, especially when the
statue of gene (such as transcription statue,
distribution of epigenetic markers) are dramati-
cally different between germ cell and cancer
cell. As a result, some driver genes for specific
tumor type may not be identified by the new
method efficiently.

The analysis of cancer genomics data is of key
importance for understanding oncogenesis.
Although vast amounts of cancer genome
sequencing data are now available, deciphering
this information to draw meaningful conclu-
sions is still challenging. In this study we pre-
sented a large ranked list of cancer driver
genes and highlighted a lot of new candidates
for further analysis. Some complexes such as
sin3 and U12-type spliceosomal complexes
(Figure S3) and pathways such as oxidative
phosphorylation pathway (Figure S4), which
were not deemed by previous methods, now
were linked to cancer development. Our study
not only develops a method to identify cancer
driver genes/pathways but also provides new
insights into molecular mechanisms of cancer
development. The WVPR of 17498 genes have
been shown in additional file and the top 200
gene list also provided. Further experiments
are needed to validate these findings in the
future.
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Figure S1. The dot plot of gene size against WVPR for 17,498 genes.
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Figure S2. The distribution of known cancer driver genes in top 10% genes with highest WVPR.
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Figure S3. High WVPR genes are enriched in U12 and SIN3 protein complex. The protein-protein interaction (PPI)
data was adopted from STRING database (Ver 9.05). Genes with high WVPR are marked by orange and others are
colored as blue; some genes which were annotated as components of complex by GO but lack PPI information are
listed aside. The values of WVPR and rank numbers of high WVPR genes are shown at the right side table. A. U12-
type protein complex; B. SIN3 protein complex.
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map00190.html). The high WVPR genes are marked by orange. The value of WVPR and rank number of these high
WVPR genes are shown in the table at bottom.
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Table S1. Mapping result of gene list with known oncogene list

Database/List name Amount Match Miss match
COsSMIC 455 451 4
OMIM 180 130 50
KEGG cancer pathway 162 163 1
Driver gene of cancer 125 125 0

Table S2. Gene families with high WVPR

Family name Gene List

ANKRD

bHLH
HOXL
HIST

OR2
ISET

PCDHC

PHF
PLEKH
PRD
RBM

RNF

SAMD
SH2D
SLC

VSET
WDR

ZNF

ANKRD17, BCOR, ASB12, ANKHD1, KRIT1, ASB11, ANKHD1-EIFAEBP3, ASB14, BCORL1, FPGT-TNNI3K, CDKN2C, NOTCH2,
ANK2, NOTCH1, ANKIB1, SNCAIP

TCF23, MYC, MAX, MITF, HAND2, MSC, HIF1A, TFEC, HES1, MYCN, TCF4
HOXA1, HOXC6, HOXD4, HOXD11, HOXC8, HOXA2, HOXC5, HOXB1, HOXD1, HOXA13, MEOX2

HIST2H2AB, HIST2H2AC, HISTAH2BM, HIST1H2BD, HIST1H2BO, HISTIH1E, HISTIH3F, HIST1H4I, HISTAH2AG, HISTIH2BH,
HISTAH2BL, HIST1IH2AM, HIST1H2AK, HIST2H3D, HIST1H3H, HISTIH2BK, HIST3H2BB, HIST1HA4L, HIST1H3G, HIST2H2BF,
HISTAH2BB, HIST1H4D, HIST1IH2BN, HIST1H2BC, HISTAH2AE, HISTAH2BI, HISTAH2AJ, HIST1H2AI, HIST1H3I, HIST2H2BE,
HISTAH3E, HISTAH2BG, HISTAH2BJ, HIST1H3B, HIST1H3C, HISTAH2AH, HIST1H4G, HISTAH1D, HISTAH1C, HIST1H4E,
HISTAHIT

OR2A1, OR2A42, OR2L2, OR2A25, OR2A4, OR2A14, OR2AK2, OR2B6, OR2K2, OR2A7, OR2AG2, OR2J3

ILARAPL1, NTRK3, CNTN1, LRRC4C, PDGFRA, LRFN5, NTM, LRRN3, FGFR2, LRRC4, MDGA2, NEGR1, HMCN1, UNC5D, FLT1,
PXDNL, TTN, OPCML, FSTL5, ADAMTSL1, NCAM2, CNTN5, L1CAM, MYOT, ROBO2, KALRN

PCDHA13, PCDHGA10, PCDHGAS5, PCDHGB7, PCDHAG, PCDHGA1, PCDHGA2, PCDHGB3, PCDHB1, PCDHGA3, PCDHGB1,
PCDHGA11, PCDHGA12, PCDHA1, PCDHGB4, PCDHB4, PCDHGAG, PCDHGB6, PCDHB7, PCDHAS, PCDHA7, PCDHGB2, PCD-
HB5, PCDHA9, PCDHB2, PCDHA3, PCDHGC4, PCDHB12, PCDHGA7, PCDHB15, PCDHB8, PCDHGA8, PCDHGC3, PCDHGAA4,
PCDHAC1, PCDHGB5

PHF6, PHF7, PHF16, KDM5C, PHF8, WHSC1, PYGO2, ASH1L, ING3, PYGO1, ING4, NSD1, SP140, PHF3, PHF12, BAZ1B
ARHGEF9, AKT3, GAB3, ARHGAP15, ARHGEFG, PHLDA2, PLEKHH3, ARHGEF2, RTKN, AGAP3, PRKD1, ARHGAP21, AGAP2
RHOXF2, RHOXF2B, ALX1, OTX2, ARX, OTX1, MIXL1, RHOXF1, ESX1, SEBOX, DUXA, PAX5, HESX1, SHOX2, PHOX2A

HTATSF1, NONO, ELAVL4, RBM14, SYNCRIP, ENOX2, PSPC1, ELAVL2, PPRC1, MYEF2, RALYL, RBMX, SNRNP35, RBM7,
EWSR1, RBM14-RBM4, RBM45, IGF2BP2, HNRNPA1, CELF4, HNRNPH2, RBM5, ESRP2, RBPMS,

MKRN3, ZFP36, PJAL, CBL, SCAF11, RNF128, TRAIP, RNF145, MARCH11, 41337, ZFP36L1, RNF113B, LONRF3, MARCH1,
MSL2, BRCA1, RPL10L, RPLPO, RPL5

EPHA3, SCML2, DDHD2, PPFIA2, ASZ1, EPHAG, CNKSR2, EPHAS, SFMBT2, SAMHD1, EPHB1, SCML1, EPHA7, EPHB2, ARAP2
PIK3R1, SUPTEH, SH2D1A, LCK, JAK2, ABL2, RASA1, HCK, SH2B1, STAT4, ZAP70, GRAP2

SLC25A14, SLC24A5, SLC35A2, SLC16A2, SLC38A5, SLC4A10, SLC10A7, SLC45A2, SLC4A3, SLC8A1, SLC38A6, SLC26A7,
SLC17A8, SLC25A20, SLC10A3, SLC50A1, SLC25A31, SLC39A5, SLCIAB, SLC6A13, UCP1, SLC22A7, SLCIA5, SLC25A13,
SLC44A5, SLC5A2

TREMLZ, CD79A, CD2, HEPACAM2, SIGLEC7, TIMD4, CADM3, SIGLEC8, KDR, CD86, PILRA, PVRL4, PVRL1

FBXW7, DCAF12L1, WDR6, WDR45, DCAF4L2, WDR54, DCAF8L2, BRWD3, DCAF12L2, WDR78, DCAF8L1, WDR49, DCAFG,
NBEAL1, WDR13, PPP2R2B, RBBP7, WDR20, AMBRA1, RFWD2, FBXW4, EIF3I, TRAF7, CDC20

ZIC1, SNAI2, ZNF513, CTCF, ZIC4, ZNF536, PRDM9, PRDM1, OSR2, WT1, ZNF267, ZNF688, ZNF747, ZNF296, ZIK1, SALL4,
ZNF827, BCL11A, EGR2, ZNF254, ZNF689, FEZF2, BCL11B, ZNF548, ZNF676, ZNF790, ZFPM2, PEG3, ZNF449, ZBTB16,
BNC1, ZNF521, ZNF274, ZNFA51, TRPS1, EGR3, ZNF786, SALL1, ZIM2, ZNF423, ZNF514, ZFP37, KLF9, IKZF3, ZNF326,
ZNF560, ZNF569, ZNF732, ZNF711, KLF8, GLI1, ZNF14, ZBTB7B, ZNF462, ZNF583, ZNF574

Table S3. Statistics of mutation sites on/aside histone modification sites in histones

Gene Name Coding silent Missense Nonsense Others Matched
HIST1IH1E 14 43 1 5 3
HIST2H2AC 36 28 3 2

HIST2H2AB 26 17 0 3 14
HIST1H2BD 8 33 1 1

HISTAIH2BM 21 13 1 0 21
HISTAH2BO 5 23 1 0

HIST1H3F 3 13 0 0 7
HIST1H4I 7 16 0 1 7

The naming of “Matched” is mutation counting of matched in modification site or around of them.
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Cell line ID Chip-seq Type Data Source File type
H1 GSM915328 [1] mRNA GEO BED
K562 wgEncodeEH000124 [2] mRNA ucsc BAM
Cb4 GSM669617 [3] mRNA GEO BED
Hepg2 wgEncodeEHO00127 [4] mMRNA ucsc BAM
Testis SRR531456 [5] mMRNA GEO SRA
Ovary SRR531458 [5] mRNA GEO SRA
Mutation data

common SNPs [2] Download from UCSC Cancer SNVs Download from COSMIC [6]
Epigenetic marks

H1-ESC

ID Chip-seq Type ID Chip-seq Type

GSM466739 [1] H3K4mel GSM605323 [1] H3K9ac
GSM602260 [1] H3K4me2 GSM466732 [1] H3K27ac
GSM469971 [1] H3K4me3 GSM466734 [1] H3K27me3
GSM433174 [1] H3K9me3

Hepg?2

ID Chip-seq Type ID Chip-seq Type

GSM646355 [7]
GSM646361 [7]
GSM646364 [7]
wgEncodeEHO03087 [4]

H3K27ac
H3K4mel
H3K4me3
H3K9me3

GSM646357 [7]
GSM646362 [7]
GSM646366 [7]

H3K27me3
H3K4me2
H3K9ac
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Table S5. Enriched GO items in cell component namespace of GO in ten gene groups

GO ID Item 0%-10%  10%-20% 20%-30% 30%-40% 40%-50% 50%60% 60%70% 70%80% 80%90% 90%-100%
G0:0005635  Nuclear envelope 9.61E-03 5.12E-01  7.16E-01 1.48E-03 2.77E-02 2.28E-01 5.79E-01 1.67E-01 5.31E-01  7.10E-01
G0:0005637  Nuclear inner membrane 3.83E-01 3.53E-01 1.00E+00 6.36E-01 3.59E-01 1.48E-02 5.94E-01 3.16E-01 1.00E+00 1.00E+00
G0:0000785  Chromatin 1.80E-07 9.39E-02 9.90E-02 7.23E-01 8.70E-01 1.71E-01 6.97E-01 9.47E-01 6.56E-01 9.08E-01
G0:0005739  Mitochondrion 8.14E-02 4.08E01 3.93E-02 2.33E-02 140E-01 196E-01 1.79E-03 ©5.23E-04 6.83E-04 4.35E-02
G0:0005783  Endoplasmic reticulum 4.08E-01 3.96E-01 2.52E-01 8.60E-02 4.96E-02 6.89E-02 2.82E-01 3.39E-02 6.06E-02 9.25E-01
G0:0005794  Golgi apparatus 4.78E-01 5.39E-02 8.93E-01 1.41E-01 7.58E-03 1.75E-01 3.08E-03 6.03E-01 7.82E-02 3.34E-01
G0:0005764  Lysosome 9.94E-01 8.95E-01 5.45E-01 1.65E-01 232E-01 6.77E-01 1.79E-01 6.23E-02 5.77E-03 9.40E-01
G0:0005773  Vacuole 9.11E-01 9.61E-01 5.87E-01 2.72E-02 4.43E-02 8.89E-01 2.88E-01 8.98E-02 1.08E-02 9.03E-01
G0:0005840  Ribosome 7.25E-01 2.89E-01 6.19E-01 8.79E-01 7.63E-02 2.69E-01 7.92E-02 8.19E-02 6.87E-01 7.93E-02
G0:0005737  Cytoplasm 759E-05 143E-05 3.70E-07 9.73E-07 1.14E-10 6.44E-05 1.16E-07 8.35E-04 1.01E-03 7.73E-01
G0:0005615  Extracellular space 1.00E+00 9.99E-01 9.93E-01 9.79E-01 9.48E-01 9.55E-01 9.98E-01 9.99E-01 4.06E-01 9.26E-01
G0:0005912  Adherens junction 5.22E-03 5.51E-01 3.75E-01 1.08E-01 3.23E-03 1.44E-01 1.04E-01 3.44E-01 7.58E-01 9.50E-01
G0:0005813  Centrosome 2.27E-03 2.05E-02 1.77E-01 5.22E-03 2.40E-02 3.86E-02 7.03E-02 4.92E-01 9.15E-01 9.98E-01
G0:0005856  Cytoskeleton 3.98E-03 2.71E-04 290E-02 7.47E-02 4.53E-04 3.42E-03 218E-02 7.06E-01 9.96E-01 1.00E+00
G0:0005874 Microtubule 6.93E-01 1.28E-03 5.97E-04 2.78E-01 1.57E-03 2.59E-02 4.49E-03 8.08E-01 9.76E-01 9.77E-01

G0:0009897 External side of plasma membrane  6.57E-01  4.70E-01  7.45E-01 8.74E-01 6.02E-01 4.44E-01 8.09E-01 4.89E-01 9.64E-01 5.73E-01
G0:0009898 Internal side of plasma membrane 2.85E-02 6.99E-01 2.48E-01 2.59E-01 7.10E-01 3.69E-01 7.82E-01 7.86E-01 4.41E-01  1.97E-01
G0:0015629  Actin cytoskeleton 4.33E-03 1.06E-02 2.65E-01 7.70E-01 3.29E-04 8.51E-02 1.62E-01 1.20E-01 6.03E-01  7.34E-01
G0:0015630  Microtubule cytoskeleton 5.33E-02 7.61E-03 2.85E-03 4.09E-03 8.32E-05 1.51E-02 4.90E-03 5.08E-01 8.03E-01 9.98E-01
G0:0035097 Histone methyltransferase complex ~ 1.22E-04  3.37E-01  7.22E-01 1.85E-01 5.50E-01 7.37E-01 7.04E-01 1.00E+00 6.86E-01 1.00E+00
G0:0000123 Histone acetyltransferase complex 1.25E-04 1.81E-02 7.72E-01 9.21E-02 9.46E-02 7.88E-01 5.75E-01 7.57E-01 8.78E-01 1.00E+00

G0:0000118  Histone deacetylase complex 2.04E-02 1.56E-02 6.24E-01 6.57E-01 4.33E-01 4.11E-01 1.93E-01 8.27E-01 5.86E-01 6.71E-01
G0:0016580  Sin3 complex 8.15E-03 1.98E-01 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.79E-01 1.00E+00 1.00E+00
G0:0016585  Chromatin remodeling complex 3.99E-06 1.37E-03 2.70E-01 5.98E-01 4.60E-01 2.94E-01 148E-01 796E-01 7.70E-01 8.26E-01
G0:0005689  U12-type spliceosomal complex 7.53E-03 5.25E-01 5.02E-01 5.28E-01 1.00E+00 5.15E-01 1.00E+00 2.18E-01 6.78E-02 1.00E+00
G0:0005697 Telomerase holoenzyme complex 8.21E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.70E-02 1.00E+O0 1.00E+00 1.00E+00 1.00E+00
G0:0005721  Centromeric heterochromatin 5.50E-04 1.00E+00 1.00E+00 3.46E-02 1.00E+00 1.65E-01 1.00E+00 1.00E+00 1.46E-01 1.00E+00

Table S6. Enriched GO items in molecular function namespace of GO in ten gene groups

GO ID Item 0%-10% 10%-20% 20%-30% 30%-40% 40%50% 50%60% 60%70% 70%80% 80%90% 90%-100%
G0:0003735  Structural constituent of ribosome 8.49E-01 9.98E-01 7.98E-01 8.34E-01 2.77E-01 2.42E-01 4.55E-01 6.24E-01 2.21E-02 4.61E-05
G0:0019210  Kinase inhibitor activity 1.82E-01 8.92E-01 8.83E-01 5.24E-01 1.59E-01 7.01E-01 8.62E-01 4.53E-01 3.99E-02 8.52E-03
G0:0008528  G-protein coupled peptide receptor activity 9.98E-01 9.97E-01 9.49E-01 1.00E+00 9.86E-01 9.48E-01 9.77E-01 8.59E-01  6.82E-01 1.24E-01
G0:0035257  Nuclear hormone receptor binding 1.58E-03 5.63E-01 3.84E-01 1.19E-01 4.18E-01 6.71E-01 6.19E-01 6.35E-01  9.30E-01 1.46E-01
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G0:0003682  Chromatin binding 2.30E-10 2.59E-05 5.38E-01 5.31E-01 1.75E-01 7.92E-01 9.99E-01 8.82E-01  8.84E-01 8.86E-01
G0:0003712  Transcription cofactor activity 3.81E-09 1.57E-03 1.64E-02 9.93E-01 7.73E-01 2.79E-01 2.43E-01 9.11E-01 6.49E-01 8.42E-01
G0:0000989  Transcription factor binding transcription factor activity 6.05E-09 1.06E-03 1.75E-02 9.96E-01 8.24E-01 2.24E-01 3.04E-01 8.67E-01 5.63E-01 8.73E-01
G0:0003713  Transcription coactivator activity 1.17E-08  1.12E-01 2.22E-02 8.96E-01 8.80E-01 6.02E-01 2.44E-01 9.76E-01  4.31E-01 7.02E-01
G0:0003700  Sequence-specific DNA binding transcription factor activity ~ 1.18E-08  4.41E-01  7.94E-01 9.80E-01 8.56E-01 7.36E-01 9.94E-01 9.91E-01  9.69E-01 2.27E-01
G0:0003677  DNA binding 1.67E-05  7.29E-01 4.78E-01 7.28E-01 8.94E-01 9.47E-02 6.51E-01 8.33E-01  1.09E-02 6.11E-04
G0:0031625  Ubiquitin protein ligase binding 2.31E-05 5.63E-02 6.92E-01 3.73E-01 6.01E-01 4.25E-01 7.50E-01 2.66E-01  3.05E-01 8.04E-01
G0:0002039 P53 binding 4.09E-04  2.30E-01 3.99E-01 8.59E-01 8.52E-01 3.94E-01 1.00E+00 8.23E-01  7.94E-01  1.00E+00
G0:0003714  Transcription corepressor activity 2.22E-03 6.40E-02 290E-02 9.83E-01 7.68E-01 6.17E-01 2.22E-01 3.37E-01  7.18E-01 9.27E-01
G0:0019900  Kinase binding 1.38E-04 3.66E-02 4.03E-01 1.33E-02 1.47E-01 1.06E-01 3.63E-01 1.45E-01  5.06E-01 9.88E-01
G0:0004402 Histone acetyltransferase activity 3.61E-04  7.37E-01 3.01E-01 5.41E-01 5.25E-01 7.14E-01 6.82E-01 8.75E-01 1.00E+00  1.00E+00
G0:0035473  Lipase binding 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00  2.52E-03
G0:0019899  Enzyme binding 9.31E-08  2.47E-02 1.20E-01 1.08E-04 4.78E-01 1.44E-02 9.07E-02 3.25E-01  8.23E-01 9.37E-01
G0:0043295  Glutathione binding 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.56E-06  1.00E+00

Table S7. Enriched GO items in biology process namespace of GO in ten gene groups

GO ID Item 0%-10% 10%-20%  20%-30%  30%-40%  40%50% 50%60% 60%70%  70%-80% 80%-90%  90%-100%
G0:0072594 Establishment of protein localization to organelle 9.98E-01  9.17E-01  5.23E-01  1.84E-01 3.55E-01 4.28E-01 1.81E-01  6.01E-01 7.82E-02 4.26E-07
G0:0045047 Protein targeting to ER 9.92E-01 6.80E-01  7.79E-01  3.82E-01 3.81E-01 6.53E-01 7.48E-01  3.21E-01 3.82E-01 1.32E-04
G0:0019083 Viral transcription 9.94E-01  9.65E-01 6.16E-01  2.06E-01  6.47E-01 7.78E-01 5.80E-01  4.26E-01 3.53E-01 2.55E-04
G0:0006415 Translational termination 9.32E-01 9.67E-01 6.28E-01 3.43E-01 6.59E-01 7.87E-01 7.51E-01  2.89E-01 3.65E-01 2.88E-04
G0:0006413 Translational initiation 9.98E-01  4.76E-01  3.04E-01  1.47E-01  3.40E-01 5.80E-01 7.86E-01 5.38E-01 4.48E-01 7.38E-03
G0:0006412 Translation 8.40E-01  5.24E-01  766E-01 5.12E-01  1.05E-02 7.85E-01 1.02E-01  1.55E-01 2.18E-01 7.86E-03
G0:0006355 Regulation of transcription, DNA-dependent 2.44E-10 1.08E-02 4.62E-01  7.70E-01  9.05E-01 3.93E-01 1.21E-01  4.52E-01 9.37E-03 1.53E-02
G0:0051276 Chromosome organization 2.10E-19  8.01E-03 4.97E-02 1.03E-01 1.67E-01 6.75E-01 9.78E-01  9.73E-01  1.00E+00 8.66E-01
G0:0016568 Chromatin modification 1.70E-18  2.77E-03  1.72E-02  1.15E-01 5.50E-01 7.92E-01 9.95E-01  8.97E-01 9.88E-01 9.92E-01
G0:0016570 Histone modification 4.26E-13  2.68E-02 1.75E-01  8.32E-03 4.75E-01 8.14E-01 9.40E-01 9.71E-01 9.88E-01 9.97E-01
G0:0051171 Regulation of nitrogen compound metabolic process 2.33E-12  9.43E-03 4.03E-01 5.63E-01 9.69E-01 6.26E-01 1.31E-01  4.59E-01 3.31E-02 5.37E-02
G0:0016070 RNA metabolic process 2.08E-09  7.65E-02 1.51E-01  4.31E-01 5.50E-01 4.23E-02 6.77E-01  2.66E-01 1.01E-02 8.92E-02
G0:0010629 Negative regulation of gene expression 2.96E-09 5.67E-04 8.94E-02 6.18E-01  1.71E-01 8.72E-01 7.32E-01  8.08E-01 7.27E-01 8.58E-01
G0:0010564 Regulation of cell cycle process 5.59E-06  8.80E-03 2.61E-01 6.90E-01  2.93E-02 6.79E-02 8.17E-01 7.81E-01 5.65E-01 9.06E-01
G0:0016573 Histone acetylation 6.56E-06  2.40E-01 4.89E-01  7.49E-02 2.36E-01 8.04E-01 9.58E-01  6.28E-01 7.21E-01 9.37E-01
G0:0006915 Apoptotic process 7.92E-06  3.90E-01  7.29E-01  811E-01  2.78E-01 6.13E-02 1.47E-01  3.94E-01 1.23E-01 2.06E-01
G0:0007049 Cell cycle 1.89E-05 3.50E-02 1.10E-02  4.51E-04 3.10E-02 5.35E-02 1.31E-01  2.64E-01 7.97E-01 9.70E-01

Table S8. HIST2H2AB and HIST2H2AC missense mutations

Gene Name Reference ID Sample Name Cancer Type Mutation Mutation type Location (hg19)

HIST2H2AC ENST00000331380 280 haematopoietic p.G5D Substitution - Missense ~ 1:149858538-149858538
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HIST2H2AB ENST00000331128 587268 large_intestine p.v115I Substitution-Missense 1:149859124-149859124
HIST2H2AB ENST00000331128 TCGA-DI-AOWH-01 endometrium p.G107S Substitution-Missense 1:149859148-149859148
HIST2H2AB ENSTO0000331128 LUAD-CHTN-MADO6-00668 lung p.Q105H Substitution-Missense 1:149859152-149859152
HIST2H2AB ENSTO0000331128 TCGA-G4-6317-01 large_intestine p.V101A Substitution-Missense 1:149859165-149859165
HIST2H2AB ENST00000331128 TCGA-CM-5860-01 large_intestine p.v101l Substitution-Missense 1:149859166-149859166
HIST2H2AB ENST00000331128 TCGA-DR-AOZM-01 cervix p.R82G Substitution-Missense 1:149859223-149859223
HIST2H2AB ENSTO0000331128 TCGA-CM-4746-01 large_intestine p.N74deIN Deletion-In frame 1:149859243-149859245
HIST2H2AB ENSTO0000331128 LUAD-NYU408 lung p.N69I Substitution-Missense 1:149859261-149859261
HIST2H2AB ENST00000331128 TCGA-50-6595-01 lung p.T60S Substitution-Missense 1:149859288-149859288
HIST2H2AB ENSTO0000331128 TCGA-B4-5832-01 kidney p.E57Q Substitution-Missense 1:149859298-149859298
HIST2H2AB ENST00000331128 TCGA-DS-A10C-01 cervix p.L52M Substitution-Missense 1:149859313-149859313
HIST2H2AB ENSTO0000331128 TCGA-DS-A10D-01 cervix p.L52M Substitution-Missense 1:149859313-149859313
HIST2H2AB ENST00000331128 TCGA-39-5035-01 lung p.A48G Substitution-Missense 1:149859324-149859324
HIST2H2AB ENSTO0000331128 HN_63080 upper_aerodigestive_tract p.G45R Substitution-Missense 1:149859334-149859334
HIST2H2AB ENSTO0000331128 TCGA-AA-3715-01 large_intestine p.R36H Substitution-Missense 1:149859360-149859360
HIST2H2AB ENST00000331128 TCGA-66-2778-01 lung p.R33G Substitution-Missense 1:149859370-149859370
The marked by bold mutation site are located on around of known modification site in HIST2H2AB and HIST2H2AC.

Table S9. HIST1H1E missense mutations

Gene Name Reference ID Sample Name Cancer Type Primary site Mutation Mutation type Location (hg19)
HISTAH1E ENST00000304218 TCGA-BT-A20R-01 urinary_tract bladder p.M1L Substitution-Missense 6:26156619-26156619
HISTAH1E  ENSTO0000304218 PD4192a NS NS p.P14R Substitution-Missense 6:26156659-26156659
HIST1H1E ENSTO0000304218 TCGA-A6-5665-01 large_intestine colon p.K23delK Deletion-In frame 6:26156678-26156680
HISTAH1E  ENSTO0000304218 TCGA-AZ-6598-01 large_intestine caecum p.K23delK Deletion-In frame 6:26156678-26156680
HISTAH1E  ENSTO0000304218 TCGA-CM-4746-01  large_intestine colon p.K23delK Deletion-In frame 6:26156678-26156680
HISTAH1E ENST00000304218 TCGA-35-5375-01 lung NS p.R25P Substitution-Missense 6:26156692-26156692
HISTAH1E ENST00000304218 TCGA-55-5899-01 lung NS p.R25P Substitution-Missense 6:26156692-26156692
HIST1H1E ENSTO0000304218 HN_62672 aerodigestive_tract  pharynx p.G29D Substitution-Missense 6:26156704-26156704
HISTAH1E  ENSTO0000304218 tumor_4163639 haematopoietic NS p.E42D Substitution-Missense 6:26156744-26156744
HISTAIH1E  ENSTO00000304218 TCGA-B5-A0JZ-01 endometrium NS p.K46E Substitution-Missense 6:26156754-26156754
HISTAH1E  ENSTO0000304218 DLBCL705 haematopoietic NS p.A47V Substitution-Missense 6:26156758-26156758
HISTAIH1IE  ENSTO0000304218 WA35 prostate NS p.S51F Substitution-Missense 6:26156770-26156770
HISTAH1E  ENSTO0000304218 TCGA-39-5035-01 lung NS p.R54C Substitution-Missense 6:26156778-26156778
HISTAIH1E  ENSTO0000304218 TCGA-24-1471-01 ovary NS p.S58P Substitution-Missense 6:26156790-26156790
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ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST0O0000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218
ENST00000304218

TCGA-CM-6169-01
DLBCL922
tumor_4163639
TCGA-09-1674-01
TCGA-BH-AOBP-01
91
091-01-6TD
TCGA-GV-A3JV-01
CLLO52
9534
CLL107
HCCO6T
ES0-0013
587338
TCGA-BS-AOTG-01
TCGA-AX-AOIW-01
DLBCL899
DLBCL899
TCGA-BL-A3JM-01
585260
MEO024T
MEO48T
TCGA-64-5775-01
TCGA-AP-AOLM-01
90983
LPJO23
tumor_4194218
CLL129
TCGA-22-5492-01
TCGA-CM-5861-01
CLL106
TCGA-CA-6717-01
CLLO58
TCGA-D1-A15X-01
587284

Prediction cancer driver gene

large_intestine
haematopoietic
haematopoietic
ovary
breast
haematopoietic
haematopoietic
urinary_tract
haematopoietic
salivary_gland
haematopoietic
liver
oesophagus
large_intestine
endometrium
endometrium
haematopoietic
haematopoietic
urinary_tract
lung
NS
skin
lung
endometrium
haematopoietic
haematopoietic
haematopoietic
haematopoietic
lung
large_intestine
haematopoietic
large_intestine
haematopoietic
endometrium
large_intestine

caecum
NS
NS
NS
NS
NS
NS
bladder
NS
NS
NS
NS
NS
colon
NS
NS
NS
NS
bladder
NS
NS
extremity
NS
NS
NS
NS
NS
NS
NS
caecum
NS
colon
NS
NS
colon

p.S58P
p.S58F
p.S58F
p.A61D
p.AG1V
p.A65P
p.AG5P
p.Y71C
p.D72_V73delDV
p.K75N
p.R79H
p.R79L
p.vV88L
p.G91C
p.vo4L
p.T96S
p.N108H
p.K109N
p.K109N
p.A145S
p.P147L
p.K153N
p.K156R
p.A158T
p.A164P
p.A164V
p.A164G
p.A167V
p.K177*
p.K190R
p.P196S
p.P196A
p.K202E
p.A204T
p.*220Q

Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Deletion-In frame
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Nonsense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Substitution-Missense
Nonstop extension

6:26156790-26156790
6:26156791-26156791
6:26156791-26156791
6:26156800-26156800
6:26156800-26156800
6:26156811-26156811
6:26156811-26156811
6:26156830-26156830
6:26156832-26156837
6:26156843-26156843
6:26156854-26156854
6:26156854-26156854
6:26156880-26156880
6:26156889-26156889
6:26156898-26156898
6:26156904-26156904
6:26156940-26156940
6:26156945-26156945
6:26156945-26156945
6:26157051-26157051
6:26157058-26157058
6:26157077-26157077
6:26157085-26157085
6:26157090-26157090
6:26157108-26157108
6:26157109-26157109
6:26157109-26157109
6:26157118-26157118
6:26157147-26157147

6:26157187-26157187

6:26157204-26157204
6:26157204-26157204
6:26157222-26157222
6:26157228-26157228
6:26157276-26157276

The marked by bold mutation site are located on around of known modification site in HISTAHA1E.



Table S10. HIST1H4I missense mutations

Prediction cancer driver gene

Gene Name Reference ID Sample Name Cancer Type Primary site Mutation Mutation type Location (hgl19)
HIST1H4I ENST00000354348 TCGA-37-4133-01 lung NS p.G12E Substitution-Missense 6:27107122-27107122
HIST1HA4I ENSTO0000354348 DLBCL701 haematopoietic NS p.D69fs* > 36  Insertion-Frameshift  6:27107292-27107293
HIST1H4I ENST00000354348 587256 large_intestine colon p.A16V Substitution-Missense 6:27107134-27107134
HIST1H4I ENST00000354348 TCGA-18-3406-01 lung NS p.R18L Substitution-Missense 6:27107140-27107140
HIST1H4I ENSTO0000354348 TCGA-69-7979-01 lung right_upper_lobe p.R41L Substitution-Missense  6:27107209-27107209
HIST1H4I ENSTO0000354348 587336 large_intestine colon p.K45Q Substitution-Missense  6:27107220-27107220
HIST1H4I ENST00000354348 TCGA-GV-A3JZ-01  urinary_tract bladder p.I151M Substitution-Missense 6:27107240-27107240
HIST1H4I ENSTO0000354348 Toledo haematopoietic NS p.I151M Substitution-Missense 6:27107240-27107240
HIST1H4I ENSTO0000354348 TCGA-BT-A20J-01 urinary_tract bladder p.E53Q Substitution-Missense 6:27107244-27107244
HIST1HA4I ENSTO0000354348 TCGA-DM-A1DB-01 large_intestine colon p.R56C Substitution-Missense  6:27107253-27107253
HIST1HA4I ENSTO0000354348 TCGA-D1-A0Z0-01  endometrium NS p.V58L Substitution-Missense  6:27107259-27107259
HIST1HA4I ENSTO0000354348 TCGA-44-6777-01 lung NS p.E64AK Substitution-Missense  6:27107277-27107277
HIST1HA4I ENST0O0000354348 TCGA-AZ-6600-01 large_intestine colon p.H76Q Substitution-Missense  6:27107315-27107315
HIST1H4I ENSTO0000354348 TCGA-AX-A060-01  endometrium NS p.vV87M Substitution-Missense  6:27107346-27107346
HIST1HA4I ENSTO00000354348 TCGA-AH-6643-01 large_intestine rectum p.A90T Substitution-Missense 6:27107355-27107355
HIST1H4I ENSTO0000354348 TCGA-73-4668-01 lung NS p.G100C Substitution-Missense  6:27107385-27107385
HIST1H4I ENSTO0000354348 TCGA-G4-6586-01 large_intestine colon p.G102D Substitution-Missense  6:27107392-27107392
The marked by bold mutation site are located on around of known modification site in HIST1H4I.

Table S11. HIST1H3F missense mutations

Gene Name Reference ID Sample Name Cancer Type  Primary site Mutation Mutation type Location (hg19)
HIST1H3F ENST00000446824 TCGA-55-7570-01 lung lobe p.T23P Substitution-Missense 6:26250767-26250767
HIST1H3F ENSTO00000446824 pfg006T stomach NS p.R27C Substitution-Missense 6:26250755-26250755
HIST1H3F ENST00000446824 TCGA-50-5944-01 lung NS p.P39T Substitution-Missense 6:26250719-26250719
HIST1H3F ENSTO0000446824  TCGA-BL-AOC8-01  urinary_tract bladder p.A48T Substitution-Missense 6:26250692-26250692
HIST1H3F ENST00000446824 TCGA-55-8089-01 lung lobe p.Q56E Substitution-Missense 6:26250668-26250668
HIST1H3F ENST00000446824 LUAD-S01357 lung NS p.Q56H Substitution-Missense 6:26250666-26250666
HIST1H3F ENST00000446824 TCGA-E9-A247-01 breast NS p.S58L Substitution-Missense 6:26250661-26250661
HIST1H3F ENST00000446824 585260 lung NS p.K65N Substitution-Missense 6:26250639-26250639
HIST1H3F ENSTO0000446824  TCGA-AR-AOTX-01 breast NS p.V72A Substitution-Missense 6:26250619-26250619
HIST1H3F ENSTO0000446824 TCGA-CK-5916-01 intestine caecum p.V72A Substitution-Missense 6:26250619-26250619
HIST1H3F ENST00000446824 TCGA-60-2698-01 lung NS p.F79L Substitution-Missense 6:26250597-26250597
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HIST1H3F ENST00000446824 TCGA-18-5595-01 lung NS p.E98K Substitution-Missense 6:26250542-26250542
HIST1H3F ENSTO0000446824 TCGA-05-4410-01 lung NS p.Y100F Substitution-Missense 6:26250535-26250535
The marked by bold mutation site are located on around of known modification site in HISTLH3F.

Table S12. HISTAH2BD/M/0 missense mutations

Gene Name Reference ID Sample Name Cancer Type Mutation Mutation type Location (hgl19)
HISTAH2BD ENSTO00000377777 TCGA-DK-A1AC-01 urinary_tract p.E3K Substitution-Missense 6:26158404-26158404
HISTAH2BD ENSTO00000377777 TCGA-20-1684-01 ovary p.E3Q Substitution-Missense 6:26158404-26158404
HISTIH2BD ENSTOO000377777 ESO014T oesophagus p.P4R Substitution-Missense 6:26158408-26158408
HISTAH2BD ENST00000377777 TCGA-A5-A0GB-01 endometrium p.S7Y Substitution-Missense 6:26158417-26158417
HIST1IH2BD ENSTO0000377777 PD3988a breast p.POL Substitution-Missense 6:26158423-26158423
HISTAIH2BD ENSTO0000377777 LUAD-E00934 lung p.A10D Substitution-Missense 6:26158426-26158426
HISTIH2BD ENSTO0000377777 TCGA-D1-A0Z0-01 endometrium p.A10V Substitution-Missense 6:26158426-26158426
HISTAH2BD ENST00000377777 TCGA-13-0899-01 ovary p.A22G Substitution-Missense 6:26158462-26158462
HISTAH2BD ENSTO0000377777 TCGA-AP-A054-01 endometrium p.K31E Substitution-Missense 6:26158488-26158488
HISTAH2BD ENST00000377777 TCGA-AP-AOLT-01 endometrium p.K35R Substitution-Missense 6:26158501-26158501
HISTIH2BD ENSTOO0000377777 DU-145 prostate p.S39* Substitution-Nonsense 6:26158513-26158513
HISTAIH2BD ENSTO0000377777 24 pancreas p.S39L Substitution-Missense 6:26158513-26158513
HIST1IH2BD ENSTO0000377777 TCGA-AA-A01R-O1 large_intestine p.vV4OM Substitution-Missense 6:26158515-26158515
HISTIH2BD ENSTO0000377777 TCGA-D1-A17D-01 endometrium p.Y41C Substitution-Missense 6:26158519-26158519
HISTAH2BD ENST00000377777 TCGA-CM-5861-01 large_intestine p.K44N Substitution-Missense 6:26158529-26158529
HISTAH2BD ENST00000377777 DLBCL-PatientB haematopoietic p.Q48E Substitution-Missense 6:26158539-26158539
HISTAH2BD ENSTO0000377777 TCGA-78-7542-01 lung p.V49F Substitution-Missense 6:26158542-26158542
HISTAH2BD ENSTO0000377777 LAU149 skin p.G54S Substitution-Missense 6:26158557-26158557
HISTIH2BD ENSTOO000377777 TCGA-GD-A30Q-01 urinary_tract p.I55M Substitution-Missense 6:26158562-26158562
HISTAH2BD ENSTO0000377777 TCGA-AA-3811-01 large_intestine p.I62N Substitution-Missense 6:26158582-26158582
HISTAIH2BD ENSTO0000377777 TARGET-30-PARKNP autonomic_ganglia p.V67fs* > 62 Insertion-Frameshift 6:26158587-26158588
HISTIH2BD ENSTOO0000377777 PD4120a breast p.E77K Substitution-Missense 6:26158626-26158626
HIST1IH2BD ENSTO0000377777 TCGA-DK-A1AC-01 urinary_tract p.E77K Substitution-Missense 6:26158626-26158626
HISTIH2BD ENSTO0000377777 TCGA-DR-A0ZM-01 cervix p.E77K Substitution-Missense 6:26158626-26158626
HISTIH2BD ENSTO0000377777 TCGA-66-2773-01 lung p.E77Q Substitution-Missense 6:26158626-26158626
HISTAH2BD ENSTO0000377777 RKO79_C01 liver p.R80C Substitution-Missense 6:26158635-26158635
HISTAH2BD ENSTO00000377777 LC_C34 lung p.R87G Substitution-Missense 6:26158656-26158656
HISTAH2BD ENSTO0000377777 HCC72T liver p.S88W Substitution - Missense  6:26158660-26158660
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HISTAH2BD
HISTAH2BD
HISTAH2BD
HIST1H2BD
HISTAH2BD
HISTAH2BD
HIST1H2BD
HIST1H2BM
HISTAH2BM
HISTAH2BM
HISTAH2BM
HIST1H2BM
HIST1H2BM
HIST1H2BM
HISTAH2BM
HISTAH2BM
HISTAH2BM
HISTAH2BM
HISTAH2BM
HIST1H2BM
HIST1H2BM
HIST1H2BO
HIST1H2BO
HISTAH2BO
HIST1H2BO
HISTAH2BO
HIST1H2BO
HISTAH2BO
HIST1H2BO
HIST1H2BO
HIST1H2BO
HISTAH2BO
HISTAH2BO
HISTAH2BO

12

ENSTO0000377777
ENSTO0000377777
ENSTO0000377777
ENSTO0000377777
ENSTO0000377777
ENSTO0000377777
ENSTO0000377777

ENST00000359465
ENST00000359465
ENST00000359465
ENST00000359465
ENSTO0000359465
ENSTO0000359465
ENSTO0000359465
ENSTO00000359465
ENST00000359465
ENST00000359465
ENSTO0000359465
ENST00000359465
ENSTO0000359465
ENSTO0000359465
ENSTO0000303806
ENST00000303806
ENSTO0000303806
ENST00000303806
ENST00000303806
ENST00000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806

TCGA-B5-A11U-01
TCGA-D1-A0ZV-01
T80
TCGA-CM-4746-01
TCGA-BG-AOM4-01
DLBCL-Patientk
TCGA-22-1002-01

DLBCL-PatientM

Prediction cancer driver gene

endometrium
endometrium
endometrium
large_intestine
endometrium
haematopoietic
lung

haematopoietic

PD4003a breast
LUAD-CHTN-MADO06-00668 lung
TCGA-B5-A0JR-01 endometrium
MEO20T NS
TCGA-91-6848-01 lung
TCGA-AG-A002-01 large_intestine
TCGA-18-3419-01 lung

TCGA-D1-A163-01
TCGA-EI-6507-01
TCGA-D1-A0ZS-01
TCGA-AA-3516-01
TCGA-05-4396-01
TCGA-61-1722-01
TCGA-22-5471-01
tumor_4163639
DLBCL-PatientC
TCGA-B0-5113-01
TCGA-24-1469-01
LUAD-S00488
110
110-0218-04TD
01-19969
TCGA-36-2534-01
TCGA-22-5471-01
ES0O-0280
TCGA-D1-A17D-01

endometrium
large_intestine
endometrium
large_intestine
lung
ovary
lung
haematopoietic
haematopoietic
kidney
ovary
lung
haematopoietic
haematopoietic
haematopoietic
ovary
lung
oesophagus
endometrium

p.E94D

p.195V
p.L103F
p.Y122H
p.T123A
p.S124N
p.K126N

p.E3Q
p.Q23*
p.R34H
p.Y43C
p.H50Y
p.I62V
p.N64H
p.S65C
p.VE7I
p.R80C
p.A82V
p.R87C
p.RO3T
p.S1241
p.M1l
p.A18V
p.vV19L
p.A22V
p.E36K
p.S37R
p.l140M
p.l140M
p.Y41D
p.Y43*
p.G54C
p.G54R
p.A59V

Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense

Substitution - Missense
Substitution - Nonsense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Nonsense
Substitution - Missense
Substitution - Missense
Substitution - Missense

6:26158679-26158679
6:26158680-26158680
6:26158704-26158704
6:26158761-26158761
6:26158764-26158764
6:26158768-26158768
6:26158775-26158775

6:27782828-27782828
6:27782888-27782888
6:27782922-27782922
6:27782949-27782949
6:27782969-27782969
6:27783005-27783005
6:27783011-27783011
6:27783015-27783015
6:27783020-27783020
6:27783059-27783059
6:27783066-27783066
6:27783080-27783080
6:27783099-27783099
6:27783192-27783192
6:27861243-27861243
6:27861293-27861293
6:27861295-27861295
6:27861305-27861305
6:27861346-27861346
6:27861351-27861351
6:27861360-27861360
6:27861360-27861360
6:27861361-27861361
6:27861369-27861369
6:27861400-27861400
6:27861400-27861400
6:27861416-27861416



HISTAH2BO
HISTAH2BO
HISTAH2BO
HISTAH2BO
HISTAH2BO
HISTAH2BO
HIST1H2BO
HIST1H2BO
HIST1H2BO
HIST1H2BO
HISTAIH2BO

ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENSTO0000303806
ENST00000303806
ENSTO0000303806

587376
TCGA-AA-3672-01
LUAD-YINHD
Patient1_Tu
TCGA-66-2759-01
cSCCP4
TCGA-91-7771-01
LUAD-D02185
TCGA-AP-AOLF-01
ESO-147
07-32561

Prediction cancer driver gene

large_intestine
large_intestine

lung
haematopoietic

lung

skin

lung

lung
endometrium

oesophagus

haematopoietic

p.M63lI
p.F66V
p.I70M
p.R73C
p.E77K
p.E77K
p.T91N
p.S92F
p.E114Q
p.G115S
p.S124T

Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense
Substitution - Missense

6:27861429-27861429
6:27861436-27861436
6:27861450-27861450
6:27861457-27861457
6:27861469-27861469
6:27861469-27861469
6:27861512-27861512
6:27861515-27861515
6:27861580-27861580
6:27861583-27861583
6:27861611-27861611

Notice: The mutation sites marked by bold are located on/around (+/-) of known epigenetic modification sites in HISTAIH2BD, HISTAH2BM and HIST1H2BO.

13



Prediction cancer driver gene

References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

14

Lister R, Pelizzola M, Kida YS, Hawkins RD, Nery JR, Hon G, Antosiewicz-Bourget J, O’'Malley R, Castanon R,
Klugman S, Downes M, Yu R, Stewart R, Ren B, Thomson JA, Evans RM and Ecker JR. Hotspots of aberrant
epigenomic reprogramming in human induced pluripotent stem cells. Nature 2011; 471: 68-73.

ENCODE Project Consortium, Birney E, Stamatoyannopoulos JA, Dutta A, Guigé R, Gingeras TR, Margulies EH,
Weng Z, Snyder M, Dermitzakis ET, Thurman RE, Kuehn MS, Taylor CM, Neph S, Koch CM, Asthana S, Malhotra
A, Adzhubei I, Greenbaum JA, Andrews RM, Flicek P, Boyle PJ, Cao H, Carter NP, Clelland GK, Davis S, Day N,
Dhami P, Dillon SC, Dorschner MO, Fiegler H, Giresi PG, Goldy J, Hawrylycz M, Haydock A, Humbert R, James
KD, Johnson BE, Johnson EM, Frum TT, Rosenzweig ER, Karnani N, Lee K, Lefebvre GC, Navas PA, Neri F,
Parker SC, Sabo PJ, Sandstrom R, Shafer A, Vetrie D, Weaver M, Wilcox S, Yu M, Collins FS, Dekker J, Lieb JD,
Tullius TD, Crawford GE, Sunyaev S, Noble WS, Dunham |, Denoeud F, Reymond A, Kapranov P, Rozowsky J,
Zheng D, Castelo R, Frankish A, Harrow J, Ghosh S, Sandelin A, Hofacker IL, Baertsch R, Keefe D, Dike S,
Cheng J, Hirsch HA, Sekinger EA, Lagarde J, Abril JF, Shahab A, Flamm C, Fried C, Hackermduller J, Hertel J,
Lindemeyer M, Missal K, Tanzer A, Washietl S, Korbel J, Emanuelsson O, Pedersen JS, Holroyd N, Taylor R,
Swarbreck D, Matthews N, Dickson MC, Thomas DJ, Weirauch MT, Gilbert J, Drenkow J, Bell I, Zhao X, Sriniva-
san KG, Sung WK, Ooi HS, Chiu KP, Foissac S, Alioto T, Brent M, Pachter L, Tress ML, Valencia A, Choo SW,
Choo CY, Ucla C, Manzano C, Wyss C, Cheung E, Clark TG, Brown JB, Ganesh M, Patel S, Tammana H, Chrast
J, Henrichsen CN, Kai C, Kawai J, Nagalakshmi U, Wu J, Lian Z, Lian J, Newburger P, Zhang X, Bickel P, Mattick
JS, Carninci P, Hayashizaki Y, Weissman S, Hubbard T, Myers RM, Rogers J, Stadler PF, Lowe TM, Wei CL, Ruan
Y, Struhl K, Gerstein M, Antonarakis SE, Fu Y, Green ED, Karadz U, Siepel A, Taylor J, Liefer LA, Wetterstrand
KA, Good PJ, Feingold EA, Guyer MS, Cooper GM, Asimenos G, Dewey CN, Hou M, Nikolaev S, Montoya-Burgos
JI, Loytynoja A, Whelan S, Pardi F, Massingham T, Huang H, Zhang NR, Holmes I, Mullikin JC, Ureta-Vidal A,
Paten B, Seringhaus M, Church D, Rosenbloom K, Kent WJ, Stone EA; NISC Comparative Sequencing Program;
Baylor College of Medicine Human Genome Sequencing Center; Washington University Genome Sequencing
Center; Broad Institute; Children’s Hospital Oakland Research Institute, Batzoglou S, Goldman N, Hardison
RC, Haussler D, Miller W, Sidow A, Trinklein ND, Zhang ZD, Barrera L, Stuart R, King DC, Ameur A, Enroth S,
Bieda MC, Kim J, Bhinge AA, Jiang N, Liu J, Yao F, Vega VB, Lee CW, Ng P, Shahab A, Yang A, Moqtaderi Z, Zhu
Z, Xu X, Squazzo S, Oberley MJ, Inman D, Singer MA, Richmond TA, Munn KJ, Rada-lglesias A, Wallerman O,
Komorowski J, Fowler JC, Couttet P, Bruce AW, Dovey OM, Ellis PD, Langford CF, Nix DA, Euskirchen G, Hartman
S, Urban AE, Kraus P, Van Calcar S, Heintzman N, Kim TH, Wang K, Qu C, Hon G, Luna R, Glass CK, Rosenfeld
MG, Aldred SF, Cooper SJ, Halees A, Lin JM, Shulha HP, Zhang X, Xu M, Haidar JN, Yu Y, Ruan Y, lyer VR, Green
RD, Wadelius C, Farnham PJ, Ren B, Harte RA, Hinrichs AS, Trumbower H, Clawson H, Hillman-Jackson J, Zweig
AS, Smith K, Thakkapallayil A, Barber G, Kuhn RM, Karolchik D, Armengol L, Bird CP, de Bakker PI, Kern AD,
Lopez-Bigas N, Martin JD, Stranger BE, Woodroffe A, Davydov E, Dimas A, Eyras E, Hallgrimsdéttir 1B, Huppert
J, Zody MC, Abecasis GR, Estivill X, Bouffard GG, Guan X, Hansen NF, Idol JR, Maduro VV, Maskeri B, McDowell
JC, Park M, Thomas PJ, Young AC, Blakesley RW, Muzny DM, Sodergren E, Wheeler DA, Worley KC, Jiang H,
Weinstock GM, Gibbs RA, Graves T, Fulton R, Mardis ER, Wilson RK, Clamp M, Cuff J, Gnerre S, Jaffe DB,
Chang JL, Lindblad-Toh K, Lander ES, Koriabine M, Nefedov M, Osoegawa K, Yoshinaga Y, Zhu B, de Jong PJ.
Identification and analysis of functional elements in 1% of the human genome by the ENCODE pilot project.
Nature 2007; 447: 799-816.

Bernstein BE, Stamatoyannopoulos JA, Costello JF, Ren B, Milosavljevic A, Meissner A, Kellis M, Marra MA,
Beaudet AL, Ecker JR, Farnham PJ, Hirst M, Lander ES, Mikkelsen TS and Thomson JA. The NIH Roadmap
Epigenomics Mapping Consortium. Nat Biotechnol 2010; 28: 1045-1048.

Raney BJ, Cline MS, Rosenbloom KR, Dreszer TR, Learned K, Barber GP, Meyer LR, Sloan CA, Malladi VS,
Roskin KM, Suh BB, Hinrichs AS, Clawson H, Zweig AS, Kirkup V, Fujita PA, Rhead B, Smith KE, Pohl A, Kuhn
RM, Karolchik D, Haussler D and Kent WJ. ENCODE whole-genome data in the UCSC genome browser (2011
update). Nucleic Acids Res 2011; 39: D871-875.

Gkountela S, Li Z, Vincent JJ, Zhang KX, Chen A, Pellegrini M and Clark AT. The ontogeny of cKIT+ human pri-
mordial germ cells proves to be a resource for human germ line reprogramming, imprint erasure and in vitro
differentiation. Nat Cell Biol 2013; 15: 113-122.

Forbes SA, Bindal N, Bamford S, Cole C, Kok CY, Beare D, Jia M, Shepherd R, Leung K, Menzies A, Teague JW,
Campbell PJ, Stratton MR and Futreal PA. COSMIC: mining complete cancer genomes in the Catalogue of So-
matic Mutations in Cancer. Nucleic Acids Res 2011; 39: D945-950.

Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD, Epstein CB, Zhang X, Wang L, Issner R, Coyne M,
Ku M, Durham T, Kellis M and Bernstein BE. Mapping and analysis of chromatin state dynamics in nine human
cell types. Nature 2011; 473: 43-49.



