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Abstract

Cancer studies primarily focus on the characterization of the key driver genes and the
underlying pathways. However, the contribution of other cancer-associated genes
located in the genomic neighborhood of the driver genes could help to understand
further aspects of cancer progression. Given the frequent involvement of chromo-
some 3 in multiple human cancers, in particular in the form of the prognostically
highly relevant monosomy 3 in uveal melanoma (UM), we investigated the cumulative
impact of cancer-associated genes on chromosome 3. Our analysis showed that these
genes are enriched with repetitive elements with genes surrounded by distinctive
repeats (MIR, hAT-Charlie, ERVL-MalLR, LINE-2, and simple/low complexity) in the pro-
moter being more precisely associated with cancer-related pathways than the ones
with major transposable elements (SINE/Alu and LINE-1). Additionally, these genes
showed strong intrachromosomal chromatin interactions in 3D nuclear organiza-
tion. Further investigations revealed a genomic hotspot in the vicinity of BAP1 locus,
which is affected in 27 types of different cancers and contains abundant noncoding
RNAs that are often expressed in a tissue-specific manner. The cross-species com-
parison of these cancer-associated genes revealed mostly a shared synteny in closer
primates. However, near to the BAP1 locus signs of chromosomal inversions were
observed during the course of evolution. To our knowledge, this is the first study to
characterize the entire genomic neighborhood of cancer-associated genes located
on any single chromosome. Based on our results, we hypothesize that monosomy
of chromosome 3 will have important clinical and molecular consequences in the

respective diseases and in particular in UM.
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1 | INTRODUCTION

Over the years it has been established that the accumulation of
genetic and epigenetic alterations contribute significantly to can-
cer progression. The extensive sequencing efforts and subsequent
computational methods have led to the discovery of several can-
cer-associated driver genes. However, most studies seem to agree
that the cancer genome is not limited to single deletions, mutations,
or chromosomal rearrangements but reflects the cumulative impact
of multiple dysregulated pathways. Although tremendous progress
has been made to define the cancer genome, the significance of can-
cer-associated genes in the genomic neighborhood of clinically rele-
vant genes has not been discussed in detail yet. Given the frequent
involvement of (the short arm of) chromosome 3 in multiple human
cancers,*® it has been proposed that some regions could harbor
multiple tumor suppressor genes.*> The contribution of monosomy
3 in uveal melanoma (UM), the most frequent primary intraocular
tumor in Caucasian adults, was recognized nearly three decades ago
and represents, along with other factors, a predictive factor for the
development of systemic metastasis (reviewed in Sharma et al).®®
Interestingly, BAP1 (BRCA1-associated protein 1) is frequently mu-
tated in metastatic UM, but also plays a significant role in pleural
mesothelioma, lung adenocarcinoma, and renal cell carcinoma.®
Apart from BAP1,”%? other genes at chromosome 3, such as PBRM1,
SETD2 (renal cell carcinoma),'> ADAMTS9 (esophageal squamous cell
carcinoma),¥* SOX2, ECT2, PRKCI, PIK3CA (lung squamous cell carci-

)15 11617 show

noma),”> and ROBO1 (breast cancer and colorectal cancer
genetic alterations in cancer.

Considering the contribution of chromosome 3 in multiple types
of cancer, herein, we investigated all known cancer-associated genes
on this particular chromosome. We provide insights about the re-
petitive elements surrounding their promoter regions and defined
the evolutionary and clinical aspect of the hotspot region that was

identified in the vicinity of the BAP1 locus.

2 | MATERIAL AND METHODS

The information with regard to cancer genes was retrieved from a
publically available database (www.cancer-genetics.org). The selec-
tion criteria were based on the information of known mutation types
(somatic/germline) and the methylation status while deletions and
translocations were excluded. Based on the number of citations sup-
porting each gene from the database (http://bionlp.bcgsc.ca/cance
rmine/), we could identify few genes as driver genes (n = 6), onco-
genes (n = 27), and tumor suppressor genes (n = 22). To generate
significant pathways the web tool Metascape was applied. Human
3D chromatin interaction data were downloaded from 4Dgenome,
(https://4dgenome.research.chop.edu/Tables/4DGenome_HomoS
apiens_hg19.txt). Briefly, the number of chromatin interactions
linked between genes were counted and plotted with tool circos.
In the plot, line color darkness is proportional to the number of

interactions.

Repetitive sequence analysis was undertaken as previously
shown.'® Repeats were functionally analyzed using Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes databases.
The detailed analysis of repetitive sequences is provided in Table S1.
The information regarding noncoding genes and their tissue speci-
ficity was checked from a publically available database (http://www.
noncode.org).

Orthologous loci of 5 primate species (chimpanzee, Pan troglo-
dytes, panTro5; gorilla, Gorilla gorilla, gorGor4; orangutan, Pongo abe-
lii,ponAbe2; rhesus macaque, Macaca mulatta, rheMac8; and baboon,
Papio anubis, papAnu4) were extracted using R version 3.6.0 and the
R package biomaRt (version 3.9) based on the human coordinates
(version hg38).1”%° The genome of the gibbon (Nomascus leucogenys)
was excluded due to considerable chromosomal rearrangements
within the family of the Hylobatidae, whereas other primates were
not considered due to the missing chromosomal classifications of
the contigs and scaffolds. After the extraction of the orthologous
genes, missing loci were reanalyzed using liftOver of the kent source
tree (UCSC - University of California, Santa Cruz; http://genome.
ucsc.edu/.??2 Graphical representation of the orthologous genes
was generated using Circos?® and the figures were created with the
genoPlotR package, based on the biomaRt results.?* Gene Order
Conservation (GOC) scores between human and all other analyzed
primates were extracted using bioMart.? Only those genes showing
scores within all human/primate comparisons were considered for
the subsequent percentage calculation (in sum, 23 788 orthologous
genes pairs). Of these genes, only those showing a GOC score = 25
were considered to be located within a syntenic block and used to
calculate the percentage of orthologous genes between human.
Genes with GOC score < 25 in at least 4 human/primate compar-
isons were further checked for an overrepresentation enrichment
analysis against the disease database provided by WebGestalt 2017
(www.webgestalt.org). As reference set, the whole human genome

was used.

3 | RESULTS

3.1 | Chromatin interaction network in 3D nuclear
genome

Our database search resulted in the identification of 130 cancer-
associated genes dispersed over chromosome 3 (Figure 1A and
Table S1). The experimentally determined dataset showed an exten-
sive interaction network between these genes, which suggests that
these genes might transcribe synchronously (Figure 1B). Specifically,
genes such as RASSF1, SEMA3F, NPRL2, HYAL1/2, GNAI2, and TUSC2
showed extensive chromatin interactions (Figure 1B). These genes
were found to be located together in genomic hotspot region 2 of
chromosome 3 (introduced below). However, the majority of other
cancer-related genes showed weaker chromatin interactions, sug-
gesting a mutual control of epigenetic regulation. The enrichment

analysis for all cancer genes revealed a significant involvement of


http://www.cancer-genetics.org
http://bionlp.bcgsc.ca/cancermine/
http://bionlp.bcgsc.ca/cancermine/
https://4dgenome.research.chop.edu/Tables/4DGenome_HomoSapiens_hg19.txt
https://4dgenome.research.chop.edu/Tables/4DGenome_HomoSapiens_hg19.txt
http://www.noncode.org
http://www.noncode.org
http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://www.webgestalt.org

SHARMA ET AL.

(B)

©

Chromosome

W Negative regulation of cell proliferation
W Angiogenesis
B Regulation of cell-cell adhesion
W Gland development
B Pathways in cancer
Negative regulation of cellular component movement
W Regulation of inflammatory response
B Ppositive regulation of nervous system development
B Response to bacterium
Chemokine signaling pathway
Positive regulation of apoplotic process.
Stem cell population maintenance
B Cytokine-mediated signaling pathway
B Regulation of protein kinase activity
Transmembrane receptor protein tyrosine kinase sign
Aging
Response to UV-8
Cell growth
B Regulation of cellular protein localization
Apoplotic signaling pathway

FIGURE 1 Cancer gene landscape at chromosome 3 and chromatin interactions. A, Cancer gene landscape at chromosomes 3. The
hotspot region is marked (orange) and the BAP1 gene is indicated (arrow). B, 3D chromatin interaction network of the cancer genes is
illustrated by line color darkness that is proportional to the number of interaction links. C, Visualization of the pathway-based enrichment

analysis for cancer genes

pathways related to tumorigenesis, cancer development, and cancer
metastasis, which is expected considering their direct role in cancers
(Figure 1C).

3.2 | Configuration of repetitive elements
surrounding genes

We identified specific repeats and configurations in the promotor
regions of cancer-associated genes on chromosome 3 (Figure 2A
and Table S2). Among them, 63 of 124 analyzed genes showed at
least 2 repetitive types of elements in the promoter while 32 genes
showed single/unique repetitive elements. We also identified 29
genes that lacked any kind of repeat sequence (Figure 2B). We in-
vestigated the genes without repeats with GO categories and found
that 3 genes (CTNNB1, PIK3CA, and MLH1) were highly coassociated
with “cancer”, whereas genes like SEMA3B, ROBO1, and EPHA3 were

significantly coassociated with “axon development” (Figure 2C and
Table S2). Likewise, the analysis of the genes with repeats in the pro-
moter showed an association not only with cancer-associated path-
ways but also with the categories of metabolism, development, and
immune system pathways (Figure 2D). Briefly, this analysis indicates
that, although these genes harbor cancer potential, the repetitive
sequences around their promoter might influence their role in other
significant pathways that are not necessarily associated with cancer.

3.3 | Characterization of hotspot regions and
associated long noncoding RNAs

We identified chromosomal region 3p21-3p21.31 as a hotspot for
cancer-related genes, including BAP1. Based on the information from
respective databases, the genes located in the hotspot region of

chromosome 3 were apparently found to be associated with 27 (out
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FIGURE 2 Analysis of repetitive elements in the promoter of cancer genes. A, Types of repetitive elements in the promoter and their
number in cancer genes. Red bar indicates the number of genes without repeats. B, Number of different types of repeats in the promoter
in relation to the number of affected cancer genes. C, Significant coassociation among the cancer-related genes without repeats in the
promoter is shown. D, Functional analysis of cancer-related genes using Kyoto Encyclopedia of Genes and Genomes (KEGG) categories (red
line, highly related categories; blue line, weakly related categories). E, Heatmap of KEGG categories for cancer-related genes in relation to

the repeat configurations in the promoter

of 72 identified) different types of cancer (Figure 3A). Interestingly,
most of the genes were found to be involved in the regulation of
breast and lung cancer. Based on the genomic distances between
them, we could further define 3 subgroups within this major hotspot
region. Interestingly, most of the genes (9/10) from hotspot region
2 showed high protein-protein interaction affinity in the STRING
analysis (Figure S1). As mentioned above, this region contains the
genes RASSF1, SEMAS3F, NPRL2, HYAL1/2, GNAI2, and TUSC2, which
showed extensive chromatin interactions. With regard to hotspot 3,
the three chromatin regulators BAP1 (histone deubiquitinating en-
zyme), SETD1 (methyltransferase for H3K36me3), and PBRM1 (sub-
unit of the SWI/SNF chromatin remodeling complex) also showed
closed interactions in the STRING analysis (Figure S1). We further
investigated and localized several long noncoding RNAs (IncRNA) in
this hotspot region (Figure 3B and Table S3). However, their poten-

tial role to modulate the activity of these genes is unclear.

3.4 | Orthologues in closer primates and inversions
near to BAP1

The investigations about the evolutionary spectrum of these can-

cer-associated genes revealed orthologues in closer primates such

as chimpanzee, gorilla, orangutan, rhesus macaque, and baboon
(Figures 3C and S2, Table S4). Although orthologous genes revealed
a shared synteny, we observed inversions in the vicinity of hotspot
regions in lower hominoids (Figure 3C). Specifically, some genes on
hotspot region 1 (CCR1 and CCR3) in chimpanzee and gorilla were
found to be inverted in comparison to the human. In addition, the
CCK gene in gorilla was found at another chromosome. In baboons,
7 of these cancer-related genes were found to be located at another
chromosome (chri11). In orangutan, all genes were at the same chro-
mosome, but blocks of them did not share the same order as in human
(also described in Tsend-Ayush et al?®). Importantly, BAP1 was found
within a bigger block, which was found to be disturbed by the inte-
gration of 4 cancer-related genes (CDCP1, CD86, CDC25A, and CCR3)
(Figures 3C and S2). Rhesus macaque and baboon also showed inver-
sions and rearrangements for these genes; moreover, their variations
were comparable due to their phylogenetic relationship.

A shared synteny is a sign of shared gene order, which also codes
for the positional orthology in different species.27 Herein, we used
the GOC scores provided by Ensembl (www.ensembl.org), which
were calculated based on the available pairwise whole-genome
alignments to compute the percentage of genes lying in synteny
blocks between human and primates. The GOC score indicates how

many of the 4 closest neighboring genes shows orthologs compared


http://www.ensembl.org

S Cancer Science gi4iss -2
= A Hotspot 3
k £ 3
o g = 8 (52300000, 52400000, 52500000, 52600000, 62,700,000 | 52800000, 62500000 53000000 | 53100000, 53.200.000
§ = E & +~ -« — « -
1 £ TLRS M.‘RLE!TG BAPT PBRMT GNLI NONHSAToRuGE0 2 WONHSATOS9077 2 PRKCD
z NONHSATUGR0.2 NHSATOS966 2 NONHSATOE0078 2
NONMIATDGR00 s NOWHSATOROS152 NOWHSATISSS2 | NOASSATIEST0 NONHSATUSS9R0.2  NONHSATOSGS6T 2
v NONHSATOR0913.2 NONHSATO8837.2 NONMSATORISS2 | NONHSATORSS7:: 2 NONHSATOE0081 2
beriilventd KOVHSATIBH982 2
NONHSATIS9903 2 ONHSATOR6383 2
NONHSATOER900.2 VoA 1
._ iz NONHSATO9962.2
& NONHSATO89908 2
< < NONMSATU69909.2
SATIGR1! 2
NONHSATER9122
CORt T T T e e T T t T . NONHSATO99132
ceR —— R e e @ ©)
CCR2— *ee T T T * T -
z CeRS— oo L oo o ul
3 Human_chr3 — R} HE P He— R
3 TOGF1 L] L L] I [ | | .\I RRA
£ PTHIR ] L] o J{ ‘l | \ \ \ L VA
sem2 ] . ] . l L \ \ RN
Chi hr3 | | ' t | | |
s | 'y | imp_chr. i W e f) l 1 R A A o \.%tllg‘h'i)g
coC254 [ ] ps
care g . s e o o corite_enrs —r—ﬁl - :l P H—
el I 1] T4 I ‘ r \
RHOA— oo P ‘|‘ | | |
TCTA——t |
fiuman_cves - |1 R i I IR R b i
MST1 . o |
SEMAIF - 2
. . L4 forang_chra
GNAIZ [
SEMA3B —+ * I X 3
o~ HYALY L = e L L 2
5& HYALZ { X 2 [Human_chra
% Tuscz T T * 0
* RASSF1 L] [N N ) ] Baboon_chr2
ZMYND10 L B L3 2 L ]
NPRL2 LN J
e - . @@ |iiiman_chra
TRa—} oo e . |-
@ | MRLETG e . eee ® 8 | uman_onrs
2 BAPY 'Y [ ] ) L] L X ] L2
8
s PBRN e o °
* GNLI — @ o @ |- - I o '
Rh hr2
s oo esus_chr

FIGURE 3 Hotspot regions and orthologues in closer primates. A, Cancer genes located in the hotspot region of chromosome 3 and their
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primates (chimpanzee, gorilla, orangutan, baboon, and Rhesus macaque) is shown. The inversion near to the BAP1 region in lower hominoids

can be seen

to another species (https://www.ensembl.org/info/genome/compa
ra/Ortholog_gc_manual.html). In our analysis, we found all percent-
ages lying in a similar range among human and primate species with
approximately 10% of orthologous genes showing no synteny in at
least one human-primate comparison (Table S5). To determine how
often carcinoma diseases correlate with evolutionary disrupted syn-
teny blocks, we further investigated all those genes (showing no
synteny in at least 4 human/primate comparisons) for enrichment
analysis (www.webgestalt.org). We identified 4 cancer-related en-
riched disease pathways in the top significant hits (Table S6). Hence,
we could speculate that the disruption of synteny could play a role in

the development of cancer.

4 | DISCUSSION

The alteration of gene expression levels in sex chromosomal ane-
uploidies has previously been determined.?® Likewise, in autosomes,
the complete/partial loss of chromosome 3 (such asin UM and the 3p
deletion syndrome) might also reflect a similar response to gene dos-
age. In other words, a lower dosage of the chromosome 3-associated
1085 protein coding genes can be assumed in UM under monosomy
3 conditions. The importance of monosomy 3 in UM pathogenesis is
also emphasized by the observation that patients with a BAP1 tumor

predisposition syndrome who have a high risk to develop several

types of cancer, show typically in addition to the germline BAP1
mutation a loss of 1 copy of chromosome 3 in UM.?%%0 To under-
stand the impact of this genomic imbalance, we first investigated the
genomic location of 130 cancer-associated genes at chromosome 3.
As the chromosomes are spatially distributed in a nonrandom man-
ner, we also checked the spatial positioning patterns of these genes
based on 3D genome organization studies.®! The analysis showed a
chromatin interaction network between these genes.

Next, we checked the prevalence of repetitive DNA sequence
“repeats” in their promotor regions of these genes. Interestingly, the
genes with repeats like MIR, hAT, ERVL, LINE/L2, simple repeat, and
low complexity repeats showed a more precise association to can-
cer-related pathways than SINE/Alu and LINE/L1 repeats. Hence, the
differentially identified signature of repetitive sequences suggests
a shared and unique molecular feature associated with repetitive
elements and the cancer genome. The prevalence of repetitive se-
quences in the functional parts of genomes and their association
with human diseases remains undisputed.®323% Whether the ab-
sence of these repeats in monosomy of chromosome 3 in UM tumors
or the 3p deletion syndrome is compensated by additional factors or
alternative genomic regions needs further elucidation. Whether the
loss of other constituents, such as microRNAs (miRNAs) or IncRNAs,
at chromosome 3 also affects the chromatin conformation, which
could in turn contribute to or against the cancer development, is yet
to be determined.
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In our analysis, we highlighted the chromosomal region
3p21-3p21.31 as a hotspot for cancer-related genes, which ap-
pears to be involved in 27 different types of cancer. Based on
the genomic distances between them, we could further define 3
subgroups within this major hotspot region. Interestingly, hotspot
region 2 showed a high protein-protein interaction affinity and
extensive chromatin interactions. Previously, 1 study using breast
cancer cell lines discussed the potential involvement of epigene-
tic repression for the downregulation of a few genes located in
this hotspot region,®* hence indicating the possibility of peculiar
genome organization around these genes. However, no partial
deletion covering the entire hotspot region has been reported to
date. Our analysis also suggests that chromatin organization in this
hotspot region could play an important role explaining why some
genomic sites are prone to get more frequent mutations. This is
also evident from the clinical spectrum as BAP1 is the only gene
of the hotspot region that is known to be mutated in UM, whereas
genes such as BAP1, PBRM1, and SETD2 are frequently involved in
renal cell carcinoma. Recently, we showed the altered expression
of the BAP1 gene in 29 cancer types.> In addition, we showed that
C-terminal BAP1 mutations have a stronger intrinsic control to reg-
ulate the miRNA network and the binding of subsequent protein
complexes.

In the current study, we also investigated the genomic charac-
teristic of these cancer-associated genes in closer primates (chim-
panzee, gorilla, orangutan, rhesus macaque, and baboon) and
observed a shared synteny (ie preserved distribution of genes on
chromosomes of different species). Interestingly, inversions in the
vicinity of the hotspot region in lower hominoids were also found.
Apart from this, some genes were also found to be duplicated during
evolution, as previously described.®® Due to widespread genomic
rearrangements within the genome of gibbons,®® it was cautiously
not incorporated into this study. Overall, these results indicate
that these genes are always clustered together in closer primates.
Although inversions happened in lower hominoids (orangutan, ba-
boon, and rhesus), the genetic closeness remained intact from go-
rilla and chimpanzee up to humans. Whether these genes are also
organized at the same chromosome in distant primates and why
speciation did not distribute them on different chromosomes in
closer primates need further investigation. Importantly, how the
closer primates are protected from cancer, despite having such po-
tentially active orthologue genes as in humans, paves the way for
further scientific discussion.

Taken together, we could show that the cancer-associated
genes on chromosome 3 are enriched with repetitive elements
and show strong intrachromosomal chromatin interactions. The
genomic hotspot in the vicinity of the BAP1 locus appears to be
involved in multiple cancers. Cross-species comparison revealed a
shared synteny of these genes and inversions near the hotspot re-
gion in closer primates. These results support the hypothesis that
UM in particular (but also other types of cancer) is affected by im-
portant clinical and molecular consequences due to monosomy of

chromosome 3.
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