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A B S T R A C T

We have developed a virus detection and discovery computational pipeline, Pickaxe, and applied it to NGS
databases provided by The Cancer Genome Atlas (TCGA). We analyzed a collection of whole genome (WGS),
exome (WXS), and RNA (RNA-Seq) sequencing libraries from 3052 participants across 22 different cancers. NGS
data from nearly all tumor and normal tissues examined contained contaminating viral sequences. Intensive
computational and manual efforts are required to remove these artifacts. We found that several different types of
cancers harbored Herpesviruses including EBV, CMV, HHV1, HHV2, HHV6 and HHV7. In addition to the re-
ported associations of Hepatitis B and C virus (HBV &HCV) with liver cancer, and Human papillomaviruses
(HPV) with cervical cancer and a subset of head and neck cancers, we found additional cases of HPV integrated
in a small number of bladder cancers. Gene expression and mutational profiles suggest that HPV drives tu-
morigenesis in these cases.

1. Introduction

Like all organisms, humans are constantly bombarded with micro-
organisms including viruses. Many diseases are the consequence of
acute infection with viruses and in these cases the pathogen may be
present for a limited time and be localized to specific tissues. Some
viruses establish subclinical lifelong persistent or latent infections in
their host thereby becoming part of the normal microbiome.
Bacteriophages also form a major component of the human micro-
biome, their presence being indicative of their bacterial hosts. All
species, including humans, must constantly respond to the myriad of
endogenous viruses they harbor as well as to the transient presence of
pathogenic viruses. Yet human viral ecology is poorly understood.

The Cancer Genome Atlas (TCGA) is a large database of deep se-
quencing of thousands of human tumors. This database has enabled the
survey of viruses found in the tissue of cancer patients (Amirian et al.,
2014; Cancer-Genome-Atlas-Research-Network, 2015, 2014a, 2014b;
Kazemian et al., 2015; Khoury et al., 2013; Parfenov et al., 2014;
Salyakina and Tsinoremas, 2013; Strong et al., 2013a, 2013b; Tang
et al., 2013). Collectively these studies detected Human papillomavirus
(HPV) sequences in nearly all cervical carcinomas as well as in a subset
of squamous cell carcinomas of the head and neck; Hepatitis B and
Hepatitis C viral sequences associated with a subset of liver cancers; and
EBV gene expression in a subset of stomach cancers. Furthermore, these
analyses detected viral associations with cancer that were previously
unrecognized. For example, HPV was detected in a small number of
bladder cancers and members of the Herpesvirus family were detected

in some tumor and normal tissues. These studies provide an overview of
the types of viruses present in human cancer and demonstrate the
ability to identify molecular hallmarks associated with viral presence.

Oncogenic viruses contribute to tumorigenesis by expressing trans-
forming proteins or ncRNAs that act on key cellular targets to alter
cellular biology. In many cases the action of viral oncogenes results in
the activation and repression of signaling pathways that are reflected in
changes in cellular gene expression. In addition, integration of viral
DNA is a hallmark of tumorigenesis for some viruses. Thus, specific
changes in cellular gene expression patterns and/or viral integration
events can be indicative of viral action driving tumorigenesis. In this
manuscript, we report a survey of viral sequences present in TCGA data
representing 22 distinct types of human cancers. This is the first study
to combine DNA (WGS and WXS) and RNA sequencing data sets to
search for viral sequences present in human cancers and to deduce their
effects of cellular gene expression.

2. Results

2.1. Virus detection pipeline and removal of artifacts

To identify known viruses present in tumor or normal tissue from
cancer patients we compared sequences in TCGA databases to the re-
ference genomes for all known viral species in NCBI (Viral RefSeq).
Unmapped reads from whole genome sequencing (WGS), whole exon
sequencing (WXS), and RNA-seq libraries were obtained from TCGA
BAM files. High quality reads were selected and aligned with Bowtie 2
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